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In Brief

The reason why COVID-19 patients
experience innate immunosuppression at
the early stage of SARS-CoV-2 infection is
unclear. Wu et al. report that ORF9b
accumulates immediately during SARS-
CoV-2 infection and antagonizes the RIG-
I-MAVS antiviral type | interferon
response by interrupting the K63-linked
polyubiquitination of the interferon
signaling modulator NEMO.
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SUMMARY

Coronavirus disease 2019 (COVID-19) is a current global health threat caused by the novel coronavirus severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Emerging evidence indicates that SARS-CoV-2
elicits a dysregulated immune response and a delayed interferon (IFN) expression in patients, which
contribute largely to the viral pathogenesis and development of COVID-19. However, underlying mechanisms
remain to be elucidated. Here, we report the activation and repression of the innate immune response by
SARS-CoV-2. We show that SARS-CoV-2 RNA activates the RIG-I-MAVS-dependent IFN signaling pathway.
We further uncover that ORF9b immediately accumulates and antagonizes the antiviral type | IFN response
during SARS-CoV-2 infection on primary human pulmonary alveolar epithelial cells. ORF9b targets the nu-
clear factor kB (NF-kB) essential modulator NEMO and interrupts its K63-linked polyubiquitination upon viral
stimulation, thereby inhibiting the canonical IkB kinase alpha (IKK«)/B/v-NF-kB signaling and subsequent
IFN production. Our findings thus unveil the innate immunosuppression by ORF9b and provide insights

into the host-virus interplay during the early stage of SARS-CoV-2 infection.

INTRODUCTION

Since the outbreak of severe acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS), coronavirus
(CoV)-associated diseases have emerged as a major threat to
public health. Coronavirus disease 2019 (COVID-19), a novel co-
ronavirus disease caused by SARS-CoV-2 (also referred to as
2019-nCoV), was first reported in Wuhan, China, in December
2019 and was later declared by the World Health Organization
as a global pandemic (Xu et al., 2020; Zhu et al., 2020). Growing
evidence supports the notion that SARS-CoV-2 had been circu-
lating unnoticed around the world before the first official detec-
tion in China (Amendola et al., 2021). It is suggested that
SARS-CoV-2 probably originates from bats, the same natural
reservoirs of the highly pathogenic SARS-CoV and MERS-CoV
(Wolfel et al., 2020; Zhou et al., 2020). In comparison with
SARS and MERS, COVID-19 has a lower mortality rate but trans-
mits much more efficiently, leading to a global case count of
90,054,813 and death count of 1,945,610 (as of January 13,
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2021; https://covid19.who.int). To date, there are no effective
antiviral drugs approved for COVID-19, which is largely attrib-
uted to the specific viral pathogenesis and host immunity.

The clinical features of COVID-19 patients and their immune
response to SARS-CoV-2 are quite different from other respira-
tory viruses. Most COVID-19 cases are asymptomatic or exhibit
mild to moderate symptoms during the early phase of SARS-
CoV-2 infection. Pharyngeal virus shedding is very high during
the first week of symptoms, with the peak of viral RNA concen-
trations reached at day 4 (Wolfel et al., 2020). However, for
SARS, it takes 7-10 days to reach the peak (Peiris et al., 2003).
Notably, no significant difference was detected in the viral load
in upper respiratory specimens between asymptomatic patients
and symptomatic patients, suggesting the high transmission po-
tential of asymptomatic patients (Zou et al., 2020). It is thus
believed that SARS-CoV-2 subverts patients’ innate immune
response, the first line of host defense for rapidly eliminating vi-
ruses. Along with the development of COVID-19, ~20% patients
rapidly progress to acute respiratory distress syndrome (ARDS)
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Figure 1. SARS-CoV-2 ORF9b suppresses viral-RNA-induced IFN production through RIG-I-MAVS signaling

(A) Induction of IFNBT by SARS-CoV-2 RNA relies on RIG-I and MAVS. HEK293T wild-type (WT), DDX58 '~ (RIG-1~""), IFIH1~/~ (MDA5~

), and MAVS ™~ cells

were transfected for 12 h with indicated amounts of RNA from mock-infected Vero E6 cells; and viral RNA was isolated from either SARS-CoV-2- or VSV-infected
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and experience a “cytokine storm,” which is characterized by
the excessive levels of pro-inflammatory cytokines (e.g., tumor
necrosis factor alpha [TNF-a], interleukin-6 [IL-6], IL-1B, IL-2,
IL-8, IL-17, G-CSF, GM-CSF, IP10, MCP1, MIP-1a, and MIP-
1B) in the plasma (Huang et al., 2020; Qin et al., 2020; Tan
etal., 2020). Type | and Ill interferons (IFN-f and IFN-vy), however,
stayed at the basal level in COVID-19 patients, as well as in
SARS-CoV-2-infected cell and animal models, indicating a dys-
regulated innate immune defense (Blanco-Melo et al., 2020). The
interrupted and imbalanced host response to SARS-CoV-2
drives the development of COVID-19, whereas the underlying
mechanisms remain unknown.

Entry of SARS-CoV and SARS-CoV-2 into host cells relies on
the same receptor, surface angiotensin-converting enzyme 2
(ACE2), which recognizes the viral spike protein primed by the
serine protease TMPRSS2 (Hoffmann et al., 2020; Wan et al.,
2020; Yan et al., 2020). After viral entry, RIG-I-like receptors
(RLRs) (RIG-I and MDAS5) and endosomal Toll-like receptors 3,
7, and 8 (TLR3, TLR7, and TLRS, respectively) sense the CoV
genomic single-stranded RNA (ssRNA) or replication-intermedi-
ate double-stranded RNA (dsRNA) and subsequently transduce
the signal to downstream adaptors (MAVS, MyD88, and TRIF)
(Park and Iwasaki, 2020). Two signaling cascades involving
diverse IkB kinases (IKKs), namely, TBK1/IKKe and IKKo/B/y
(IKKY is also known as NEMO), are activated through the signal
transduction, leading to the activation of transcription factors
IRF3 and nuclear factor kB (NF-«B) that are required for type |
IFN and pro-inflammatory cytokines expression (Fitzgerald
et al., 2003; Rothwarf et al., 1998). To keep pace with host de-
fenses in the arms race, CoVs use a variety of evasion strategies
to interrupt diverse processes in innate immunity. SARS-CoV
nonstructural protein 16 (nsp16) methylates the 5’ cap of viral
mRNAs to mimic cellular mRNAs, thus facilitating the viral
evasion of recognition by MDA5 (Bouvet et al., 2010; Menachery
et al., 2014). SARS-CoV nsp3/papain-like protease (PLpro),
ORF3b, and ORFG6 interfere with the phosphorylation and the nu-
clear translocation of IRF3, which is the same target of MERS-
CoV structural protein M and ORF4b/4b/5 (Devaraj et al., 2007;
Kopecky-Bromberg et al., 2007; Yang et al., 2013). SARS-CoV
ORFB6 can further limit the IFN effector function by blocking the
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nuclear import of STAT1 and IFN-stimulated gene (ISG) expres-
sion (Frieman et al., 2007). Although SARS-CoV-2 is genetically
related to SARS-CoV, it is imperative to determine whether
SARS-CoV-2 stimulates the activation of shared signaling path-
ways. In particular, the low amino acid homology shared by
accessory proteins from SARS-CoV and SARS-CoV-2 might
translate into different pathophysiological outcomes.

The accessory protein ORF9b was reported to accumulate
rapidly within the 24-h time of SARS-CoV-2 infection, during
which the delayed IFN-B production was observed (Bojkova
et al.,, 2020; Lei et al., 2020). Robust antibody response to
SARS-CoV-2 ORF9b was identified in COVID-19 patients, sug-
gesting a critical role of ORF9b in the host-virus interplay (Jiang
et al., 2020a). ORF9b from SARS-CoV has already been defined
as an IFN antagonist by targeting the mitochondrial protein
MAVS, an adaptor essential for the RIG-I/MDAS5S antiviral
signaling and IFN-B production (Shi et al., 2014). Similarly, an
interaction between SARS-CoV-2 ORF9b and another mito-
chondrial protein TOM70 was revealed, implying that SARS-
CoV-2 ORF9b might interfere with the IFN signaling (Gordon
etal., 2020a, 2020b; Jiang et al., 2020b). Here, we report the acti-
vation of a certain antiviral signaling by SARS-CoV-2 RNA and
the innate immunosuppression by ORF9b during viral infection
of human airway epithelial cells. We further dissect the molecular
mechanism by which ORF9b inhibits the antiviral signal trans-
duction and antagonizes the IFN response. Moreover, the target
signaling molecule and functional motif of ORF9b have been un-
covered. Our studies thus extend the understanding of SARS-
CoV-2 immunopathology and shed light on the screening of
COVID-19 drug targets.

RESULTS

SARS-CoV-2 RNA activates the RIG-I-MAVS signaling
pathway

It was supposed that SARS-CoV-2 and its counterpart SARS-
CoV activate shared signaling pathways due to their high
genomic similarity (Park and lwasaki, 2020). We thus sought to
determine whether the reported RIG-I/MDA5-MAVS signaling
in response to SARS-CoV is also stimulated by SARS-CoV-2.

cells. gPCR was conducted to determine the induction of IFNB7T mRNA. See also Figure S1A. Data are represented as means + SDs calculated from three
independent experiments.

(B-D) Induction of IFNB1 and accumulation of ORF9b during a 24-h period of SARS-CoV-2 infection. As shown in the experimental scheme, HPAEpiC and Caco-2
cells were either mock infected or infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1 for the indicated time and were then collected for subsequent
measurement (B). SARS-CoV-2-induced IFNB1 mRNA levels were measured by qPCR, with the IFNB1 levels of VSV infection shown as a control (C). Cell lysates
were subjected to fluorescence quantification immunoblotting for measuring the ORF9b protein levels in individual sample, which were converted into con-
centrations (ng/1 x 10° cells) (D). Data are represented as means + SDs calculated from three biological replicates in the same experiment. See also Figures S1B
and S1C.

(E-G) Inhibition of SARS-CoV-2 RNA-induced type | IFN response by ectopically expressed ORF9b under near-physiological levels. HPAEpiC were transfected
with empty vector or increasing doses of expressing vector for FLAG-tagged ORF9b. At 24 h post-transfection, cells were transfected with 100 ng mock RNA or
SARS-CoV-2 RNA as described in (A) for another 12 h. PCR was conducted to determine the expression of IFNB1 (E), ISG15 (F), and TNF (G). See also Figure S1D.
Data are represented as means + SDs calculated from three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001; t test).

(H) Dose-dependent inhibition of viral-RNA-induced IFNB1 activation by ORF9b in HEK293T cells. Similar to (A), except that HEK293T cells were transfected with
increasing doses of empty vectors or FLAG-ORF9b expression vectors for 24 h before being stimulated with viral RNA. See also Figure S1E. Data are represented
as means + SDs calculated from three independent experiments (“p < 0.05; t test).

() Inhibitory effects of ORF9b on SeV-, VSV-, or poly(l:C)-induced IFN-B promoter activation. HEK293T cells were co-transfected with luciferase reporter plasmids
plus empty vector or FLAG-ORF9b-expressing plasmid for 24 h and were non-stimulated (mock) or stimulated with SeV, VSV, or poly(l:C) for another 12 h. IFN-B
luciferase (IFN-B-Luc) reporter activity is normalized to that of Renilla luciferase and shown as fold induction. Data are represented as means + SDs calculated
from three independent experiments (*p < 0.05, **p < 0.01; t test).
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Figure 2. SARS-CoV-2 ORF9b antagonizes the antiviral IFN response in a variety of human cells
(A) ORF9b-mediated suppression of IFN-f production in human airway epithelial cells. At 24 h post-transfection of empty vector or FLAG-ORF9b-expressing
plasmid, various human cells were uninfected (mock) or infected with VSV for 24 h. ELISA was conducted to measure the IFN-B production in BEAS-2B, Calu-3,
and HEK293T cells. Data are represented as means + SDs calculated from three independent experiments (“p < 0.05, **p < 0.01; t test). See also Figure S2A.
(B) Inhibition of virally induced cytokine and chemokine expression by ORF9b. Experiments were conducted as described in (A). gPCR was conducted to
determine the induction of IFNB1, IL-6, TNF, ISG15, IP-10, and MCP-1. Data are represented as means + SDs calculated from three independent experiments
(*p < 0.05, **p < 0.01; t test).
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To this end, RIG-I-, MDA5-, or MAVS-deficient HEK293T cell
lines were generated using the CRISPR-Cas9 gene-editing sys-
tem (Figure S1A). We stimulated wild-type (WT) and defective
HEK293T cells with viral RNA isolated from Vero E6 cells infected
with SARS-CoV-2 or vesicular stomatitis virus (VSV), a well-
known stimulus of RIG-I-MAVS signaling. Compared with
mock RNA, both SARS-CoV-2 and VSV RNA dramatically
induced the expression of IFN-B-encoding gene IFNB71 in WT
and MDA5 '~ cells in a dose-dependent manner (Figure 1A).
As a result of IFN-B production, expression of ISGs like RIG-/
and MDAS5 in WT cells was remarkably increased (Figure S1A).
In contrast, no induction of IFNB1 was detected in either RIG-
I/~ or MAVS ™~ cells under viral RNA stimulation. Considering
VSV is sensed by RIG-I rather than MDAS (Kato et al., 2006),
we thus conclude that RIG-I recognizes SARS-CoV-2 RNA and
initiates the MAVS-dependent IFN signaling pathway.

ORF9b immediately accumulates during SARS-CoV-2
infection and antagonizes the antiviral IFN response
ORF9b was reported to elicit a strong antibody response in
COVID-19 patients (Jiang et al., 2020a), inspiring us to speculate
that ORF9b might play key roles in the immunopathogenesis of
SARS-CoV-2. We first established a SARS-CoV-2 infection
model using permissive Caco-2 and primary human pulmonary
alveolar epithelia cells (HPAEpIC). At different time points during
a 24-h period of infection, the IFNB1 mRNA and ORF9b protein
levels in cells, as well as the viral RNA copies in supernatants,
were measured (Figure 1B). In both HPAEpIC and Caco-2 cells,
a fast virus proliferation and an immediate accumulation of
ORF9b were observed during the 24-h infection (Figures 1C,
S1B, and S1C). However, the IFNB1 expression was barely stim-
ulated by SARS-CoV-2 compared with that found under VSV
stimulation (Figure 1D), appearing a previously reported IFN
antagonistic activity upon SARS-CoV-2 infection (Blanco-Melo
et al., 2020; Lei et al., 2020). The time of ORF9b accumulation
overlapped that of IFN antagonism, suggesting that ORF9b
may serve as an IFN antagonist.

We next examined whether ORF9b has an IFN antagonistic ef-
fect. HPAEpIiC were introduced into ectopically expressed
ORF9b and then stimulated with SARS-CoV-2 RNA. In the
absence of ORF9b, SARS-CoV-2 RNA induced the expression
of IFNB1 and downstream antiviral gene ISG15, as well as the in-
flammatory cytokine gene TNF (Figures 1E-1G). Under the near-
physiological expression levels, ectopically expressed ORF9b
exhibited an apparent IFN antagonistic activity by reducing the
viral-RNA-induced IFN response (Figures 1E-1G and S1D). The
IFN antagonistic activity of ORF9b was further tested in
HEK293T cells stimulated by either SARS-CoV-2 RNA or VSV
RNA (Figures 1H and S1E). In addition, ORF9b suppressed the
activation of the IFN-B promoter in response to various stimuli
of the RIG-I-MAVS signaling, such as Sendai virus (SeV), VSV,
and poly(l:C) (Figure 1l). Given that the human airway epithelium
BEAS-2B and Calu-3 cells are susceptible to both SARS-CoV-2
and VSV infection (Hoffmann et al., 2020), we established VSV-
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infected BEAS-2B and Calu-3 cell models to further study the
IFN antagonistic activity of ORF9b. It was shown that the secre-
tive expression of IFN-B in VSV-infected BEAS-2B, Calu-3, and
HEK293T cells was inhibited by ORF9b (Figures 2A and S2A).
In line with the suppression of IFNB1 induction, expression of
pro-inflammatory cytokine and chemokine genes IL-6, TNF,
MCP-1 (CCL2), IP-10 (CXCL10), and ISG15 was hindered by
ORF9b (Figure 2B). Due to the compromised IFN-f production
and antiviral response, VSV amplified more efficiently in BEAS-
2B, Calu-3, and HEK293T cells expressing ORF9b than the con-
trol group (Figures 2C and S2B). Consistently, VSV titers were
elevated in the presence of ORF9b (Figures 2D and S2C). Taken
together, our data demonstrate that SARS-CoV-2 ORF9b antag-
onizes the antiviral type | IFN response during viral infection.

ORF9b interferes with the activation of NF-xB

Next, we investigated the mechanism by which ORF9b disrupts
RIG-I-MAVS antiviral signaling. Induction of IFNB71 depends on
the activation of two nuclear transcription factors, namely, NF-
kB and IRF3. Thus, we examined the effects of ORF9b on the
activation of IFN-B, NF-«B, and IRF3 that were induced by viral
infection and the RIG-I-MAVS signaling component expression
(Figure S3A). ORF9b inhibited the activation of IFN- and NF-
kB promoters following viral infection or expression of RIG-I(N)
(the constitutively active form of RIG-I) and MAVS, whereas the
IRF3 promoter activation was not affected (Figures 3A-3C).
This inhibitory effect, however, was not exhibited on IFN-8 and
NF-kB promoter activation induced by the expression of TBK1,
IRF3(S396D), or IKKB, the signaling components downstream
of RIG-I and MAVS. It is thus supposed that SARS-CoV-2
ORF9b functions downstream of RIG-I/MAVS and specifically in-
hibits the NF-kB signaling pathway.

ORF9b interacts with NEMO under viral stimulation
through its N-terminus
To determine which signaling component (s) is/are targeted by
ORF9b, we performed co-immunoprecipitation (colP) by co-ex-
pressing HA-ORF9b-GFP and a variety of FLAG-tagged RIG-
MAVS signaling components in HEK293T cells. As shown in Fig-
ure 3D, a detectable level of FLAG-NEMO was immunoblotted in
the IP products of HA-ORF9b-GFP. It was notable that the inter-
action between ORF9b and NEMO was dramatically enhanced
under the stimulation by VSV. On the contrary, no interaction
was observed between GFP and NEMO in either mock-infected
or VSV-infected cells (Figure S3B). The virally induced intracel-
lular interaction between ORF9b and endogenous NEMO was
further validated by colocalization assay, as the fluorescent
signal of ORF9b-GFP almost overlapped with that of endoge-
nous NEMO in the cytoplasm of human lung adenocarcinoma
NCI-H1299 cells upon SeV infection (Figure 3E). Nevertheless,
the intracellular colocalization of GFP and NEMO was not de-
tected under viral stimulation (Figure S3C).

Next, we sought to map the motif of ORF9b that is essential for
its interaction with NEMO. An unpublished crystallization study

(C and D) BEAS-2B cells were transfected with empty vector and FLAG-ORF9b-expressing plasmid for 24 h and then infected with VSV-GFP for another 24 h.
Fluorescent images were taken to examine VSV proliferation (C). Plaque assay was conducted to quantitate VSV titers (D). Scale bar, 50 um. Data are represented
as means + SDs calculated from three independent experiments (**p < 0.01; t test). See also Figures S2B and S2C.
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Figure 3. The N-terminus of ORF9b medi-
ates its interaction with NEMO upon viral
infection

(A-C) Inhibitory effects of ORF9b on the activation
of IFN-B/NF-kB/IRF3 promoters by SeV and the
RIG-I-MAVS signaling components. Similar to
Figure 1C, except that the luciferase reporter ac-
tivities were induced by SeV infection for 12 h or
by transfection of RIG-I(N)-, MAVS-, TBK1-,
IRF3(S396D)-, and IKKB-expressing vectors into
HEK293T cells for 24 h. IFN-B-Luc (A), NF-kB-Luc
(B), and IRF3-Luc (C) reporter activities are
normalized to that of Renilla luciferase and shown
as fold induction. Data are represented as means
+ SDs calculated from three independent experi-
ments (*p < 0.05, **p < 0.01, N.S., non-significant; t
test). See also Figure S3A.
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(G) Immunoprecipitation of ORF9b with endogenous NEMO under SARS-CoV-2 RNA stimulation. HPAEpiC were transfected with expressing vectors for FLAG-
tagged ORF9b or ORF9bAN3O for 24 h and were then stimulated with SARS-CoV-2 RNA for the indicated time. Immunoprecipitation using anti-flag beads and
subsequent immunoblotting was conducted to examine the endogenous NEMO protein levels in each individual sample.

dissected the structure of ORF9b from SARS-CoV-2 (https://
www.rcsb.org/; PDB: 6Z4U). SARS-CoV-2 ORF9b protein con-
sists of two alpha helices («1 and «2) and eight beta sheets
(B1-p8), with ~72% amino acid (aa) identity to ORF9b from
SARS-CoV (Figures S3D and S3E). Based on the sequence
and structural analysis, deletions of the secondary elements in
SARS-CoV-2 ORF9b were conducted, generating three ORF9b
mutants. It was found that the N-terminal 1- to 30-aa deletion
mutant ORF9bANS30, which lacks a1, B1, and B2, cannot asso-
ciate with NEMO under viral stimulation (Figure 3F). In contrast,
deletions of other secondary elements in ORF9b had no impacts
on the ORF9b-NEMO interaction. The virally induced and motif-
dependent ORF9b-NEMO interaction was further validated in
primary cells, as endogenous NEMO could be immunoprecipi-
tated by overexpressed ORF9b rather than ORFObANS30 only if
HPAEpiC were stimulated with SARS-CoV-2 viral RNA (Fig-

6 Cell Reports 34, 108761, February 16, 2021

ure 3G). Our findings thus unveil that ORF9b targets NEMO
through its N-terminus upon viral infection.

ORF9b interrupts the K63-linked polyubiquitination of
NEMO and inhibits the IKKa«/B/v-NF-kB signaling

During the antiviral signal transduction, polyubiquitination of
NEMO is a key event in the activation of NF-kB (Arimoto et al.,
2010; Wu et al., 2006). Having demonstrated that ORF9b inter-
acts with NEMO and interferes with the NF-kB activation, we
next tested if ORF9b impairs the ubiquitination of NEMO. For
this purpose, ubiquitin (Ub) and NEMO were ectopically ex-
pressed in virally stimulated HEK293T cells in the presence of
ORF9b or ORF9bAN30. We found that NEMO underwent
massive ubiquitination under the VSV stimulation (Figure 4A).
Remarkably, the levels of Ub conjugation to NEMO were
decreased by ORF9b but not ORFObAN30, which lost the
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capability of targeting NEMO. We further observed that ORF9b
exhibited inhibitory effects on the ubiquitination of NEMO in a
dose-dependent manner but had no impacts on the mRNA levels
or the protein levels of endogenous NEMO (Figures 4B and S4A).

In general, the type of ubiquitination depends on the conjuga-
tion of specific polyubiquitin chains to the target protein, thus
determining the fate of the substrates. To figure out which type
of ubiquitylation in NEMO was compromised by ORF9b, we
introduced a series of Ub mutants and linkage-specific polyubi-
quitin chains into the experiment, as indicated in Figure 4C.
NEMO was showed to be conjugated with the K63-linked poly-
ubiquitin but not the K48-linked polyubiquitin (Figure 4C), consis-
tent with previous findings that NEMO cannot sense the K48-
linked polyubiquitination (Arimoto et al., 2010). In the presence
of ORF9b, the K63-linked polyubiquitination of NEMO was
significantly reduced. The inhibitory effects of ORF9b were
also exhibited on the conjugation of K48R-linked polyubiquitin
chains to NEMO, as the K63 residues were still present in the
K48R mutant. When the K63 residue of the WT Ub chain was
mutated to R, however, ORF9b could not affect the remaining
levels of Ub conjugated to NEMO. These results suggest that
ORF9b specifically interrupts the K63-linked polyubiquitination
of NEMO, which is the major type of ubiquitylation in NEMO dur-
ing the antiviral signal transduction.

In the canonical IKKa/B/y-NF-kB signaling pathway, activation
of the IKK complex and phosphorylation of IKKB depend on the
K63-linked polyubiquitination of NEMO, leading to the phos-
phorylation and the Ub-proteasome degradation of IkBe and
subsequent translocation of NF-kB/p65 into the nucleus (Bhoj
and Chen, 2009). Along with the VSV infection from 0 h to 12 h,
the phosphorylation of IKKB and IkBo. and the degradation of
IkBoa. were gradually observed in HEK293T cells (Figure 4D).
ORF9b but not ORF9bANS3O0 substantially decreased the levels
of phosphorylated IKKB (p-IKKB) and p-IkBa, thereby leading
to the recovery of IkBa. protein levels during the VSV infection.
On the other side, the phosphorylation and dimerization of
IRF3, as a result of the TBK1/IKKe-IRF3 signaling activation,
were not affected by ORF9b. In line with the inhibitory effects
on IkBa degradation, translocation of cytoplasmic NF-kB/p65
into the nucleus was compromised by ORF9b but not ORF9b-
AN3O0, as we observed a retention of NF-kB/p65 in the cytoplasm
of HEK293T cells expressing ORF9b (Figure 4E). Moreover, we
found that the loss-of-function mutant ORF9bANS30 cannot
inhibit the VSV-stimulated expression of IFNB1, IL-6, and TNF,
the transcriptional regulation target genes of NF-«B (Figures
4F, 4G, and S4B). Altogether, our collective data uncover that
ORF9b disrupts the K63-linked polyubiquitination of NEMO
and disturbs the activation of IKKa/B/y-NF-«kB signaling.

DISCUSSION

The innate antiviral system uses pattern recognition receptors to
detect viral molecular signatures. Sensing CoV genomic ssRNA
or replicated dsRNA mainly occurs in the cytosolic or endosomal
compartment by TLRs and RLRs. TLR3-TRIF and TLR7-MyD88
signaling are defined as major innate immune pathways against
SARS-CoV and MERS-CoV (Cervantes-Barragan et al., 2007;
Channappanavar et al., 2019; Sheahan et al., 2008; Totura

¢ CellP’ress

et al., 2015); however, the role of RIG-I/MDA5 and their down-
stream adaptor MAVS in response to CoV infection has not
been well established. HEK293T cells are equipped with RLRs
but are deficient in TLR pathways, thus emerging as an ideal
cell model for elucidating the RLR-MAVS signaling. By perform-
ing genetic manipulation on HEK293T cells, our present work re-
veals that RIG-I but not MDAS is responsible for sensing SARS-
CoV-2 RNA and inducing type | IFN expression in the presence of
MAVS. The preferential recognition of the viral RNA ligand by
RIG-I and MDA5 has mostly been attributed to specific features,
such as the 5'-triphosphate (5’-ppp) end, the length, and the
panhandle secondary structure (Kato and Fujita, 2016). Thus, it
would be intriguing to dissect the signatures of SARS-CoV-2 viral
RNA captured by RIG-I and study the binding properties in future
work.

Using a SARS-CoV-2 infection cell model, we showed that
ORF9b immediately accumulated during a 24-h infection time,
within which the IFN antagonism was observed. In the absence
of ORF9b, SARS-CoV-2 RNA was found to activate the RIG-I-
MAVS signaling and induced the IFN production, which was
then diminished by recovery of ORF9b. The IFN antagonistic ac-
tivity of ORF9b was also validated in VSV-infected human airway
epithelial cells BEAS-2B and Calu-3, which are the primary
SARS-CoV-2 infection targets that are susceptible to viral entry
(Hoffmann et al., 2020). It is thus speculated that the viral posi-
tive-sense ssRNA facilitates a fast translation of ORF9b, which
in turn antagonizes the viral-RNA-induced RIG-I-MAVS IFN
signaling. To further study the pathophysiological significance
of ORF9b during SARS-CoV-2 infection, generation of a recom-
binant SARS-CoV-2 lacking the ORF9b-encoding gene is
substantially in need. On the other side, SARS-CoV ORF9b pro-
motes MAVS degradation and subverts its downstream TBK1-
IRF3 and IKKo/B/y-NF-kB signaling cascades (Shi et al., 2014),
whereas SARS-CoV-2 uses ORF9b to target the IKK regulator
subunit NEMO that is specifically essential for NF-kB activation
but not IRF3 activation. The difference in physiological function
most probably attributes to the low sequence identify (~72%)
and structure homology shared by these two ORF9b proteins,
implying that SARS-CoV-2 adopts an immune evasion strategy
that is different from that of SARS-CoV in ong-term evolution.
Further comparative studies among the accessory proteins
from SARS-CoV-2 and its counterparts would help to interpret
why this novel CoV triggers a unique host immune response.

Ectopically expressed ORF9b was shown to be located to
mitochondria and interacts with the mitochondrial protein
TOM70 in resting cells (Gordon et al., 2020a, 2020b; Jiang
et al., 2020b). Here, we report that ORF9b can interact with
NEMO upon virus infection or SARS-CoV-2 RNA stimulation,
although NEMO is not a mitochondrial protein. An explanation in-
terpreting the virally induced ORF9b-NEMO interaction is as fol-
lows: as a vital platform for antiviral signaling, mitochondria un-
dergo morphological changes and alterations in dynamics and
membrane potential during viral infection, which lead to the rear-
rangement of mitochondrial proteins and translocation of
signaling proteins to mitochondria (Jacobs and Coyne, 2013).
ORF9b is located to mitochondria in which the immune MAVS
signaling complex is assembled (Gordon et al., 2020a; Jiang
et al., 2020b; Liu et al.,, 2013). During the antiviral signal
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Figure 4. ORF9b inhibits the canonical NF-kB signaling pathway by interrupting the K63-linked polyubiquitination of NEMO

(A) Inhibitory effects of ORF9b on the ubiquitination of NEMO under viral stimulation. Expressing vectors for HA-ubiquitin (HA-Ub), FLAG-NEMO, and V5-tagged
ORF9b were transfected into HEK293T cells as indicated for 24 h. Cells were then infected with or without VSV for 12 h and subjected to immunoprecipitation
using anti-FLAG beads.

(B) Dose-dependent inhibition of virally induced Ub conjugation to NEMO by ORF9b. Similar to (A), except that an increasing dose of the V5-ORF9b-expressing
vector was transfected into HEK293T cells. See also Figure S4A.

(C) Effects of ORF9b on the conjugation of diverse polyubiquitin linkages to NEMO under viral stimulation. Plasmids encoding various HA-Ub (WT, KallR, K48 only,
K63 only, K48R, and K63R as indicated), together with expressing vectors for FLAG-NEMO and V5-ORF9b, were co-transfected into HEK293T cells. Infection
and immunoprecipitation were conducted as described in (A).

(D) Interruption of the IKKa/p/y-NF-kB signaling by ORF9b. HEK293T cells were transfected for 24 h with empty vector or with V5-ORF9b- and V5-ORFObAN30-
expressing vectors and were then infected with VSV for the indicated time (0, 4, 8, or 12 h). Cells were collected and subjected to immunoblotting analysis by using
indicated antibodies. B-actin was immunoblotted as loading control.

(E) Inhibitory effects of ORF9b on the translocation of NF-kB/p65 into the nucleus. Transfection was performed as described in (D). HEK293T cells were then mock
infected or infected with VSV for 12 h. Cytoplasmic (cytoplasm) and nuclear (nucleus) factions of cells were obtained using commercial reagents. Imnmunoblotting
analysis was conducted using indicated antibodies.

(F and G) At 24 h post-transfection of empty vector or V5-ORF9b- and V5-ORF9bANS30-expressing plasmids, HEK293T cells were uninfected (mock) or infected
with VSV for 12 h. gPCR was conducted to determine the expression of IFNB1 (F) and IL-6 (G). Data are represented as means + SDs calculated from three
independent experiments (**p < 0.01, **p < 0.001, N.S., non-significant; t test). See also Figure S4B.
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transduction, TRAF-mediated polyubiquitination and recruit-
ment of NEMO to the mitochondrial MAVS signaling complex
would spatially increase the contact of NEMO with ORF9b,
thereby bridging NEMO to ORF9b. Therefore, the ORF9b-
NEMO interaction on mitochondria could be targeted as a poten-
tial therapeutic strategy to disrupt the host immunosuppression
and virus biology. In addition, our work has dissected the func-
tional motif of ORF9b, which would shed light on the screening
of inhibitors targeting ORF9b.

The infection of SARS-CoV-2 and progression of COVID-19
exhibit a “two-stage” pattern. During the early stage, mild or
asymptomatic COVID-19 patients undergo immunosuppres-
sion, which facilitates significant viral shedding and transmission
(Tian et al., 2020). Because ORF9b has emerged as a potent IFN
antagonist during the early stage of SARS-CoV-2 infection, it is
convincible that SARS-CoV-2 uses the early protein ORF9b to
mask the antiviral defense and inflammatory response in early-
stage patients. When COVID-19 progresses to the late stage,
severe patients develop ARDS and exhibit a hyperinflammatory
immune state with an extreme production of pro-inflammatory
cytokines (Blanco-Melo et al., 2020; Huang et al., 2020; Qin
etal., 2020; Tan et al., 2020). Despite the exuberant inflammatory
response, however, the production of IFN is still blocked in late-
stage patients. The delayed IFN expression and imbalanced host
response are probably attributed to the compromised IRF3
signaling branch, which is targeted by other SARS-CoV-2 acces-
sory proteins such as ORF6 (Lei et al., 2020; Yuen et al., 2020). It
is thus suspected that SARS-CoV-2 adopts a variety of strate-
gies for efficient immunosuppression and amplification during
different phases of infection. Recombinant SARS-CoV-2 lacking
IFN antagonists can serve as a vaccine candidate against
COVID-19. To seek efficient therapeutic agents for the treatment
of COVID-19, screening of inhibitors against these potential drug
targets warrants further investigation.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
RIG-I Rabbit mAb Cell Signaling Technology Cat# 3743
MDA-5 Rabbit mAb Cell Signaling Technology Cat# 5321
MAVS Rabbit mAb Cell Signaling Technology Cat# 24930
SARS-CoV-2 ORF9b Rabbit pAb ABclonal Cat# A20260
NF-«kB p65 Rabbit mAb Cell Signaling Technology Cati# 8242
IKKY/NEMO Rabbit mAb Abcam Cat# ab178872
IKKY/NEMO Mouse mAb Cell Signaling Technology Cat# 2695
PCNA Rabbit mAb Cell Signaling Technology Cat# 13110
Phospho-IKKeo/B (Ser176/180) Rabbit mAb Cell Signaling Technology Cat# 2697
Phospho-lkBa. (Ser32) Rabbit mAb Cell Signaling Technology Cat# 2859
IkBa. Rabbit mAb Cell Signaling Technology Cat# 4812
IRF3 Rabbit mAb Cell Signaling Technology Cat# 4302
Phospho-IRF3 (Ser396) Rabbit mAb Cell Signaling Technology Cat# 29047
B-Actin Rabbit mAb Cell Signaling Technology Cat# 4970
Flag-Tag Rabbit mAb Cell Signaling Technology Cat# 14793
HA-Tag Rabbit mAb Cell Signaling Technology Cat# 3724
V5-Tag Rabbit mAb Cell Signaling Technology Cat# 13202
Anti-mouse IgG (H+L), Alexa Fluor® 594 Conjugate Cell Signaling Technology Cat# 8890
Anti-Rabbit IgG (H+L), LICOR IRDye 800CW Equl Cat# 926-32211
Anti-Rabbit IgG (H+L), HRP Conjugate Promega Cat# W4011
Anti-Mouse 1gG (H+L), HRP Conjugate Promega Cat# W4021
Bacterial and virus strains
SARS-CoV-2 strain 2019-nCoV WIV04 Wouhan Institute of Virology, Chinese N/A
Academy of Sciences
VSV-AM51-GFP Wuhan Institute of Virology, Chinese N/A
Academy of Sciences
Sendai virus Wouhan Institute of Virology, Chinese N/A

Trans5a Chemically Competent Cell

Academy of Sciences
TransGen Biotech

Cat# CD201-02

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM)
Minimum Essential Medium (MEM)

DMEM: Nutrient Mixture F-12 (DMEM/F-12)
RPMI-1640 medium

Alveolar Epithelial Cell Medium (AEpiCM)
Certified Fetal Bovine Serum (FBS)
Trypsin-EDTA (0.05%)

Lipofectamine 3000

Penicillin-Streptomycin

Phosphate-Buffered Saline (PBS)
Dihydrochloride (DAPI)
Polyinosinic—polycytidylic acid sodium salt, poly(l:C)
HEPES

Triton X-100
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Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
ScienCell Research Laboratories
Biological Industries
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cat# 11995073
Cat# 12571063
Cat# 11320033
Cat# 11875093
Cat# 3201
Cat# 04-001-1A
Cat# 25300062
Cat# L3000015
Cat# 15070063
Cat# 10010023
Cat# D1306
Cat# P1530
Cat# H3375
Cat# X100

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Ampicillin Sigma-Aldrich Cat# A9518
Protease Inhibitor Cocktail Roche Cat# 5892970001

Kpnl restriction enzyme
Hindlll restriction enzyme
Xhol restriction enzyme
Xbal restriction enzyme

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Cat# R3142S
Cat# R3104S
Cat# R0146S
Cat# R0145S

Agarose Biowest Cat# 3002
Agarose (Low melting gel) Solarbio Cat# A8350
ANTI-FLAG M2 Affinity Gel Sigma Cat# A2220
Pierce Anti-HA Agarose beads Thermo Fisher Scientific Cat# 26181
Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat# E1910
MiniBEST Viral RNA/DNA Extraction Kit TAKARA Cat# 9766
PrimeScript™ RT reagent Kit with gDNA Eraser TAKARA Cat# RRO47A
TB Green Premix Ex Taq Il TAKARA Cat# RR820A
Human IFN-beta ELISA Kit R&D Systems Cat# 41410-1
RNA simple total RNA kit TIANGEN Cat# DP419
HyperScript 1st Strand cDNA Synthesis Kit NovaBio Cat# R201-2
SYBR gPCR Mix NovaBio Cat# Q204-01
High-Fidelity DNA Polymerase NovaBio Cat# G302
Nuclear and Cytoplasmic Extraction Reagents Thermo Fisher Scientific Cat# 78833
Deposited data

SARS-CoV-2 isolate Wuhan-Hu-1 genomic sequence NCBI Reference Sequence NC_045512
SARS-CoV isolate Tor2 genomic sequence NCBI Reference Sequence NC_004718
SARS-CoV-2 ORF9b protein sequence NCBI Reference Sequence PODTD2.1
SARS-CoV ORF9b protein sequence NCBI Reference Sequence YP_009825062
SARS-CoV-2 ORF9b protein structure data RSCB PDB database PDB: 624U
SARS-CoV ORF9b protein structure data RSCB PDB database PDB: 2CME

Experimental models: cell lines

Vero EG6 cells ATCC Cat# CRL-1586
HEK293T cells ATCC Cat# CRL-3216
HPAEpiC ScienCell Research Laboratories Cat# 3200
Caco-2 cells ATCC Cat# FS-0201
BEAS-2B cells ATCC Cat# CRL-9609
Calu-3 cells ATCC Cat# HTB-55
NCI-H1299 cells ATCC Cat# CRL-5803
HEK293T RIG-I"'~ cells This study N/A

HEK293T MDA5 '~ cells This study N/A

HEK293T MAVS '~ cells This study N/A
Oligonucleotides

For primer sequences see Table S1 This study N/A
Recombinant DNA

SARS-CoV-2 ORF9b cDNA GENEWIZ N/A

IFN-Beta_pGL3

PNF-kB-TA-luc
pRL-TK

pIRF3 RE-Luc
pcDNAS.1

Gentili et al., 2015

Beyotime Biotechnology
Beyotime Biotechnology
COBIOER

Thermo Fisher Scientific

Addgene Depositor: Nicolas Manel,
Cat# 102597

Cat# D2207
Cat# D2760
Cat# CBV20079
Cat# V79020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pDsRed2-N1 MIAOLINGBIO Cat# P0139

pRK5-HA-Ubiquitin-KO Lim et al., 2005 Addgene Depositor: Ted Dawson Lab,
Cat# 17603

pCMV-HA-Ub-K48R MIAOLINGBIO Cat# P8355

pCMV-HA-Ub-K63R MIAOLINGBIO Cat# P0855

pcDNA-HA-Ub Di Wang Lab (Guo et al., 2016) N/A

pcDNA-HA-Ub K48-only Di Wang Lab (Guo et al., 2016) N/A

pcDNA-HA-Ub K63-only Di Wang Lab (Guo et al., 2016) N/A

pcDNA-Flag This study N/A

pcDNA-HA This study N/A

pcDNA-V5 This study N/A

pcDNA-Flag-ORF9b This study N/A

pcDNA-HA-ORF9b This study N/A

pcDNA-HA-ORF9b-GFP This study N/A

pcDNA-HA -GFP This study N/A

pcDNA-HA-ORF9bAN30 This study N/A

pcDNA-HA-ORF9bA41-62 This study N/A

pcDNA-HA-ORF9bAC30 This study N/A

pcDNA-V5-ORF9b This study N/A

pcDNA-V5-ORF9bAN30 This study N/A

pcDNA-Flag-RIG-I(N) This study N/A

pcDNA-Flag-RIG-I This study N/A

pcDNA-Flag-MAVS This study N/A

pcDNA-Flag-NEMO This study N/A

pcDNA-Flag-TBK1 This study N/A

pcDNA-Flag-IRF3 This study N/A

pcDNA-Flag-IRF3S396D This study N/A

pcDNA-Flag-IKKB This study N/A

Software and algorithms

GraphPad Prism 8 GraphPad Prism https://www.graphpad.com/

ESPript Robert and Gouet, 2014 http://espript.ibcp.fr/ESPript/cgi-
bin/ESPript.cgi

PyMOL PyMOL https://pymol.org/2/

Adobe Photoshop CS5 Extended Adobe https://www.adobe.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the lead contact, Nan Qi
(ginan@zjut.edu.cn).

Materials availability
Cell lines and plasmids generated for this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell cultures and viral strains

All cell lines were incubated at 37°C in a 5% CO, humidified atmosphere, and were tested for mycoplasma-free. Primary human pul-
monary alveolar epithelia cells (HPAEpIC, from ScienCell Research Laboratories), which were isolated from human lung tissues and
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immediately cryopreserved at Passage 0 (P0O), were maintained in the recommended AEpiCM medium. Vero E6 and HEK293T cells
were cultured in DMEM. BEAS-2B cells were in incubated DMEM/F-12. Caco-2 and Calu-3 cells were grown in MEM. NCI-H1299
cells were cultured in RPMI-1640 medium. All media were supplemented with 10% FBS, and 100 U/ml of penicillin-streptomycin.

The SARS-CoV-2 strain 2019-nCoV WIV04 was isolated from the bronchoalveolar lavage fluid of a confirmed COVID-19 patient by
inoculating onto Vero E6 cells (Zhou et al., 2020), and was propagated in Vero E6 cells in this study. Recombinant virus VSV-AM51-
GFP from Wuhan Institute of Virology was amplified in Vero E6 cells. Sendai virus (Cantell strain) from Wuhan Institute of Virology was
used at a concentration of 20 HA units/ml. The experiments involving the SARS-CoV-2 virus were conducted in the biosafety level 3
(BSL-3) laboratory of Wuhan Institute of Virology, Chinese Academy of Sciences.

METHOD DETAILS

Plasmids
Complementary DNA (cDNA) containing coding sequence of ORF9b was synthesized by GENEWIZ (Suzhou, China), and inserted
into pcDNA3.1. Listed expressing vectors were constructed by fusing the PCR amplicons with various tags to the N-terminus (for
Flag, HA and V5) or C-terminus (for GFP) of open reading frames (ORFs), and were then cloned into pcDNA3.1 between appropriate
restriction enzyme sites. All constructs were confirmed by DNA sequencing. Primers are listed in Table S1.

Electrotransfection of viral RNA or plasmids into HPAEpIC and BEAS-2B were conducted using the Nucleofector™ 2b Device
(Lonza Bioscience, Switzerland) according to manufacture’s instruction. For other cells, transfection was performed using Lipofect-
amine 3000.

Virus infection
HPAEpIC and Caco-2 cells were seeded in 12-well plates at a density of 4 x 10° cells/well, and were incubated with SARS-CoV-2 for
1 hour at a multiplicity of infection (MOI) of 1. After removing the infectious liquid, cells were washed with PBS and maintained in cul-
ture medium supplement with 2% FBS. At 1, 5, 9 and 24 h post-infection, cell supernatants and lysates were subjected to gPCR for
measuring viral RNA copies and the IFN levels. Fluorescence quantification immunoblotting was conducted to examine the protein
levels of ORF9b.

For quantifying the SARS-CoV-2 RNA copies, viral RNA was isolated from infected cell supernatants using the MiniBEST Viral RNA/
DNA Extraction Kit (Takara), and were then converted into cDNA using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara).
RNA copies were quantified from cDNA by a standard curve method gPCR targeting SARS-CoV-2 S gene (Wang et al., 2020), using
the TB Green® Premix Ex Taq Il kit (Takara).

Viral RNA for transfection into HEK293T cells and HPAEpiC were originated from Vero E6 cells infected with SARS-CoV-2 (MOI =
0.1) and VSV (MOI = 0.1). At 24 h post-infection, cells were collected for viral RNA extraction.

Plaque assay
Various cell lines were infected with VSV at a MOI = 0.1 for indicated time (related to Figure 2A). Culture media containing recovered
viruses were collected, and used for incubating HEK293T cells in 6-well plates with serial dilutions for 1 h. Cells were overlaid with 1%
soft agarose in DMEM and cultured for 48 h. Plaques were displayed by staining cells with 0.1% crystal violet in DMEM, and were
then quantified.

Immunofluorescence microscopy
For examining VSV proliferation in various cell lines, experiments were performed as described (Shi et al., 2020). Briefly, cells were
infected with VSV-AM51-GFP at a MOI = 0.1. At the indicated time (12 h or 24 h) after infection, fluorescence images were taken.
For cellular colocalization of ORF9b with endogenous NEMO, NCI-H1299 cells were transfected with plasmid expressing ORF9b-
GFP for 24 h, and were infected with or without SeV for another 12h. After being washed with PBS and fixed by 4% Paraformalde-
hyde, cells were stained with anti-NEMO antibody (1:1000, Cat# 2695, Cell Signaling Technology) and Alexa Fluor® 594 Conjugated
secondary antibody (1:2500, Cat# 8890, Cell Signaling Technology). Nucleus was labeled with DAPI at 10 ug/ml for 15 min. Fluores-
cence images were taken by OLYMPUS BX51 microscope with 1000X oil immersion lens.

Immunoprecipitations

Constructs were transfected into HEK293T cells or HPAEpIC. At 36 h after transfection, cells were harvested and lysed in lysis buffer
[HEPES 20 mM pH = 7.5, KCI 10 mM, MgCl, 5 mM, EGTA 0.5 mM, 1% Triton X-100, and 1% protease inhibitor cocktail]. After a brief
centrifugation, the lysates were immunoprecipitated with anti-HA agarose beads or anti-Flag agarose beads at 4°C for 4 h, and the
precipitants were washed three times with lysis buffer at 4°C. The extract-bead mixture was then resuspended in loading buffer, fol-
lowed by immunoblotting analysis.

Generation of the RIG-1"/-, MDA5/~, MAVS ~/~ HEK293T cell lines

RIG, MDA5 and MAVS knockout HEK293T cell lines were custom-generated using CRISPR/Cas9 gene-editing system by NovaBio
(Shanghai, China). Cell lines were validated by genomic sequencing and immunoblotting analysis.
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Dual-luciferase reporter assays

HEK293T cells were seeded in 12-well plates and transfected with ORF9b expressing vector or empty vector, together with 100 ng
luciferase reporter plasmid and 20 ng Renilla luciferase plasmid phRL-TK. At 24 h post-transfection, cells were transfected with plas-
mids encoding various RIG-I-MAVS signaling components for 24 h, or transfected with 10 ug/ml poly(l:C) for 8 h, or infected with SeV
and VSV for 12 h. Following the manufacturer’s instructions for Dual-Luciferase reporter Assay System, cell lysates were obtained to
measure the luciferase activity by Synergy H1 (BioTek, Vermont, US).

Quantitative PCR (qPCR)

RNA from various cells was extracted using the RNA simple total RNA kit (Tiangen) according to the manufacturer’s instructions.
cDNA was synthesized from RNA by reverse transcribing using the HyperScript 1st Strand cDNA Synthesis Kit (NovaBio), and
was then subjected to real-time gPCR using the SYBR Green PCR mix (NovaBio). Data was normalized by the level of internal control
GAPDH expression in each individual sample. The relative expression of target gene was calculated using the 224t method. For viral
RNA copies quantification, a standard curve method gPCR targeting SARS-CoV-2 S gene was used (Wang et al., 2020). Primers are
listed in Table S1.

Fluorescence quantification immunoblotting

An appropriate portion of lysates from SARS-CoV-2 infected cells were subjected to SDS-PAGE, and were transferred to PVDF mem-
brane. Immunoblotting was conducted using the anti-ORF9b antibody (1:1000, Cat# A20260, ABclonal) and IRDye labeled second-
ary antibodies (1:5000, Cat# 926-32211, Equl). Fluorescence signal was detected by the Odyssey Infrared Imager (Gene company,
Hong Kong, China), generating the fluorescence values. Serial dilutions (0.5 ng, 2.5 ng, 5 ng, 15 ng) of Flag-tagged ORF9b protein
were used for accurate quantitative analysis. The concentration of individual sample (per 2 x 10° cells) was calculated by the linear
equation.

Extraction of cytoplasmic and nuclear proteins

Following the manufacturer’s instructions for Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific), cells were
harvested with trypsin-EDTA and centrifuged at 500 g for 5 mins. According to the number of cells, an appropriate amount of Cyto-
plasmic Extraction Reagent containing protease inhibitors was added to extract cytoplasmic protein. The insoluble fraction contain-
ing nuclei was suspended in Nuclear Extraction Reagent for extracting nuclear proteins.

ELISA
Concentrations of the IFN-B in cell culture supernatants were measured using the Human IFN-beta ELISA Kit (R&D Systems) accord-
ing to the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are represented as mean values with error bars indicating standard deviations (+SD) calculated from three independent exper-

iments, or from three biological replicates in the same experiment. Statistical significance between two groups was determined by
unpaired two-tailed Student’s t test using GraphPad Prism 8. Differences were significant when p < 0.05.
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Figure S1. Endogenous and ectopic expression levels of different proteins
in various human cell lines, related to Figure 1

(A) Wildtype (WT), DDX58 (RIG-I7), IFIH17- (MDA5") and MAVS"HEK293T cells
were transfected for 12 h with 100 ng RNA extracted from mock-infected Vero E6
cells, or 100 ng viral RNA isolated from SARS-CoV-2-infected Vero E6 cells. Whole

cell lysates were prepared for immunoblotting using indicated antibodies. B-actin



was immunoblotted as loading control.

(B) Quantitative analysis of viral RNA copies in SARS-CoV-2 infected cell
supernatants. Supernatants containing SARS-CoV-2 were obtained from infected
cells as described in Figure 1C. gPCR targeting S gene was conducted to quantify
viral genome copies (per ml of cell culture) at the indicated time points of infection.
Data are represented as means +SDs calculated from three biological replicates
in the same experiment.

(C) Quantitative analysis of ORF9b protein levels in cells during SARS-CoV-2
infection. As described in Figure 1C, an appropriate portion of lysates from SARS-
CoV-2 infected cells were subjected to fluorescence quantification immunoblotting
using anti-ORF9b and IRDye labeled secondary antibodies. The fluorescence
image was shown, with the ORF9b immunoblots selected for quantification. Lane
1-4, SARS-CoV-2 infected Caco-2 cell lysates collected at 1, 5, 9, 24 hours post-
infection (hpi). Lane 5-8, SARS-CoV-2 infected HPAEPpIC cell lysates collected at
1,5, 9, 24 hpi. Lane 9-12, serial dilutions (0.5 ng, 2.5 ng, 5 ng, 15 ng) of Flag-
tagged ORF9b protein, which were used as the standard sample for accurate
guantitative analysis. ORF9b protein levels in individual sample viral infected cell
lysates were calculated by the standard curve method, and were converted into
concentration (ng/1x10° cells). Data were obtained from a representative replicate
from three biological replicates in the same experiment.

(D) Near-physiological expression of Flag-ORF9b in HPAEPpIC cells. Lysates were
obtained from HPAEPIC cells electrotransfected with empty vector or Flag-ORF9b
expressing plasmid as described in Figures 1E-1G, and subjected to
immunoblotting analysis using anti-ORF9b antibodies. Lysates from SARS-CoV-2
infected HPAEPpIC (collected at 1, 5, 9, 24 hpi) were immunoblotted to show the
physiological levels of ORF9b during viral infection. B-actin was immunoblotted as
loading control. Immunoblots of ORF9b and Flag-ORF9b were indicated by arrows.
(E) Ectopic expression levels of ORF9b in 293T cells. Transfection of empty vector
and Flag-ORF9b expressing vector was conducted as described in Figure 1H.
Immunoblotting analysis of whole cell lysates was conducted.
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Figure S2. SARS-CoV-2 ORF9b rescues viral growth in diverse human cell

lines, related to Figure 2
(A) Ectopic expression levels of ORF9b in various human cell lines, related to



Figure 2A. At 36 h post-transfection of Flag-ORF9b expressing vector, whole cell
lysates from BEAS-2B, Calu-3 and 293T cells were subjected to immunoblotting.

(B) Calu-3 and 293T cells were transfected with empty vector and Flag-ORF9b
expressing plasmid for 24 h, and then infected with VSV-GFP for the indicated time.
Fluorescent images were taken to examine VSV proliferation. Scale bar, 50 pm.

(C) As described in Figure 2D, plaque assay was conducted to quantitate VSV
titers. Data are represented as means +SDs calculated from three independent

experiments (*p < 0.05, **p < 0.01; t test).
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(A) Transfection of vectors expressing various signaling components and HA-
ORF9b into 293T cells was conducted as described in Figure 3A. Whole cell
lysates were prepared for immunoblotting analysis using indicated antibodies.

(B) As described in Figure 3D, plasmid encoding Flag-NEMO together with vector
expressing HA-GFP were transfected into 293T cells for 24 h. Cell were then
infected with or without VSV for 12 h. Immunoprecipitation was conducted using
anti-HA beads.

(C) NCI-H1299 cells were co-transfected with vector expressing HA-GFP for 24 h,
and were stimulated with or without SeV. After immunofluorescent staining of cells
as described in Figure 3E, the fluorescent images were taken. Scale bar, 10 ym.
(D) The overall structure of SARS-CoV-2 ORF9b in cartoon diagram, related to
Figure 3F. PDB file regarding the structure data of SARS-CoV-2 ORF9b protein

was downloaded from the RSCB server (https://www.rcsb.org/). Structure was

analyzed and drawn by PyMOL.

(E) Sequence and secondary structural analysis of ORF9b proteins from SARS-
CoV and SARS-CoV-2, related to Figure 3F. FASTA files regarding the amino acids
sequences of ORF9b were obtained from the NCBI database

(https://www.ncbi.nim.nih.gov/). Alignment and structural analysis were conducted

by ESPript (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Highly conservative
amino acids were labeled with red character. Alpha helices and beta sheets are
shown as “a” and “B”, respectively. a1 (a.a. 5-7), B1 (a.a. 12-15), B2 (a.a. 19-23),
B3 (a.a. 40-42), B4 (a.a. 44-48), B5 (a.a. 52-61), 36 (a.a. 68-74), B7 (a.a. 78-79),
a2 (a.a. 84-86), B8 (a.a. 90-96).
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Figure S4. Effects of ORF9b on the mRNA and protein levels of endogenous
NEMO, as well as the virally induced TNF expression, related to Figure 4

(A) 293T cells were transfected with V5-ORF9b expressing vector for 36 h. Cells
were subjected to immunoblotting and reverse transcription-PCR (RT-PCR) for
measuring the protein levels and mRNA levels of endogenous NEMO, respectively.
GAPDH was analyzed as an internal control.

(B) Experiment was conducted as described in Figure 4F-4G. gPCR was
conducted to determine the effects of ORF9b on virally induced expression of TNF.
Data are represented as means z=SDs calculated from three independent

experiments (**p < 0.01, N.S., non-significant; t test).



Table S1. Sequence of primers for gene cloning and gPCR, Related to STAR

Methods.

pcDNA-V5-For

GGGGTACCATGGGTAAGCCTATCCCTAACCCTCTCC
TCGGTCTCG

pcDNA-V5-Rev

GCTCTAGATTACTCGAGCGTAGAATCGAGACCGAG
GAGAGGGTTA

pcDNA-Flag-ORF9b-For

GGGGTACCATGGACCCCAAAATCAGCGAAATG

pcDNA-Flag-ORF9b-Rev

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-HA-ORF9b-For

CCCTCGAGGACCCCAAAATCAGCGAAATGC

pcDNA-HA-ORF9b-Rev

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-HA-ORF9b-GFP-
For

CCCTCGAGGACCCCAAAATCAGCGAAATGC

pcDNA-HA-ORF9b-GFP-
Rev

GCTCTAGATTATTTGTATAGTTCATCCATGCCA

pcDNA-HA-GFP-For

CCCTCGAGAGTAAAGGAGAAGAACTTTTCACTG

pcDNA-HA-GFP-Rev

GCTCTAGATTATTTGTATAGTTCATCCATGCCA

pcDNA-HA-ORF9bAN30-
For

CCCTCGAGCGCGATCAAAACAACGTCGGC

pcDNA-HA-ORF9bAN30-
Rev

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-HA-ORF9bA41-62-
Forl

CCCTCGAGGACCCCAAAATCAGCGAAATGC

pcDNA-HA-ORF9bA41-62-
Revl

GTCTTCCAGGGACTTGGGGCCGACGTTGTTTTG

pcDNA-HA-ORF9bA41-62-
For2

CGGCCCCAAGTCCCTGGAAGACAAGGCGTTCCAAT

pcDNA-HA-ORF9bA41-62-
Rev2

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-HA-ORF9bAC30-
For

CCCTCGAGGACCCCAAAATCAGCGAAATGC

pcDNA-HA-ORF9bAC30-
Rev

GCTCTAGATTACTTGTCTTCCAGGGAATTTAAG

pcDNA-V5-ORF9b-For

CCCTCGAGGACCCCAAAATCAGCGAAATGC

pcDNA-V5-ORF9b-Rev

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-V5-ORF9bAN30-
For

CCCTCGAGCGCGATCAAAACAACGTCGGC

pcDNA-V5-ORF9bAN30-
Rev

GCTCTAGATTATTTTACCGTCACCACCACGAA

pcDNA-Flag-RIG-I(N)-For

GGGGTACCATGGACTACAAGGACGACGATGACAAG
ATGACCACCGAGCAGCGACGCA

pcDNA-Flag-RIG-I(N). Rev

CCCTCGAGTCAAAGCTCTAATTGGTAATTTCTT

pcDNA-Flag-RIG-I-For

GGGGTACCATGGACTACAAGGACGACGATGACAAG

Gene ID / Name Sequence (5'to 3) Purpose

CCAAGCTTATGGACTACAAGGACGACGATGACAAG

pcDNA-Flag-For GGT

pcDNA-Flag-Rev GCTCTAGATTAGGTACCCTTGTCATCGTCGTC
GGGGTACCATGGGATACCCATACGACGTCCCAGAC

pcDNA-HA-For TACGC

PCDNA-HA-Rev gCTCTAGATTACTCGAGAGCGTAGTCTGGGACGTC Protein .

expression




ATGACCACCGAGCAGCGACGCA

pcDNA-Flag-RIG-I-Rev

CCCTCGAGTCATTTGGACATTTCTGCTGGAT

pcDNA-Flag-MAVS-For

GGGGTACCATGCCGTTTGCTGAAGACAAGACCT

pcDNA-Flag-MAVS-Rev

GCTCTAGACTAGTGCAGACGCCGCCGGTACAGCA

pcDNA-Flag-NEMO-For

GGGGTACCATGGCCCTTGTGATCCAGGTG

pcDNA-Flag-NEMO-Rev

GCTCTAGACTACTCAATGCACTCCATGACAT

pcDNA-Flag-TBK1-For

GGGGTACCATGCAGAGCACTTCTAATCATCTGTG

pcDNA-Flag-TBK1-Rev

GCTCTAGACTAAAGACAGTCAACGTTGCGAAGGC

pcDNA-Flag-IRF3-For

GGGGTACCATGGGAACCCCAAAGCCACGGATCCTG

pcDNA-Flag-IRF3-Rev

GCTCTAGATCAGCTCTCCCCAGGGCCCTGG

pcDNA-Flag-IRF3S396D-
Forl

GGGGTACCATGGGAACCCCAAAGCCACGGATCCTG

pcDNA-Flag-IRF3S396D-
Revl

TGGCTGTTGTCAATGTGCAGGTCCACAGTATTCT

pcDNA-Flag-IRF3S396D-
For2

ACCTGCACATTGACAACAGCCACCCACTCTCCCTC

pcDNA-Flag-IRF3S396D-
Rev2

GCTCTAGATCAGCTCTCCCCAGGGCCCTGG

pcDNA-Flag-IKKB-For

GGGGTACCATGAGCTGGTCACCTTCCCTGACAAC

pcDNA-Flag-IKKB-Rev

GCTCTAGATTATGAGGCCTGCTCCAGGCAGCTG

SARS-CoV-2 S-For

CAATGGTTTAACAGGCACAGG

SARS-CoV-2 S-Rev

CTCAAGTGTCTGTGGATCACG

IFNB1-For CAGCAGTTCCAGAAGGAGGA
IFNB1-Rev AGCCAGGAGGTTCTCAACAA
GAPDH-For AGAAGGCTGGGGCTCATTTG
GAPDH-Rev AGGGGCCATCCACAGTCTTC
IL-6-For GAGAAAGGAGACATGTAACAAGAGTAAC
IL-6-Rev ACTCATCTGCACAGCTCTGGC
TNF-For CCTCTCTCTAATCAGCCCTCTG
TNF-Rev GAGGACCTGGGAGTAGATGAG
ISG15-For CGCAGATCACCCAGAAGATCG
ISG15-Rev TTCGTCGCATTTGTCCACCA
MCP-1-For CAGCCAGATGCAATCAATGCC
MCP-1-Rev TGGAATCCTGAACCCACTTCT
IP-10-For GTGGCATTCAAGGAGTACCTC

IP-10-Rev

TGATGGCCTTCGATTCTGGATT

gPCR
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