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Abstract

Evasion and antagonism of host cellular immunity upon SARS-CoV-2 infection provide replication advantage to the virus
and contribute to COVID-19 pathogenesis. We explored the ability of different SARS-CoV-2 proteins to antagonize the
host’s innate immune system and found that the ORF6 protein mitigated type-I Interferon (IFN) induction and downstream
IFN signaling. Our findings also corroborated previous reports that ORF6 blocks the nuclear import of IRF3 and STAT1 to
inhibit IFN induction and signaling. Here we show that ORF6 directly interacts with RIG-I and blocks downstream type-I
IFN induction and signaling by reducing the levels of K63-linked ubiquitinated RIG-I. This involves ORF6-mediated target-
ing of E3 ligase TRIM2S5 for proteasomal degradation, which was also observed during SARS-CoV-2 infection. The type-I
IFN antagonistic activity of ORF6 was mapped to its C-terminal cytoplasmic tail, specifically to amino acid residues 52—61.
Overall, we provide new insights into how SARS-CoV-2 inhibits type-I IFN induction and signaling through distinct actions

of the viral ORF6 protein.
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Introduction

While the COVID-19 pandemic wanes in its third year,
its etiological agent SARS-CoV-2 stays at the focus of the
intense scientific investigation by researchers across the
globe. Tremendous progress has been made on the front
of vaccine and antiviral development against COVID-19;
however, the fundamental biology of the virus is still being
explored. SARS-CoV-2 is a single-stranded positive-sense
RNA virus of the family Coronaviridae that also includes
at least four known seasonal coronaviruses and more path-
ogenic SARS and MERS coronaviruses [1]. The genome
comprises two overlapping open reading frames (ORFs),
ORFla and ORFI1b, which are translated to generate
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continuous polypeptides and subsequently cleaved into 16
non-structural proteins (NSPs) [2]. One shared aspect of
Betacoronaviruses is their ability to evade and antagonize
the host’s innate and adaptive immune responses [3]. This
property is essential for efficient virus infection and replica-
tion and contributes to viral pathogenesis. Especially in the
case of COVID-19, the dampening of early cellular innate
immune response and subsequent dysregulation of cytokine
expression is considered a significant contributor to severe
disease. Hence, a detailed investigation into viral mecha-
nisms of host immune evasion and antagonism is essential
for developing effective therapeutic interventions.

One of the earliest cellular antiviral responses is orches-
trated by IFNs, which pose a crucial hurdle that viruses
must overcome upon infection. IFN response begins with
recognition of viral pathogen-associated molecular patterns
(PAMPs) by cellular Pattern Recognition Receptors (PRRs).
In lung epithelial cells, MDAS acts as the primary sensor of
SARS-CoV-2 RNA and governs the innate immune response
[4, 5]. RIG-1 is also reported as a sensor and triggers type-
I IFN expression [4, 6]. These PRRs relay the message
through specific kinases to transcription factors IRF3, IRF7,
and NF-kB, which in turn induce expression of type-I, II, or
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IIT IFNSs [7, 8]. Subsequently, IFNs activate the JAK-STAT
pathway in an autocrine or paracrine manner, leading to the
expression of a battery of interferon-stimulated genes (ISGs)
that act as viral restriction factors and regulators of innate
and adaptive immunity [9]. Viruses have evolved a plethora
of mechanisms to inhibit IFN induction and subsequent sign-
aling events to counteract host innate immunity [10], and
SARS-CoV-2 is no exception [11, 12]. SARS-CoV-2 has a
29.7 kb single-stranded positive-sense RNA genome. About
two-thirds of the 5’ end of the genome encodes ORF1a/1b,
which in turn produces 16 NSPs after proteolytic processing
of polyprotein 1a and lab (ppla and pplab); about 10 kb of
genome at the 3" end encodes multiple sub-genomic RNAs
that get translated into 4 structural proteins [Spike (S); Enve-
lope (E); Membrane (M); and Nucleocapsid (N)] and at least
9 accessory proteins (ORF3a; 3b; 6; 7a; 7b; 8; 9b; 9c and 10)
[13, 14]. Many SARS-CoV-2 accessory and NSPs have been
reported to have antagonistic effects on IFN responses [3].

In this study, we screened the IFN-antagonistic ability
of SARS-CoV-2 proteins and found ORF6, among others,
to be the most potent inhibitor of both IFN induction and
signaling. We mapped these activities to the cytoplasmic tail
of ORF6, specifically the residues 52-61, which are highly
conserved. Our data were consistent with earlier studies
where ORF6 was shown to inhibit IFN response by block-
ing the nuclear import of key transcription factors involved
in IFN response. However, these events are downstream in
the IFN induction pathway, and the molecular basis of the
highly efficient shutdown of IFN induction by SARS-CoV-2
ORF®6 protein was unclear. Here, for the first time, we show
that ORF6 directly interacts with RIG-I and inhibits early
stages of type-I IFN induction. RIG-I activation requires
K63-linked ubiquitination by E3 ligase TRIM25 [15]. We
observed that the presence of SARS-CoV-2 ORF6 protein
leads to reduced levels of K63-linked RIG-I and proteaso-
mal degradation of TRIM25. The reduction of TRIM25 pro-
tein level and rescue upon proteasomal inhibition was also
observed in SARS-CoV-2 infected cells. Overall, our data
provide new insights into the molecular mechanisms of IFN
antagonism mediated by the SARS-CoV-2. Specifically, we
show that in addition to inhibition of nuclear translocation
of IRF3 and STAT1, which are late events of IFN response,
SARS-CoV-2 ORF6 protein inhibits early steps of this path-
way at the level of RIG-I activation.

Materials and methods
Plasmids
Plasmids expressing SARS-CoV-2 proteins were a kind

gift from Prof. Nevan Krogan (University of California San
Francisco) and have been described before [16]. The IFN
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induction and signaling plasmids (IFNp-Firefly Luciferase,
ISRE-Firefly Luciferase, pRL-TK, RIG-I, 2-CARD, TBK1,
IKKe, IRF3-5D, IRF7-CA, STAT1, STAT2) were provided
by Prof. Adolfo Garcia-Sastre (Icahn School of Medicine
at Mount Sinai, New York) and have been described before
[17]. For constructing the deletion mutants, the desired
sequence was PCR amplified from pLVX-EFlalpha-SARS-
CoV-2-ORF6-2xStrep-IRES-Puro plasmid, followed by
cloning in the pCAGGS backbone using EcoRI (ER0271,
Thermo Scientific) and Xhol (ER0691, Thermo scientific)
restriction enzyme including the full-length ORF6. AC plas-
mid was constructed using overlap extension PCR. ORF6
variant mutants were constructed by subcloning the con-
struct in a TA backbone, followed by substituting the resi-
dues as described before [18] and cloning in the pCAGGS
backbone using EcoRI and Xhol. We procured pRK5-HA-
Ubiquitin-K63 (RRID: Addgene_17606) and pRK5-HA-
Ubiquitin-K48 (RRID:Addgene_17605) from Addgene.

Cell lines and cell culture

Human embryonic kidney 293 T (HEK293T,
RRID:CVCL_0063), A549 lung adenocarcinoma, and HeLa
cells (RRID:CVCL_0030) were purchased from the National
Centre for Cell Science (NCCS, Pune), and HEK-ACE2
(RRID: CVCL_A7UK), Vero E6 cells (RRID:CRL-1586)
were procured from the America Type Culture Collec-
tion (ATCC, Bethesda, MD). Cells were cultured in com-
plete media containing high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (12100-046, Gibco) with 10%
FBS (16140-071, Gibco), penicillin—streptomycin (Gibco
15140-122), supplemented with GlutaMAX "™ (35050-061,
Gibco) at 37 °C with 5% CO,.

Viruses and infection

SARS-CoV-2 (Isolate Hong Kong/VM20001061/2020, BEI
Resources Cat# NR-52282, NIAID, NIH) was propagated
and titered by plaque assay in Vero E6 cells as described
before [19]. HEK-ACE2 (for SARS-CoV-2) or HEK293T
(for Sendai Virus) were seeded in a 24-well cell culture dish
(pre-coated with 0.1 mg/mL poly-L-lysine (P9155-5MG,
Sigma-Aldrich)) and 24 h later, used for infection. Infec-
tion was done with 1 MOI SARS-CoV-2 in DMEM sup-
plemented with 10% FBS or 100 HAU SeV in OPTI-MEM
in 100 pl inoculum for 1 h with intermittent shaking every
10 min at 37 °C. Fresh complete DMEM was added to the
cells.

Plasmid transfection

HEK-293 T cells (0.1 X 10° cells/well) were seeded in a
24-well plate pre-coated with 0.1 mg/mL poly-L-lysine
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(P9155-5MG, Sigma-Aldrich) and 24 h later used for trans-
fection. Cells were then transfected with 0.5 pg of expres-
sion plasmid using Lipofectamine-2000 reagent (Invitrogen
Cat#11668019) or Lipofectamine-3000 (Invitrogen Cat#
L3000015), according to the manufacturer’s instruction.

Luciferase reporter assay

For the IFN induction assay, HEK-293 T cells (0.1 X 10°
cells/well in a 24-well plate) were co-transfected, in dupli-
cates, with 50 ng of pIFNf -luc and 20 ng of pRL-TK along
with 500 ng of SARS-CoV-2 protein expression plasmid
or empty vector. 24 h post-transfection, cells were induced
with poly (I:C) (1 pg), or 100 HAU of Sendai virus for 12 h,
followed by lysing of the cells for analyzing the dual lucif-
erase activity. For dissecting the steps of the IFN induc-
tion pathway, HEK-293 T cells were co-transfected with
50 ng of inducer plasmid along with the above-indicated
plasmids. 24 h post-transfection, cells were lysed. Similarly,
for the IFN signaling assay, HEK-293 T cells (0.1 X 10°
cells/well in a 24-well plate) were co-transfected with 50 ng
of ISRE-luc Firefly Luciferase reporter plasmid and 20 ng
of pRL-TK Renilla Luciferase reporter plasmid along with
500 ng of SARS-CoV-2 protein expression plasmid. 24 h
post-transfection, the cells were induced with 1000 U/ml
of Universal Type-I IFN (PBL assay, Cat # 11200-1). 12 h
post-induction, the cells were lysed, and luciferase activity
was measured using a dual-luciferase assay system (Promega
Cat# E1980) according to the manufacturer’s instructions.
Firefly and Renilla Luciferase signals were quantified using
Tecan plate reader (INFINITE M PLEX). The signals were
represented as percentage fold change with respect to the
induced vector.

Immunofluorescence assay (IFA) and quantification

A549 cells were seeded on coverslips in a 24-well plate (0.1
X 10% cells per well) for overnight incubation. They were
then co-transfected with 500 ng of IRF3-GFP and 500 ng
of SARS-CoV-2 protein-expressing plasmid using Lipo-
fectamine-2000 reagent (Invitrogen Cat# 11668019). 24 h
post-transfection, the cells were induced with 6 h of Sen-
dai virus infection (100 HAU). Similarly, Vero cells were
seeded on coverslips in 24-well plates (0.1 X 10° cells/well)
for overnight incubation. Cells were then transfected with
250 ng of STAT1-GFP along with 250 ng of SARS-CoV-2
viral protein-expressing plasmids. 24 h post-transfection,
cells were induced for 1 h with 1000 U/ml Universal Type-I
interferon (IFN) (PBL Assay Science Cat# 11200-2). Sim-
ilarly, HeLa cells were transfected with 250 ng of RIG-I
Flag or MAVS Flag and 250 ng of ORF®6 strep for 24 h.
A549-ACE2 cells were seeded on coverslips in a 24-well
plate (0.1 X 106 cells per well), and 24 h later, cells were

infected with SARS-CoV-2 at 1 MOI. 6 h post-infection
cells were treated with MG132 (10 pM) for another 18 h.
Cells were washed with 1X PBS (MP Biomedicals Cat#
162528) twice at room temperature and fixed in PBS with
4% formaldehyde (Qualigen Cat# Q24005) at room tem-
perature for 20 min. The cells were then permeabilized
using 1% Tween-20 (Sigma-Aldrich Cat# P1379) in PBS
at room temperature for 10 min. After three washes with
1X PBS, cells were incubated in blocking buffer, 2% BSA
(MP Biomedicals Cat# 0215240105) in 1X PBS contain-
ing 0.3% Tween-20, at room temperature (RT) for 2 h, fol-
lowed by washing twice with wash buffer (PBS with 0.3%
Tween 20). Coverslips were incubated with primary anti-
body at a 1:500 ratio diluted in 50 ul PBS with 0.3% Tween
20 and 0.5% BSA for 3 h at RT. Used primary antibodies
are rabbit anti-Strep-tag II antibody (abcam cat# ab76949,
RRID:AB_1524455), mouse monoclonal ANTI-FLAG®
(Sigma-Aldrich Cat# F3165-0.2MG, RRID:AB_259529),
SARS-CoV / SARS-CoV-2 (COVID-19) spike antibody
(GeneTex Cat# GTX632604, RRID:AB_2864418), Recom-
binant Anti-TRIM25/EFP antibody [EPR7315] (abcam Cat#
ab167154, RRID:AB_2721902). Cells were washed thrice
with wash buffer followed by incubation with secondary
antibody (1:1000) for 2 h at RT in the dark using following
antibodies: Goat anti-Mouse IgG (H+ L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488 (Invitrogen cat#
A-11001, RRID:AB_2534069), Donkey anti-Rabbit IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor ™ 568 (Invitrogen Cat# A10042, RRID:AB_2534017),
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Second-
ary Antibody, Alexa Fluor" 488 (Thermo Cat# A11008,
RRID:AB_143165), Goat anti-Mouse 1gG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor" 568 (Thermo
Cat# A11004, RRID:AB_2534072). The cells were washed
thrice with wash buffer and counter-stained with 4°,6-diami-
dino-2-phenylindole (DAPI), (Sigma-Aldrich Cat# D9542-
10MG) for 10 min at RT. Coverslips were washed thrice
with PBS and mounted on a slide using antifade mounting
media (Invitrogen Cat# P36970) and imaged using Zeiss
880 or Leica SP8 confocal microscope. For quantification
of IRF3-GFP nuclear translocation, line region of interests
were drawn across the nucleus and fluorescence intensity
of GFP (green) and DAPI (blue) channels were quantified
along the length using Imagej/Fiji. The values were used
to calculate the area under the curve of green signal over-
lapping with blue. The fluorescence intensity of TRIM25
labeled cells was quantified using Leica LASX microscope
software. The fluorescence intensity of RIG-I Flag labeled
cells was quantified by using Imagej/Fiji.
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Co-immunoprecipitation (Co-IP)
and immunoblotting

Transfected cells were washed with ice-cold 1X PBS and
then were lysed using 500 ul Pierce lysis buffer supple-
mented with phosphatase and protease inhibitor, per 100 mm
dish. The lysate was incubated on ice for 30 min with vigor-
ous vortexing every 10 min. Samples were sonicated (25%
amplitude, 5-s ON-5-s OFF for two cycles) and clarified
by centrifugation at 13,000 rpm for 10 min at 4 °C. The
clarified supernatant was either stored at —80 °C or analyzed
by immunoblotting as whole cell lysate (WCL or Input).
Lysates were pre-cleared with magnetic beads coated with
protein-G, and immunoprecipitation was performed for the
remaining lysates by overnight incubation with specific
antibodies. Subsequently, the complex was pulled down
by magnetic beads coated with protein-G (88847, Invit-
rogen) according to the manufacturer’s instructions. Elu-
tion was done directly by 1X Laemmli buffer (BIO-RAD
Cat#1610747). Protein samples were resolved by SDS—poly-
acrylamide gel electrophoresis, followed by transfer onto a
PVDF membrane (Immobilon-P; Merck Cat# IPVH00010).
Blocking was performed at room temperature for 2 h using
5% skimmed milk (HiMedia Cat# GRM1254-500G) in
1X PBS containing 0.05% Tween 20 (Sigma-Aldrich Cat#
P1379) (1X PBST). Afterward, primary antibody incu-
bation was performed overnight (12 h) at 4 °C with slow
rocking using primary antibodies: Rabbit anti-Strep-tag II
antibody (abcam cat# ab76949), Mouse monoclonal ANTI-
FLAG® M2 antibody (Sigma-Aldrich Cat# F3165-0.2MG,
RRID:AB_259529), rabbit DYKDDDDK Tag (D6W5B)
Rabbit mAb (Binds to the same epitope as Sigma’s Anti-
FLAG® M2 Antibody) (Cell Signaling Technologies cat#
14793S, RRID:AB_2572291), Beta-Actin Monoclonal
Antibody (BA3R), HRP (Thermofisher Scientific Cat#
MAS5-15739-HRP, RRID:AB_2537667), Biotin Anti-HA
tag antibody (abcam Cat# ab26228, RRID:AB_449023),
V5-Tag (D3H8Q) Rabbit mAb (Cell Signaling Technolo-
gies Cat# 13202, RRID:AB_2687461), TRIM25 Mono-
clonal Antibody (5B5B12) (Thermofisher Cat# MAS-
31935, RRID:AB_2787558), Recombinant Anti-TRIM25/
EFP antibody [EPR7315] (abcam Cat# ab167154, RRID:
AB_2721902), SARS-CoV/SARS-CoV-2 (COVID-19) spike
antibody (GeneTex Cat# GTX632604, RRID:AB_2864418),
SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody, Rabbit
Mab (Sino Biologicals Cat# 40143-R004, RRID Number:
AB_2827975). Secondary antibody incubation was per-
formed at room temperature for 2 h using corresponding
secondary antibody: Goat Anti-Mouse IgG H&L (Ther-
mofisher Cat# 31430, RRID:AB_228307), Goat Anti-Rabbit
IgG H&L (Thermofisher Cat# 31460, RRID:AB_228341).
The proteins were visualized using Clarity Western ECL
Substrate (BIO-RAD Cat# 1705061).
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Quantitative real-time PCR

1 pg of RNA was reverse transcribed into cDNA using
Prime Script" RT Reagent Kit with gDNA Eraser (Perfect
Real Time) (Takara-Bio Cat# RR047A) and then diluted
fivefold with nuclease-free water (MP Biomedicals Cat#
112450204). The gene expression study was conducted
using PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems™ Cat# A25778) with 18S rRNA as the internal
control and appropriate primers for the genes.

Graphical representations and statistical analysis

All numerical data of luciferase assays and qRT-PCR
were analyzed and plotted using GraphPad Prism v8.0.2.
Statistical significance was calculated using a ¢ test with
Bonferroni corrections for multiple comparisons (wher-
ever necessary). The P values were indicated as *P <0.05;
**P <0.01; ***P <0.001; ns =not significant. Error bars
represent mean + standard error. The model diagram of
ORF6 action (Fig. 8) and 3D structure (Fig. 3A) were made
using Biorender.

Results

Multiple SARS-CoV-2 proteins antagonize type-I IFN
induction and signaling

We began the study intending to identify all the SARS-
CoV-2 proteins that may interfere with type-I IFN
induction. For this, we co-transfected plasmids express-
ing SARS-CoV-2 proteins in HEK-293 T cells with an
interferon-beta (IFNP) promoter-driven Firefly Luciferase
reporter plasmid (pIFNf-FFLuc) and a control plasmid
constitutively expressing Renilla Luciferase gene (pRL-
TK). After 24 h, we treated the cells with poly (I:C) to
stimulate the type-I IFN induction pathway, and relative
luciferase units were measured 12 h post-stimulation. We
observed that NSP1, NSP5, NSP6, NSP7, NSP10, NSP13,
NSP14, NSP15, and ORF6 reduced IFN reporter induc-
tion to less than 30% of control. We kept the cutoff 30% to
keep maximum coherence with published datasets related
to IFN antagonism by SARS-CoV-2 proteins (Fig. 1A).
Similarly, to identify the SARS-CoV-2 proteins, which
may interfere with type-I IFN signaling and ISG induc-
tion, we co-transfected SARS-CoV-2 plasmids with an
ISRE promoter-driven Firefly Luciferase reporter plasmid
(pISRE-FFLuc), along with pRL-TK. Cells were treated
with universal interferon to stimulate type-I IFN signal-
ing and ISG induction. Relative Luciferase Units (RLUs)
were calculated, and as before, we observed that NSP1,
NSP5, NSP13, NSP14, and ORF6 reduced ISG induction
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Fig. 1 Multiple SARS-CoV-2 proteins antagonize type-I IFN induc-
tion and signaling. A Quantification of IFNf dual luciferase assay of
all SARS-CoV-2 proteins. HEK293T cells were co-transfected with
IFNB promoter-driven Firefly Luciferase reporter plasmid, Renilla
Luciferase reporter plasmid, and viral protein-expressing plasmid
or empty vector. 24 h post-transfection, cells were induced with
poly I:C, followed by assaying the cells for dual luciferase activity.
B Quantification of ISRE dual luciferase assay of SARS-CoV-2 pro-
teins. HEK293T cells were co-transfected with ISRE promoter-driven

to less than 30% of control (Fig. 1B). We ensured that
these effects on IFN induction and signaling were con-
sistent with SARS-CoV-2 protein expression by validat-
ing their expression (Supplementary Fig. 1A). While all
constructs were expressed at variable levels, the NSP11,
ORF3b, and ORF7b constructs did not produce a detect-
able band by western blot (Supplementary Fig. 1A). Apart
from the earlier mentioned proteins, a few additional

Firefly Luciferase reporter plasmid, Renilla Luciferase reporter plas-
mid, and viral protein-expressing plasmid or empty vector. 24 h post-
transfection cells were induced with Universal Type I IFN (1000U/
ml) for 12 h, followed by which cells were assayed for dual luciferase
activity. Bar graphs represent data from three biological repeats, with
four technical replicates. Statistical significance of the data is repre-
sented as *P<0.05; **P<0.01; ***P<0.001; ns not significant.
Error bars represent mean + standard error

proteins also inhibited IFN induction (NSP4, NSP8, NSP9,
NSP12, N, E, M, ORF7a, ORF9b) or signaling (NSP7,
NSP9, ORF9b), though less effectively (Supplementary
Fig. 1B). During screening all the proteins, NSP3 was not
included as the plasmid was present in a different expres-
sion vector. However, it is reported that NSP13 inhibits
ISG15-dependent activation of MDAS by de-ISGylation
[20]. Also, it cleaves IRF3 using its proteolytic activity
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[21]. To further substantiate our results, we compiled and consistent and effective inhibitor of IFN induction and
compared the data from previous studies where similar ~ signaling across various studies (Supplementary Fig. 1C,
reporter-based approaches were utilized to screen for IFN D) [11, 12, 23, 24, 26-29]. Hence, we decided to further
antagonists of SARS-CoV-2 (Supplementary Fig. 1C, D)  explore the mechanistic aspects of type-I IFN antagonism
[11, 12, 22-28]. Our findings largely corroborated other =~ by SARS-CoV-2 ORF6 protein.

studies, and this comparison revealed ORF6 as the most
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«Fig.2 SARS-CoV-2 ORF6 protein inhibits type-I IFN induction
and signaling through distinct mechanisms. A Effects of increasing
amounts of ORF6 on IFNf promoter activation. HEK293T cells were
co-transfected with IFNP promoter-driven Firefly Luciferase reporter
plasmid, Renilla Luciferase reporter plasmid, and increasing amounts
of ORF6 expressing plasmid or empty vector. 24 h post-transfection
cells were infected with Sendai virus for 12 h, followed by assaying
the cells for dual luciferase activity. B mRNA levels of IFNf induc-
tion pathway protein (IFNf) and signaling pathway protein (ISG54)
were measured from total RNA from HEK293T cells transfected
with ORF6 or empty vector followed by Sendai virus infection.
C-H Effect of of SARS-CoV-2 ORF6 on IFNf promoter activa-
tion in presence of different IFN induction pathway inducer protein.
HEK293T cells were co-transfected with Firefly Luciferase reporter
plasmid driven by IFNP promoter, Renilla Luciferase reporter, plas-
mid expressing ORF6 or empty vector, and as an inducer, plasmid
expressing RIG-I 2CARD (C), MAVS (D), TBK1 (E), IKKe (F),
IRF3-5D (G) or IRF7-CA (H). 24 h post-transfection, cells were
lysed for dual luciferase activity analysis. i Co-immunoprecipitation
of ORF6-strep and innate immune pathway proteins. HEK293T cells
were co-transfected with ORF6-strep and STAT1-, STAT2-, RIG-
I-, and MAVS-Flag. Whole cell lysates (WCL) were incubated with
anti-Flag antibody followed by analyzing the eluate by western blot.
J Representative confocal images showing the co-localization of
RIG-I (green) and ORF6 (red). HeLa cells were co-transfected with
RIG-I Flag and ORF6-strep or empty vector for 24 h followed by
immunostaining. Scale bar 50 pm. Here the left yellow arrow shows
a reduction in expression in RIG-I expression, and the right yellow
arrow shows co-localization of RIG-I and ORF6. Bar graphs repre-
sent data from three biological repeats, with four technical repli-
cates. Statistical significance of the data is represented as *P <0.05;
**P<0.01; ***P<0.001; ns not significant. Error bars represent
mean + standard error

SARS-CoV-2 ORF6 protein inhibits type-I
IFN induction and downstream signaling
through distinct mechanisms

Next, we tested the IFN-antagonistic ability of ORF6 in
the context of virus infection. We observed that SARS-
CoV-2 ORF6 could inhibit IFNB-Luciferase induction in
Sendai virus (SeV) infected cells, in a dose-dependent
manner (Fig. 2A). This was corroborated by measuring the
effect of ORF6 expression on IFN and ISG54 transcript
levels by RT-PCR in SeV-infected cells (Fig. 2B). To fur-
ther confirm the IFN-antagonistic activity of SARS-CoV-2
ORF6 protein, we performed dose—response experiments
and found that it can inhibit IFNf and ISRE promoter-
driven Luciferase expression in a dose-dependent man-
ner (Supplementary Fig. 2A, B). To identify the specific
targets of ORF6, we performed an IFNf Luciferase assay
in the presence of different signaling components leading
to type-I IFN induction. We observed that ORF6 inhib-
ited IFNP induced by RIG-1 2CARD, MAVS, TBKI,
IKKe, IRF3-5D (a constitutively active form of IRF3),
and IRF7-CA (a constitutively active form of IRF7) to
varying degrees, with the very prominent effect seen at
the level of RIG-I (Fig. 2C-H). This was confirmed in an
experiment where ORF6 inhibited RIG-I 2CARD-induced

IFNP reporter activity in a dose-dependent manner (Sup-
plementary Fig. 2C). To further investigate this, we exam-
ined the interaction of ORF6 with key mediators of IFN
induction and signaling, including RIG-I, MAVS, STAT]I,
and STAT?2, and found that ORF6 interacted with all of
them except STAT1 (Fig. 2I). Immunofluorescence assays
further confirmed this, which showed significant ORF6
co-localization with RIG-I (Fig. 2J) and to a limited extent
with MAVS (Supplementary Fig. 2D). We also showed
that ORF6 expression reduces the RIG-I intensity in
IFA (Fig. 2K). Earlier studies have reported that ORF6
interferes with the nuclear translocation of transcription
factors involved in IFN induction (IRF3) and signaling
(STAT1). This was corroborated in our experiments where
ORF6 expression inhibited SeV infection-induced nuclear
translocation of IRF3 and STAT1 (Supplementary Fig. 3A,
B). Overall, these data indicated that ORF6 inhibits both
type-1 IFN induction and downstream signaling leading to
ISG induction by targeting different components of these
pathways.

The cytoplasmic domain of SARS-CoV-2 ORF6
is essential for type-1 IFN antagonism

SARS-CoV-2 ORF6 protein is a 61 amino acid accessory
protein [27]. Its ortholog is present in SARS-CoV but absent
in the MERS virus [30]. The C-terminus of the SARS-CoV
ORF6 is critical for innate immune antagonism [31]. This
prompted us to map the domains and amino acid residue
of SARS-CoV-2 ORF6, essential for type-I IFN response
antagonism. Structural homology modeling predicted the
ORF6 protein to comprised N (M1-Q8)-terminal and C
(N47-D61)-terminal cytoplasmic tails and a middle trans-
membrane domain (V9-E46) (Fig. 3A) [32]. SARS-CoV-2
ORF6 shares a 69% sequence similarity with its SARS-CoV
counterpart [27]. Sequence alignment of SARS-CoV-2 with
other closely related coronaviruses showed that N-terminus
cytoplasmic part (M1-Q8) and C-terminus cytoplasmic
part (N47-D61) residues are relatively conserved (Supple-
mentary Fig. 4A). To understand the evolutionary changes
in different domains of ORF6, we aligned the consensus
sequence of SARS-CoV-2 variants of concern (VOCs)
(Supplementary Fig. 4B). Results showed the protein to be
entirely conserved, except in the cytoplasmic tail of Omicron
VOC. Furthermore, we compared the IFN antagonistic activ-
ity of ORF6 proteins from SARS-CoV and SARS-CoV-2
and found the latter to be slightly more potent (Supplemen-
tary Fig. 4C, D). To map the IFN antagonistic activity of
ORF6 to its distinct domains, we created expression con-
structs lacking the N-terminus (AN), and C-terminus (AC)
(Fig. 3B). Next, we tested the ability of ORF6-specific
domain deletion constructs to inhibit IFN and ISG induc-
tion using the luciferase reporter assay. We observed that
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«Fig.3 The cytoplasmic domain of SARS-CoV-2 ORF6 is essential
for type-I- IFN antagonism. A Three-dimensional predicted model
structure of ORF6. Prediction was done using I-TASSER (Iterative
Threading Assembly Refinement) standalone software version 5,
which was visualized using Jmol 14.32. The final image was made
using Biorender.com. B Schematic representation of the domain
structure of ORF6 and involved amino acids. It consists of two cyto-
plasmic domains in N- and C-terminus and a membrane domain in
the middle. Here wild type is WT, AN is where the N-terminal cyto-
plasmic domain is deleted, and AC where the C-terminal domain is
deleted. C, D Dual-luciferase assay depicting the effect of full length
(FL) and deletions of ORF6 on IFNf (C) and ISRE (D) promoter
activation. HEK293T cells were co-transfected with IFN promoter-
driven Firefly Luciferase reporter plasmid (E), or ISG-promoter-
driven Firefly Luciferase reporter plasmid (D), Renilla Luciferase
reporter plasmid, and ORF6 variants expressing plasmid or empty
vector. 24 h post-transfection, cells were induced with poly I:C (C) or
Universal Type I IFN (1000 U/ml) (D) for 12 h, followed by assaying
the cells for dual luciferase activity. E Dual luciferase assay showing
the effect of FL and deletions of ORF6 on IFNf promoter activation
in presence of RIG-I 2CARD. HEK293T cells were co-transfected
with Firefly Luciferase reporter plasmid driven by IFNP promoter,
Renilla Luciferase reporter, plasmid expressing ORF6 or empty vec-
tor, and as an inducer, plasmid expressing RIG-I 2CARD. 24 h post-
transfection, cells were lysed for dual luciferase activity analysis. F
Co-immunoprecipitation (Co-IP) of RIG-I Flag and ORF6-strep FL
and deletions. HEK 293 T cells were co-transfected with RIG-I Flag
and empty vector or different deletions of ORF6-strep. 48 h post-
transfection, cells were lysed, and whole cell lysates (WCL) were
incubated overnight with anti-strep antibody followed by adding mag-
netic beads. Eluates and WCL were analyzed by western blot with
indicated antibodies. Bar graphs represent data from three biological
repeats, with four technical replicates. Statistical significance of the
data is represented as *P <0.05; **P <0.01; ***P <0.001; ns not sig-
nificant. Error bars represent mean + standard error

AC constructs significantly lost the ability to inhibit IFN
induction and downstream signaling (Fig. 3C, D). In com-
parison, AN was still effective in inhibiting IFN induction
but less in restricting ISRE activity than full-length (FL)
ORF6 (Fig. 3D). The importance of the C-terminal domain
in inhibiting IFN induction was further validated using
RIG-I 2CARD as inducer. Here also AC construct was sig-
nificantly less effective than full-length ORF6 in inhibit-
ing IFNP induction (Fig. 3E). We also tested the effect of
ORF6-specific domain deletions on RIG-I interaction by
co-immunoprecipitation and IRF3 nuclear translocation by
immunofluorescence. Although we did not see the loss of
interaction with RIG-I with ORF6 upon domain deletion,
there was an overall reduced expression of RIG-I in the pres-
ence of ORF6, which was significantly rescued in both N
and C domain deletions (Fig. 3F). Furthermore, while the
full length and AN ORF6 were still effective in restricting
IRF3 to the cytoplasm in SeV-infected cells, AC ORF6 lost
this ability to do the same (Supplementary Fig. SA, B). Con-
comitantly, we also observed that AC constructs rescued the
IFNP promoter activation in presence of IRF3-5D expressing
plasmid as inducer (Supplementary Fig. 5C). Overall, these
data established that the C-terminal cytoplasmic domain

of the SARS-CoV-2 ORF6 protein is crucial for its ability
to restrict both type-I IFN induction and downstream ISG
induction.

Amino acid residues 52-61 in the C-terminal tail
of ORF6 are crucial for its IFN antagonistic function

The SARS-CoV-2 ORF6 protein has a conserved amino
acid stretch from 52 to 61 aa in the C-terminal tail, impli-
cated in IFN antagonism (Fig. 4A) [11]. To validate that,
we constructed four amino acid long alanine scanning
mutations with two amino acid overlaps, called ORF6
M1 (aa 52-55), M2 (aa 54-57), and M3 (aa 56-59) and
M4 (58-61) (Fig. 4A). We tested the expression of these
constructs by western blotting, where ORF6 M1 and M2
migrated slightly lower compared to the wild-type protein,
indicating possible sites of post-translational modification
between residues 52 and 57 (Fig. 4B). Next, we tested the
ability of these ORF6 mutants to inhibit IFNf induction
due to RIG-1 2CARD and IRF3-5D. Here we observed that
all the mutants from M1 to M3 progressively lost their IFN
antagonism against both RIG-I and IRF3, with ORF6 M3
and M4 showing maximum loss (Fig. 4B, C). Interestingly,
all ORF6 mutants were equally ineffective in mitigating
ISRE-driven luciferase expression (Fig. 4D). These data
suggest that although the C-terminal tail of ORF6, espe-
cially residues 52-61 of ORF®6, is crucial for antagonizing
IFN induction and signaling, and they play distinct roles
in antagonizing different components of these signaling
processes.

The cytoplasmic tail of SARS-CoV-2 ORF6 reduces
K63-linked ubiquitinated RIG-I levels

So far, we had observed that SARS-CoV-2 ORF6 protein
could very potently inhibit RIG-I mediated type-I IFN
induction, and its C-terminus tail was crucial for this activ-
ity. However, the deletion of the cytoplasmic tail had no
obvious impact on the direct interaction between RIG-I and
ORF6. Hence, we speculated that perhaps ORF6 interferes
with RIG-I at the post-transcriptional or post-translational
level. We observed that ORF6 reduced RIG-I mRNA level
by 50% (Fig. SA), which is significant but does not explain
the complete inhibition of RIG-I-mediated IFNp induc-
tion. The inhibitory effect of ORF6 on total RIG-I protein
level was not reversed by proteasomal inhibition through
MG132 treatment in the presence of K63-linked ubiquit-
ination (Fig. 5B). RIG-I is known to undergo post-transla-
tional modification in the form of ubiquitination, which can
regulate its activity and stability depending on the nature
of the linkage [33]. To understand the impact of ORF6 on
this aspect, we examined wild-type, K48- and K63-linked
ubiquitination of RIG-I in the presence or absence of ORF6
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Fig.4 Amino acid residues 52-61 in the C-terminal tail of ORF6
are crucial for its IFN antagonistic function. A Schematic diagram
of ORF6 variants. Four amino acids are converted to alanine by site-
directed mutagenesis (highlighted in yellow color) for different vari-
ants construction. Here, WT: wild type, M1: mutant 1, amino acids
52-55 are substituted with alanine, M2: mutant 2, 54-57 amino acids
are substituted with alanine, M3: mutant 3, 56-59 amino acids are
converted to alanine, and M4: mutant 4, 58-61 amino acids are con-
verted to alanine. B, C Effect of ORF6 variants on IFNp promoter
activation upon RIG-I-2CARD (B) and IRF3-5D (C) induction.
HEK?293T cells were co-transfected with Firefly Luciferase reporter
plasmid driven by IFNP promoter, Renilla Luciferase reporter, plas-
mid expressing ORF6 WT or mutants or empty vector, and as an

in an immunoprecipitation experiment. We observed that
the presence of ORF6 reduced all forms of ubiquitination of
RIG-I, with the most prominent effect seen on K63-linked
RIG-I (Supplementary Fig. 6A, B). Further, we performed
an IP experiment to test the ability of SARS-CoV-2 ORF6-
specific domain deletion constructs to interfere with K63-
linked RIG-I ubiquitination. We observed that both full-
length and AN ORF6 were effective; however, AC ORF6
lost its ability to reduce K63-linked ubiquitinated RIG-I
levels (Fig. 5C, D). Overall, these data suggested that ORF6
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inducer, plasmid expressing RIG-I 2CARD (B), or IRF3-5D (C). 24 h
post-transfection, cells were lysed for dual luciferase activity analy-
sis. D Dual luciferase assay depicting the effect of ORF6 variants on
ISRE promoter activation. HEK293T cells were co-transfected with
ISG-promoter-driven Firefly Luciferase reporter plasmid, Renilla
Luciferase reporter plasmid, and WT or ORF6 mutants expressing
plasmid or empty vector. 24 h post-transfection, cells were induced
with Universal Type I IFN (1000U/ml) for 12 h, followed by assay-
ing the cells for dual luciferase activity. Bar graphs represent data
from three biological repeats, with four technical replicates. Statisti-
cal significance of the data is represented as *P <0.05; **P<0.01;
*#%P <0.001; ns not significant. Error bars represent mean + standard
error

reduced K63-linked ubiquitinated RIG-I, which is its active
form responsible for type-I IFN induction.

SARS-CoV-2 ORF6 targets TRIM25 for proteasomal
degradation to inhibit K63-linked ubiquitination
of RIG-I

The K63-linked ubiquitination of RIG-I is mediated by
E3 ligase TRIM2S5 [15]. Thus, we explored the effect of
ORF6 on mRNA level and protein levels of TRIM25 and
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Fig.5 Cytoplasmic tail of SARS-CoV-2 ORF6 reduces K63-linked
ubiquitinated RIG-I levels. A RIG-I mRNA levels were measured
from total RNA from HEK293T cells co-transfected with RIG-I and
ORF6 or empty vector for 36 h. B Western blot analysis with cell
lysates from HEK 293 T cells co-transfected with RIG-I Flag, K63-
linked ubiquitin HA, and strep-tagged ORF6 or empty vector 24 h

followed by MG132 (10 pM) treatment for 12 h. C, D Western blot
analysis with cell lysates from HEK293T cells co-transfected with
RIG-I Flag, K63-linked UB HA, and different deletions of ORF6-
strep or empty vector. Cell lysates were either directly assessed as
WCL (D) or incubated overnight with anti-Flag antibody followed by
analysis as IP fraction (C) and probed with indicated antibodies
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Fig.6 SARS-CoV-2 ORF6 targets TRIM25 for proteasomal degrada-
tion to inhibit K63-linked ubiquitination of RIG-I. A TRIM25 mRNA
levels were measured from total RNA from HEK293T cells co-trans-
fected with TRIM25 and ORF6 or empty vector for 36 h. B Western
blot analysis with cell lysates from HEK 293 T cells co-transfected
with TRIM25 V5 and empty vector or strep-tagged ORF6 (FL or
AN or AC for 48 h. C, D Western blot analysis with cell lysates from

@ Springer

HEK293T cells co-transfected with RIG-I Flag, K63-linked UB HA,
TRIM25 V5 and empty vector or ORF6-strep for 24 h, followed by
MG132 treatment (10 pM) for 12 h. Cell lysates were either directly
assessed as WCL (D) or incubated overnight with anti-Flag antibody
followed by analysis as IP fraction (C) and probed with indicated
antibodies
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concomitant K63-linked ubiquitination of RIG-I in the
presence of TRIM25. We found a very marginal reduc-
tion in TRIM25 mRNA in presence of ORF6 (Fig. 6A).
However, we observed a very strong reduction in TRIM25
protein level in presence of FL and AN ORF6, which was
rescued in the presence of AC ORF6 (Fig. 6B). Viruses
often co-opt cellular proteasome machinery to target
innate immune signaling mediators for degradation [34,
35]. Thus, we examined the effect of ORF6 on the TRIM25
protein levels and K63-linked ubiquitination of RIG-I,
and the effect of proteasomal inhibition by MG132 on
the same. We observed that ORF6 expression drastically
reduced protein levels of both RIG-I and TRIM25 upon
overexpression of K63-linked ubiquitin; however, only
TRIM25 was selectively rescued upon MG132 treatment
(Fig. 6C, D). We also performed IP experiments to assess
the effect of ORF6 on the levels of TRIM25-mediated
K63-linked ubiquitination of RIG-1. We observed in the IP
fraction of the MG132-treated cells, there was partial res-
cue of K63-linked RIG-I (Fig. 6C) which is coherent with
TRIM2S rescue in total cell lysate (Fig. 6D). These data
indicated that ORF6 targets TRIM25 for proteasomal deg-
radation, which leads to reduced K63-linked ubiquitination
of RIG-1.

SARS-CoV-2 targets TRIM25 for proteasomal
degradation during infection to mitigate IFN
induction

Next, we examined the effect of SARS-CoV-2 infection
on TRIM?25 degradation. The proteasomal degradation of
TRIM25 was also observed in the case of SARS-CoV-2
infected HEK-ACE2 cells and was rescued by MG132 treat-
ment (Fig. 7A). This was concomitant with reduced expres-
sion of viral Spike protein, indicating a negative effect of
MG132 treatment and TRIM25 rescue on viral replication
(Fig. 7A). Although this phenotype was weaker (Fig. 7B) as
compared to ORF6 overexpression experiments, normaliza-
tion of TRIM25 with viral protein expression showed signifi-
cant rescue of TRIM25 in infected cells upon MG132 treat-
ment (Fig. 7C). Moreover, we also observed that MG132
treatment enhanced the expression of IFNf mRNA and
downstream ISGs such as ISG54 and TRIM25 itself (Supple-
mentary Fig. 7A—C). Furthermore, we validated our obser-
vation of TRIM25 depletion during SARS-CoV-2 infection
and rescue of the same by MG132 treatment in A549-ACE2
cells. In western blotting analysis, differences in the pro-
tein levels were not reflected clearly, possibly due to larger
uninfected cell background (Fig. 7D). To address this, we
performed IFA and quantified the intensity of TRIM25 and
Spike expression in the infected cells (Fig. 7E). Quantifica-
tion of protein signals showed clear increase in TRIM25 and
decrease in Spike levels upon MG132 treatment (Fig. 7F).

Taken together, these data confirm the phenomenon of pro-
teasomal degradation of TRIM25 during SARS-COV-2
infection.

Discussion

SARS-CoV-2 encodes at least 27 proteins categorized into
structural, non-structural, and accessory proteins. While
structural proteins, such as Spike are direct targets of
humoral immunity and are under constant selection pressure,
the accessory and non-structural proteins are often engaged
in antagonism and evasion of cellular innate immunity, pri-
marily driven by interferon. The IFN antagonism by SARS-
CoV-2 has been a subject of intense research by several
groups, and significant progress has been made in under-
standing it. In particular, the type-I IFN, which is produced
by all respiratory tract epithelial cells to combat viral infec-
tion, is targeted by multiple SARS-CoV-2 accessory and
non-structural proteins in multiple ways, often with over-
lapping mechanisms [11, 12, 22-29, 36]. This study started
with experimentally cataloging the SARS-CoV-2 proteins
that either inhibit type-I IFN induction or the downstream
signaling to produce ISGs or inhibit both. We observed that
four SARS-CoV-2 proteins (NSP1, NSP13, NSP14, and
ORF6) were able to potently inhibit both type-I IFN induc-
tion and signaling, which was in coherence with multiple
independent studies. The NSP1 protein has been shown to
directly interact with ribosomes and cause cellular mRNA
translation shutdown. This also results in the inhibition of
the production of IFNs and ISGs during viral infection [37].
The NSP14 protein has been reported to shut down host
translation, whereas NSP13 hijacks deubiquitinase USP13
to restrict IFN induction [38, 39]. In our experiments, the
ORF6 protein was effective in inhibiting both type-I IFN
induction and downstream signaling. Several other research
groups have also reported such activity of SARS-CoV-2
ORF6, and the mechanism behind this has been mapped
to the inhibition of nuclear import of transcription factors
(STAT1, IRF3) crucial for IFN response. It does so by asso-
ciating with the nuclear import co-factor Karyopherin alpha
and nuclear pore-component Nup98 [12, 31, 40]. These
interactions also allow ORF6 to restrict the nuclear export
of cellular RNAs induced upon infection, which may also
contribute to its IFN antagonistic activity [41].

In our study, SARS-CoV-2 ORF6 was found to exert
a strong inhibitory action on RIG-I-mediated type-I IFN
induction, which is a very early step of RLR signaling
upstream of nuclear translocation of IRF3 or expression
of ISGs. Direct action of ORF6 on RIG-I was not reported
or examined before; hence, we decided to explore this in
more detail. We found that ORF6 directly interacts and co-
localizes with RIG-I and leads to its reduced expression. The
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«Fig.7 SARS-CoV-2 targets TRIM25 for proteasomal during infection.
A Western blot analysis with cell lysates from HEK-ACE2 cells infected
with SARS-CoV-2 at 1 MOL. 6 h post-infection, cells were treated with
MG132 (10 pM) for 18 h followed by harvesting the cell lysates. B, C
Quantification of fluorescence intensity of TRIM25, actin, and Spike
from WB (Fig. 6a). Intensity was measured from three biological repli-
cates. D Western blot analysis with cell lysates from A549-ACE2 cells
infected with SARS-CoV-2 at 1 MOI or 5 MOL. 6 h post-infection cells
were treated with MG132 (10 pM) for 18 h followed by harvesting the
cell lysates. E A549-ACE2 cells were infected with SARS-CoV-2 at
1 MOL 6 h post-infection cells were treated with MG132 (10 pM) for
another 18 h. Cells were fixed with 4% PFA and proceeded with IFA.
F Quantification of fluorescence intensity of TRIM25, Spike from IFA
images (F). Intensity was measured from at least 18 cells from two bio-
logical replicates. Intensity is normalized to DMSO control. Bar graphs
represent data from three technical replicates. Statistical significance of
the data is represented as *P<0.05; **P<0.01; ***P <0.001; ns not sig-
nificant. Error bars represent mean + standard error

C-terminal cytoplasmic tail of ORF6 has been reported to be
essential for its IFN antagonism [11]. We tested the impor-
tance of the same in the inhibition of the RIG-I function. We
found that the C-terminal region, especially residues 52—61
of ORF6, were crucial for restricting RIG-I-mediated IFN
induction; however, the lack of the C-terminal domain did
not affect the direct interaction of ORF6 with RIG-I. This
suggested that possibly post-translational modifications of
RIG-I, which is known to regulate its activity and stability,
may be affected by ORF6. Upon sensing a viral PAMP, the
RIG-I protein undergoes the K63-linked ubiquitination by
E3 ligase TRIM25, which is essential for its activation and
downstream signaling [15]. Additional E3 ligase, Riplet/
RNF135, attaches the K63-linked polyubiquitin chain to the
C-terminal region of RIG-I [42]. This step of RLR signaling
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Fig.8 Model of SARS-CoV-2 ORF6-mediated inhibition of K63-
linked ubiquitination of RIG-I. Pictorial representation of stages
of IFN induction pathway upon SARS-CoV-2 RNA recognition
where TRIM25 mediates K63-linked ubiquitination of RIG-I CARD
domain, which in turn gets activated and activates the downstream
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signaling pathway. In this study, we show that in addition to inhib-
iting nuclear translocation of IRF3, SARS-CoV-2 ORF6 targets
TRIM?25 for proteasomal degradation, which results in the reduced
K63-linked ubiquitination of RIG-I and subsequent induction of type-
T11IFN
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is often targeted by viral proteins, especially those of RNA
viruses [43]. Our study showed that TRIM25-mediated K63-
linked ubiquitination of RIG-I was significantly reduced in
the presence of ORF6. However, the effect of ORF6 on other
E3 ligase mediated K63-linked RIG-I ubiquitination is yet
to be explored. This inhibitory effect was partially lost upon
deletion of the C-terminal domain of ORF6, which explains
the requirement of this region for type-I IFN antagonism.
Further exploration of the effect of ORF6 on TRIM25 and
RIG-I revealed that ORF6 targets TRIM25 for degradation.
This phenotype is reversed partially by proteasome inhibitor
as well as by deletion of the C-terminal domain of ORF6.
Interestingly RIG-I expression was also reduced in the pres-
ence of ORF6, which was rescued upon deletion of either
N- or C-terminal cytoplasmic tail. However, this reduction
was not due to proteasomal targeting of RIG-I, as it could
not be rescued by MG132 treatment. The degradation of
TRIM2S5 was also observed in the case of SARS-CoV-2
infection, which was reversed upon treatment with a protea-
somal inhibitor. MG132 treatment also led to reduced Spike
protein production, which could be due to the restoration
of TRIM25 and RIG-I-mediated antiviral response. Indeed,
MG132 treatment during SARS-CoV-2 infection enhanced
IFN and ISG mRNA expression (Supplementary Fig. 7),
which confirms the co-option of proteasomal machinery by
SARS-CoV-2 to antagonize type-I IFN induction. TRIM25-
mediated ubiquitination of RIG-I has also been reported to
be targeted by the NSP5 and nucleoprotein (N) of SARS-
CoV-2[44, 45]. An additional layer of inhibition of the same
by ORF6 highlights the significance of RIG-I signaling dur-
ing SARS-CoV-2 infection.

Based on the collective results obtained in our study, we
have proposed a working model for SARS-CoV-2 ORF6-
mediated inhibition of type-I IFN induction, shown in
Fig. 8. Previous studies have reported tight regulation of
TRIM2S stability and its interaction with RIG-I to keep
immune signaling pathway under check. RBR E3 ligase
domains of HOIL-1L and HOIP proteins of the linear
ubiquitin assembly complex (LUBAC) bind and target
TRIM2S5 for proteasomal degradation [46]. How ORF6 tar-
gets TRIM25 for degradation remains to be investigated in
detail and can potentially present an avenue for therapeu-
tic intervention against SARS-CoV-2. The SARS-CoV-2
ORF6 protein is relatively conserved; however, few natural
amino acid substitution and deletions have been observed
in this protein [32, 47] and it will be interesting to examine
the role of the same on the IFN-antagonism function of
ORF6 [48]. One such example is D61L polymorphism that
recently emerged in Omicron BA.2 and BA.4 and this loss-
of-function mutation is demonstrated to exhibit reduced
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binding with Nup98, thus impairing the innate immune
evasion [48]. Finally, ORF6 and other IFN antagonists of
SARS-CoV-2, which may be dispensable for viral replica-
tion, can be removed from the viral genome to engineer
attenuated strains, potentially useful as vaccines.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-05011-3.
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