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Middle East respiratory syndrome coronavirus (MERS-CoV) belongs to the genus Betacoronavirus
and causes severe morbidity and mortality in humans especially when infected patients have
underlying diseases such as chronic obstructive pulmonary disease (COPD). Previously, we
demonstrated that MERS-CoV-encoded ORFS8b strongly inhibits MDA5- and RIG-I-mediated
induction of the interferon beta (IFN-B) promoter activities. Here, we report that ORF8b
seemed to regulate MDAS or RIG-I differentially as protein levels of MDAS were significantly
down-regulated while those of RIG-I were largely unperturbed. In addition, ORF8b seemed to
efficiently suppress phosphorylation of IRF3 at the residues of 386 and 396 in cells transfected
with RIG-I while total endogenous levels of IRF3 remained largely unchanged. Furthermore,
ORE8b was able to inhibit all forms of RIG-I; full-length, RIG-I-1-734, and RIG-1-1-228, the last
of which contains only the CARD domains. Taken together, it is tempting to postulate that
ORF8b may interfere with the CARD-CARD interactions between RIG-I and MAVS. Further
detailed analysis is required to delineate the mechanisms of how ORF8b inhibits the MDA5/
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RIG-I receptor signaling pathway.
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Introduction

Middle East respiratory syndrome coronavirus (MERS-
CoV) was first identified by Zaki et al. [1, 2] in its
association with acute pneumonia in a 60-year-old man in
Saudi Arabia. The novel virus, termed “human coronavirus
Erasmus Medical Center” (hCoV-EMC), was isolated from
the sputum of the patient and sequence analysis of its
genome displayed close similarity to bat coronaviruses
HKU4 and HKUS5. Subsequent viral genome analysis
MERS-CoV  belongs to the family
Coronaviridae of the order Nidovirales [3, 4]. Among four
genera of the Coronaviridae, the virus is classified as
lineage C of the B coronaviruses [1, 3]. Approximately 80%
of all MERS-CoV human infection cases have been reported
in the Arabian Peninsula [5-7], which is explainable by the
differential distribution of camel species. It is now well
established that MERS-CoV is a fatal zoonotic pathogen

revealed that
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from dromedary, but not bactrian, camels to humans [4, 8—
10]. In fact, a number of coronaviruses that infect humans
and livestock have been shown to evolve from bat
coronaviruses, including MERS-CoV [4,11-14], severe
acute respiratory syndrome coronavirus (SARS-CoV) [15—
17], swine acute diarrhea syndrome coronavirus (SADS-
CoV) [18], and porcine epidemic diarrhea virus (PEDV)
[19]. In addition, over a thousand coronavirus sequences
were identified and reported from bats [20, 21]. It seems
that bats are the major coronavirus reservoir and as such it
is likely that they will continue to serve as the brewing pots
for new deadly coronaviruses [22].

Upon virus infection, type I interferons (IFN) are rapidly
induced by sequential activation of signaling molecules
[23-27]. Upon RNA virus infection, viral RNA genomes
are recognized by intracellular RNA sensors: melanoma
differentiation-associated protein 5 (MDAS) and retinoic
acid inducible gene 1 (RIG-I) [28—30]. As such, MDAS5 and



RIG-I are called pattern recognition receptors (PRRs).
Binding of cognate ligands with MDAS5 or RIG-I induces
their conformational changes, resulting in the interaction of
caspase activation and recruitment domains (CARDs) with
those of mitochondrial antiviral signaling adaptor protein
(MAVS), also known as interferon-f§ promoter stimulator 1
(IPS-1). MAVS protein in turn undergoes conformational
changes polymerizing on the membrane of mitochondria
[31-35], which subsequently phosphorylates and activates
downstream signaling molecules: I kappa B kinase epsilon
(IKKe) and TANK-binding kinase 1 (TBK1) [34, 36—40].
Activation of IKKe and TBK1 induces nuclear translocation
of transcription factors which are critical for the activation
of the interferon B promoter: interferon regulatory factor 3
(IRF3) [41-43] and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«xB) [22, 44, 45], inducing
the expression of type I interferons and subsequently
interferon-stimulated genes (ISGs). These gene products
play an important role against invading viral pathogens in
an auto- and paracrine manner [46—50].

Previously, we demonstrated that MERS-CoV-encoded
accessory proteins are involved in evasion of the host IFN
responses [22, 46]. Especially, ORF8b was identified as a
novel antagonist of both IFN-p [46] and NF-xB [22]
activation. Interestingly, ORF8b-mediated inhibition was
via interference of intracellular pattern recognition receptors
(MDAD5 and RIG-I) as well as TBK1. In addition, ORF4a and
ORF4b also blocked induction of IFN-B and NF-kB either
individually or in combination.

Ectopic expression of RLR CARD can induce poly-
merization of MAVS, functioning as a constitutively active
variant of RIG-I-like receptors (RLRs). In this study, we
took advantage of a constitutively active RIG-I (RIG-I-1-228),
which contains only two N-terminal CARDs. Interestingly,
ORE8b inhibited both wild-type and constitutively active
RIG-I's, suggesting that ORF8b may prevent efficient
CARD-CARD interactions between RIG-I and MAVS.
Further studies will shed light on the exact mechanisms of
ORF8b-mediated inhibition of IFN signaling in cells. Taken
together, we demonstrated that ORF8b efficiently inhibits
RIG-I-mediated IFN-B promoter activation, possibly through
the interaction with the N-terminal CARD domains.

Materials and Methods

Cell Culture and Reagents

Human embryonic kidney 293T (HEK293T) cells were purchased
from the American Type Culture Collection (ATCC, USA) and
maintained in Dulbecco’s Modified Eagle’s Medium DMEM
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(High-glucose, Welgene, Korea) supplemented with 10% fetal
bovine serum (FBS, Welgene) and 1% penicillin/streptomycin
(Thermo Fisher Sicentific, USA) [51, 52]. Cells were incubated at
37°C in a humidifying 5% CO, incubator [35, 53, 54]. Restriction
enzymes for cloning were purchased from either Enzynomics
(Korea) or New England Biolabs (NEB, USA). Firefly luciferase
and Beta-Glo Assay System for luciferase assay [34] were
procured from Promega (USA). Anti-FLAG antibody (M2) was
purchased from Millipore Sigma (USA) and used at 1:5000
dilution. The following antibodies were obtained from Cell
Signaling (USA): HA tag-specific mouse monoclonal antibody
(6E2, 1/1000), horseradish peroxidase (HRP)-conjugated rabbit
monoclonal anti-GAPDH antibody (14C10, 1/2000), HRP-conjugated
anti-mouse IgG antibody (1/2000).

DNA Constructs

Construction of expression plasmids for accessory genes of
MERS-CoV and the host signaling molecules (RIG-I and IRF3) was
described elsewhere [22, 46]. RIG-I-1-228, consisting only of two
N-terminal CARDs, and RIG-I-1-734, deficient of C-terminal
regulatory domain (RD), were generated by PCR amplification
and cloning into pcDNA3.1-Hygro-JY4-HAN-GS3 [55]. An IRF3-1-
390-expressing plasmid was similarly generated. IRF3-5D (5396D,
S398D, S402D, T404D, and S405D), a constitutively active IRF3,
was constructed by replacing the indicated Ser/Thr residues with
phosphomimetic Asp (D).

Transfection and Luciferase Reporter Assay

4 x 10° HEK293T cells were seeded in a 6-well plate at 24 h
before transfection and a mixture of plasmids complexed with
polyethylenimine (PEI, Sigma-Aldrich, USA) were transfected as
described before [23, 27, 35]: 500 ng IFN-B-luc, 100 ng B-gal,
1,000 ng individual accessory gene of MERS-CoV, and 500 ng each
signaling molecule (RIG-I, IRF3, etc.) as indicated.

Western Blotting

Protein quantification was performed using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) as described in the
manufacturer’s instructions. 4X Laemmli Sample Buffer (Bio-Rad,
USA) and 2-Mercatoethanol (Bio-Rad) were mixed at 9:1 ratio, and
then the mixture and 15 pg of sample were mixed at 1:4 ratio.
After incubating at 100°C for 5 min, the samples were separated
on a SDS-PAGE gel. The samples were transferred on a NC
blotting membrane (GE Healthcare Life Sciences, USA) at 100 V
for 120 min. The membrane was blocked by 5% skim milk (BD,
USA) and then the primary antibodies at 4°C for O/N: A mouse
monoclonal anti-FLAG antibody (M2) (1:5000) from Millipore
Sigma; HA-tagged (6E2) mouse monoclonal antibody (1:1000)
from Cell Signaling; IRF-3 antibody (SL-12) for total IRF-3 form
(1:1000) from Santa Cruz; Recombinant Anti-IRF3 (phospho S386)
antibody (1:1000) from abcam; Phospho-IRF-3 (Ser396)(4D4G)
Rabbit mAb (1:1000) from Cell Signaling; horseradish peroxidase
(HRP)-conjugated rabbit monoclonal anti-GAPDH (14C10) (1:2000)
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from Cell Signaling. The secondary antibodies were incubated at
RT for 60 min: horseradish peroxidase (HRP)-conjugated rabbit
monoclonal anti-GAPDH (14C10) (1:2000), HRP-conjugated anti-
rabbit IgG antibody (1:2000) from Cell Signaling. Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare Life
Sciences) for a-FLAG, a-mouse, a-rabbit, and Amersham ECL
Western Blotting Detection Reagent (GE Healthcare Life Sciences)
for o-HA and a-GAPDH were treated on the membrane at RT for
1 min.

Statistical Analysis
Paired two-tailed Student’s t-test was performed for statistical
analysis. P-value <0.05 was considered as significant difference.

Results

ORF8b-Mediated Inhibition of RLRs Led to Lower Levels
of IRF3 Phosphorylation

Previously, we demonstrated that ORF8b strongly
inhibits MDA5- and RIG-I-mediated induction of the IFN-§
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Fig. 1. ORF8b inhibits phosphorylation of IRE3 induced by RLRs.

signaling pathway [22, 46]. Interestingly, mechanisms of
ORE8b-mediated inhibition seem to vary as protein levels
of MDA5 were down-regulated by ORF8b while those of
RIG-I were barely affected. To further investigate if
endogenous levels of phosphorylation and activation of
IRF3, the key regulator of the IFN-p signaling pathway, are
differentially affected by ORF8b, HEK 293T cells were co-
transfected with ORF8b and MDA5 (Fig. 1A) or RIG-I
(Fig. 1B). As expected, protein levels of MDAS5 were
significantly down-regulated by co-expression of ORF8b.
As previously shown, ORF8b significantly inhibited RIG-I-
mediated induction of the IFN-p signaling although protein
levels of RIG-I were not affected by ORF8b. Furthermore,
while total endogenous protein levels of IRF3 were
comparable, levels of phospho-IRE3 at the residues 386 and
396 were significantly lower when ORF8b was co-
expressed. These data suggest that ORF8b may differentially
inhibit MDAS5- or RIG-I-mediated induction of the IFN-B
pathway.
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HEK293 cells were transfected with MDAS5 (A) or RIG-I (B) together with each individual MERS-CoV accessory gene. At 24 h post-transfection,
cells were harvested for luciferase assay (top panels) and western blotting (bottom panels). Note that RIG-I's were HA-tagged at the N-terminus
with a spacer (3X GGGGS). All MERS-CoV accessory proteins are tagged with the FLAG tag at the N-terminus.
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Fig. 2. Schematic diagram of variants of RIG-I and IRF3.
Each indicated region of RIG-I and IRF3 was PCR amplified and cloned into an expression vector. Their expression was confirmed by western
blotting before functional assays.

ORF8b Inhibited the CARD-Domain-Only Constitutively signaling pathway by interfering with protein-protein
Active RIG-I interactions, which are critical for the optimal activation of

As protein levels of RIG-I were not affected by ORF8b, the pathway. For example, the CARD domain of RIG-I
we hypothesized that ORF8b may inhibit the IFN-B interacts with the CARD domain of MAVS, inducing its
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Fig. 3. ORF8b inhibits a CARD-domain-only constitutively active RIG-1.
HEK293 cells were transfected with RIG-1-1-734 (A) or RIG-I-1-228 (B) together with each individual MERS-CoV accessory gene. Subsequently,
luciferase assay and western blotting was performed as described in Fig. 1.
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polymerization and activation. Therefore, we employed a
constitutively active RIG-I (Fig. 2A) that contains only the
CARD domain. In addition, we also took advantage of
RIG-I-1-734, which lacks the C-terminal regulatory domain.
As demonstrated in Fig. 3, ORF8b strongly inhibited both
RIG-I-1-734- and RIG-I-1-228-mediated activation of the
IFN-B promoter activities. These data suggest that ORF8b
may inhibit CARD-CARD interactions between RIG-I and
MAVS.

ORE8b Did Not Inhibit IRF3 Directly

As IRF3 plays the key role in the activation of the IFN-
promoter, we tested whether activation of IRF3 was
regulated by ORF8b. As depicted in Fig. 2B, 3 forms of IRF3
constructs were generated and utilized: full-length, IRF3-1-
390 (deficient of the C-terminal regulatory domain), and
constitutively active IRF3-5D, which contains five
substitutions of serine and threonine with aspartate in the
regulatory domain in the C-terminus as indicated (Fig. 2B).
As shown in Fig. 4, none of MERS-CoV-encoded accessory
protein seemed to inhibit any forms of IRF3. These data
suggest that ORF8b-mediated inhibition of the IFN-B
signaling pathway does not involve direct inhibition of
IRF3. Rather, it is likely that the target(s) of ORF8b is
upstream of it.

Discussion

In this study, we demonstrated that MERS-CoV-encoded
ORF8b is a strong antagonist of RIG-I-mediated activation
of IFN-B signaling. Genomes of invading viruses are
recognized by two intracellular RNA sensors: MDA5 and
RIG-L. Although both MDAS5 and RIG-I recognize and bind
to the non-self RNA molecules, the type and nature of RNA
ligands seem to vary [34, 56, 57]: MDADS binds to relatively
long RNAs without particular restrictions on the RNA
structure while RIG-I typically recognizes short blunted 5’-
triphosphated double- or single-stranded RNAs. RIG-I is
inactive in the cytosol with the C-terminal regulatory
domain (RD) blocking the CARD domains. Once RIG-I
binds to its cognate ligand via its helicase domain, it
undergoes conformational changes to release CARD
domains. RIG-I CARD domains in turn interact with the
CARD domain of MAVS protein on the outer membrane of
the mitochondria, inducing its polymerization. As the
CARD domain of RIG-T is a protein interaction motif for the
formation of larger protein complexes, the inhibition of
RIG-I-228 by MERS-CoV ORF8b strongly suggests that
ORF8b prevents RIG-I interactions with MAVS (Fig. 3).
This notion is supported by the unperturbed levels of RIG-I
protein by ORF8b (Fig. 1B). This is in sharp contrast to
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Fig. 4. ORF8b did not suppress IRF3-mediated activation of IFN-p signaling.
HEK293 cells were transfected with IRE3 (A), IRF3-1-390, or IRE3-5D (C) together with each individual MERS-CoV accessory protein. At 24 h post-
transfection, cells were harvested for luciferase assay (top panels) and western blotting (bottom panels). IRF3 proteins were tagged with HA while

MERS-CoV proteins were FLAG-tagged.
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significant down-regulation of MDA5 protein levels by
ORE8b (Fig. 1A, bottom panels and previous studies [22,
46]). Therefore, it is reasonable to propose that ORF8b may
interact with CARD domains of RIG-I, sequestering them
from interacting with the CARD domain of MAVS. As
activation of RLRs by the recognition of the RNA genomes
of invading pathogens ultimately lead to phosphorylation
and activation of IRF3, the status of IRF3 phosphorylation
was probed by phosphor-specific antibodies. As expected,
down-regulation of MDAS protein levels by ORF8b led to
lower levels of phospho-IRF3 at the Ser386/396 residues
(Fig. 1A, bottom panels). On the contrary, total levels of
RIG-I were not perturbed by ORF8b (Fig. 1B, bottom
panels) although OREFS8b significantly inhibited RIG-I-
mediated activation of the IFN-B promoter activity (Fig. 1B,
upper panels). Interestingly, ORF8b and RIG-I co-
expression led to lower levels of phosphor-IRF3 with albeit
comparable levels of total endogenous IRF3 (Fig. 1B,
bottom panels). These data suggest that ORF8b may inhibit
CARD-CARD interactions between RIG-I and MAYVS, leading
to lower levels of IRF3 phosphorylation. Interestingly,
none of the IRF3 variants (full-length (FL), IRF3-1-390 and
IRF-5D) seemed to be affected by ORF8b (Fig. 4), suggesting
that ORF8b may not directly inhibit IRF3 activation.

Taken together, here we report that ORF8b, encoded by
MERS-CoV, is a strong antagonist of the RLR signaling
pathway. ORF8b significantly down-regulated both MDA5-
and RIG-I-mediated induction of IFN-B promoter activities.
Interestingly, ORF8b inhibited all forms of RIG-I (full-
length, RIG-I-1-734 and RIG-I-1-228), implying that it may
inhibit CARD-CARD interactions between RIG-I and
MAVS without affecting protein levels of RIG-I, leading to
lower levels of IRF3 phosphorylation. It is currently being
investigated whether ORF8b directly interacts with the
CARD domain of RLRs and/or MAVS. Delineation of the
exact mechanisms of ORF8b-mediated antagonism of the
RLR signaling pathway will pave way to development of
effective virus-specific therapeutics.
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