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Introduction

Middle East respiratory syndrome coronavirus (MERS-

CoV) is believed to have evolved from bat coronaviruses

[1-4] and the same is true of other human and animal

coronaviruses: severe acute respiratory syndrome corona-

virus (SARS-CoV) [5-7], porcine epidemic diarrhea virus

(PEDV) [8] and swine acute diarrhea syndrome coronavirus

(SADS-CoV) [9]. In fact, nearly one thousand coronavirus

sequences have been reported in bats [10, 11], and thus it is

likely that bats serve as global reservoirs of emerging fatal

coronaviruses in both humans and economically important

animals [12]. Therefore, it is of paramount importance to

keep vigilance on emergence of new viruses in bat

populations and to develop protective and therapeutic

antivirals as there is no counteractive measure available

against MERS-CoV.

MERS-CoV was first isolated in 2012 [13, 14] and its

genome analysis and comparison revealed that it is a

member of the genus betacoronavirus together with severe

acute respiratory syndrome coronavirus (SARS-CoV).

MERS-CoV, like other coronaviruses, is an enveloped virus

with positive-sense single-stranded, ~30 kb long RNA

genome, the largest among all known RNA viruses [15].

The genome of MERS-CoV has 10 open reading frames: the

first 2/3 of the genome, ORF1ab, encodes 16 non-structural

proteins (NSPs) and the rest of the genome at the 3’ end

encodes 4 structural proteins (Spike (S), envelope (E),

Matrix (M), and nucleocapsid (N)), and 5 accessory proteins

(ORF3, ORF4a, ORF4b, ORF5, and ORF8b). Accessory

proteins of MERS-CoV seem to be dispensable for viral

replication as deletion of ORF3-ORF5 did not prevent the

virus from replication [16]. Albeit lower than the wild-type

virus (1 log lower), MERS-CoV_delORF3-ORF5 replicated

in vitro, suggesting that MERS-CoV accessory proteins are

not required for viral genome replication and packaging.

Rather, it was suggested that accessory proteins might be

involved in viral evasion of the host immunity [17]. 
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Middle East respiratory syndrome coronavirus (MERS-CoV) is a newly emerging coronavirus

which is zoonotic from bats and camels. Its infection in humans can be fatal especially in

patients with preexisting conditions due to smoking and chronic obstructive pulmonary

disease (COPD). Among the 25 proteins encoded by MERS-CoV, 5 accessory proteins seem to

be involved in viral evasion of the host immune responses. Here we report that ORF4a,

ORF4b, and ORF8b proteins, alone or in combination, effectively antagonize nuclear factor

kappa B (NF-κB) activation. Interestingly, the inhibition of NF-κB by MERS-CoV accessory

proteins was mostly at the level of pattern recognition receptors: melanoma differentiation-

associated gene 5 (MDA5). ORF4a and ORF4b additively inhibit MDA5-mediated activation of

NF-κB while that of retinoic acid-inducible gene 1 (RIG-I) is largely not perturbed. Of note,

ORF8b was found to be a novel antagonist of MDA5-mediated NF-κB activation. In addition,

ORF8b also strongly inhibits Tank-binding kinase 1 (TBK1)-mediated induction of NF-κB

signaling. Taken together, MERS-CoV accessory proteins are involved in viral escape of NF-

κB-mediated antiviral immune responses. 
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Nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-κB) is a family of transcription factors consisting

of 5 members [18]: class I (NF-κB1 & NF-κB2) and class II

(RelA (p65), RelB, and c-Rel). NF-κB1 and NF-κB2 are

proteolytically cleaved from p105 and p100 to p50 and p52,

respectively [19]. Each member can form both homodimers

and heterodimers with one exception: RelB forms only

heterodimers. Among them, heterodimers of p65/p50 or

p65/p52 serve as the main activators of the NF-κB family

[20, 21]. In a naïve cell, inhibitor of κB (IκB) binds to NF-κB

in the cytoplasm, promoting nuclear export of its cargo,

rendering NF-κB inactive [22-24]. Upon phosphorylation

of IκB by certain stimuli, IκB is rapidly degraded by

proteasomes, leading to release of NF-κB and thus its

activation and nuclear translocation [21, 25]. As NF-κB is

an important regulator of host immune responses against

invading pathogens, both innate and adaptive [25], a myriad

of viral proteins have been shown to be involved in viral

evasion of NF-κB, including MERS-CoV accessory proteins.

Canton et al. reported that MERS-CoV 4b protein is

necessary for the inhibition of NF-κB activation in the

context of MERS-CoV infection [26]. During infection,

ORF4b was found to localize in the nucleus while NF-κB

was mostly excluded from the nucleus. In addition, in the

absence of functional ORF4b protein, NF-κB was capable of

translocating into the nucleus, expressing pro-inflammatory

cytokines such as TNF-α and IL-8. Furthermore, MERS-CoV

4b protein was demonstrated to interact with karyopherin-

α4, an importin α2 family member in a nuclear localization

signal (NLS)-dependent manner, resulting in its inability to

bind to a subunit (p65) of NF-κB and thus retainment of

NF-κB in the cytoplasm.

Considering the roles played by NF-κB in not only innate

but also adaptive immune responses, it is still possible that

other MERS-CoV proteins may target NF-κB to promote its

evasion of the host immune responses. By screening all 5

accessory proteins encoded by MERS-CoV for their

capability to inhibit NF-κB, we report that several of them,

especially ORF4a and ORF8b, strongly antagonize NF-κB

activation. Interestingly, TBK1-mediated activation of NF-

κB was significantly impaired by ORF8b as well. These

results imply that there might be a differential mechanism

between ORF4a/b- and ORF8b-mediated inhibition of NF-

κB activation.

Materials and Methods

Cell Culture and Reagents

Human embryonic kidney 293T (HEK293T) cells (ATCC CRL-

3216) were obtained from the American Type Culture Collection

(ATCC, USA). High-glucose (4,500 mg/l D-glucose) Dulbecco’s

Modified Eagle’s Medium (DMEM) was purchased from Welgene

(Republic of Korea) and supplemented with 10% fetal bovine

serum (FBS) (Welgene, Republic of Korea) and 1% penicillin/

streptomycin (Thermo Fisher Scientific, USA). Cells were

maintained at 37°C in a humidifying 5% CO2 incubator. EcoRI-HF,

BamHI-HF, NotI-HF, NheI-HF, PmeI, PmlI, XhoI, XbaI and T4

DNA ligase were obtained from New England Biolabs (NEB,

USA). Polyethylenimine (PEI) and cOmplete Protease Inhibitor

Cocktail were purchased from Millipore Sigma (USA). Luciferase

Assay System for the firefly luciferase assay and Beta-Glo Assay

System for β-gal assay were obtained from Promega (USA).

Expression Constructs

Multiple cloning site (MCS) of pcDNA3.1-Hygro(+) vector was

modified with the following sequences (5’-GCTAGCGCCACC

ATGTACCCATACGACGTCCCAGACTACGCTAAGCTTTCTGGT

GGCGGTGGCTCGGGCGGAGGTGGGTCGGGTGGCGGCGGAT

CCTGCAGGCGCGCCAGCGCTATCGATATCGATGGCGCCTGGC

CAGACCATCAGTCGAGTGGCGCCACTGGACTAATGGTCCGTA

CGCTCGACTGTACAGGCCGGCCTCAGGTTAACACCGGTACCT

CAGCCCGGGCGGCCGCATGCGGGCCCCTCGAGTCTAGAGTTT

AAAC-3) to generate a Hygro-JY4-HAN-GS3 (HA-tag and a

spacer (3X GGGGS) at the N-terminus of the modified MCS)

vector. The modified vector, named pcDNA3.1-Hygro-JY4-HAN-

GS3, was provided for sequence-dependent ligation independent

cloning (SLIC) [27, 28]. MDA5, RIG-I, MAVS, IKKε, TBK1 and

IRF3 were amplified using primers listed in Table 2. Q5 Hot Start

High-Fidelity DNA Polymerase (NEB): 98°C for 10 sec, 58°C for 30

sec, 72°C for 30 sec/kb in 30 cycles. PCR products were purified

and cloned into the pcDNA3.1-Hygro-JY4-HAN-GS3 vector. Pfu

Plus DNA Polymerase (Elpisbio, Korea) was utilized to PCR-

amplify each MERS accessory gene: 95°C for 20 sec, 58°C for

20 sec, 72°C for 10 sec/kb in 30 cycles. MERS accessory genes

were cloned in p3xFLAG-CMV10 vector (MilliporeSigma) by

conventional ligation method. As protein expression of ORF5 was

Table 1. Cloning primers for MERS-CoV accessory proteins.

Name Sequence (5’-3’)

MERS-ORF3-F GGCGAATTCAATGAGAGTTCAAAGACCACC

MERS-ORF3-R GGCGGATCCTTAATTAACTGAGTAACCAACG

MERS-ORF4a-F GGCGAATTCAATGGATTACGTGTCTCTGCT

MERS-ORF4a-R GGCGGATCCTTAGTTGGAGAATGACTCCT

MERS-ORF4b-F GGCGAATTCAATGGAGGAATCCCTGAT

MERS-ORF4b-R GGCGGATCCTTAAAATCCTGGATGATGTA

MERS-ORF5-F GGCTCTAGAATGGCTTTCTCGGCGT

MERS-ORF5-R GGCGGATCCTCACACAATCAGGCTGCTAGG

MERS-ORF8b-F GGCGAATTCAATGCCAATTCCACCCCTG

MERS-ORF8b-R GCCTCTAGATTACGCTAGAGGCTCTTGAAG
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undetectable by western blot, its codon was optimized (Bionics,

Korea). The use of MERS-CoV sequences was authorized by Korea

Centers for Disease Control (Approval No. 16-RDM-109). MAX

Efficiency DH5α Competent Cells from Thermo Fisher Scientific

were utilized for transformation and plasmid amplification.

Transfection and Luciferase Reporter Assay

HEK293T cells (4 × 105 cells per well) were plated in a 6-well

plate as previously described [29, 30]. In brief, mixtures, including

500 ng of interferon(IFN)-β-luc vector, 100 ng of β-gal-expressing

plasmid, which is the internal control, 500 ng of immune gene

activating plasmid and 1,000 ng of MERS-CoV accessory protein-

encoding plasmid, were transfected using PEI at a ratio of 1:2

(DNA: PEI) in opti-MEM (Thermo Fisher Scientific). After 24 h,

the transfected cells were lysed using 1 × Reporter Assay Lysis

Buffer (Promega) including 1 × Protease Inhibitor (MilliporeSigma).

After incubation on ice for 10 min, lysates were centrifuged at

150,000 ×g, 4°C for 15 min. Each 25 μl of sample and firefly

luciferase or Beta-Glo assay substrate (Promega) was mixed, and

then the luciferase or β-gal intensities were measured by GloMax

96 Microplate Luminometer (Promega). The luciferase intensity

was normalized by β-gal intensity, and fold induction of

luciferase gene was calculated in the presence or absence of

MERS-CoV accessory protein.

Western Blotting

Mouse HA-tag antibody (1:1000), HRP conjugated rabbit

monoclonal GAPDH antibody (1:2000) and anti-mouse HRP-

linked IgG Antibody (1:4000) were purchased from Cell Signaling

(USA). In addition, mouse monoclonal anti-FLAG antibody (1:5000)

was procured from MilliporeSigma (USA). Protein amount was

quantified by Pierce BCA Protein Assay Kit (Thermo Fisher

Scientific) as described before [17, 31, 32]. 4X Laemmli Sample

Buffer and 2-Mercatoethanol were purchased from Bio-Rad

(USA). 4X Laemmli sample buffer and 2-Mercatoethanol (USA)

were mixed at a 9:1 ratio, and then the mixture was added to

samples at 1:4 ratios. The samples were incubated at 100°C for

5 min. Totally 15 μg of protein was used, separated on a SDS-

PAGE gel and transferred to an NC blotting membrane (GE

Healthcare Life Sciences, USA). The blocking of the membrane

was performed with 5% skim milk (BD, USA) and then the

membrane was incubated with diluted primary antibodies in 3%

skim milk as mentioned above at 4°C for overnight with gentle

shaking. The membrane was washed with Tris-buffered saline

containing 0.1% Tween 20 (TBST) at room temperature (RT) for 10

min and three times following incubation of the membrane with

an anti-mouse HRP-linked IgG antibody at RT for 60 min. After

TBST washing three times, Amersham ECL Prime Western

Blotting Detection Reagent (GE Healthcare Life Sciences) for α-

FLAG and Amersham ECL Western Blotting Detection Reagent

(GE Healthcare Life Sciences) for α-HA and α-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.

Results 

ORF4a and ORF8b Strongly Antagonizes NF-κB Promoter

Activation Induced by MDA5, But Not by RIG-I

To investigate whether accessory proteins, encoded by

MERS-CoV, are involved in the antagonism of MDA5- or

RIG-I-mediated induction of NF-κB, 5 accessory proteins

(ORF3, ORF4a, ORF4b, ORF5, and ORF8b) were expressed

in fusion to the 3XFLAG tag while MDA5 and RIG-I were

cloned fused to the HA tag with an intervening spacer

between them (3X GGGGS). MERS-CoV accessory proteins

were comparably expressed while expression of ORF3 and

Table 2. List of primers for the cloning of genes involved in the MDA5/RIG-I pathway.

Name Sequence (5’-3’)

MDA5-F AGGTGGGTCGGGTGGCGGCGGATCCTCGAATGGGTATTCCACAG 

MDA5-R GGGTTTAAACTCTAGACTCGAGCTAATCCTCATCACTAAATAAACAG

RIG-I-F GGGTGGCGGCGGATCCTGCAGGACCACCGAGCAGCGACGC

RIG-I-R GGGTTTAAACTCTAGACTCGAGTCATTTGGACATTTCTGCTGGATCAAATGGTATC

MAVS-F GGGTGGCGGCGGATCCTGCAGGCCGTTTGCTGAAGACAAGACCTATAAG

MAVS-R GGGTTTAAACTCTAGACTCGAGCTAGTGCAGACGCCGCCG

TBK1-F AGGTGGGTCGGGTGGCGGCGGATCCCAGAGCACTTCTAATCATC 

TBK1-R AGCGGGTTTAAACTCTAGACTCGAGCTAAAGACAGTCAACGTTG

IKKε-F CGCGGATCCCAGAGCACAGCCAATTACC

IKKε-R CTAGTCTAGATTAGACATCAGGAGGTGCTGGGACTCTAT

IRF3-F TTGGCGCGCCGGAACCCCAAAGCCACGGAT 

IRF3-R CCGCTCGAGTCAGCTCTCCCCAGGGCCCTGGAAAT
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ORF5 was lower than others. The protein expression levels

of ORF5 did not improve much by the codon optimization

(data not shown). Interestingly, MDA5-mediated induction

of NF-κB was strongly impaired by the presence of ORF4a

and ORF8b while that of RIG-I was largely unchanged

(Figs. 1A and 1B, top panels). However, the inhibition did

not involve changes in the protein levels of MDA5 and

RIG-I (bottom panels). As expected, ORF4b inhibited NF-

κB activation albeit to a lesser extent compared to ORF4a

and ORF8b (Fig. 1A, top panel). ORF5 also suppressed

MDA5-mediated induction of NF-κB at low but significant

levels.

TBK1-Mediated Activation of NF-κB is Significantly

Impaired by the Presence of ORF8b

Next, MAVS- and TBK1-mediated induction of NF-κB was

investigated to determine if their activities are affected by

the expression of MERS-CoV accessory proteins. Of note,

TBK1-mediated NF-κB activation was roughly 70% inhibited

by ORF8b (Fig. 2B) while no other accessory proteins

seemed to have an influence on MAVS- and TBK1-mediated

activation of NF-κB promoter activity (Figs. 2A and 2B).

IKKε and IRF3-Mediated Activation Is Not Perturbed by

MERS-CoV Accessory Proteins

As IKKε and IRF3 are downstream signaling molecules

of MDA/RIG-I pathway, activation of NF-κB by them and

their inhibition by MERS-CoV accessory proteins were put

to the test. IKKε- and IRF3-mediated induction of NF-κB

was not evident (Figs. 3A and 3B). As expected, protein

levels of IKKε and IRF3 were not changed (Fig. 3, bottom

panels).

Discussion

NF-κB was first identified by Dr. Ranjan Sen by its

binding to the enhancer sequences of the immunoglobulin

light chain in B cells [33-35]. Since its discovery, a large

Fig. 1. Multiple accessory proteins, encoded by MERS-CoV, antagonize MDA5-, but not RIG-I-, mediated activation of NF-κB.

(A) MDA5. (B) RIG-I. Firefly luciferase assays (top panels) and western blotting assays (bottom panels) were performed. The arrowheads denote

expected expression bands of MERS-CoV accessory proteins tagged with 3xFLAG at the N-terminus. A representative data are shown. Mean of

fold induction ± SD is plotted. *, p < 0.05.
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number of studies have been focused on the NF-κB family

members as they have been found to be pivotal

transcription factors for the induction of innate and

adaptive immune responses in the host upon viral infection

[20, 25, 26]. Without stimuli, NF-κB is sequestered in the

cytoplasm in an inactive form bound to inhibitors of κB

(IκBs) [36-38]. Two major signaling pathways are involved

in the activation of NF-κB: the canonical and non-canonical

pathways [39]. In the canonical pathway, the IκB kinase

(IKK) complex plays a critical role, which is composed of

three signaling molecules: two catalytic subunits (IKKα

and IKKβ) and a regulatory subunit (IKKγ or NF-κB

essential modifier (NEMO)). Upon activation by an array of

stimuli (mitogens, cytokines, stress agents, and pathogen-

associated molecular patterns (PAMPs)), the IKK complex

phosphorylates IκBα at Serine 32 (Ser32) and Ser36, thus

targeting the NF-κB inhibitors for the proteosomal

degradation via ubiquitin ligation [40]. Once the inhibitors

of NF-κB are removed, NF-κB dimers are translocated into

the nucleus, leading to expression of a large array of pro-

inflammatory cytokines (schematic summary in Fig. 4).

However, the trimeric IKK complex is not required for the

non-canonical NF-κB activation pathway [41, 42]. A

specific group of stimuli, especially from a subset of TNFR

members, selectively activate the non-canonical NF-κB

induction pathway, where NF-κB inducing kinase (NIK)

and non-canonical IKKs play the major role: TBK1 and

IKKε [43, 44]. TBK1 and IKKε have been shown to

phosphorylate only one of the two Serine residues of IκBα

and RelA/c-Rel at Ser536. 

As NF-κB plays a critical role in the induction of innate

and adaptive immune responses, a number of viruses have

evolved to encode antagonists in their genome to prevent

or down-regulate NF-κB activation upon infection [25, 45-

49] and the same is true of coronaviruses [26, 50, 51].

Considering the importance of the roles played by NF-κB

in the regulation of the host immune responses, it is still

possible that MERS-CoV may encode other NF-κB antagonists

than ORF4b [26]. As accessory proteins may be involved in

the viral escape of the host innate immune responses [16],

Fig. 2. MERS-CoV ORF8b strongly impairs TBK1-mediated induction of NF-κB. 

(A) MAVS. (B) TBK1. Firefly luciferase and western blot assays are presented at top and bottom panels, respectively. The arrowheads indicate

each MERS-CoV accessory protein expressed. Luciferase assay data shown represent the mean ± SD. *, p < 0.05.
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to test the possibilities, we screened MERS-CoV accessory

proteins for their capabilities to inhibit activation of the

NF-κB promoter in response to stimuli.

Of note, MERS-CoV ORF8b strongly impairs MDA5- and

TBK1-mediated NF-κB promoter activation (Figs. 1 and 2),

suggesting that ORF8b might interfere with the non-

canonical activation pathway of NF-κB. Interestingly,

MDA5-mediated NF-κB activation was dampened by

several MERS-CoV accessory proteins (ORF4a, 4b, 5 and

ORF8b, Figs. 1 and 4) while that of TBK1 was undermined

only by ORF8b (Figs. 2 and 4). In addition, ORF4a was

much more effective in the inhibition of NF-κB than

ORF4b, a known antagonist of NF-κB [26]. Furthermore,

ORF4a and ORF4b seem to function in an additive way in

the down-regulation of NF-κB. Their significance in the

context of viral infection is now under examination. It is

also now well known that overexpression of viral genes in

isolation may not precisely reflect or recapitulate their

functions in vivo in the context of infection [52], and the

study of the functions of viral genes in virus-infected cells

Fig. 3. IKKε- and IRF3-mediated activation of NF-κB is not perturbed by MERS-CoV accessory proteins. 

(A) IKKε. (B) IRF3. Firefly luciferase and western blotting assays are displayed on the top and bottom panels, respectively. Expected size of MERS-

CoV accessory proteins is denoted by the arrowheads. Data represent the mean ± SD. *, p < 0.05. 

Fig. 4. Schematic diagram of NF-κB activation pathway and

its inhibition by MERS-CoV accessory proteins.
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and animals would be prerequisite.

Taken together, here we demonstrated that ORF8b emerges

as a novel antagonist of NF-κB activation. Delineation of

molecular mechanisms of ORF8b-mediated inhibition of

NF-κB activation will pave the way to better understanding

of MERS-CoV-mediated pathology and potentially the

development of virus-specific therapies. 
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