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Highlights 

 EMCV infection promotes DDX56 expression in HEK293T and A549 cells.



 DDX56 plays a positive role in EMCV replication.

 DDX56 interacted with IRF3, a crucial viral sensor in the host innate immune system.

 DDX56 interrupts IRF3 phosphorylation and its nucleus translocation by directly 

targeting KPNA3 and KPNA4, then blocks IFN-β productio

Abstract: DEAD (Asp-Glu-Ala-Asp)-box RNA helicases (DDX) play important roles in 

viral infection, either as cytosolic viral nucleic acids sensors or as essential host factors for 

viral replication. In this study, we identified DDX56 as a positive regulator for 

encephalomyocarditis virus (EMCV) replication. EMCV infection promotes DDX56 

expression via its viral proteins, VP3 and 3C. We showed that DDX56 overexpression 

promotes EMCV replication whereas its loss dampened EMCV replication. Consequently, 

knockdown of DDX56 increases type I interferon (IFN) expression during EMCV infection. 

We also showed that DDX56 interrupts IFN regulatory factor 3 (IRF3) phosphorylation and 

its nucleus translocation by directly targeting KPNA3 and KPNA4 in an EMCV-triggered 

MDA5 signaling activation cascade leading to the blockade of IFN-β production. Overall, we 

showed that DDX56 is a novel negative regulator of EMCV-mediated IFN-β responses and 

that DDX56 plays a critical role in EMCV replication. These findings reveal a novel strategy 

for EMCV to utilize a host factor to evade the host innate immune response and provide us 



new insight into the function of DDX56. 
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Introduction 

The innate immune immunity system is the first line of defense against microbial infections, 

characterized by the production of type I interferons (IFNs). IFNs further promote 

transcription of hundreds of IFN-stimulated genes (ISGs), mainly through the Janus kinase 

signal transducer and activator of transcription (JAK-STAT) pathway [1, 2]. 

Encephalomyocarditis virus (EMCV), belonging to the Cardiovirus genus of the 

Picornaviridae family, is an important zoonosis pathogen, which can infect a broad range of 

mammalian species, causing encephalitis, myocarditis, neurologic diseases, diabetes and 

reproductive disorders [3]. EMCV is a non-enveloped single-stranded RNA virus, with a 7.8 

kb size genome. EMCV viral RNA contains a large open reading framework (ORF), which is 

translated into a polyprotein. Then processed into structural and nonstructural proteins: L, 1A 

(VP4), 1B (VP2), 1C (VP3), 1D (VP1), 2A, 2B, 2C, 3A, 3AB, 3B (Vpg), 2B*, 3C, and 3D 

during EMCV replication [3, 4]. Indeed, several of these proteins participate in antiviral 

responses to facilitate EMCV replication. Of note, viral proteins Lpro, 2C, and 3C play 

important roles in blocking IFN expression and subsequent downstream antiviral signaling 

[5–7].  

Asp-Glu-Ala-Asp (DEAD)-box RNA helicases (DDX) are required for different cellular 

processes such as transcription, pre-mRNA processing, ribosome biogenesis, nuclear mRNA 



export, translation initiation, RNA turnover and organelle function [8]. DEAD-box RNA 

helicases also play crucial roles in host immune defense. DDX1, DDX21 and DHX36 forms a 

complex with the adaptor protein, TRIF, in the cytosol to regulate IFN responses [9]. Other 

helicases, including DDX60, DDX3, and DHX9, also contribute to RNA sensing and IFN 

induction [10–12]. It is likely many other helicases have uncharacterized antiviral activity. 

DDX56 is another member of the DEAD-box RNA helicase family, and it is shown to be an 

evolutionarily conserved antiviral factor that controls alphavirus infection [13]. Indeed, 

DDX56 is indispensable for the assembly of the West Nile virus (WNV) in an RNA helicase 

activity-dependent manner [14, 15] and plays a positive role in foot-and-mouth disease virus 

(FMDV) replication [16]. We speculate that DDX56 may play a role in EMCV infection. 

Here, we found that DDX56 played a positive role in EMCV replication. DDX56 interacted 

with IRF3 and inhibited IRF3 nucleic translocation, subsequently inhibiting IFN-β signaling 

activation to promote EMCV replication. Our findings revealed a novel mechanism of 

DDX56 in EMCV replication.  

Materials and methods 

Cells, virus and antibodies 

Human alveolar adenocarcinoma basal epithelial cells (A549) were maintained in Roswell 

Park Memorial Institute-1640(RPMI-1640) supplemented with 15 % newborn bovine serum 

(NBS), Human embryonic kidney 293T cells (HEK-293T cells) were maintained in 

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10 % fetal bovine serum 

(FBS) and Baby hamster kidney (BHK-21) cells were maintained in DMEM supplemented 

with10% newborn bovine serum (NBS) , then all cell lines were cultured at 37 ℃ in a 5 % 



CO2 atmosphere. EMCV strain PV21 was purchased from ATCC (GenBank accession no. 

X74312) and propagated in BHK-21 cells. The commercial antibodies used in this study 

include anti-MDA5, anti-MAVS and anti-IRF3 antibody (Proteintech, China); 

anti-hemagglutinin (HA) tag, anti-FLAG tag Ab (Sigma, USA); anti-Myc tag mAb, 

Phospho-IRF3 (Ser396) and TBK1 Rabbit mAb (CST, USA); anti-DDX56 Ab (Sangon 

Biontech, China); anti-GAPDH Ab (Santa Cruz, CA, USA); anti-β-actin Ab (Abbkine, USA). 

Anti-VP1 antibody was kindly provided by Dr. Juan Bai of Nan jing Agricultural University. 

Plasmids construction 

To construct plasmids encoding Myc-tagged or HA-tagged DDX56, genes were generated 

from cDNA corresponding to DDX56 gene and cloned into pCMV-Myc or pCMV-HA vector. 

The primer sequences used in this study are available upon request. All plasmids were 

verified by sequencing. pCMV-IRF3-FLAG, pCMV-IRF3(5D)-FLAG, pCMV-MDA5-FLAG, 

pCMV-MAVS-FLAG, pCMV-TBK1-FLAG, pCMV-HA-VP1, pCMV-HA-VP2, 

pCMV-Myc-VP3, pCMV-HA-2A, pCMV-HA-2B, pCMV-Myc-2C, pCMV-HA-3A and 

pCMV-Myc-3C expression plasmids were all constructed in-house. 

Transfection and infection 

Transfection of HEK293T cells with plasmid DNA was performed using Lipofectamine 2000 

(Invitrogen, USA) according to the manual of the manufacturer. Then, the cells were infected 

with EMCV at an MOI of 0.001 for 24 h (except for the cases noted in the text) to test the 

effect of DDX56 on EMCV replication. For cotransfection experiments, DDX56 and reporter 

constructs were used in a 1:1 ratio by mass. 

Real-time qPCR Assay 



Total RNA was isolated using a TransZol Up (Transgen, Beijing, China) and 

reverse-transcribed into cDNA using EasyScript® One-Step gDNA Removal and cDNA 

Synthesis SuperMix (Transgen, Beijing, China). QPCR was performed using a 

TransStart® Top Green qPCR SuperMix (+Dye II) (Transgen, Beijing, China). Pre-mRNA 

levels were normalized to GAPDH mRNA, and all data were determined by the threshold 

cycle (2−∆∆Ct) method. Primers for RT-qPCR are available upon request.  

Co-immunoprecipitation (Co-IP) and immunoblot analysis 

Cells were collected by trypsinization and lysed in RIPA buffer supplemented with protease 

inhibitors. For Co-IP experiments, 400 μL of cell lysate was incubated with 1 μg of the 

appropriate antibody at 4 °C overnight, then added 10 μg of Protein G Agarose (Beyotime, 

China) at 4 °C for 4-6 h. After beads were washed in PBS, the eluted proteins were 

fractionated using SDS-PAGE and immunoblotting performed. Primary antibodies were 

incubated at 4°C overnight with the specific antibodies before incubating with HRP-labeled 

goat anti-mouse/rabbit antibody at room temperature for 45 min. Samples were run on 

Tris-glycine SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) 

membranes (Invitrogen, USA) for western blot detection. Blots were exposed with ECL 

(Bio-Rad, USA) and imaged with Amersham Imager 600 imaging system (Boston, USA). 

Enzyme-Linked Immunosorbent Assay (ELISA) 

The concentrations of IFN-β in cell culture supernatants were determined by using a human 

IFN-β ELISA kit (Enzyme-linked Biotechnology, Shanghai, China), according to the 

manufacturerʹs instructions. 

Nuclear & Cytoplasmic Extraction 



HEK293T cells either infected with EMCV or left uninfected, were washed with PBS and 

lysed with 400 μL of extracting solution A with 2 μL protease inhibitors and 2 μL 

phosphatase inhibitors (BestBio,China). The homogenate was centrifuged at 4 ℃ 1000 g for 

5min. The supernatant was saved as cytoplasm, place on ice for 30 min. The pellet with in 

200 μL of extracting solution B with 1 μL protease inhibitors and 1 μL phosphatase inhibitors 

(BestBio,China) and add 5 μL extracting solution C. Place on ice for 30 min, then keep it as 

the nuclei. The precipitates were analyzed by standard immunoblotting procedures. 

Virus titration 

BHK-21 cells grown in 96-well plates were infected with 10-fold serial dilutions of EMCV 

samples. After 2 h at 37 ℃, the culture medium was replaced with fresh DMEM. The plates 

were incubated for 72-96 h at 37 ℃. EMCV titers were calculated using the Reed-Muench 

method.  

Statistical analysis 

All data were analyzed using GraphPad Prism 7.0 using Student’s t-tests. Data are presented 

as the mean ± standard deviation (SD) of three independent experiments. p-values are 

indicated using asterisks as *p< 0.05, **p< 0.01, and ***p< 0.001. 

Results 

DDX56 is upregulated upon EMCV infection 

We firstly wanted to test whether DDX56 is upregulated upon EMCV infection. DDX56 

expression was significantly induced in A549 and HEK293T cells infected with EMCV in a 

time dependent manner (Fig. 1A to 1D). We further investigated whether EMCV proteins 

impact endogenous DDX56 expression. A plasmid encoding viral proteins VP1, VP2, VP3, 



2A, 2B, 2C, 3A or 3C was transfected into A549 cells respectively and DDX56 expression 

was detected by immunoblotting. Only VP3 and 3C induced DDX56 protein expression (Fig. 

1E). Similarly, DDX56 overexpression also induced VP3 and 3C protein level expression 

(Fig. 1F). Importantly, we observed a direct interaction between DDX56 and 3C (Fig. 1G). 

Overall, EMCV infection promoted DDX56 expression, and that viral proteins VP3 and 3C 

participated in this process. 

DDX56 regulates EMCV replication in vitro 

To examine the role of DDX56 on EMCV replication, HEK293T and A549 cells were 

transfected with pCMV-Myc-DDX56 or empty vector (EV) for 24 h followed by EMCV 

infection (MOI=0.01). Overexpression of DDX56 significantly promoted EMCV replication 

in HEK293T (Fig. 2A-D) and A549 (Fig. 2E-G) cells. On the other hand, siRNA knockdown 

of endogenous DDX56 (Fig. 3A and 3D) reduced EMCV replication (Fig. 3B-3C and 3E-3F). 

Overall, these data show that DDX56 can promote EMCV replication. 

DDX56 plays a negative role in EMCV-triggered production of IFN-β 

We then examined the effect of DDX56 on EMCV-triggered IFN-β production. We reasoned 

that enhancement of EMCV replication could be due to the loss of type I IFN induction, 

which is critical in controlling viral replication. HEK293T cells were transfected with 

Myc-DDX56 plasmids or empty vector (EV) followed by EMCV infection. Though EMCV 

infection alone can trigger IFN-β transcription and protein secretion in HEK293T cells, 

DDX56 overexpression reduced EMCV-triggered IFN-β expression (Fig. 4A and 4B). This 

effect was reversed when DDX56 was knockdown (Fig. 4C and 4D) further emphasizing the 

role of DDX56 in controlling EMCV-triggered IFN-β production. 



DDX56 antagonizes IFN induction trigerred by MDA5 signaling pathway protein 

members 

As EMCV is an RNA virus which is recognized by MDA5 [17, 18], we wanted to test 

whether DDX56 interacts with the key molecules in the MDA5-mediated IFN-β signaling 

pathway. MDA5 is an important viral RNA nucleic acid sensor. Overexpression of DDX56 

had no effect on the expression of MDA5 pathway protein members (MDA5, MAVS, TBK1 

and IRF3) (Fig. 5A). To determine the direct targets of DDX56, HEK293T and A549 cells 

were transfected with either plasmids encoding RLRs pathway components TBK1, IRF3/5D, 

a constitutively active form of IRF3 containing five C-terminal substitutive Asp (D) residues 

[19], MDA5 or MAVS plasmid alone or together with pCMV-Myc-DDX56 plasmid for 24h. 

DDX56 overexpression suppressed IFN-β expression induced by MDA5 (Fig. 5B), MAVS 

(Fig. 5C), TBK1(Fig. 5D) and IRF3/5D (Fig. 5E) overexpression. Similar observations were 

seen in A549 cells (Fig. 5F to 5I). Overall, we demonstrate that DDX56 antagonizes IFN 

induction triggered by the protein members in the MDA5 signaling pathway. 

DDX56 inhibits IRF3 phosphorylation and nuclear translocation in EMCV-infected 

cells 

IRF3 phosphorylation and nuclear translocation are both prerequisites for IFN-β activation. 

Given that DDX56 antagonises IRF3-mediated IFN-β induction (Fig. 5E and 5I), we 

investigate whether DDX56 has any role in IRF3 phosphorylation and nuclear translocation 

events. Indeed, overexpression of DDX56 inhibited levels of phosphorylated IRF3 (p-IRF3), 

which can be reversed with DDX56 knockdown (Fig. 6A and B) in the EMCV-infected cells. 

Importantly, IRF3 nuclear translocation was also reduced (Fig. 6C) suggesting that DDX56 



can inhibit IRF3 phosphorylation and nuclear translocation in EMCV infected cells. 

Nuclear translocation of IRF3 is strictly controlled by the nuclear export sequence (NES) and 

the nuclear localization sequence (NLS) and presence of a functional NLS activity plays a 

dominant role in the active transport and accumulation of IRF3 in the nucleus [20]. 

Macromolecules containing NLS shuttle from cytoplasm to nucleoplasm in a manner 

dependent on a group of importin proteins (also known as karyopherin, KPN) that form 

heterodimers with its α and a β subunit (known as KPNA or KPNB, respectively) [21]. 

Co-immunoprecipitation (Co-IP) assays revealed that IRF3 coprecipitated with DDX56 

protein (Fig. 7A), suggesting a direct interaction between DDX56 and IRF3 protein. 

Interestingly, the interaction between DDX56 and IRF3 was enhanced after EMCV infection 

(Fig. 7B). Moreover, DDX56 also directly interacted with KPNA3 and 4 (Fig. 7C). We 

reasoned that DDX56 inhibits IRF3 nuclear translocation via KPNA3 and KPNA4. Indeed, 

we observed that the interaction between IRF3, KPNA3 and KPNA4 was weakened in 

DDX56 overexpressed cells infected with EMCV (Fig. 7D). These data suggests that DDX56 

suppresses the process of IRF3 nuclear translocation by interfering with the interaction 

between IRF3 and KPNA3 or KPNA4. 

Discussion 

EMCV is an important zoonosis pathogen that has an ability to evade host immune responses 

and uses host cellular proteins for its own proliferation. EMCV proteins, such as 2B, 2C, 3C 

and VP2, are known to block innate immune signaling pathway activation [5-7, 22-24]. Host 

proteins are also involved in EMCV infection. Cholesterol-25-hydroxylase (CH25 H), an 

important ISG, can inhibit EMCV infection by inhibiting the viral penetration [25]. 



Transmembrane protein 39A, a type III-transmembrane protein, promotes the replication of 

EMCV via autophagy pathway [26]. A disintegrin and metalloproteinase 9 domain (ADAM9), 

a cell-surface protease, has been identified as an entry factor for EMCV effective infection 

[27, 28]. Here, we report that cellular protein DDX56 play an essential positive role in 

regulating EMCV replication. 

DDX56 belongs to the DEAD box protein family. Family member DHX29 functions as an 

RNA co-sensor for MDA5-mediated EMCV-specific antiviral immunity [29]. DDX25 is a 

negative regulator of type I IFN pathway and facilitates dengue virus infection [30]. In the 

present study, DDX56 served as a negative regulator of IFN-β signaling pathway to promote 

EMCV replication in A549 and HEK293T cells. During an EMCV infection, a series of 

immune responses could be triggered in the host cell. Among them, the IFN-β signaling 

pathway plays a vital role in defensing viral infection. As EMCV is an RNA virus which is 

recognized by MDA5 [17, 18], MDA5 senses viral RNA in the cytoplasm, through the 

gradual transmission and release of signals, IFN-β and a series of ISGs are produced by the 

host cell to resist viral invasion. In the duration of virus evolution, viruses have also evolved 

effective mechanisms to escape the host's natural immune response. Here, we show that 

DDX56 expression is increased during EMCV infection and DDX56 could indeed dampen 

activation of IFN-β pathway. In our study, we showed that EMCV 3C protein could interact 

with DDX56 and promote DDX56 expression. However, the mechanism of how 3C protein 

enhances DDX56 expression is unclear and requires further study. This is not surprising as 

EMCV infection initially enhances the expression of DDX56 as a consequential means to 

evade the host immune response. Here, we present another example where EMCV 



upregulates host protein expression to escape the host natural immune response and to gain 

favorable conditions for its own proliferation. 

Viral infection leads to the activation of IRF3 by leading to its phosphorylation and 

translocation into the nucleus [31]. Our data here indicates that DDX56 could inhibit the 

IRF3 phosphorylation and nuclear translocation, possibly via directs interation with KPNA3 

and KPNA4. KPNA3 and KPNA4 binding to IRF3 is an effective condition for its nuclear 

translocation [32]. We infer that DDX56 inhibit IRF3 translocation by targeting KPNA3 and 

KPNA4, as there is a direct interaction between DDX56 and these two proteins. Future work 

will focus on addressing this. 

In conclusion, we report that DDX56 plays a negative regulatory role for IFN-β production 

during EMCV infection and promotes EMCV replication, as an additional strategy for EMCV 

to prevent the antiviral response of host cells. We showed that DDX56 interferes with the 

nuclear translocation of IRF3 by targeting KPNA3 and KPNA4. We predict that via this 

mechanism, DDX56 suppresses the induction of type I IFN in host cells during EMCV 

infection. However, how EMCV proteins VP3 and 3C co-operate with DDX56 to antagonize 

virus-triggered IFN-β production warrants further study. DDX56 is likely an RNA helicase, 

whether its ATPase or helicase activities are involved in its ability to enhance EMCV 

replication still need to be investigated. Altogether, these findings reveal a novel strategy for 

EMCV to utilize a host factor to evade the host innate immune response and provide us new 

insight into the function of DDX56. 
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Figure legends 

Figure 1 DDX56 is ubiquitously expressed and upregulated after EMCV infection 

(A and C) A549 cells were mock infected or infected with 0.01 MOI EMCV for 6 h, 12 h and 

24 h, respectively. Cells were collected at the indicated timepoints. Then western blotting and 

RT-qPCR were performed for DDX56 expression. β-actin served as loading control. 

(B and D) HEK293T cells were mock infected or infected with 0.01 MOI EMCV for 6 h, 12 

h and 24 h, respectively. Cells were collected at the indicated timepoints. Then western 

blotting and RT-qPCR were performed for DDX56 expression. β-actin served as loading 



control. 

(E) Viral proteins encoding plasmids pCMV-HA-VP1 (500 ng), pCMV-HA-VP2 (500 ng),

pCMV-Myc-VP3 (500 ng), pCMV-HA-2A (500 ng), pCMV-HA-2B (500 ng), 

pCMV-Myc-2C (500 ng), pCMV-HA-3A (500 ng) and pCMV-Myc-3C (500 ng) was single 

transfected into A549 cells for 30 h. Cells were collected and treated with RIPA lysate buffer. 

DDX56 and viral protein expression was verified by western blot. DDX56 antibody, HA tag 

antibody and Myc tag antibody were used in this study. GAPDH or β-actin served as a 

loading control.  

(F) A549 cells were cotransfected with pCMV-HA-DDX56 (1 μg) and pCMV-Myc-VP3 (500

ng) plasmids or pCMV-HA-DDX56 (1 μg) and pCMV-Myc-3C (500 ng) plasmids for 30 h. 

Cells were collected for HA tagged DDX56, Myc tagged VP3 and 3C expression detection. 

GAPDH served as a loading control.  

(G) HEK293T cells were cotransfected with pCMV-HA-DDX56 (1 μg) and pCMV-Myc-VP3

(500 ng) plasmids or pCMV-HA-DDX56 (1 μg) and pCMV-Myc-3C (500 ng) plasmids for 

30 h. Cells were collected and treated with a lysis buffer supplemented with a phosphatase 

inhibitor cocktail. Anti-HA antibody was used to incubate protein G agarose. The precipitates 

were mixed with SDS buffer and boiled for 5 min at 95 ℃. After centrifugation at 6000 rpm 

for 1 min, the supernatant was collected and used for HA tagged DDX56, Myc tagged VP3 

and 3C analysis. 

Figure 2 Overexpression of DDX56 enhances EMCV replication in vitro 

(A) Empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1 μg) plasmid were transfected into

HEK293T cells for 24 h before measuring DDX56 expression by immunoblotting. β-actin 



served as a loading control. 

(B-D) Empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1 μg) were transfected into 

HEK293T cells for 24 h then infected with 0.01 MOI EMCV for 24h before measuring 

EMCV structural protein VP1, viral copy numbers and titers. Immunoblotting was used to 

confirmed VP1 protein expression. β-actin was used as a loading control, whereas VP1 was 

used as a marker for EMCV infection(B). RT-qPCR was used to determine viral copy number 

(C) and TCID50 assay was performed for viral titer detection (Reed−Muench method) (D).

Data were represented as mean ± SD of three independent experiments and were measured in 

technical duplicate. ***p< 0.001. 

(E) Empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1 μg) plasmid were transfected into

A549 cells for 12 h, 24h and 36 h before measuring DDX56 expression by immunoblotting. 

GAPDH served as loading control. 

(F-G) Empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1 μg) were transfected into A549 

cells for 24 h then infected with 0.01 MOI EMCV for 12 h, 24h and 36 h before measuring 

viral copy numbers and titers. RT-qPCR was used to determine viral copy number (F) and 

TCID50 assay was performed for viral titer detection (Reed−Muench method) (G). Data were 

represented as mean ± SD of three independent experiments and were measured in technical 

duplicate. ** p< 0.01 and ***p< 0.001. 

Figure 3 Knockdown of DDX56 expression inhibts EMCV replication in vitro 

(A) siRNA targeting DDX56 was transfected into HEK293T cells for 24 h. Cells were

collected and lysated with RIPA. Endogenous DDX56 expression was detected by western 

blotting using antibody specific to DDX56. GAPDH served as loading control. 



(B-C) siRNA targeting DDX56 (si001) was transfected into HEK293T cells for 24 h then 

infected with 0.01 MOI EMCV for 12 h, 24 h and 36 h before measuring viral copy numbers 

and titers. RT-qPCR was used to determine viral copy number (B) and TCID50 assay was 

performed for viral titer detection (Reed−Muench method) (C). Data were represented as 

mean ± SD of three independent experiments and were measured in technical duplicate. ** 

p<0.05 and ***p< 0.001. 

(D) siRNA targeting DDX56 (si001) was transfected into HEK293T cells for 24 h then

infected with 0.01 MOI EMCV for 12 h, 24 h and 36 h. Cells were collected and subjected to 

DDX56 protein detection. 

(E) siRNA targeting DDX56 (si001) was transfected into A549 cells for 24 h. Cells were

collected and lysated with RIPA. Endogenous DDX56 expression was detected by western 

blotting using antibody specific to DDX56. GAPDH served as loading control. 

(F-G) siRNA targeting DDX56 (si001) was transfected into A549 cells for 24 h then infected 

with 0.01 MOI EMCV for 24 h before measuring viral copy numbers and titers. RT-qPCR 

was used to determine viral copy number (E) and TCID50 assay was performed for viral titer 

detection (Reed−Muench method) (F). Data were represented as mean ± SD of three 

independent experiments and were measured in technical duplicate. ** p<0.05 and ***p< 

0.001. 

Figure 4 DDX56 palys a negetive role in EMCV-triggered induction of IFN-β 

(A-B) HEK293T cells were transfected with empty vector (EV, 1 μg) or pCMV-Myc-DDX56 

(1 μg) plasmid for 24 h, then infected with 0.01 MOI EMCV for 24 h. Cells were collected 

for RNA extraction. RT-qPCR was performed for IFN-β mRNA detection (A). ELISA was 



used to detected IFN-β concentratiuon in cell culture supernatant (B). Data were represented 

as mean ± SD of three independent experiments and were measured in technical duplicates. 

*** p< 0.001. 

(C-D) HEK293T cells were transfected with siNC or siRNA-DDX56 (si001) for 24 h, then 

infected with 0.01 MOI EMCV for 24 h. Cells were collected for RNA extraction. RT-qPCR 

was performed for IFN-β mRNA detection (C). ELISA was used to detected IFN-β 

concentration in cell culture supernatant (D). Data were represented as mean ± SD of three 

independent experiments and were measured in technical duplicates. *** p< 0.001. 

Figure 5 DDX56 inhibits MDA5/MAVS/TBK1/IRF3 mediated induction of IFN-β 

(A) HEK293T cells were transfected with empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1

μg) plasmid for 24 h and cells were collected for western blotting analysis. Expression of 

MDA5, MAVS, TBK1 and IRF3 was detected using specific antibodies. GAPDH served as a 

loading control. 

(B-E) HEK293T cells were cotransfected with empty vector (EV, 1 μg) or 

pCMV-Myc-DDX56 (1 μg) plasmids and the indicated plasmids expressing MDA5 (250 ng) 

(B), MAVS (250 ng) (C), TBK1 (250 ng) (D) or IRF3 (5D) (250 ng) (E) for 30 h. Then cells 

were collected for total RNA extraction. IFN-β mRNA expression level was measured by 

RT-qPCR. Data were represented as mean ± SD of three independent experiments and were 

measured in technical duplicates. ** p<0.01 and *** p<0.001. 

(F-I) A549 cells were cotransfected with empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1 

μg) plasmids and the indicated plasmids expressing MDA5 (250 ng) (F), MAVS (250 ng) (G), 

TBK1  (250 ng) (H) or IRF3(5D) (250 ng) (I) for 30 h. Then cells were collected for total 



RNA extraction. IFN-β mRNA expression level was measured by RT-qPCR. Data were 

represented as mean ± SD of three independent experiments and were measured in technical 

duplicates. * p< 0.05, ** p<0.01 and *** p<0.001. 

Figure 6 DDX56 inhibits IRF3 phosphorylation and nuclear translocation 

(A) HEK293T cells were transfected with empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1

μg) plasmid for 24 h. Cells were then stimulated with 3 MOI EMCV for another 6 h before 

collection. Cells were lysated with RIPA and used for western blot detection. Phosphorylation 

level of IRF3 was verified using specific antibody and β-actin served as a loading control. 

(B) HEK293T cells were transfected with siNC or siRNA targeting DDX56 (si001) for 24 h,

following with 3 MOI EMCV stimulated for another 6 h. Cells were collected for 

phosphorylation-IRF3 detection. β-actin served as a loading control. 

(C) HEK293T cells were transfected with empty vector (EV, 1 μg) or pCMV-Myc-DDX56 (1

μg) plasmid for 24 h. Cells were then stimulated with 3 MOI EMCV for another 6 h before 

collection. Nuclear & Cytoplasmic Extraction was used to separate DDX56 proteins, or IRF3 

protein in the cytoplasm and nucleus, then DDX56 protein and IRF3 protein were confirmed 

by immune blotting using specific antibodies. GAPDH was used as a loading control in 

cytoplasma and PCNA were used as a loading control in nucleus. 

Figure 7 DDX56 interacted with IRF3 and blocks its nuclear translocation by targeting 

KPNA3 and KPNA4 

(A) The interaction between DDX56 and endogenous IRF3 was confirmed by

co-immunoprecipitation assay. HEK293T cells were collected with a lysis buffer 

supplemented with a phosphatase inhibitor cocktail. Anti-DDX56 antibody was used to 



incubate protein G agarose. The precipitates were mixed with SDS buffer and boiled for 5 

min at 95 ℃. After centrifugation at 6000 rpm for 1 min, the supernatant was collected and 

used for DDX56 and IRF3 analysis.  

(B) The interaction between DDX56 and endogenous IRF3 after EMCV infection was

confirmed by co-immunoprecipitation assay. HEK293T cells uninfected or infected with 

EMCV were collected with a lysis buffer supplemented with a phosphatase inhibitor cocktail. 

Anti-DDX56 antibody was used to incubate protein G agarose. The precipitates were mixed 

with SDS buffer and boiled for 5 min at 95 ℃. After centrifugation at 6000 rpm for 1 min, 

the supernatant was collected and used for DDX56 and IRF3 analysis. 

(C) The interaction between DDX56 and endogenous KPNA3/KPNA4 was confirmed by

co-immunoprecipitation assay. HEK293T cells were transfected with pCMV-Myc-DDX56 (1 

μg) plasmid for 24 h. Then cells stimulated with 3 MOI EMCV for another 6 h before 

collection. Cells were treated with a lysis buffer supplemented with a phosphatase inhibitor 

cocktail. Anti-Myc antibody was used to incubate protein G agarose. The precipitates were 

mixed with SDS buffer and boiled for 5 min at 95 ℃. After centrifugation at 6000 rpm for 1 

min, the supernatant was collected and used for Myc tagged DDX56, IRF3, KPNA3 and 

KPNA4 analysis.  

(D) HEK293T cells were transfected with pCMV-Myc-DDX56 (1 μg) plasmid for 24 h. Then

cells stimulated with 3 MOI EMCV for another 6 h before collection. Cells were treated with 

a lysis buffer supplemented with a phosphatase inhibitor cocktail. Anti-IRF3 antibody was 

used to incubate protein G agarose. The precipitates were mixed with SDS buffer and boiled 

for 5 min at 95 ℃. After centrifugation at 6000 rpm for 1 min, the supernatant was collected 



and used for Myc tagged DDX56, IRF3, KPNA3 and KPNA4 analysis. 

Figure 8 The model of DDX56 interferes with IFN-β signaling pathway 

DDX56 served as a negative regulator of IFN-β activation. DDX56 inhibits MDA5, MAVS, 

TBK1 and IRF3(5D)-meidated IFN-β production. There was a direct interaction between 

DDX56 and IRF3. Further mechanism analysis indicated DDX56 blocks IRF3 

phosphorylation and nuclear translocation. This process associated with importin proteins 

KPNA3 and KPNA4. DDX56 interferes the interaction between IRF3 and KPNA3/KPNA4. 

Then inhibits IFN-β signaling pathway activation and help virus evade from host innate 

immunity. 
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