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Abstract

Coxsackievirus Group B type 5 (CVB5), an important pathogen of hand-foot-mouth disease, is also associated

with neurological complications and poses a public health threat to young infants. Among the CVB5 proteins,

the nonstructural protein 3D, known as the Enteroviral RNA-dependent RNA polymerase, is mainly involved in viral
genome replication and transcription. In this study, we performed immunoprecipitation coupled with liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) to identify host proteins that interacted with CVB5 3D polymerase.
A total of 116 differentially expressed proteins were obtained. Gene Ontology analysis identified that the proteins
were involved in cell development and cell adhesion, distributed in the desmosome and envelope, and participated
in GTPase binding. Kyoto Encyclopedia of Genes and Genomes analysis further revealed they participated in nerve
diseases, such as Parkinson disease. Among them, 35 proteins were significantly differentially expressed and the cel-
lular protein TGF-BATA-activated kinase1 binding protein 1 (TAB1) was found to be specifically interacting with the 3D
polymerase. 3D polymerase facilitated the entry of TAB1 into the nucleus and down-regulated TAB1 expression

via the lysosomal pathway. In addition, TAB1 inhibited CVB5 replication via inducing inflammatory factors and acti-
vated the NF-kB pathway through IkBa phosphorylation. Moreover, the 90-96aa domain of TAB1 was an important
structure for the function. Collectively, our findings demonstrate the mechanism by which cellular TAB1 inhibits

the CVB5 replication via activation of the host innate immune response, providing a novel insight into the virus-host
innate immunity.
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Background

Hand-foot-and-mouth disease (HFMD) commonly
occurs in children younger than five years between the
spring and fall and transmits by fecal-oral, and oral-
oral, contact as well as via respiratory. In most cases, the

*chrgfpo”dencei common symptoms presented are self-limited febrile ill-
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sackieviruses (CV, types A6, A16, B2, and B5) with EV71
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and CVA16 historically the most common causes of
HFMD [1]. However, there has been a recent emergence
of CVB5-associated outbreaks worldwide, including in
Asia, Europe, and South America [2-4]. In rare cases,
CVB5-infected infants may also present with neuro-
logic complications, such as aseptic meningitis and viral
encephalitis, which lead to high mortality [5]. In north-
eastern Poland, CVB5 accounted for 32% of enterovirus
types infected in the central nervous system of children
in the last 5 years [6]. In Brazil, the CVB5 strain had been
derived from cerebrospinal fluid and stool samples from
patients with aseptic meningitis or acute flaccid paraly-
sis [2]. In the analysis of viral meningitis cases in China
(Yunnan province), 70% of the cases were caused by
enterovirus infection, among which CVB5 accounted for
the highest proportion [7]. Consequently, the develop-
ment of antiviral drugs and vaccines is critical to prevent
CVBS5 infection.

CVBS5 belongs to the genus Enterovirus of the Picor-
naviridae family and is a non-enveloped with single-
stranded positive-strand RNA (4+ssRNA). The viral
genome has 7400 bp and encodes a polyprotein precur-
sor of 2194 amino acids, which is further hydrolyzed into
three precursor proteins (P1, P2, P3). The P1 precur-
sor protein encodes four structural proteins (VP1, VP2,
VP3, and VP4) mainly responsible for the assembly of
the viral nucleocapsid. Among them, the VP1 protein
has the main neutralizing antigenic determinants and is
important for enterovirus serotyping. The P2 and P3 gene
regions encode seven nonstructural proteins (NSPs) (2A,
2B, 2C, 3A, 3B, 3C, and 3D). The NSPs have enzymatic
activities that block receptor-recognized signaling path-
ways and allow the virus to escape the innate immune
response [8]. Among the NSPs, 2A and 3C have been
extensively studied in the Picornavirus family. For exam-
ple, EV71 3C binding to RIG-I blocks the downstream
pathways and inhibits the production of proinflammatory
factors, thereby allowing the virus to escape the innate
immune response [9]. And EV-D68 2A inhibits the type
I interferon (IFN-I) response by cleaving tumor necrosis
factor receptor-associated factor 3 (TRAF3) to promote
virus survival [10]. Moreover, in other viruses, NSPs also
have similar functions in regulating innate immune sign-
aling pathways. For example, the duck Tembusu virus
(DTMUV) NS3 induces autophagy and promotes viral
replication through extracellular signal-regulated kinase
2 (ERK2), phosphatidylinositol-3 kinase (PI3K)/AKT
and mammalian target of rapamycin (mTOR) signaling
pathways [11]. Therefore, studying the role of NSPs in
regulating the innate immune pathways is vital for viral
replication.

The nuclear factor kappa-B (NF-«xB) is an impor-
tant immune response protein consisting of five family
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members (p65/RelA, RelB, cRel, p50, and p52). They
are able to regulate cell differentiation, survival, and
proliferation, as well as transcription of cytokines
[12]. In the resting state, NF-kB/Rel transcription fac-
tors form complexes with IkB proteins and present in
the cytoplasm in an inactive state. Cell surface-specific
receptors are recognized after the virus infected, then
activate the downstream adaptor proteins and NF-«kB
signaling pathways to resist pathogen invasion by pro-
moting the production of inflammatory cytokines [13].
For example, EV71 2C protein suppresses IkB kinase
B phosphorylation, thereby inhibiting NF-«xB activa-
tion and allowing the virus to escape [14]. CVA16 2C
recruits protein phosphatase 1, inhibiting IKKp phos-
phorylation to regulate the NF-kB pathway and viral
replication [15]. However, the regulatory mechanism of
the NF-«kB signaling pathway through CVB5 NSPs has
not been reported.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is an analytical chemistry technique and
can be used to analyze protein sequences, sites of pro-
tein post-translational modifications, and for quanti-
tative proteomics [16, 17]. Therefore, in this study, we
used LC-MS/MS coupled with immunoprecipitation to
identify the host proteins that interact with the CVB5
3D polymerase. Through the bioinformatics analysis
and experimental verification, we selected the candidate
protein TGF-BATA-activated kinasel binding protein
1 (TABI1) for further study. Our findings suggested that
3D polymerase facilitated the entry of TABI1 into the
nucleus and down-regulated TAB1 expression via the
lysosomal pathway. Also, the TABI1 inhibited the repli-
cation of CVB5 by enhanced inflammatory factors and
activated the NF-kB pathway through the IkBa phospho-
rylation. Our study revealed a new antiviral mechanism
for cellular TABI1 protein and provided a scientific basis
for the development of drugs against CVB5 infection.

Materials and methods

Cells and viral infection

Human rhabdomyosarcoma cells (RD) and human
embryonic kidney 293 T (HEK293T) cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum
(EBS) incubated in CO, incubator at 37 °C.

The CVB5 strain (GenBank accession no. MH201081.1)
was isolated from the HFMD patient in Kunming, Yun-
nan province in 2014. To determine the viral 50% Tissue
Culture Infectious Dose (TCIDg;), RD cells were inocu-
lated and infected with 100 pL of the serially diluted
virus, then cultured for 3-7d. CVB5 TCIDg, was meas-
ured by Reed’s and Muench’s method.
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Plasmids and transfection

The CVB5 3D polymerase gene was cloned into
the pcDNA3.1 vector carrying the Flag tag (named
pcDNA3.1-3D-2Flag). TABI, the 90-96aa domain of
TAB1 and its mutant were cloned into the pcDNA3.1
plasmid (named pcDNA3.1-TAB1, pcDNA3.1-TAB1
(69-334) and pcDNA3.1- TABI-ALA, respectively).
TAB1 siRNA was synthesized as follows: si-TABI-1:
GCACTTTTATGCAAATCGA, si-TAB1-2: GCAACC
GAGTGACCAACTT, and si-TAB1-3: GGATGAGCT
CTTCCGTCTT (Ribobio, China).

Cells were cultured until 70-80% confluency and the
2.0 pg plasmids (or 50 nmol/L si-TAB1) were transfected
with Lipofectamine 2000 (11,668, Thermo Fisher, USA),
then after 24 h infected CVB5 (MOI=0.1). Cells were
harvested at 24 h post-infection (h.p.i.) and lysed. Mock-
infected cells were used as the control.

Sample preparation and protein extraction

RD cells transfected with the 2.0 pg pcDNA3.1-3D-2Flag
(pcDNA3.1 as the control) and samples were harvested
after 24 h (three biological replicates for each group).
SDT (4%SDS, 100 mM Tris—HCl, 1 mM DTT, pH 7.6)
lysis buffer was used for proteins extraction. The amount
of protein was quantified using the bicinchoninic acid
(BCA) protein assay kit (PA115-02, Tiangen Biothch,
China). Protein samples were digested by trypsin accord-
ing to the filter-aided sample preparation (FASP) proce-
dure [18]. The digesting peptides in each sample were
desalted on C18 Cartridges (Empore” SPE Cartridges
C18, Sigma, USA), concentrated by vacuum centrifuga-
tion, and reconstituted in 40 pL of 0.1% (v/v) formic acid.

LC-MS/MS analysis

LC-MS/MS analysis was performed on a Q Exactive
mass spectrometer (0726090, Thermo Scientific, USA)
coupled to Easy nLC (LC140, Thermo Scientific, USA).
Peptides were loaded onto a reverse-phase capture col-
umn (nanoViper C18, Thermo Scientific, USA) for linear
gradient separation. The isolated peptides were analyzed
in a Q Exactive mass spectrometer operating in positive
ion detection mode with peptide recognition mode ena-
bled. The experiment was performed with the assistance
of Applied Protein Technology Co., Ltd, China.

Data processing and bioinformatic analysis

The raw mass spectrometry data for each sample was
combined, identified, and quantified using the MaxQuant
1.5.3.17 software (https://www.maxquant.org/). Protein
sequences of selected differentially expressed proteins
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were searched for using the NCBI BLAST +client soft-
ware (NCBI-blast-2.2.28 +-win32.exe) and InterProScan
(https://www.ebi.ac.uk/interpro/) [19]. To analyze the
function of differentially expressed proteins, mapping of
gene ontology (GO) terms biological process (BP), cel-
lular component (CC), and molecular function (MF)
were determined using Blast2GO [20], annotated using
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
online database (http://geneontology.org/) and mapped
to pathways [21], and the protein—protein interaction
(PPI) information was retrieved with STRING (http://
string-db.org/) [22]. Also, based on the Fold change and
p-value (T-test), Volcano maps for the significantly differ-
entially proteins.

Immunoprecipitation and immunoblotting

Cells were transfected with plasmids, collected, and
lysed. The special antibody (TAB1, A5749, ABclonal
Technology, China) and protein (A+G) agarose beads
were added for immunoprecipitation. The agarose beads
were removed and the precipitated proteins were mixed
with SDS-PAGE buffer. The enriched proteins were
eluted and denatured in a boiling water bath for 10 min
to conduct immunoblotting.

The cell samples were collected by radio immunopre-
cipitation assay lysis buffer, containing protease and
phosphatase inhibitors. Proteins were separated by SDS-
PAGE and transferred to a 0.22 pm PVDF membrane.
The PVDF membranes were then blocked with 2% BSA
or 5% skim milk for 1 h. Antibodies were diluted and
incubated overnight, membranes were washed and then
incubated with secondary antibodies and visualized. The
main antibodies used in this experiment included NF-«xB
pathway antibody sampler kit (9936, Cell Signaling Tech-
nology, USA) and rat anti-CVB5 VP1 (preserved in our
laboratory).

Immunofluorescence assay

The transfected cell samples were washed with Phos-
phate Buffered Saline (PBS), fixed with 4% paraform-
aldehyde for 30 min and 0.2% Triton X-100 for 20 min
followed by blocking with 5% BSA for 2 h. Cells were
washed with PBS, incubated with antibodies for 1 h,
and washed with PBS containing 0.1% Tween-20 (PBS-
T). Then cells were incubated with the secondary anti-
body (A23410 and A23220, Abbkine Scientific, China)
for 1 h followed by washing with PBS-T. The nucleus
was stained with diamidino-2-phenylindole (DAPI) for
2 min. Finally, the staining was observed with the Nikon
confocal microscope.
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Table 1 Primers used in this study

Genes Primer sequence (5'-3")
GAPDH F: GAGTCAACGGATTTGGTCGT
R: GACAAGCTTCCCGTTCTCAG
CVB5 VP1 F: CCAGTGCCCACGAAATAAA
R: TTGCCTATGCTGATGAACGGT
EV71VP1 F: GCAGCGGAACCGACTACTTTG

R: GCCTGYCTAAGRCCTGCGAA

TAB1 F: AAAGCCCGACCTTAACCCTG
R: GCTCCAGGCGGTAAAACT

TNF-a F: GCCACCACGCTCTTCTGTCTAC
R: GGGTCTGGGCCATAGAACTGAT
IL-1B F: ACCTTCCAGGATGAGGACATGA

R: CTAATGGGAACGTCACACACCA

IL-6 F: CACATGTTCTCTGGGAAATCG
R TTGTATCTCTGGAAGTTTCAGATTGTT

CCLS F: CGCTGTCATCCTCATTGCTA
R: CCATTTCTTCTCTGGGTTGG
TAB1-ALA F: GTCCGCAGAGCTCCTGGCGGCCCAGCT
GGCTGCCGCGCACGCCGAGGCCGATGTG
R: CACATCGGCCTCGGCGTGCGCGGCAGC
CAGCTGGGCCGCCAGGAGCTCTGCGGAC
OASL F: TTGTGCCTGCCTACAGAGC
R: TTCAGCTTAGTTGGCCGATGT
MXA F: TTCAGCACCTGATGGCCTATC
R: TGGATGATCAAAGGGATGTGG
ISG15 F: CTCTGAGCATCCTGGTGAGGAA
R: AAGGTCAGCCAGAACAGGTCGT
1SG20 F: TGACCTGAAGCACGACTTCC
R: CAGGCTGTTCTGGATGCTCT
IFIT1 F: TCTCAGAGGAGCCTGGCTAAG
R: CCACACTGTATTTGGTGTCTAGG
IFIT2 F: ACCTCTGGACTGGCAATAGC
R: GTCAGGATTCAGCCGAATGG
IFITM3 F: CATCGTCATCCCAGTGCTGAT

R: ATGGAAGTTGGAGTACGTGGG

Real-time quantitative PCR (RT-qPCR)

RNAiso Plus reagent (9109, Takara, Japan) was used
to extract total cellular RNA. Hifair III 1st Strand
cDNA Synthesis SuperMix (11141ES10, Yeasen, China)
was used for reverse transcription into cDNA. qPCR
was performed in a mixture containing 2 pL forward
primer, 2 pL reverse primer, 1 pL template cDNA and
5 pL SYBR Green Master Mix, following 95°C 30 s; 95°C
10's, 60°C 34 s (40 cycles). The data were normalized to

(See figure on next page.)
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the expression of the housekeeping gene GAPDH. The
primer sequences are shown in Table 1.

Enzyme linked immunosorbent assay (ELISA)

To quantify pro-inflammatory factors, cells were trans-
fected with plasmids, and culture supernatants were col-
lected. The pro-inflammatory factors production was
measured by Human TNF-a (MM-0122H1), IL-1 (MM-
0181H1), IL-6 (MM-0049H1), and CCL5 (MM-14376H1)
ELISA kit (MEIMIAN, China) in accordance with the
manufacturer’s instructions.

Statistical analysis

All experiments were carried out three independent
experiments and data were presented as mean+ SD. The
Student’s t-test was performed for statistical analysis
using the GraphPad Prism9 software. A p-values <0.05
and 0.01 was considered statistically significant and
marked as * and **.

Results

Identification of proteins interacting with CVB5 3D
polymerase

We performed a proteomics analysis to identify host
proteins that interact with CVB5 3D polymerase. Firstly,
the CV5 3D polymerase was successfully overexpressed
in RD cells (Additional file 1: Figure S1) and then fol-
lowed the procedure of Additional file 2: Figure S2 to
definite the differentially expressed proteins and bio-
informatics analyses. From the Venn diagram showed
3296 proteins were commonly expressed between the
CVB5 3D polymerase groups and the control groups,
and 116 proteins were identified as differentially
expressed (Additional file 3: Figure S3). These 116 dif-
ferentially expressed proteins categorized under BP
were mostly involved in cell development and cell adhe-
sion, distributed in desmosome and envelope for CC,
and participated in GTPase binding for MF (Fig. 1A).
Also, the KEGG pathway enrichment analysis showed
that the proteins were largely involved in nerve diseases,
such as Parkinson disease, prion disease, Hunting-
ton disease and neurodegeneration-multiple diseases
(Fig. 1B).

Fig. 1 Identification of cellular proteins interacting with CVB5 3D polymerase. A GO functional enrichment analysis of the 116 differentially
expressed proteins (BP, CC, and MF). A lower p-value indicates higher data reliability; B KEGG enrichment analysis of the 116 differentially
expressed proteins. A lower p-value indicates higher data reliability; C The 35 significantly differentially expressed proteins clustering analysis
between the CVB5 3D polymerase groups and controls (the Fold Change >2.0 and p-value <0.05). The red or blue colors represent significantly
up-regulated or down-regulated proteins, respectively; D Protein—protein interaction (PPI) network of the 35 differentially expressed proteins.
Green, red, and blue represent gene neighborhoods, gene fusions, and gene co-occurrence, respectively; E Volcano plots of the top 10

up or down-regulated proteins. Red dots for the significantly up-regulated proteins, Blue dots for the significantly down-regulated proteins, Gray

dots for the nondifferential expressed proteins
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epithelial cell development -
negative regulation of

cell-cell adhesion
keratinocyte differentiation {
regulation of organelle.

mbly’
keratinocyte development
spliceosomal STRNP assembly.
keratinization |
delamination{

comification

skin morphogenesis |
spliceosomal tr-snRNP
complex assembly
amyloid fibri formation

desmosome |

comified envelope

U4/U6 x US tri-snRNP complex:
spliceosomal tri-snRNP complex
U2-type precatalytic
spliceosome
precatalytic spliceosome-{

catalytic step 2 spliceosome-{
U2-type spliceosomal complex
spliceosomal snRNP complex
Lsm1-7-Pat1 complex
Lsm2-8 complex
Us snRNP

0050 0055  0.060

GeneRatio

C

0.065 0070

Parkinson disease
Prion disease
Huntington disease

Amyotrophic lateral sclerosis

Aeteipe disass
neurodegeneration - multiple
diseases

Proteasome

Spinocerebellar ataxia
Systemic lupus erythematosus {

Alcoholism{
Neutrophil extracellular

rap formatiol
PR
misregulation in cancer
Epstein-Barr virus infection

Viral carcinogenesis -
Shigellosis {

African trypanosomiasis 1
Malaria

Cholesterol metabolism 1

Mineral absorption |
Cortisol synthesis and
secretion

PPAR signaling pathway

Leishmaniasis 1
Drug metabolism - other
enzymes

Nucleotide metabolism 1

Cardiac muscle contraction |

IL-17 signaling pathway
Staphylococcus aureus
infection

Hematopoietic cell lineage
Progesterone-mediated oocyte
maturation

NF-kappa B signaling pathway

0.

TIGD1

IFT74
@“Pm @HBM

0.15
GeneRatio

0.20

PBX1 PPFIA3

000008
N6-methyladenosine-containing
RNA bindi

Page 5 of 14

The GO_MF enrichment analysis of all DEGs
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Table 2 The top 10 down-regulated or up-regulated proteins

Gene name Protein name Protein p-values Level
PBX1 Pre-B-cell leukemia transcription factor 1 Q96LB3 0.0020 Down
IFT74 Infraglabellar transport protein 74 homolog Q96183 0.0022 Down
HPRT1 Hypoxanthine-guanine phosphoribosyl transferase P00492 0.0028 Down
RPL36 60S ribosomal protein L36 Q9Y3u8 0.0059 Down
H4C1 Histone H4 P62805 0.0090 Down
IRF2BPL Probable E3 ubiquitin-protein ligase IRF2BPL Q9H1B7 0.0110 Down
H3C1 Histone H3.1 P68431 0.0114 Down
PSMA5 Proteasome subunit alpha type-5 P28066 0.0309 Down
STRN4 Striatin-4 Q9NRL3 0.0352 Down
TAB1 TGF-beta-activated kinase 1 and MAP3K7-binding protein 1 Q15750 0.0360 Down
HBA1 Hemoglobin subunit alpha P69905 0.0007 Up
TMEM9 Proton-transporting V-type ATPase complex assembly regulator TMEM9 QoPQOT7 0.0027 Up
APOC3 Apolipoprotein C-lll P02656 0.0033 Up
INO80B INO80 complex subunit B Q9C086 0.0036 Up
TIGD1 Tigger transposable element-derived protein 1 Q96MW?7 0.0044 Up
DSG1 Desmoglein-1 Q02413 0.0054 Up
TROAP Tastin Q12815 0.0074 Up
S100A8 Protein S100-A8 P05109 0.0091 Up
ATP5MD ATP synthase membrane subunit DAPIT, mitochondrial Q96IX5 0.0103 Up
FXR2 Fragile X mental retardation syndrome-related protein 2 P51116 0.0106 Up

Among the 116 differentially expressed proteins, clus-
ter analysis plots showed that a total of 35 proteins were
significantly differentially expressed according to the Fold
Change>2.0 and p-value<0.05. Of these proteins, 20
proteins were up-regulated and 15 proteins were down-
regulated (Fig. 1C). As protein—protein interactions can
result in the formation of complexes that exert biologi-
cal regulation, we further used PPI networks to illustrate
the cellular proteins interacting with 3D polymerase. As
shown in Fig. 1D, the proteins involved in metabolic pro-
cesses and immune regulation, such as the components
of the 26S proteasome complex, have multiple protein
hydrolase activities and are dependent on the ubiquitin
pathway. Then, we selected the top 10 significantly down-
regulated or up-regulated proteins (Table 2) for analysis
and visualization with a Volcano plot (Fig. 1E). Based on
functional analysis, we identified a candidate protein,
TAB1, as a cellular protein interacting with CVB5 3D
polymerase.

CVB5 3D polymerase down-regulates TAB1 expression
through the lysosomal pathway

To confirm the interaction between TAB1 and 3D poly-
merase, we overexpressed the pcDNA3.1-3D-2Flag and
conducted co-immunoprecipitation to validate the asso-
ciations. As shown in Figs. 2A, 3D polymerase directly
specifically interacted with TAB1 which was detected

by using the anti- TAB1 antibody. To further confirm the
TABI direct association with 3D polymerase, the anti-
Flag was used to perform co-immunoprecipitation, and
results confirmed that TABI was also specifically bound
to 3D polymerase (Fig. 2B). Also, we examined their co-
localization by confocal assay and observed that TABI1
was mainly distributed in the cytoplasm and 3D polymer-
ase facilitated the TABI1 entry into the nucleus (Fig. 2C).

From the cluster analysis plots (Fig. 1E), the 3D poly-
merase down-regulated the expression of TABI1. Con-
sistent with the plots, the 3D polymerase down-regulated
TABI at the protein levels (Fig. 2D), not at the RNA level
(Additional file 4: Figure S4). To determine which path-
ways contributed to the down-regulation of TABI, the
autophagy inhibitor (3MA), lysosomal inhibitors (CQ
and Baf-Al), and the protease inhibitor (MG132) were
evaluated. The lysosomal inhibitors (CQ and Baf-Al)
restored the expression of TABI1 from the protein level,
proposing that 3D polymerase down-regulated TABI1
expression through the lysosomal pathway (Fig. 3D and
Additional file 5: Figure S5).

TAB1 inhibits CVB5 replication

To evaluate the effect of TAB1 on viral replication,
endogenous knockdown (si-TAB1) or overexpression of
TAB1 (pcDNA3.1-TAB1) was successfully performed,
and si-TAB1-3 was selected for experiments (Additional
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Fig. 2 CVB5 3D polymerase down-regulates TAB1 expression through the lysosomal pathway. pcDNA3.1-3D-2Flag (pcDNA3.1 as the control)

was transfected into RD cells and harvested at 24 h post-transfection. A Lysates were subjected to anti-TABT immunoprecipitation and analyzed

by immunoblotting; B Lysates were subjected to anti-Flag immunoprecipitation and analyzed by immunoblotting; C The co-localization of 3D
polymerase and TAB1 analyzed by confocal assay; D Cells maintained for 24 h in the presence of the autophagy inhibitor (3MA), lysosomal inhibitor
(CQ or Baf-A1), and protease inhibitor (MG132). The expression of TAB1 in cell lysates was analyzed by Western blotting. The numbers are the level
of expression compare to the controls

files 6, 7: Figure S6 and S7). As shown in Fig. 3A-B, and 24 h compared to the control (Fig. 3C). Meanwhile,
after transfection with si- TAB1, the mRNA and protein  after transfection with pcDNA3.1-TAB1, the mRNA and
expressions of CVB5 VP1 promoted significantly. Also, protein expressions of CVB5 VP1 were inhibited sig-
the TCID;, showed that the viral titers increased after 12 nificantly (Fig. 3D-E). And, the TCID;, showed that the
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Fig. 3 TABI1 inhibits CVB5 replication. A-C si-TAB1 (siNC as the control) was transfected into RD cells, then infected CVB5. Cells were harvested

at 24 h.p.i.. The expression of CVB5 VP1 in cell lysates was analyzed by RT-qPCR (A) and Western blotting (B); Supernatant was collected for TCID50
measurement (C); (D-F) pcDNA3.1-TAB1 plasmid (pcDNA3.1 as the control) was transfected into RD cells, then infected CVB5. Cells were harvested
at 24 h.p.i.. The expression of CVB5 VP1 in cell lysates was analyzed by RT-gPCR (D) and Western blotting (E); Supernatant was collected for TCID50
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measurement (I). Data are represented as mean+SD. **P <0.01

viral titers decreased after 12 and 24 h compared to the
control (Fig. 3F). Also, TABI inhibited CVB5 cytopathic
effect (CPE) (Additional file 8: Figure S8). These results
show that TABI inhibits the CVB5 replication. Further-
more, we investigated whether TABI1 regulated EV71
replication. As shown in Fig. 3G—H, TAB1 could inhibit
mRNA expression as well as protein expression of EV71
VP1. Also, the TCID;, showed that TABI1 significantly
decreased EV71 viral titers after 12 and 24 h compared to
the control (Fig. 3I). All results indicate that TAB1 may
play a vital role in HFMD viral replication.

TAB1 promotes the expression of pro-inflammatory factors
and activates the NF-kB pathway

Interferon-stimulated genes (ISGs) and pro-inflamma-
tory factors are important regulators to inhibit viral
infection. We examined these factors and showed
that the expressions of inflammatory factors were up-
regulated, especially the late-stage pro-inflammatory
factors (IL-6 and CCL5) (Fig. 4A). Additionally, the
ELISA results confirmed TABI1 induced the produc-
tion of TNF-a, IL-1B, IL-6, and CCL5 (Fig. 4B). These
results suggested that TAB1 might regulate the NF-«xB



Zhang et al. Virology Journal (2023) 20:291 Page 9 of 14
A . - N1 CVB5 (MOI=0.1)
-t . pcl : _—
. B = poDNA3A-TABT pcDNA3.1  + D CVB5 (MOI=0.1)
5 i pcDNA3.1-TABT - + pcDNA31  +
7]
s 7 135KDa [ s = == |MDA5  PpcDNA31-TAB1 - +
o
id. 102108 [ B |1 I
z
10 5 85 KDa [leemer s 1k 84 KDa [ LA W] p-TBK
[}
2 ™ ns
K ; ns ns TS DS nS  ns 87 KDa IKKB 65 KDa | §| IRF7
['4
__l_ 8587 KDa [T S| p-IKKa/p 65 KDa oIRF7
SNSRI e g° b 39 KDa [ S]iBa
I FFFSEL LS EEYE 134 KDa ETYKZ
. . 40KDa | ws WeN® [P 84/91 KDa STATA
900 . 600 ™ — 100!
—3 65 KDa M- a— 55
6 800 84/91 KDa | === Wawuugs’ | p-STAT1
£ 600 E 400 n 2 1 2.94
2 2 54 2o 65 KDa P-P65 37KDa GAPDH
g ¢ ry 3 400
g %0 = 200 2, 3 55 KDa Ela—Tubulin
200
0 0 0 0
& ) S N N PN
¢ & o°°\( & o°°\k° .\{\v‘? Cz"(\\X ,\{\"
& & & &
S S e S

Fig. 4 TAB1 promotes the expressions of pro-inflammatory factors and activates the NF-kB pathway. pcDNA3.1-TAB1 (pcDNA3.1 as the control)
was transfected into RD cells, then infected CVB5. Cells were harvested at 24 h.p.i.. A The expressions of pro-inflammatory factors and 1SGs were
analyzed by RT-gPCR; B ELISA analysis of the production of TNF-q, IL-13, IL-6, and CCL5 in the supernatant; C The expressions of NF-kB pathway
proteins in cell lysates were analyzed by Western blotting; D The expressions of IFN-I pathway proteins in cell lysates were analyzed by Western

blotting. Data are represented as mean £ SD. *P <0.05, **P <0.01

pathway to promote the expression of pro-inflamma-
tory factors. This was confirmed by the observation
that TABI stimulated the phosphorylation of IkBa,
which was then degraded by the proteasome, thereby
activating the phosphorylation of p65, which activated
the expression of downstream inflammatory factors
that exerted antiviral effects (Fig. 4C). Concurrently, we
observed that TAB1 did not affect the expression of the
key proteins in the IFN-I pathway (Fig. 4D). All results
showed that TAB1 promoted the expression of pro-
inflammatory factors and activates the NF-«xB pathway.

The 90-96aa domain of TAB1 is responsible

for the function

We performed structural domain delineation of TABI1
based on the domain mapping of the disease mutations
database. TAB1 is composed of 504 amino acid (aa) resi-
dues and contains the phosphatase 2C (PP2C) domain
which has phosphatase activity (Fig. 5A). Meanwhile,
Pymol was used to predict the interaction domains of
3D polymerase and TABI. The results indicated that
the 16-25aa domain (SWTDDLPLCH), 59-61aa domain
(ENN), and 90-96aa domain (LGQLNAEHAL) of TAB1

might enable the interaction between the two pro-
teins (Fig. 5B). The 3D polymerase is an RNA synthesis
polymerase, so we speculated that the 90-96aa domain
located in the active structural domain of TAB1 phos-
phatase might be their interaction domain. Therefore, the
alanine residue within the 90-96aa domain of TAB1 was
mutated and constructed with His tag into pcDNA3.1
(pcDNA3.1- TAB1-ALA-6His). The co-immunoprecip-
itation results showed that the mutation of the 90-96aa
of TAB1 and 3D polymerase could not be immunopre-
cipitated (Fig. 5C) which agreed with our prediction.
All results illustrated that CVB5 3D polymerase mainly
interacted with the 90-96aa domain of TABI.

Also, we tested the effect of the 90-96aa and 90-96aa-
ALA mutant of TAB1 on CVB5 replication. The results
showed that mutating the alanine residue within the
90-96aa domain restricted TABI1 from inhibiting viral
replication (Fig. 5D-E), further suggesting that the
90-96aa domain is vital for TABI function. Moreover,
the TAB1 90-96aa mutant did not activate the NF-«xB
pathway through the phosphorylation of IkBa and p65
(Fig. 5F). These results confirmed the function of the
TAB1 90-96aa domain.
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Discussion

CVBS5 infection is a serious threat to global public health,
especially in infants and young children with HFMD,
resulting in neurological complications. However, the
mechanisms of CVB5 in causing HFMD and even severe
diseases have not been fully explored. Accumulated
evidence implied the manipulation of viral replication
processes by the host chiefly occurs through physical
interactions between the viral and host proteins. Among
the several NSPs of CVB5, the 3D polymerase is a virus-
encoded RNA-dependent RNA polymerase (RdRP)
which plays an important role in the lifecycle of picorna-
virus involved in viral structural integrity, nucleotide rec-
ognition and binding, phosphoryl transfer, and initiation
of nucleotide binding function [23]. Crystal structure
analysis revealed that the structure of 3D polymerase
resembled a "right hand" structure consisting of "palm”,
"finger" and "thumb" domains, which determined the cor-
rect geometric arrangement of substrate molecules and
metal ions at the active catalytic site [24]. Previous stud-
ies have revealed that the picornavirus 3D polymerase
could interact with host proteins to patriciate with viral
RNA synthesis. For example, 3D polymerase promotes
EV71 infection by interacting with the host protein
ANXA2 to assist in the assembly of replicative orga-
nelles [25]. Also, 3D polymerase plays a role in regulating
IEN-I signaling pathways as well as viral replication. For

example, EV71 3D polymerase interacts with MDA5 to
inhibit IFN-p promoter activation and mRNA expression
[26]. Simultaneously, the EV-D68 3D polymerase inhib-
ited the expression of IFN-p by affecting the expression of
PGAMS5 [27]. Collectively, the picornavirus 3D polymer-
ase might broadly associate with host factors to regulate
viral replication. Therefore, we focused on understanding
the interaction between 3D polymerase of CVB5 with
host factors involved in the innate immune pathway.
Recently LC-MS/MS protein quantification technology
has contributed to a number of studies on protein—pro-
tein interactions [28]. Several studies have reported on
the use of LC-MS to identify and characterize host and
viral proteins. Such as LC-MS/MS quantitative proteom-
ics has been used to reveal changes in the nucleolar pro-
teome of influenza A virus, hepatitis B virus, and human
immunodeficiency virus-infected cells [29-31]. Hence,
we used LC-MS/MS proteomics technology to screen
for host proteins that interact with CVB5 3D polymerase
in RD cells. A total of 116 proteins with different expres-
sions were identified, of which 35 proteins exhibited sig-
nificant expression differences. We enriched the immune
pathway for IMPDH2 (Inosine-5"-monophosphate dehy-
drogenase 2), ATG5 (Autophagy Related 5), TABI, and
other proteins. IMPDH?2 is an important enzyme in gua-
nine nucleotide biosynthesis and up-regulated in a vari-
ety of tumor cells [32-34]. It promotes the development
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of colorectal cancer through activation of PI3K/AKT
signaling pathways [35]. Recent studies have also shown
that IMPDH2 regulates innate immune signaling path-
ways and promotes the replication of the SARS-CoV-2
virus [36]. ATG5 is a key autophagic factor that regu-
lates dendritic cell reprogramming to inhibit respiratory
syncytial virus infection [37]. Collectively, the identified
cellular proteins and how they interact with CVB5 3D
polymerase may be an important strategy to explore the
mechanism of viral replication and guide antiviral drug
development in the further.

TAB1 is constitutively associated with the composi-
tion N-terminal kinase domain of TAK1 and can be acti-
vated by pro-inflammatory cytokines (TNFa and IL-1pB)
and toll-like receptor ligands. The TAB1-TAK1 com-
plexes play essential roles in the activation of inflamma-
tory responses and involve in the regulation of a wide
range of pathological processes, such as cancer and
diabetes [38—40]. Furthermore, The NSP5 proteases of
SARS-CoV-2 could mediate the cleavage of TAB1 which
point to enhance production of cytokines and inflam-
matory response in COVID-19 patients, demonstrating
that they involved in the host innate immune response
[41]. And, TABIl-mediated p38a activation facilitated
Hepatitis C Virus replication [42]. However, its regula-
tory mechanism in antiviral immunity via other inflam-
matory responses has not been reported previously. Our
study demonstrated that TAB1 down-regulated by CVB5
3D polymerase stimulated the phosphorylation of IkBa,
followed by activation of the NF-xB pathway and proin-
flammatory factors. Thus, TABI is a key cellular protein
that bridges the lifecycle of the HFMD virus and the host
innate immune response.

Conclusion

In summary, we investigated the cellular protein TAB1
was one of the down-regulated proteins associated with
CVB5 3D polymerase in RD cells. TABI1 stimulated
the phosphorylation of IkBa, followed by activation of
the NF-kB pathway and proinflammatory factors, then
inhibited HFMD viral replication including EV71 and
CVB5 (Fig. 6). Further experimental data showed that
the 90-96aa domain of TABI plays a vital role. Our study
provides new insight into the interaction network of
virus and host to enable HFMD drug development in the
future.

Abbreviations

CVB5 Coxsackievirus group B type 5

HFMD Hand-foot-mouth disease

TAB1 TGF-BATA-activated kinase 1 binding protein 1
NF-kB Nuclear factor kappa-B

NSPs Nonstructural proteins

Page 12 of 14
IFN-1 Type | interferon
LC-MS/MS  Liquid chromatography-tandem mass spectrometry
MOl Multiplicity of infection
GO Gene ontology
KEGG Kyoto encyclopedia of genes and genomes
ISGs Interferon-stimulated genes

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512985-023-02259-w.

Additional file 1. Figure S1: pcDNA3.1-3D-2Flag was transfected into
RD cells and harvested at 24hours post-transfection (pcDNA3.1 as the
control). The expression of 3D-2Flag was analyzed by Western blotting.

Additional file 2. Figure S2: Flowchart of the bioinformatic analysis to
define the differentially expressed proteins.

Additional file 3. Figure S3:Venn diagrams showed the numbers of over-
lapped proteins between the CVB5 3D groups and controls.

Additional file 4. Figure S4: pcDNA3.1-3D-2Flag was transfected into
RD cells and harvested at 24hours post-transfection (pcDNA3.1 as the
control). The expression of TAB1 was analyzed by RT-gPCR.

Additional file 5. Figure S5: pcDNA3.1-3D-2Flag (pcDNA3.1 as the con-
trol) was transfected into RD cells and harvested at 24hours post-trans-
fection. The expression of TAB1, LC3II/l, p62 and LAMP2 were analyzed by
Western blotting.

Additional file 6. Figure S6: si-TAB1 (siNC as the control) was transfected
into RD cells and harvested at 24hours post-transfection. The expression
of TABT was analyzed by RT-gPCR (A) and Western blotting (B). Data are
represented as mean + SD. **P < 0.01.

Additional file 7. Figure S7: pcDNA3.1-TAB1 (pcDNA3.1 as the control)
was transfected into RD cells and harvested at 24hours post-transfection.
The expression of TABT was analyzed by RT-gqPCR (A) and Western blotting
(B). Data are represented as mean + SD. ***P < 0.001.

Additional file 8. Figure S8: pcDNA3.1-TAB1 (pcDNA3.1 as the control)
was transfected into RD cells and the supernatant was collected for CPE
experiments at 24 hours post-transfection. Data are represented as mean
+SD.*P <0.05.

Acknowledgements
We would like to thank the molecular pharmacology team for the support and
valuable discussion.

Author contributions

WC conceived and designed this study, obtained the funding. JYZ performed
the experiments, prepared the figure and wrote the original Draft. PYT and BS
participated the partial experiment and discussion the results. JHZ revised the
manuscript. XSZ contributed to analysis the data. All authors approved the
final version of the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 81860357), Young Talents Support Program of Yunnan Province (Ten
Thousand People Plan, YNWR-QNBJ-2019-178).

Availability of data and materials

All data and materials were available from the corresponding author on rea-
sonable request unless purchased from a commercial entity. The protein data
presented in this study are available in the iProX under PXD044375.

Declarations

Ethics approval and consent for publication
Not applicable.


https://doi.org/10.1186/s12985-023-02259-w
https://doi.org/10.1186/s12985-023-02259-w

Zhang et al. Virology Journal

(2023) 20:291

Competing interests
All authors declare no conflict of interest.

Received: 4 September 2023 Accepted: 6 December 2023
Published online: 10 December 2023

References

1.

Chen YC, Yang SL, Yang H, Lin TY, Hsieh YC, Huang KA, et al. Clinical
characteristics of echovirus 11 and coxsackievirus B5 infections in
Taiwanese children requiring hospitalization. J Microbiol Immunol Infect.
2021,54(4):581-7.

Machado RS, Gomes-Neto F, Aguiar-Oliveira ML, Burlandy FM, Tavares FN,
da Silva EE, et al. Analysis of Coxsackievirus B5 infections in the central
nervous system in Brazil: insights into molecular epidemiology and
genetic diversity. Viruses. 2022;14(5):899.

Dumaidi K, Al-Jawabreh A, Samarah F, Zraigi A, Yaseen D. Genetic diversity
of the enteroviruses detected from cerebrospinal fluid (CSF) samples

of patients with suspected aseptic meningitis in northern West Bank,
Palestine in 2017. PLoS ONE. 2018;13(12): e0202243.

Tushabe P, Howard W, Bwogi J, Birungi M, Eliku JP, Kakooza P, et al.
Molecular characterization of non-polio enteroviruses isolated from acute
flaccid paralysis patients in Uganda. J Med Virol. 2021,93(8):4720-8.

Hu YF, Yang F, Du J, Zhang T, Xue Y, Jin Q. Coxsackievirus B5, associ-

ated with neurological hand, foot and mouth disease China. J Infect.
2012,65(2):189-91.

Toczylowski K, Wieczorek M, Bojkiewicz E, Wietlicka-Piszcz M, Gad B, Sulik
A. Pediatric enteroviral central nervous system infections in bialystok,
poland: epidemiology, viral types, and drivers of seasonal variation.
Viruses. 2020;12(8):893.

Liu H, Zhang H, Zhang M, Changzeng F, Cong S, Xu D, et al. Epidemio-
logical and etiological characteristics of viral meningitis for hospitalized
pediatric patients in Yunnan, China. Medicine (Baltimore). 2022;101(26):
e29772.

Rezig D, Ben Yahia A, Ben Abdallah H, Bahri O, Triki H. Molecular charac-
terization of coxsackievirus B5 isolates. J Med Virol. 2004;72(2):268-74.

Lei X, Liu X, MaY, Sun Z,Yang Y, Jin Q et al. The 3C protein of entero-
virus 71 inhibits retinoid acid-inducible gene I-mediated interferon
regulatory factor 3 activation and type | interferon responses. J Virol.
2010,84(16):8051-61.

Kang J, Pang Z, Zhou Z, Li X, Liu S, Cheng J, et al. Enterovirus D68 protease
2A(pro) targets TRAF3 To subvert host innate immune responses. J Virol.
2021;95(3):10-128.

Zhao J, Zhang T, Chen G, Geng N, Guo Z, Cao S, et al. Non-structural
protein 3 of duck tembusu virus induces autophagy via the ERK and PI3K-
AKT-mTOR signaling pathways. Front Immunol. 2022;13: 746890.

Mitchell S, Vargas J, Hoffmann A. Signaling via the NFkappaB system.
Wiley Interdiscip Rev Syst Biol Med. 2016;8(3):227-41.

Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity.
Cell. 2020;180(6):1044-66.

Zheng Z, Li H, Zhang Z, Meng J, Mao D, Bai B, et al. Enterovirus 71 2C pro-
tein inhibits TNF-alpha-mediated activation of NF-kappaB by suppressing
lkappaB kinase beta phosphorylation. J Immunol. 2011;187(5):2202-12.
LiQ Zheng Z, LiuY, Zhang Z, Liu Q, Meng J, et al. 2C proteins of enterovi-
ruses suppress IKKbeta phosphorylation by recruiting protein phos-
phatase 1. JVirol. 2016;90(10):5141-51.

Kaushik P, Curell RV, Henry M, Barron N, Meleady P. LC-MS/MS-based
quantitative proteomic and phosphoproteomic analysis of CHO-K1

cells adapted to growth in glutamine-free media. Biotechnol Lett.
2020;42(12):2523-36.

Johnson H, Eyers CE. Analysis of post-translational modifications by
LC-MS/MS. Methods Mol Biol. 2010;658:93-108.

Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample prepa-
ration method for proteome analysis. Nat Methods. 2009,6(5):359-62.

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 13 of 14

Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol. 2008;26(12):1367-72.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ,

et al. High-throughput functional annotation and data mining with the
Blast2GO suite. Nucl Acids Res. 2008;36(10):3420-35.

Kanehisa M, Goto S, Sato Y, Furumichi M, Tanabe M. KEGG for integration
and interpretation of large-scale molecular data sets. Nucl Acids Res.
2012;40:D109-14.

von Mering C, Huynen M, Jaeggi D, Schmidt S, Bork P, Snel B. STRING: a
database of predicted functional associations between proteins. Nucl
Acids Res. 2003;31(1):258-61.

SunY,Wang, Shan C, Chen C, Xu P, Song M, et al. Enterovirus 71 VPg
uridylation uses a two-molecular mechanism of 3D polymerase. J Virol.
2012;86(24):13662-71.

Chen C,Wang, Shan C, Sun Y, Xu P, Zhou H, et al. Crystal structure of
enterovirus 71 RNA-dependent RNA polymerase complexed with its pro-
tein primer VPg: implication for a trans mechanism of VPg uridylylation. J
Virol. 2013;87(10):5755-68.

Zhang Q, Li S, Lei P, Li Z, Chen F, Chen Q, et al. ANXA2 Facilitates entero-
virus 71 infection by interacting with 3D polymerase and PI4KB to assist
the assembly of replication organelles. Virol Sin. 2021;36(6):1387-99.

Kuo RL, Chen CJ, Wang RYL, Huang HI, Lin YH, Tam EH, et al. Role of
enteroviral RNA-dependent RNA polymerase in regulation of MDA5-
mediated beta interferon activation. J Virol. 2019;93(10):10-128.

Yang Z, Zheng H, Li H, ChenY, Hou D, Fan Q, et al. The expression of IFN-
beta is suppressed by the viral 3D polymerase via its impact on PGAMS5
expression during enterovirus D68 infection. Virus Res. 2021;304: 198549.
LiuR, LiuT, Wei W, Guo K, Yang N, Tian S, et al. Novel interacting proteins
identified by tandem affinity purification coupled to nano LC-MS/MS
interact with ribosomal S6 protein kinase 4 (RSK4) and its variant protein
(RSK4m). Int J Biol Macromol. 2017;96:421-8.

Zhao X, WuY, Duan J, MaY, Shen Z, Wei L, et al. Quantitative proteomic
analysis of exosome protein content changes induced by hepatitis B
virus in Huh-7 cells using SILAC labeling and LC-MS/MS. J Proteome Res.
2014;13(12):5391-402.

Zhuang K, Zhang Y, Mo P, Deng L, Jiang Y, Yu L, et al. Plasma proteomic
analysis reveals altered protein abundances in HIV-infected patients with
or without non-Hodgkin lymphoma. J Med Virol. 2022;94(8):3876-89.
Emmott E, Wise H, Loucaides EM, Matthews DA, Digard P, Hiscox JA.
Quantitative proteomics using SILAC coupled to LC-MS/MS reveals
changes in the nucleolar proteome in influenza A virus-infected cells. J
Proteome Res. 2010;9(10):5335-45.

XuY, Zheng Z, Gao Y, Duan S, Chen C, Rong J, et al. High expression of
IMPDH2 is associated with aggressive features and poor prognosis of
primary nasopharyngeal carcinoma. Sci Rep. 2017;7(1):745.

HeY, Zheng Z, XuY,Weng H, Gao Y, Qin K; et al. Over-expression of
IMPDH2 is associated with tumor progression and poor prognosis in
hepatocellular carcinoma. Am J Cancer Res. 2018;8(8):1604-14.

Zou J,Han Z, Zhou L, Cai C, Luo H, Huang Y, et al. Elevated expression of
IMPDH2 is associated with progression of kidney and bladder cancer.
Med Oncol. 2015;32(1):373.

Duan S, Huang W, Liu X, Liu X, Chen N, Xu Q, et al. IMPDH2 promotes
colorectal cancer progression through activation of the PI3K/AKT/
mTOR and PI3K/AKT/FOXO1 signaling pathways. J Exp Clin Cancer Res.
2018;37(1):304.

Zaffagni M, Harris JM, Patop IL, Pamudurti NR, Nguyen S, Kadener S.
SARS-CoV-2 Nsp14 mediates the effects of viral infection on the host cell
transcriptome. Elife. 2022;11:71945.

Oh DS, Park JH, Jung HE, Kim HJ, Lee HK. Autophagic protein ATG5
controls antiviral immunity via glycolytic reprogramming of den-

dritic cells against respiratory syncytial virus infection. Autophagy.
2021;17(9):2111-27.

Zeng H, Qi X, Xu X, Wu Y.TAB1 regulates glycolysis and activation of mac-
rophages in diabetic nephropathy. Inflamm Res. 2020;,69(12):1215-34.
Xu YR, Lei CQ. TAK1-TABs complex: a central signalosome in inflammatory
responses. Front Immunol. 2020;11: 608976.

Wei S, Zhao Q, Zheng K, Liu P, Sha N, Li Y, et al. GFAT1-linked TAB1 gluta-
mylation sustains p38 MAPK activation and promotes lung cancer cell
survival under glucose starvation. Cell Discov. 2022;8(1):77.



Zhang et al. Virology Journal

41.

42.

(2023) 20:291

Moustagil M, Ollivier E, Chiu HP, Van Tol S, Rudolffi-Soto P, Stevens C,

et al. SARS-CoV-2 proteases PLpro and 3CLpro cleave IRF3 and critical
modulators of inflammatory pathways (NLRP12 and TAB1): implica-

tions for disease presentation across species. Emerg Microbes Infect.
2021;10(1):178-95.

Cheng, Sun F,Wang L, Gao M, Xie Y, Sun'Y, et al. Virus-induced p38 MAPK
activation facilitates viral infection. Theranostics. 2020;10(26):12223-40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Down-regulated  TAB1 suppresses the replication of Coxsackievirus B5 via activating the NF-κB pathways through interaction with viral 3D polymerase
	Abstract 
	Background
	Materials and methods
	Cells and viral infection
	Plasmids and transfection
	Sample preparation and protein extraction
	LC–MSMS analysis
	Data processing and bioinformatic analysis
	Immunoprecipitation and immunoblotting
	Immunofluorescence assay
	Real-time quantitative PCR (RT-qPCR)
	Enzyme linked immunosorbent assay (ELISA)
	Statistical analysis

	Results
	Identification of proteins interacting with CVB5 3D polymerase
	CVB5 3D polymerase down-regulates  TAB1 expression through the lysosomal pathway
	TAB1 inhibits CVB5 replication
	TAB1 promotes the expression of pro-inflammatory factors and activates the NF-κB pathway
	The 90-96aa domain of  TAB1 is responsible for the function

	Discussion
	Conclusion
	Anchor 23
	Acknowledgements
	References


