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Abstract

Foot-and-Mouth Disease (FMD) is a highly contagious trans-boundary viral disease caused by FMD vi-
rus, which causes huge economic losses. FMDV infects cloven hoofed (two-toed) mammals such as cat-
tle, sheep, goats, pigs and various wildlife species. To control the FMDV, it is necessary to understand 
the life cycle and the pathogenesis of FMDV in host. Especially, the protein-protein interaction between 
FMDV and host will help to understand the survival cycle of viruses in host cell and establish new 
therapeutic strategies. However, the computational approach for protein-protein interaction between 
FMDV and pig hosts have not been applied to studies of the onset mechanism of FMDV. In the present 
work, we have performed the prediction of the pig’s proteins which interact with FMDV based on 
RNA-Seq data, protein sequence, and structure information. After identifying the virus-host interaction, 
we looked for meaningful pathways and anticipated changes in the host caused by infection with 
FMDV. A total of 78 proteins of pig were predicted as interacting with FMDV. The 156 interactions 
include 94 interactions predicted by sequence-based method and the 62 interactions predicted by struc-
ture-based method using domain information. The protein interaction network contained integrin as well 
as STYK1, VTCN1, IDO1, CDH3, SLA-DQB1, FER, and FGFR2 which were related to the up-regu-
lation of inflammation and the down-regulation of cell adhesion and host defense systems such as mac-
rophage and leukocytes. These results provide clues to the knowledge and mechanism of how FMDV 
affects the host cell.
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INTRODUCTION

  Foot-and-mouth disease (FMD) is a highly contagious 
trans-boundary disease, which causes huge economic losses. 
It has important implications for international trade in 

animal products and for economic impacts of the live-
stock industry. FMDV, the causing agent, is a non-en-
veloped virus with a single stranded RNA genome and 
belongs to the family Picornaviridae, genus Aphthovirus. 
The RNA genome of approximately 8.4 kilo nucleotides 
in length is enclosed within an icosahedral capsid which 
is composed of 60 copies of four different structural 
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proteins such as viral protein (VP) 1, VP2, VP3, and 
VP4. FMDV also includes eight non-structural proteins 
(L, 2A, 2B, 2C, 3A, 3B, 3C, and 3D) (Gao et al, 2016).
  It infects cloven hoofed (two-toed) mammals such as 
cattle, sheep, goats, pigs and various wildlife species. 
The FMDV initiates infection via a variety of sites. The 
transmission is formed by the physical contact with ex-
cretions or secretions from infected animals, indirect 
contact via contaminated all classes of fomites and air-
borne transmission (Alexandersen et al, 2003). Sometimes, 
the airborne transmission is speculated to be a key role 
in some outbreaks (Christensen et al, 2005).
  Several studies have shown initial events between 
FMDV and the receptor of host cells when the infection 
was established. FMDV has been shown to have highly 
conserved triplet arginine-glycine-aspartate (Arg-Gly-Asp, 
RGD) motif in the protruding G-H loop in the VP1 for 
integrin receptor recognition (Baxt and Becker, 1990). 
Until now 24 integrins were found in vertebrates, and 
FMDV utilizes four different types of integrin receptors 
(Neff et al, 1998; Jackson et al, 2004). Eventually, the 
FMDV-integrin complex induces viral internalization. 
Like most RNA viruses, FMDV is introduced into cells 
using endocytic mechanisms of host cells, of which cla-
thrin-mediated endocytosis is the most potent. Another 
studies showed that FMDV was mainly absorbed by mi-
cropinocytosis to some extent (Han et al, 2016). After 
FMDV enters the susceptible host cells, the virus first 
encounters the immune responses. Because viruses de-
pend on the host for survival, growth, and transmission, 
FMDV exploits host cell machinery to evade host’s im-
mune system and defense mechanisms.
  To identify the virus replication and persistence mech-
anism and to control rapid FMDV transmission, it is es-
sential to understand the virus-host protein-protein inter-
actions (PPIs). PPIs are important not only to under-
stand the mechanism of the infection, but can also pres-
ent new strategies to prevent and treat FMD. Because of 
the importance of PPI, several researches have made ef-
forts to identify interactions with hosts in many viruses. 
Despite these efforts, however, there is little known in-
teraction information between FMDV and host proteins 
because FMDV has few experimentally validated data 
compared to other viruses such as human immuno-

deficiency virus type 1, eptein-barr virus and influenza 
A virus. Therefore, we predicted PPIs between FMDV 
and its host, Sus scrofa, to look for novel virus-host 
interactions. The computational PPI prediction has been 
developed in variety of ways using sequence (Shen et 
al, 2007), domain (Park et al, 2001; Itzhaki, 2011), pro-
tein structure (Franzosa and Xia, 2011), and so on. We 
used both the protein sequence information of already 
known virus-host interaction and the protein structure 
information based on the three-dimensional structure 
domain. The concept of “Interologs” applies to the pre-
diction method of the PPI to extend the interaction 
network. (Walhout et al, 2000). Interologs are described 
as an orthologous pair of proteins that interact in differ-
ent organisms. In order to further analyze the PPIs, ad-
ditional RNA sequencing (RNA-Seq) analysis was per-
formed using publicly available data about FMDV. The 
RNA-Seq is a high throughput sequencing technique 
widely used for transcriptome profiling because the 
RNA-Seq is more robust and comprehensive tran-
scriptome analyses than microarrays (Rai et al, 2018). It 
is also good to identify differentially expressed gene 
transcripts. The gene set enrichment analysis and sig-
nature analysis were performed with differentially ex-
pressed gene transcripts (DEGs) obtained through the 
RNA-Seq data to understand how FMDV changes gene 
expressions in infected host cell. These results can be 
used to understand the pattern of FMDV infection by 
observing changes in gene expression in host cell in-
fected with FMDV, and to discover the biological sig-
nificance for the development of therapeutic agents and 
vaccines.

MATERIALS AND METHODS

Raw RNS-Seq data from the publicly available 

archive

  The RNA-Seq of FMDV were retrieved from the se-
quence read archive (SRA, https://www.ncbi.nlm.nih. 
gov/sra). The SRA is part of the International Nucleotide 
Sequence Database Collaboration. The RNA-Seq of FMDV- 
host was used as SRA accession number SRP066333 
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which includes total six SRA files such as SRR2924891, 
SRR2924899, SRR2924902, and SRR2924909. These SRA 
files were performed with Illumina HiSeq 2000 to de-
scribe mRNA profiles during FMDV infection. The iso-
lation source is pig kidney cell lines (PK-15) and the 
strain of FMDV used in cell infection is serotype Asia1 
jiangsu strain. PK-15 cells are conventional cell lines for 
research on FMDV. The four SRA files have difference 
in harvest time of FMDV infected PK-15 cells. The 
SRR2924891 was the control of PK-15 cells uninfected 
with FMDV, the SRR2924899 was harvested at 3 hours 
post-infection (hpi), SRR2924902 was harvested at 6 
hpi, and SRR2924909 was harvested at 12 hpi. The SRA 
files were preferentially downloaded with SRA toolkit 
(https://www.ncbi.nlm.nih.gov/sra/docs/toolkitsoft/).

RNA-Seq analysis for identifying differential 

expressed genes

  The downloaded SRA files were converted to FASTQ 
files with fastq-dump packaged in SRA toolkit 2.6.2 and 
checked the quality using fastQC (http://www.bioinformatics. 
babraham.ac.uk/projects/fastqc/) version 0.11.5. The se-
quencing reads in FASTQ files were aligned to the 
whole pig genome sequence for Sus scrofa (NCBI ver-
sion 11.1) using Spliced Transcripts Alignment to a 
Reference (STAR) 2.4.1c (Dobin et al, 2013). The pig 
genome annotation general feature format 3 (GFF3) file 
was used for mapping because the raw sequence reads 
downloaded from SRA used pig kidney cell for 
sampling. The next step was to use featureCounts with 
the Binary Alignment/Map (BAM) file from the align-
ment result. The featureCounts is useful program in bio-
informatics study for counting reads called read summa-
rization and assigning fragment to the gene (Liao et al, 
2014). Finally, the DEGs were identified with a fold 
change (fc) ＞2 and p-value ＜0.05 using EdgeR, which 
is a Bioconductor software package (https://www. 
bioconductor.org/) for counting data with an overdispersed 
Poisson model and an empirical Bayes procedure 
(Robinson et al, 2010). The overall procedures are based 
on the Icahn School of Medicine at Mount Sinai paper 
described in the F1000Research (Wang and Ma’ayan, 
2016). 

Data preparation for PPI prediction

  To establish PPI network between FMDV and Sus 
scrofa, we have applied the concepts of interologs of 
DEGs because we could not find any direct interactions 
between DEGs and Sus scrofa. The domain enhanced 
lookup time accelerated BLAST (DELTA-BLAST), 
which can yield better homology detection, was selected 
for the method to iteratively search homologs and or-
thologous (Boratyn et al, 2012). We first constructed 
three blast databases using a Viruses.STRING database 
version 10.5 (Cook et al, 2018), the Structural Classification 
of Proteins - extended (SCOPe) database 2.07 (Fox et al, 
2014), and Swiss-Prot database from UniProtKB (Boutet 
et al, 2016). The protein sequences of DEGs were re-
trieved from the Sus scrofa protein fasta file version 
11.1 from NCBI. A total of eight FMDV protein se-
quences were used from the NCBI polyprotein sequence 
(accession number: ABM66095.1). The total eight pro-
teins comprising Peptidase C28 (1-201), VP4_2 (202- 
285), Rhv (311-475, Rhv_311), Rhv (533-687, Rhv_ 
533), rhv_like (723-859), RNA helicase (1210-1312), 
Pepticase C3 (1649-1833), and RdRp 1 (1872-2321) were 
compared with whole genome sequence, and they were 
aligned to Lab, VP4, VP2, VP3, VP1, 2C, 3C, and 3D, 
respectively.

Sequence-based interaction prediction

  To construct interaction network with proteins which 
is significantly expressed in FMDV infected cell, the 
prediction of sequence-based interaction was performed 
with DEGs. We first found each interologs of FMDV 
polyproteins and DEGs using DELTA-BLAST. The 
DELTA-BLAST was iterated five times and the last 
iteration yield results of DELTA-BLAST were adopted. 
The cutoff value of blast results were sequence identity 
＞80% or E-value ＜10–70 (Yu et al, 2004). The PPIs 
between FMDV proteins and DEGs were predicted with 
the Viruses. STRING database, which contains lots of 
information about virus-host interactions and virus-virus 
interactions. The Viruses.STRING database provides not 
only information about the proteins interacting with each 
other, but also a combined score indicating the proba-
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bility of interaction. The combined score ＞700 was set 
as the threshold for significant interaction pair. The network 
of PPIs was visualized with Cytoscape program which 
is an open source platform (http://www.cytoscape.org/).

Structure-based interaction prediction

  Structure-based interaction prediction is based on the 
domain-domain and protein-protein interaction information 
for known three-dimensional protein structure which is 
determined by techniques such as X-ray and NMR. 
Therefore, structure-based interactions are predicted de-
pending on information obtained from protein structure 
database. The protein structure database used the SCOPe 
database which contains the protein domain classified as 
family and superfamily. The proteins classified hier-
archically in SCOPe rely on structural similarity ob-
tained from known 3D structures. All possible pairs of 
domain-domain interactions were identified as having at 
least 5 residues in contact within 5 Å distances in pro-
tein structure (Park et al, 2001). The method to check 
interactions between any two domains was to calculate 
the Euclidean distance to see if they are located within 
a certain distance threshold. Similar to the sequence- 
based interaction described above, the interologs of 
FMDV-host interaction were predicted using the DELTA- 
BLAST based on the domain-domain interaction 
information. The predicted network in this way was ap-
pended to the previously visualized network as Cytoscape 
program.

Functional enrichment analysis

  In one way, the representative pathway was analyzed 
by performing an Ingenuity Pathway Analysis (IPA, 
http://www.ingenuity.com) to determine the significant 
biological pathways associated with DEGs which were 
the result of RNA-Seq. IPA program is effective for 
searching critical pathways through many biological and 
chemical information proven in a variety of sources, in-
cluding literatures. As a next step, the pig’s DEGs inter-
acting directly with the FMDV proteins were subjected 
to Gene Ontology (GO) analysis using ClueGO which 
generated a functional network of organized GO/path-

way terminology (Bindea et al, 2009). In ClueGO, kap-
pa statistics was used to link the terms of the network.

RESULTS

RNA-Seq analysis

  Prior to establishing the network between FMDV and 
Sus scrofa, the DEGs were preferentially identified 
through RNA-Seq analysis. Since direct interaction be-
tween the FMDV proteins and all pig proteins can lead 
to too much false-positives, it is necessary to predict the 
interaction using only DEG to reduce this. The 
RNA-Seq analysis was performed according to the 
methods described in MATERIALS AND METHODS 
with a total of four samples of control (SRR2924891), 3 
hpi (SRR2924899), 6 hpi (SRR2924902), and 12 hpi 
(SRR2924902) downloaded from SRA. The results of 
RNA-Seq analysis show that the expression in host cells 
infected with FMDV differs over time. A total of 40 
genes were differentially expressed in 3 hpi (22 up- 
regulated genes and 18 down-regulated genes). The total 
40 DEGs, which were changed in 3hpi, could be con-
sidered the initial response in FMDV-infected pig host 
cells. Among the total 40 DEGs, the LOC100525442 
(log2fc: 5.04, P-value: 0.02), LOC100152003 (log2fc: 
4.64, P-value: 0.04), IFN-ALPHA-9 (log2fc: −5.36, 
P-value: 0.01), MIR30C-2 (log2fc: −5.04, P-value: 0.02), 
MIR378-1 (log2fc: −4.64, P-value: 0.04), and LOC1005 
23076 (log2fc: −4.64, P-value: 0.04) genes appear to be 
important. It is well known that FMDV is highly sensi-
tive to the action of interferon. One example is that the 
leader proteinase of FMDV elicits the inhibition of the 
type I interferon mechanisms, including interferon alpha, 
and evades the host innate immune responses (Wang et 
al, 2011). LOC100525442, LOC100152003, LOC1005 
23076 are genes encoding polyadenylate-binding protein 
1-like 2, olfactory receptor 2S2-like, and olfactory re-
ceptor 11H12-like, respectively. To the next, a total of 
1674 genes were differentially expressed in 6 hpi (637 
up-regulated genes and 1037 down-regulated genes), and 
total 1931 genes were identified as DEGs in 12 hpi 
(707 up-regulated genes and 1224 down-regulated 
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Table 2. The top 10 canonical pathways by significantly down-regulated genes in 6 hpi

Ingenuity canonical pathways -log (P-value) Molecules

Role of macrophages, fibroblasts and endothelial 
cells in rheumatoid arthritis

5.53 CXCL8, IL1A, PLCB2, CAMK4, PIK3R1, IL15, VEGFC, 
CEBPB, IL6, CREB5, PLCH1, CEBPG, APC, VEGFA, 
TLR4, JUN, NFAT5, CSF1, OSM, ATF4, FZD5, TLR3, 
PDGFD, CSF2

Hepatic fibrosis/hepatic stellate cell activation 5.19 CXCL8, IL1A, CD40LG, CTGF, KLF6, SMAD7, VEGFC, 
IL6, CXCL9, VEGFA, TLR4, IGF2, EDN1, CSF1, PDGFD, 
SERPINE1, A2M

Osteoarthritis pathway 5.04 TIMP3, CXCL8, SMAD9, DDIT4, PTHLH, SMAD7, 
VEGFC, GDF5, HES1, CEBPB, CREB5, VEGFA, TLR4, 
ATF4, MEF2C, FZD5, PTGS2, JAG1

HMGB1 signaling 4.88 CXCL8, IL1A, LIF, IL17C, PIK3R1, RHOJ, IL6, TLR4, 
JUN, KAT2B, RND3, OSM, CSF2, SERPINE1

Altered T Cell and B Cell signaling in rheumatoid arthritis 4.01 TLR4, CD40LG, IL1A, PRTN3, CSF1, IL15, TLR3, IL6, 
IL23A, CSF2

Adipogenesis pathway 3.77 NR1D2, KAT2B, RUNX1T1, EGR2 ,DDIT3, FOXO1, 
SMAD9, TXNIP, KLF5, FZD5, CEBPB,  NOCT

Hematopoiesis from pluripotent stem cells 3.64 CD247, CXCL8, IL1A, LIF, CSF1, IL6, CSF2
Role of cytokines in mediating communication between 

immune cells
3.37 CXCL8, IL1A, IL20, IL15, IL6, IL23A, CSF2

Crosstalk between dendritic cells and natural killer cells 3.35 TLR4, CD40LG, TLN2, IL15, TNFSF10, TLR3, IL6, SF2, 
ACTC1

ILK Signaling 3.25 PIK3R1, ACTN2, ACTN3, VEGFC, RHOJ, RICTOR, 
CREB5, VEGFA, JUN, RND3, ATF4, PTGS2, ITGB6, 
ACTC1

Table 1. The top 10 canonical pathways by significantly up-regulated genes in 6 hpi

Ingenuity canonical pathways -log (P-value) Molecules

Wnt/-catenin signaling 3.03 WNT7A, SFRP5, WNT6, KREMEN2, RARG, ACVR2B, 
SOX13, ACVR1C

Th1 and Th2 activation pathway 2.22 LTA, IL10RA, ACVR2B, CD8A, ACVR1C, NOTCH1, 
ICOSLG/LOC102723996

Role of IL-17A in psoriasis 2.02 S100A9, S100A8
Notch signaling 2.01 DTX4, HES7, NOTCH1
Osteoarthritis pathway 1.91 MATN3, S1PR2, S100A9, COL10A1, GREM1, S100A8, 

NOTCH1
Crosstalk between dendritic cells and natural killer cells 1.69 IL3RA, LTA, IFNB1, ACTA1
Th1 Pathway 1.68 LTA, IL10RA, CD8A, NOTCH1, ICOSLG/LOC102723996
Role of cytokines in mediating communication between 

immune cells
1.60 IFNB1, IFNL1, IL17F

Proline degradation 1.46 PRODH2
Apelin liver signaling pathway 1.44 APLN, COL10A1

genes). The DEGs were grouped into biological path-
ways and gene ontologies by performing the functional 
enrichment analysis.

The functional enrichment analysis

  The canonical pathway analysis with gene set was 

first performed using IPA, the functional analysis tool. 
The canonical pathways in IPA are well-organized meta-
bolic and cell signaling pathways, and include in-
formation from diverse journal articles, text books, and 
HumanCyc (IPA’s KEGG pathway substitution). In 6 
hpi, functional enrichment analysis demonstrated that the 
up-regulated genes were significantly enriched in ‘Th1 
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Table 4. The top 10 canonical pathways by significantly down-regulated genes in 12 hpi

Ingenuity Canonical Pathways -log (P-value) Molecules

Leukocyte extravasation signaling 2.84 CLDN15, MMP16, ACTN2, ACTN3, FGFR2, RAPGEF4, 
TIMP4, ARHGAP9, GAB1, WAS, VAV3, RASGRP1, FER, 
CLDN2, CLDN22

Regulation of the epithelial-mesenchymal transition pathway 2.72 MAP2K6, ESRP2, WNT2B, FGFR2, APC, FGF21, GAB1, 
FGF18, HGF, ZEB2, APH1B, PDGFD, FZD2, WNT1

Role of macrophages, fibroblasts and endothelial cells in 
rheumatoid arthritis

2.51 MAP2K6, CXCL8, WNT2B, IL15, FGFR2, NFATC4,  
CREB5, APC, PLCH1, NFATC1, CEBPE, GAB1, TLR6, 
VEGFD, SFRP5, TLR3, PDGFD, FZD2, WNT1

Neuropathic pain signaling in dorsal horn neurons 2.17 GAB1, GRM3, CAMK1G, FGFR2, TAC1, GRM4, KCNN2, 
GRIA4, PLCH1

Hepatic fibrosis/hepatic stellate cell activation 2.03 COL19A1, CXCL8, CD40LG, COL4A3, HGF, SMAD7, 
FGFR2, VEGFD, MYH11, CXCL9, PDGFD, COL28A1

Osteoarthritis pathway 2.00 CXCL8, FGF18, SMAD9, GLIS1, SMAD7, VEGFD, GDF5, 
SP7, CREB5, C1QTNF4, GLI1, FZD2, PPARGC1A

NAD salvage pathway III 1.79 NMNAT3, NMRK2
Amyotrophic lateral sclerosis signaling 1.78 CAPN8, CACNA1S, CACNA1D, GAB1, FGFR2, CAPN3, 

VEGFD, GRIA4, 
Role of JAK2 in hormone-like cytokine signaling 1.77 GHR, EPOR, SOCS2, PRLR
FGF signaling 1.76 MAP2K6, FGF21, FGF18, GAB1, HGF, FGFR2, CREB5

Table 3. The top 10 canonical pathways by significantly up-regulated genes in 12 hpi

Ingenuity canonical pathways -log (P-value) Molecules

Pathogenesis of multiple sclerosis 5.41 CXCL10, CXCL11, CCL4, CCL5
Th1 and Th2 activation pathway 5.08 CD3G, SOCS1, IL18, DLL1, TNFRSF4, LTA, IKZF1, 

GFI1,IL27, TBX21, IL24, IL25
Role of hypercytokinemia/hyperchemokinemia in the 

pathogenesis of influenza
4.64 CXCL10, IL18, CCL4, CCL2, IFNB1, CCL5

Interferon signaling 3.94 IFIT1, IFIT3, SOCS1, IFNB1, ISG15
Role of cytokines in mediating communication between 

immune cells
3.10 IL18, IFNB1, IL27, IL24, IL25

Th2 pathway 3.00 CD3G, DLL1, TNFRSF4, IKZF1, GFI1, TBX21, IL24, IL25
Agranulocyte adhesion and diapedesis 2.90 CXCL10, CXCL11, IL18 ,MYH2, CCL4, CCL2, CCL3L1, 

CCL5, ACTA1
Notch signaling 2.78 DLL1, CNTN1 ,HEY2, HES7
Differential regulation of cytokine production in 

macrophages and T helper cells by IL-17A and IL-17F
2.77 CCL4, CCL2, CCL5

Communication between Innate and adaptive immune cells 2.72 CXCL10, IL18, CCL4, CD79B, IFNB1, CCL5

and Th2 Activation Pathway’ (LTA, IL10RA, ICOSLG/ 
LOC102723996, ACVR2B, CD8A, ACVR1C, NOTCH1) 
and ‘Role of IL-17A in Psoriasis’ (S100A9, S100A8) 
(Table 1), whereas the down-regulated genes were en-
riched in ‘Role of Macrophages, Fibroblasts and Endothelial 
Cells in Rheumatoid Arthritis’ (CXCL8, IL1A, PLCB2, 
CAMK4, PIK3R1, IL15, VEGFC, CEBPB, IL6, CREB5, 
PLCH1, CEBPG, APC, VEGFA, TLR4, JUN, NFAT5, 
CSF1, OSM, ATF4, FZD5, TLR3, PDGFD, CSF2) 
(Table 2). The results of the IPA analysis suggested that 

the host defense system such as macrophage was down-
regulated by FMDV infection. And, the inflammation 
related pathways such as ‘inflammatory and immune re-
sponse’ and ‘cytokine and chemokine secretions’ were 
the most significantly down-regulated in 6 hpi after the 
host cells infected by FMDV.
  In 12 hpi, the up-regulated genes involved in ‘Th1 
and Th2 Activation Pathway’ (CD3G, SOCS1, IL18, 
DLL1, LTA, TNFRSF4, IKZF1, GFI1, IL27, TBX21, 
IL24, IL25) and engaged in ‘Role of Hypercytokinemia/ 
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Fig. 1. The network of inter-
action between FMDV proteins 
and DEGs in 3 hpi (A), 6 hpi (B), 
12 hpi (C). The green circle in-
dicates FMDV proteins and the 
others are DEGs among swine 
(Sus scrofa) proteins. The purple 
border of the diamond indicates 
DEGs that were significantly ex-
pressed over each FMDV infection 
time (6 hpi and 12 hpi). A total of 
156 direct interactions were 
predicted. The lines indicates the 
predicted interaction. The thick 
lines are predicted with struc-
ture-based methods and the others 
are predicted with sequence-based 
methods.

hyperchemokinemia in the Pathogenesis of Influenza’ 
(CXCL10, IL18, CCL4, CCL2, IFNB1, CCL5) (Table 
3). The down-regulated genes were enriched in ‘Leukocyte 
Extravasation Signaling’ (MAP2K6, ESRP2, WNT2B, 
FGFR2, APC, FGF21, GAB1, FGF18, HGF, ZEB2, 
APH1B, PDGFD, FZD2, WNT1), and ‘Role of Macro-
phages, Fibroblasts and Endothelial Cells in Rheumatoid 
Arthritis’ (MAP2K6, CXCL8, WNT2B, IL15, FGFR2, 
NFATC4, CREB5, APC, PLCH1, NFATC1, CEBPE, 
GAB1, TLR6, VEGFD, SFRP5, TLR3, PDGFD, FZD2, 

WNT1) (Table 4). The results at 12 hpi showed that the 
downregulation of host defense mechanisms and the up-
regulation of inflammation were similar with the 6 hpi. 
It is anticipated that the intrusion of FMDV caused in-
tracellular inflammation and host defense mechanisms to 
be regulated. This is a meaningful evidence of the gen-
eral phenomenon that occurs when FMDV enters the 
host cell. 
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Fig. 2. The linkage of 42 gene 
ontology terms and 43 related genes 
(red). The kappa score was set to 
0.4 (default) and the network only 
showed pathways with p-value 
less than 0.05. The 11 representa-
tive terms (total 11 colors) which 
are merged as redundant groups 
with ＞50.0% sharing genes were 
highlighted.

The predicted PPIs network

  To comprehend the impacts of FMDV in host cell, 
the virus-host interactions have been predicted with 
DEGs. And further, the network was constructed to dis-
play the change of expression in 3 hpi, 6 hpi, and 12 
hpi (Fig. 1). As a result of investigating pig’s proteins 
interacting with a total of eight FMDV proteins, it was 
predicted that 156 direct interactions with 78 DEGs of 
pig’s proteins. We used two methods, which are se-
quence-based and structure-based, in predicting interactions. 
The sequence-based method predicted 94 interactions of 
proteins with many functional studies in other species 
such as RNA dependent RNA polymerase (RdRp), heli-
case and peptidase. On the other hand, since the struc-
ture-based method uses domain information of the 3D 
structure, the 62 interactions of FMDV surface proteins 
such as VP4_2, rhv_like and Rhv were predicted. In ad-
dition to confirming the Integrin Subunit Alpha M 
(ITGAM), a subunit of cell surface protein that plays an 
important role in internalization of FMDV into the host 
cell, we also observed that expression was increased at 
3 hpi, 6 hpi, and 12 hpi (log2fc: 0.19, 1.96, and 1.45, 
respectively). We focused on the genes whose expression 
patterns persisted over time, including the up-regulated 
ITGAM, IDO1, VTCN1, C3, and MYBPC3 as well as 
the down-regulated SLA-DQB1, C5, MYOT, CDH3, 

CDH18, and STYK1. In gene ontology analysis, these 
genes were also identified as important genes.

The functional enrichment analysis (ClueGO)

  To better understand the pathway, we performed the 
different functional enrichment analysis using ClueGO 
(Fig. 2). We screened the 78 key genes that were pre-
dicted to interact with FMDV among DEGs. As it is 
shown in Fig. 1, there are 42 gene ontology terms that 
is including 11 representative pathways merged as re-
dundant group with ＞50.0% gene overlap. This func-
tional enrichment analysis demonstrated that the DEGs 
were abundant in ‘negative regulation of leukocyte acti-
vation’ (GOID: 0002695), ‘cytokine production involved 
in inflammatory response’ (GOID: 0002534), ‘cell adhe-
sion molecules’ (GOID: 04514), ‘protein tyrosine kinase 
activity’ (GOID: 0004713), etc.
  Applying the expression data of the RNA-Seq analy-
sis, Serine/Threonine/Tyrosine Kinase 1 (STYK1, log2fc: 
−0.05, −1.46, −1.76), V-set domain-containing T-cell 
activation inhibitor 1 (VTCN1, log2fc: −0.04, 0.15, 
1.38), indoleamine 2,3-dioxygenase (IDO1, log2fc: 0.56, 
3.62, 4.41), the expressions of Cadherin 3 (CDH3, 
log2fc: 0.48 in 3 hpi, −2.20 in 6 hpi, and −2.94 in 12 
hpi), SLA class II histocompatibility antigen, DQ hap-
lotype C beta chain (SLA-DQB1, log2fc: −0.08, −0.89, 
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−1.85), Tyrosine-protein kinase Fer (FER, log2fc: −
0.02, −1.00, −1.49), and Fibroblast Growth Factor 
Receptor 2 (FGFR2, log2fc: 0.002, −0.49, −1.20) sug-
gested that the FMDV infection could lead to increased 
inflammatory responses and decreased cell adhesion and 
leukocytes. In particular, the presence of the ‘integrin- 
mediated signaling pathway’ (GOID: 0007229) was high-
ly consistent with previous studies on FMDV that in-
tegrin is the major key proteins used for internalization 
of FMDV. These results were visually well represented 
in Fig. 2, supporting the results of IPA.

DISCUSSION

  FMD is an infectious disease that is a global problem, 
and efforts are being made to control it. As part of this 
effort, we analyzed the network and forecasted the ef-
fect of FMDV in the host cell. The proteins known to 
interact between FMDV and Sus scrofa are BECN1 
(Gladue et al, 2012). RTN1, RTN3, RTN4, KHDRBS1, 
CHUK, IKBKB, and RELA were additionally predicted 
for each their putative homologs to interact with FMDV 
proteins from Viruses.STRING database. There is little 
experimental or predictive researches on interaction of 
FMDV. By this necessity, we had predicted 78 pig’s 
proteins interacting with seven FMDV proteins using se-
quence information and 3D structure information. The 
prediction accuracy of the network was improved by ap-
plying for expression information of DEGs that varied 
significantly from the early infection stage (3 hpi) to the 
late infection stage (12 hpi). Even though we tried to 
reduce the false-positive, additional experiments need to 
verify that the interaction of the proposed genes is real-
ly valid.
  Additionally, the result of RNA-Seq supported that 
the significant change of biological pathways occurs 
when FMDV enters the host cell. In the early stage by 
FMDV infection, interferon alpha 9 was up-regulated in 
host cell. For the late stage, the FMDV infection re-
sulted in increased inflammation and the downregulation 
of host defense systems such as macrophage and leuko-
cytes in host cell. Zhang et al, suggested differentially 
expressed genes such as IL6, CXCL2, CCL4, CCL20, 

FOS, and NFKBIA which are involved in the host re-
sponses to FMDV infection. The research also per-
formed the RNA-seq analysis of PK-15 cells infected 
with FMDV (Zhang et al, 2018). Looking at the gene 
expression patterns of CCL2, CCL4, CCL5, CXCL10, 
and CXCL11, their results could support our conclusion 
that increased inflammation was the major response 
against FMDV infection.
  Also, FMDV is known to block viral countermeasures 
by modulating the immunity of host pathways. The ma-
jor targets representing viral evasion strategies are 
Toll-like receptors (TLRs) and TLR adaptor TRIF which 
are virus recognition molecules of host innate immune 
system (Lester and Li, 2014). Previous picornavirus 
studies such as coxsackievirus B, enterovirus 71, and 
hepatitis A virus have been shown to inhibit TLR3- 
adapted TRIF which is cleaved by FMDV-coding pro-
tease (Rodríguez Pulido and Sáiz, 2017). Our results 
showed that TLR3, TLR4, and TLR6 were down-
regulated in host cell after FMDV infection. It seems to 
be the resistance of FMDV to antiviral immunity of the 
host. Viral infection affects a large number of proteins 
in its host. It needs to focus significant targets because 
a total of proteins make highly huge networks and it is 
hard to understand the pathogenicity. We added inter-
action network information to signaling pathway in-
formation and finally highlighted genes that are thought 
to play an important role in FMDV infection. The genes 
interacting with FMDV were finally presented and these 
genes could be used as diagnostic markers or drug tar-
gets for the development of therapeutic agents.
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