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Multi-resistance strategy for viral diseases and in vitro  
short hairpin RNA verification method in pigs

Jong-nam Oh1, Kwang-hwan Choi1, and Chang-kyu Lee1,2,*

Objective: Foot and mouth disease (FMD) and porcine reproductive and respiratory syn
drome (PRRS) are major diseases that interrupt porcine production. Because they are viral 
diseases, vaccinations are of only limited effectiveness in preventing outbreaks. To establish 
an alternative multiresistant strategy against FMD virus (FMDV) and PRRS virus (PRRSV), 
the present study introduced two genetic modification techniques to porcine cells.
Methods: First, cluster of differentiation 163 (CD163), the PRRSV viral receptor, was edited 
with the clustered regularly interspaced short palindromic repeatsCRISPRassociated protein 
9 technique. The CD163 gene sequences of edited cells and control cells differed. Second, short 
hairpin RNA (shRNAs) were integrated into the cells. The shRNAs, targeting the 3D gene of 
FMDV and the open reading frame 7 (ORF7) gene of PRRSV, were transferred into fibroblasts. 
We also developed an in vitro shRNA verification method with a target gene expression vector.
Results: shRNA activity was confirmed in vitro with vectors that expressed the 3D and 
ORF7 genes in the cells. Cells containing shRNAs showed lower transcript levels than 
cells with only the expression vectors. The shRNAs were integrated into CD163edited 
cells to combine the two techniques, and the viral genes were suppressed in these cells.
Conclusion: We established a multiresistant strategy against viral diseases and an in vitro 
shRNA verification method.

Keywords: Pig; Viral Diseases; Foot and Mouth Disease (FMD); Porcine Reproductive 
and Respiratory Syndrome (PRRS); CRISPRCas9; RNAi

INTRODUCTION

Contagious diseases must be controlled at animal farms to maintain domestic animal pro
ductivity as diseases can cause delayed growth and even death in farm animals. Foot and 
mouth disease (FMD) and porcine reproductive and respiratory syndrome (PRRS) are sig
nificant viral diseases that occur on pig farms and are spread by air. FMD is a one of the most 
widespread problems in clovenhoofed animals; it causes fever and sores on the foot and 
mouth and has high mortality rates [1,2]. PRRS outbreaks cause huge economic damage in 
the pig industry because of reproductive failure and disorders of the respiratory tract [3,4]. 
Damage to the animals and farms is serious and broad in economic and biological terms 
[5]. Thus, it is more efficacious to block viral infection rather than care for infected animals. 
However, the genetic diversity among serotypes has made it difficult to understand these 
viral diseases. Although many FMD virus (FMDV) and PRRSV virus (PRRSV) vaccines 
have been developed, not all serotypes of the viruses are included [6,7]. For this reason, the 
alternative solution of producing genetically modified animals with diseaseresistance has 
been examined by several researchers. 
 An approach to producing viral diseaseresistant animals is knockout of the receptors 
involved in viral infection. Several receptors associated with virus binding, internalization, 
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and uncoating have been identified [8]. Whitworth et al pro
duced cluster of differentiation 163 (CD163)knockout pigs 
which are resistant to PRRSV (CD163; the receptor of 
PRRSV) [9,10]. Many researchers have tried to suppress vi
ral replication using the RNA interference (RNAi) technique. 
The 3D gene, a viral RNA polymerase in FMDV, has a vital 
role in virus replication [11]. Virus replication has been suc
cessfully repressed by inhibiting transcription through RNA 
polymerase knockdown using an RNAi system. PRRSV repli
cation can be significantly suppressed by interrupting 
formation of the open reading frame 7 (ORF7) gene and or
ganizing nucleocapsid protein N [1214]. Interestingly, 
because DNA sequences of these target genes are highly con
served among serotypes due to their pivotal roles [15,16], 
carefully designed RNAi vectors could be applied to target 
various viral serotypes. 
 Despite the many significant results, previous studies have 
focused on targeting a virus using a single technique. Although 
a challenge test with animals is required to test the efficiency 
of RNAi, animal testing using live viruses is costly and time
consuming. Therefore, an alternative in vitro RNAi verification 
method is important as a check on the overall experiment. In 
this study, we used two diseaseresistance techniques to pro
duce a multiresistant pig and developed an in vitro RNAi 
verification method. A CD163 was knocked out, and knock
down vectors targeting viral genes including 3D and ORF7 
were introduced into pig somatic cells. The in vitro verification 
was applied to confirm short hairpin RNA (shRNA) activity 
in the cells. Both shRNAs were integrated into CD163knock
out cell lines, and shRNA activity in these multiresistant cells 
was verified.

MATERIALS AND METHODS

Animal care
The care and experimental use of pigs were approved by the 
Institutional Animal Care and Use Committee at Seoul Na
tional University (Approval No.: SNU1403282). A pregnant 
sow was purchased from an animal farm. The sow was taken 
care of exclusively by the farm and sacrificed 30 days after 
artificial insemination at a slaughterhouse (Hanbo, Gyeong

sangnamdo, Korea) under approval by the Korean government. 

Design of CRISPR-Cas9 vector targeting pig CD163
The clustered regularly interspaced short palindromic repeats
CRISPRassociated protein 9 (CRISPRCas9) system was used 
to knockout CD163 in pig fetal fibroblasts. The single guide 
RNA (sgRNA) target sequence against pig CD163 (Gene ID: 
397031) was determined with an online search tool (https://
www.atum.bio) (Figure 1A). To reduce the offtarget effects 
of CRISPRCas9, various sgRNA target sequences were aligned 
with porcine whole genome data using the BLAST program 
(National Center for Biotechnology Information [NCBI] web 
site, https://blast.ncbi.nlm.nih.gov/BlastAlign.cgi). Finally, DNA 
constructs carrying the target sequence were designed by add
ing PAM and a guide sequence (oligonucleotide sequences 
in Table 1). Pairs of oligonucleotides were dimerized by slow 
cooling from 95°C to 25°C (5°C/ min) and then inserted into 
the pSpCas9(BB)2AGFP (PX458; Addgene, Cambridge, MA, 
USA) plasmid vector according to the manufacturer’s instruc
tions (T4 DNA ligase; Invitrogen, Carlsbad, CA, USA). The 
recombinant plasmid vector was transformed into Escherichia 
coli (DH5α; Novagen, Wilmington, DE, USA). The purified 
plasmid vectors from E. coli were introduced into pig fetal 
fibroblasts by lipofection, as described below.

Production of a lentiviral vector carrying shRNA
The genomic sequences of three FMDV genes and three PRRSV 
genes from different serotypes were aligned to design the 
shRNAs against various subtypes of the FMD and PRRS vi
ruses (Gene ID numbers and base numbers in Table 2). Based 
on the aligned sequences, shRNA targeting part of the con
served sequences was selected using an online tool (https://

Table 1. Oligonucleotides for single guide RNA

Target gene Direction Sequence

CD163 target 1 Forward CACCGGAACTACAGTGCGGCACTG
Reverse AAACCAGTGCCGCACTGTAGTTCC

CD163 target 2 Forward CACCGGCTACATGTCCCGTCAGGG
Reverse AAACCCCTGACGGGACATGTAGCC

CD163, cluster of differentiation 163. 

Table 2. Gene ID of viral genes (nucleotide base numbers for complete genome)

FMD serotypes Type O Type A Type Asia 1

VP1 HM143846.1 GU441855.1 DQ121129.1
2B NC_004004.1 (3918-4379) KC588943.1 (3950-4411) JF739177.1 (3947-4408)
3D KF112888.1 (7145-7880) KC588943.1 (7148-7883) JF739177.1 (7145-7880)

PRRS serotypes North America 1 North America 2 Korean
ORF5 DQ473474.1 (13788-14390) KF555450.1 (13395-13997) AY585241.1 (13788-14390)
ORF6 DQ473474.1 (14375-14899) KF555450.1 (13982-14506) AY585241.1 (14375-14899)
ORF7 DQ473474.1 (14889-15260) KF555450.1 (14496-14867) AY585241.1 (14889-15260)

ORF, open reading frame.
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www.thermofisher.com) (Figure 1B). The shRNA sequences 
were aligned to the whole porcine transcriptome to prevent 
the unintended binding of shRNA on the pig genome (taxid: 
9823) through the BLAST program (NCBI web site). Finally, 

the DNA constructs harboring shRNA sequences were de
signed by adding a ninenucleotide loop (TTCAAGAGA) and 
an Xho I restriction site (oligonucleotide sequences in Table 
3). 

Figure 1. Target sequences of shRNA and sgRNA and overall scheme of experiment. (A) sgRNA target sequences for the CD163 gene. (B) shRNA sequences against the 
3D gene of foot and mouth disease virus and ORF7 gene of porcine reproductive and respiratory syndrome virus. Underlined sequences are target sequences. (C) Brief 
process of CD163 knockout (Dark grey for target 1 and light grey for target 2); (D) shRNA introduction; (E) shRNA transduction into CD163-knockout cells. shRNA, short 
hairpin RNA; sgRNA, single guide RNA; CD163, cluster of differentiation 163; ORF, open reading frame. 



492  www.ajas.info

Oh et al (2018) Asian-Australas J Anim Sci 31:489-498

 Pairs of oligonucleotides were dimerized by slow cooling 
from 95°C to 4°C (1°C/min) and then inserted into the pLL3.7 
plasmid vector according to the manufacturer’s instructions. 
Lentiviral vectors were produced using these recombinant 
plasmid vectors as described previously [17]. In brief, HEK 
293 LTV cells (Cell Biolabs, San Diego, CA USA) were used 
as packaging cells. Four plasmids (pLL3.7, pLP1, pLP2, and 
pLP/VSVG; Invitrogen, USA) were transfected into HEK 293 
LTV cells using the calcium phosphate precipitation method. 
After 36 h, the culture supernatants were harvested four times 
(every 12 h) and then concentrated by centrifugation at 18,000× 
g for 5 h at 4°C. The virus pellet was dissolved in Dulbecco’s 
modified Eagle’s medium (DMEM) and stored at –80°C until 
use. 

Lipofection into pig fetal fibroblasts and viral infection
Pig fetal fibroblasts (pFFs) from a 30day porcine fetus were 
used to establish viral diseaseresistant cell lines. The pFFs were 
cultured with DMEM (low glucose; Welgene, Daegu, Korea) 
supplemented with 10% fetal bovine serum, 1× glutamax, 0.1 
mM βmercaptoethanol, and 1× antibioticantimycotic (Gibco, 
Grand Island, NY, USA). Cells reaching confluence were sub
cultured into a new culture plate by dissociating with 0.04% 
trypsin/ethylenediaminetetraacetic acid solution (Welgene, 
Korea).
 The recombinant PX458 vectors were introduced into pFFs 
using the Lipofectamine 3000 Transfection Reagent (Thermo 
Fisher Scientific, Waltham, MA, USA) according to the manu
facturer’s instructions (Figure 1C). The cells were diluted and 
seeded into 96well dishes at a concentration of one cell per 
well 1 week postlipofection. Colonies from a single cell were 
cultured for over 2 weeks, and genomic DNA (gDNA) was 
extracted from single cultured pFF cells using the Gspin Total 
DNA Extraction Mini Kit (Intron Biotech, Sungnam, Korea). 
The target region in pig CD163 was amplified with specific 
primers (Table 4), and amplicons were sequenced using an 
ABI PRISM 3730 automated sequencer (Applied Biosystems, 
Foster City, CA, USA) to identify mutations using CRISPRcas9. 
Cultured pFFs were infected with lentiviral vectors harboring 
shRNAs for 24 h. After another 5 to 7 days, the shRNA func
tions in the infected cells were analyzed as described below 
(Figure 1D). Finally, to establish multidiseaseresistant cell 
lines, we introduced shRNAs into a CD163knockout cell line 

by lentiviral vectors as mentioned above (Figure 1E).

Verification of shRNA knockdown efficiency against 
FMD and PRRS viral genes
Oligonucleotides carrying partial sequences of the viral genes 
(Genbank ID of 3D; KF694745.1, ORF7; AY585241.1) were 
cloned into the pcDNA3enhanced green fluorescent protein 
(EGFP) expression vector (Addgene, USA). Plasmid vectors 
expressing viral genes were transfected into shRNAexpressed 
pFFs with various concentrations using Lipofectamine 3000 
Transfection Reagent (Thermo Fisher Scientific, USA). After 
48 h, the total RNA of the transfected pFFs was isolated with 
TRIzol Reagent (Invitrogen, USA) according to the manufac
turer’s manual, and cDNA was synthesized with a HighCapacity 
RNAtocDNA Kit (Applied Biosystems, USA) following the 
standard protocol. mRNA levels of the viral genes were ana
lyzed by realtime polymerase chain reaction (PCR) with the 
primers shown in Table 4; then, the relative mRNA level was 
measured by normalizing the threshold cycle (Ct) values of 
each gene to that of the betaactin [18]. The mRNA levels of 
the viral genes in the multiresistant cell lines were measured 
using the same method.

Statistical analysis
Statistical analysis of the quantitative PCR data was performed 
using GraphPad Prism Software (version 5.01; San Diego, CA, 
USA). Significant differences among experimental groups were 
determined by oneway analysis of variance followed by Tukey’s 
multiple comparison test. A pvalue <0.05 was considered sig
nificant. Data are presented as the mean± the standard error.

Table 3. Oligonucleotides for shRNA 

Target gene Direction Sequence

FMDV 3D Forward TGCCTGTTGAACACATTCTTTATTCAAGAGATAAAGAATGTGTTCAACAGGCTTTTTTC
Reverse TCGAGAAAAAAGCCTGTTGAACACATTCTTTATCTCTTGAATAAAGAATGTGTTCAACAGGCA

PRRSV ORF7 Forward TGCCAAATAACAACGGCAAGCATTCAAGAGATGCTTGCCGTTGTTATTTGGCTTTTTTC
Reverse TCGAGAAAAAAGCCAAATAACAACGGCAAGCATCTCTTGAATGCTTGCCGTTGTTATTTGGCA

shRNA, short hairpin RNA; FMDV 3D, foot and mouth disease virus 3D; PRRSV ORF7, porcine reproductive and respiratory syndrome virus open reading frame 7.

Table 4. Polymerase chain reaction primers

Gene Direction Sequence

CD163 Forward ACCGTCTGTGATTCTGACTTCT
Reverse CCAAGCGGATTTGTGTGTATCTT

b-Actin Forward GGATGCAGAAGGAGATCACG
Reverse TGGAAGGTGGACAGCGAGG

FMDV Forward CGAGATTCGCCCGATGGA
Reverse TCGTAGGCGTGTTCAGTGTT

PRRSV ORF7 Forward TAACAACGGCAAGCAGCAGA
Reverse CGTAGGCAAACTAAACTCCACAG

CD163, cluster of differentiation 163; b-Actin, beta actin; FMDV, foot and mouth 
disease virus; PRRSV ORF7, porcine reproductive and respiratory syndrome virus 
open reading frame 7.
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RESULTS 

Knockout of the CD163 gene in the porcine genome 
The approach to generate a pig resistant to multiple viruses 
involved protection against viral infection and inhibition 
of infected viruses. To protect against viral infection, we 
found receptors involved in the PRRSV infection process 
and performed gene knockout; RNAi technology was used 
to knock down viral genes and inhibit the virus. First, CD163, 
known as the receptor for uncoating viral particles, was se
lected. Several receptors are involved in the PPRSV infectious 
process, such as virus binding, internalization, and uncoating 
[8]. A previous study showed that CD163/ pigs do not de
velop any infectious symptoms, including respiratory signs, 
fever, or edema in lung tissue, and no viral nucleotides are 
detected in their blood [10]. Thus, we employed the CRISPR
Cas9 system to knockout CD163 in pFFs [9]. It was important 
to design a sgRNA sequence with high specificity for the target 
gene to minimize the offtarget effect of the CRISPRCas9 
treatment. Several target sites were selected in the CD163 se
quence. Of these, candidate sequences with high scores were 
aligned with the whole porcine genome, and two candidates 
with high affinity for only CD163 were selected (Figure 2A). 
These candidates were cloned into the PX458 plasmid, and the 
vectors were introduced into pFFs using lipofection. After sin
gle cell cloning of transduced pFFs, several cell colonies with 

typical fibroblast morphology were selected. Finally, three cell 
lines were established and maintained during an extended cul
ture period (Figure 2B). The sequencing results showed that 
CRISPRCas9 was successful on target 1, but not on target 2 
(Figure 2C).

Transduction of shRNAs that against viral genes
We used RNAi to inhibit translation of viral genes and suppress 
viruses already infected into host. RNAi is a posttranscrip
tional regulator that controls gene expression by degrading 
mRNA by binding microRNA [19,20]. The shRNA is a sort 
of artificial microRNA that can silence target genes via the 
RNAi process [21]. We selected candidate genes that were 
highly conserved among various virus serotypes using this 
technique; we, in turn, produced knockdown vectors carrying 
shRNAs against the viral genes. It has been reported that vari
ous serotypes (FMDV: type O, A, and Asia1 [22,23]; PRRSV: 
type North America1, North America2, and Korean [24,25]) 
are widespread in Korea and Asia. We selected the viral genes 
that were highly conserved among viral serotypes existing in 
Korea and Asia. It has bfrom the various serotypes, the 3D gene 
of FMDV and the ORF7 of PRRSV represented the highest 
homology ollected the nucleotide sequences of the conserved 
genes from different serotypes and the NCBI ID number as 
described in Table 2. Among the sequences from the various 
serotypes, the 3D gene of FMDV and the ORF7 of PRRSV 

Figure 2. Establishment of homologous CD163-edited cells. (A) BLAST result of sgRNA target sequence with the porcine whole genome. (B) Normal status of CRISPR-
Cas9-treated cell lines from single cell culture. (C) Sequencing result of control and CRISPR-Cas9-treated cell lines (Dark grey for target 1 and light grey for target 2). 
CD163, cluster of differentiation 163; sgRNA, single guide RNA; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats-CRISPR-associated protein 9.



494  www.ajas.info

Oh et al (2018) Asian-Australas J Anim Sci 31:489-498

represented the highest homology (Figure 3, Table 5). Conse
quently, the 3D gene of FMDV and the ORF7 gene of PRRSV 
were chosen as knockdown target genes. Based on sequence 
alignment data, shRNA expression vectors were designed by 
considering a highly conserved region of genes among sero
types. The targeting sequences were not similar to that of the 
porcine transcriptome (Figure 4A). Finally, these vectors were 
introduced into pFFs by lentiviral transduction.

Development of multi-disease-resistant strategies by 
combining two approaches 
Finally, to produce diseaseresistant cells against multiple vi
ruses, shRNAs against the 3D and ORF7 genes were transferred 
by lentiviral vectors into CD163knockout pFFs. Because 
FMDV and PRRSV have crucial simultaneous impacts on 
animal farms across the country, it is important to protect 
against these two contagious diseases simultaneously. Three 
samples, including shRNA against 3D, shRNA against ORF7, 

Figure 3. Sequence alignment of different serotypes. Alignment of foot and mouth disease virus serotypes, type O, type A, and type Asia 1 for VP1 gene (A); 2B gene (B); 
and 3D gene (C). Alignment of porcine reproductive and respiratory syndrome virus serotypes, North America 1, North America 2, and the Korean isolate for the ORF5 gene 
(D); ORF6 gene (E); and ORF7 gene (F). Black character for conserved nucleotides, dark grey for similar nucleotide, and light grey for different nucleotides. ORF, open 
reading frame.
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and both shRNAstreated groups, were prepared. 

Table 5. Similarity and function of viral genes

Viruses Genes Length 
(bp)

Homology 
(%) Functions

FMDV VP1 642 0.812565 Capsid protein
2B 462 0.955988 Increasing membrane permeability
3D 736 0.961504 RNA polymerase

PRRSV ORF5 603 0.933112 Glycosylated envelope protein
ORF6 525 0.968254 Unglycosylated membrane protein
ORF7 372 0.972222 Nucleocapsid protein

ORF, open reading frame.

Establishment of in vitro shRNA verification method 
Infection with live viruses is required to verify disease resis
tance. However, it is difficult to conduct an experiment using 
contagious viruses, because biohazard facilities and equip
ments approved by the government are required. Thus, we 
developed a novel method to indirectly demonstrate shRNA 
functions using a recombinant viral gene expression plasmid 
vector. The synthesized DNA constructs carrying viral genes 
were inserted into the pcDNA3EGFP vector to analyze the 
activity and effectiveness of the shRNAs in vitro. Plasmid vec
tors that expressed the 3D and ORF7 genes were transfected 
into shRNAexpressed cells. Viral gene expression in pFFs 
was confirmed by PCR (Figure 4B). No significant difference 

Figure 4. Viral transfer of shRNA sequence against foot and mouth disease virus and porcine reproductive and respiratory syndrome virus. (A) BLAST result between shRNA 
target site and porcine transcriptome. Black indicates very low similarity. (B) Confirmation of viral gene expression from vectors. (C) Level of viral gene expressed from 
transfected vectors. Error bars indicate the standard error of the mean (SEM), and * indicates a significant difference. (E) Relative mRNA level of the 3D gene in CD163-
edited cells. (F) Relative mRNA level of the ORF7 gene in CD163-edited cells. Error bars represent mean SEM, and * indicates a significant difference. FP, cells with both 
shRNAs for 3D and ORF7; f, 3D gene expression vector; p, ORF7 expression vector; fp, both vectors above; CD163, cluster of differentiation 163; ORF, open reading frame.
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was observed between the control and 1× treatment group 
in relative quantity of viral mRNA. The 3D and ORF7 mRNA 
levels decreased significantly in the shRNA treatment groups 
compared with the control group when the former groups were 
treated with 10× plasmid concentration (about 9fold in 3D 
and 160fold in ORF7; Figure 4C, 4D). These results show that 
the viral genes were successfully suppressed by shRNAs inte
grated into the pFF genome. The mRNA levels of the viral 
genes decreased in response to the targeted shRNAs trans
fected into CD163knockout cells. Additionally, expression 
of the viral genes was significantly inhibited (>4.8fold in 3D 
and 3.8fold in ORF7; Figure 4E, 4F) in cells infected with both 
shRNAs against 3D and OFR7. Taken together, these data 
show that targeting efficiency of shRNAs against FMDV and 
PRRSV was confirmed in vitro.

DISCUSSION 

A multi-disease-resistant strategy is achievable using 
various techniques simultaneously 
Due to their genetic diversity, it is difficult to prevent viral in
fectious diseases [32]. Indeed, there are different nucleotide 
and polypeptide sequences not only across serotypes but also 
between subtypes in a serotype. This variety gives resistance 
against vaccination of the host to the viruses. Thus, a vaccina
tion for each new type of virus is needed every time to ensure 
protection. Genetic modifications have been used to produce 
viral diseaseresistant farm animals to overcome the obstacles 
of vaccination.
 When viruses infect host cells, they recognize specific mole
cules on the cell surface. Heparan sulfate, sialoadhesin, and 
CD163 are major mediators of PRRSV infection [33]. The 
CD163 receptor is more strongly related to viral susceptibili
ty than sialoadhesin according to an experimental study [34]. 
CD163 is a transmembrane glycoprotein on monocytes and 
macrophages that has been used as the subject of the PRRSV 
resistance experiments. Cells were treated with antibodies tar
geting CD163, and they suppressed entry of the virus into the 
cells [35,36]. CRISPRCas9 gene editing was conducted with 
porcine embryos in CD163knockout studies. These resear
chers produced piglets by embryo transfer, and the pigs showed 
total viral resistance [9,10]. Accordingly, targeting CD163 is 
sufficient to block viral infection. We conducted gene editing 
on the fore part of the CD163 gene. Modification of the ge
nomic sequence was detected in the clone cell lines. However, 
additional experiments are needed to confirm whether the 
polypeptide sequence or the protein structure changed.
 Animals are usually vaccinated against FMDV with live 
vaccines [31]. As a genetic modification to deliver resistance, 
many attempts have been made to suppress the virus with 
RNAi [37]. The 3D gene is a major target for the induction 
of resistance. The 3D gene encodes viral RNA polymerase, 

which is the most important protein in the virus life cycle [16]. 
RNAs synthesized by viral polymerase produce other viral 
proteins during replication and transcribe the genetic infor
mation of the virus, especially RNA viruses, such as FMDV. 
Researchers have effectively decreased the replication of FMDV 
by miRNAs or shRNAs against the 3D gene [38,39]. Nucleo
capsid protein knockdown has been conducted to suppress 
PRRSV. One candidate is ORF7, which encodes an essential 
protein. ORF7 is involved in a nucleocapsid protein N, which 
is a structural protein of the virus. This protein leads to encap
sulation of PRRSV. Many studies have shown that interrupting 
encapsulation by suppressing the ORF7 gene reduces PRRSV 
replication [4042]. The 3D and ORF7 genes are highly con
served among serotypes because of their importance [43,44]. 
Thus, shRNAs that restrict those genes can be a powerful bar
rier to block viral infection. The 3D and ORF7 sequences from 
common serotypes were aligned together, and conservation 
of these genes was confirmed in this study. The shRNAs that 
targeted 3D and ORF7 were integrated into the porcine ge
nome.
 Animals with resistance to one disease are vulnerable to 
invasion by other diseases. To prevent diverse diseases, animals 
need multiresistance against diseases that occur frequently. 
In our study, the gene edition of the viral receptor and viral 
gene targeting shRNAs were used together (shRNAs against 
3D and ORF7 were integrated into the genome of CD163 edit
ed cells). Knockdown of 3D and ORF7 was also effective in 
those cells.

Efficiency of shRNA against contagious viruses was 
verified in vitro
A common method for ensuring the effectiveness of shRNAs 
against viral diseases is infecting transgenic animals that carry 
shRNAs. In previous studies, RNAi transgenic pigs had no 
complications with stable siRNA expression [45], and this is the 
best way to confirm the efficiency of the RNAi. However, the 
production of animals expressing RNAi requires infrastruc
tures, money, and time. Even after the animals are successfully 
produced, handling highly infectious viruses is very dangerous. 
Therefore, a specialized facility is needed to control hazard
ous factors during experiments. In this study, we suggested 
an alternative method to supplement the virus challenge test. 
The ORF7 gene of PRRSV and the 3D gene of FMDV were 
expressed in recipient cells after transfection, indicating re
capitulation in virusinfected cells. Our results show that the 
transduced shRNAs induced degradation of RNAs encoding 
virus proteins. This technique is easier and far less hazardous 
than an infection experiment. Although this method cannot 
completely replace animal tests, it ensures the success of RNAi 
expression in vitro. Thus, our method can make an important 
contribution to diseaseresistant RNAi studies. 
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CONCLUSION

In conclusion, we introduced a multiresistance strategy against 
two major harmful diseases in pigs, FMDV and PRRSV. We 
expect that animals can be produced successfully according 
to previous studies. An in vitro shRNA verification method 
was suggested as a confirmation procedure before animal 
challenge testing. However, the in vitro method and in vivo 
test must be compared to confirm the effectiveness of the 
shRNAs. Further studies including our overall strategy and 
performed from a variety of perspectives are needed to iden
tify resistance mechanisms against other critical diseases.
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