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In this study, using a dual-functional, piggyBac transposon-based system, we developed a method to system-
atically decipher the host genes that may be associated with porcine reproductive and respiratory syndrome
virus (PRRSV) infection. A Marc145 cell library, which was randomly mutated by transfecting piggyBac plasmids,
was challenged with PRRSV. The surviving cell clones were subjected to inverse PCR and high-throughput
sequencing to map the integration sites of the transposon. Detailed annotation of the genes flanking the in-
tegration sites allowed us to generate a ranked list of candidate genes. Among the predicted genes with a high
priority, four genes, CDK17, RNF168, BCL2L15, and TRIM33, were strongly correlated with PRRSV infection in
both Marc145 cells and porcine primary alveolar macrophages. This study not only assists in identifying the

genes essential for PRRSV infection but also confirms the possibility of using the piggyBac system to study other
virus-host genetic interactions in a high-throughput manner.

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS), which ty-
pically manifests as reproductive failure in sows and respiratory disease
in growing pigs (Han et al., 2017), is a highly contagious disease and
has caused significant economic losses worldwide in recent decades.
The causative pathogen of PRRS, porcine reproductive and respiratory
syndrome virus (PRRSV), is an enveloped, single-stranded RNA virus
that belongs to the genus Arterivirus, family Arteriviridae, and order
Nidovirales. Traditional control strategies and vaccines for PRRSV are
not sufficient to provide sustainable and efficient protection for pigs,
mainly due to the variability and immune evasion of PRRSV
(Thanawongnuwech and Suradhat, 2010). However, a lack of under-
standing of the interactions between PRRSV and its host, as well as the
genetic factors associated with PRRSV resistance and susceptibility,
limits our ability to prevent PRRSV infection.

In recent years, researchers have conducted many studies to identify
novel genes related to PRRSV resistance at the whole-genome level.
Some studies on natural genetic differences in the resistance/suscept-
ibility of pigs to PRRS in various swine breeds and populations have
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provided insights to improve our understanding of PRRSV infection
(Lunney and Chen, 2010; Petry et al., 2005; Rowland et al., 2012).
However, the phenotypes responsible for resistance to PRRSV infection
are usually not consistent across different pig breeds, even across dif-
ferent pig populations (Reiner, 2016), which may lead to poor corre-
lations between candidate genes and resistance phenotypes. Therefore,
researchers have begun to search for other robust systems to study the
genetic factors that underlie PRRSV resistance/susceptibility at the
whole-genome level.

Recently, advances in sequencing and functional genomics have
facilitated unbiased genome-wide screening of cellular factors related
to viral infection. These screening platforms are mainly based on cul-
tured cell lines. Thus far, newly developed gene-editing technologies
have expanded the repertoire of available cell types, which is particu-
larly vital for studying viruses that exhibit relatively narrow cyto-
tropism or species tropism (Ramage and Cherry, 2015). For PRRSV,
swine are the only known natural hosts, and porcine primary alveolar
macrophages (PAMs) are the primary cell targets in vivo. However, in
vitro, only the immortalized African green monkey kidney cell line MA-
104 and its derivatives, such as Marcl45 cells, are susceptible and
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permissive to PRRSV infection (Kim et al., 1993). Hence, the major
hurdle to performing genome-wide screens for host genes that partici-
pate in PRRSV infection has been the development of a gene-editing
method suitable for Marc145 cells.

In recent years, an increasing number of unbiased forward and re-
verse genetic screening methods, including RNA interference (RNAi),
cDNA overexpression, the CRISPR/Cas9 system and transposon muta-
genesis, have been used to identify host factors (Ramage and Cherry,
2015). However, some of these methods are not broadly used, such as
the RNAi method, which exhibits significant potential for false-positive
results due to off-target effects (Hao et al., 2013), and the cDNA
method, which induces nonphysiologically high expression levels that
are not subjected to endogenous regulatory mechanisms (Xue et al.,
2016). Based on the existing evidence, CRISPR screening is generally
more reliable and more specific than RNAi. Moreover, CRISPR
screening has been applied to various functional genomic studies, such
as identifying genes required for cell survival or resistance to drugs or
viruses (Kim et al., 2017; Wang et al., 2015; Xue et al., 2016). However,
in the case of PRRSV, no ready-made sgRNA library is available for
Marc145 cells.

The piggyBac (PB) system from the cabbage looper moth has been
engineered to be highly active in mammalian cells (Ding et al., 2005).
Moreover, the simplicity of the piggyBac integration machinery, which
enables the integration of long DNA sequences, has facilitated the de-
velopment of a variety of powerful mutagenesis strategies to perform
both forward and reverse genetic screens (Chew et al., 2011; Ivics et al.,
2009). First, if transposons are integrated within genes, it is possible to
conduct loss-of-function screening at the genome-wide level. Second,
the incorporation of functional enhancers induces the overexpression of
genes flanking these elements (Walden et al., 1994). Two of the best
examples are the use of the piggyBac transposon for the discovery of
cancer genes (Rad et al., 2010) and pluripotency regulators (Guo et al.,
2011). In recent years, the transposon-based method has shown great
potential for gene discovery because it can combine the strong
screening phenotypes of ‘gain of function’ and ‘loss of function’ with the
ability to cover the whole genome (Chen et al., 2013). In this case,
piggyBac transposon genetic screening is superior to other methods with
the advantages of simplicity, convenience and low cost.

Here, we report the development of a piggyBac transposon-based
screening method for the discovery of host factors associated with
PRRSV resistance/susceptibility. In this study, four of the predicted
candidate genes, CDK17, RNF168, BCL2L15 and TRIM33, were strongly
correlated with PRRSV infection in both Marc145 cells and PAMs,
which confirms the validity of our system. More importantly, this
system can be readily applied to other viruses for the identification of
host factors responsible for virus resistance/susceptibility.

2. Materials and methods
2.1. Cells and viruses

Marc145 cells (obtained from Prof. Wenhan Feng’s laboratory), a
monkey kidney cell line that is highly susceptible and permissive to
PRRSV infection, were maintained in DMEM supplemented with 10%
fetal bovine serum (FBS) and penicillin/streptomycin. Marc145 cells
were transfected with DNA constructs using Lipofectamine 2000 or an
electrotransfection kit (Lonza) according to the manufacturer's in-
structions (optimal program: V-013). The modified porcine alveolar
macrophage 3D4/21 cell line (CRL-2843) used in our study was pro-
vided by Prof. Hanchun Yang and was shown to be susceptible and
permissive to PRRSV (Zhang et al., 2018). The cell line was cultured in
RPMI-1640 medium (Gibco) supplemented with 10% FBS and peni-
cillin/streptomycin. All cells were cultured in a humidified incubator
with 5% CO, at 37 °C. 3D4/21 cells were transfected with DNA con-
structs using electrotransfection (Lonza) according to the manufac-
turer's instructions (optimal program: D-032).
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Three type 2 PRRSV strains were used. The first strain was CH-1a,
which was the first type 2 PRRSV strain isolated in China (GenBank
accession No. AY032626). The second strain was WUH3 (GenBank ac-
cession No. HM853673.2). The third strain was XH-GD (GenBank ac-
cession No. EU624117.1), which exhibits 99.1% nucleotide sequence
identity to JXA1 strain and was one of the epidemic HP-PRRSV strains
isolated in Guangdong; this strain was a gift from Prof. Guihong Zhang
of South China Agricultural University. These PRRSV strains were
propagated in Marc145 cells, and viral titers were determined using a
doubling dilution assay; the titers were denoted as the 50% cell culture
infective dose (TCIDsp)/mL, as determined using the Reed-Muench
method (Wang et al., 2011). The titrated viruses were preserved at
—-80°C.

2.2. Plasmid construction

The piggyBac transposon plasmids used in our study included the
transposon plasmid named pFind1l and the transposase plasmid named
4PB. The pFind1 plasmid contains a cytomegalovirus (CMV) enhancer,
an RNA splicing donor (SD) and two splice acceptors (SA) in both or-
ientations, and the 4PB plasmid contains a transposase coding sequence
driven by the CAG promoter. The pX330 vector was purchased from
Addgene. The sgRNAs were designed based on the sequences of exon 1
of each gene, and the paired synthesized oligonucleotides were then
annealed and cloned into the pX330 plasmid according to the protocol
from the Zhang laboratory (http://www.addgene.org/crispr/zhang/).
All constructs were verified by sequencing, and the sequences of the
sgRNAs are listed in Table S1. Genes were amplified from green monkey
c¢DNA or porcine cDNA and cloned into the pcDNA3.1 (+) vector (N-
terminal Myc tag). The constructs described above were verified by
sequencing, and the sequences of the amplification primers are listed in
Table S2.

A green monkey IFNf1 luciferase reporter plasmid was constructed
by cloning the green monkey IFNB1 promoter (340 bp upstream of the
transcription start site (TSS) of the green monkey IFNf1 gene [NCBI
Reference Sequence: NC_023653.1]) into the pGL3-Basic vector
(Promega). Vectors carrying different mutants of the IFNB1 promoter
were constructed by deleting different transcription factor binding sites
and then separately cloning the sequences into the pGL3-basic vector. A
green monkey TRIM33 luciferase reporter plasmid was constructed by
cloning the green monkey TRIM33 promoter (1929 bp upstream of the
TSS of the green monkey TRIM33 gene [NCBI Reference Sequence:
NC_023661.1]) into the pGL3-Basic vector (Promega). The sequence
information for the TRIM33 promoter is shown in Fig. S3. The luciferase
reporter assay was performed with the Dual Luciferase Reporter Assay
System (Promega) according to the manufacturer’s protocol. The pRL-
TK vector expressing the Renilla luciferase gene was used as a nor-
malization control.

2.3. Construction, expression and purification of DRACO

Double-stranded RNA activated caspase oligomerizer (DRACO) is a
synthetic protein that includes three parts: protein kinase R (PKR
1-181), which can detect dsRNA; apoptotic protease-activating factor
11-97 (Apaf 11-97), which can help to selectively induce apoptosis in
cells containing viral dsRNA; and protein transduction domain 4 (PTD-
4), which can help to transport proteins into cells (Guo et al., 2015). In
short, DRACO can rapidly kill virus-infected cells but does not affect
uninfected cells. The DNA elements encoding DRACO were synthesized
by General Biosystems (Anhui, China) and cloned into the expression
vector pET-28a (+). The recombinant pET-28a-DRACO plasmid was
identified by PCR, restriction enzyme digestion and sequencing. Then,
the DRACO protein was successfully expressed and purified in vitro.
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2.4. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with TRIzol (Magen) according to the
manufacturer’s instructions. M-MLV reverse transcriptase was used for
reverse transcription according to the manufacturer’s protocol
(Promega). The qRT-PCR analysis was performed in 96-well plates
using the Roche Light Cycler 480 System. The relative expression level
of these genes was calculated using the 2" method, and GAPDH
mRNA was used as the endogenous control. The primers used for qRT-
PCR amplification are listed in Table S2. qRT-PCR was performed on
each sample in triplicate.

2.5. Western blotting

Marcl45 cells were lysed using immunoprecipitation (IP) lysis
buffer containing protease inhibitors (Biotechnology, China). The pro-
tein concentrations of the extracts were measured with a BCA assay
(Beyotime). Equal amounts of protein from each sample were separated
on SDS-PAGE gels and then transferred to polyvinylidene difluoride
(PVDF) membranes, which were then blocked with 5% milk in TBST at
room temperature for one hour. The PRRSV N protein and Myc-tagged
proteins were probed with an N-specific polyclonal IgG antibody pro-
duced and characterized in our laboratory (1:500 dilution) and a mouse
anti-Myc tag monoclonal IgG antibody (1:1000 dilution, CST), respec-
tively. Then, the membranes were incubated with a goat anti-rabbit IgG
secondary antibody (for the N polyclonal antibody, 1:10,000 dilution,
Beyotime) or a goat anti-mouse IgG secondary antibody (for the Myc
tag monoclonal antibody, 1:10,000 dilution, Beyotime) for one hour at
room temperature, followed by washes in TBST. GAPDH was used as
the control. Proteins were visualized with chemiluminescence.

2.6. Small interfering RNA (siRNA) assay

The siRNAs and the negative control (NC) were synthesized by
GenePharma (Suzhou, China), and the sequences of the siRNAs are
provided in Table S1. The cells were transfected with 50 nM siRNA
using HiPerFect (Qiagen) for 48 h, as previously described (Zhang et al.,
2016); then, the cells were infected with PRRSV at an MOI of 1.0 for
36 h. qRT-PCR was performed to detect the expression levels.

2.7. Immunofluorescence assay
To detect PRRSV infection in Marcl45 cells, an immuno-

fluorescence assay (IFA) was performed. The cells were fixed with
methanol for 10 min at 4 °C, washed with PBS, and then blocked with
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Fig. 1. Generation of the piggyBac transposon-
mutated library. (A) Diagram of the pFindl
piggyBac vector that contains a cytomegalo-
virus (CMV) enhancer, a neomycin (G418) re-
sistance gene and a gene-trap cassette. SA,
splice acceptor; En2SA, splice acceptor in the
opposite orientation; SD, splice donor. The 4PB
transposase vector contains a transposase
coding sequence driven by the CAG promoter.
(B) The distribution of unique insertion sites
throughout the genome in the mutated cell li-
brary. All piggyBac insertion sites identified by
next-generation sequencing were widely dis-
tributed over 31 chromosomes. The X-axis in-
dicates the chromosome. The Y-axis indicates
the density of unique insertion sites.

PB3'TR

1% bovine albumin V in PBS for 30 min. The cells were then incubated
with the anti-PRRSV N protein mAb SDOW17 (1:1000, RTI), followed
by washes with PBS. Afterwards, the cells were incubated with Alexa
Fluor® 488-conjugated goat anti-mouse IgG (H+L) (1:1000, Beyotime)
for 1 h at 37 °C. The expression levels of the N protein were examined
using a fluorescence microscope.

2.8. Inverse PCR and next-generation sequencing for the mapping of
insertion site

Genomic DNA was extracted from samples using the DNeasy Blood
& Tissue Kit (Qiagen). Insertion sites were detected by an adapted in-
verse PCR protocol. Genomic DNA digested by Msp I and Dpn I was
purified on Qiagen columns and then self-ligated to serve as templates
for PCR. We performed one round of inverse PCR to amplify pFindl
insertion sites for sequencing analysis in order to reduce the influence
of PCR bias on next-generation sequencing. The amplification primers
are PB152 and PB36inv5F, whose sequences are listed in Table S2. The
Expand Long Range dNTP Pack (Roche) was used for amplification
reactions. The PCR conditions were described in a previously reported
protocol (Wu et al., 2007). The amplified PCR products were sent to a
sequencing company (Tang Tang Tian Xia, Beijing). The sequencing
results were analyzed with Ensembl BLAST.

2.9. Statistical analysis

Generally, all experiments were performed with at least three in-
dependent replicates and with three technical replicates per sample.
GraphPad Prism software (GraphPad, San Diego, CA) was used to
analyze the data. Differences were analyzed using Student’s t-test, and
the results are presented as the mean + SEM (*p < 0.05, **p < 0.01,
and ***p < 0.001).

3. Results

3.1. Generation of a mutated Marc145 cell library using a piggyBac
transposon-based system

The modified piggyBac transposon system used in our study contains
a transposon plasmid named pFindl and a transposase plasmid named
4PB. The pFind1 plasmid contains a cytomegalovirus (CMV) enhancer,
an RNA SD and two SAs in both orientations (Fig. 1A). The transposon-
based system is thus bifunctional. It causes a loss of gene function when
the transposon is directly inserted within genes, regardless of the or-
ientation. On the other hand, this system contains a strong enhancer,
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which can lead to the overexpression of genes when the transposon is
inserted into flanking or intergenic regions. The 4PB plasmid contains a
transposase coding sequence driven by the CAG promoter that can
mediate the transposition process by recognizing inverted terminal re-
peats.

To construct a mutated Marc145 cell library, approximately 5 x 107
cells were cotransfected with the pFindl and 4PB plasmids by elec-
troporation. Then, the cells were treated with neomycin (G418) and
cultured for an additional 10-14 days. Cells that survived the G418
treatment were harvested and cryopreserved as the transposon-mutated
library.

To determine the genomic distribution of transposon insertion sites
in the mutated library, the genomic DNA isolated from the mutated
library was subjected to inverse PCR to amplify the segments flanking
the insertion sites. Then, the flanking segments (read number = 3)
were mapped to the reference genome, and the insertion sites were
characterized for their distribution throughout the genome (Table S3).
The density of insertion was then presented based on the ratio of the
number of unique insertion sites to the genomic size of each chromo-
some (Fig. 1B). The insertion sites were mapped to all 31 chromosomes,
revealing broad coverage throughout the genome. In addition, the
density of unique insertion sites (insertion sites per Mb) ranged from
0.32 to 1.33, suggesting that the insertion sites in the mutated cell li-
brary exhibited a relatively even distribution throughout the genome.

3.2. Generation of a PRRSV-resistant cell library

To generate a PRRSV-resistant cell library, the mutated cell library
and wild-type Marc145 cells that served as the NC, were infected with
the CH-1a/WUH3/XH-GD PRRSV strains (Fig. 2A). These three strains
were used for two major reasons. First, these strains grow stably and
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robustly under laboratory conditions. Second, CH-1a PRRSV represents
a traditional strain, and WUH3/XH-GD PRRSV represent highly pa-
thogenic PRRSV (HP-PRRSV) strains, enabling us to enrich cells that are
potentially resistant to several PRRSV strains. After conducting titration
to identify the MOI that caused the strongest cytopathic effect (CPE), an
MOI of 10 was observed to be the optimal dose. However, we found that
not all of the wild-type Marc145 cells died following PRRSV infection
(Fig. S1), although a high MOI (MOI = 10) of PRRSV was theoretically
sufficient to infect all wild-type Marc145 cells.

To remove the population of PRRSV-infected cells that were not
dead, we employed the DRACO protein in our experiments (Fig. S2A),
as DRACO has been reported to exert an apoptosis-inducing effect on
virus-infected cells when added to the cell supernatant (Guo et al.,
2015). As shown in Fig. S2B, the DRACO protein was successfully ex-
pressed and purified. Then, the cytotoxicity of the DRACO protein for
wild-type Marc145 cells was measured. The results showed that the
viability of cells incubated in medium containing 40, 60, or 80 mg/L
DRACO protein remained almost normal after treatment for 48 h (Fig.
S2C), which was consistent with the reported data (Guo et al., 2015).
Then, the function of the DRACO protein was detected using an FITC
Annexin V Apoptosis Detection Kit. The results showed that a sig-
nificantly greater number of apoptotic cells was detected in the DRACO-
treated group than in the DRACO-untreated group (Fig. 2B and Fig.
S2E), indicating that the DRACO protein indeed exerted an apoptosis-
inducing effect on PRRSV-infected cells without harming uninfected
cells (Fig. S2D). Thus, we added the DRACO protein to the supernatant
of cells that had been subjected to several rounds of infections with the
three PRRSV strains to clear the surviving PRRSV-infected cells
(Fig. 2A). As expected, no healthy wild-type Marc145 cells survived,
while some healthy cell clones were visible and exhibited a good
morphology in the mutated cell library (Fig. 2C), indicating that under
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Fig. 2. Generation of the PRRSV-resistant cell library. (A) The process used to screen the PRRSV-resistant cell library. The mutant library was generated by
transfecting cells with the piggyBac transposon and transposase. Following PRRSV infection and treatment with the DRACO protein, a PRRSV-resistant library was
successfully generated. (B) DRACO promoted the apoptosis of PRRSV-infected cells. Cells were infected with CH-1a PRRSV at an MOI of 1.0 in the presence of PBS or
DRACO (80 mg/L). The cells were collected at 36 hpi and detected using an FITC Annexin V Apoptosis Detection Kit I. The green color represents early apoptotic cells
and the red color represents late apoptotic cells. (C) Images of PRRSV-resistant cells and wild-type control cells after PRRSV infection (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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these conditions, the healthy colonies were likely genetically resistant
cell clones arising from transposon insertions.

3.3. List of candidate genes associated with PRRSV resistance/susceptibility

To determine whether PRRSV infection led to an enrichment of
transposons at particular insertion sites in the PRRSV-resistant library,
the genomic distribution of insertion sites was mapped using inverse
PCR and next-generation sequencing analysis. Then, the flanking seg-
ments (read number > 3) were mapped to the reference genome, and
the insertion sites were also characterized for their distribution
throughout the genome (Table S4). The density of insertions was pre-
sented based on the ratio of the number of unique insertion sites to the
genomic size of each chromosome. The results showed that there were
significantly fewer unique insertion sites in the PRRSV-resistant cell
library than in the original cell library. Moreover, the maximum read
number (2180) for a single insertion site in the PRRSV-resistant cell
library was higher than that (844) in the original cell library. In addi-
tion, 26 unique insertion sites with read numbers of more than 1000
existed in the PRRSV-resistant cell library. Therefore, a remarkable
enrichment of insertion sites was shown in the PRRSV-resistant mutated
library compared with the original mutated library (Fig. 3).

To obtain a global perspective of the genes related to PRRSV re-
sistance or susceptibility, these genes were ranked by calculating the
pFind1 insertion frequency around each gene (from 200 kb upstream to
200 kb downstream of each gene). The results are presented in Table
S5. Subsequently, the ranked genes that were not expressed in PAMs or
Marc145 cells were excluded, and those genes with read numbers
= 500 are presented in Table S6. To generate a more reasonable can-
didate gene list for further validation in the follow-up study, we per-
formed a transcriptome analysis of Marc145 cells challenged with CH-
la PRRSV infection, and the results are presented in Table S7. Thus,
four genes, CDK17, RNF168, BCL2L15 and HIPK1, all of which showed
significant differential expression after CH-1a PRRSV infection, were
chosen as candidate genes for further verification. Because genes re-
lated to PRRSV resistance or susceptibility might not always show
significant differences in expression after PRRSV infection, four addi-
tional genes, TRIM33, ELK3, TFRC and WDR53, which are known to be
involved in immune responses and stimulus-induced responses, were
also chosen for the follow-up study. The final candidate gene list is
presented in Table 1.

3.4. Validation of the correlations between candidate genes and PRRSV
resistance/susceptibility in Marc145 cells

To verify the correlations between the candidate genes and PRRSV

2500 | resistance group

I control group
2000

1500

1000

ol AMMW

500
1234567891011121314151617181920212223242526272829XY
Chromosome position

Read Number

Fig. 3. Characterization of the distribution of insertion sites in the PRRSV-re-
sistant cell library. All piggyBac insertion sites in the PRRSV-resistant library
were identified by next-generation sequencing. Insertion sites in the PRRSV-
resistant library showed a remarkable enrichment compared with the original
library. The X-axis indicates the chromosome positions of insertion sites. The Y-
axis indicates the raw read number for each site. Red represents the resistance
group; black represents the control group (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article).
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Table 1
Candidate gene list.

Gene ID Gene Name Ranking Chromosome location
ENSCSAG00000003573 ELK3 7 chr 11
ENSCSAG00000008616 WDR53 28 chr 15
ENSCSAG00000001649 TRIM33 33 chr 20
ENSCSAG00000008546 TFRC 421 chr 15
ENSCSAG00000003570 CDK17 8 chr 11
ENSCSAG00000008602 RNF168 30 chr 15
ENSCSAG00000001637 BCL2L15 351 chr 20
ENSCSAG00000001645 HIPK1 348 chr 20

resistance/susceptibility, plasmids containing the candidate genes fused
with a Myc tag were constructed and then transfected into Marc145
cells. Western blotting results revealed the overexpression of the eight
candidate genes in Marc145 cells (Fig. 4A). These cells were then in-
fected with CH-1a PRRSV, and the viral mRNA was detected at 36 h
post infection. According to the qRT-PCR results, four genes, TRIM33,
CDK17, RNF168 and BCL2L15, significantly inhibited or enhanced viral
infection when overexpressed (Fig. 4B).

To further assess these correlations, we individually knocked out
CDK17, RNF168, and TRIM33 in Marcl45 cells. Two independent
clonal cell lines were generated for each gene, and the RNA levels of
CDK17, RNF168, and TRIM33 in the respective knockout cells were
determined using RT-PCR and qRT-PCR (Fig. S4). For the BCL2L15
gene, the knockdown data are presented in Fig. S5A. The results showed
a significant decrease in the expression of these genes in the respective
knockout or knockdown cells compared with that in the wild-type cells.
Next, the cells were collected at the indicated time points after PRRSV
infection and examined by qRT-PCR with specific primers for the ORF7
gene. The results showed elevated levels of PRRSV ORF7 mRNA in
CDK17-knockout cells, RNF168-knockout cells, and BCL2L15-knock-
down cells and reduced levels of PRRSV ORF7 mRNA in TRIM33-
knockout cells, indicating that CDK17, RNF168, and BCL2L15 inhibited
PRRSV infection, while TRIM33 promoted PRRSV infection (Fig. 5A
and Fig. S5B). Similar results were obtained for the PRRSV N protein
using Western blotting (Fig. 5B). Thus, CDK17, RNF168, and BCL2L15
inhibit PRRSV infection, and TRIM33 promotes PRRSV infection, which
further confirm the correlation of these four candidate genes with
PRRSV infection.

To investigate whether the effects of CDK17, RNF168, BCL2L15 and
TRIM33 on PRRSV infection could be replicated in other PRRSV strains
in addition to the traditional CH-la PRRSV strain used above, two
highly pathogenic PRRSV strains, WUH3 and XH-GD PRRSV, were
utilized to conduct similar experiments. The effects of gene knockout/
overexpression (knockdown/overexpression for BCL2L15) on WUH3
and XH-GD PRRSV were consistent with their effects on CH-1a PRRSV,
suggesting that the associations of CDK17, RNF168, BCL2L15, and
TRIM33 with PRRSV resistance/susceptibility were not restricted to a
particular PRRSV strain (Fig. 5C and Fig. S5C).

3.5. Validation of the correlations between candidate genes and PRRSV
resistance/susceptibility in modified 3D4/21 cells

Because Marc145 cells are not the natural hosts for PRRSV, mod-
ified 3D4/21 cells were used to further verify the associations between
candidate genes and PRRSV resistance/susceptibility. First, we verified
the knockdown efficiency of pTRIM33, pCDK17, pRNF168, and
pBCL2L15 in 3D4/21 cells by qRT-PCR after the cells were treated with
siRNAs targeting the TRIM33, CDK17, RNF168, and BCL2L15 genes,
respectively, or the NC. The expression of TRIM33, CDK17, RNF168 and
BCL2L15 was partially silenced by the respective siRNAs (Fig. 6A).
Then, the siRNA-transfected cells were infected with WUH3 PRRSV
(MOI = 1.0), and the results showed significant changes in PRRSV N
mRNA levels, revealing that CDK17, RNF168 and BCL2L15 inhibited
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PRRSV infection and that TRIM33 enhanced PRRSV infection in 3D4/
21 cells (Fig. 6B).

For further validation, these four candidate genes were fused with a
Myc tag and overexpressed in the modified 3D4/21 cells. Western
blotting results revealed the overexpression of the four candidate genes
in 3D4/21 cells (Fig. 6C). These cells were then infected with PRRSV,
and the viral mRNA was detected at 36 h post infection. According to
the gRT-PCR results, four genes, TRIM33, CDK17, RNF168 and
BCL2L15, significantly inhibited or enhanced viral infection when
overexpressed in 3D4/21 cells (Fig. 6D). Based on these results,
TRIM33, CDK17, RNF168 and BCL2L15 were also closely associated
with PRRSV resistance/susceptibility in 3D4/21 cells, which was con-
sistent with the findings obtained in Marc145 cells.

3.6. TRIM33 enhances PRRSV infection

Given that TRIM33 belongs to the TRIM family, which has been
implicated in a variety of cellular functions, including antiviral activity,
and little is known about how TRIM33 responds to virus infection, the
mechanism that underlies the interaction between TRIM33 and PRRSV
infection was of interest. To further explain the link between TRIM33
and PRRSV resistance/susceptibility, we investigated whether TRIM33
was regulated by PRRSV infection. A time-course assay was performed
to assess the expression of TRIM33 in Marc145 cells infected with the
CH-1a PRRSV strain at an MOI of 0.1. Cell samples were collected at 0
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hpi, 12 hpi, 24 hpi, 36 hpi, 48 hpi, 60 hpi, and 72 hpi. Then, the
TRIM33 and PRRSV ORF7 mRNA levels of the cell samples collected at
each indicated time point were analyzed by qRT-PCR. Our results re-
vealed significantly increased expression of TRIM33 following PRRSV
infection (Fig. 7A left), and a similar trend was observed for the PRRSV
ORF7 mRNA level (Fig. 7A right), suggesting that the increase in
TRIM33 expression depended on PRRSV infection. To validate the up-
regulation of TRIM33 by PRRSV infection, the TRIM33 promoter was
transfected into Marc145 cells, and the cells were then infected with
CH-1a PRRSV at different MOIs. The results showed that the activity of
the promoter was enhanced by PRRSV infection in a dose-dependent
manner (Fig. 7B).

To further verify the effect of TRIM33 on PRRSV infection, an IFA
was also performed in TRIM33-knockout cells and wild-type cells after
PRRSV infection. The levels of the PRRSV N protein were significantly
decreased in TRIM33-knockout cells (Fig. 7C), which was consistent
with the Western blotting data (Fig. 7D). To determine the effects of
TRIM33 on multicycle PRRSV growth, culture supernatants were col-
lected at the indicated time points to quantify virus yields. As expected,
during the late phase of infection, the amount of infectious virus in
TRIM33-knockout cells was significantly decreased (Fig. 7E), indicating
that the depletion of TRIM33 markedly inhibited the late phase of
PRRSV infection. To exclude a polar effect on TRIM33-knockout cells
and clearly verify the effect of TRIM33 on PRRSV infection, TRIM33
expression was restored in TRIM33-knockout clonal cell lines, which
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Fig. 5. Validation of correlations between candidate genes and PRRSV resistance/susceptibility in Marc145 cells. (A) Relative levels of PRRSV ORF7 mRNA in
CDK17-knockout cells (C6-9-1 and C6-14-1), RNF168-knockout cells (R7-51-1 and R7-51-3) and TRIM33-knockout cells (T-8-1 and T-11-11) versus wild-type
Marc145 cells following CH-1a PRRSV infection for 12 h, 24 h, 36 h, 48 h at an MOI of 1.0. The legend of the Y-axis is indicated as g (PRRSV ORF7 relative expression
level). (B) The levels of PRRSV N protein at 36 hpi and/or 48 hpi were examined using Western blotting. C9 and C14 represent two independent CDK17-knockout cell
clones. R1 and R3 represent two independent RNF168-knockout cell clones. T1 and T11 represent two independent TRIM33-knockout cell clones. (C) The effects of
CDK17, RNF168 and TRIM33 on PRRSV infection were not restricted to a particular PRRSV strain. qRT-PCR analysis of the viral ORF7 mRNA in CDK17-knockout
cells (C6-14-1), CDK17-overexpressing cells, RNF168-knockout cells (R7-51-1), RNF168-overexpressing cells, TRIM33-knockout cells (T-8-1), and TRIM33-over-
expressing cells after WUH3 and XH-GD PRRSV infection for 36 hpi (normalized to GAPDH). All data are representative of at least three independent experiments.
The results are presented as the mean + SEM (*p < 0.05, **p < 0.01, and ***p < 0.001); ns, not statistically significant.

were subjected to PRRSV infection. The levels of PRRSV ORF7 mRNA in
the TRIM33-knockout cells increased to a level nearly identical to that
observed in wild-type cells (Fig. 7F). Thus, TRIM33 indeed facilitated
PRRSV infection.

3.7. TRIM33 inhibits IFNf1 production and signaling primarily by affecting
the NF-xB pathway

To investigate the mechanism underlying the TRIM33-induced en-
hancement of PRRSV infection, we examined whether TRIM33 could
alter IFNP1 production and signaling. First, a qRT-PCR assay was per-
formed to monitor the level of IFNSI mRNA after stimulation with poly
(I:C). As expected, the level of IFNf1 mRNA was decreased in TRIM33-
overexpressing cells but increased in TRIM33-knockout cells (Fig. 8A).
Moreover, a luciferase assay was performed to monitor the activation of
the IFNB1 promoter after stimulation with poly(I:C), indicating that
TRIM33 inhibited the activation of the IFNf1 promoter (Fig. 8B). These
results suggested that TRIM33 impaired IFNP1 production, verifying
the role of TRIM33 as a negative regulator of IFNf1 production.

As IFN-I activates the JAK-STAT signaling pathway to induce the
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production of hundreds of interferon-stimulated genes (ISGs) to inhibit
viral infection, we performed qRT-PCR to examine the mRNA levels of
several important ISGs. The results showed that the expression of IFIT1,
IFIT2, MX2, OAS1 and OAS3 was increased in TRIM33-knockout cells
(Fig. 8C). Taken together, these results indicated that TRIM33 inhibited
IFNB1 production and signaling.

To further determine the specific region of the IFN1 promoter in-
volved in TRIM33-mediated inhibition of IFNf1 production, several
vectors carrying mutations in the IFNf1 promoter were constructed by
deleting different transcription factor binding sites and then transfected
into TRIM33-knockout cells and wild-type cells to analyze transcrip-
tional activity. Our results showed that the activity of the promoter
containing the NF-xB-responsive region in TRIM33-knockout cells was
significantly increased compared with that in wild-type cells, indicating
alterations consistent with the IFNS1 promoter (Fig. 8D). Hence, we
speculated that TRIM33 inhibited IFNf1 production primarily by af-
fecting the NF-xB pathway.
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Fig. 6. Validation of correlations between candidate genes and PRRSV infection in 3D4/21 cells. (A) Silencing efficiency of TRIM33, CDK17, RNF168 and BCL2L15
with the respective siRNAs at a final concentration of 50 nM. The expression levels of TRIM33, CDK17, RNF168 and BCL2L15 were examined at 48 h post transfection
using qRT-PCR. (B) Relative levels of PRRSV ORF7 mRNA in TRIM33, CDK17, RNF168 and BCL2L15 gene-silenced 3D4/21 cells after WUH3 PRRSV infection. (C)
Ectopic expression of four candidate genes in 3D4/21 cells. 3D4/21 cells were electrotransfected with vectors expressing Myc-tagged genes and empty vector as the
NC for 48h and then infected with WUH3 PRRSV for another 36 h. The expression of candidate genes was detected with a mouse anti-Myc mAb. (D) qRT-PCR
analysis of the viral ORF7 mRNA in candidate gene-overexpressing cells infected with WUH3 PRRSV at 36 hpi. GAPDH was detected as an internal control using a
mouse anti- GAPDH mAb All data are representative of at least three independent experiments. The results are presented as the mean + SEM (*p < 0.05,

**p < 0.01, and *

4. Discussion

This study has reported a genome-wide screening method for the
identification of host genes essential for PRRSV infection using the

“*p < 0.001).

piggyBac transposon system and next-generation sequencing tech-
nology. A ranked list of host factors potentially associated with PRRSV
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resistance/susceptibility was generated, among which four major host
factors, CDK17, RNF168, BCL2L15 and TRIM33, were clearly involved
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inhibition of PRRSV infection in TRIM33-knockout cells (T-8-1). qRT-PCR analysis of the viral ORF7 mRNA in TRIM33-knockout cells transfected with or without
Myc-TRIM33 and wild-type Marc145 cells following CH-1a PRRSV infection at 36 hpi (normalized to GAPDH). All data are representative of at least three in-

dependent experiments. The results are presented as the mean *+

in the PRRSV infection process. These results confirm the validity of our
screening method for the identification of PRRSV infection-associated
genes.

As a forward genetic approach, piggyBac transposon mutagenesis
has been shown to efficiently transpose mammalian cells (YUSA, 2017).
These transpositions occur simply based on the piggyBac transposon and
transposase, whose target site is the TTAA motif, which is fairly
abundant in the genome. As reported in previous transposon screens,
piggyBac transposon-mutated chromosomes are distributed evenly in
proportion to their TTAA content (Friedel et al., 2013). Thus, the
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SEM (*p < 0.05, **p < 0.01, and ***p < 0.001).

transpositions mediated by the piggyBac transposon do not require a
priori knowledge of genetic elements, leading to unbiased mutagenesis
throughout the genome.

As the piggyBac transposon itself undergoes random insertions
throughout the genome, the screening platform based on the piggyBac
transposon does not require time-consuming procedures to design gene
target sites. On the other hand, as stated above, the TTAA motif is ex-
tremely common and widespread in the genomes of most species, in-
dicating that a piggyBac transposon-based system is readily applicable
to new cell lines that are susceptible and permissive to other viruses.
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Notably, the piggyBac transposon possesses readily detectable tags to
probe the whole genome, including known genes and uncharacterized
genes. In our study, in addition to the four genes mentioned above,
other immune responses-related genes were also ranked in our gene list
(Table S6), such as CCR7, TNFSF4, TRIM27 and STX4, which have been
reported to play important roles in the immune response or viral in-
fection (Jindra et al., 2016; Ren et al., 2017; Wang et al., 2016; Zhang
et al., 2017). Moreover, among the identified candidate genes, some
genes have not been previously characterized, indicating that this for-
ward genetic screening system effectively discovered novel genes, al-
though the correlations between those uncharacterized genes and
PRRSV resistance/susceptibility remain to be verified.

In addition, based on our findings that CDK17 and RNF168 in-
hibited PRRSV infection while TRIM33 promoted PRRSV infection, the
modifications induced by the piggyBac system obviously exhibited
powerful dual functions. For gain-of-function studies, strategies
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Fig. 8. TRIM33 inhibits IFNf31 production and
signaling primarily by affecting the NF-xB
pathway. (A) IFNB1 production was inhibited
by TRIM33. TRIM33-knockout (T-8-1 and T-
11-11), TRIM33-overexpressing and wild-type
Marcl45 cells were infected with CH-la
PRRSV for 36 h and then incubated with poly
(I:C) (25 mg/mL) for 24 h. Cells were collected
for qRT-PCR analysis of IFNP1 production
(normalized to GAPDH). (B) IFNJ1 promoter
vectors were cotransfected with pRL-TK into
the three cell lines mentioned above for 36 h,
followed by incubation with poly(I:C) (25 mg/
mL) for 12 h. Then, the cells were harvested to
assess luciferase activity. (C) IFNB1 signaling
was inhibited by TRIM33. qRT-PCR analysis of
IFIT1, IFIT2, MX2, OAS1, and OAS3 mRNA
level (normalized to GADPH). (D) Several
vectors carrying mutants of the IFNSI pro-
moter, including AIRFs, ANF-kB, AATF-2/c-Jun
and NF-kB vectors, were cotransfected with
PRL-TK into TRIM33-knockout cells (T-8-1 and
T-11-11) and wild-type cells for 36 h, and the
cells were then harvested to test luciferase ac-
tivity. All data are representative of at least
three independent experiments. The results are
presented as the mean = SEM (*p < 0.05,
**p < 0.01, and ***p < 0.001); ns, not sta-
tistically significant.
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targeting only one allele of a gene in diploid cells may be sufficient for
long-range transcriptional activation, ensuring wide genome coverage.
With regard to loss-of-function studies, inactivation of only one gene
copy will likely exert little effect on diploid cells, suggesting that some
candidate genes might be missed in the final gene list.

As mentioned above, the Marc145 cell line was used in our
screening system instead of a porcine cell line due to the lack of porcine
cell types that can be widely applied under laboratory conditions.
Indeed, many studies have attempted to express key receptors in non-
permissive cells and support PRRSV replication (Calvert et al., 2007;
Wang et al., 2013). However, all modified porcine cell lines have failed
to act as replacements for Marc145 cells. Although modified 3D4/21
cells were used to validate the correlations between the candidate genes
and PRRSV in our study, some defects still exist in PRRSV infection for
this cell line. To some extent, the host factors identified in our system
will contribute to the development of porcine cell lines permissive to
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PRRSV infection. In addition, if porcine cell lines become available, the
CRISPR/Cas9 system will also be utilized to screen genes essential for
PRRSV resistance/susceptibility, which will further complement our
current system.

Of note, to the best of our knowledge CDK17, RNF168, BCL2L15,
and TRIM33 are all novel host factors involved in PRRSV infection. A
previous study reported that inhibition of CDKs might prevent the ef-
ficient translation of IFNfB1, which would in turn prevent STAT acti-
vation and ISG expression (Oya Cingoza, 2018). Thus, we speculated
that the depletion of CDK17 improved the proliferation of PRRSV in
Marc145 cells and 3D4/21 cells potentially by inhibiting the translation
of IFNf1. It has also been reported that RNF168 plays a well-established
role in DNA repair (Kizilors et al., 2017) and a critical role in regulating
cell proliferation and survival, which may account for the anti-PRRSV
effect of RNF168 on Marc145 cells and 3D4/21 cells, as mentioned
above. The BCL2L15 gene (also known as the BFK gene) is a proa-
poptotic member of the BCL2 family (Coultas et al., 2003). However,
PRRSV has been reported to have anti-apoptotic activity during the
initial phase of infection (Pujhari et al., 2016). Therefore, we speculated
that BCL2L15 may inhibit PRRSV infection by promoting cell apoptosis.
However, the precise mechanisms that underlie the interactions be-
tween these candidate genes and PRRSV need further validation.

TRIM33, together with TRIM24, TRIM28, and TRIM66, belongs to a
TRIM subfamily whose members contain a plant homeodomain (PHD)
and a bromodomain (BRD) in the C-terminal region (Herquel et al.,
2011). Thus far, both TRIM24 and TRIM28 have been found to inhibit
the IFN/STAT1 signaling pathway (Kamitani et al., 2008; Tisserand
et al., 2011). It has been reported that TRIM33 deficiency alone cannot
cause an IFN response in hepatocytes (Herquel et al., 2013). However,
published evidence has shown that TRIM33 regulates Ifnbl enhanceo-
some loading and represses Ifnb1 gene transcription shutdown during
the late phase of macrophage activation (Ferri et al., 2015). Meanwhile,
based on our results in Marc145 cells, we propose a potential model in
which TRIM33 is upregulated following PRRSV infection and then leads
to a decrease in NF-kB loading on the Ifnbl enhanceosome and the
shutdown of Ifnbl transcription. Accordingly, TRIM33 could be re-
garded as a negative regulator of type I interferon production, which
may be an immune evasion strategy of PRRSV.

In summary, the effects of CDK17, RNF168, BCL2L15, and TRIM33
on the different PRRSV strains tested in our study highlight the power
and validity of our system to identify novel host factors involved in
PRRSV infection. In addition, the discovery of host factors associated
with PRRSV resistance/susceptibility can elucidate the mechanisms
that underlies viral pathogenesis and host-pathogen interactions, which
may be utilized in the future to prevent and control PRRS. Furthermore,
the host factors discovered in this study will undergo in-depth study of
their broad-spectrum effects on other viruses.

Overall, this study shows the value of performing piggyBac trans-
poson screening to identify candidate genes associated with PRRSV
infection. This method will not only help researchers prioritize genes
for future studies to prevent and control PRRS but also provide more
information about the system itself, which will contribute to its broader
application in the future.
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