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ABSTRACT

Viral-encoded microRNAs (miRNAs) have vital roles in the regulation of virus replications and
host immune responses. The results of previous studies have indicated that miRNA clusters are
involved in the replication and virulence of the pseudorabies virus (PRV), which may potentially
lead to immune escape or facilitation of PRV replication. This study's previous research revealed
that prv-miR-LLT11a was differentially expressed during PRV infection. The present study's
results have demonstrated that prv-miR-LLT11a could significantly inhibit PRV replication. It
was further determined that SLA-1 was the target gene of prv-miR-LLT11a, and simultaneously,
that overexpression of prv-miR-LLT11a could downregulate the mRNA and protein levels of
SLA-1 in a dose-independent manner. Furthermore, the present study also observed that prv-
miR-LLT11a can downregulate TAP1 expression. Our findings provide a better understanding of
the molecular mechanism involved in the effects of prv-miR-LLT11a on SLA-1 and TAP1 as well
as its involvement in immune system evasion of PRV.
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INTRODUCTION

Pseudorabies virus (PRV) is a porcine alpha-herpes virus and is the etiological agent

of Aujeszky's disease, which produces neurological disorders, respiratory ailments,

and reproductive failure in pigs, its natural host [1-4]. However, despite successful PRV
vaccination campaigns that have been conducted worldwide in an attempt to ensure disease
eradication, pseudorabies outbreaks have still occurred in swine populations in recent

years [5,6]. PRV has the ability to establish a lifetime latent infection in the trigeminal
ganglia of the peripheral nervous system of infected pigs, and latently infected pigs can act
as potential reservoirs for virus reactivation, shedding, and dissemination in susceptible
swine populations [7]. During the latency period, it has been determined that a large latency
transcript (LLT) is involved in maintaining the latent stage of the PRV [8].

MicroRNA (miRNAs) are small non-coding RNAs (21 to 24 nt), which regulate mRNA

expression at the post-transcriptional level, either by inducing mRNA degradation or by
suppressing mRNA translation [9,10]. Some reports have proposed that miRNAs have

1/12

ssaaduljwix §5p Aq pereseusy


https://vetsci.org
https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-2519-3799
https://orcid.org/0000-0002-2519-3799
https://orcid.org/0000-0003-1688-3760
https://orcid.org/0000-0003-1688-3760
https://orcid.org/0000-0001-8503-4119
https://orcid.org/0000-0001-8503-4119
https://orcid.org/0000-0002-2519-3799
https://orcid.org/0000-0003-1688-3760
https://orcid.org/0000-0001-8503-4119
https://orcid.org/0000-0002-4826-6348
https://orcid.org/0000-0003-4515-9608
https://orcid.org/0000-0002-0158-9094
https://orcid.org/0000-0002-7132-6337
https://orcid.org/0000-0003-0960-0611
http://crossmark.crossref.org/dialog/?doi=10.4142/jvs.2019.20.e68&domain=pdf&date_stamp=2019-11-05

Identification and functional analysis of prv-miR-LLT11a

¢

Ruigi Lv
https://orcid.org/0000-0002-4826-6348
Xia Yang
https://orcid.org/0000-0003-4515-9608
Chuanging Wang
https://orcid.org/0000-0002-0158-9094
Lu Chen
https://orcid.org/0000-0002-7132-6337
Hongtao Chang
https://orcid.org/0000-0003-0960-06T1

Funding

This study was supported by grants from the
National Science Foundation of China (grant
numbers 31772781 and 31272567).

Conflict of Interest
The authors declare no conflicts of interest.

Author Contributions

Conceptualization: Yang L; Data curation:
Shi Z; Formal analysis: Lv R; Funding
acquisition: Chen L; Investigation: Chang H;
Methodology: Liu H; Project administration:
Wang C; Resources: Liu H; Software: Yang

L; Supervision: Chang H; Validation: Chen L;
Visualization: Yang X; Writing - original draft:
Yang L; Writing - review & editing: Liu H.

https://vetsci.org

Journal of
Veterinary Science )

critical roles in host-virus interactions. More recent reports have indicated that miRNAs

have the ability to regulate virus replication and host immune responses by modulating the
expressions of viral and host genes associated with virus replication [11,12]. In addition,

it has been determined that several herpesviruses, such as Epstein Barr Virus, Bovine
Herpesvirus 1 (BoHV-1), and Herpes Simplex Virus, as well as other herpes viruses, contain
miRNAs that regulate their own cycles [13-15]. In addition, several viruses are known to be
able to harness host miRNAs in order to facilitate their replication [16-18]. Therefore, it is not
surprising that many viral-encoded miRNA molecules have been shown to potentially block
host immune recognition, activation, and viral antigen presentation processes in order to
escape from the host's immune responses and to facilitate viral replication [19,20].

In recent years, it has been reported that miRNAs encoded by several alpha-herpes viruses
often have been observed to be clustered in the viral genome, mapped within the latency-
associated transcript locus, or clustered in adjacent regions [13,14,21,22]. With regard to the
PRY, clusters of 11 miRNA genes have been identified using deep-sequencing techniques in
immature porcine dendritic cells, as well as in a porcine kidney cell line (PK15), during lytic
infections [22]. In our previous study, we reported that there was a cluster of 8 miRNA genes
of PRV, along with 10 differentially expressed cellular miRNAs, in infected mouse neuro-2a
cells [21]. However, the detailed function of the LLT miRNA cluster required further research
as it has been previously reported that the target genes included both viral and host genes.

In the present study, it was observed that the PRV-encoded prv-miR-LLT11a was first
downregulated and then upregulated in PRV-infected PK15 cells, which may have significantly
repressed PRV replication. This study hypothesized that prv-miR-LLT11a may be associated
with latent infections of the PRV. Our investigations demonstrated that the swine leukocyte
antigen (SLA)-1 gene, which was the target gene of prv-miR-LLT11a, could be downregulated
in a dose-independent manner by the overexpression of prv-miR-LLT11a. The obtained data
not only provided a new insight into PRV-host interaction but also suggested a potential
antiviral strategy against future PRV infections.

MATERIALS AND METHODS

Cells

In this study, PK15 cells were cultured in Dulbecco's modified Eagle's medium (Gibco, USA)
that had been supplemented with 10% fetal bovine serum (HyClone, USA) and penicillin-
streptomycin (Life Technologies, USA). PRV QXX, which is a variant PRV strain isolated in
2012, was utilized in this study [21,23]. The PK1S5 cells were cultured to approximately 80%
confluence and then infected with PRV QXX at a multiplicity of infection (MOI) of 1. The
infected cell cultures were harvested at different post-infection times.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) method
For the detection of the prv-miR-LLT11a, the previously described quantitative stem-loop
gRT-PCR method was utilized [24]. Then, the total RNA extracted from the PRV-infected
PK15 cells at different times was reverse transcribed. The qRT-PCR was performed with a
prv-miR-LLT11a-specific forward primer 5'-ACACTCCAGCTGGGAGGCTGGGAGTGGGG-3'
and a reverse primer 5-TGGTGTCGTGGAGTCG-3'". In the current study, the U6 gene served
as an internal reference as follows: Forward 5" TTATGGGTCCTAGCCTGAC-3' and reverse
5'-CACTATTGCGGGTCTGC-3'.
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For the detection of the mRNA level of the SLA-1 gene, total RNAs were extracted from the PK15
cells post-transfection with prv-miR-LLT11a, or post-infection with PRY, at different times and
then reverse transcribed. At that point, the QRT-PCR was performed with a specific forward
primer 5'-AAGTCAAGGAAACCGCACAG-3' and reverse primer 5CAAGTA GCAGCCAAACATGC
3'for SLA-L. In this study, f-actin mRNA was used as an internal reference.

Plasmids

The full-length 3'UTR or 3'UTR-mut of SLA-1 were cloned into a 3'UTR luciferase reporter
plasmid pmirGLO (Promega, USA). Then, the SLA-1-3'UTR was amplified using specific primers:
SLA--3'UTR forward 5'-CGAGCTCGGTGGCTGGAGTTGTGATCTGGAGG-3' and reverse
5'-CTCTAGAGTTCTCAATCCTTCCATTTATTTCC-3'. The resultant 533 bp products were ligated
into the Sacl and Xbal of the pmirGLO vector. These were referred to as pmirGLO-SLA-3'UTR.
The SLA-1 mutant 3'UTR recombinant plasmid was generated by overlapping the PCR with the
primers 5'-CTGGCCCAGAACTGCCCCCCAC-3' and 5-CAGTTCTGGGCCAGGGTCCCCAC-3’
and was termed pmirGLO-SLA-3'UTR-mut. These constructions were then validated by using
restriction cleavage and sequencing processes (Huada Gene, China).

Dual luciferase assay method

In the present study, in order to determine whether the prv-miR-LLT11a directly targeted the
SLA-1 gene, synthesized prv-miR-LLT11a or miR-NC mimics, along with the recombinant
plasmids pmirGLO-SLA-3'UTR or pmirGLO-SLA-3'UTR-mut, were co-transfected. Then, at
48-h post-transfection (hpt), the cell lysates were harvested for the luciferase assay that used
a dual luciferase assay kit (Promega) and a TD-20/20 Luminometer (Turner Designs, USA).
The values of each of the obtained samples were normalized using the Renilla luciferase value
and were then expressed as relative luciferase activities (firefly luciferase/Renilla luciferase) in
order to evaluate the interactions between prv-miR-LLT11a and SLA-1. Each of the sampling
processes was performed in triplicate in 3 independent experiments.

Western blot analysis

Proteins were extracted from the PK15 cells using a lysis buffer, separated using a 10%
polyacrylamide gel, and blotted onto a PVDF membrane. The membrane was probed with a
goat anti-SLA polyclonal antibody (Santa Cruz, USA) at a 1:500 dilution, or by using -actin
at a dilution of 1:1,000 for 2 h at room temperature. This was followed by incubation with
horseradish peroxidase-conjugated donkey anti-goat IgG at a 1:2,000 dilution (Santa Cruz).
The signal was then visualized with an enhanced chemiluminescence reagent.

Statistical analysis

In the current study, all of the measured values between the different groups were analyzed
using Student's #-test. The data are expressed as mean * standard deviation values. The error
bars represented the standard deviations from the mean of the 3 replicates, and values of p <
0.05 were considered to be of statistical significance.

RESULTS

Expression profiles of prv-miR-LLT11a during PRV infection

Our previous research regarding small RNA libraries from PRV-infected cells using Illumina
deep sequencing had shown that the PRV-encoded prv-miR-LLT11a had been induced by
the PRV infection [21]. However, in the current study, in order to validate those results, the
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Fig. 1. PRV infection affects prv-miR-LLT11a expression. PK15 cells were infected with PRV (MOI = 1) and harvested at 0, 1, 2, 4, 6, 8, 12, and 24 h post-transfection.
(A) The expression levels of prv-miR-LLT11a were detected by using a stem-loop qRT-PCR method. (B) One-step growth curve for PRV replication in PK15 cells.
The fold changes in the mRNA levels were calibrated to the level of U6 using a 2% method. The data are representative of 3 independent experiments (mean =
standard deviation). Statistical significance of differences is indicated by ns.

PRV, pseudorabies virus; MOI, multiplicity of infection; qRT-PCR, quantitative reverse transcription polymerase chain reaction; ns, not significant.

*p <0.05; T**p < 0.01.

expression profiles of prv-miR-LLT11a in the PRV-infected PK15 cells were determined by
using a stem-loop qRT-PCR process. First, it was observed that the expression level of prv-
miR-LLT11a had been upregulated significantly after 1 h, and then downregulated between 2
and 6 h later, as shown in Fig. 1A. Also, the expression level was reduced to a minimum at 6
hpt, but then had gradually increased along with replication of the PRV. It was also observed
that the abundance of prv-miR-LLT11a in the PK15 cells that had been infected with PRV had
increased by 34-, 40-, and 94-fold at 8, 12, and 24 hpt, respectively, when compared with

the non-infected controls. The results demonstrated that the PRV infection had affected the
prv-miR-LLT11a expression, suggesting that prv-miR-LLT11a had a potential regulatory role
during the PRV infection.

To analyze the replication dynamics of variant PRV strains, PK15 cells were infected with PRV.
To establish a one-step growth curve for PRY, cells, as well as supernatants, were harvested
in order to detect virus titers by plaque assay at the indicated times. As shown in Fig. 1B,

PRV exhibited decreased virus titers at 1 hpt but increased virus titers starting at 2 hpt.
Subsequently, the titers were reduced at 8 hpt and reached near plateau levels at 24 hpt. One
possible reason for the change in expression level of prv-miR-LLT11a between 2 and 6 hpt is
this was the period when the PRV entered into PK15 cells, which suggests that the differential
expression of prv-miR-LLT11a in a PRV infection might be associated with PRV replication
against the host immune response.

Overexpression of prv-miR-LLT11a causes inhibition of PRV replication

In the present study, for the purpose of determining the effects of the prv-miR-LLT11a on
PRV replication, PK15 cells were transfected with synthesized prv-miR-LLT11a mimics or
with miRNA negative control mimics (miR-NC) in order to cause overexpression and were
then infected with PRV (MOI = 1) at 24 hpt. Cell supernatants were harvested at the indicated
times, and virus titers were detected using a plaque assay process. As shown in Fig. 2A,
transfection with prv-miR-LLT11a resulted in significantly reduced PRV titers at 21 and 27
hpt, when compared with the miR-NC transfection group. In addition, the effect of prv-miR-
LLT11a transfection on cell viability in a cell counting kit-8 assay was analyzed, and the result
showed that miR-LLT11a mimics transfection results were not significantly different from
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Fig. 2. Effects of prv-miR-LLT11a on PRV replication. PK15 cells were transfected with prv-miR-LLT11a or NC mimics for 24 h and then infected with PRV at an MOI
of 1. The supernatants were then harvested at different times and (A) viral titers were detected by using a plaque assay method. (B) Cell viability was determined
by using a cell counting kit-8. The data are representative of 3 independent experiments (mean = standard deviation).

NC, negative control; hpi, hours post infection; PRV, pseudorabies virus; MOI, multiplicity of infection.

Statistically significant differences are indicated by *p < 0.05; **p < 0.01.

those from transfection with control mimics (Fig. 2B). These results indicate that prv-miR-
LLT11a has the potential to suppress the replication of PRV in the PK15 cells.

SLA-1 mRNA as the target gene of prv-miR-LLT11a

In order to uncover the mechanism involved in prv-miR-LLT11a inhibition of PRV replication,
this study focused on searching for the potential target of prv-miR-LLT11a. The SLA-1 gene
was considered to be a potential target (Fig. 3A), as suggested by using the online software
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/). However, in order to
confirm that prediction, the SLA-1-3'UTR luciferase reporter plasmid (pmirGLO-SLA-I-
3'UTR) was utilized, and a binding site mutation plasmid (pmirGLO-SLA-1-3'UTR-mut) was
used as the negative control. These were then co-transfected into PK15 cells with prv-miR-
LLT11a or miR-NC mimics. At 48 h post-transfection, the cell lysates were subjected to dual
luciferase activities. As shown in Fig. 3B, the prv-miR-LLT11a mimics significantly suppressed
the luciferase activities of the pmirGLO-SLA-1-3'UTR when compared with that of the SLA-
1-3'UTR-mut. In contrast, the luciferase activities of the pmirGLO-SLA-1-3'UTR-mut were
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Fig. 3. Prv-miR-LLT11a targets the 3'UTR of SLA-1. (A) Predicted target sites of prv-miR-LLT11a in the 3'UTR of SLA-1; the SLA-1 miRNA sequences are labeled in
red; (B) PK15 cells were transfected with SLA-1-3'UTR or SLA-1-3'UTR-mut luciferase reporters and 40 pmol of prv-miR-LLT11a or miR-NC mimics for 36 h. The
cell lysates were harvested to determine reporter activity levels by using a luciferase assay method. The data are expressed as relative firefly luciferase activity
normalized to Renilla luciferase activity. The data are presented as mean + standard deviation values from 3 independent experiments.

SLA, swine leukocyte antigen; NC, negative control.

Statistically significant values are indicated by *p < 0.05.
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observed to have not been inhibited in the cells transfected with SLA-1-3'UTR or SLA-1-3'UTR-
mut. The results demonstrated that the prv-miR-LLT11a had the ability to directly target the
3'UTR of the SLA-1 mRNA.

SLA-1 expressions downregulated by the prv-miR-LLT11a

In the present study, in order to further determine the regulatory effects of prv-miR-LLT11a on
SLA-1, PK15 cells were transfected with prv-miR-LLT11a or miR-NC mimics 24 h prior to being
infected with PRV. Subsequently, the mRNA and protein levels of SLA-1 were examined using
gRT-PCR and western blot processes, respectively. As shown in Fig. 4A and B, transfection of the
prv-miR-LLT11a mimics resulted in a significant decrease in the mRNA and protein levels of SLA-
1when compared with those of miR-NC-treated cells. Moreover, the effects of prv-miR-LLT11a
on the expressions of the SLA-1 genes in the PRV-infected PK15 cells were determined, and it was
determined that the inhibition efficiency on SLA-1 expressions was higher in infected PK15 cells
than in uninfected PK15 cells. Therefore, it was speculated in this study that the inhibition effects
of prv-miR-LLT11a on SLA-1 during a PRV infection may be induced via other pathways.
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Fig. 4. Overexpression of prv-miR-LLT11a reduces the mRNA and protein levels of SLA-1. (A, B) PK15 cells were transfected with 120 pmol of prv-miR-LLT11a or
miR-NC mimics or infected with PRV at an MOI of 1. The mRNA (A) and protein (B) levels of SLA-1 were measured at different times after transfection or infection
by using qRT-PCR and western blot methods, respectively. (C, D) PK15 cells were transfected with different doses of prv-miR-LLT11a mimics for 48 h. The mRNA
(C) and protein (D) levels of SLA-1 were measured by using qRT-PCR and western blot methods, respectively and B-actin was used as the internal reference
control. The data are presented as mean = standard deviation values from three independent experiments.

SLA, swine leukocyte antigen; MOI, multiplicity of infection; qRT-PCR, quantitative reverse transcription polymerase chain reaction; PRV, pseudorabies virus; ns,
not significant.

Statistically significant values are indicated by *p < 0.05; **p < 0.01.
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Table 1. The sequences of primers used in this study

Gene Primers or oligonucleotides Usage
SLA-1 AAGTCAAGGAAACCGCACAG real-time PCR
CAAGTAGCAGCCAAACATGC
TAP1 TGGGCTCCTCAAAGGAAATA real-time PCR
GGCAAAGGAGACATTCTGGA
CRT AGCGAGCCAAAATTGATGAC real-time PCR
TCCCACTCTCCATCCATCTC
CNX GCAGAGAAGCCAGAGGATTG real-time PCR
ATCATAGGTCGCTGCCAGAC
Tapasin TACACCTGCCATACCTGCAA real-time PCR
AGACACCAGGCAGAGCAACT
ERp44 TGTTTGCCAGAGTTGATTGC real-time PCR
TCGCTGACCCCTGTATTCTC
B-actin TCCTGCGGCATCCACGAAAC real-time PCR

CCGTGTTGGCGTAGAGGTCCTTG

SLA, swine leukocyte antigen; TAP, transporter associated with antigen processing; CRT, calreticulin; CNX,
calnexin; PCR, polymerase chain reaction.

Subsequently, this study examined whether different doses of prv-miR-LLT11a could

influence SLA-1 expressions. As shown in Fig. 4C and D, there were no significant differences
observed in the mRNA and protein levels of SLA-1 during transfections with different doses of
prv-miR-LLT11a mimics. Therefore, the results indicate that prv-miR-LLT11a can successfully
downregulate both the mRNA and protein levels of SLA-1 in a dose-independent manner.

TAP1 transcriptions downregulated by prv-miR-LLT11a

The peptide loading complex (PLC) includes several proteins including tapasin (a transporter
associated with antigen processing [TAP]); endoplasmic reticulum protein 44 (ERp44);
calnexin (CNX); and calreticulin (CRT). The components of PLC have vital roles in cellular
immune functions by synergizing with SLA-1. In the current study, for the purpose of
investigating the effects of prv-miR-LLT11a on PLC expressions, as well as the synergistic
roles of PLC and SLA-1 during antigen presentations, PK15 cells were transfected with
prv-miR-LLT11a or miR-NC mimics at 12 h prior to being infected with PRV. Total RNA was
extracted at the indicated post-infection times, and the transcript levels of the TAP1, CRT,
CNX, ERp44, and tapasin genes were assessed by performing qRT-PCR (primers as shown in
Table 1). The results showed that prv-miR-LLT11a overexpression had significantly inhibited
the mRNA levels of the TAP1 gene. However, no significant changes were observed in the
mRNA levels of the CRT, CNX, tapasin, and ERp44 genes (Fig. 5A).

Moreover, the inhibitory effects of the different dosages of prv-miR-LLT11a on the TAP1 gene
had indicated no significant differences, which suggested that the inhibition effects on the
TAP1 gene were dose-independent (Fig. 5B). The results of this study's further investigations
showed the TAP1 gene was significantly downregulated during PRV infection of PK15 cells
(Fig. 5C); the mechanism(s) involved will be further investigated in further studies.

DISCUSSION

In recent years, an increasing amount of evidence has demonstrated that virus-encoded
miRNAs have pivotal roles in viral infections by regulating gene expression at the post-
transcriptional level [25,26]. There have been numerous reports presented which have
indicated that miRNAs have vital roles in the virus-cell interactions of PRV and its hosts
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Fig. 5. Overexpression of prv-miR-LLT11a downregulated TAP1 expression. (A) PK15 cells were transfected with prv-miR-LLT11a or miR-NC mimics. The mRNA (A)
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presented as mean + standard deviation values from three independent experiments.

NC, negative control; TAP, transporter associated with antigen processing; CRT, calreticulin; CNX, calnexin; ns, not significant; qRT-PCR, quantitative reverse
transcription polymerase chain reaction.

Statistically significant values are indicated by *p < 0.05; **p < 0.01.
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[27-29]. Our previous study identified 8 PRV-encoded miRNAs that were mainly located in
the LLT region of the PRV [21]. However, reports elucidating their functions during PRV
infections are limited. Therefore, given the importance of the functions of virus-encoded
miRNAs in virus infections, this study focused on determining the functions of prv-miR-
LLT11a during PRV replication in PK15 cells.

MIiRNA expression profiles, which reflect the vital characteristics of a virus, are related to
viral latency and host immune responses [30]. In our previous study, it was determined that
high levels of miRNAs were expressed during the early stages of a PRV infection, suggesting
that the miRNAs may be associated with viral latency. In the current study, the expression
levels of prv-miR-LLT11a in PRV-infected cells were monitored. It was observed that there
were significant differences in the early infection stages following inoculation of the PRV
(Fig. 1A), implying that prv-miR-LLT11a had a role during the early stages of a PRV infection.
Meanwhile, the one-step growth curve of PRV replication exhibited increased titers at 2

and 6 hpt. The detailed mechanisms associated with the PRV replication and the prv-miR-
LLT11a differential expression require verification from further research. Moreover, the
overexpression of prv-miR-LLT11a was observed to inhibit PRV replication (Fig. 2), which may
also be related to the latency characteristics of PRV.

Target gene predictions, as well as verifications with dual luciferase assays, are generally
used to confirm the functions of miRNAs [31]. The current study demonstrated that SLA-
1 was a potential target gene of prv-miR-LLT11a by using RNAhybrid software based on
the miRNAs and target gene's secondary structures; in addition, a dual luciferase assay
method was utilized for verification of results. In previous study, SLA class 1 molecular
(SLA-1) genes have been shown to have pivotal roles in specific cellular immune responses
against viral infections [32]. Furthermore, it was reported that SLA-l-mediated antigen
presentation pathways can be antagonized by PRV to evade the immune responses of the
hosts [33]. Moreover, recent studies have revealed that a prevalent Chinese PRV variant could
downregulate SLA-1 on the surface of PK15 cells and had targeted the cells for degradation
through lysosome pathways [34].

In the present study, it was observed that prv-miR-LLT11a had the ability to inhibit the
expression of SLA-1, implying that prv-miR-LLT11a may have downregulated SLA-1 expression
through either mRNA degradation or translation repression [30]. Previous studies have
reported that miRNAs play important roles in viral replications and virus-host interactions
[30,35]. Also, it was determined that viral miRNAs could either regulate viral replications

or repress antiviral responses in infected cells [36-38]. The results of the current study
demonstrate that the PRV-encoded prv-miR-LLT11a targeted the 3'UTR of SLA-1, which

is known to be associated with immunity and host defense responses to PRV infection.
Therefore, it was assumed that prv-miR-LLT11a had inhibited the antiviral functions of the
SLA-1 gene and could potentially promote replication of the PRV in some situations.

As previously mentioned, TAP is a pivotal element within the adaptive immune system, and
it has been suggested that viruses have evolved complicated strategies to evade host immune
surveillance strategies by interfering with TAP functions. Most recently, it was reported

that the UL49.5 protein of BoHV-1 and equine herpesvirus 1 (EHV1), as well as PRV, can
suppress MHC I cell surface expressions by blocking TAP functions [33]. TAP functions can
be inactivated by the inhibition of peptide translocation of transporters due to interaction
with the UL49.5 protein. This inhibition is independent of the non-specific mRNA cellular
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shut-off produced by UL41 protein [39]. In this study, the obtained data revealed that the
overexpression of prv-miR-LLT11a had significantly inhibited TAP1 expression. These results
suggest that PRV may regulate antigen transportation from the cytoplasm to the endoplasmic
reticulum by the encoding of miRNAs; as a result, PRV is able to influence the immune
responses of the host.

In summary, the present study demonstrated that prv-miR-LLT11a-related differential
expressions were induced in response to a PRV infection in PK15 cells. It was determined

that overexpression of prv-miR-LLT11a inhibited PRV replication. It was also observed that
prv-miR-LLT11a directly targeted the 3'UTR of the SLA-1 gene and had downregulated the
mRNA and protein expressions of SLA-1. These findings will not only potentially benefit
further research regarding the functions of PRV-encoded miRNAs in viral replication, but also
provide new insights into the interactions between viral infections and hosts.

REFERENCES

1. Klupp BG, Hengartner CJ, Mettenleiter TC, Enquist LW. Complete, annotated sequence of the
pseudorabies virus genome. J Virol 2004;78:424-440.
PUBMED | CROSSREF
2. AnTQ, PengJM, Tian ZJ, Zhao HY, LiN, Liu YM, Chen JZ, Leng CL, Sun Y, Chang D, Tong GZ. Pseudorabies
virus variant in Bartha-K61-vaccinated pigs, China, 2012. Emerg Infect Dis 2013;19:1749-1755.
PUBMED | CROSSREF
3. LuoY,LiN, CongX, Wang CH, Du M, LiL, Zhao B, Yuan J, Liu DD, Li S, Li Y, Sun Y, Qiu HJ. Pathogenicity
and genomic characterization of a pseudorabies virus variant isolated from Bartha-K61-vaccinated swine
population in China. Vet Microbiol 2014;174:107-115.
PUBMED | CROSSREF
4. WuR, BaiC, SunJ, Chang S, Zhang X. Emergence of virulent pseudorabies virus infection in northern
China. ] Vet Sci 2013;14:363-365.
PUBMED | CROSSREF
5. HuRM, Zhou Q, Song WB, Sun EC, Zhang MM, He QG, Chen HC, Wu B, Liu ZF. Novel pseudorabies
virus variant with defects in TK, gE and gl protects growing pigs against lethal challenge. Vaccine
2015;33:5733-5740.
PUBMED | CROSSREF
6. YuX, ZhouZ, HuD, Zhang Q, Han T, Li X, Gu X, Yuan L, Zhang S, Wang B, Qu P, LiuJ, Zhai X, Tian K.
Pathogenic pseudorabies virus, China, 2012. Emerg Infect Dis 2014;20:102-104.
PUBMED | CROSSREF
7. Mettenleiter TC. Aujeszky's disease (pseudorabies) virus: the virus and molecular pathogenesis--state of
the art, June 1999. Vet Res 2000;31:99-115.
PUBMED | CROSSREF
8. Pomeranz LE, Reynolds AE, Hengartner CJ. Molecular biology of pseudorabies virus: impact on
neurovirology and veterinary medicine. Microbiol Mol Biol Rev 2005;69:462-500.
PUBMED | CROSSREF
9. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004;116:281-297.
PUBMED | CROSSREF
10. Filipowicz W, Jaskiewicz L, Kolb FA, Pillai RS. Post-transcriptional gene silencing by siRNAs and miRNAs.
Curr Opin Struct Biol 2005;15:331-341.
PUBMED | CROSSREF
11. Stern-Ginossar N, Elefant N, Zimmermann A, Wolf DG, Saleh N, Biton M, Horwitz E, Prokocimer
Z, Prichard M, Hahn G, Goldman-Wohl D, Greenfield C, Yagel S, Hengel H, Altuvia Y, Margalit H,
Mandelboim O. Host immune system gene targeting by a viral miRNA. Science 2007;317:376-381.
PUBMED | CROSSREF
12. Otsuka M, Jing Q, Georgel P, New L, Chen J, Mols J, Kang YJ, Jiang Z, Du X, Cook R, Das SC, Pattnaik AK,
Beutler B, Han J. Hypersusceptibility to vesicular stomatitis virus infection in Dicerl-deficient mice is due
to impaired miR24 and miR93 expression. Immunity 2007;27:123-134.
PUBMED | CROSSREF

https://doi.org/10.4142/jvs.2019.20.€68 10/12


http://www.ncbi.nlm.nih.gov/pubmed/14671123
https://doi.org/10.1128/JVI.78.1.424-440.2004
http://www.ncbi.nlm.nih.gov/pubmed/24188614
https://doi.org/10.3201/eid1911.130177
http://www.ncbi.nlm.nih.gov/pubmed/25293398
https://doi.org/10.1016/j.vetmic.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23820207
https://doi.org/10.4142/jvs.2013.14.3.363
http://www.ncbi.nlm.nih.gov/pubmed/26428456
https://doi.org/10.1016/j.vaccine.2015.09.066
http://www.ncbi.nlm.nih.gov/pubmed/24377462
https://doi.org/10.3201/eid2001.130531
http://www.ncbi.nlm.nih.gov/pubmed/24377462
https://doi.org/10.3201/eid2001.130531
http://www.ncbi.nlm.nih.gov/pubmed/16148307
https://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148307
https://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/15925505
https://doi.org/10.1016/j.sbi.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17641203
https://doi.org/10.1126/science.1140956
http://www.ncbi.nlm.nih.gov/pubmed/17613256
https://doi.org/10.1016/j.immuni.2007.05.014
https://vetsci.org

Journal of (

Identification and functional analysis of prv-miR-LLT11a Veterinary Science V)

https://vetsci.org

13.

Glazov EA, Horwood PF, Assavalapsakul W, Kongsuwan K, Mitchell RW, Mitter N, Mahony TJ.
Characterization of microRNAs encoded by the bovine herpesvirus 1 genome. J Gen Virol 2010;91:32-41.
PUBMED | CROSSREF

14. Jurak I, Kramer MF, Mellor JC, van Lint AL, Roth FP, Knipe DM, Coen DM. Numerous conserved and
divergent microRNAs expressed by herpes simplex viruses 1 and 2. J Virol 2010;84:4659-4672.
PUBMED | CROSSREF

15. UmbachJL, Cullen BR. In-depth analysis of Kaposi's sarcoma-associated herpesvirus microRNA expression
provides insights into the mammalian microRNA-processing machinery. J Virol 2010;84:695-703.
PUBMED | CROSSREF

16. ChenX, Yan CC, Zhang X, You ZH, Huang YA, Yan GY. HGIMDA: heterogeneous graph inference for
miRNA-disease association prediction. Oncotarget 2016;7:65257-65269.
PUBMED

17. XuX, YuanJ, Yang L, Weng S, He J, Zuo H. The Dorsal/miR-1959/Cactus feedback loop facilitates the
infection of WSSV in Litopenaeus vanname. Fish Shellfish Immunol 2016;56:397-401.
PUBMED | CROSSREF

18. Chen]J, ShiX, Zhang X, Wang A, Wang L, Yang Y, Deng R, Zhang GP. MicroRNA 373 facilitates the
replication of porcine reproductive and respiratory syndrome virus by its negative regulation of type I
interferon induction. J Virol 2017;91:e01311-16.
PUBMED | CROSSREF

19. DPfeffer S, Zavolan M, Grisser FA, Chien M, Russo JJ, JuJ, John B, Enright AJ, Marks D, Sander C, Tuschl T.
Identification of virus-encoded microRNAs. Science 2004;304:734-736.
PUBMED | CROSSREF

20. Grundhoff A, Sullivan CS. Virus-encoded microRNAs. Virology 2011;411:325-343.
PUBMED | CROSSREF

21. LiY, Zheng G, ZhangY, Yang X, Liu H, Chang H, Wang X, Zhao J, Wang C, Chen L. MicroRNA analysis in
mouse neuro-2a cells after pseudorabies virus infection. ] Neurovirol 2017;23:430-440.
PUBMED | CROSSREF

22. Wu YQ, Chen DJ, He HB, Chen DS, Chen LL, Chen HC, Liu ZF. Pseudorabies virus infected porcine
epithelial cell line generates a diverse set of host microRNAs and a special cluster of viral microRNAs.
PLoS One 2012;7:€30988.
PUBMED | CROSSREF

23. LiY, ChangH, Yang X, Zhao Y, Chen L, Wang X, Liu H, Wang C, Zhao J. Antiviral activity of porcine
interferon regulatory factor 1 against swine viruses in cell culture. Viruses 2015;7:5908-5918.
PUBMED | CROSSREF

24. Varkonyi-Gasic E, Hellens RP. Quantitative stem-loop RT-PCR for detection of microRNAs. Methods Mol
Biol 2011;744:145-157.
PUBMED | CROSSREF

25. Gottwein E, Cullen BR. Viral and cellular microRNAs as determinants of viral pathogenesis and
immunity. Cell Host Microbe 2008;3:375-387.
PUBMED | CROSSREF

26. Skalsky RL, Cullen BR. Viruses, microRNAs, and host interactions. Annu Rev Microbiol 2010;64:123-141.
PUBMED | CROSSREF

27. Boss IW, Plaisance KB, Renne R. Role of virus-encoded microRNAs in herpesvirus biology. Trends
Microbiol 2009;17:544-553.
PUBMED | CROSSREF

28. Huang], Ma G, Fu L, Jia H, Zhu M, Li X, Zhao S. Pseudorabies viral replication is inhibited by a novel
target of miR-21. Virology 2014;456-457:319-328.
PUBMED | CROSSREF

29. Timoneda O, Nuflez-Hernandez F, Balcells I, Mufioz M, Castell6 A, Vera G, Pérez L], Egea R, Mir G,
Cordoba S, Rosell R, Segalés ], Tomas A, Sanchez A, Nuiez JI. The role of viral and host microRNAs in the
Aujeszky's disease virus during the infection process. PLoS One 2014;9:e86965.
PUBMED | CROSSREF

30. Sullivan CS, Ganem D. MicroRNAs and viral infection. Mol Cell 2005;20:37.
PUBMED | CROSSREF

31. WangX, Tang S, Song F, Chen C, Guo X, Shen X. Bmo-miR-2758 targets BmFMBP-1 (Lepidoptera:
Bombycidae) and suppresses its expression in BmN cells. ] Insect Sci 2016;16:28.
PUBMED | CROSSREF

32. Gao C, He X, Quan], Jiang Q, Lin H, Chen H, Qu L. Specificity characterization of SLA class I molecules
binding to swine-origin viral cytotoxic T lymphocyte epitope peptides in vitro. Front Microbiol 2017;8:2524.
PUBMED | CROSSREF

https://doi.org/10.4142/jvs.2019.20.€68 11/12


http://www.ncbi.nlm.nih.gov/pubmed/19793906
https://doi.org/10.1099/vir.0.014290-0
http://www.ncbi.nlm.nih.gov/pubmed/20181707
https://doi.org/10.1128/JVI.02725-09
http://www.ncbi.nlm.nih.gov/pubmed/19889781
https://doi.org/10.1128/JVI.02013-09
http://www.ncbi.nlm.nih.gov/pubmed/27533456
http://www.ncbi.nlm.nih.gov/pubmed/27492121
https://doi.org/10.1016/j.fsi.2016.07.039
http://www.ncbi.nlm.nih.gov/pubmed/27881653
https://doi.org/10.1128/JVI.01311-16
http://www.ncbi.nlm.nih.gov/pubmed/15118162
https://doi.org/10.1126/science.1096781
http://www.ncbi.nlm.nih.gov/pubmed/21277611
https://doi.org/10.1016/j.virol.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28130759
https://doi.org/10.1007/s13365-016-0511-y
http://www.ncbi.nlm.nih.gov/pubmed/22292087
https://doi.org/10.1371/journal.pone.0030988
http://www.ncbi.nlm.nih.gov/pubmed/26593937
https://doi.org/10.3390/v7112913
http://www.ncbi.nlm.nih.gov/pubmed/21533691
https://doi.org/10.1007/978-1-61779-123-9_10
http://www.ncbi.nlm.nih.gov/pubmed/18541214
https://doi.org/10.1016/j.chom.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20477536
https://doi.org/10.1146/annurev.micro.112408.134243
http://www.ncbi.nlm.nih.gov/pubmed/19828316
https://doi.org/10.1016/j.tim.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24889251
https://doi.org/10.1016/j.virol.2014.03.032
http://www.ncbi.nlm.nih.gov/pubmed/24475202
https://doi.org/10.1371/journal.pone.0086965
http://www.ncbi.nlm.nih.gov/pubmed/16209940
https://doi.org/10.1016/j.molcel.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16209940
https://doi.org/10.1016/j.molcel.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/29326671
https://doi.org/10.3389/fmicb.2017.02524
https://vetsci.org

Journal of
Identification and functional analysis of prv-miR-LLT11a Veterinary Science

5

33.

34.

35.

36.

37.

38.

39.

Ambagala AP, Hinkley S, Srikumaran S. An early pseudorabies virus protein down-regulates porcine
MHC class I expression by inhibition of transporter associated with antigen processing (TAP). ] Immunol
2000;164:93-99.

PUBMED | CROSSREF

Zhao H, Wang S, Liu C, Han J, Tang J, Zhou L, Ge X, Guo X, Yang H. The pUL56 of pseudorabies virus
variant induces downregulation of swine leukocyte antigen class I molecules through the lysosome
pathway. Virus Res 2018;251:56-67.

PUBMED | CROSSREF

Kang D, Skalsky RL, Cullen BR. EBV BART microRNAs target multiple pro-apoptotic cellular genes to
promote epithelial cell survival. PLoS Pathog 2015;11:¢1004979.

PUBMED | CROSSREF

Kim S, Seo D, Kim D, Hong Y, Chang H, Baek D, Kim VN, Lee S, Ahn K. Temporal landscape of
microRNA-mediated host-virus crosstalk during productive human cytomegalovirus infection. Cell Host
Microbe 2015;17:838-851.

PUBMED | CROSSREF

Ramalingam D, Happel C, Ziegelbauer JM. Kaposi's sarcoma-associated herpesvirus microRNAs repress
breakpoint cluster region protein expression, enhance Racl activity, and increase in vitro angiogenesis. J
Virol 2015;89:4249-4261.

PUBMED | CROSSREF

Bogerd HP, Skalsky RL, Kennedy EM, Furuse Y, Whisnant AW, Flores O, Schultz KL, Putnam N, Barrows
NJ, Sherry B, Scholle F, Garcia-Blanco MA, Griffin DE, Cullen BR. Replication of many human viruses is
refractory to inhibition by endogenous cellular microRNAs. J Virol 2014;88:8065-8076.

PUBMED | CROSSREF

Flori L, Rogel-Gaillard C, Cochet M, Lemonnier G, Hugot K, Chardon P, Robin S, Lefévre F.
Transcriptomic analysis of the dialogue between Pseudorabies virus and porcine epithelial cells during
infection. BMC Genomics 2008;9:123.

PUBMED | CROSSREF

https://vetsci.org https://doi.org/10.4142/jvs.2019.20.€68 12/12


http://www.ncbi.nlm.nih.gov/pubmed/29326671
https://doi.org/10.3389/fmicb.2017.02524
http://www.ncbi.nlm.nih.gov/pubmed/29634995
https://doi.org/10.1016/j.virusres.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/26070070
https://doi.org/10.1371/journal.ppat.1004979
http://www.ncbi.nlm.nih.gov/pubmed/26067606
https://doi.org/10.1016/j.chom.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25631082
https://doi.org/10.1128/JVI.03687-14
http://www.ncbi.nlm.nih.gov/pubmed/24807715
https://doi.org/10.1128/JVI.00985-14
http://www.ncbi.nlm.nih.gov/pubmed/18331636
https://doi.org/10.1186/1471-2164-9-123
https://vetsci.org

	Functional analysis of prv-miR-LLT11a encoded by pseudorabies virus
	INTRODUCTION
	MATERIALS AND METHODS
	Quantitative reverse transcription polymerase chain reaction (qRT-PCR) method
	Plasmids
	Dual luciferase assay method
	Western blot analysis
	Statistical analysis

	RESULTS
	Overexpression of prv-miR-LLT11a causes inhibition of PRV replication
	SLA-1 mRNA as the target gene of prv-miR-LLT11a
	SLA-1 expressions downregulated by the prv-miR-LLT11a
	TAP1 transcriptions downregulated by prv-miR-LLT11a

	DISCUSSION
	REFERENCES


