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Abstract
Porcine hemagglutinating encephalomyelitis virus (PHEV) is a typical neurotropic coronavirus that mainly invades the central 
nervous system (CNS) in piglets and causes vomiting and wasting disease. Emerging evidence suggests that PHEV alters 
microRNA (miRNA) expression profiles, and miRNA has also been postulated to be involved in its pathogenesis, but the 
mechanisms underlying this process have not been fully explored. In this study, we found that PHEV infection upregulates 
miR-142a-3p RNA expression in N2a cells and in the CNS of mice. Downregulation of miR-142a-3p by an miRNA inhibi-
tor led to a significant repression of viral proliferation, implying that it acts as a positive regulator of PHEV proliferation. 
Using a dual-luciferase reporter assay, miR-142a-3p was found to bind directly bound to the 3’ untranslated region (3’UTR) 
of Rab3a mRNA and downregulate its expression. Knockdown of Rab3a expression by transfection with an miR-142a-3p 
mimic or Rab3a siRNA significantly increased PHEV replication in N2a cells. Conversely, the use of an miR-142a-3p inhibi-
tor or overexpression of Rab3a resulted in a marked restriction of viral production at both the mRNA and protein level. Our 
data demonstrate that miR-142a-3p promotes PHEV proliferation by directly targeting Rab3a mRNA, and this provides new 
insights into the mechanisms of PHEV-related pathogenesis and virus-host interactions.

Introduction

Porcine hemagglutinating encephalomyelitis virus (PHEV) 
is a member of the genus Coronavirus, family Corona-
viridae, that mainly causes vomiting and wasting disease 
(VWD) and/or encephalomyelitis in piglets under 3 weeks 
old [1, 2]. The disease was first reported in 1958, and the 
virus was first isolated from the piglets in 1962 [3, 4]. Since 

then, PHEV infection has been widespread worldwide, 
including Europe, Asia, and North America, where the over-
all mortality rate in piglets ranges from 30% to 100% [5–8]. 
Recently, an acute outbreak of influenza-like illness (ILI) 
in adult pigs in the USA was reported, and testing identi-
fied PHEV as the cause of the disease [9]. The ILI that was 
observed may reflect an atypical form of illness or a variant 
of PHEV with increased virulence. PHEV is a neuroviru-
lent virus that spreads to the central nervous system (CNS) 
via peripheral nerves, where neurite damage and neuronal 
death are observed, causing neurological symptoms. Since 
pigs are the natural hosts of PHEV, the virus has to adapt to 
replicate in rats and mice (i.e., ICR, BALB/c and Wistar) in 
vivo, and rat dorsal root ganglia (DRG) and mouse neuro-
blastoma N2a cells in vitro [8, 10, 11]. The mechanism by 
which neuronal degeneration is induced by PHEV infection 
is not well understood, and the study of virus-host interac-
tions is therefore important.

MicroRNAs (miRNAs) are single-stranded, conserved, 
endogenous non-coding RNAs (ncRNAs) that are 19-25 
nucleotides (nt) in length and can regulate target gene mRNA 
expression through translational repression or degradation 
[12]. Several studies have shown that aberrant expression 
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of miRNAs is closely associated with proliferation, inva-
sion, metastasis and the prognosis of various coronavirus 
infections [13–15]. Severe acute respiratory syndrome coro-
navirus (SARS-CoV) infection upregulates miR-17*, mir-
574-5p, and miR-214 and inhibits the expression of miR-98 
and miR-223. miR-17* and mir-574-5p have been shown 
to restrict the replication of SARS-CoV, whereas miR-214 
contributes to immune escape [15]. miRNAs are processed 
from hairpin transcripts, and this maturation step gives rise 
to a 3p and a 5p strand, both of which allow the silencing 
of specific target genes through base pairing to a minimal 
recognition sequence [16]. The miR-142(a) hairpin gives 
rise to a “guide strand”, miR-142(a)-3p, and a sister “pas-
senger strand”, miR-142(a)-5p [12]. miR-142a-3p has been 
sown to play a critical role in virus infection, inflammation, 
and immune tolerance. Trobaugh et al. showed that North 
American eastern equine encephalitis virus (EEEV) hijacks 
host miR-142-3p to limit viral replication in particular cell 
lines [17]. miR-142a-3p also modulates neutrophil develop-
ment by controlling its maturation in zebrafish [18]. Using 
miRNA array, miR-142a-3p expression has been shown to 
be upregulated during PHEV infection [19]. However, it 
remains to be investigated whether miR-142a-3p controls 
virus proliferation or translation of mRNAs that are associ-
ated with neurological dysfunction.

In this study, we examine the expression of miR-142a-3p 
in N2a cells and explored the relationship between PHEV 
and miR-142a-3p. To gain insight into the potential roles 
of miR-142a-3p, we identified one of its target genes and 
investigated its functional significance during PHEV infec-
tion. The data show that miR-142a-3p may be upregulated 
by PHEV and promote viral replication by directly targeting 
Rab3a. The results enhance our understanding of how these 
neurotropic viruses are involved in CNS dysfunction at the 
posttranscriptional level, providing a theoretical basis for a 
new therapeutic strategy for PHEV infection.

Materials and methods

Cells, virus, and animals

Mouse neuroblastoma N2a (N2a) cells and human embry-
onic kidney (HEK293T) cells were cultured in DMEM 
(Gibco, USA) supplemented with 10% fetal bovine serum at 
37°C in 5%  CO2. The PHEV stain (HEV 67N) (GenBank no. 
AY048917) was grown in N2a cells. BALB/c mice (3 weeks 
old) were provided by the Laboratory Animal Center of Jilin 
University. All animal studies were conducted according to 
experimental practices and standards approved by the Ani-
mal Welfare and Research Ethics Committee of the College 
of Veterinary Medicine, Jilin University, China (permission 
number KT201904002), following the recommendations of 

the Council for International Organization of Medical Sci-
ences on Animal Experimentation.

Transfection and PHEV infection

The miR-142a-3p mimic, inhibitor, and NC (negative con-
trol) were purchased from RiboBio (Guangzhou, China). 
Their sequences were as follows: miR-142a-3p mimic, 
5’- UGU AGU GUU UCC UAC UUU AUG GA -3’ (for-
ward) and 3’- ACA UCA CAA AGG AUG AAA UAC 
CU -5’ (reverse); miR-142a-3p inhibitor, 5’- mUmCmC 
mAmUmA mAmAmG mUmAmG mGmAmA mAmCmA 
mCmUmA mCmA -3’; and NC, 5’- UUU GUA CUA CAC 
AAA AGU ACU G -3’ (forward) and 3’- AAA CAU GAU 
GUG UUU UCA UGA C -5’ (reverse). HEK293T or N2a 
cells were transfected with the miRNA mimic or NC using 
X-tremeGENE HP DNA Transfection Reagent (Roche, Swe-
den). Transfection with miRNA inhibitor was done elec-
troporation as described by Khanna et al. [20].

For PHEV infection experiments, N2a cells were infected 
with PHEV (multiplicity of infection [MOI] = 10) at 12 
hours post-transfection. Cells or supernatants from cell cul-
tures were collected at 24, 36, and 48 hours postinfection 
(hpi). Twenty 3-week-old male BALB/c mice were randomly 
divided into two groups. Mice in the PHEV-infected group 
were inoculated with 100 μL PHEV  (104.45 median tissue 
culture infectious doses  [TCID50]/0.1 mL) by the intranasal 
route, and those in the control group were inoculated with 
PBS in the same manner. Mouse brain tissues were harvested 
at 3 and 5 days dpi, and expression levels of miR-142a-3p 
and PHEV were determined by quantitative real-time PCR 
(qRT-PCR) and Western blot assays.

qRT‑PCR assay

miRNA and total viral RNA were isolated from N2a cells 
and BALB/c mice using Tripure Reagent (Roche, Sweden), 
and cDNA synthesis was then performed using a Bulge-
LoopTM miRNA qRT-PCR Starter Kit (C10211-1, Ribo-
bio, China) for miRNA and a PrimeScript RT Reagent Kit 
(DRR037A, Takara, Japan) for viral RNA. The RNA sam-
ples were tested using an ultraviolet spectrophotometer to 
verify that there was no DNA contamination. If the  OD260/280 
value was between 1.8 and 2.0, the sample was used for 
reverse transcription. The qRT-PCR assay was performed 
using a SYBR Green Master Mix Kit (Roche, Sweden), 
and the relative expression of mRNA was analyzed using 
the  2-△△CT method. We chose the housekeeping genes U6 
and GAPDH as internal controls to normalize miR-142a-3p 
and Rab3a expression, respectively. Bulge-Loop primers 
for miR-142a-3p (catalog no. C10211-1) and U6 (catalog 
no. MQPS0000002-1-100) were purchased from RiboBio 
(Guangzhou, China). The primers for Rab3a, PHEV, and 
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GAPDH were as follows: Rab3a sense, 5’- ATC ATT GGG 
AAC AGC AGC GT -3’; Rab3a antisense, 5’- TCC TCT 
TGT CGT TGC GGT AG -3’; PHEV sense, 5’-AGC GAT 
GAG GCT ATT CCG ACT A-3’; PHEV antisense, 5’- TTG 
CCA GAA TTG GCT CTA CTA CG -3’; GAPDH sense, 
5’- CTC AAC TAC ATG GTC TAC ATG TTC -3’; GAPDH 
antisense, 5’- ATT TGA TGT TAG TGG GGT CTC GCT 
C -3’. The cycling conditions for qRT-PCR were as follows: 
95°C for 3 min, 95°C for 30 s, 60°C for 30 s, and 72°C for 
30 s, for a total of 35 cycles.

Dual‑luciferase reporter assay

Potential target genes of miR-142a-3p were predicted using 
online software, including Targetscan Mouse (http://www.
targe tscan .org/), MicroCosm Targets (http://www.ebi.ac.uk/
enrig ht-srv/micro cosm/), and Miranda (http://mirdb .org/). 
Among the candidate target genes, Rab3a contains a con-
served mRNA 3′UTR sequence element that is predicted 
to be complementary to the seed region of mouse miR-
142a-3p. The Rab3a mRNA 3′UTR sequence was amplified 
from mouse brain by RT-PCR, and the mutation in the miR-
142a-3p binding site was amplified using overlap PCR. The 
PCR-amplified wild-type Rab3a mRNA 3′UTR (Rab3a-WT) 
and the mutated Rab3a mRNA 3′UTR (Rab3a-MUT) were 
then cloned into the firefly luciferase pmirGLO reporter 
(Promega, Madison, USA) using the NheI and XhoI sites. 
The Dual-Luciferase Reporter Assay System (Promega, 
Madison, USA), with firefly luciferase (luc2) as the primary 
reporter was used to monitor the interaction of miR-142a-3p 
and Rab3a mRNA 3′UTR. Renilla luciferase (hRluc-neo) 
was used as a control reporter for normalization and selec-
tion. HEK293T cells were co-transfected with Rab3a-WT/
Rab3a-MUT, miRNA mimic/inhibitor/NC, and the Renilla 
luciferase construct, and the luciferase activity in these cell 
lysates was measured at 24 h post-transfection.

Western blot

The selected cells were washed with 0.01 M PBS (pH 7.4), 
harvested, and lysed on ice for 20-30 min using 100 μL of 
radioimmunoprecipitation assay (RIPA) lysis buffer supple-
mented with 1 mM phenylmethanesulfonyl fluoride (PMSF). 
Protein was quantified using a BCA Protein Assay Kit 
(Pierce, USA) according to the manufacturer’s instructions. 
Protein samples (60 mg per well) were separated by electro-
phoresis in 12% SDS-polyacrylamide gels and then blotted 
onto a 0.22-μm polyvinylidene fluoride (PVDF) membrane 
(Thermo Scientific) using a Bio-Rad wet transfer instrument. 
The membranes were blocked overnight in blocking buffer 
and then probed with antibodies against Rab3a (Abcam, 
1:2000), β-actin (Abcam, 1:10000), and PHEV (a lab-pre-
pared monoclonal antibody against the PHEV nucleocapsid 

[N] protein, 1:500) at 4°C overnight. After washing with 
0.1% Tween-20/PBS, the membranes were incubated with 
the corresponding secondary IgG antibody for 1 h at 37°C. 
The signal was read using an ECL detection kit (Proteintech, 
USA).

RNA interference and overexpression of Rab3a

The coding sequence (CDS) of Rab3a mRNA was amplified 
by RT-PCR and cloned into the plasmid eGFP-N1 using 
the NheI and XhoI sites (Promega, Madison, USA), and 
the resulting GFP-Rab3a plasmid construct was confirmed 
by sequencing. The siRNA oligonucleotide 5’- CCA UGG 
GCU UCA UCC UAA UTT -3’ directed against Rab3a was 
purchased from GenePharma Co., Ltd (Shanghai, China). 
Relative mRNA and protein levels were determined using 
qRT-PCR and Western blotting 48 h after transfection with 
Rab3a siRNA, GFP-Rab3a, or GFP-N1 (2 μg per well). The 
primers for the Rab3a CDS were as follows: Rab3a-CDS 
sense primer, 5’- GCT AGC ATG GCT TCC GCC ACA 
GAC TC -3’; Rab3a-CDS antisense primer, 5’- CTC GAG 
GCA GGC ACA ATC CTG ATG AG -3’.

Immunofluorescence analysis

After transfection for indicated times, the cells were har-
vested and washed with 0.01 M PBS, fixed with 4% para-
formaldehyde for 15 min, permeabilized with 0.25% Triton 
X-100 for 15 min, and blocked with blocking buffer for 1 h 
at 37°C. The cells were then incubated with the indicated 
antibodies at 4°C for 24-36 h. After washing, the samples 
were incubated with a secondary antibody conjugated with 
Alexa Fluor 488 or Alexa Fluor 594 for 1 h at 37°C, and 
the nuclei were stained with Hochest 33342. Images of the 
samples were obtained using a confocal microscope.

Images and statistical analysis

GraphPad Prism software was used to produce histograms 
and for data analysis by t-test or one-way ANOVA. The fold 
change in band density in Western blot images was calcu-
lated using Tanon Gis software (Tanon, Shanghai, China). 
A P-value of 0.05 was defined as the threshold for statistical 
significance.

Results

PHEV infection induces upregulation 
of miR‑142a‑3p

To measure the level of miR-142a-3p during PHEV infec-
tion, N2a cells were infected with PHEV at an MOI of 

http://www.targetscan.org/
http://www.targetscan.org/
http://www.ebi.ac.uk/enright-srv/microcosm/
http://www.ebi.ac.uk/enright-srv/microcosm/
http://mirdb.org/
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10 and harvested at 24, 36, and 48 hpi. The level of miR-
142a-3p RNA was then determined by qRT-PCR, and 
we found that its relative expression was significantly 
increased, up to 5.60-fold at 48 hpi (Fig. 1a). Three-week-
old male BALB/c mice were inoculated with 100 μL of 
PHEV  (104.45  TCID50/0.1 mL) by the intranasal route, 
and their brain tissues were harvested at 3 and 5 dpi. As 
shown in Fig. 1b, the expression of miR-142a-3p RNA was 
upregulated by 4.70-fold at 5 dpi in PHEV-infected mice. 
To determine whether change in miR-142a-3p expression 
correlate with PHEV infection, qRT-PCR assays were used 
to measure replication of the PHEV genome in infected 
N2a cells and mice (Fig. 1c and d). The results showed 
that viral replication increased in a time-dependent man-
ner, suggesting that miR-142a-3p expression during PHEV 
infection is possibly associated with PHEV proliferation.

Enhanced function of miR‑142a‑3p promotes PHEV 
proliferation

To investigate whether miR-142a-3p affects PHEV prolifera-
tion, N2a cells were transfected with chemically synthesized 
miR-142a-3p mimic (100 nM), inhibitor (400 nM), or nega-
tive control (NC). At 12 h post-transfection, the cells were 
incubated with PHEV for 24 h and then harvested. The RNA 
levels of miR-142a-3p and PHEV were measured using 
qRT-PCR, and we found that transfection with the mimic 
oligonucleotide significantly increased the overall level of 
miR-142a-3p RNA and facilitated PHEV genome replica-
tion (Fig. 1e and f). In contrast, downregulation of miR-
142a-3p by its inhibitor led to a suppression of PHEV pro-
liferation, but the effect was small (Fig. 1e and f). PHEV N 
protein production in these cells was then analyzed by West-
ern blotting. As shown in Fig. 1g, miR-142a-3p promotes 

Fig. 1  miR-142a-3p is upregulated during PHEV infection in vitro 
and in vivo. (a) PHEV-infected N2a cells were collected at different 
time points. The expression of miR-142a-3p was measured by qRT-
PCR. (b) miR-142a-3p expression in mouse brain tissues after infec-
tion with PHEV was measured by qRT-PCR. (c) Cells that were pre-
treated as indicated above were analyzed by qRT-PCR to measure the 
level of PHEV mRNA. (d) PHEV mRNA expression in mouse brain 
tissues after infection with PHEV was measured by qRT-PCR. (e) 
N2a cells were transfected with miR-142a-3p mimic (100 nM), inhib-

itor (400 nM), or NC (100 nM). Expression of miR-142a-3p was then 
measured by qRT-PCR, with the housekeeping gene U6 used as an 
internal control for normalization. (f) N2a cells were transfected with 
the miR-142a-3p mimic, inhibitor, or NC for 12 h, followed by PHEV 
infection for 24 h. Lysates were harvested and tested by qRT-PCR. (g) 
Cells were pre-treated as indicated above, lysed, and analyzed using 
a Western blotting assay to determine the level of PHEV N protein. 
Data were normalized to β-actin. All of the data are representative of 
at least three independent experiments (*, p < 0.05; **, p < 0.01)
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the expression of PHEV N protein 48 h after transfection 
(Fig. 1g). Together, our results suggest that miR-142a-3p 
positively regulates PHEV proliferation in N2a cells.

Rab3a expression is suppressed in response to PHEV 
infection

We hypothesized that miR-142a-3p facilitates PHEV repli-
cation by regulating oncogenes and genes involved in viral 
RNA replication or packaging. To identify potential target 
mRNAs for miR-142a-3p, bioinformatics software, includ-
ing Targetscan Mouse, MicroCosm Targets, and Miranda, 
were used. We focused on a set of seven genes (Ptpn23, 
Rab3a, Rab12, Tmem55b, Stx12, Fyco1, and Rab14) that 
were shown previously to be downregulated genes in the 
CNS using an mRNA array [19]. Of these, Rab3a is of par-
ticular interest. It is a small RAB GTPase that plays a role 
in neurotransmitter release and contains conserved 3’UTR 
sequence elements that are partially complementary to 
miR-142a-3p [21]. In consideration of its strong associa-
tion with virus infection and nerve injury, we selected Rab3a 
for further verification. To confirm the regulation of Rab3a 

expression in response to PHEV infection, the infected cell 
lysates were made at 24, 36, and 48 hpi, and mouse brain 
tissues were harvested at 3 and 5 dpi. Using qRT-PCR and 
Western blot analysis, we observed an apparent down-
regulation of Rab3a mRNA and protein expression in N2a 
cells during PHEV infection in a time-dependent manner 
(Fig. 2a and c). Similar effects were also detected in PHEV-
infected BALB/c mice (Fig. 2b and d). The findings suggest 
that PHEV negatively regulates expression of endogenous 
Rab3a.

Rab3a is a target gene of miR‑142a‑3p

To investigate whether miR-142a-3p is capable of target-
ing the Rab3a mRNA 3′UTR, luciferase reporter con-
structs expressing the wild-type (WT) or mutated (MUT) 
Rab3a 3′UTR were generated (Fig. 3a). A dual-luciferase 
reporter assay was performed at 24 h after co-transfection 
of HEK293T cells with miR-142a-3p mimic/inhibitor, 
Rab3a-WT/Rab3a-MUT luciferase reporter, and Renilla 
luciferase reporter. We found that the relevant luciferase 
activity in cells co-transfected with miR-142a-3p mimic and 

Fig. 2  Rab3a expression is inhibited during PHEV infection in vitro 
and in vivo. (a) N2a cells were mock infected (control) or infected 
with PHEV for the indicated times. Endogenous Rab3a mRNA 
expression was measured by qRT-PCR and compared to that of 
the control. (b) Mice were mock infected (control) or infected with 
PHEV. At 3 or 5 dpi, the cerebral cortexes were harvested and Rab3a 
mRNA was quantitated by qRT-PCR and normalized to GAPDH. (c) 

Lysates of mock-infected N2a cells or cells that were infected with 
PHEV were analyzed by Western blotting using primary antibodies 
against Rab3a or β-actin. The data were normalized to β-actin. (d) 
Lysates from cerebral cortexes of mice that were pre-treated as indi-
cated above were analyzed by Western blotting and normalized to 
β-actin. All of the data are representative of at least three independent 
experiments (*, p < 0.05; **, p < 0.01)
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Rab3a-WT was greatly reduced, while mimic- and Rab3a-
MUT-overexpressing cells showed no change in luciferase 
activity (Fig. 3b). Cells that were co-transfected with miR-
142a-3p inhibitor and Rab3a-WT plasmid showed a signifi-
cant increase in luciferase activity compared to the NC and 
cells overexpressing Rab3a-WT (Fig. 3b). Next, we trans-
fected N2a cells with miR-142a-3p mimic (20, 50, and 100 
nM) or inhibitor (100, 200, and 400 nM), in and the lysates 
were tested by qRT-PCR and Western blotting. We found 
that the mimic transfection resulted in a dose-dependent 
reduction of Rab3a expression (Fig. 3c). In contrast, the 
mRNA and protein level of Rab3a were dose-dependently 
upregulated in N2a cells after transfection with miR-142a-3p 
inhibitor (Fig. 3d). Finally, the expression of Rab3a in cells 
transiently expressing miR-142a-3p mimic (100 nM) or 
inhibitor (400 nM) was measured by immunofluorescence 
analysis (Fig. 3e). Representative micrographs and quantita-
tive analysis of the average fluorescence intensity of Rab3a 
suggested that miR-142a-3p mimic caused a significant 
reduction in the Rab3a signal, and that the miR-142a-3p 
inhibitor suppressed the effect (Fig. 3e). These findings sug-
gest that miR-142a-3p binds to the target site in the Rab3a 
mRNA 3′UTR and negatively regulates its expression in a 
dose-dependent manner.

miR‑142a‑3p enhances PHEV proliferation 
by targeting Rab3a in N2a cells

To assess whether Rab3a is important for PHEV prolifera-
tion in N2a cells, we performed knockdown and overex-
pression studies of Rab3a. N2a cells were transfected with 
siRNA targeting Rab3a (siRab3a) and NC (the disordered 
base sequence, siNC) for 24 h, and the silencing effect was 
confirmed (Fig. 4a and b). These pretreated cells were sub-
sequently infected with PHEV at an MOI of 10 for another 
24 h, and qRT-PCR and Western blot assays revealed that 
PHEV proliferation significantly increased when Rab3a was 
functionally inactivated, compared with NC-transfected cells 

(Fig. 4c and d). To investigate the effect of a gain of Rab3a 
function, a GFP-N construct encoding Rab3a CDS (Rab3a-
GFP) was generated and used to transiently transfect N2a 
cells for 24 h. As shown in Fig. 4e and f, increased expres-
sion of Rab3a mRNA and protein was detected in the Rab3a-
GFP-expressing cells. In the representative blot, the upper 
band corresponds to overexpressed exogenous Rab3a protein 
(~50 kDa), while the bottom band is endogenous Rab3a pro-
tein (~25 kDa). These cells were subsequently infected with 
PHEV, and we found that Rab3a overexpression resulted in 
suppression of viral proliferation at 24 dpi when compared 
to GFP-transfected cells (Fig. 4g and h). Taken together, 
our data indicate that miR-142a-3p might upregulate PHEV 
proliferation by targeting Rab3a, which plays a passive role 
in viral replication.

Discussion

miRNAs are ~22-nt ncRNAs that play essential roles in com-
plex virus-host interactions at the posttranscriptional level 
[22, 23]. The specific target mRNA is principally recognized 
by the seed region of miRNAs, though multiple validated 
targets lack perfect base-pairing interactions. miRNA target 
sequences could be involved in the control of exogenous 
gene expression and viral tropism in specific cells or tissues, 
and miRNA-based therapeutics might be designed to either 
restore or suppress the function of dysregulated miRNAs. 
Given the versatility and importance of miRNAs, both DNA 
and RNA viruses affect host pathways by destroying, boost-
ing, or hijacking miRNAs to benefit the viral life cycle [24]. 
In the case of PHEV, a highly neuropathic virus, little is 
known about how miRNAs participate in its infection and 
pathological process. Lv et al. [25] reported that enrichment 
of miR-21a-5p increases PHEV proliferation by targeting 
the protein Caskin1, which is required for neuronal axon 
growth in vivo and in vitro. Here, we attempted to identify 
miR-142a-3p-mediated molecular mechanisms underlying 
PHEV pathogenesis.

PHEV is a severely neuropathic virus that invades the 
CNS of piglets by the age of 3 weeks, which causes typi-
cal nerve dysfunction. Previous studies have reported that 
miR-142 plays a variety of vital roles in various diseases, 
such as virus infection, inflammation, and cancer [12, 26]. 
In addition, miR-142 could be a promising biomarker for 
the diagnosis of many diseases [27]. Thus, the functional 
significance of miR-142a-3p during PHEV infection is 
of interest for research and antiviral therapy. It has been 
shown that miR-142a-5p disrupts neuronal morphogenesis 
to promote PHEV infection [28]. Although miR-142a-3p 
and miR-142a-5p originate from the miR-142a hairpin 
[12], the relationship between miR-142 and PHEV infec-
tion is poorly understood. Here, we verified the interaction 

Fig. 3  Rab3a is a target gene of miR-142a-3p. (a) Schematic repre-
sentation of WT or MUT luciferase reporter of Rab3a mRNA 3′UTR. 
The frame and letters in blue indicate the point mutant. (b) HEK293T 
cells were cotransfected with Rab3a-WT or Rab3a-MUT reporter 
constructs and the indicated oligonucleotides (100 nM mimic, 400 
nM inhibitor, or 100 nM NC) for 24 h. The cells were harvested, and 
Renilla and firefly luciferase activity was measured. (c) The mRNA 
and protein levels of Rab3a in N2a cells transfected with miR-
142a-3p mimic were determined by RT-PCR and Western blotting. 
(d) The expression of Rab3a was measured in N2a cells after trans-
fection with miR-142a-3p inhibitor. (e) Representative micrograph 
of immunofluorescence analysis for Rab3a expression (green) in 
N2a cells transfected with the miR-142a-3p mimic- or miR-142a-3p 
inhibitor. The cell nucleus was stained with Hochest33342 (blue). 
Quantitative analysis of the Rab3a staining is shown on the right. The 
bars indicate 20 μm. All of the data are representative of at least three 
independent experiments (*, p < 0.05; **, p < 0.01)

◂
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between PHEV and miR-142a-3p and found that the 
amount of miR-142a-3p in mice had increased signifi-
cantly 5 days after infection with PHEV. Meanwhile, miR-
142a-3p RNA was also apparently upregulated in PHEV-
infected N2a cells, implying that miR-142a-3p might be 
involved in PHEV infection in vitro and in vivo. Moreo-
ver, our data revealed that enrichment of miR-142a-3p 
could promote PHEV infection or propagation and that 
knockdown of miR-142a-3p had an opposite effect. We 
therefore concluded that miR-142a-3p could affect PHEV 
accumulation and might also play a specific role in PHEV 

pathogenesis. More follow-up work is needed to support 
this view.

How might miR-142a-3p play a role during PHEV infec-
tion? Sequencing, bioinformatics, and time course experi-
ments indicated that miR-142a-3p directly targets the Rab3a 
mRNA 3′UTR. Rab3a is a small G protein that belongs to 
the RAS family of proteins. It regulates vesicle trafficking 
and is involved in calcium-triggered exocytosis in nerve 
cells [29, 30]. Generally, Rab3a protein localizes to the 
Golgi complex and regulates the synthesis and transport 
of effectors by interacting with GTPase [31]. Given that 

Fig. 4  Rab3a plays a pas-
sive regulatory role in PHEV 
proliferation. (a) The expres-
sion of Rab3a mRNA in N2a 
cells transfected with 50 nM 
siRab3a or siNC was measured 
by qRT-PCR. Normal cells were 
transfected without any siRNA. 
(b) The protein levels of Rab3a 
in N2a cells transfected with 
siRNA were determined by 
Western blotting. (c) The levels 
of viral genomic RNA were 
measured after transfecting with 
Rab3a siRNA. Untransfected 
cells were used as a control. (d) 
Western blotting was performed 
to examine the expression of 
PHEV N protein. (e and f) The 
expression of Rab3a in cells that 
transfected with Rab3a-GFP 
was examined by qRT-PCR 
(e) and Western blotting (f). (g 
and h) The viral genomic RNA 
and PHEV N protein levels in 
Rab3a-GFP-transfected cells 
were determined. All of the data 
are representative of at least 
three independent experiments 
(*, p < 0.05; **, p < 0.01; ***, 
p <0.001)
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PHEV buds from endoplasmic reticulum–Golgi intermedi-
ate compartments and is assembled within small vesicles 
in the trans-Golgi network, we hypothesize that Rab3a, a 
Golgi-associated protein, may acts as a regulator of PHEV 
replication or nucleocapsid assembly [11, 32]. In this study, 
we found that Rab3a deficiency promotes PHEV replication 
and propagation, while overexpression of Rab3a restricts 
virus proliferation. Thus, we draw the preliminary conclu-
sion that, in some phase of PHEV infection, Rab3a functions 
as a negative regulator through base-pairing interactions 
with miR-142a-3p.

In summary, the biological significance of miR-142a-3p-
mediated Rab3a suppression and the underlying mechanisms 
of the response to PHEV infection remain to be elucidated. 
Although some host miRNAs execute antiviral functions by 
limiting viral infection in cells, it is still debatable whether 
an miR-142a-3p antagonist could be used as a potential anti-
viral therapy against PHEV infection in the physiological 
context. Much more work in this area still needs to be done 
in the future.
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