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Abstract 

MicroRNAs regulate post-transcriptional gene expression via either translational repression or 
mRNA degradation. They have important roles in both viral infection and host anti-infection 
processes. We discovered that the miR-375 is significantly upregulated in Newcastle disease virus 
(NDV)-infected chicken embryonic visceral tissues using a small RNA sequencing approach. Further 
research revealed that the overexpression of miR-375 markedly decreases the replication of the 
velogenic NDV F48E9 and the lentogenic NDV La Sota by targeting the M gene of NDV in DF-1 
cells. Interestingly, miR-375 has another target, ELAVL4, which regulates chicken fibrocyte cell cycle 
progression and decreases NDV proliferation. In addition, miR-375 can influence bystander cells by 
its secretion in culture medium. Our results indicated that miR-375 is an inhibitor of NDV, but can 
also enhance NDV growth by reducing the expression of its target ELAVL4. These results 
emphasize the complex roles of microRNAs in the regulation of viral infections. 
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Introduction 
MicroRNAs (miRNAs) are a group of 

endogenous small non-coding RNAs of 21 to 25 
nucleotides in length; they regulate the expression of 
target genes post-transcriptionally and have 
significant roles in various biological processes, 
including development, differentiation, proliferation, 
and apoptosis [1-3]. The majority of miRNAs are 
transcribed as part of annotated genes from 
independent transcription units located in the 
antisense orientation or the intergenic regions of 
annotated genes. In animals, miRNAs are transcribed 
as long primary transcripts (pri-miRNAs) and are 
further cropped by the nuclear RNase III Drosha into 
hairpin-shaped pre-miRNAs [4, 5]. These 
pre-miRNAs are subsequently cleaved by the 
cytoplasmic RNase III Dicer, after they are exported 
out of the nucleus by exportin-5 (Exp5), a member of 
the ran-dependent nuclear transport receptor family, 
into a ~22-nt miRNA duplex [6-8]. One strand of the 

short-lived duplex remains as a mature miRNA, and 
another strand is degraded by an unknown nuclease. 
miRNA-induced silencing complexes (miRISCs) are 
formed following the loading of mature mRNA into 
Argonaute proteins (AGO2) [9]. Then, miRISCs bind 
to targets by base-pairing of the miRNA seed 
sequence with the mRNA target sites, leading to the 
accelerated degradation of mRNA or the blockade of 
translational processing bodies [10]. 

miRNAs have significant roles in viral infection, 
either in cellular antiviral responses or the replication 
and propagation of viruses, via complex regulatory 
pathways [11-14]. Several studies have shown that 
host miRNAs could promote or inhibit viral 
replication by targeting viral RNAs [15-18]. For 
example, miR-122, a liver-specific miRNA, could 
promote Hepatitis C virus replication by binding to 
the 5′ UTR of the viral genome or by accelerating the 
ribosome and Ago 2 interactions with viral RNA [15, 
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18-20]. In contrast, miR-296-5p suppresses 
Enterovirus 71 replication by targeting the coding 
regions of the viral capsid proteins VP1 and VP3 [16]. 
Many miRNAs, including MiR-342-5p, miR-485, and 
miR-548g-3p, are involved in antiviral processes by 
targeting the viral genome [17, 21, 22]. In addition, 
viral infections can also inhibit maturation or 
accelerate the degradation of host microRNAs 
involved in the antiviral response [9, 23].  

Newcastle disease (ND) is one of the most 
economically important infectious diseases, causing 
high rates of death in chickens and birds and resulting 
in significant economic losses to the chicken industry 
worldwide each year [24-27]. Its causative pathogen is 
Newcastle disease virus (NDV), a small enveloped, 
linear, single negative-stranded RNA virus [28]. The 
genome of NDV encodes six structural proteins, NP, 
P, M, F, HN, and L [28, 29]. The HN and F proteins 
play important roles in viral invasion and membrane 
fusion, NP, P, and L constitute the RNA polymerase 
affecting viral replication, and the M protein is mainly 
involved in virion assembly and budding [29-31]. 
Although various vaccines have been used to control 
NDV, it is very difficult to eliminate or effectively 
control NDV infection using the current vaccination 
strategies owing to the high frequency of viral 
mutation, wide range of hosts, and the 
antibody-dependent enhancement of NDV [26, 27]. 
Therefore, it is imperative to study the mechanisms 
underlying the pathogenesis of NDV to develop more 
effective control measures.  

Since miRNAs are involved in host–virus 
interactions, it is important to determine their roles in 
NDV infection. In fact, miR-485, targeting Retinoic 
acid-inducible gene I (RIG-I), plays a role in 
regulating NDV and Avian influenza virus H5N1 
infections [17]. In the current study, the expression 
levels of miR-375 as well as several other miRNAs 
were up-regulated during NDV infection based on a 
next-generation sequencing analysis. MiR-375, in 
particular, effectively suppressed NDV replication 
and its functions were further investigated. 

Materials and Methods 
Cells and viruses 

Chicken embryo fibroblast cells (DF-1), human 
laryngeal cancer epithelial cells (Hep2), and HEK293T 
cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, Gaithersburg, MD, USA) 
supplemented with 10% fetal bovine serum (FBS; 
Hyclone, Logan, UT, USA). Ten-day-old SPF chicken 
embryos were obtained from Merial-vital Laboratory 
Animal Technology (Beijing, China) and maintained 
in an incubator at 37°C. 

The velogenic NDV strain F48E9 and lentogenic 
NDV strain rLa Sota-GFP (La Sota) were kept in our 
lab. Viruses were propagated in 9-day-old SPF 
chicken embryos, titrated by the hemagglutination 
assay (HA), and stored at -80°C for later use. 

Virus infection and small RNA sequencing 
A total of 104 PFU of each virion of F48E9 or La 

Sota was independently injected into the allantoic 
cavity of 10-day-old chicken embryos. An equal 
volume of phosphate-buffered saline (PBS) was 
injected as a negative control. The visceral tissues of 
each group, including heart, liver, stomach, intestines 
and spleen, were collected at 36 h post-infection (hpi), 
and three small RNA sequencing samples were sent to 
Novogene for sequencing (Wuhan, China). RNA 
extraction, library preparation, and sequencing 
analyses were performed by Novogene. Raw reads 
were demultiplexed and trimmed to remove 
low-quality sequences prior to downstream analyses. 
To detect differentially expressed miRNAs, a 
corrected p-value (q-value) of <0.01 and |log2 
(foldchange)| of >1 were set as the threshold 
parameters for significance.  

Computational target prediction 
The miR-375 targets were predicted using the 

miRanda algorithm. The miR-375 binding sites in the 
ELAVL4 3′ UTR were predicted using the TargetScan 
website (http://www.targetscan.org/mamm_31/). 
Predicted targets were selected according to the 
optimal complementarity between miRNAs and a 
given mRNA based on a computational TargetScan 
algorithm [32]. NDV genomes were predicted using 
BLAST. 

Plasmid construction and cell transfection  
The miR-375 expression plasmid p-miR-375 

(miR-375), the miR-375 inhibitor plasmid 
p-sponge-375 (sponge-375), scramble control plasmid 
with mutation in binding site of miR-375 and negative 
control (miR-NC and sponge-NC) were purchased 
from GenePharma (Shanghai, China). The plasmids 
pluc-MF (FM) and pluc-ML (LM) were derived from 
the psiCHECK2 vector with an inserted M gene from 
NDV strain F48E9 and La Sota, respectively. The full 
length of M gene of F48E9 and La Sota were 
respectively cloned into the pcDNA3.0 and pCAGGS 
vectors, and named as pcDNA3.0-F48E9 M 
(pcDNA3.0-FM) and pCAGGS-Flag-La Sota M 
(pCAGGS-Flag-LM), and the pcDNA3.0-FM has 
already been constructed and kept in our lab. The full 
length of chELAVL4 was cloned into the pCAGGS 
vector with a HA tag to obtain the plasmid 
pCAGGS-HA-ELAVL4. The shRNA primers targeting 
ELAVL4 were designed using the BLOCK-iT RNAi 
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Designer website and the primer sequences are listed 
in Table 1. Next, double-stranded shRNA was 
synthesized and cloned into the plasmid 
pCD513B-U6-neo to obtain shRNA1, shRNA2, and 
negative control (NC). All primers used in this study 
are listed in Table 1, and all recombinant plasmids 
were verified by sequencing. Cell transfection was 
performed using the TurboFect Transfection Reagent 
(Thermo Scientific, Waltham, MA, USA) according to 
the manufacturer’s instructions.  

Virus infection and cell treatment 
To validate miR-375 expression in NDV infected 

cells, DF-1 cells were seeded in 24-well plates for 24 h, 
infected with F48E9 or La Sota (0.1 MOI), and 
collected at 6, 12, 18, 24, and 30 hpi to analyze miR-375 
expression by RT-qPCR. After the transfection of DF-1 
cells with miR-375, miR-NC, sponge-375, sponge-NC, 
pCAGGS-HA-ELAVL4, shRNA, or NC plasmids for 
24 h, the cells were infected with F48E9 or La Sota (0.1 
MOI) and the supernatants were collected at 24, 36, 
and 48 hpi for viral titration.  

NDV replication was investigated after DF-1 
cells were treated with the supernatant containing 
miR-375, miR-NC, sponge-375, or sponge-NC for 24 h 
before infection with F48E9 or La Sota (0.1 MOI) or 
after incubation with F48E9 or La Sota (0.1 MOI) for 1 
h. The supernatant was collected and viral titer 
changes were evaluated at 24 h after each treatment. 

Virus titration 
Viral progeny titers were quantified by 50% 

tissue culture infectious dose (TCID50), fluorescence 
intensity, or plaque assays. Briefly, the DF-1 cells were 
seeded in 96-well or 24-well plates at 24 h before virus 
infection. The supernatant from cell cultures was 

10-fold serially diluted and 100 μL/well or 300 
μL/well was added to the 96-well or 24-well plates. 
At 5 d or 3 d post-infection, TCID50 was calculated 
using the Reed–Muench method [33], the average 
green fluorescent cell count was determined in each 
microscopic field as described previously [34], or the 
plaque forming units (PFU) were computed [35].  

Real-time quantitative PCR (RT-qPCR) 
The microRNAs were extracted using the 

miRcute miRNA Isolation Kit, and then cDNA was 
synthesized using the miRcute miRNA First-strand 
cDNA Synthesis Kit, as per the manufacturer’s 
instructions (TIANGEN, Beijing, China). To quantify 
the viral load or viral mRNA, total RNAs were 
extracted using TRIzol Reagent, as per the 
manufacturer’s instructions (Invitrogen, Carlsbad, 
CA, USA). Then, 2 µg of total RNA from each sample 
was reverse transcribed into cDNA using the HiScript 
1st Strand cDNA Synthesis Kit (Vazyme Biotech Co., 
Ltd., Nanjing, China) as per the manufacturer’s 
instructions. Real-time quantitative PCR (RT-qPCR) 
was performed using a real-time thermocycler 
(Tianlong, Shaanxi, China) with SYBR green 
detection. Viral mRNA and miRNA abundances were 
measured by RT-qPCR and normalized against the 
level of 28S mRNA. 

Immunoblotting 
The plasmids miR-375, miR-NC, sponge-375 or 

sponge-NC were co-transfected with 
pcDNA3.0-FM/pCAGGS-Flag-LM into DF-1 cells for 
24 h, and then, the cells were collected as reported 
previously [36] for detecting M gene expression by 
immunoblotting. 

 

Table 1. The primers used in this study 

Primers Sequences (5'-3') Size (bp) TM (℃) 
pCAGGS-HA-ELAVL4-F CCATCGATATGGAGTGGAATGGCCTGAAGATG 1159 53 
pCAGGS-HA-ELAVL4-R CGGCTAGCTCAAGCGTAGTCTGGGACGTCGTATGGGTAGGATTTGTGGGTTTTATTGG 
pCAGGS-Flag-LM-F GGAATTCATGGACTCATCTAGGACAAT 1135 50 
pCAGGS-Flag-LM-R GAAGATCTTTACTTATCGTCGTCATCCTTGTAATCTTTCTTAAAAGGATTGT 
Luc-FM-F CCGCTCGAGATGGACTCATCTAGGACAATTG 567 52 
Luc-FM-R TTGCGGCCGCTTCGGCACCACAGTCAAAGAAAC 
Luc-LM-F CCGCTCGAGATGGACTCATCTAGGACAATTG 567 52 
Luc-LM-R TTGCGGCCGCTTCGGTACCACAGTCAAGGAGAC 
M-F CCGATCGTCCTACAAGACACAG 223 60 
M-R GGACGCTTCCTAGGCAGAGCAT 
NDV-F ATGGGCYCCAGAYCTTCTAC 535 55 
NDV-R CTGCCACTGCTAGTTGTGATAATCC 
ELAVL4-F GGTATCGTATGCCCGTCCAA 214 60  
ELAVL4-R GGCTTCTTCCGCCTCTATTC  
ELAVL4-shRNA1F GATCCGGAATGGCCTGAAGATGATAA TTCAAGAGATTATCATCTTCAGGCCATTCCTTTTTTg 63  37 
ELAVL4-shRNA1R AATTCAAAAAAGGAATGGCCTGAAGATGATAATTCAAGAGATTATCATCTTCAGGCCATTCCg 
ELAVL4-shRNA2F GATCCGGAGTCTCTTTGGGAGCATTG TTCAAGAGACAATGCTCCCAAAGAGACTCCTTTTTTg 63 37 
ELAVL4-shRNA2R AATTCAAAAAAGGAGTCTCTTTGGGAGCATTG TTCAAGAGACAATGCTCCCAAAGAGACTCCg 
shRNA-NC-F GATCCGACCCGGCGACGGGCTAGTCTTCAAGAGAGACTAGCCCGTCGCCGGGTCTTTTTTg 63 37 
shRNA-NC-R AATTCAAAAAAGACCCGGCGACGGGCTAGTC TTCAAGAGAGACTAGCCCGTCGCCGGGTCg 
miR-375-qF TTTGTTCGTTCGGCTCGCGTTA  60 
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 Proteins were separated by SDS-polyacrylamide 
gel electrophoresis (PAGE), transferred to 
nitrocellulose membranes, probed with antibodies, 
and finally visualized by chemiluminescence 
(Millipore, Burlington, MA, USA). The antibodies 
used were anti-HA, anti-Flag, anti-H3, anti-GAPDH 
monoclonal antibody, and HRP-conjugated goat 
anti-mouse IgG purchased from Quintara Biosciences 
(Wuhan, China). The densitometric analysis of 
immunodetected bands was calculated as the relative 
bands area using Image J (NIH, Bethesda, MS, USA). 

Luciferase reporter assay  
The luciferase reporter assay was performed as 

previously described [37], with modifications. Briefly, 
HEK-293T cells were co-transfected with 500 ng of the 
pluc-MF/pluc-ML plasmid and 500 ng of p-miR-375 or 
p-miR-NC using TurboFect Transfection Reagent 
(Thermo Scientific) as per the manufacturer’s 
instructions. The cells were lysed at 24 h after 
transfection, and the luciferase activity in total cell 
lysates was measured using the Dual-luciferase 
Reporter Assay System (Beyotime, Shanghai, China) 
according to the manufacturer’s instructions. 

Cell cycle analysis and cell scratch assay 
Flow cytometry with propidium iodide (PI) 

staining was used to analyze the cell cycle progression 
as described previously [38]. Cells were fixed in 75% 
ethanol for 2 h, and then rehydrated in PBS at 106 
cells/mL. After they were treated with 10 μg/mL PI 
(Sigma, St. Louis, MO, USA) for 30 min, the cells were 
analyzed using a flow cytometer or kept in dark 
conditions on ice or at 4°C for later use. Cell cycles 
were analyzed using a BD FACSCalibur Flow 
Cytometer with FlowJo (BD Biosciences, San Jose, CA, 
USA).  

After transfection or pretreatment with DF-1 
cells for 24 h in 24-well plates, cell scratches were 
created using small tips at the same position in each 
well, and cells were cultivated in an incubator at 37°C. 
After 24 h, wound healing was observed under a 
microscope. The wound closure rate (expressed as a 
percentage) was calculated as the relative wound area 
using Image J (NIH, Bethesda, MS, USA). 

Statistical analysis 
All results are expressed as means ± standard 

error of the mean (SEM). To identify significant 
differences, means were compared by Student’s t-tests 
for viral load and mRNA levels using Padgraph. P < 
0.05 was considered significant.  

Results 
NDV infection induces the up-regulation of 
miR-375 expression.  

Chicken embryos were infected with the 
velogenic F48E9 strain or lentogenic La Sota strain of 
NDV with a HA titer of 24. The typical clinical lesions 
of F48E9 infection, like hemorrhage, were observed, 
but no observable lesions were observed in La Sota 
infected chicken embryos or the control (Figure S1A). 
ND virus were detected in samples infected with 
F48E9 or La Sota, but not in the control (Figure 1A 
and figure S1B,C).  

A total of 98 differentially expressed miRNAs 
were screened from small RNA sequencing result 
(Figure 1B) [39]. Intergroup comparisons were used 
to identify changes in miRNA expression caused by 
NDV infection. La Sota affected the expression of 61 
miRNAs (36 upregulated and 25 downregulated) at 36 
hpi, and F48E9 infection altered the expression levels 
of 64 miRNAs (33 upregulated and 31 
downregulated) (Figure 1B and Table S1). The target 
genes of those miRNAs were further predicted and 
analyzed by bioinformatics. The obtained results 
revealed that these miRNAs might involve in 
regulation cell growth, metabolism, cell cycle, 
immune and inflammatory responses [39].  

miR-375, miR-9, miR-122, and miR-451 exhibited 
high expression after viral infection and had one or 
more predicted targets in the NDV genome or 
anti-genome according to an analysis using BLAST 
(Figures 1B, S2A). The roles of these four miRNAs in 
NDV infection were further evaluated in DF-1 cells by 
transfecting plasmids harboring the transcriptional 
unit of each. After 24 h post-transfection, DF-1 cells 
were infected with the F48E9 NDV strain for another 
24 h. The results showed that miR-375 resulted in the 
most significant reduction in NDV proliferation, 
followed by miR-9 (Figure 1C). The overexpression of 
miR-122 and miR-451 did not impact NDV growth 
(Figure 1C). Therefore, we focused on miR-375 in 
subsequent analyses.  

The high level expression of miR-375 detected by 
small RNA sequencing was further validated by 
RT-qPCR. Enhanced miR-375 expressions were 
detected by both methods with slight difference 
(Figure 1D), which similar with previous reports [40, 
41]. According to RT-qPCR results, miR-375 
expression in all the collected tissues after NDV 
infection were also increased (Figure S2B). In 
addition, a gradual increase of miR-375 expression 
during NDV infection in cells was observed, F48E9, as 
well as La Sota infection, resulted in a similar miR-375 
expression dynamics within 30 hpi (Figure 1E). 
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Overexpression of miR-375 inhibited NDV 
proliferation 

The growth characteristics of NDV were 
analyzed in cells with artificially modification 
miR-375 expression. DF-1 cells were transfected with 
plasmid expression miR-375 or miR-375 inhibitor, 

sponge-375 (Figure S1C). NDV infection was 
performed at 24 h post-transfection. The supernatants 
were collected at 24, 36, and 48 hpi and viral loads in 
the supernatants were examined by determining the 
TCID50.  

 

 
Figure 1. NDV infection up-regulated miR-375 expression in both chicken embryos and DF-1 cells. (A) PCR detected the NDV in each samples, 1-4 
were representative the sample of F48E9, La Sota or PBS infection and negative control, M representative DL5000 DNA Marker. (B) The heatmap of differentially 
expressed miRNAs in NDV-infected chicken embryonic tissues by small RNA-Seq. (C) Plaques of F48E9 after the overexpression of miR-375, miR-9, miR-122, and 
miR-451. (D) miR-375 expression levels were assessed by RNA-Seq and RT-qPCR with F48E9 or La Sota infection. (E) Relative expression levels of miR-375 for 
various infection times were detected in DF-1 cells during F48E9 or La Sota infection. Control representative uninfected group. Statistical analyses were performed 
in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P < 0.01, ***P < 0.001, ns. indicates no significant difference. 

 

 
Figure 2. Antiviral of miR-375 in DF-1 cells with F48E9 or rLa Sota-GFP infections. DF-1 cells were transfected with plasmids of miR-375, sponge-375, 
and negative control for 24 h, and infected with F48E9 (0.1 MOI) or rLa Sota-GFP (0.1 MOI) for another 24 h. Viral titers of F48E9 (A, C) and rLa Sota-GFP (B, D) 
at various infection points were detected using the TCID50 method. Scramble control was mean the control with mutation in binding site of miR-375. Results are 
presented as means ± SEM (n = 3). A statistical analysis was performed in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P < 0.01, ns. indicates no 
significant difference. 
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Figure 3. Degradation of M gene by miR-375. (A) The target sequence of the M gene was predicted using the miRanda algorithm; (B) 500 ng of F48E9 M (FM) 
or La Sota M (LM) reporter plasmids were co-transfected with 500 ng of miR-375 or miR-NC plasmids (Vec) into the HEK293T cells. Reporter activity was 
determined at 24 h post-transfection by Beyotime dual-luciferase assays. The plasmids of miR-375, miR-NC, sponge-375, or sponge-NC were transfected into DF-1 
cells for 24 h, followed by F48E9 (C) or La Sota (D) infection for another 24 h. The cells were collected to detect the M genes of rLa Sota-GFP or F48E9 by RT-qPCR. 
(E) Western blot analysis of the expression of M gene of F48E9 or La Sota under co-expression with miR-375 or sponge-375. Results are presented as means ± SEM 
(n = 3). A statistical analysis was performed in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P < 0.01, ***P < 0.001, ns. indicates no significant difference. 

 
As shown in figure 2, the overexpression of 

miR-375 decreased NDV F48E9 titers by 
approximately 10-, 15.8- and 14.2 fold of TCID50 at 24, 
36, and 48 hpi, respectively, as compared with the 
viral titers in the culture medium from infected cells 
transfected with miR-NC (Figure 2A). The viral titers 
of NDV La Sota were also reduced by 6.7-, 12.95- and 
8.3 fold TCID50 at 24, 36, and 48 hpi (Figure 2B), 
respectively. Beyond our expectations, 
down-regulation miR-375 expression with miR-375 
sponge, as well as antagomiR-375, did not enhance 
NDV proliferation (Figures 2C, D, Figure S3). 

miR-375 targets the M gene of NDV and leads 
to its degradation 

The seed sequences of miR-375 were used as 
queries for BLAST searches against the genome and 
anti-genome of NDVs. One possible target site in the 
M gene (anti-genome) was identified. As shown in 
figure 3A, the seed sequences completely matched the 
M gene (434–440) of F48E9 and six matched the M 
gene (434–440) of La Sota. 

To further verify the relationship, a luciferase 
assay was performed by co-transfecting plasmids 
psiCheck2-FM/LM and plasmids miR-375 in 
HEK293T cells. It was found that luciferase activities 

decreased 35% and 55% for FM and LM, respectively, 
when plasmid expressing miR-375 was co-transfected 
(Figure 3B). These results indicated that the predicted 
target of miR-375 within the M gene of NDV is valid. 
In a comparison of M gene sequences, we discovered 
that the seed sequence binding site was relatively 
highly conserved among NDV strains (Figure S2D).  

Moreover, mRNA and protein expression of 
NDV M gene in cells co-transfected with 
miR-375/sponge-375 and 
pcDNA3.0-FM/pCAGGS-Flag-LM were also 
evaluated. The mRNA expression level of M gene 
reduced by approximately 33.82-fold for F48E9 and 
2.6-fold for La Sota when miR-375 was overexpressed 
compared with that in control cells, on the contrary, M 
gene (mRNA level) expression increased 
approximately 1.82-fold for F48E9 and 1.79-fold for La 
Sota with interfering miR-375 expression (Figures 3C, 
D). The western blot analyses were further certified 
that miR-375 could inhibit the expression of protein M 
(Figures 3E).  

Prediction of the host target of miR-375 
The increased expression of miR-375 may also 

impact the host. Accordingly, host targets of miR-375 
were further analyzed using TargetScan. A total of 111 
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targets were identified (Table S2). Among them, 
embryonic lethal, abnormal vision, Drosophila-like 
RNA binding protein 4 (ELAVL4) was a perfect target 
with complete seed-matching sites within the 3′ UTR 
region (Figure 4A). As this interaction has been 
established previously [42], we did not perform 
further validation, but focused on revealing the role of 
ELAVL4 in NDV infection.  

The complete open reading frame of ELAVL4 
was cloned into a vector and the recombinant 
plasmids were transfected into DF-1 cells (Figure 4B). 
NDV infections were conducted at 24 h 
post-transfection and the supernatants were collected 
at 24, 36, and 48 hpi. Viral loads in the supernatants 
were further analyzed by evaluating the TCID50. 
Overexpression of ELAVL4 could significantly 
down-regulate NDV proliferation at the late infection 
stage, i.e., 24, 36, and 48 hpi (Figure 4C), but not at 
early time points, i.e., 12 hpi. As the cells transfected 
with the plasmid over-expressing ELAVL4 or the 

empty vector (Vec) looked different in growth and 
ELAVL4 is involved in the regulation of neuronal 
development according to previous analyses [43], we 
speculated that chicken ELAVL4 functions in the 
regulation of the cell cycle and influences NDV 
proliferation. 

The cell cycle of DF-1 cells transfected with the 
plasmid harboring ELAVL4 was monitored by flow 
cytometry. The overexpression of ELAVL4 slowed 
cell division and proliferation, as evidenced by the 
decrease in cells at the S and G2 stages at 24 h 
post-transfection (Figure 4D). Cell scratch 
experiments were also used to analyze cell division 
with or without ELAVL4 overexpression. The control 
scratches on cells transfected with empty plasmids 
were repaired within 24 h. The cells over-expressing 
ELAVL4 did not exhibit scratch healing at that time 
(Figure 4E), indicating reduced cell migration and cell 
cycle progression.  

 
 

 
Figure 4. Antiviral function of ELAVL4 as a miR-375 host target. (A) The target sequence of the ELAVL4 gene was predicted using the miRanda algorithm. 
(B) The expression of ELAVL4 was detected by western blotting. (C) DF-1 cells were transfected with pCAGGS-HA-ELAVL4 and vector plasmids (Vec) for 24 h, and 
infected with F48E9 (0.1 MOI) or rLa Sota-GFP (0.1 MOI). The viral titers of F48E9 and rLa Sota-GFP at various infection points were detected using the TCID50 

method. (D) Flow cytometry was performed to analyze changes in the cell cycle after ELAVL4 overexpression and vector (Vec) transfection. (E) A scratch assay was 
used to verify cell growth indirectly after ELAVL4 overexpression and vector (Vec) transfection. The wound closure percentage was calculated as the relative wound 
area using Image J. Results are presented as means ± SEM (n = 3). Statistical analyses were performed in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P 
< 0.01, ns. indicates no significant difference. 
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Figure 5. Interference of ELAVL4 could promote NDV proliferation and cell growth. (A) The efficiency of interference of shRNA targeting ELAVL4 was 
tested by western blotting. (B) DF-1 cells were transfected with ELAVL4-shRNA1 and shRNA-NC plasmids for 24 h, and infected with rLa Sota-GFP or F48E9 (0.1 
MOI). The viral titers of F48E9 or rLa Sota-GFP at various infection points were detected using the TCID50 method. (C) Flow cytometry was performed to analyze 
changes in the cell cycle after ELAVL4-shRNA1 or NC plasmid transfection for 24 h. (D) A scratch assay was used to verify cell growth indirectly after 
ELAVL4-shRNA1 or NC plasmid transfection for 24 h. The wound closure percentage was calculated as the relative wound area using Image J. Results are presented 
as means ± SEM (n = 3). Statistical analyses were performed in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P < 0.01. 

 
The shRNAs targeting ELAVL4 (sh-ELAVL4) 

were designed to down-regulate its expression in 
DF-1 cells. Based on a western blot assay, shRNA1 
was more effective than shRNA2 with respect to 
reducing ELAVL4 expression (Figure 5A). Therefore, 
shRNA1 was used in further studies. A plasmid 
expressing shRNA1, p-shRNA1, was transfected into 
DF-1 cells. NDV growth in cells transfected with 
p-shRNA1 was also detected. The shRNA-mediated 
down-regulation of ELAVL4 significantly enhanced 
both velogenic NDV F48E9 and lentogenic NDV La 
Sota proliferation in DF-1 cells (Figure 5B). The cell 
cycles for cells with or without ELAVL4 
down-regulation by shRNA were monitored by flow 
cytometry. The down-regulation of ELAVL4 activated 
cell division, as evidenced by the increase in cells 
transfected with p-shRNA1 in the S and G2 stages 
(Figure 5C). Moreover, accelerated cell scratch healing 
also demonstrated rapid cell proliferation in the cell 
scratch assay (Figure 5D) when ELAVL4 was 
artificially downregulated by shRNA. 

miR-375 regulated bystander cells 
We demonstrated counteracting roles of miR-375 

in NDV infection. However, in uninfected cells, 
miR-375 promotes cell proliferation, which is 
beneficial for viruses, as more hosts are available in 
this situation. If miR-375 affects bystander cells 
surrounding the infected cells, it may have additional 
implications for NDV. As reported previously, 
microRNAs are secreted from cells via exosomes; we 
speculated that miR-375 could also be secreted from 
infected cells and influence the growth rate of 
bystander cells. 

To evaluate this hypothesis, DF-1 cells were 
transfected with p-miR-375 and RT-qPCR was used to 
quantify miR-375 in cells and supernatants. 
Significantly higher levels of miR-375 were detected 
in cells transfected with p-miR-375 (Figure 6A) and 
the corresponding supernatants than in untransfected 
controls (Figure 6B), indicating that miR-375 was 
secreted from the cells. Additionally, miR-375 in the 
supernatants decreased to normal levels within 48 h at 
37°C (Figure 6C). 
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Figure 6. Secretion of miR375 into the supernatant. miR-375 levels in 
cells (A) and supernatants (B) after Hep2 cell transfection with the plasmid 
miR-375, miR-NC sponge-375, or sponge-NC for 24 h. (C) miR-375 was 
degraded in the supernatant at 37°C for 24 h or 48 h by RT-qPCR. Results are 
presented as means ± SEM (n = 3). Statistical analyses were performed in 
GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, **P < 0.01, ***P < 
0.001, ns. indicates no significant difference. 

 

NDV replication differs between cells treated 
with miR-375 pre- or post-viral inoculation 

The supernatants containing miR-375 were 
collected at 24 h from Hep2 cells transfected with 
p-miR-375. DF-1 cells in 24-well plates were 
inoculated with NDV; after 1 h, the cells were washed 
with PBS and 500 μL of the supernatant was added to 
the wells to treat the infected cells. Viral loads in the 
medium at 24 h post-inoculation were quantified by 
counting fluorescent cells (La Sota, Figures 7A, B) or 
plaques (F48E9, Figures 7C, D). As predicted, cells 
with supernatants containing miR-375 significantly 

reduced F48E9 and La Sota proliferation (Figure 7).  
Then, DF-1 cells were pre-treated with the 

supernatants from Hep2 cells for 24 h and infected 
with La Sota or F48E9 (0.1 MOI). Similarly, viral loads 
in the culture media at 24 hpi were quantified by 
counting fluorescent cells (Figures 8A, B) or plaques 
(Figures 8C, D). The results showed that the 
proliferation rates of both La Sota and F48E9 were 
enhanced by pre-treating cells with supernatants 
containing miR-375 (Figure 8). Both flow cytometry 
assays (Figure 9A) and cell scratch assays (Figure 9B) 
indicated its enhanced cell growth.  

Discussion 
MiR-375 was down-regulated in various 

oncogenic diseases or cancer types according to 
microarray and deep sequencing analyses [44-46]. Yet, 
it was up-regulated during NDV infection, an 
oncolytic virus infection. This finding indicated that 
miR-375 may be useful for NDV-mediated cancer 
therapy [46, 47]. In the current sturdy, we found that 
La Sota, but not F48E9, infection induces increased 
levels of miR-375 expression. These results suggested 
that the up-regulation of miR-375 expression is a slow 
process. F48E9 failed to induce a higher level of 
miR-375 expression, possibly because velogenic NDV 
killed cells too rapidly. Fittingly, La Sota is used more 
often than F48E9 in cancer therapy.  

MiR-375 had an antiviral effect during NDV 
infection by targeting the M gene of NDV, resulting in 
gene degradation. The M protein of NDVs is a 
multi-functional protein involved in virion assembly 
and budding from the cell membrane [30, 48]. 
Therefore, reduced M protein expression is expected 
to reduce virus production and release. A similar 
phenomenon has been reported previously; miR-485 
decreases AIV replication and it has a targeting effect 
via viral BP1 proteins [17]. However, in the current 
study, the down-regulation of miR-375 expression did 
not promote NDV growth. This may explained by the 
very low level of endogenic miR-375 expression in 
normal cells. MiR-375 copies increased from about 
27.86 in non-infected tissues to 629.06 and 1419.59 
after F48E9 and La Sota infection based on small 
RNA-seq (Table S1). Eliminating them would have no 
significant effect on NDV replication. Furthermore, 
cells have very strong compensatory mechanisms. 
Each gene may controlled by hundreds of miRNAs, 
and each miRNA may target hundreds of genes [49]. 
Therefore, it is easy to understand the unexpected 
results in the context of the large number of 
regulatory factors that can offset or mask the effects 
on NDV proliferation. 
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Figure 7. Treatment of DF-1 cells with miR-375 inhibit NDV replication. The supernatants containing miR375, miR-NC, sponge-375, or sponge-NC were 
used to culture the DF-1 cells after rLa Sota-GFP or F48E9 was incubated for 1 h. Then, the supernatants were collected for the detection of viral titers at 24 h. A 
fluorescence microscope was used for observations (A). The average count of fluorescent cells in each microscopic field was calculated (B) for rLa Sota-GFP. Plaques 
of F48E9 were observed (C) and counted (D). Results are presented as means ± SEM (n = 3). Statistical analyses were performed in GraphPad Prism using unpaired 
2-tailed t-tests: *P < 0.05, **P < 0.01, ns. indicates no significant difference. 

 

 
Figure 8. Pre-treatment of DF-1 cells with miR-375 has different effects on NDV proliferation. Supernatants containing miR-375, miR-NC, sponge-375, 
or sponge-NC were used to culture the DF-1 cells at 24 h before incubation with rLa Sota-GFP or F48E9. After another 24 h post-NDV infection, the viral titers were 
evaluated. Observations (A) and quantitative analyses (B) of fluorescent cells infected with rLa Sota-GFP, and observations (C) and statistical analyses (D) for the 
plaque assay for F48E9 infection are shown. Results are presented as means ± SEM (n = 3). Statistical analyses were performed in GraphPad Prism using unpaired 
2-tailed t-tests: *P < 0.05, ns. indicates no significant difference. 
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Figure 9. Analysis of the cell cycle and wound healing for DF1 cells pretreated with miR-375 or sponge-375. Cell cycle analyses (A) and scratch assays 
(B) were performed using miR-375, miR-NC, sponge-375, or sponge-NC pretreated DF1 cells. The wound closure percentage was calculated as the relative wound 
area using Image J. Results are presented as means ± SEM (n = 3). Statistical analyses were performed in GraphPad Prism using unpaired 2-tailed t-tests: *P < 0.05, ns. 
indicated no significant difference. 

 
 One of the most impressive findings in our 

study is the demonstration of secretory 
microRNA-related regulation of the cell cycle. 
miRNAs secreted via extracellular vesicles can act a 
signaling factors and mediate cell communication [50, 

51]. NDV infection upregulates miR-375 expression in 
infected cells, and miR-375 secreted by infected cells 
can mediate the growth of surrounding cells. The 
enhanced cell growth mediated by secretory miR-375 
is beneficial for viral growth. However, miR-375 also 
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has a target in the viral genome. The similar 
proliferation characteristics of DF-1 cells transfected 
with plasmids over-expressing miR-375 or treated 
with the supernatants from Hep2 cells transfected 
with the plasmid p-miR-375 indicate that miR-375, but 
not other components, was the functional element. In 
addition, similar results were obtained for NDV 
proliferation on cells treated with the transfection 
plasmid or supernatants from Hep2 cells. As miR-375 
in the supernatant from transfected cells is ephemeral, 
it influences cells, but not NDV. Therefore, cells 
pretreated with supernatants exhibited enhanced 
virus proliferation. In addition, a degradation test 
indicated that miR-375 was significantly reduced at 48 
h in the supernatant under 5% CO2 and 37°C. 
However, additional studies are needed to determine 
how miR-375 is released from transfected Hep2 cells. 

The effect of external secretion from infected 
cells has also been identified previously, such as EV or 
paracrine effects [50, 52, 53]. It is considered that 
miRNAs secreted in EVs can be transferred to target 
cells, and directly modulate target genes [51]. For 
example, viral miRNAs could be secreted from 
Epstein–Barr virus-infected cells into non-infected 
cells, resulting in the suppression of viral target genes 
[52]. Infection activates IFN production and the 
secretory IFNs have antiviral effects via combining 
with the IFN-alpha/beta receptors on the cell surface, 
thereby activating the JAK-STAT signaling cascade 
[54]. Then, hundreds of interferon-stimulated genes 
are expressed to establish an antiviral state after 
pathway activation in the cells [55, 56]. Via these 
pathways, the uninfected cells could establish an 
antiviral state, without exposure to the virus. The 
paracrine effect of inflammatory cytokines also plays 
an important role in the activation of the 
inflammatory response [57, 58]. Here, we found that 
miR-375 could be secreted from uninfected cells, 
affecting NDV infection. These findings suggest that 
miRNAs may play a larger role in vivo than has been 
established owing to the effects of their secretion. In 
previous studies, the functions of miRNAs in 
infection are frequently evaluated based on a 
single-step infection analysis. The results of our study 
indicated that the roles of miRNAs may be distinct 
during progressive rounds of virus transmission.  

ELAVL4, an RNA binding protein, is associated 
with neurodevelopment and diseases, such as 
neuronal cell maturation, malignant neuroblastoma, 
and Parkinson’s disease [43, 59-61]. ELAVL4 is related 
to pre-mRNA processing or the enhancement of 
translation via interactions with eIF4A [62, 63]. An 
overexpression experiment demonstrated that HuD 
functions in the initiation of neurite outgrowth via, at 
least in part, its regulation of GAP-43 expression [64]. 

ELAVL4 depletion decreased the proliferation of 
A549 NSCLC cells, a non-small cell lung cancer cell 
line, and enhanced the radiation sensitivity of the 
cells, possibly by increasing apoptotic cell death [65]. 
Contrary to expectations, flow cytometry and 
scratch-healing assays revealed that the 
overexpression of ELAVL4 decreased DF-1 cell 
proliferation. Knocking-down ELAVL4 by shRNA 
accelerated DF-1 cell growth. Our data provide novel 
insights into the function of ELAVL4 in normal 
chicken cells. In future studies, it will be interesting to 
examine whether ELAVL4 plays different roles in 
different species and/or tissues. The evolutionary 
diversification of the HuD/ELAV-like RBP gene 
family in insects has been identified previously [66]. 

In the current study, we found that miR-375 
could significant reduce NDV proliferation by 
targeting the M gene of NDV. We also discovered that 
miR-375 could be externally secreted from DF-1 cells. 
The released miR-375 could regulate the growth rate 
of treated cells by targeting ELAVL4 and could 
influence the proliferation of the virus in the cells. Our 
results provide novel insights into the function of 
miRNAs in the regulation of viral infection. 
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