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MicroRNAs (miRNAs) have been demonstrated for their involvement in virus biology and 
pathogenesis, including functioning as key determinants of virally-induced cancers. As 
an important oncogenic α-herpesvirus affecting poultry health, Marek’s disease virus 
serotype 1 [Gallid alphaherpesvirus 2 (GaHV-2)] induces rapid-onset T-cell lymphomatous 
disease commonly referred to as Marek’s disease (MD), an excellent biological model for 
the study of virally-induced cancer in the natural hosts. Previously, we have demonstrated 
that GaHV-2-encoded miRNAs (especially those within the Meq-cluster) have the potential 
to act as critical regulators of multiple processes such as virus replication, latency, 
pathogenesis, and/or oncogenesis. In addition to miR-M4-5p (miR-155 homolog) and 
miR-M3-5p, we have recently found that miR-M2-5p possibly participate in inducing MD 
lymphomagenesis. Here, we report the identification of two tumor suppressors, the 
RNA-binding protein 24 (RBM24) and myogenic differentiation 1 (MYOD1), being two 
biological targets for miR-M2-5p. Our experiments revealed that as a critical miRNA, 
miR-M2-5p promotes cell proliferation via regulating the RBM24-mediated p63 
overexpression and MYOD1-mediated IGF2 signaling and suppresses apoptosis by 
targeting the MYOD1-mediated Caspase-3 signaling pathway. Our data present a new 
strategy of a single viral miRNA exerting dual role to potentially participate in the virally-
induced T-cell lymphomagenesis by simultaneously promoting the cell proliferation and 
suppressing apoptosis.
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INTRODUCTION

MicroRNAs (miRNAs), a class of small non-coding RNAs 
in length of 22~24  nucleotides, play important roles in 
regulating gene expression post-transcriptionally in many 
biological processes, such as cell development, differentiation, 
immunoregulation, disease progression, and all aspects of 
cancer biology (Bartel, 2018; Butz and Patocs, 2019; Mei 
and Zhang, 2019; Nagy et al., 2019). Except for the thousands 
of cellular miRNAs characterized in metazoan and plants, 
many miRNAs have also been reported in viruses (miRBase 
v221). In the last decade, more than 500 miRNAs have been 
identified in the viral genomes of 34 species, especially in 
large DNA viruses, such as the human tumorigenic 
γ-herpesvirus Epstein-Barr virus (EBV), Kaposi’s sarcoma-
associated herpesvirus (KSHV), and the avian oncogenic 
α-herpesvirus Gallid alphaherpesvirus 2 (GaHV-2), where 
some of the viral miRNAs have been demonstrated for their 
critical roles in virus life cycle, pathogenesis, and/or 
oncogenesis (Kincaid and Sullivan, 2012; Yao and Nair, 2014; 
Zhuang et  al., 2017; Vojtechova and Tachezy, 2018).

Oncogenic viruses are major pathogens responsible for 
some of human cancers and most neoplastic diseases of 
livestock species, such as poultry. The miRNA-mediated 
regulation of signaling pathways is an important strategy 
for the oncogenic viruses to induce rapid neoplastic 
transformation of target cells and development of tumors. 
For herpesviruses, the most successful virus species to exploit 
the miRNA pathway either through regulating host miRNAs 
or through encoding their own miRNAs to modulate host 
gene expression, miRNA machinery is beneficial to enhance 
viral pathogenesis, regulate life cycle switch, immune evasion, 
and promote the establishment of a reservoir of latently 
infected cells (Cullen, 2013; Grey, 2015; Piedade and Azevedo-
Pereira, 2016). For instance, EBV encodes a total of 44 
mature miRNAs. Of which, the miRNAs miR-BART6-3p, 
miR-BART11-5p, miR-BART2-5p, and miR-BHRF1-2-5p 
regulate both virus and host gene expressions to play important 
roles in antiviral immunity, lytic reactivation, and development 
of cancer (Ross et  al., 2013; Albanese et  al., 2017; Lu et  al., 
2017; Chen et  al., 2019). Among the 25 KSHV-encoded 
miRNAs, miR-K12-1, miR-K12-3, and miR-K12-11 have been 
shown to be  critical in lymphoproliferation and viral 
pathogenesis (Happel et  al., 2016; Li et  al., 2016; 
Guo et  al., 2017; Qin et  al., 2017).

Gallid alphaherpesvirus 2, commonly known as the Marek’s 
disease virus type 1 (MDV-1), is an oncogenic α-herpesvirus. 
Virulent strains of GaHV-2 can establish and maintain latent 
infections in their natural avian hosts and cause Marek’s 
disease (MD), a rapid-onset T-cell lymphomatous disease. 
MD has been regarded as an excellent biomedical model 
for the study of virally-induced cancers (Osterrieder et  al., 
2006). GaHV-2 genomes encode 26 miRNAs located in the 
repeat regions in three gene clusters, namely the Meq-cluster, 
the mid-cluster, and the LAT-cluster (Burnside et  al., 2006; 

1 http://www.mirbase.org/cgi-bin/browse.pl

Yao et  al., 2008; Luo et  al., 2010, 2011). Interestingly, the 
Meq-cluster miRNAs are expressed at higher levels in 
lymphomas produced by very virulent plus (vv  +  MDV) 
GaHV-2 than those produced by a less virulent (vMDV) 
GaHV-2 strain, demonstrating a potential significant role 
of this gene cluster in MD oncogenesis (Morgan et al., 2008). 
The subsequent studies have confirmed that deletions of 
the entire Meq-cluster or the single miR-M4 precursor within 
the cluster from the viruses with different virulence 
significantly decrease or even abolish virus oncogenicity, 
implying the critical role of the Meq-cluster in GaHV-2 
pathogenesis and/or oncogenesis (Zhao et al., 2011; Yu et al., 
2014). The miR-M4-5p, a crucial molecule produced by 
miR-M4  in the Meq-cluster, has been identified as the 
functional viral homolog of the cellular miR-155 (Zhao et al., 
2009) and regulates both host and viral protein-coding genes 
(Muylkens et al., 2010; Dang et al., 2017). Similar to miR-K12-
11, the other viral miR-155 ortholog encoded by KSHV 
(Liu et  al., 2012), miR-M4-5p has been demonstrated to 
target TGF-β signaling pathway by downregulating the LTBP1 
expression to suppress the maturation and secretion of 
TGF-β1, as well as to activate the expression of host 
oncoprotein c-MYC (Chi et  al., 2015), triggering the 
development of MD tumors. The miR-M3-5p in the 
Meq-cluster was also found to directly target cellular factors 
involved in antiviral processes including apoptosis, proactively 
creating a cellular environment beneficial for viral latency 
and oncogenesis (Xu et  al., 2011).

In addition to miR-M4-5p and miR-M3-5p, the other 
miRNAs in the Meq-cluster may also play critical roles in 
GaHV-2 oncogenesis. Attractively, miR-M2 is the outstanding 
one of GaHV-2 miRNA precursors that produces two mature 
miRNAs, miR-M2-5p and miR-M2-3p, both of which are 
stably expressed at high levels during virus infection, 
replication, latency, and even the development of cancers 
(Yao et  al., 2008; Luo et  al., 2011; Zhao et  al., 2015). Using 
the bacterial artificial chromosome (BAC) mutagenesis 
techniques, we had previously generated a series of individual 
miRNA precursor-deleted mutant viruses and revealed that 
deletion of miR-M2 from vvMDV genome significantly reduces 
virus pathogenicity, oncogenicity, and delays the progress 
of disease (Teng et  al., 2015), highlighting its critical role 
for MD biology. However, the precise molecular regulatory 
mechanisms mediated by miR-M2  in GaHV-2 oncogenesis 
remained unclear. Herein, we  sought to shed light on the 
functional roles of miR-M2-5p and elucidate its precise 
regulatory mechanisms in MD biology. Using hybrid-PCR 
(Huang et  al., 2011), a cDNA library was first produced to 
screen the candidate host mRNA targets for miR-M2-5p 
and two host genes RBM24 and MYOD1, known for their 
important roles in tumor induction, were identified as its 
biological targets. The data from subsequent experiments 
suggested the dual role of a single viral miRNA to 
simultaneously promote the cell proliferation and suppress 
apoptosis through regulating distinct host target gene-related 
signaling pathways, which potentially contributes to the 
virally-induced MD lymphomagenesis.
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MATERIALS AND METHODS

Viruses and Cells
Two infectious bacterial chromosome clone (BAC)-derived 
GaHV-2 viruses, GX0101 and its mutant GXΔmiR-M2 with 
miR-M2-deletion from the viral genome, were propagated and 
passaged on confluent chicken embryo fibroblast (CEF) 
monolayers as previously described (Teng et al., 2015). Primary 
CEF cultures were prepared from 9-day-old embryonated eggs 
(Jinan SPF Egg & Poultry Co., China) and were maintained 
in medium 199 (Gibco, United  States) containing 5% fetal 
bovine serum (FBS; Hyclone, United  States). Chicken 
lymphoblastoid (MDCC-MSB-1) cells (gift from Prof. Ai-Jian 
Qin, Yangzhou University, China) were maintained in RPMI 
1640 medium (Gibco, United  States) supplemented with 10% 
FBS (HyClone, United States) and 0.5% penicillin/streptomycin 
solution (Sigma-Aldrich, United  States). Human embryonic 
kidney cells 293T (HEK293T; American Type Culture Collection, 
VA, United  States) were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen, United States) supplemented 
with 10% FBS, 0.5% penicillin and streptomycin (Sigma-Aldrich, 
United  States). All of the cell lines were incubated at 37°C 
in a humidified chamber with 5% CO2.

Antibodies and Reagents
The primary antibodies against the host proteins RBM24 
(ab94567; Abcam, United States), Bcl-2 (610538; BD Biosciences, 
United States), IGF2 (MAB2921; R&D, United States), Caspase-3 
(#9662S), and p63 (#13109S; Cell Signaling Technology, 
United  States), together with those anti β-actin (sc-47778), 
MYOD1 (sc-377460), Bcl-xL (sc-8392), and Pax3 (sc-376215) 
from Santa Cruz Biotechnology (United States), were used 
in the present study. The specificity of the antibodies against 
avian host have been verified in the study. The goat anti-
mouse and goat anti-rabbit horseradish-peroxidase (HRP)-
conjugated secondary antibodies were purchased from 
Amersham Pharmacia Biotech (United States). Cisplatin, as 
intrinsic apoptotic stimulus, was obtained from Beyotime 
(S1552). The synthetic siRNAs, miR-M2-5p mimics and negative 
controls listed in Supplementary Table S1 were provided by 
GenePharma (Shanghai, China).

Primer Design for Hybrid-PCR
Based on the sequence of miR-M2-5p, a specific reversal and 
complementary hybrid-primer was designed to recognize the 
putative miRNA binding sites located in the candidate host 
mRNA targets. Since G:U base pairs are allowed for the miRNA/
mRNA duplexes, the miR-M2-5p hybrid-primer were synthesized 
as a compatible primer: Adenines (A) located in miRNA 
hybrid-primer was substituted by random insertions of adenines 
(A) or guanines (G). All primers used for hybrid-PCR are 
summarized in Supplementary Table S2.

The Hybrid-PCR and Sequencing
The first-strand cDNA was synthesized using the total cellular 
RNA extracted from CEF cells as templates and then the 

hybrid-PCR was performed with two rounds of PCR reactions 
as described previously (Huang et  al., 2011). The first and 
second rounds were carried out with the miR-M2-5p hybrid-
primer and the 3'-RACE out or inner primer provided by 
the 3'-Full RACE Core Set (TaKaRa), respectively. All PCR 
products were gel-purified, cloned into pMD19-T vector 
(TaKaRa) and then transformed into Escherichia coli DH5α 
competent cells to produce a cDNA library containing the 
partial sequences of mRNAs potentially targeted by 
miR-M2-5p. The positive clones randomly selected and 
identified by PCR analysis were sent to Sangon Biotech Co., 
Ltd. (Shanghai, China) for DNA sequencing. All sequences 
obtained were further analyzed using the online bio-software 
BLASTn2 to identify the host genes as the primary candidate 
targets for miR-M2-5p.

Bioinformatics Prediction
All genes having perfect base pairing to the seed region of 
miR-M2-5p obtained from the hybrid-PCR assay were used 
for further prediction of mRNA targets, utilizing the bio-software 
“RNAhybrid” (Rehmsmeier et  al., 2004). For target screening, 
the criteria are set as follows: a perfect Watson Crick match 
between mRNA and miRNA at position 2–7 and allowance 
of G:U pairs in the seed sequence.

Plasmid Construction
In order to characterize the candidate targets, the 3'UTRs of 
primarily identified host mRNAs containing the miR-M2-5p 
binding sites were amplified by PCR using the corresponding 
primer pairs (Supplementary Table S3) and then cloned into 
psiCHECK-2 vector via Not I  and Xho I  sites (Promega) to 
construct the dual-luciferase reporter plasmids. The mutant 
3'UTR with changed binding sites were prepared by annealing 
the oligonucleotides (Supplementary Table S3) and cloned 
into psiCHECK-2 vector in the same way. All primers and 
oligonucleotides were synthesized by Sangon Biotech Co., Ltd. 
(Shanghai, China).

Dual Luciferase Reporter Assay
The miRNA targets verification assay were performed in 
HEK293T cells. The wild type or mutant 3'UTR dual-luciferase 
reporter (200 ng each) along with the miR-M2-5p or negative 
control (50  nM each) were co-transfected into HEK293T 
cells using Lipofectamine 2000 reagent (Invitrogen) in 48-well 
plates. At 48  h post-transfection (hpt), cells were washed 
twice with phosphate buffered saline (PBS, pH 7.4) and 
lysed with 20  μl 1  ×  passive lysis buffer (PLB) for 15  min 
at room temperature. The activities of Firefly and Renilla 
luciferase were measured using the Dual-Luciferase® Reporter 
Assay system (Promega, United States). All data were acquired 
from three independent repeats and calculated as means 
(M)  ±  standard deviations (SD) utilizing the software 
“GraphPad Prism” (version 6.0).

2 http://www.ncbi.nlm.nih.gov/blast

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Zhu et al. Function of GaHV-2-Encoded miR-M2-5p

Frontiers in Microbiology | www.frontiersin.org 4 November 2020 | Volume 11 | Article 596422

Transient Transfection
To investigate whether miR-M2-5p downregulates the gene 
expression of the candidate targets in vitro, CEF monolayers in 
six-well plates were transfected with 50  nM of miRNA duplex 
mixed with 6  μl X-tremeGENE HD DNA transfection reagent 
(Roche, Switzerland) in 300  μl Opti-MEM (Invitrogen, 
United  States). At 24 and 48  hpt, the cells were collected for 
reverse transcription quantitative PCR (RT-qPCR) and western 
blot analysis. To further confirm the involvement of the identified 
mRNA targets, specific small interfering RNAs (siRNAs) listed 
in Supplementary Table S1 were used for silencing the expression 
of corresponding genes. Transient transfections, RT-qPCR, and 
western blot analysis were performed as described above. For 
miRNA interference test, 1 × 106 of MSB-1 cells were resuspended 
in 100 μl Opti-MEM medium and mixed with 50 nM of miRNA 
inhibitor duplex or NC (Supplementary Table S1). Then the 
electroporation was performed using NEPA21 Electroporator (Nepa 
Gene Co., Ltd., Japan) with optimized condition at voltage 175 V 
and a pulse width 1 ms of poring pulse. At 24 h post electroporation, 
cells were harvested for RT-qPCR and western blot analysis.

Virus Infection
The confluent CEF monolayers in six-well plates were infected 
with GaHV-2 viruses GX0101 or GXΔmiR-M2 (100 PFU/well) 
and maintained at 37°C in a 5% CO2 incubator. The same 
amount of uninfected CEF cells equivalent to the infected 
CEF cell number in the infected group was added in the 
mock groups and was maintained in the same conditions. At 
72, 96, and 120  h post-infection (hpi), cell cultures were 
collected for further experiments.

Reverse Transcription and Quantitative 
Real-Time PCR
The total RNA was extracted from CEF or MSB-1 cells using 
the TRIzol reagent (Invitrogen). Reverse transcription of mRNA 
was performed with PrimeScript™ RT Master Mix (Perfect 
Real-Time; TaKaRa) according to the manufacturer’s instructions. 
Reverse transcription (RT) of miRNA was performed with 
stem-loop structured reverse primers (Supplementary Table S4) 
using PrimeScript™ RT Reagent Kit (TaKaRa). With TB Green® 
Premix Ex Taq™ II (TaKaRa), RT-qPCR amplification was 
carried out in 7500 Fast Real-Time PCR Systems (Applied 
Biosystems, Life Technologies, United  States) according to the 
manufacturer’s protocols. GAPDH and U6 gene expressions 
were also detected as the internal controls of mRNA or miRNA, 
respectively. All primers used for RT-qPCR analysis are listed 
in Supplementary Table S4. Relative quantification of the target 
gene expression was calculated with 2−ΔΔct method. For the 
absolute quantification of miRNA expression, synthetic 
miR-M2-5p and mut-miR-M2-5p mimics (GenePharma Shanghai, 
China) were used as the standards.

Measurement of Cell Viability
A commercial cell counting Kit-8 (CCK-8; Beyotime, China) 
was used to assess the influence of miR-M2-5p expression on 

CEF proliferation activity. Briefly, CCK-8 (10  μl per well) was 
added onto CEFs in 96-well plates infected with GaHV-2 
viruses, over-expressing miR-M2-5p or specific siRNAs and 
the plates were incubated at 37°C for 1  h, and then the 
absorbance at 450 nm was measured using a iMark™ Microplate 
Reader (BIO-RAD). For the MSB-1 cells transfected with 
miR-M2-5p inhibitor, the CCK-8 assay was performed using 
the same method. Each group of the experiments was 
independently repeated in triplicates and the data were calculated 
as M  ±  SD.

Apoptosis Analysis
Apoptosis was evaluated by annexin V-fluorescein isothiocyanate/
propidium iodide (FITC/PI) assay. At different time points, 
the CEF cells over-expressing miRNAs, siRNAs or infected 
with GaHV-2 viruses in six-well plates were treated with 5 μM 
cisplatin, an apoptosis inducer to increase apoptosis rate, and 
incubated at 37°C for 4  h. Then the cells were collected by 
trypsinization without ethylenediaminetetraacetic acid (EDTA). 
The cells were washed twice with PBS and stained using the 
annexin V-FITC/PI apoptosis detection kit (Beyotime, Shanghai, 
China) according to the manufacturer’s instructions. CytoFLEX 
flow cytometry was performed to analyze cell apoptosis levels. 
The MSB-1 cells transfected with miR-M2-5p inhibitor were 
directly collected without trypsinization, and the apoptosis level 
of cells was evaluated as described above. Each group of the 
experiments was independently repeated in triplicates and the 
cell viability was determined by an Alamar blue assay (AbD 
Serotec, Oxford, United  Kingdom).

Western Blot Analysis
The treated or mock CEF or MSB-1 cells mentioned above 
were lysed for whole-cell extracts with RIPA buffer (Solarbio, 
Beijing, China) supplemented with protease inhibitors (Roche, 
United  States). Protein concentration of the fractions was 
determined using the Micro BCA Protein Assay Reagent kit 
(Thermo Fisher Scientific). The cell lysate with equal volume 
of SDS-PAGE loading buffer were run on 10% SDS-PAGE gels 
and transferred to PVDF membranes. Membranes were blocked 
in 5% nonfat milk and incubated with the corresponding 
protein-specific primary antibodies overnight at 4°C, followed 
by the incubation with HRP-conjugated secondary antibodies 
for 2 h at room temperature. Subsequently, Luminescent signals 
were detected with western blotting chemiluminescence reagent 
(Perkin Elmer, United  States) and recorded by Vilber Lourmat 
(Vilber, Paris, France). Where indicated, band intensities were 
quantified using Evolution-Capt software and shown in the 
figures as relative band intensity normalized to β-actin.

Statistical Analysis
Unpaired two-tailed Student t-tests were conducted using SPSS 
software to determine the statistical significance of the data 
obtained from different experimental groups. All graphs represent 
the M  ±  SD of normalized data for triplicate samples from 
each of three independent repeats. Values of p were used for 
statistical analyses.
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RESULTS

Putative Host mRNA Targets for 
miR-M2-5p Acquired by Hybrid-PCR
To reveal the regulatory mechanisms mediated by GaHV-2-
encoded miR-M2-5p in MD oncogenesis, a hybrid-PCR was 
first performed in triplicate to construct a cDNA library for 
screening the putative host mRNA targets. A total of 400 clones 
from each trial were randomly selected for PCR analysis and 
about 600 positive ones were sequenced for identification of 
the unique candidate genes. Finally from the cDNA library, as 
listed in Supplementary Table S5, a total of 51 putative targets 
for miR-M2-5p were primarily obtained. Among these, there 
were 25 candidate mRNA genes containing the miRNA binding 
sites in 3'UTRs and 13 of them had perfect base pairing to the 
seed region of miR-M2-5p, which were further analyzed and 
predicted as candidate targets utilizing bio-software “RNAhybrid” 
(Rehmsmeier et  al., 2004). The thirteen candidates, including 
RBM24, MYOD1, RAC1, ADRBK2, WWOX, EMP2, KIF14, BACE2, 
FGD3, APMAP, PIGG, ATP8A2, and GNB1, were chosen as the 
priority target candidates of miR-M2-5p for further investigation. 
The site-directed dual luciferase reporter assays (DLRA) were 
performed to determine in vitro interactions between the 
miR-M2-5p and 13 3'UTRs containing potential target sites. For 
the first round of DLRA analysis, the relative luciferase activities 
of six 3'UTR reporters, including RAC1, RBM24, KIF14, WWOX, 
EMP2, and MYOD1, were observed to be  significantly repressed 
by miR-M2-5p, compared to the negative control (NC) mimics 
(p  <  0.05; Figure  1A). To ensure that the downregulation of 
target reporter genes by miR-M2-5p is seed sequence dependent, 
the mutated miR-M2-5p mimics were used for the second round 
of DLRA analysis. The results demonstrated that once the seed 
sequence of miR-M2-5p was mutated, its repression functions 
to the target reporters were all significantly lost (Figures  1B–D 
and Supplementary Figures 1A–C). To further confirm that 
the repressions by miR-M2-5p on the 3'UTR reporters are 
specifically dependent on the predicted binding sites, we generated 
six corresponding 3'UTR reporter mutants, named as mut-RBM24-
3'UTR, mut-MYOD1-3'UTR, mut-RAC1-3'UTR, mut-WWOX-
3'UTR, mut-EMP2-3'UTR, and mut-KIF14-3'UTR. As expected, 
the DLRA analysis showed that all of the mutated luciferase 
reporters lost their responses to miR-M2-5p (Figures 1B–D and 
Supplementary Figures 1A–C).

miR-M2-5p Overexpression 
Downregulates the Expression of 
Candidate Targets
In order to determine whether the miR-M2-5p recognizes 
candidate mRNA targets, expression levels of the six candidate 
targets were evaluated in CEFs overexpressing miR-M2-5p, 
mut-miR-M2-5p, or NC mimics. As demonstrated on the left 
panels in Figure 2, the RT-qPCR analysis showed that miR-M2-5p 
overexpression significantly reduced the mRNA expression levels 
of host genes RBM24, MYOD1, and RAC1 at 24 and/or 48 hpt. 
The western blot analysis further confirmed the downregulation 
of RBM24, MYOD1, and RAC1 expression as a consequence of 

miR-M2-5p overexpression (Figure  2, right panels). However, 
the expression of the other three genes, WWOX, EMP2, and 
KIF14, were not significantly repressed by miR-M2-5p, compared 
to the mut-miR-M2-5p and NC mimics either at the transcript 
or the protein levels (Supplementary Figure 2). These results 
suggested that the host genes RBM24, MYOD1, and RAC1 are 
most likely the genuine direct targets of miR-M2-5p.

Expressions of Host RBM24 and MYOD1 
Genes Are Downregulated by Virus-
Expressed miR-M2-5p
In order to further verify whether the three candidate targets 
RBM24, MYOD1, and RAC1 are indeed targeted by miR-M2-5p, 
the intracellular miRNA/mRNA interactions were investigated 
utilizing the GaHV-2 infection system with strains GX0101 and 
its mutant GXΔmiR-M2, in which the miR-M2 precursor had 
been deleted from the viral genome. The virus-infected cell 
cultures were collected at different time points for RT-qPCR 
analysis to confirm the expression of miR-M2-5p in the wild 
type virus and its successful deletion in mutant virus GXΔmiR-M2 
(Figure  3A). The expression of MDV gB gene were determined 
to confirm the successful infection and propagation of viruses 
in CEFs (Figure  3B). The expression levels of RBM24 and 
MYOD1, as demonstrated in Figures  3C,D, were significantly 
downregulated in GX0101-infected cells, compared to that of 
the mock or GXΔmiR-M2-infected groups. The western blot 
analysis of the two host genes in virus-infected cells were consistent 
with RT-qPCR analysis further confirming the observation that 
the RBM24 and MYOD1 are being the biological targets for 
miR-M2-5p (Figures  3E,F). However, no significant difference 
of RAC1 expression levels among the different experimental 
groups was observed (Supplementary Figures 3A,B). Interestingly, 
expression of both RBM24 and MYOD1 was not fully recovered 
to mock levels in miRNA mutant virus-infected CEF cells, possibly 
caused by the interference of the other viral miRNA or protein 
components participated in GaHV-2 infection.

miR-M2-5p Enhances Cell Viability and 
Inhibits Cell Apoptosis
For further exploration of miR-M2-5p function, we  performed 
assays to identify the effects of miR-M2-5p on both cell viability 
and cell apoptosis. Compared to the mut-miR-M2-5p or NC 
mimics-transfected cells, CCK-8 assay showed that the cell 
viability of CEFs was significantly increased post-transfection 
with miR-M2-5p (Figure  4A). Next, the apoptosis-blocking 
capability of miR-M2-5p was determined by annexin V-FITC/
PI staining, and the results showed that miR-M2-5p remarkably 
reduced the cisplatin-induced apoptosis in CEF cells (Figure 4B). 
Especially at 48 hpt, the overexpression of miR-M2-5p induced 
significant decrease of the cisplatin-induced apoptosis from 
38.52 to 29.6% compared to NC mimics, and from 40.26 to 
29.6% compared to mut-miR-M2-5p.

Enhanced cell viability was further observed in GaHV-2-infected 
cells, which are normally expressing the virus-encoded miR-M2-5p 
(Figure  4C). Likewise, CEF cells infected with GaHV-2 viruses 
were analyzed for the resistance to cisplatin-induced apoptosis.  
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FIGURE 1 | Interactions between miR-M2-5p and 3'UTRs of candidate mRNA targets determined by dual luciferase reporter assay (DLRA). (A) The first 
round of DLRA for primary analysis of the interactions between miR-M2-5p and 3'UTRs of 13 mRNA containing perfect base pairing to the seed region of 
miR-M2-5p, including RBM24, MYOD1, RAC1, ADRBK2, WWOX, EMP2, KIF14, BACE2, FGD3, APMAP, PIGG, ATP8A2, and GNB1. (B–D) DLRA 
performed for confirming the interactions between miR-M2-5p and 3'UTRs of six distinct mRNA candidate targets, RBM24, MYOD1, and RAC1. The 
colored seed sequence of miRNA or binding sites of 3'UTRs and the corresponding mutants are shown on the left-hand side. The wild type or mutated 
3'UTRs of candidate mRNA targets were cloned into downstream of Renilla luciferase in psiCHECK-2 vector, and then were co-transfected into 293T cells 
with the miR-M2-5p, mut-miR-M2-5p, or miRNA negative control (NC) mimics, respectively. Firefly and Renilla luciferase activities were measured at 48 h 
post-transfection (hpt) using the dual luciferase reporter system (Promega). Firefly luciferase was served as the internal control. For each luciferase assay, 
relative luciferase activity was normalized with respect to miRNA NC. Results are shown as the mean ± SD of three independent experiments. 
Independent sample t-test was used to analyze the statistical differences between groups. Values of p indicated on columns were used for statistical 
analyses; ns, no significance.
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As shown in Figure 4D, cells infected with GX0101 manifested 
a significant decrease in cisplatin-induced apoptosis. However, 
compared to the parental GX0101 virus, deletion of miR-M2-5p 
from the viral genome (GXΔmiR-M2 group) significantly 
rescued the inhibition of GaHV-2 on cell apoptosis although 
it is not completely back to mock levels (Figure  4D). 
We  consider it as a function of inhibiting apoptosis that 
possibly induced by the other viral components (Osterrieder 
et al., 2006; Xu et al., 2011). Taken together, the data obtained 
from both of the miRNA overexpression and virus-infected 
CEFs indicated that miR-M2-5p promotes cell viability and 
inhibits cell apoptosis.

miR-M2-5p Targets RBM24 to Activate p63 
Expression and Promote Cell Proliferation
Considering that RBM24 is an important post-transcriptional 
regulatory factor participating in the regulation of mRNA 
stabilization and translation (Kiledjian et  al., 1995; Krecic 
and Swanson, 1999; Poon et  al., 2012), we  synthesized three 
specific siRNAs to silence RBM24 expression to validate its 
potential role in the miR-M2-5p promoted cell growth. For 
the three RBM24-specific siRNAs transfected CEF cells, 

siR-RBM24-1017 demonstrated the best repression effect on 
both of the mRNA and protein expression levels and was 
used for further experiments (Figures  5A,B). In addition, 
CCK-8 assay showed that silencing of RBM24 induced a 
significantly increased cell viability (Figure  5C). However, 
no significant difference was observed in the levels of cell 
apoptosis between the siRNA-transfected and negative control 
groups (Figure  5D).

Previous studies have reported that RBM24 is involved in 
the regulation of p63 and p21 mRNA stability by binding to 
the AU-rich elements (AREs) in their 3'UTRs in different 
human cancer cell lines (Jiang et  al., 2014; Xu et  al., 2014). 
Sequence comparison between the chicken and mammalian 
RBM24 proteins showed that they share a high degree of 
similarity (data not shown). However, sequence analysis of 
chicken genes p63 and p21 shows rich AREs in the former 
rather than in the latter. We  performed RT-qPCR analysis to 
determine the mRNA expression levels of p63 or p21 and 
found that compared to the mock transfected cells, p63 
expression level was significantly upregulated in RBM24-silenced 
cells (Figure 5E), while the expression of p21 was not significantly 
affected (Supplementary Figure 4). Furthermore, western blot 
analysis showed that in RBM24-silenced cells, the expressions 
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FIGURE 2 | Expression levels of three candidate host targets in chicken embryo fibroblast (CEFs) overexpressing miR-M2-5p determined by reverse transcription 
quantitative PCR (RT-qPCR; left panels) and western blot (WB) analysis (right panels). (A) miR-M2-5p overexpression significantly inhibits RNA-binding protein 24 
(RBM24) mRNA and protein expressions in CEFs. (B) miR-M2-5p overexpression significantly inhibits myogenic differentiation 1 (MYOD1) mRNA and protein 
expressions in CEFs. (C) miR-M2-5p overexpression significantly inhibits RAC1 mRNA and protein expressions in CEFs. Cells were lysed at the indicated times and 
subjected to immunoblot analysis for the indicated proteins. Numbers below the blots indicate relative band intensity normalized to β-actin. Error bars are derived 
from three independent replicates. Values of p indicated on columns were used for statistical analyses; ns, no significance.
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of two p63 protein isoforms, TAp63 and ΔNp63, are consistent 
with that of their mRNA expressions (Figure  5F). In order 
to verify that the change in p63 expression was caused by 
miR-M2-5p, we  assessed the p63 expression level in CEF cells 
overexpressing miR-M2-5p. Compared to the mut-miR-M2-5p 
or NC mimics, miR-M2-5p increased p63 expression, as shown 
in Figures  5G,H, accompanying with the downregulation of 
RBM24 protein. Meanwhile, compared to the mock and 
GXΔmiR-M2 group, CEFs infected with parental GX0101 virus 
showed also higher levels of p63 (Figures  5I,J). These data 
indicate that miR-M2-5p-induced downregulation of RBM24 
activates p63 expression and promotes the proliferation of 
CEF cells.

miR-M2-5p Regulates the MYOD1-Mediated 
Signaling Pathways to Promote Cell 
Proliferation and Inhibit Cell Apoptosis
To investigate the potential role of MYOD1 targeting by 
miR-M2-5p in GaHV-2 oncogenesis, we  efficiently knocked 
down the expression of MYOD1 using the siR-MYOD1-759 
(Figures  6A,B), and found that the silence of MYOD1 
substantially increase the cell viability (Figure 6C). Early study 
has shown that MYOD1 can upregulate miRNA-223 to suppress 
IGF2 expression and inhibit cell proliferation (Li et  al., 2017). 
Thus we have analyzed the gga-miR-223-mediated IGF2 signaling 
in MYOD1-silenced cells and confirmed that the siRNA-induced 
gene silence of MYOD1 significantly decreased gga-miR-223 
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FIGURE 3 | Expression levels of candidate host targets in CEFs infected with Gallid alphaherpesvirus 2 (GaHV-2). (A,B) Expression levels of gB and miR-M2-5p in 
virus-infected CEFs determined by RT-qPCR. (C,D) Expression levels of the RBM24 and MYOD1 mRNA genes in virus-infected CEFs determined by RT-qPCR. 
Results are shown as the mean ± SD of three independent experiments. Independent sample t-test was used to analyze the statistical differences between groups. 
Values of p indicated on columns were used for statistical analyses; ns, no significance. (E,F) Expression levels of the RBM24 and MYOD1 proteins in virus-infected 
CEFs determined by western blot. Numbers below the blots indicate relative band intensity normalized to β-actin.
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expression and upregulated the IGF2 expression (Figures 6D,E). 
To confirm that the MYOD1-mediated IGF2 signaling is regulated 
by miR-M2-5p, we further analyzed the expressions of gga-miR-
223 and IGF2  in CEF cells overexpressing miR-M2-5p. As 
expected, miR-M2-5p decreased the transcription level of 
gga-miR-223 (Figure  6F) and increased the IGF2 expression, 
accompanying with the downregulation of MYOD1 expression 
(Figures  6G,H). In the further virus infection assays, GaHV-
2-encoded miR-M2-5p also showed similar down or up 
regulations of the expressions of gga-miR-223 and IGF2 
(Figures  6I–K). These data suggest that MYOD1-mediated 
IGF2 signaling is another effective way for miR-M2-5p to 
promote cell proliferation.

Interestingly, we also found that siRNA-induced MYOD1 silencing 
significantly decreased cell apoptosis (Figure  7A). It has been 
previously reported that MYOD1 regulates the Caspase-3 apoptosis 
signaling pathway through miRNA-mediated downregulation of 
Pax3 (Hirai et  al., 2010; Zhao et  al., 2017). In the present 
study, we  have analyzed major factors involved in this pathway 
and found that the expressions of gga-miR-1, gga-miR-206, and 
active Caspase-3 derived from the cleavage of 32 kDa Caspase-3 
were downregulated while the expressions of Pax3, Bcl-2, and 
Bcl-xL were upregulated in MYOD1-silenced cells (Figures 7B,C). 
To confirm the involvement of miR-M2-5p in MYOD1-mediated 
apoptosis pathway, major factors in the Caspase-3 apoptotic 
pathway were further examined in miR-M2-5p-overexpressed 
CEF cells. As demonstrated in Figures  7D–F, the expression 
levels of MYOD1, gga-miR-1, gga-miR-206, and active Caspase-3 
were similarly downregulated while the expressions of Pax3, 

Bcl-2, and Bcl-xL were upregulated in CEF cells overexpressing 
miR-M2-5p, although some of them are not completely recovered 
to mock levels in the mut-miR-M2-5p transfected cells. The 
cell apoptosis factors were further detected to be similarly down 
or upregulated in GX0101-infected CEF cells expressing viral 
miR-M2-5p while in the mutant GXΔmiR-M2-infected cells 
they were all rescued (Figures 7G–I), implying that miR-M2-5p 
inhibits cell apoptosis by suppressing the MYOD1-mediated 
Caspase-3 signaling pathway.

Interfering miR-M2-5p Expression in 
MSB-1 Cells Inhibits Cell Proliferation and 
Promotes Apoptosis
Since lymphocytes are the main target for the transformation 
by GaHV-2, we  selected the transformed lymphoma cell line 
MSB-1 to further verify the potential role of miR-M2-5p in 
MD lymphomagenesis. MSB-1 cells were transfected with 
miR-M2-5p inhibitor and corresponding negative control for 
24  h. As demonstrated in Figure  8A, the RT-qPCR analysis 
showed that the expression level of miR-M2-5p in the inhibitor-
transfected group was significantly lower than that in the 
negative control group while the relative expression levels of 
selected viral protein-coding genes, such as gB and pp38 or 
miRNA miR-M3-5p, are not disturbed. Then, we  determined 
the effects of miR-M2-5p on MSB-1 cell viability and apoptosis. 
Compared to NC-transfected cells, CCK-8 assay showed that 
the cell viability of MSB-1 cells was significantly decreased 
post-transfection with miR-M2-5p inhibitor (Figure  8B). 

A B
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FIGURE 4 | Cell viability and apoptosis of miR-M2-5p-overexpressed (A,B) or GaHV-2-infected (C,D) CEF cells. At different time points post miRNA transfection or 
virus infection, the CEF cells were harvested for Annexin V-FITC and propidium iodide (PI) staining for apoptosis analysis using flow cytometry. CCK-8 assay was 
used to assess cell viability. Hpt, hours post-transfection; Hpi, hours post-infection. CEFs without transfection or infection serve as mock controls. Data are shown 
as mean ± SD of three independent experiments. Independent sample t-test was used to analyze the statistical differences between groups. Values of p indicated 
on columns were used for statistical analyses; ns, no significance.
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Meanwhile, interfering miR-M2-5p expression remarkably 
promoted the cisplatin-induced apoptosis in MSB-1 cells 
(Figure  8C). The major factors involved in regulation of cell 
proliferation or apoptosis were further detected in MSB-1 cells. 
Compared to the NC transfected cells, the expression levels 
of RBM24 and MYOD1 were both upregulated while the 
expressions of p63, IGF2 and Pax3 were all downregulated in 
MSB-1 cells transfected with miR-M2-5p inhibitor (Figure 8D). 
These data are precisely contrary to those in miR-M2-5p 
overexpressed CEFs, which further support the crucial role of 
miR-M2-5p in the virally-induced MD lymphomagenesis.

DISCUSSION

In recent years, viral miRNAs have been increasingly recognized 
as major determinants for most oncogenic viruses to 

induce transformation. For the avian oncogenic GaHV-2, early 
studies have demonstrated that most of the Meq-clustered 
miRNAs, especially the miR-M4-5p, a virus-encoded miR-155 
analog, play critical roles in MD lymphomagenesis (Zhao et al., 
2009; Muylkens et  al., 2010; Zhao et  al., 2011; Yu et  al., 2014; 
Chi et al., 2015). Interestingly, the other viral miRNAs encoded 
in the Meq-cluster were also preliminarily reported to 
be  implicated in GaHV-2 oncogenesis (Xu et  al., 2011; Teng 
et  al., 2015). In the present study, multiple putative mRNA 
targets for miR-M2-5p were first obtained from a cDNA library. 
The subsequent experiments, such as DLRA, primarily 
demonstrated the interactions between miR-M2-5p and the 
3'UTRs of six genes, including RBM24, MYOD1, RAC1, KIF14, 
WWOX, and EMP2. However in miR-M2-5p overexpressed 
CEFs, only the expression of genes RBM24, MYOD1, and RAC1 
was observed to be  downregulated. The similar downregulated 
expressions of RBM24 and MYOD1, but not RAC1, were further 
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FIGURE 5 | The RBM24-mediated p63 gene expressions and cell viability. (A,B) The mRNA and protein expression levels of RBM24 in CEFs overexpressing 
distinct siRNAs. (C,D) Cell viability and apoptosis of the RBM24-silenced CEF cells. CEF cells transfected with RBM24 siRNA were harvested at 48 hpt for Annexin 
V-FITC and propidium iodide (PI) staining for apoptosis analysis using flow cytometry. CCK-8 assay was used to assess cell viability. Data are shown as the 
mean ± SD of three independent experiments. (E,F) RT-qPCR and western blot analysis of p63 expressions in the RBM24-silenced CEF cells at 48 hpt. 
(G) Expressions of RBM24 and p63 proteins in CEFs overexpressing miR-M2-5p. (H) Relative signal intensities in western blot analysis of the RBM24 and p63 
proteins in CEFs overexpressing miR-M2-5p. (I) Expressions of RBM24 and p63 proteins in GaHV-2-infected CEFs. (J) Relative signal intensities in western blot 
analysis of the RBM24 and p63 proteins in GaHV-2-infected CEFs. Numbers were normalized to the corresponding signal from the β-actin bands. Error bars are 
derived from three independent replicates. Values of p indicated on columns were used for statistical analyses; ns, no significance.
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confirmed in GaHV-2-infected CEFs, which possibly be induced 
by the viral encoded miRNA. Combined with the data obtained 
from miRNA-overexpressing and virus-infected cells, we finally 
identified the host RBM24 and MYOD1 genes as two biological 
targets for miR-M2-5p, which have been frequently reported 

as important tumor suppressors in previous studies 
(Kohsaka et  al., 2014; Sood et  al., 2015; Hua et  al., 2016).

RNA-binding protein 24 is a crucial member of RNA-binding 
proteins (RBPs), which play key roles in post-transcriptional 
regulation, including mRNA stabilization and translation 
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FIGURE 6 | The MYOD1-mediated IGF2 gene expressions and cell viability. (A,B) mRNA and protein expression levels of MYOD1 in CEFs overexpressing distinct 
siRNAs. (C) Proliferation analysis of MYOD1-silenced CEF cells. CEF cells transfected with MYOD1 siRNAs were harvested at 48 hpt for CCK-8 assay. (D,E) RT-
qPCR and western blot analysis of gga-miR-223 and IGF2 expressions in MYOD1-silenced CEF cells at 48 hpt. (F,G) Expression levels of gga-miR-223, MYOD1, 
and IGF2 proteins in CEFs overexpressing miR-M2-5p determined by RT-qPCR or western blot analysis. (H) Relative signal intensities in western blot analysis of the 
MYOD1 and IGF2 proteins in CEFs overexpressing miR-M2-5p. (I,J) Expression levels of gga-miR-223, MYOD1, and IGF2 proteins in GaHV-2-infected CEFs 
determined by RT-qPCR or western blot analysis. (K) Relative signal intensities in western blot analysis of the MYOD1 and IGF2 proteins in GaHV-2-infected CEFs. 
Numbers were normalized to the corresponding signal from the β-actin bands. Error bars are derived from three independent replicates. Values of p indicated on 
columns were used for statistical analyses; ns, no significance.
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(Kiledjian et  al., 1995; Collier et  al., 1998; Poon et  al., 2012). 
In mammalian cancers, many oncogenes and tumor suppressors 
are under the control of RBPs (Wurth, 2012), among which 
the RBM24 can bind to the AU/U-rich elements in its target 
mRNAs and regulate the stability of p21 and p63 mRNA transcripts 
(Jiang et  al., 2014; Xu et  al., 2014). Our data in present study 
revealed that the downregulation of RBM24 mediated by miR-M2-5p 

actually results in the p63 overexpression and promotes the 
proliferation of CEF during GaHV-2 infection. As p63 is commonly 
regarded as an important oncogene (Hibi et  al., 2000; Choi 
et  al., 2002; van Bokhoven and Brunner, 2002; Kurita et  al., 
2004; Hong et  al., 2007), the modulation of p63 by miR-M2-5p 
through targeting RBM24 possibly is one of the potential ways 
for GaHV-2 to trigger MD lymphomagenesis.
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FIGURE 7 | Cell apoptosis and gene expressions involved in miR-M2-5p-mediated MYOD1/Caspase-3 signaling pathway. (A) Apoptosis analysis of the MYOD1-
silenced CEF cells. CEF cells transfected with MYOD1 siRNA were harvested at 48 hpt for Annexin V-FITC and propidium iodide (PI) staining for apoptosis analysis 
using flow cytometry. Data are shown as mean ± SD of three independent experiments. (B) RT-qPCR analysis of gga-miR-1 and gga-miR-206 expressions in the 
MYOD1-silenced CEF cells at 48 hpt. (C) Western blot analysis of proteins associated with the MYOD1/Caspase3 signaling pathway in the MYOD1-silenced CEF 
cells at 48 hpt. (D) Expressions of gga-miR-1 and gga-miR-206 in CEFs overexpressing miR-M2-5p. (E) Expressions of proteins associated with the MYOD1/
Caspase3 signaling pathway in CEFs overexpressing miR-M2-5p. (F) Relative signal intensities in western blot analysis of the proteins associated with the 
MYOD1/Caspase3 signaling pathway in CEFs overexpressing miR-M2-5p. (G) Expressions of gga-miR-1 and gga-miR-206 in GaHV-2-infected CEFs. 
(H) Expressions of proteins associated with the MYOD1/Caspase3 signaling pathway in GaHV-2-infected CEFs. (I) Relative signal intensities in western blot analysis 
of the proteins associated with the MYOD1/Caspase3 signaling pathway in GaHV-2-infected CEFs. Numbers were normalized to the corresponding signal from the 
β-actin bands. Error bars are derived from three independent replicates. Values of p indicated on columns were used for statistical analyses; ns, no significance.
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Myogenic differentiation 1, the other target of miR-M2-5p, 
is an important transcription factor that regulates cell 
proliferation, differentiation, and even apoptosis. A direct role 
for MYOD1 in the regulation of many other genes by binding 
to their targeted E-box promoter elements containing the 
sites of “CANNTG,” has been well established previously (Cao 
et al., 2006; Harford et al., 2017). However, MYOD1 is recently 
reported to function in upregulating various myogenic miRNAs 
transcription to inhibit cell proliferation or promote apoptosis 
(Hirai et  al., 2010; Luo et  al., 2013; Li et  al., 2017; Zhao 
et  al., 2017), demonstrating an indirect role in cancer 
development. In the present work, our data have confirmed 
that miR-M2-5p directly targets and inhibits the MYOD1 
expression, and thereby induces the downregulated expressions 
of gga-miR-1, gga-miR-206, and gga-miR-223. On one hand, 
downregulation of gga-miR-223 induced by the overexpressed 
miR-M2-5p inhibits the IGF2 expression and promotes the 
CEF cell proliferation. On the other hand, the miR-M2-5p-
induced decrease of gga-miR-1 and gga-miR-206 expressions 
results in the upregulated Pax3 expression and activates two 
anti-apoptotic factors, Bcl-2 and Bcl-xL, which finally inhibit 
CEF cell apoptosis. However, compared to the parental virus-
infected cells, the expression of MYOD1 and cell apoptosis 
were not completely rescued in GXΔmiR-M2-infected CEFs, 
implying that except for miR-M2-5p the other viral components 
may be  involved in the MYOD1-related signaling that needs 
to be  further studied. Taken together, as demonstrated in 
Figure  9, our findings propose that as a critical oncomiRNA 

as we have previously suggested (Teng et al., 2015), miR-M2-5p 
may trigger the virally-induced MD lymphomagenesis through 
multiple strategies, including regulating the RBM24-mediated 
p63 overexpression and the MYOD1-mediated IGF2 and 
Caspase-3 signaling pathways.

It has been known that most viral miRNAs encoded in the 
Meq-cluster are potential important regulators contributing to 
GaHV-2 pathogenicity and oncogenesis (Zhao et  al., 2011; Yu 
et al., 2014; Teng et al., 2015). The most important miR-M4-5p, 
one of the viral homologs of cellular miR-155 (Zhao et  al., 
2009), has been characterized as an oncogenic miRNA that 
recognizes and regulates multiple viral and host mRNA targets 
(Muylkens et al., 2010; Parnas et al., 2014). Our previous work 
has revealed that miR-M4-5p activates the expression of c-Myc 
by targeting LTBP1 and suppressing the TGF-β signaling, thereby 
playing a critical role in GaHV-2-induced tumors (Chi et  al., 
2015). Interestingly, miR-M3-5p, another Meq-clustered miRNA, 
was also demonstrated to contribute to MD oncogenesis by 
targeting SMAD2, an important component of the TGF-β 
signaling pathway (Xu et  al., 2011). These findings suggest 
that viral miRNAs may contribute to oncogenesis by co-targeting 
and regulating the TGF-β signaling pathways. Considering 
that the miR-M2-5p not only significantly promotes cell 
proliferation but also protects cells against apoptosis induced 
by intrinsic apoptotic stimulus, our present work further 
emphasizes the oncogenic roles of the Meq-clustered miRNAs. 
In contrast to the Meq-clustered miRNAs that contribute to 
GaHV-2 pathogenicity and oncogenesis, deletion of the adjacent 
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FIGURE 8 | Proliferation and apoptosis of miR-M2-5p inhibitor-transfected MSB-1 cells. (A) RT-qPCR analysis of the relative expression levels of viral protein-
coding or miRNA genes in MSB-1 cells at 24 hpt with miR-M2-5p inhibitor. (B,C) Cell viability and apoptosis of the MSB-1 cells transfected with miR-M2-5p 
inhibitor. MSB-1 cells transfected with miR-M2-5p inhibitor were harvested at 24 hpt for Annexin V-FITC and propidium iodide (PI) staining for apoptosis analysis 
using flow cytometry. CCK-8 assay was used to assess cell viability. (D) Western blot analysis of proteins associated with the cell proliferation or apoptosis in MSB-1 
cells at 24 hpt. Numbers below the blots indicate relative band intensity normalized to β-actin. Error bars are derived from three independent replicates. Values of p 
indicated on columns were used for statistical analyses; ns, no significance.
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Mid-cluster miRNAs significantly increased virus pathogenicity 
and resulted in a 100% mortality in infected birds, implying 
an inhibitory role of the miRNAs in Mid-cluster in MD 
lymphomagenesis (Teng et al., 2017). In particular, miR-M11-5p, 
one of the Mid-cluster miRNAs, has been characterized as a 
putative tumor suppressor that targets and downregulates the 
expression of GaHV-2 oncogene meq (Teng et  al., 2017). 
Combining the previous reports that miR-M4-5p activates 
expression of c-Myc (Chi et  al., 2015) that has been proposed 
to form heterodimers with MEQ protein in GaHV-2 infection 
(Osterrieder et  al., 2006), the co-operation of viral and host 

oncogenes regulated by miRNAs in the Meq‐ and Mid-clusters 
possibly exerts contrasting roles to keep a balance, which could 
be  an advantage to the virus for establishing, maintaining 
latency, and/or triggering tumorigenesis. In addition, miR-M7-5p, 
one of the LAT-clustered miRNAs, has been verified to target 
the GaHV-2 immediate-early genes ICP4 and ICP27, implying 
a role contributing to establishment and maintenance of latency 
(Strassheim et al., 2012). Obviously, the viral miRNAs co-operated 
with viral and/or host genes in regulating a complicated signaling 
network in the progress of GaHV-2 pathogenesis and 
tumorigenesis but more regulatory mechanisms need to 
be  uncovered in the future.

Herein, as an excellent biomodel for the oncogenic 
herpesvirus-related cancer research, our study on GaHV-2 
miR-M2-5p has provided a novel insight in revealing that 
one single viral miRNA simultaneously regulates both cell 
proliferation and apoptosis through recognizing and modulating 
multiple target-related signaling pathways to potentially 
contribute to herpesvirus pathogenesis and tumorigenesis. It 
is outstanding that the miR-M2-produced two mature miRNAs, 
miR-M2-5p and miR-M2-3p, are all stable and highly expressed 
in vivo during the progression of MD disease (Luo et  al., 
2011). In a recent study, we  have tried but failed to identify 
the mRNA targets for miR-M2-3p using the same approach 
applied for miR-M2-5p (Supplementary Table S6 and 
Supplementary Figure 5A). Simultaneously, no significant 
effect of miR-M2-3p overexpression on CEF cell viability or 
apoptosis was observed (Supplementary Figures 5B,C). 
Whether and how miR-M2-3p participates in GaHV-2 
oncogenesis needs to be  further studied. In addition, due to 
the overlap of miR-M2 and R-LORF8 gene in GaHV-2 genome, 
it is difficult to exclude the interference of R-LORF8 when 
verifying the function of miR-M2-5p using mutant GXΔmiR-
M2, although an earlier report has shown that it is not the 
major determinant of oncogenicity (Zhao et al., 2011). Whether 
R-LORF8 participates in miR-M2-5p-regulated signaling 
responsible for cell biological activity requires further study. 
Along with the development of more powerful mRNA target 
identification strategies and the applications of CRISPR/Cas9-
based gene editing technique in research on herpesvirus 
biology (Bi et  al., 2014; Yuen et  al., 2015; Bierle et  al., 2016; 
Zhang et al., 2018, 2019; Luo et al., 2020), further breakthrough 
in the comprehensive understanding of the biological functions 
of viral miRNAs can be  expected to follow.
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