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ARTICLE INFO ABSTRACT

Keywords: MicroRNAs (miRNAs), which are small noncoding RNAs found in plants, animals, and many viruses, regulate
Baculovirus various biological processes. Our group has previously reported the first miRNA encoded by Autographa cali-
AcMNPV fornica multiple Nucleopolyhedrovirus (AcMNPV), AcMNPV-miR-1, which regulates the expression of three viral
miRNA ) genes. This study characterizes another miRNA encoded by AcMNPV, AcMNPV-miR-3. This miRNA is located on
::ZE;;Z:‘Re the opposite strand of the viral gene ac101 coding sequence in the AcMNPV genome, and it can be detected at 6 h
ac101 post-infection and accumulated to a peak around 12h post-infection in AcMNPV infected Sf9 cells. Five viral

genes (ac101, ac23, ac25, ac86, and ac98) were verified to be regulated by AcMNPV-miR-3. Ac101 was markedly
down-regulated by AcMNPV-miR-3 that may be via a siRNA-like cleavage mode. Administrating excessive
AcMNPV-miR-3 resulted in decreased production of infectious budded virions (BV) and accelerated the for-
mation of occlusion-derived virions (ODV). These results suggest that AcMNPV-miR-3 may play a regulatory role

in BV and ODV production.

1. Introduction

Baculoviruses are rod-shaped viruses with circular double-stranded
DNA genomes of 90 kb-180kb. They are divided into four genera,
namely, Alphabaculovirus, Betabaculovirus, Gammabaculovirus, and
Deltabaculovirus, according to the insect hosts they were isolated from
and their biological characteristics (Jehle et al., 2006). Autographa ca-
lifornica multiple Nucleopolyhedrovirus (AcMNPV) is the archetypal spe-
cies of the alphabaculovirus. During the infection cycle, it produces two
structurally and functionally distinct enveloped virion phenotypes
which have distinct roles in viral pathogenesis: budded virus (BV) and
occlusion derived virus (ODV) (Rohrmann, 2013). These virons are si-
milar in their nucleocapsid structure but differ in the origin and com-
position of their envelopes and their roles in the virus life cycle.

MiRNAs are small noncoding RNAs that play critical roles in reg-
ulating various biological processes, such as growth, development,
apoptosis, and immunoreaction (Bartel, 2004; Dong et al., 2013). So far
viruses in several families have been shown to encode miRNAs, and
viral miRNA identification and functional understanding continues to
grow (Giudice et al., 2016; Kincaid and Sullivan, 2012). Virus-encoded
miRNAs have been taken into account to influence viral replication and
pathogenic potential through their regulation of viral gene expression
or host gene expression (Hussain and Asgari, 2014; Skalsky and Cullen,
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2010). Nevertheless, a limited number of studies on baculovirus miRNA
have been carried out to understand their function. For example,
BmNPV-miR-1 suppresses its host microRNA biogenesis by regulating
Exportin-5 Cofactor Ran and increases the BmNPV load in infected
larvae (Singh et al., 2012, 2010). BmNPV-miR-3 facilitates BmNPV
infection by modulating the expression of p6.9 and other late genes in
Bombyx mori (Singh et al., 2014). AcMNPV-miR-1 is considered to
target and down-regulate the expression of viral gene odv-e25, accel-
erate polyhedra formation, and promote viral infection efficiency in
Trichoplusia ni larvae (Zhu et al., 2016, 2013).

In this study, AcMNPV-miR-3, another miRNA encoded by
AcMNPV, was identified and characterized. It was located on the op-
posite strand of the viral gene ac101, indicating that ac101 is its pri-
mary target gene. Our results also confirmed that ac101 was down-
regulated markedly by miR-3. Many studies have reported that binding
of miRNAs to the coding sequence (CDS) of their target mRNAs with
high complementarity could function similar to small interfering RNA
associated with RNA silencing to guide sequence-specific cleavage in a
developmentally controlled manner (Llave et al., 2002). Previous stu-
dies have shown that ac101 is a core gene that is not only essential for
BV and ODV production but also plays a vital role in viral infectivity
and virus-induced nuclear actin polymerization (Braunagel et al., 2001;
Li et al., 2010; Wang et al., 2015; Zhang et al., 2018). Considering this,
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we focused our study on mainly how miR-3 regulates ac101.
2. Materials and methods
2.1. Viruses, cells, and insects

Sf9 (Spodoptera frugiperda IPLB-Sf21-AE clonal isolate 9) insect cells
were cultured in Graces’ medium supplemented with 10% fetal bovine
serum at 27 °C. Human embryonic kidney cells (HEK293 cell line) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum at 37 °C in a 5% CO, incubator.
AcMNPV strain E2 accompanying the Bac-to-Bac® Baculovirus
Expression System from Invitrogen was used in this study.

2.2. RNA isolation

Total RNA was isolated from approximately 107 infected cells har-
vested using Trizol agent (Invitrogen, USA) according to the manu-
facturer’s protocol. Total RNA was dissolved in 50 pl RNase-free H,O.
The RNA solutes were digested for 30 min at 37 °C with RNase-free
DNase I (TaKaRa) to remove any contaminating genomic DNA. RNA
integrity was analyzed by gel electrophoresis using a 1% agarose gel
alongside an RNA marker.

2.3. miRNA prediction and miRNA target prediction

AcMNPV encoded miRNAs were predicted through the same way as
previously described (Zhu et al., 2013). Solexa sequencing of RNA
samples was performed by Beijing Genomics Institute Shenzhen Co.
(BGI-Shenzhen, China). Groups of Sf9 cells were infected with AcMNPV
at a multiplicity of infection (MOI) of 10, and subsequently, RNA
samples at 6, 12, and 24 h post infection (h p.i.), and mock-infected
cells were extracted according to the manufacturer’s protocol. The
samples were sent to BGI for sequencing using Solexa technology, and
18-30 nucleotides (nt) fragments were sequenced. After removing the
adaptor sequences from the raw data, the clean reads were analyzed,
and four small RNA libraries were generated. All data have been up-
loaded to the SRA database (NCBI SRA accession number is
PRJNAS523298).

At the same time, we used the Vmir (Grundhoff et al., 2006) soft-
ware to scan the AcMNPV genome (accession number NC_001623) in
both orientations for sequences of 50-120 nt in length with character-
istics of folding into stem-loop structures. In addition, these candidate
segments were validated by using two online Web servers, MiPred
(Jiang et al., 2007) and CSHMM (Agarwal et al., 2010). Finally, these
small RNA reads in each small RNA library were mapped to the can-
didate segments by using the SOAP program (Li et al., 2009), and the
candidates without matched reads were removed. The secondary
structure of the pre-miR-3 was predicted using the RNAfold web server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi), and
the mfold web server (http://unafold.rna.albany.edu/?q=mfold/RNA-
Folding-Form).

To predict the miR-3 target genes of the AcMNPV, the AcMNPV
genome sequence (GenBank accession number NC_001623) was em-
ployed with three independent computational algorithms, TargetScan
5.1 (http://www.targetscan.org), miRanda (http://www.microrna.org/
), and Pictar (http://pictar.mdc-berlin.de/). Then, the top seven can-
didate target genes were obtained after selection of the miR-3 seed
region for further study.

2.4. miRNA mimic and miRNA inhibitor transduction in AcMMPYV infected
Sf9 cells

Nowadays, miRNA mimics and inhibitors provide a means to study
the function of specific miRNAs in a range of organisms and to validate
their role in regulating target genes. The miRNA mimics are small,
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double-stranded RNA molecules, designed to mimic endogenous mature
miRNA molecules when transported into cells. In this study, a synthe-
sized miR-3 mimic (5-GCGGCGUAGG CUGCGCGGAC GCU-3")
(RIBOBIO, Guangzhou, China) was performed for miR-3 gain-of-func-
tion studies. In the meantime, a miRNA mimic with sequence based on
Caenorhabditis elegans miRNA (Cel-miR-239b-5p, 5-UUUGUACUAC
ACAAAAGUAC UG-3’) (RIBOBIO, Guangzhou, China) was invoked as a
negative control. On the contrary, miRNA inhibitors with chemical
modification are steric blocking oligonucleotides that hybridize to
mature miRNAs, and they are generally used to block the binding of
miRNA and its target. A sequence-specific micrOFF miRNA inhibitor of
miR-3 was synthesized based on the mature miR-3 reverse complement
sequence (5-AGCGUCCGCG CAGCCUACGC CGC-3) (RIBOBIO,
Guangzhou, China) for loss-of-function studies.

Atotal of 1 x 10° to 3 x 10° Sf9 cells in 0.5 mL of complete growth
medium were plated in a 12-well plate. Then, the grouped Sf9 cells
were transfected with 50 nmol/L (nM) Cel-miR-239b-5p mimic, 50 nM
miR-3 mimic, or 100nM miR-3 inhibitor oligonucleotides using
Lipofectamine” RNAi MAX Transfection Reagent (Invitrogen, USA) ac-
cording to the manufacturer's protocol. After that, all the transducted
Sf9 cells were infected with AcMNPV (MOI of 1 or 10 for different
downstream experiments) at 8 h posttransfection (h p.t.).

2.5. qRT-PCR

SYBR green-based quantitative reverse transcription PCR (qRT-PCR)
was performed to define the expression profile of miRNA and its target
genes. The stem-loop qRT-PCR method is widely used to detect and
quantify mature miRNAs (Chen et al., 2005). For miRNA cDNA synth-
esis, RNA was reverse transcribed using the miRNA reverse transcrip-
tion kit (TAKARA) in combination with the stem-loop reverse tran-
scription primer (5-GTCGTATCCA GTGCAGGGTC CGAGGTATTC
GCACTGGATA CGACTTCCTT A-3’) according to the manufacturer's
protocol. The 5S rRNA was reverse transcribed by using a random
primer (Takara) and included as a reference of the respective sample.
The qRT-PCR data for each sample were analyzed by using the 2-2ACT
method. Once the values for all the three experiments were recorded, a
two-tailed student’s t-test was performed to calculate the statistical
significance of the results.

2.6. Northern blot

Northern blot hybridization with antisense oligonucleotides specific
for AcMNPV-miR-3 was performed as previously described (Kim et al.,
2010). The 23-nt long probe (5-AGCGUCCGCG CAGCCUACGC CGC-3")
for AcMNPV-miR-3 was labeled with digoxin on its 5’-end. Total RNAs
(20 ug) were separated on 7 M urea-denaturing 15% polyacrylamide
gels, and siRNA Ladder Marker (TAKARA, Code No. 3430) was used as
a molecular size marker.

2.7. Dual-luciferase reporter assay

Nowadays, the dual-luciferase reporter assay has been widely used
as a tool to study gene transcription and regulation (Miranda et al.,
2006; Svoboda, 2015). It is performed by sequentially measuring the
Firefly luciferase (Fluc) and Renilla luciferase (Rluc) activities of the
same sample, and the Fluc activity is measured as an endogenous
transfection control to normalize the transfection efficiency. The psi-
CHECK™-2 Vector (psiCHECK2, GenBank® Accession Number
AY535007, Promega Corporation) was designed to provide quantitative
and rapid optimization of dual-luciferase reporter assay. The predicted
miR-3 target sequences (acl0, ac23, ac25, ac86, ac98, acl01, and
ac126) with the sticky ends of Notl and Xhol restriction enzyme sites
were gained from annealing of long primers ("60 bp containing the
miRNA binding site and some flanking sequences, synthesized by
Sangon Biotech, Shanghai, China). Each of the target DNA fragments
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was cloned into the psiCHECK2 vector downstream of the Renilla
translational stop codon. Bombyx mori Actin 3 (A3) gene, an unspecific
target of miR-3, was inserted into psiCHECK2 as a negative control, and
the psiCHECK2 was invoked as a no-insert control. All the primer se-
quences are shown in Supplementary Table 1 and all constructs were
sequenced to confirm the correct insertion.

The day before transfection, the HEK293 cells were plated in 48-
well plates at a density of 2¥1074 cells/well in 0.2mL of complete
growth medium. Each constructed plasmid was cotransfected along
with 50 nM miR-3 mimic using Lipo2000~ (Invitrogen) according to the
manufacturer’s recommendations. A total of 50nM Cel-miR-239b-5p
mimic were also cotransfected with each plasmid as the negative con-
trol. Cells were lysed at 48h after transfection and the luciferase ac-
tivity was measured using the dual-luciferase reporter assay system
(Promega) in a 96-well plate format according to the manufacturer’s
guidelines. Luciferase activities were measured using a GloMax®-Multi
Microplate Multimode Reader (Promega Corporation, USA). The firefly
luciferase enzyme activity was normalized to the Renilla luciferase
enzyme activity, yielding the relative luciferase expression. The Rluc/
Fluc ratio of cells cotransfected with the construct of interest was
compared to that of cells transfected only with psiCHECK2 (used as a
no-insert control, set at 1.0). Means that, Rluc/Fluc relative activities
were finally normalized to the Rluc/Fluc values of the cells transfected
by psiCHECK2. All measurements were taken in triplicate, and the va-
lues were normalized to the Renilla luciferase activity. The results are
presented as the mean = SD.

2.8. BV titer analysis

TCID50 end-point dilution in Sf9 cells was used to determine if in-
fectious BV were produced as previously described (Lo and Chao,
2004), with some modifications (Lo and Chao, 2004). The BV titers
were determined in triplicate using a 50% tissue culture infective dose
(TCIDsg) end-point dilution assay in Sf9 cells. The dilution of the virus
at which 50% of the cell cultures are infected can be calculated and
expressed as the 50% infectious dose per milliliter. Briefly, Sf9 cells
were infected with AcMNPV (MOI of 1) 8h after transfection by the
miR-3 mimic, miR-3 inhibitor, or Cel-miR-239b-5p mimic. At the in-
dicated time points, the supernatants containing the BVs were har-
vested, and cell debris was removed by centrifugation (3000 x g for
10 min). Subsequently, all the samples were tested by a TCIDs, end
point dilution assay with three replications.

2.9. Electron microscopy analysis

Transmission electron microscopy (TEM) was performed to monitor
the morphological events. Infected Sf9 cells were treated and prepared
for electron microscopy as described previously (Li et al., 2005). The
samples were observed under a JEM-100CX-II transmission electron
microscope at an accelerating voltage of 120 kV.

2.10. Construction of miR-3 overexpression baculovirus

To evaluate the miR-3 function, gain-of-function and loss-of-func-
tion experiments were performed using recombinant baculovirus with
miR-3 precursor and miR-3 sponges. The microRNA “sponge” method
was developed by Ebert et al. as a means to create continuous miRNA
loss-of-function (Ebert et al., 2007). Herein, miR-3 sponges with
tandem eight repeated miRNA antisense sequences were expected to
interact with the mature miRNA by sequestering miRNAs from en-
dogenous targets, and their effectiveness was comparable to antisense
oligonucleotides.

Recombinant baculovirus
G and vA*“WT-SP were constructed by the Bac-to-Bac system according
to the manufacturer’s protocol (Thermo Fisher Scientific). The donor
plasmids (pFB-miR-3-GP, pFB-miR-3-sponge-GP, and pFB-NC-GP) were

V_Ac —miR—3— GP, VAc—mlR—B—sponge—GP’ VAC—NC—
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constructed based on pFB-GP plasmid (constructed by our group
member Li et al. (2005), based on pFastBacl backbone, and inserted the
polyhedrin and green fluorescent protein genes). To gain pFB-miR-3-
GP, eight copies of AcMNPV-miR-3 precursor with some flanking se-
quences were tandemly inserted downstream of the ie-1 promoter and
upstream of the SV40 poly (A) sequence via isocaudomers of Bgl II
(A|GATCT) and BamH I (G|GATCC). A nonrelated artificial stem-loop
structure was used as a negative control (NC), and the sequence was
inserted to construct pFB-NC-GP donor plasmid with ie-1 promoter and
SV40 poly (A) tail. Whereas, an artificial microRNA sponge was con-
structed by inserting eight tandem-arrayed bulged miR-3 binding sites
into the pFB-GP plasmid with ie-1 promoter and SV40 poly (A) tail to
achieve miR-3 loss-of-function. All constructs were sequenced to con-
firm the correct insertion. After that, donor plasmids were transfected
into DH10B competent cells containing the bMON14272 bacmid and
the helper plasmid pMON7124, respectively. Then, positive clones of
VAc—miR—S—GP’ VAchC—GP’ VAc—miR—S—sponge—GP, and VAc—WT—GP were selected

using blue/white screening and confirmed by PCR method.
2.11. Statistical analysis

All experiments had proven to be reproducible. In most experi-
ments, we performed one-way analyses of variance (ANOVA) with
Dunnett’s tests comparing each of the treatment group mean with the
mean of the control group. In qRT-PCR and luciferase assays, compar-
isons were performed with Student’s t-test to determine statistical sig-
nificance.

3. Results
3.1. Prediction of Ac(MNPV- miR-3

It was predicted that the AcMNPV-miR-3 precursor is 67-nt in length
and located at (+) 87727- (+) 87794 of the AcMNPV genome, that is,
on the negative strand of the core gene ac101 CDS (Fig. 1A). AcMNPV-
miR-3 precursor sequence was analyzed to study its conservation in
baculovirus via an alignment of pre-miR-3 DNA sequences from
AcMNPV, Plutella xylostella multiple nucleopolyhedrovirus
(PlxyMNPV), Bombyx mori nucleopolyhedrovirus (BmNPV), Rachi-
plusia ou nucleopolyhedrovirus (RaouMNPV), and Thysanoplusia or-
ichalcea nucleopolyhedrovirus (ThorNPV). The results showed that
AcMNPV-miR-3 miRNA was not highly conserved among baculovirus
genomes (see Supplementary Fig. 1). The secondary structure of the
AcMNPV-miR-3 precursor was predicted using the RNAfold web server
and the mfold web server, and the possible secondary structure is
shown in Fig. 1B, in with the 23-nt long mature AcMNPV-miR-3 is
highlighted.

3.2. Identification of AcMNPV-miR-3 in AcMNPV-infected Sf9 cells

Northern blot and qRT-PCR were performed to investigate
AcMNPV-miR-3 expression in AcMNPV infected Sf9 cells. The northern
blot was performed for precise detection of miR-3 expression in
AcMNPV infected Sf9 cells with a 5-end digoxin labeled probe for
mature miR-3. Following consideration of the low copy number of miR-
3 in deep sequencing results, approximately 20 ug total RNA samples
were loaded for miR-3 detection in northern blot analysis. As shown in
Fig. 2A, approximately 23 nt bands were displayed in the 6 and 12 h p.i.
RNA samples, but not in mock-infected Sf9 cells. This indicated that
AcMNPV-miR-3 exhibited a number of expressions at 6 and 12h p.i. in
AcMNPV infected Sf9 cells. Furthermore, AcMNPV-miR-3 expression
levels were tested by using stem-loop qRT-PCR in AcMNPV infected
(MOI of 10) Sf9 cells at different time points (0, 6, 12, 24, and 48 h p.i.).
The results in Fig. 2B showed that AcMNPV-miR-3 could be initially
detected at 6h p.i. and reached a maximum level around 12h p.i.,
which were consistent with the northern blot results.
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Fig. 1. Schematic representation of AcMNPV-miR-3. (A). The relative position of pre-miR-3 in AcMNPV genome. (B) RNAfold web server was used to predict the
hairpin structure of precursor miR-3 with MFE of -38.10 kcal/mol. The predicted mature miR-3 sequence is depicted in red.
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24
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Fig. 2. Experimental validation of AcMNPV-miR-3. A), Northern blot validation
of AcMNPV-miR-3. Total RNA was isolated from the following: lane 1, mock-
infected Sf9 cells; lane 2, AcMNPV infected Sf9 cells at 6 h p.i.; lane 3, AcMNPV
infected Sf9 cells at 12h p.i.; 5S rRNA was used as a loading control. Please see
Fig. 2S in the Supplementary Material for full blot image. B), Relative fold
changes in miR-3 expression levels investigated by qRT-PCR. The expression
level at each time point was normalized against the 55 rRNA. RNA samples
were isolated from Sf9 cells at 0, 6, 12, 24,and 48 h p.i. (10MOI). 5S rRNA was
used as an endogenous control, and the 2-AACt method (P < 0.005) was used
to calculate the expression level of each sample. The Cq value of no template
controls (NTCs) > 40. Each reaction was performed in triplicate four in-
dependent times. Error bars represent the standard deviation.

3.3. AcMNPV-miR-3 target genes prediction and validation

To investigate the function and the underlying mechanism of miR-3
in AcMNPYV infection, the potential candidate target viral genes of miR-
3 were predicted by screening the AcMNPV genome. The seed sequence
of a miRNA is defined as the 2-8 nt region at the 5’ end of the mature
miRNA, and complementarity to the miRNA seed sequence appears to
be a common principle in target recognition (Lambert et al., 2011;
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Parker et al., 2009). Herein, seven viral genes (ac10, ac23, ac25, ac86,
ac98, ac101, and ac126) were predicted to be the potential targets (see
Supplementary Table 2). The details of the molecular interactions be-
tween miR-3 and its targets were depicted in Fig. 3. The results showed
that the binding of the miR-3 and the target mRNA was restricted to
mainly the 5" end of the miR-3. Mutations of the seed-matched target
binding sites of the miR-3 were established to study whether the mu-
tations could impact the miRNA/tartet binding. The putative targets
and their mutations were cloned into the psiCHECK2 vector for luci-
ferase reporter assay. The map of psiCHECK2 plasmid was shown in the
Fig. 4A, and the binding site sequences of the putative targets and their
mutations (mutated at the putative binding sites of miR-3 seed region)
were shown in Fig. 4B. Owing to the complication of the associated
molecular interaction between viral miRNAs and their host genes, the
HEK293 cell line was utilized as an unrelated cell line to check the
possible miRNA targets to avoid unknown virus-host interactions.

Reporter gene expression assay demonstrated that miR-3 mimic
robustly reduced ac23, ac25, ac86, ac98, and ac101 reporter gene ex-
pression, and the Rluc/Fluc values were 0.78 (ac23), 0.69 (ac25), 0.67
(ac86), 0.65 (ac98), and 0.32 (ac101) (see in Fig. 4C). The mutation
reporter at the seed complementary sites of ac23, ac25, ac86, ac98, and
ac101 rescued the repression by the miR-3 mimics, while the ac101
reporter was only partly rescued. In contrast, miR-3 mimic had no effect
on the A3 reporter. Nevertheless, acl0 and ac126 reporter gene ex-
pression levels were slightly suppressed, with the Rluc/Fluc values
being 0.88 (ac10) and 0.85 (ac126). These data suggested that ac23,
ac25, ac86, ac98, and acl01 reporters were suppressed by miR-3 via
directly binding to the CDS segments, and the miRNA-mRNA interac-
tions based mainly on the seed region match.

3.4. The down regulation of ac101 caused by miR-3 mimic

As mentioned above, the viral gene ac101 had a perfectly matched
binding site to miR-3, and the dual luciferase reporter assay showed
that the presence of the miR-3 leads to a repression of the ac101 re-
porter activities. The ac101 reporter activities were sharply repressed
(to 32%) by the miR-3. It would be very interesting to determine
whether and how miR-3 regulates ac101 gene expression in AcMNPV-
infected Sf9 cells. It has been reported that some miRNAs which have a
completely complementary binding site in the target gene CDS region
would cause a cleavage of the target mRNA if both are temporally co-
expressed (Park and Shin, 2014; Sullivan et al., 2009). To determine
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Fig. 3. Pairing schemes of AcMNPV-miR-3 and its predicted targets. As predicted, the miR-3 is targeting to the CDS of the ac10, ac23, ac25, ac86, ac98, ac101, and
ac126 genes. The underline shows the seed region of miR-3.
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Fig. 4. Target validation for miR-3 by the dual-luciferase reporter assay. (A) Map of the psiCHECK2 vector. (B) The sequences of viral target genes predicted the
binding site and their mutations. Bombyx mori A3 was used as an unrelated target. The AcMNPV-miR-3 seed region binding sites are marked in red, and the mutated
part is highlighted. (C) Relative Rluc/Fluc activity of the AcCMNPV-miR-3 predicted target ac10, ac23, ac25, ac86, ac98, ac101, and ac126. Dual-luciferase assays were
carried out in an HEK293 cell line cotransducted by miRNA mimic and reporter gene vectors, using firefly luciferase as an endogenous control. The Cel-miR-239b-5p
mimic was used as a negative control. Rluc/Fluc relative activities were finally normalized to the Rluc/Fluc values for the cells transfected by psiCHECK2. All graphs
show the mean values of three independent experiments performed in triplicate. Error bars show the SD (n = 3). **: P < 0.01. ***: P < 0.001.
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Fig. 5. qRT-PCR analysis determining the reg-
ulation of ac101 mRNA expression levels by
AcMNPV-miR-3. (A) Primer pairs used to am-
plify ac101 mRNA different regions, one in-
cluding and the other excluding the AcMNPV-
miR-3 binding site. (B) ac101 mRNA levels at
different time points in Sf9 cells infected with

B C 100 - AcMNPV, showing the much higher mRNA le-
5 2 ac101-NBS ’ .

<« S0 ac101-NBS < oA &2 2 vels detected by the ac101-NBS primers (hat-
E 45004 [ ac101-BS ; % - [ ac101-BS ched columns) compared to that detected by
£ 15 the ac101-BS primers (white columns), with

=~ 1 7] evidence of ac mRNA cleavage at the miR-
g 4000 s 70 id f ac101 mRNA cleavage at the miR-3
S 35004 S 60 binding site. Total RNAs were extracted from
] © 504 AcMNPV-infected Sf9 cells at the designated
£ 3000 % £ 401 time points. The expression level of each
o ] sample was normalized against that at Oh p.i.
2 2500 1 E’ 301 amplified using each pair of the primers. (C)
s 2000 4 £ 201 ac101 mRNA relative levels at 24h p.i. in
_‘; ; 10 % % AcMNPV-infected Sf9 cells transfected with the
S 15001 § 4 3 AcMNPV-miR-3 mimic, AcMNPV-miR-3 in-
: P 3 % hibitor, and Cel-miR-239b-5p mimic (negative
-E 1000 + E % control), respectively, showing further down-
% 500 1 % 21 / regulation of acl01 (more cleavages, white
12 H 14 11 % |—| columns) by the miR-3 mimic and the sup-
0 T T T T r—— 0 T 'I'-I pression of the down-regulation by the miR-3
0 3 6 24 48hp.. R {Q\O ] inhibitor. It is worth emphasizing that miR-3
) 2 @\ Y mimic did not affect ac101-NBS level (hatched

(o) o) N

Q_,‘], 6'\\0 & oY columns), while miR-3 inhibitor increased
\,<® N N\ @% ac101-NBS level by 9-fold. Total RNA was iso-
® lated at 24 h p.i. for each sample. The expres-
sion level in each sample was normalized to the
Cel-miR-239b-5p mimic. 58 rRNA was used as an endogenous control, and the 272 method (P < 0.005) was used to calculate the expression level of each sample.

The Cgvalue of no template controls (NTCs) > 40. Each reaction was performed in triplicate fourindependent times. Error bars represent the standard deviation.

whether miR-3 guided a cleavage of ac101 mRNA around the binding
site, qRT-PCR was performed by using two different pairs of primers
(Fig. 5A) designed to amplify different regions of ac101, named ac101-
BS (binding site, the amplification includes the binding site) and ac101-
NBS (non binding site, the amplification excludes the binding site).
Ac101-BS primers were designed to amplify the ac101 cDNA encom-
passing the intact AcMNPV-miR-3 binding site, which reveals the re-
lative amount of ac101 mRNA not cleaved or decayed at the AcMNPV-
miR-3 binding site. While, ac101-NBS primers were designed to amplify
the 3’ region of ac101 excluding the AcMNPV-miR-3 binding site, re-
presenting the total transcribed mRNA level. Therefore, if miR-3 guided
cleavage occurred, fewer products amplified by acl01-BS primers
would be expected compared to those amplified by ac101-NBS primers.

At first, ac101 mRNA levels were detected in wild type AcMNPV
infected Sf9 cells at different time points post infection. Mock-infected
(control) and AcMNPV-infected (MOI of 10) Sf9 cells at 6, 12, 24, and
48 h p.i. samples were harvested for total RNA extraction and qRT-PCR
detection. As shown in Fig. 5B, mRNA levels amplified by primer-BS
(white column), representing the mRNA level after cleavage or decay
from the 5’-terminus onward, were significantly lower than those am-
plified by primer-NBS (hatched column), representing the total tran-
scribed mRNA level at 24 h p.i. As shown in Fig. 5B, the products am-
plified by ac101-BS primers (white column) showed significantly less
than that amplified by ac101-NBS primers (hatched column) at each
time point. As the ac101-BS primers amplification representing the
ac101 mRNA levels after cleavage or decay from the 5-terminal on-
ward, the results showed that the ac101 mRNA was cleaved at the ex-
pected region.

To determine whether the cleavage was associated with miR-3, the
miR-3 mimic and miR-3 inhibitor were synthesized and transfected into
AcMNPV infected Sf9 cells for disrupting the miRNA-targets interac-
tion. If a higher level of miR-3 or treatment with miR-3 led to a further
lowered primer-BS mRNA level, then the decreased primer-BS mRNA
level was related to miR-3 or cleavage occurred and was guided by miR-
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3. Total RNA samples were extracted from Sf9 cells infected with
AcMNPV (MOI of 10) 8h after transducted with the AcMNPV-miR-3
mimic, AcMNPV-miR-3 inhibitor, or Cel-miR-239b-5p mimic. Then,
ac101 mRNA levels in the three groups of Sf9 cells were tested (Fig. 5C).
The results showed in Fig. 6C confirmed that ac101 mRNA level was
related to the miR-3 abundance in AcMNPV infected Sf9 cells. As shown
in Fig. 6C, compared to the Cel-miR-239b-5p mimic treatment (mock
control), miR-3 mimic treatment led to decreased primer-BS amplifi-
cation by 50% (white column), indicating that a higher level of miR-3
further decreased the copy number of ac101 mRNA with whole length,

- Cel-miR-239b-5p mimic
- miR-3 mimic
- miR-3 inhibitor

109 -

108_

107_

106-

TCIDs

105-

104_

103

12 24 48 72 hp.i.
Fig. 6. TCIDs, end-point dilution assay. The effect of the AcMNPV-miR-3 mimic
on the BV titer, showing inhibition of the BV titer by AcMNPV-miR-3. Sf9 cells

were infected with AcMNPV (MOI of 1) eight hours after transfection with the
miR-3 mimic, miR-3 inhibitor, or cel-miR-239b-5p mimic, respectively.
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i.e., miR-3 guided the cleavage of ac101 mRNA. By contrast, the miR-3
mimic treatment did not reduce the primer-NBS mRNA level (the hat-
ched column) compared with the Cel-miR-239b-5p mimic treatment
(mock control), indicating that miR-3 mimic (mature miR-3) treatment
would not further suppress ac101 mRNA transcription. These above
confirmed that miR-3 guided a cleavage of ac101 at the 5’-terminal
onward of mRNA.

Furthermore, Fig. 6C also shows that miR-3 inhibitor treatment
increased the ac101 primer-NBS mRNA level (the hatched column) by
9-fold. Since the primer-NBS mRNA level represents the total tran-
scribed amount of ac101 mRNA at 24 h p.i., the result suggested that
inhibiting miR-3 increased ac101 mRNA accumulation, i.e., miR-3 also
regulated ac101 (with a perfectly matched binding site) by severe
suppression of mRNA. It was possible that acl01 mRNA level was
strictly controlled by the miR-3. When the dynamic balance between
the ac101 and miR-3 was disrupted, more miR-3 inducing more ac101
cleaved at the 5’ end. While miR-3 blockage induced more ac101 mRNA
accumulation but the comparable levels of ac101 with full length. The
result suggests that miR-3 regulated ac101 (with a perfectly matched
binding site) not only by cleavage of the mRNA but also by severe
control of mRNA accumulation.

3.5. AcMNPV-miR-3 affected BV production

To determine whether AcMNPV-miR-3 affects infectious BV pro-
duction, a viral growth curve analysis was performed using a TCID50
end-point dilution assay. Sf9 cells were infected with AcMNPV (1 MOI)
8 h after transfected with the miR-3 mimic, miR-3 inhibitor or Cel-miR-
239b-5p mimic. The supernatants containing BVs were harvested at 24,
48, and 72 h p.i. for a TCIDs, end-point dilution assay. As expected, a
steady increase in BV production was detected in all three groups.
Nevertheless, the miR-3 mimic group exhibited a lower BV titer com-
pared to the Cel-miR-239b-5p mimic and miR-3 inhibitor groups at the
24, 48, and 72h p.i. time points (Fig. 6). Means that, even with the
similar initial titer at 12h p.i., the infectious BV production was sup-
pressed significantly by excessive miR-3 at 48 and 72h p.i. These re-
sults suggest that miR-3 mimic transfection reduces the infectious BV
production in AcMNPV infected Sf9 cells.

3.6. The miR-3 mimic expedited polyhedron formation

To determine whether AcMNPV-miR-3 had any effect on viral
morphogenesis, infected Sf9 cells (10 MOI) were analyzed by light
microscopy and transmission electron microscopy (TEM). Experimental
cells were harvested at 36 h p.i. and 72 h p.i. for TEM analysis, and the
OBs were observed by light microscopy. The TEM analysis showed that
the typical baculovirus infection symptoms were exhibited in the nuclei
of the treated Sf9 cells, that is, there were no discernable morphological
effects on capsid size or occlusion size or ODV content among the
AcMNPV-miR-3 mimic, miR-3 inhibitor and Cel-miR-239b-5p mimic
(negative control) groups at 72h p.i.

However, we noticed that it was easier to find the polyhedron and
net-shaped virogenic stroma inundated with electron-dense rod-shaped
nucleocapsids by TEM while the miR-3 mimic were transfected. To
verify whether miR-3 affects the polyhedron formation in the infected
cells, visual analysis of the cells containing OBs were performed by
using a light microscope. The results were calculated based on random
evaluations of 1000 cells per group. An increased number of cells that
containing distinguishable polyhedra was observed in the cells trans-
fected with the miR-3 mimic compared to that in the miR-3 inhibitor
group or Cel-miR-239b-5p mimic group at 36h p.i. (Fig. 7A). Ap-
proximately 36.53% of the evaluated cells contained polyhedra in the
miR-3 mimic group at 36 h p.i., while the values were 27.24% in the
Cel-miR-239b-5p mimic group and 30.83% in the miR-3 inhibitor
group, which were significantly lower than the value of the miR-3
group. At 72 h p.i., all three groups exhibited similar phenotypes. These
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results indicated that the AcMNPV-miR-3 mimic expedited the forma-
tion of polyhedra but did not increase the total polyhedron production.

3.7. The expression of miR-3 in recombinant viruses

For further analysis of the role of miR-3 in AcMNPV infected Sf9
cells, over-expressing and RNA-interfered recombinant viruses were
constructed. A recombinant virus vA¢T™R73-CP containing eight
tandem additional copies of AcMNPV-miR-3 precursor downstream of
the iel promoter was constructed for miR-3 overexpression (Fig. 8A).
Meanwhile, miR-3 sponge virus was used as the miR-3 inhibitor to
block the endogenous miR-3, as artificial miRNA sponges have been
applied to explore miRNA functions in vitro and in vivo (Ebert et al.,
2007; Tay et al., 2015). The recombinant virus vA¢™miR-3sponge-GP ¢y
taining multiple tandem miR-3 binding sites with bulges was designed.
In addition, v*“N®CS? was constructed with a nonrelated stem-loop
structure as a negative control, while v*“"“T? was used as the non-
insertion control. All these constructs were sequenced to check for the
correct insertion.

Considering that AcMNPV-miR-3 had been validated to reach a
maximum level around 12h p.i., and the iel promoter could drive the
transcription at both early and late time, we extracted the RNA from
cell samples infected with the recombinant viruses (MOI of 10) at 12h
p-i. to detect the miR-3 expression by qRT-PCR as mentioned above. As
shown in Fig. 8B, the miR-3 expression level showed a three-fold in-
crease in vA¢"™R=3-CP infected Sf9 cells compared to that in the vA*
NC-GP and vA“WTSP groups. This demonstrated that miR-3 was suc-
cessfully overexpressed by the multi-copy of pre-miR-3 in Sf9 cells in-
fected with vA°~™R=37CP and enabled us to assess the phenotypic
changes that occur in the presence of higher levels of miR-3. However,
it is worth noticing that the miR-3 expression level in the y"¢™iR-3-sponge-
SP infected Sf9 cells was approximately five-fold of that in vA<N¢CP
group, even higher than that in vA*“™®3C" group, implying a com-
pensation mechanism, producing more miR-3 to counter for the lack of
functional miR-3.

To study the functional difference of miR-3 overexpressed in Sf9
cells infected with recombinant virus vA¢~miR=3~CP 5p( yAcmiR-3-sponge-
GP we monitored the mRNA levels of five target genes experimentally
validated above (Fig. 5). The mRNA levels were determined by qRT-
PCR in the vAcfmiR73fGP’ vAc-miR-S-sponge-GP’ and vAc-NC-GP virus-in-
fected (MOI of 10) Sf9 cells at 24 h p.i., and all the primer pairs were
designed to amplify the target gene sequences corresponding to the
miR-3 target site. As illustrated in Fig. 9, the ac25, ac86, and ac98 were
repressed at comparable rates in the v ™R=37CP oroup  approxi-
mately 50% lower than the vA“N“S? While ac23 was downregulated by
as much as 75%, and ac101 was downregulated by up to 90%, in-
dicating that multi-copies of miR-3 could make for suppression of the
target mRNA levels. In vA¢™iR-3sponge-GP the mRNA levels of four in five
target genes showed little difference compared to the vA“NSCP except
for ac101 that was upregulated by 190%, meaning that, miR-3 sponges
can block and neutralize the downregulation of targets such as ac23,
ac25, ac86, and ac98, but partially offset the ac101 cleavage induced by
the native miR-3. These results indicated that the excessive expression
of mature miR-3 in vA¢TMR~3-CP gpq yAcmiR-3-spongeGP (arived from
different mechanism and play different roles. This confirmed that miR-3
was a real miRNA and its expression was tightly controlled in AcMNPV
infected Sf9 cells.

4. Discussion

In this study, we characterized a miRNA encoded by AcMNPV,
AcMNPV-miR-3. This miRNA was detected at 6h p.i. and reached a
maximum expression level at approximately 12h p.i. Five viral genes
were verified to be the targets of miR-3. Among them, ac101 was per-
fectly complementary to the mature miR-3, and identified to be the
primary target of miR-3. It is generally accepted that miRNAs silence
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Fig. 7. Analysis of the miR-3 effect on viral morphogenesis. Groups of Sf9 cells were infected with AcCMNPV (MOI of 10) 8 h after transfection with the miR-3 mimic,
miR-3 inhibitor, and Cel-miR-239b-5p mimic. (A) Percentage of infected Sf9 cells was containing distinguishable polyhedra. A two-way analysis of variance
(ANOVA), followed by an LSD (least significant difference) test was used to compare the percentage among three treatment groups. (B) TEM images of three
treatment groups of Sf9 cells at 36 and 72h p.i.
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Fig. 9. Regulative expression levels of AcMNPV-miR-3 targets. The mRNA re-
lative levels were tested by qRT-PCR. The columns represent the fold changes in
the PCR products. Total RNA samples were isolated from v/¢~miR=3-GP yAc
miR-3-sponge-GP " and vA“NC-CP infected Sf9 cells at 24 h p.i. (10 MOI). The RNA
level of each target was normalized to that in vA“N®C? (each white columns). 55
rRNA was used as a reference and the 2224 method was used to calculate the
RNA level of each sample. The error bars represent the standard deviations.

gene expression by repressing translation and/or by promoting mRNA
decay (Eulalio et al., 2008; Giraldez et al., 2006; Hausser et al., 2013).
Some miRNAs that have perfectly match to the complementary binding
sites of their target gene would cause target cleavage (Barth et al., 2007;
Guo et al., 2005; Hammond et al., 2000; Tuschl et al., 1999; Yekta et al.,
2004; Zheng et al., 2012). Our results from qRT-PCR analysis of ac101
mRNA levels using two different pairs of primers suggested that miR-3
regulated ac101 by the mRNA cleavage mode and resulted in a sup-
pression of ac101 mRNA level. Previous studies demonstrated that
ac101 plays essential roles in AcMNPV propagation (Braunagel et al.,
2001; Vanarsdall et al., 2007; Wang et al., 2008), whilst recombinant
virus with ac101 knockout produces defective nucleocapsid (Vanarsdall
et al., 2007). Nevertheless, in this study, ac101 depression by excessive
miR-3 did not have a noticeable influence on AcMNPV propagation.
This may be because miRNA was only a regulatory molecule and it
usually had multiple mRNA targets. Nevertheless, more experiments are
needed to study more in-depth about the details of miR-3 regulating
ac101 and other targets.

During the viral infection cycle, BVs are produced for the infection
of more cells and tissues inside the larvae at the early stage. At the late
stage, ODVs are produced for the infection of other larvae in the outside
environment. There could be a mechanism regulating genes to switch
from the BV production stage to the ODV production stage. The in-
volved factors suppressed BV production and expedited ODV produc-
tion. AcMNPV-miR-3 might be one of the regulatory factors involved in
this mechanism, since transfection of AcMNPV-miR-3 into Sf9 cells
inhibited infectious BV production and expedited the formation of
polyhedra.

For the further functional study of the miR-3, recombinant viruses
were used for stable overexpression of miR-3. It is noteworthy that the
AcMNPV-miR-3 expression level in the vA¢™miR=3—sponge=GP yyaq 5
proximately five-fold of that in vA“N®S?  even more than that in the vA*
miR-3-GP (three-fold). Nevertheless, the additional mature miR-3 in
yAemiR=3=sponge =GP haq completely different effects on targets reg-
ulation when compared to vA“™R36P  Ag described previously
(Chitwood and Timmermans, 2007; Franco-Zorrilla et al., 2007; Reichel
et al., 2015), the expression of miRNAs was always affected by their
targets’ abundance. These interesting results from the miR-3 sponge
may be due to the targets stimulated expression of miR-3. There would
have sufficient "sponge RNA" to soak up all the excess miR-3 produced
by vAcTmiR=3-sponge=CP f41. 407101 was upregulated. Suggesting that
miR-3 sponges may work as target mimics to adsorb the mature miR-3
with a higher affinity than the endogenous targets and sequester the
miRNA-targets interaction, even stimulate the mature miR-3 expression
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in a feedback way. Above all, we could speculate that miR-3 expression
was strictly controlled by the endogenous pathways. However, given
the importance of knowing what works in miR-3 biogenesis, more ex-
periments are certainly needed.

In summary, AcMNPV-miR-3 was a 23-nt long miRNA encoded by
AcMNPV, and it can be detected at an early time after AcMNPV in-
fection. Five viral genes were identified to be the targets of miR-3,
among them ac101 is the primary target of miR-3 that can be down-
regulated by miR-3 via an mRNA cleavage mode. Excessive miR-3 can
reduce infectious BV production and accelerated ODV production. In
conclusion, miR-3 is a potential regulator in AcMNPV infection and BV/
ODV switch. While the more functional mechanism of AcMNPV-miR-3
still needs to be further study.
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