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A Baculovirus-Encoded MicroRNA (miRNA) Suppresses Its Host
miRNA Biogenesis by Regulating the Exportin-5 Cofactor Ran

C. P. Singh, J. Singh, and J. Nagaraju

Centre of Excellence for Genetics and Genomics of Silkmoths, Laboratory of Molecular Genetics, Centre for DNA Fingerprinting and Diagnostics, Tuljaguda Complex,
Nampally, Hyderabad, India

MicroRNAs have emerged as key players in the regulation of various biological processes in eukaryotes, including host-pathogen
interactions. Recent studies suggest that viruses encode miRNAs to manipulate their host gene expression to ensure their effec-
tive proliferation, whereas the host limits virus infection by differentially expressing miRNAs that target essential viral genes.
Here, we demonstrate that an insect virus, Bombyx mori nucleopolyhedrosis virus (BmNPV), modulates the small-RNA-medi-
ated defense of its host, B. mori, by encoding an miRNA (bmnpv-miR-1) that downregulates the expression of the host GTP-
binding nuclear protein Ran, an essential component of the exportin-5-mediated nucleocytoplasmic transport machinery
mainly involved in small-RNA transport from the nucleus to the cytoplasm. We demonstrate the sequence-dependent interac-
tion of bmnpv-miR-1 with Ran mRNA using cell culture and in vivo assays, including RNA interference (RNAi) of Ran. Our re-
sults clearly show that bmnpv-miR-1 represses Ran, leading to reduction in the host small-RNA population, and consequently,
the BmNPV load increases in the infected larvae. Blocking of bmnpv-miR-1 resulted in higher expression levels of Ran and a de-
crease in BmNPV proliferation. In contrast, blockage of host miRNA, bmo-miR-8, which targets the immediate-early gene of the
virus and whose production was repressed upon bmnpv-miR-1 and Ran dsRNA administration, resulted in a significant increase
in the virus load in the infected B. mori larvae. The present study provides an insight into one of the evasion strategies used by
the virus to counter the host defense for its effective proliferation and has relevance to the development of insect virus control
strategies.

MicroRNAs (miRNAs) are noncoding RNAs that regulate
gene expression by binding to the complementary sequence

of the target mRNAs. Canonically, miRNAs are transcribed by
RNA polymerase II as long primary transcripts (pri-miRNAs),
which are processed by a nuclear RNase III called Drosha to gen-
erate �70-nucleotide (nt) imperfectly complementary stem-loop
precursor miRNAs (pre-miRNAs). The pre-miRNAs are then ex-
ported to the cytoplasm by RanGTP-dependent exportin-5 (6, 54)
for further processing by the cytoplasmic RNase III Dicer into
�22-nt miRNA-miRNA* duplexes, followed by incorporation of
one of the strands into an RNA-induced silencing complex
(RISC). Finally, the whole RISC assembly, loaded with miRNA,
targets the specific mRNAs, leading to either their translational
repression or degradation, depending upon the extent of comple-
mentarity between the miRNA and its target mRNA (3, 27).

Since the discovery of miRNAs (29, 40), a number of studies
have been carried out to understand the role of miRNAs in almost
all the biological processes in eukaryotes. Apart from eukaryotes,
viruses have also been shown to encode miRNAs (18, 38). Re-
cently, miRNAs have been shown to play a critical role in intricate
host-virus interactions (13, 15). Its small size, nonantigenic na-
ture, and target specificity make viral miRNA a potential weapon
against the host defense machinery. Some of the well-known strat-
egies adopted by viruses to achieve their establishment and persis-
tent infection in the host cells are modulation of host immune
response and escaping recognition by the host immune system
(48, 51), antiapoptosis (9, 52), cell cycle arrest (14, 17), and mim-
icking of host miRNAs (16, 47, 56).

So far, a limited number of studies have been carried out on
avoidance of host defenses by viral miRNAs, but they are confined
to mammalian viruses. Insect viruses have hardly been the subject
of such investigations, except for a recent report of autoregulation

of viral gene expression by virus-encoded miRNAs in the Heliothis
virescens ascovirus (21). Here, we show that Bombyx mori nucleo-
polyhedrosis virus (BmNPV) encodes an miRNA that modulates
the host defense machinery by regulating the production of the
host GTP-binding nuclear protein Ran (Ras-related nuclear pro-
tein). Ran is a 25-kDa protein that plays an important role in
nucleocytoplasmic transport of various noncoding RNAs and
proteins (5). During nuclear export of pre-miRNAs, exportin-5
binds to the pre-miRNAs in a RanGTP-dependent manner, and
depletion of Ran results in a severe reduction of pre-miRNA ex-
port (6, 33, 50, 54). In humans, Ran also interacts with other
transporters, like exportin-1 and exportin-t, which are involved in
the transport of small nuclear RNAs (snRNAs) and tRNAs, re-
spectively (44). In Drosophila, exportin-5 is known to transport
both pre-miRNAs and tRNAs (44), whereas in B. mori, small-
RNA export pathways and factors have yet to be investigated.

BmNPV, a double-stranded DNA (dsDNA) virus, belongs to
the family Baculoviridae, which includes various pathogens of
Lepidoptera, one of the largest and most economically important
insect orders (41). BmNPV, a natural pathogen of the domesti-
cated silk moth, B. mori, inflicts heavy larval mortality and thus
causes severe economic damage to silk production. In our previ-
ous study, we discovered four BmNPV-encoded miRNAs, and in
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silico prediction of their targets showed Ran to be one of the po-
tential targets of bmnpv-miR-1 (45). Here, we carried out func-
tional analysis of bmnpv-miR-1 to show that it acts as a suppressor
of Ran both in cell culture and in vivo in B. mori. We have found
that bmnpv-miR-1 significantly represses the expression of Ran at
both the transcript and protein levels, resulting in the impairment
of RanGTP-mediated small-RNA transport in the host.

Further, we also analyzed the effect of bmnpv-miR-1-mediated
downregulation of Ran on viral proliferation and found a signifi-
cant increase in the viral load upon Ran knockdown. Consistent
with this result, blocking of bmnpv-miR-1 by specific locked nu-
cleic acid (LNA) resulted in higher Ran transcript levels and a
decrease in the virus titer in BmNPV-infected larvae. Further, we
assessed the virus load by blocking one of the host miRNAs, bmo-
miR-8, which was suppressed by administration of bmnpv-miR-1
and Ran dsRNA, by specific LNA. The virus load was dramatically
increased upon inhibition of this host miRNA. These results pro-
vide convincing evidence that BmNPV suppresses the small-
RNA-mediated host defense to successfully proliferate in the host
cells by employing bmnpv-miR-1. The present study thus pro-
vides insight into yet another layer of complex host-virus interac-
tions mediated by a virus-encoded miRNA.

MATERIALS AND METHODS
In silico prediction of a bmnpv-miR-1 binding site on Ran transcript.
The targets of bmnpv-miR-1 were initially predicted by using the
miRanda program (11), along with many screening parameters, as de-
scribed in our previous report (45). The predicted binding site of bmnpv-
miR-1 on the 3= untranslated region (UTR) of Ran was reconfirmed by
employing the RNAhybrid program, which calculates the minimum free
energy of the miRNA-mRNA duplex.

B. mori strain and BmNPV infection. The SBNP-1 strain of B. mori
was provided by the Andhra Pradesh State Sericulture Research and De-
velopment Institute (APSSRDI), Hindupur, India. The larvae were reared

at 27°C on fresh mulberry leaves. For infection study, fifth-instar larvae
were fed per os with a purified suspension of BmNPV occlusion bodies
(OBs) (20,000 OBs/larva).

RNA isolation and RT-qPCR analysis. Total RNA was extracted from
fat body tissues of uninfected and BmNPV-infected B. mori larvae using
TRIzol reagent (Invitrogen), followed by DNase I treatment (Invitrogen).
RNA (2 �g) was reverse transcribed using the SuperScript III First-Strand
Synthesis System (Invitrogen) in a 20-�l reaction mixture. One microliter
of the reverse transcription (RT) product was used to perform quantita-
tive-PCR (qPCR) amplification on the RT-7500 system (Applied Biosys-
tems) using primers specific to Ran, as described in the supplemental
materials and methods. RT-qPCR data were analyzed by using the RT-
7500 system (Applied Biosystems) software and were further verified by
using the standard ��CT method.

Counting of OBs. To determine the BmNPV load in B. mori larvae,
OBs were isolated from the hemolymph of infected larvae by centrifuga-
tion (1,000 rpm for 1 min), followed by resuspending the viral pellet in 1�
PBS. The OBs were counted using an automated cell counter (Countess;
Invitrogen).

HeLa cell culture and luciferase assays. HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium (Thermo Scientific) containing 2
mM L-glutamine and 10% fetal bovine serum (FBS) (Invitrogen) at 37°C
in 5% CO2. The luciferase construct was prepared using PmirGLO, a
dual-luciferase miRNA target expression vector (Promega) fused with the
bmnpv-miR-1 target site on the 3= UTR of Ran, as detailed in the supple-
mental materials and methods. Around 105 HeLa cells/well were seeded in
a 24-well plate a day prior to transfection. The cells were first transfected
with 300 ng of PmirGLO-Ran–3= UTR construct, and after 24 h, 200 nM
perfectly complementary bmnpv-miR-1 duplexes was added. For miRNA
inhibitor assays, the cells were cotransfected with bmnpv-miR-1 duplexes,
along with its 200 nM antagomir (synthetic oligonucleotides antisense to
miRNA), LNA-1, i.e., miRcury LNA knockdown probe (Exiqon), whereas
scrambled LNA was used as a negative control. All the transfections were
done using Lipofectamine (Invitrogen) according to the manufacturer’s
protocol. A luciferase assay was performed 48 h posttransfection using the
Dual Luciferase Reporter Assay System (Promega) according to the man-

FIG 1 Schematic representation of the bmnpv-miR-1 binding site on Ran mRNA and the luciferase constructs. (A) Ran mRNA showing the putative binding site
of bmnpv-miR-1. (B) Luciferase reporter constructs containing the Ran 3= UTR (as shown in panel A) and the 3= UTR of the unrelated target PPO (proph-
enoloxidase) fused at the 3= end of the firefly luciferase (luc) gene. The firefly and Renilla luciferase genes are driven by human phosphoglycerate kinase (PGK)
and simian virus 40 (SV40) promoters, respectively. (C) The WT or the Mut 3= UTR of Ran encompassing the binding site of bmnpv-miR-1 was cloned into the
PmirGLO vector downstream of the firefly luciferase gene (PmirGLO-Ran-WT and PmirGLO-Ran-Mut, respectively). The 4 mutated nucleotides (PmirGLO-
Ran-Mut) in the seed region of the bmnpv-miR-1 binding site are highlighted in red.
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ufacturer’s instructions. Luciferase activity was normalized against the
control plasmid harboring the unrelated insert (prophenoloxidase) with-
out the bmnpv-miR-1 binding site. Assays were done independently three
times in triplicate for each sample. The following miRNA duplexes and
LNA sequences were used for transfections: bmnpv-miR-1, sense, 5=-AA
AUGGGCGGCGUACAGCUGG-3=, and antisense, 5=-AGCUGUACGC
CGCCCAUUUGG-3=; bmnpv-miR-3, sense, 5=-GAAAGCCAAACGAG
GGCAGGCG-3=, and antisense, 5=-CCUGCCCUCGUUUGGCUUUCC
G-3=; LNA-1, 5=-CCAGCTGTACGCCGCCCATTT-3=; and scrambled
LNA, 5=-CATGAGCTGACCGGAACAGCT-3=.

Ran 3= UTR mutational analysis. To perform mutational analysis of
the bmnpv-miR-1 binding site on Ran mRNA, we designed oligonucleo-
tides with either the intact (wild-type [WT]) or mutated (Mut) target site
of bmnpv-miR-1 (Fig. 1C). The restriction sites for SacI and XhoI were
added to these oligonucleotides at their 5= and 3= ends, respectively, and
were digested with the same enzymes and ligated to the SacI- and XhoI-
digested PmirGLO vector. The mutations in the target site were con-
firmed by sequencing. Transfections and luciferase assays were done in
HeLa cells as described previously.

BmN cell culture and transfections. BmN cells were cultured in TC-
100 insect medium (PAN Biotech GmbH) supplemented with 10% FBS at
27°C. Around 106 cells were plated in a six-well plate overnight prior to
transfection; 1 pmol of bmnpv-miR-1 perfect duplexes and small inter-
fering RNA (siRNA) duplexes against green fluorescent protein (GFP)
(sense, 5= GCUACCUGUUCCAUGGCCATT 3=, and antisense, 5= UGG
CCAUGGAACAGGUAGCTT 3=) were transfected using Cellfectin (In-
vitrogen). After 72 h of transfection, the cells were harvested, and RNA
was isolated by the TRizol method (Invitrogen).

In vivo assay. bmnpv-miR-1 was administered to B. mori larvae (5th
instar, 2nd day) by injecting 100 pmol of bmnpv-miR-1 perfect duplexes
with 100 pmol of specific or nonspecific LNA as an antagomir. Larvae
injected only with 10 �l diethyl pyrocarbonate (DEPC)-treated water
were taken as the negative control. After 60 h, fat body tissues were ex-
tracted from the injected larvae, and RNA was isolated. For blocking the
endogenous expression of bmnpv-miR-1, 100 pmol (each) of specific
LNA of bmnpv-miR-1 (LNA-1) and scrambled LNA was injected 24 h
post-BmNPV infection into larvae on the 2nd day of the 5th instar. Cel-
lular miRNA (bmo-miR-8) inhibition was also done by injecting 100

FIG 2 bmnpv-miR-1 negatively regulates Ran expression by binding to its 3= UTR in HeLa cells. (A) Luciferase assay showing that bmnpv-miR-1 represses
luciferase activity when it binds to the Ran 3= UTR and that this repression is rescued when the cells are treated with a bmnpv-miR-1-specific antagomir, LNA-1,
but the expression remains repressed upon scrambled-LNA treatment. (B) Mutation in the seed region of the bmnpv-miR-1 binding site on the 3= UTR of Ran
mRNA leads to derepression of luciferase activity. (C) To determine the specificity of bmnpv-miR-1–Ran 3= UTR interaction, a PmirGLO-Ran construct was
transfected with an unrelated BmNPV miRNA (bmnpv-miR-3). Also, bmnpv-miR-1 was subjected to an unrelated target site containing the reporter vector
(PmirGLO-PPO). In both cases, no significant change was observed in luciferase activity. The assays were done independently three times in triplicate for each
sample. Significant differences (P values of �0.05) are denoted by different letters above the error bars. The data are presented as means and standard deviations
(SD) (n � 3).
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pmol LNA specific to bmo-miR-8 (5=-GACATCTTTACCTGACAGTAT
TA-3=) into BmNPV-infected larvae on the 2nd day of the 5th instar. The
scrambled LNA (5=-GTGTAACACGTCTATACGCCTA-3=) was used as a
control. Three independent experiments were carried out in three repli-
cates each with a set of 3 larvae.

RNA interference (RNAi) analysis. Double-stranded RNAs for Ran,
Dicer-2, and GFP were synthesized by using an in vitro transcription kit
(Megascript; Ambion) as described in the supplemental materials and
methods. Ten micrograms of dsRNA was injected into 2-day-old 5th-
instar larvae at the fourth thoracic abdominal leg. GFP dsRNA-injected
larvae at the same developmental stage were maintained as negative con-
trols. After 3 days of injection, fat body tissues were extracted, and RNA
was isolated from both injected and control larvae.

Northern blot analysis. For host miRNA detection by Northern blot-
ting, 20 �g of total RNA (for bmnpv-miR-1, 50 �g of total RNA was used)
was resolved on a 15% denaturing polyacrylamide gel and transferred to a
nylon Hybond� membrane (Amersham) using a semidry transfer cell
(Trans-blot SD; Bio-Rad). UV-cross-linked membranes were hybridized
overnight at 37°C in Ultrahyb-Oligo hybridization buffer (Ambion) with
�32P-ATP (specific activity, 	1 � 108 cpm/pmol)-labeled probes (the
sequences of DNA probes are given in Table S1 in the supplemental ma-
terial) and scanned using a FLA-9000 Starion phosphorimager (Fujifilm
Global).

Western blot assay. Fifty micrograms of protein from samples admin-
istered Ran knockdown and bmnpv-miR-1 was resolved on a 12% SDS-
polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF)
membranes with a semidry transfer cell (Trans-blot SD; Bio-Rad), fol-
lowed by blocking in NAP-Blocker (G-Biosciences) overnight at 4°C. The
membrane was then incubated for 2 h at room temperature with poly-
clonal antibody (1:1,000 dilution) generated in rabbits against Ran (SCL
Group). Detection was done with donkey anti-rabbit IgG conjugated to
horseradish peroxidase (HRP) (1/2,000 dilution) and ECL detection re-
agent (Amersham).

Statistical analysis. We carried out three independent experiments,
each with three replicates for every assay. The results obtained were ana-
lyzed using a one-way analysis of variance (ANOVA). This was followed
by a post hoc test, i.e., Tukey’s test for pairwise comparison, between each
pair of treatments. All the tests were performed at a P value of �0.05. In all
the histograms representing qPCR, the results were normalized against
control samples.

RESULTS AND DISCUSSION
In silico prediction of Ran as a target of bmnpv-miR-1. Ran was
predicted to be one of the potential targets of bmnpv-miR-1 in our
previous study (45). The viral miRNA bmnpv-miR-1 was found to

FIG 3 Expression of Ran decreases as the bmnpv-miR-1 level increases post-BmNPV infection in B. mori larvae. (A) RT-qPCR analysis of Ran transcripts from
control fat body (CFB) tissues and BmNPV IFB tissues 4 days postinfection. (B) Ran transcript levels upon BmNPV infection at different time points examined
by RT-qPCR in larvae. Each of the reactions was performed in triplicate three times independently, and the results were normalized against endogenous 18S
rRNA. The data are presented as means 
 SD (n � 3). (C) bmnpv-miR-1 expression analyzed by Northern blotting in BmNPV-infected RNA samples used in
the experiment shown in panel B. The blots were probed with bmnpv-miR-1 (top) and 5S rRNA (bottom), an endogenous control.
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have a binding site in the 3= UTR of Ran transcript with complete
complementarity in the seed region (24, 30), i.e., consecutive Wat-
son-Crick matches from positions 2 to 8 at the 5= end of the
miRNA (Fig. 1A). The thermodynamic stability of the bmnpv-
miR1–Ran mRNA duplex was further confirmed using another
target prediction program, RNAhybrid (39), which gave a value of
�26.7 kcal/mol as the minimum free energy of hybridization.

bmnpv-miR-1 negatively regulates Ran expression by bind-
ing to the 3= UTR of Ran mRNA. To determine whether bmnpv-
miR-1 binds to its predicted target site on the 3= UTR of the Ran
mRNA sequence specifically and regulates its expression (Fig. 1A),
we constructed a dual-luciferase reporter vector (firefly and Re-
nilla) by inserting 186 bases (631 to 816) of Ran cDNA sequence

comprising the bmnpv-miR-1 binding site downstream of the
firefly luciferase gene (Fig. 1B). Renilla luciferase served as an en-
dogenous control. The vector was transfected into HeLa cells, and
bmnpv-miR-1 duplexes were added after 24 h. Luciferase activity
was found to be reduced by 	36% in these cells, which was sig-
nificantly rescued when bmnpv-miR-1 was blocked by its specific
antagomir LNA (LNA-1). The addition of scrambled LNA se-
quences, on the other hand, did not alter luciferase activity (Fig.
2A). To confirm that the inhibitory effect on luciferase activity was
due to sequence-specific binding of bmnpv-miR-1 to its target site
on Ran, we mutated 4 nucleotides on the binding site of Ran
mRNA corresponding to the seed region of bmnpv-miR-1 (Fig.
1C) and analyzed the interaction using a luciferase assay. For the

FIG 4 bmnpv-miR-1 downregulates Ran expression in B. mori larvae and in BmN cells. (A) RT-qPCR analysis of Ran transcripts in the fat body tissues of B. mori
larvae administered bmnpv-miR-1 with or without its specific LNA. Larvae administered DEPC-H2O were used as a negative control. (B) Western blots showing
a decrease in the protein level of Ran in larvae administered bmnpv-miR-1 compared to control larvae (DEPC-H2O administration). The band ratio was
determined by densitometry and normalized against internal control �-tubulin. (C) Ran transcript analysis by RT-qPCR in BmN cells upon bmnpv-miR-1
transfection. For transfection, siRNA against GFP (siGFP) was used as a negative control. For RT-qPCR analysis, three independent experiments were carried out
in three replicates, each with a set of 3 larvae, and the results were normalized against endogenous 18S rRNA. The data are presented as means 
 SD (n � 3).
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luciferase assay, the HeLa cells were transfected either with the
PmirGLO-Ran-WT or with the PmirGLO-Ran-Mut construct,
followed by bmnpv-miR-1 transfection. We did not observe any
significant reduction in luciferase activity in the cells trans-
fected with PmirGLO-Ran-Mut, whereas 	50% repression
was observed in the cells harboring PmirGLO-Ran-WT (Fig.
2B). We also analyzed the effect of an unrelated miRNA
(bmnpv-miR-3) on Ran and the bmnpv-miR-1 effect on an
unrelated target (prophenoloxidase 3= UTR) (Fig. 1B) by lucif-
erase assay. As shown in Fig. 2C, unrelated miRNA did not alter
the luciferase activity of a reporter vector carrying a bmnpv-
miR-1 binding site. Similarly, upon introduction of bmnpv-
miR-1 duplexes, no effect was observed in the luciferase level of
the reporter vector lacking a bmnpv-miR-1 binding site (car-
rying the prophenoloxidase 3= UTR). From these results, we
conclude that bmnpv-miR-1 indeed binds sequence specifi-
cally to its target site located in the 3= UTR of the Ran mRNA
and represses its translation.

Ran and bmnpv-miR-1 levels are inversely correlated in
BmNPV-infected larvae. In order to determine the expression
level of Ran upon BmNPV infection, we first analyzed the tran-

script levels of Ran upon BmNPV infection. RT-qPCR was carried
out using RNA isolated from the fat body tissues from uninfected
larvae and larvae 4 days post-BmNPV infection. The Ran tran-
script level was found to decrease 	3-fold upon BmNPV infection
(Fig. 3A). Then, we analyzed the expression of Ran in BmNPV-
infected samples at different time points after infection by RT-
qPCR, and we observed a gradual decrease in Ran expression with
the increase of BmNPV infection (Fig. 3B). To establish that
downregulation of Ran upon BmNPV infection is due to bmnpv-
miR-1, we followed bmnpv-miR-1 expression, as determined by
Northern blotting, and noted that its expression was enhanced in
the late stages of infection (Fig. 3C). This contradiction may be
attributed to the saturation of Ran-mediated transport by pre-
bmnpv-miR-1 (see below). These results indicate that Ran and
bmnpv-miR-1 expression levels are inversely correlated.

bmnpv-miR-1 downregulates Ran in B. mori larvae and cells.
To check the effect of bmnpv-miR-1 on Ran expression in B. mori
larvae, double-stranded bmnpv-miR-1 perfect duplexes with or
without its LNA were administered to the larvae, and the Ran
transcript and protein levels in the fat body tissues were deter-
mined by RT-qPCR and Western blotting, respectively. The re-

FIG 5 Functional analysis of Ran by RNAi in B. mori larvae. (A) dsRNA-mediated knockdown of Ran in larvae analyzed by RT-qPCR. Larvae injected with GFP
dsRNA were used as a negative control for all the knockdown experiments. Three independent experiments were carried out in three replicates each with a set of
3 larvae, and the results were normalized against endogenous 18S rRNA. The data are presented as means 
 SD (n � 3). (B) Western blot showing a marked
decrease in the Ran protein level upon dsRNA injection in larvae. �-Tubulin was used as an internal control. (C) Downregulation of host miRNAs upon Ran
knockdown as determined by Northern blot analysis. (D) Northern blot showing expression of lysine tRNA in Ran knockdown larvae. The probes used are shown
beneath each of the blots. The band ratio was obtained by densitometry and normalized against endogenous control 5S rRNA.
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sults showed a 	4-fold decrease in the Ran transcript level in the
larvae administered bmnpv-miR-1 compared to that in the con-
trol larvae (administered DEPC-H2O) (Fig. 4A), whereas no sig-
nificant change was observed in the expression level of Ran in the
larvae treated with both bmnpv-miR-1 and its specific LNA
(LNA-1) (Fig. 4A). However, no inhibition of bmnpv-miR-1 was
observed in larvae administered scrambled LNA. Inhibition of
Ran expression by bmnpv-miR-1 was also confirmed at the pro-
tein level by Western blotting (Fig. 4B). bmnpv-miR-1-mediated
negative regulation of Ran was also observed in B. mori cells (the
BmN cell line) by analyzing the transcript level of Ran upon trans-
fection of bmnpv-miR-1 (Fig. 4C). Taken together, these results
permit us to conclude that bmnpv-miR-1 effectively represses the
expression of Ran in B. mori larvae, as well as in cells.

Abolition of Ran function by RNAi results in suppression of
the host small-RNA population. Ran is known to be involved in
pre-miRNA transport from the nucleus to the cytoplasm by bind-
ing and inducing a conformational change in the key export pro-
tein, exportin-5 (33). In B. mori, the function of Ran has not yet
been demonstrated, and hence, in order to establish its role in
pre-miRNA transport, we carried out dsRNA-mediated knock-
down of Ran and analyzed its effects on the expression of the host
miRNAs. As a result of RNAi, the Ran transcript level was mark-
edly reduced (Fig. 5A). Western blot analysis also confirmed the

knockdown of Ran (Fig. 5B). Next, we assessed the effect of Ran
repression on host miRNA expression. Northern blot analysis was
carried out for 4 randomly selected, highly expressed known host
miRNAs, i.e., bmo-let-7, bmo-miR-1, bmo-miR-276a, and bmo-
miR-8 (22). As expected, the expression levels of all 4 miRNAs
were found to be reduced compared with their respective GFP
dsRNA-injected control larvae (Fig. 5C). As a positive control for
miRNA processing, we performed knockdown of Dicer-1 (49) in
B. mori larvae and checked the expression levels of two of these
miRNAs (bmo-miR-1 and bmo-miR-8) by Northern blotting, but
unexpectedly, we could not see any changes in the levels of these
miRNAs, although Dicer-1 knockdown was efficient (data not
shown). Then, we analyzed the host miRNA expression upon Di-
cer-2 (NM_001193614) knockdown, and we found reduced levels
of host miRNA expression (see Fig. S1 in the supplemental mate-
rial) similar to that observed in Ran knockdown larvae, clearly
implying a role for Ran in miRNA biogenesis.

In addition to pre-miRNAs, Ran is also known to transport
other small RNAs, like tRNAs (2, 26). Hence, we checked the effect
of Ran knockdown on lysine tRNA expression and did not find
any significant change. This might be due to the fact that matura-
tion of tRNAs occurs in the nucleus, and if their transport is ab-
rogated, the tRNAs may accumulate in the nucleus, which in turn
may inhibit tRNA production; consequently, the amount of

FIG 6 bmnpv-miR-1-mediated repression of Ran hampers small-RNA transport in B. mori larvae and in BmN cells. (A) Northern blot analysis of B. mori
miRNAs and lysine tRNA expression in larvae administered bmnpv-miR-1. Larvae administered DEPC-H2O were used as a negative control. (B) bmnpv-miR-1
effects on host miRNAs, bmo-miR-1, bmo-let-7, and lysine tRNA were analyzed by Northern blotting. siGFP- and bmnpv-miR-1-transfected BmN cells are
represented as siGFP and bmnpv-miR-1, respectively. The probes used are shown beneath each of the blots. The band ratio was determined by densitometry and
normalized against endogenous control 5S rRNA.
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tRNAs may decrease to some extent (Fig. 5D). However, Dicer-2
knockdown did not alter the expression of lysine tRNA (see Fig. S1
in the supplemental material), as it is known to specifically process
stem-loop pre-miRNAs and dsRNAs into miRNAs and siRNAs,
respectively, and not tRNAs (34).

bmnpv-miR-1 inhibits Ran function. To demonstrate that
bmnpv-miR-1-mediated downregulation of Ran mRNA indeed
results in impairment of its function, we checked, by Northern
blot analysis, the expression levels of 4 host miRNAs that we had
selected earlier, as well as lysine tRNA, in larvae administered bm-
npv-miR-1. Again, we noticed a reduction in the expression levels
of all 4 host miRNAs, but the lysine tRNA expression level re-
mained unchanged (Fig. 6A). The experiments carried out in the
BmN cell line also yielded results consistent with the in vivo ex-
periments (Fig. 6B). Expression of these 4 host miRNAs and lysine
tRNA were also analyzed 4 days after bmnpv-miR-1 administra-
tion, and we found results for all 4 miRNAs similar to those we
observed after 60 h of treatment (see Fig. S2 in the supplemental
material), whereas no noticeable change was observed in the ex-
pression level of lysine tRNA (see Fig. S3 in the supplemental

material). Together, these results suggest that BmNPV utilizes its
miRNA to repress the host miRNAome. Then, we asked what
advantage the virus derives by suppressing the production of host
miRNAs.

Blocking of a cellular miRNA, bmo-miR-8, results in a larger
BmNPV load. To answer the above question and to further un-
derstand the functional importance of bmnpv-miR-1-mediated
Ran inhibition in the host-pathogen interaction, we looked for the
targets of the 4 selected host miRNAs, which were found to be
repressed upon inhibition of Ran by bmnpv-miR-1 and Ran
dsRNA (Fig. 5C and 6A), both in the virus (trans) and in the host
(cis), using the miRanda program (as described in reference 45).
The putative functions of some of these targets are listed in Table
S2 in the supplemental material. The known biological functions
of these targets clearly indicate that the role of host miRNAs is not
restricted to regulating its own immune genes but also includes
various viral genes required for viral entry and establishment in-
side the host, as demonstrated in various mammalian systems (20,
28, 36, 37, 55).

To discover the direct role of cellular miRNAs in viral prolif-

FIG 7 Inhibition of cellular miRNA, bmo-miR-8, results in greater BmNPV proliferation in B. mori larvae. (A) Transcript analysis of BmNPV ie-1 by RT-qPCR
in BmNPV-infected larvae administered LNA-8 and scrambled LNA. (B) BmNPV loads in BmNPV-infected larvae administered LNA-8 and scrambled LNA
were determined by qPCR of viral DNA using BmNPV ie-1-specific primers. For qPCR analysis, three independent experiments were carried out in three
replicates each with a set of 3 larvae, and the results were normalized against endogenous 18S rRNA. The data are presented as means 
 SD (n � 3). (C) Northern
blots showing reduction in expression of bmo-miR-8 upon BmNPV infection in B. mori larvae. The band ratio was determined by densitometry and normalized
against endogenous 5S rRNA.
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eration, we analyzed the effect of one of the host miRNAs, bmo-
miR-8, which was found to be repressed in bmnpv-miR-1 and Ran
knockdown samples on virus proliferation. bmo-miR-8 has mul-
tiple putative binding sites on BmNPV immediate-early gene
(ie-1) mRNA, as well as on other important genes of BmNPV. The
ie-1 gene encodes a trans-activator protein required for initial es-
tablishment of the virus in host cells. On blocking of bmo-miR-8
by specific LNA, we observed an �3-fold increase in the ie-1 tran-
script level and an �8-fold increase in BmNPV accumulation in
fat body tissues of infected larvae, as quantified by RT-qPCR and
qPCR, respectively, whereas no such effect was seen in the sample
administered scrambled LNA (Fig. 7A and B). The marked effect
of bmo-miR-8 on the increase of the virus load might be because
of its multiple targets in the viral genome. As expected, bmo-
miR-8 expression was found to be repressed upon BmNPV infec-
tion (Fig. 7C). Taken together, these results suggest that in order
to counterattack the miRNA-mediated host defense, the virus uses
its miRNA resources to block the host miRNAome by modulating

some of the key components of the miRNA biogenesis pathway in
its own favor. Further, the functional basis of Ran inhibition by
bmnpv-miR-1 was determined by analyzing the virus load upon
repression of Ran by bmnpv-miR-1 and Ran dsRNA administra-
tion in BmNPV-infected B. mori larvae.

Inhibition of bmnpv-miR-1 effectively suppresses BmNPV
proliferation. To confirm the role of bmnpv-miR-1 in BmNPV
proliferation, we first blocked the endogenous expression of
bmnpv-miR-1 by injecting its antagomir, LNA, into the BmNPV-
infected larvae and then measured Ran expression and the viral
titer in the fat body tissues by RT-qPCR and qPCR, respectively,
and the results were normalized against infected fat body (IFB)
samples without LNA treatment. The viral titer was determined by
quantifying the viral DNA levels using the ie-1 gene of BmNPV
and also by scoring OBs in BmNPV-infected larvae injected with
the specific (LNA-1) and scrambled LNA. We found a significant
increase in the expression of Ran in the larvae administered
LNA-1 (Fig. 8A) and a consequent decrease in the viral load (Fig.

FIG 8 Blocking of bmnpv-miR-1 by LNA leads to a decrease in BmNPV accumulation in B. mori larvae. (A) RT-qPCR analysis shows an increase in Ran
expression upon inhibition of bmnpv-miR-1 by specific LNA (LNA-1), while scrambled LNA has no effect compared to the respective control samples. (B)
BmNPV titers, determined by qPCR using ie-1 of BmNPV, showed drastic reduction in the virus load when bmnpv-miR-1 was blocked by specific LNA (LNA-1),
whereas no significant decrease in the virus load was observed in larvae administered scrambled LNA compared to control samples. Three independent
experiments were carried out in three replicates each with a set of 3 larvae, and the results were normalized against the constitutively expressed 18S rRNA gene
of B. mori. (C) The virus load was determined by scoring the OBs from hemolymph of BmNPV-infected larvae administered LNA. Three independent
experiments were performed with a set of 3 larvae. The data are presented as means 
 SD (n � 3).
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8B and C). No such change was observed either in Ran expression
levels or on viral accumulation in the infected larvae treated with
scrambled LNA (Fig. 8B and C).

BmNPV proliferates upon Ran knockdown. To check viral
proliferation upon Ran knockdown, dsRNAs against GFP and
Ran were injected into the BmNPV-infected larvae, and ie-1 ex-
pression was quantified by qPCR. As shown in Fig. 9A, a very high
viral load was observed in the larvae injected with Ran dsRNA
compared to that seen in the control larvae, and a similar result
was also observed when OBs were scored in the same samples (Fig.
9B). To further confirm that the higher virus load upon Ran
knockdown is due to inhibition of the miRNAome of the host and
not to some other function of Ran, we also checked the virus titer
in the Dicer-2 knockdown larvae. We noticed a significant in-
crease in the virus load in the Dicer-2 knockdown larvae, as was
also observed upon Ran knockdown (Fig. 9B), suggesting that the
higher virus accumulation is due to suppression of the host
miRNAs. No observable difference was noticed in the phenotypes
of Ran and Dicer-2 knockdown larvae (see Fig. S4 in the supple-
mental material). Interestingly, blocking of bmnpv-miR-1 re-
sulted in a marked decrease (�8-fold) in the BmNPV load (Fig.
8B), whereas knockdown of Ran and Dicer-2 larvae showed only
�1.5 and 2.5-fold increases in virus accumulation (Fig. 9B), re-
spectively. This may possibly be due to bmnpv-miR-1 targeting
other host genes that are involved in host defense. Based on these
results, we conclude that BmNPV-encoded miRNA, bmnpv-
miR-1, combats the host small-RNA-mediated antiviral attack by
suppressing the expression of Ran, an important component of
the small-RNA transport machinery of the cell, as proposed in the
model shown in Fig. 10.

Viruses are known to evade host defenses in different ways.

Recently, virus-derived miRNAs have emerged as potential mod-
ulators of the host immune system. Many mammalian viral
miRNAs have been shown to regulate both the host’s and their
own sets of genes, which otherwise are obstacles to virus entry or
proliferation inside the host (15). Similarly, there are many re-
ports of cellular miRNAs of the host modulating the expression of
various viral genes (20, 28, 36, 37, 55); hence, it is likely that B.
mori miRNAs can directly or indirectly inhibit BmNPV prolifer-
ation. In the present study, we have shown that Ran is involved in
small-RNA trafficking in B. mori and that BmNPV-encoded
miRNA, bmnpv-miR-1, controls Ran expression by destabilizing
its mRNA, followed by translation repression that leads to sup-
pression of cellular miRNA production, which in turn results in
enhanced virus proliferation.

The contradiction that we came across in our study is a higher
level of expression of bmnpv-miR-1 in the late stage of infection
despite effective repression of Ran (Fig. 3B and C). The pertinent
question here is, when the bmnpv-miR-1 pre-miRNA is not trans-
ported out of the nucleus as a result of Ran repression, how such a
high load of processed bmnpv-miR-1 could still be seen in the cell.
This result suggests that BmNPV may deploy a variety of strategies
to effectively replicate in the host cell. One such strategy we pro-
pose here is that the baculovirus may not fully block RanGTP-
mediated transport by its bmnpv-miR-1, and as a result, transport
of host pre-miRNAs in small quantities may still occur in the
infected larvae. This strategy allows the virus to proliferate in the
host cell by keeping the small-RNA-mediated host defense in
check and, at the same time, keeping the larvae viable to enhance
its proliferation. During the late stage of infection, a massive
quantity of virus is produced in the host cell, giving rise to a larger
amount of virus-derived pre-bmnpv-miR-1, which saturates the

FIG 9 B. mori miRNA suppression increases BmNPV proliferation in larvae. (A) Quantitative-PCR analysis of ie-1 of BmNPV to determine the viral load in Ran
and Dicer-2 knockdown larvae. Larvae injected with GFP dsRNA were used as a negative control. Three independent experiments were carried out in three
replicates each with a set of 3 larvae, and the results were normalized against endogenous 18S rRNA. (B) The virus load was determined by scoring the OBs from
hemolymph of Ran knockdown BmNPV-infected larvae. Three independent experiments were performed with a set of 3 larvae. The data are presented as
means 
 SD (n � 3).
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Ran-mediated transport machinery, resulting in higher-level
transport of pre-bmnpv-miR-1 into the cytoplasm and, at the
same time, limiting the transport of host pre-miRNAs. These
speculations draw credence from recent studies that have uncov-
ered ingenious and complex strategies employed by the viruses to
enhance their accumulation in host cells. For example, adenovi-
rus-derived small RNAs massively produced in the late stage of
infection are able to deplete Dicer expression by saturating expor-
tin-5 and abrogating the nuclear export of exportin-5-dependent
Dicer mRNA. As a result, maturation of small RNA is terminated
by the virus using this strategy (1, 4, 7, 31). Similarly, influenza
virus-encoded NS1 protein has been shown to inhibit the host
mRNA export pathway to produce greater permissiveness by host
cells for influenza virus replication (32). It is also possible that

BmNPV employs alternative strategies, including utilization of an
mRNA transport pathway that is independent of Ran (23). In our
previous study (45), we showed that bmnpv-miR-1 is derived
from the coding region of cathepsin, which is expressed heavily
during the late stage of infection, as it is required for liquefaction
of infected larvae (19), and hence, bmnpv-miR-1 may escape
Drosha cleavage and be transported as mRNA to be processed
subsequently by canonical or noncanonical pathways in the cyto-
plasm to give rise to mature bmnpv-miR-1 (8, 10, 43, 46, 53).

The important question that remains to be addressed further is
how the virus controls the expression of bmnpv-miR-1. Ran has
been shown to be an important component of nucleocytoplasmic
transport of small RNAs, as well as proteins (5, 6, 33, 50, 54), and
its complete depletion may be lethal, but we did not observe such

FIG 10 The proposed model for bmnpv-miR-1-mediated evasion of the host defense response mounted by small RNAs for effective proliferation of BmNPV in
infected larvae. The model proposed here shows that BmNPV, upon infection of silkworm larvae, encodes an miRNA, bmnpv-miR-1, which represses Ran, an
important component of small-RNA export from the nucleus to the cytoplasm, by binding its 3= UTR. As a result, the small-RNA population is reduced in the
cytoplasm, leading to proliferation of the virus.
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a drastic effect in either bmnpv-miR-1- or dsRNA-mediated
knockdown of Ran, although the treated larvae showed stunted
growth (see Fig. S4 in the supplemental material). These observa-
tions point to the role of miRNAs as fine-tuners of gene expression
that may not act as phenotype switchers (12, 25, 35, 42). Since
viruses do not possess any miRNA biogenesis component in their
genomes, it is interesting to investigate how virus generates its
own miRNAs when it blocks its host’s miRNA transport.

Can we generalize this strategy to other viruses, especially la-
tent viruses? As miRNAs are also required for the regulation of
many cellular genes, which are important for the survival of the
host, inhibition of miRNA processing would have a serious effect
on these genes and might lead to cell death. Hence, in cases of
persistent or latent infection, instead of blocking miRNA biogen-
esis, the virus may try to escape the silencing machinery. The an-
swers to all these questions might also reveal some of the very
complicated aspects of virus-governed fine-tuning of host genes.

In summary, our results revealed one of the strategies em-
ployed by the virus to modulate miRNA-mediated antiviral host
defense by producing an miRNA that suppresses Ran, an impor-
tant component of miRNA biogenesis. Our results thus provide
useful insights into the multilayered complexity of intricate host-
virus interactions and have implications for future applications in
insect virus control and possibly a novel vision for therapeutic
strategies.
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