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Abstract The 2014 outbreak of Ebola virus caused more
than 10,000 human deaths. Current knowledge of suit-
able drugs, clinical diagnostic biomarkers and molecular
mechanisms of Ebola virus infection is either absent or
insufficient. By screening stem-loop structures from the
viral genomes of four virulence species, we identified a
novel, putative viral microRNA precursor that is specifi-
cally expressed by the Ebola virus. The sequence of the
microRNA precursor was further confirmed by mining the
existing RNA-Seq database. Two putative mature micro-
RNAs were predicted and subsequently validated in human
cell lines. Combined with this prediction of the microRNA
target, we identified importin-o5, which is a key regulator
of interferon signaling following Ebola virus infection, as
one putative target. We speculate that this microRNA
could facilitate the evasion of the host immune system by
the virus. Moreover, this microRNA might be a potential
clinical therapeutic target or a diagnostic biomarker for
Ebola virus.
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Introduction

Ebola virus disease (EVD) was first identified in 1976
during simultaneous outbreaks in Sudan and the Demo-
cratic Republic of Congo, with patients exhibiting impaired
kidney and liver function as the main symptoms [1, 2]. The
EVD pathogen is an enveloped, negative-sense RNA virus,
belonging to Filoviridae family, genus Ebolavirus. Four
species in this genus have been identified as pathogens that
can cause disease in human and non-human primates: Zaire
ebolavirus (EBOV), Sudan ebolavirus (SUDV), Tai Forest
ebolavirus (TAFV) and Bundibugyo ebolavirus (BDBV)
[3]. Due to differences between species, the fatality rate
caused by EVD ranges from 25 to 90 % [4]. The recent
West African outbreak of EBOV caused 28,575 reported
cases of suspected infection and 11,313 deaths according to
the World Health Organization situation report (http://apps.
who.int/ebola/current-situation). However, no licensed
antiviral vaccine or effective treatments is currently
available for clinical application [5-12].

MicroRNA (miRNA) is a class of small, non-coding
RNAs that range in length from 19 to 24 nt and which
regulate target gene expression at a posttranscriptional
level through degradation or translational suppression [13—
15]. The use of available miRNA databases has enabled
thousands of miRNAs to be identified in mammalian and
plant cells, but few miRNAs have been found in viral
genomes, especially in those of RNA viruses [16]. Despite
the initial lack of acceptance regarding the existence of
RNA virus-derived miRNA [17, 18], a growing body of
evidence, based on mature sequence prediction and
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experimental validation, confirms these earlier reports.
More importantly, mechanisms for RNA virus-derived
miRNA processing have been elucidated [19]. Recently,
miRNAs encoded by RNA viruses have been identified,
including those encoded by human immunodeficiency virus
[20], West Nile virus [21], bovine leukemia virus [22, 23],
Dengue virus [24-26] and hepatitis A virus [27].

Two independent research groups have recently pre-
dicted Ebola virus-encoded miRNAs [28, 29]. In their
respective studies, Teng et al. [28] and Liang et al. [29]
analyzed putative miRNAs from consensus sequences of
EBOV and SUDV or those from the 2014 EBOV outbreak.
In contrast, in our study we focused on EBOV-specific
miRNAs and examined why EBOV, among the pathogens
in genus Ebolavirus that can cause disease in human and
non-human primates, causes the highest death rate in
humans. To answer this question, stem-loop structures
specific to EBOV were selected by screening the genomes
of these four Ebolavirus species and predicting their
potential miRNA coding regions. MiRNA prediction and
target validation revealed an hsa-miR-155-5p analog gen-
erated only by EBOV, named Zebov-miR-1-5p, which
alters importin-o5 (KPNA1) expression, possibly causing
dysfunction of the interferon (IFN) signaling pathway and
increasing the mortality of infected patients.

Materials and methods

Comparison and sequence analysis of the ebolavirus
genome

The ebolavirus genome sequence was compared to genome
sequences in the online NIAID Virus Pathogen Database
and Analysis Resource (ViPR) (website: http://www.
viprbrc.org). A phylogenetic tree was generated automati-
cally based on data from outbreak species of the ebolavirus
recorded from 1976 to 2014 in the ViPR online resources.
For genome sequence analysis, we downloaded one EBOV
genome, KMS519951.1, from the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/

).

Bioinformatics prediction of the miRNAs
and the target gene

To identify the putative miRNA precursor sequences in the
virus genome we used miRNAFold (http://evryrna.ibisc.
univ-evry.fr/miRNAFold) [30] to predict the stem-loop
structure in the virus genome by parameters following
90 % of the verified features and Homo Sapiens species. To
narrow down the results on prediction, we used another two
web-based software tools, MiPred (http://www.bioinf.seu.
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edu.cn/miRNA) [31] and miRD (http://mcg.ustc.edu.cn/
rpg/mird) [32], to screen putative miRNA precursors (pre-
miRNA). For the prediction of mature miRNA sequences,
we used Mature Bayes tools (http://mirna.imbb.forth.gr/
MatureBayes.html) [33] by default parameters. To view the
secondary structure of miRNA precursors we simulated the
two- and three-dimensional (2D and 3D, respectively)
structures by RNAfold (http://rna.tbi.univie.ac.at/) and
RNAComposer (http://rnacomposer.cs.put.poznan.pl/)
respectively [34, 35].

EBOYV RNA-Seq data analysis from infected
patients

We randomly downloaded four independent sets of RNA-
Seq raw data (SRX733663, SRX733662, SRX674130 and
SRX674148) deposited in the NCBI project (Accession No.
PRINA257197) and mapped into the EBOV genome by the
web-based NGS platform Galaxy (https://usegalaxy.org/)
[36-38]. Mapping results were checked using Tablet soft-
ware [39, 40]. The EBOV genome structure for RNA-Seq
data comparison was generated from the UCSC genome
browser (http://genome.ucsc.edu) [41].

EBOV miRNA target prediction and function
analysis

EBOV miRNA target genes were predicted using Tar-
getScan Human Custom web-based methods (http://www.
targetscan.org) [42]. Target genes were analyzed further by
molecular function, biological process and pathway anal-
ysis using PANTHER (http://www.pantherdb.org/) [43].
The target gene net regulation map was constructed using
ConsensusPathDB-human integrated interaction networks
(http://cpdb.molgen.mpg.de/) [44, 45].

Cells, plasmids and reagents

HEK?293T and Hela cells (American Type Culture Col-
lection, Manassas, VA) were cultured in Dulbecco’s
Modified Eagle’s Medium-high glucose (Sigma, St. Louis,
MO) supplemented with 10 % fetal bovine serum
(HyClone; Thermo Fisher Scientific, Waltham, MA), at
37 °C in an incubator with 5 % CO,. The eukaryotic
expression plasmid, pmCherry-C1, was generated from
pEGFP-N1 by substituting EGFP (Enhanced Green Fluo-
rescent Protein) with mCherry. Predicted EBOV miRNA
precursor sequences were direct synthesized (Sangon
Biotech, Shanghai, China) and ligated into 5’- or 3’-un-
translated regions of mCherry. EBOV miRNA expression
plasmids and Zebov-miR-1-5p miRNA mimics (Gene-
Phama, Shanghai, China) were transfected by
lipofectamine 3000 (Invitrogen, Carlsbad, CA) following
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the manufacturer’s instructions. The luciferase reporter
vector psiCHEK?2 (Promega, Madison, WI) was used to
identify putative targets of miRNA, target sequences, and
positive control sequences were directly synthesized
(Table S1) and inserted following the luciferase reporter
gene. All of the constructs generated were confirmed by
sequencing using universal primers.

RNA isolation and quantitative reverse
transcription-PCR

Total RNA and miRNA were extracted from the cultured
cells using the TRIzol reagent and a miRNA isolation kit
(CWBIo, Beijing, China) according to the manufacturer’s
instructions. MiRNA reverse transcription (RT) was per-
formed following stem-loop methods to quantify the
miRNA [46]. Briefly, 2 ng of total RNA was reverse-
transcribed to cDNA using the M-MLYV reverse transcrip-
tase (Takara, Tokyo, Japan) under the following reaction
conditions: 16 °C for 30 min, 42 °C for 30 min, and 85 °C
for 5 min. Real-time PCR was performed using a Roche
real-time PCR kit on a LightCycler480 PCR cycler (Roche
Diagnostics, Risch-Rotkreuz, Switzerland). The reactions
were incubated in a 96-well plate at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 10 s, 60 °C for 10 s and
72 °C 10 s. The PCR products were detected by 2 %
agarose gel electrophoresis. All of the reactions were run in
triplicate.

Luciferase reporter assay

A dual luciferase reporter assay using the sensor plasmid
psiCHEK?2 was performed in HEK293T cells. Briefly,
HEK293T cells were seeded at a density of approximately
1 x 10° cells per well in a 24-well plate 1 day prior to
transfection. On day following seeding, 100 ng of psi-
CHEK?2-TS was co-transfected with 20 pmol of chemically
synthesized miRNA mimics (GenePharma) with Lipofec-
tamine 3000. The Firefly and Renilla luciferase activities
were evaluated simultaneously 48 h post-transfection using
the Dual Luciferase Assay kit (Galen, Beijing, China)
according to the manufacturer’s protocol. Relative luci-
ferase activity was normalized as the ratio of Firefly to
Renilla luciferase activity. The transfections were per-
formed independently in triplicate.

Western blot analysis

The total protein of the cell extracts was quantified using
the BCA protein assay kit (TianGen, Beijing, China)
according to the manufacturer’s instructions. Briefly, 30 pg
of total protein was resolved on 12 % sodium dodecyl

sulfate-polyacrylamide gel electrophoresis gels and trans-
ferred onto PVDF membranes (Millipore, Billerica, MA),
followed by blocking with 2 % non-fat milk at room
temperature for 2 h. Membranes were probed with the
importin-o5 primary antibodies (Sangon) at 1:1000 dilution
overnight at 4 °C, followed by incubation with the 1:5000
dilution of anti-mouse HRP-conjugated secondary anti-
bodies (ZSGB-Bio, Beijing, China) at room temperature
for 1 h. Protein signals were visualized using the Pierce
ECL Western Blotting Substrate (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The western blot
results were quantified using Image J software (http://rsb.
info.nih.gov/ij/).

Statistical analysis

Data were presented as mean + standard error of the mean.
Values from three independent experiments were analyzed
by the two-tailed Student’s ¢ test (GraphPad Software, Inc.,
La Jolla, CA). Statistical significance was set at P < 0.05.

Results

EBOYV genome analysis and putative miRNA
prediction

The genus Ebolavirus contains five species. To investigate
the distance between these species using genome
nucleotides, we selected the outbreak species and con-
structed a phylogenetic tree (Fig. 1a). As this tree enabled
us to clearly separate the five Ebolavirus species, we
concluded that EBOV has a specific genome nucleotide
that is correlated to functions. Based on this result, we
carried out a bioinformatics analysis to further investigate
the specific characteristics of the EBOV genome
(Fig. 1b). The primary analysis yielded 24 sequences with
potential stem-loop structures [Electronic Supplementary
Material (ESM) Table S2]. To narrow down candidate
structures, we used two miRNA coding stem-loop struc-
ture identification programs that identified, with relatively
high prediction confidence, one putative miRNA coding
precursor (ESM Fig. Sla), which was named Zebov-pre-
miR-1 (Table 1). The 2D and 3D structures of Zebov-pre-
miR-1 were also predicted (ESM Fig. Slb, c); these
results indicate a very stable secondary structure. We then
predicted two putative mature miRNAs, each with a
lengths of 22 nt, which were named Zebov-miR-1-5p and
Zebov-miR-1-3p, respectively (Table 1). Using computa-
tional approaches, we identified one unique putative pre-
miRNA and two putative mature miRNAs from the
EBOV genome.
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a = SUDV/H.sapiens-tc/SSD/1979/Maleo|KC242783|Sudan|Sudan ebolavirus
. = Ebola virus/H.sapiens-tc/UGA/2000/Gulu-808892|KR063670|Uganda|Sudan ebolavirus
= EboSud-603 2012|KC545390|UgandalSudan ebolavirus
= Ebola virus/H.sapiens-wt/ML1/2014/ Mali-DPR1|KP260799| |Zaire
. = Ebola virus H.sapi wt/LBR/2014/ Liberia-DQE1]KR074996|Liberia|Zaire ebolavirus
= Ebola virus/H.sapiens-wt/SLE/2014/Makona-G3686.1|KM034562|Sierra Leone|Zaire ebolavirus

= H.sapiens-wt/GIN/2014/Makona-Gueckedou-C05|KJ660348|Guinea|Zaire ebolavirus
= EBOV/H.sapiens-tc/GAB/2002/Ilembe|KC242800|Gabon|Zaire ebolavirus
= EBOV/H.sapiens-tc/COD/2007/1 Luebo|KC242786|Democratic Republic of the Congo|Zaire ebolavirus
= EBOV/H.sapiens-tc/COD/1977/Bonduni|KC242791| Democratic Republic of the Congo|Zaire ebolavirus
. = Ebola virus/H.sapiens-tc/COD/1976/Yambuku-Mayinga]KR06367 1| Democratic Republic of the Congo|Zaire ebolavirus
. = EBOV/H.sapiens-tc/COD/1995/13625 Kikwit|KC242796|Democratic Republic of the Congo|Zaire ebolavirus
= EBOV/H.sapiens-tc/GAB/1996/11kot|KC242798|Gabon|Zaire ebolavirus
- ! = EBOV/H.sapiens-tc/GAB/1994/Gabon|KC242792|Gabon|Zaire ebolavirus
=Ebola virus/H.sapiens-wt/COD/2014/Lomela-Lokolia16|KP271018|Democratic Republic of the Congo|Zaire ebolavirus
=Tai Forest virus/H.sapiens-tc/CIV/1994/Pauleoula-CI|NC_014372|Cote dIvoire|Tai Forest ebolavirus
. = Bundibugyo virus/H.sapiens-tc/UGA/2007/Butalya-811250|NC_014373|Uganda|Bundibugyo virus
1< =EboBund-14 2012|KC545396|Democratic Republic of the Congo|Bundibugyo ebolavirus
=Mbg-422-2012|KC545387|Uganda|Marburg marburgvirus
= Marburg virus/H.sapiens-tc/AGO/2005/Angola-200501379|KR867677|Angola| Marburg marburgvirus
#09DRC99|DQ447652]| Democratic Republic of the Congo|Marburg marburgvirus
=Uganda 02Uga07|F)750953|Uganda|Marburg marburgvirus

b
Ebola virus Genome
KM519951.1
miRNAFold Stem-loop structure prediction
I 24 Putative Stem-loop sequences I
MiPred/miRD l Identify microRNA precursor
I 1 predicted microRNA precursor I
Validate by Mature Validate by
RNA-Seq MatureBayes microRNA Experiment
prediction
predicted microRNA predicted mature Experiment
precursor microRNA Confirmation

Fig. 1 Phylogenetic analysis of outbreak species of ebolavirus from miRNA prediction. EBOV genomes were first screened for stem-loop

1976 to 2014 and workflow of Zaire ebolavirus (EBOV) microRNA
(miRNA) prediction and validation. a Phylogenetic analysis for
ebolavirus. A total of 22 strains of EBOV associated with Ebola virus
disease outbreaks from 1976 to 2014 were identified and used in the
phylogenetic analysis for this genome. Numbers on branches Relative
genetic distance between strains. b Workflow of EBOV-encoded

structure by miRNAFold. They were then screened for miRNA-
specific structures using MiPred and miRD to identify the miRNA
precursor. RNA-Seq data was used to validate the miRNA precursor,
and the mature miRNA was predicted by the Mature Bayes tool and
finally validated by stem-loop reverse transcription-PCR

Table 1 Predicted miRNA precursor and mature sequences of Zaire ebolavirus (EBOV)

Name Predicted sequences Length (nt) Genome position
Zebov-pre-miR-1 UGCUAAACUAAUGAUGAAGAUUAAUGCG 98 9869-9966
GAGGUCUGAUAAGAAUAAACCUUAUUA
UUCAGAUUAGGCCCCAAGAGGCAUUCU
UCAUCUCCUUUUAGCA
Zebov-miR-1-5p AUUAAUGCGGAGGUCUGAUAAG 22 9889-9910
Zebov-miR-1-3p AGAUUAGGCCCCAAGAGGCAUU 22 9928-9949
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Table 2 Predicted top target genes of Zebov-miR-1-5p

Target gene Gene name Conserved sites
Total 8mer 7mer-m8§ Tmer-1A

TRPS1 Trichorhinophalangeal syndrome I 4 2 0 2
TSHZ3 Teashirt zinc finger homeobox 3 3 1 2 0
BAGS5 BCL2-associated athanogene 5 2 2 0 0
FGF7 Fibroblast growth factor 7 (keratinocyte growth factor) 2 2 0 0
LAMP2 Lysosomal-associated membrane protein 2 2 2 0 0
NFIB Nuclear factor I/B 2 2 0 0
KPNAI Karyopherin alpha 1 (importin alpha 5) 3 1 1 1
E2F2 E2F transcription factor 2 2 1 1 0
JARID2 Jumonji, AT rich interactive domain 2 2 1 1 0
KLF3 Kruppel-like factor 3 (basic) 2 1 1 0
SMAD2 SMAD family member 2 2 1 1 0
BCL2 B-cell CLL/lymphoma 2 2 1 0 1
CREBI cAMP responsive element binding protein 1 2 1 0 1
NAV3 Neuron navigator 3 2 1 0 1
VTI1IA Vesicle transport through interaction with t-SNAREs homolog 1A (yeast) 2 1 0 1
ZFANDS Zinc finger, AN1-type domain 5 2 1 0 1
ZFHX4 Zinc finger homeobox 4 2 1 0 1
PPP1R12B Protein phosphatase 1, regulatory (inhibitor) subunit 12B 3 0 1 2

EBOYV miRNA precursor and mature sequence
validation

Predicted results were compared against published RNA-
Seq data from sera of patients infected by the 2014 out-
break EBOV [47]. This comparison revealed a short
sequence enrichment near the predicted position. Mapping
results indicated that a small fragment near the predicted
position was enriched in all selected samples (Fig. 2a). The
exact sequence of the indicated region is shown in Fig. 2b
and can be seen to be nearly identical to the predicted
miRNA precursor sequence. To address the lack of miRNA
sequencing data, as well as scarcity of biosafety level 4
laboratories, we used a plasmid-derived miRNA expression
system to identify the mature miRNA sequence. The
Zebov-pre-miR-1 sequence together with 100-bp native
flanking sequences were inserted into the miRNA expres-
sion plasmid (Fig. 3a). After transfection of the
mammalian cell lines, we observed a strong fluorescent
signal (Fig. 3b), which indicates that the Zebov-pre-miR-1
precursor sequence was expressed properly. Stem-loop RT-
PCR analysis of the transfected cells and negative controls
(transfection with plasmids only) revealed that Zebov-miR-
1-5p and Zebov-miR-1-3p were expressed in the former
(Fig. 3c).

Most miRNA precursors were found to be located
downstream of the host genes, while the predicted miRNA

precursor is located upstream of the virus VP24 gene. To
test for the effects on processing by a miRNA precursor
located upstream of genes, we inserted Zebov-pre-miR-1
and its native flanking sequences at the 5-UTR of the
mCherry gene (Fig. 3a). After transfection and miRNA
isolation, the mature sequences of Zebov-miR-1-5p and
Zebov-miR-1-3p were determined (Fig. 3c). Together,
these results indicate that the EBOV genome can generate
one miRNA precursor that develops into two mature
miRNAs.

Prediction and function analysis of EBOV miRNA
targets

In mammalian cells, miRNAs usually bind to the 3'-UTR
of target genes by six to eight nucleotides at the 5" end (the
seed region). Seed region sequences were selected to
identify the gene targets of EBOV miRNAs, using Tar-
getScan. The predicted target genes that contained at least
two conserved target sites are shown in Table 2. Since all
target genes predicted for Zebov-miR-1-3p were found to
contain only one conserved binding site, these target genes
do not fit the pre-specified criteria for further study. The
subsequent functional analysis focused primarily on the
target genes from Zebov-miR-1-5p. To identify putative
functions of the novel miRNA, we analyzed the biological
process and the pathway of target gene enrichment using
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Fig. 2 RNA-Seq data mapping to EBOV genome. a Blood samples
from EBOV-infected patient for RNA-Seq data mapping to EBOV
genome. All patient RNA-Seq sequences were assembled and mapped
to the EBOV genome; the overview of the mapping results was
obtained by Tablet. Red vertical frame indicates that all patient RNA-

the classification methods shown in ESM Fig. S2. Based on
function annotation results, >50 % of target genes have
binding functions and participate in gene regulation, sug-
gesting the importance of target genes which contain DNA
and protein-binding functions. Interestingly, the identified
miRNA target gene is similar to hsa-miR-155-5p. We then
compared Zebov-miR-1-5p with hsa-miR-155-5p using the
RNAhybrid tool (Fig. 4a); the results of this analysis imply
that Zebov-miR-1-5p has similar functions to hsa-miR-
155-5p. To further analyze target gene function, we sub-
jected all target genes to interaction network analyses
(Fig. 4b), which resulted in the identification of two genes,
each containing two target sites, namely, importin-o5

@ Springer

Seq data contain a sequencing read enrichment region at the predicted
miRNA coding position. b Expanded view of the mapping sequences
around the miRNA precursor position; the sequence in RNA-Seq was
identical to the predicted sequence. Black line indicates the mature
miRNA sequence in RNA-Seq reads data

protein and interleukin 1 receptor accessory protein
(IL1RAP) (Fig. 5a), which may participate in viral infec-
tion through their binding functions. Importin-o5 is a
nuclear transport protein that interacts with virus VP24
protein to inhibit STAT1 accumulation in both nuclear and
IFN signaling pathways [48-51]. Through the initiation of
signaling events that result in activation of interleukin 1
response genes, the ILIRAP gene is a necessary part of the
interleukin 1 receptor complex [52]. Together, these results
strongly suggest that EBOV self-generates miRNAs to
enhance its infectivity. This hypothesis is supported by the
results of the dual-luciferase reporter assay, which
demonstrated significantly reduced activity in cells co-
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Fig. 3 Identification of mature
miRNA in EBOV.

a Construction strategy for
miRNA expression plasmids,
EBOV precursor sequence and
its 100-bp flanking sequences
inserted into the 3'-untranslated
region (UTR) or 5-UTR of
mCherry. b The expression
level and transfection efficiency

EBOV stem-loop sequence

BamHI
Hindlll

Zebov-C

MV — mCherry ——  polyA

l 50pm

in HEK293T cell lines were
checked by fluorescence
microscopy 24 h after

EBOV coding miRNA Bglll

sequences were detected C-Zebo l
separately by RT-PCR, and the v

EBOV stem-loop sequence
transfection. ¢ Two mature Bglll

Zeboy-C

products were detected by 2 %
agarose gel electrophoresis

mCherry —  polyA

Zebov-miR-1-5p

Control Zebov-C C-Zebov

transfected with Zebov-miR-1-5p and the second target site
of importin-a5 gene reporter plasmid (Fig. 5b), as well as
regulation of endogenous importin-o5 protein levels by
Zebov-miR-1-5p (Fig. 5c). All of the data together suggest
that Zebov-miR-1-5p suppresses the expression of impor-
tin-a5 protein, which in turn influences the virulence of
EBOV. Overall, these results suggest that the EBOV
encoded miRNAs are functionally activated.

Discussion

In the recent years EBOV has spread wildly in West
Africa, especially in Sierra Leone, Liberia and Guinea [53].
The average death rate during this historic outbreak ranged
from 60 to 90 % [54]. Due to the high risk in working with
this virus, little fundamental progress has been made in
identifying target chemicals to prevent its spread. Our
results indicate that EBOV genomes can specifically

5(l|n|

Zebov-miR-1-3p

M M

Control Zebov-C C-Zebov

250bp 250bp

100bp 100bp

encode miRNAs and that these novel miRNAs may explain
the high pathogenicity of the virus. Previous studies on the
ability of EBOV to evade immune surveillance focused on
the functions of various proteins, such as VP35 and VP24
[48-51, 55]. Our results indicate that miRNA encoded at
the 5’-UTR of the VP24 gene downregulates importin-o5
protein at the post-transcriptional level. The effect of this
decrease in combination with VP24 protein binding to
importin-o5 might enhance the blockage efficiency for the
IFN signal. Interestingly, the 5-UTR of VP24 has previ-
ously been reported to contain a stem-loop structure that
may participate in transcription initialization, and this
stem-loop structure matches our prediction [56, 57]. Taken
together, these results expand our present understanding of
secondary structure functions in viral genomes.

In agreement with the results of Liang et al. [29] and
Teng et al. [28], we also observed miRNA produced by
EBOV. However, we identified an EBOV-specific miRNA,
while Liang et al. [29] identified two common miRNAs in
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Fig. 4 EBOV miRNA target a
gene regulation network.

a Zebov-miR-1-5p was
compared to the human miR-
155-5p mature sequence and
aligned at the seed region. b The
Zebov-miR-5p putative target
gene regulation network
analysis for Zebov-miR-1-5p
putative function prediction
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SUDV and EBOV, and Teng et al. [28] analyzed only the
2014 outbreak isolate of EBOV. In our study, we identified
an EBOV miRNA present in both the 2014 outbreak and
the 1976 outbreak strains. One possible explanation for the
discrepancy between our data and those from these two
previous studies is the difference in criteria and threshold
applied for miRNA prediction. More importantly, by
mining the sequences derived from EBOV-infected human
sera [47], we found that the EBOV miRNA precursor
sequence does exist in the region which we predicted.
Previous studies reported that EBOV infects various cell
types in human and non-human primates, including den-
dritic cells and macrophages [58, 59]. These immune cells
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belong to the innate immune system and should secrete
cytokines, as well as function as antigen-presenting cells
and activate T cells to clear the blood of the invading
pathogen. However, EBOV proteins delay maturation of
these cells and weaken cytokine signal transduction by
inhibiting importin function. The EBOV-encoded protein
VP24 can bind to importin-a5 (KPNA1), importins-o6
(KPNAS) and importin-o7 (KPNAG6), thereby sequestering
importins and evading innate responses [49-51, 60].
Recent evidence in an importin-o7 knockout mouse sug-
gests that this importin is not critical for infection in the
EBOV mouse model [61]. These results further highlight
importin-o5 as a key player in EBOV pathogenicity. In
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Fig. 5 EBOV miRNA target gene validation. a Two target sites (75)
of Zebov-miR-1-5p, importin-a5 (KPNAI) and interleukin 1 receptor
accessory protei (ILIRAP), were predicted by TargetScan. b Lu-
ciferase reporter assay predicted four target sites. HEK293T cells
were transfected with reporter plasmids and virus encoding miRNAs,
and relative luciferase activity was expressed as the ratio of firefly to
Renilla luciferase activity (n = 5). ¢, d Western-blot results of

addition, our results indicate that EBOV targets importin-
a5 through miRNAs. Taken together, the synergetic effects
of VP24 and the novel miR-155 analog may explain the
higher motility rate caused by EBOV compared to other
viral species.

Zebov-miR-1-5p target endogenous KPNA1 protein expression level
in Hela cells (¢) and quantification of western blot results (d). Hela
cells were transfected with 30 pM negative control (NC) or Zebov-
miR-1-5p, total protein was extracted 48 h later to measure importin-
a5 protein level; the expression of B-actin was used as an internal
control. Significant at: *P < 0.05, ***P < 0.001

Our analysis revealed that the predicted target gene for
Zebov-miR-1-5p is nearly the same as the endogenous hsa-
miR-155-5p, suggesting that during viral infection, the
predicted miRNA of EBOV elicits similar responses as
those of the endogenous miR-155. As observed in host
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cells post-infection, miR-155 is a primary upregulated
micRNAs [62-66]. Other viruses also encode functional
homologs of hsa-miR-155-5p, including Kaposi’s sarcoma-
associated herpesvirus [67] and Marek’s disease virus [68—
70]. In EBOV infection, predicted miRNAs may also
participate in immunity regulation by producing miR-155
analogs. Previous work on the functions of miR-155
focused on the promotion of inflammation by SOCSI,
which is a repressor of type I IFN signaling [71]. More
recently, Hu et al. reported that not only endogenous miR-
155 but also herpes virus-encoded miR-155 orthologs
could inhibit IFN-B production through its target protein-
coding region (TLR3) [72].

The copy number and target genes of the mature miRNA
Zebov-miR-1-3p are lower and fewer, respectively than
those of the Zebov-miR-1-5p; as such functional studies of
Zebov-miR-1-3p is needed. There have been reports that
virus-encoded miRNA may serve as a self-repressive ele-
ment that regulates virus replication [25]. We speculate
that Zebov-miR-1-3p targets viral genomic RNA or the
host long non-coding RNAs, rather than the 3’-UTR region
of a specific gene. For Zebov-miR-1-5p also, a functional
study with the real EBOV is still needed. The molecular
mechanisms of all reported EBOV miRNAs on its viru-
lence definitely need further investigation, not only in
functional studies of EBOV miRNA under biosafety level 4
laboratory conditions, but also in clinical investigations on
EBOV-infected human samples.

In summary, we identified two putative EBOV-encoded
miRNAs, one of which is similar to the endogenous has-
miR-155-5p and which functionally targets importin-a5.
Together with previous reports [28, 29], these findings
broaden our understanding of the virulence of EBOV and
may provide a new insight for future therapeutic strategy
against EVD.
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