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ABSTRACT The question as to whether RNA viruses produce bona fide microRNAs
(miRNAs) during infection has been the focus of intense research and debate. Re-
cently, several groups using computational prediction methods have independently
reported possible miRNA candidates produced by Ebola virus (EBOV). Additionally, ef-
forts to detect these predicted RNA products in samples from infected animals and hu-
mans have produced positive results. However, these studies and their conclusions are
predicated on the assumption that these RNA products are actually processed through,
and function within, the miRNA pathway. In the present study, we performed the first
rigorous assessment of the ability of filoviruses to produce miRNA products during infec-
tion of both human and bat cells. Using next-generation sequencing, we detected sev-
eral candidate miRNAs from both EBOV and the closely related Marburg virus (MARV).
Focusing our validation efforts on EBOV, we found evidence contrary to the idea that
these small RNA products function as miRNAs. The results of our study are important
because they highlight the potential pitfalls of relying on computational methods alone
for virus miRNA discovery.

IMPORTANCE Here, we report the discovery, via deep sequencing, of numerous non-
coding RNAs (ncRNAs) derived from both EBOV and MARV during infection of both bat
and human cell lines. In addition to identifying several novel ncRNAs from both viruses,
we identified two EBOV ncRNAs in our sequencing data that were near-matches to com-
putationally predicted viral miRNAs reported in the literature. Using molecular and im-
munological techniques, we assessed the potential of EBOV ncRNAs to function as viral
miRNAs. Importantly, we found little evidence supporting this hypothesis. Our work is
significant because it represents the first rigorous assessment of the potential for EBOV to
encode viral miRNAs and provides evidence contrary to the existing paradigm regarding
the biological role of computationally predicted EBOV ncRNAs. Moreover, our work high-
lights further avenues of research regarding the nature and function of EBOV ncRNAs.

KEYWORDS filoviruses, Ebola virus, Marburg virus, microRNA, noncoding RNA, bats,
RNA interference, deep sequencing

MicroRNAs (miRNAs) are important regulators of posttranscriptional gene regula-
tion in plants and animals. Endogenous miRNAs are transcribed in the nucleus

from discrete genomic loci, undergo early processing by the nuclear Microprocessor
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machinery (Drosha/DGCR8), and are exported into the cytoplasm, where they are
processed into mature miRNA duplexes by the cytoplasmic RNase III enzyme Dicer.
These duplexes are then loaded into the RNA-induced silencing complex (RISC), where
thermodynamic instability favors a single strand, known as the guide strand, for
retention in the RISC, while the complementary strand, known as the passenger strand,
is discarded from the RISC and is rapidly degraded (1). The RISC is led to cognate mRNA
transcripts via sequence complementarity between the target and the guide strand,
resulting in either translational repression or degradation of the transcript (reviewed in
reference 2). A noncanonical, Dicer-independent pathway responsible for the biogen-
esis of at least one miRNA (hsa-mir-451) has also been reported (3). In the past two
decades, the importance of small RNA (sRNA) pathways, particularly the miRNA path-
way, in disease, as well as in the maintenance of cellular homeostasis, has become clear.
miRNAs and their dysregulation have been implicated in a multitude of diseases, from
cancer (4) to neurodegenerative disease (5). More recently, the role of miRNAs in a
number of diseases caused by viral agents and their importance in pathogenesis has
been considered. Perhaps unsurprisingly, given the importance of miRNAs in cell
homeostasis, numerous viruses have devised methods to exploit or perturb the host
miRNA pathway for their own benefit (6–9). For example, hepatitis C virus sequesters
hsa-miR-122 to two binding sites at the 5= end of the viral genome, which aids in
genomic stability, enhances translation, and protects the viral RNA from degradation by
host factors (10–13), while certain DNA viruses (i.e., herpesviruses) and retroviruses (i.e.,
bovine leukemia virus) produce their own miRNAs to facilitate infection (14, 15). RNA
viruses have historically been thought to be incapable of generating their own miRNAs
(16, 17). Nonetheless, several reports describe miRNAs produced by positive-strand
viruses (18–21), although in the case of flaviviruses, the validity of these findings has
been debated (22, 23). Additionally, small viral noncoding RNAs (vncRNAs) produced
during infection by influenza A virus (IAV) have been reported (24–26), and a miRNA-
like small RNA from IAV has been functionally validated (27). Thus, despite some
ongoing controversy, evidence of the ability of RNA viruses to produce miRNA-like
molecules is growing.

The filoviruses are nonsegmented negative-stranded RNA viruses in the order
Mononegavirales and include the ebolaviruses Ebola virus (EBOV), Sudan virus (SUDV),
Bundibugyo virus (BDBV), Tai Forest virus (TAFV), and Reston virus (RESTV) and the
marburgviruses Marburg virus (MARV) and Ravn virus (RAVV). All of these viruses except
RESTV are capable of causing severe and often fatal febrile disease in humans and all
but EBOV lack approved vaccines or therapeutics. In contrast, these viruses cause only
subclinical infection in bats, which are likely a natural reservoir of EBOV (28–31) and are
a proven natural reservoir of MARV (32). Within the order Mononegavirales, which also
includes highly pathogenic members of the families Rhabdoviridae and Paramyxoviri-
dae, no biologically verified miRNA-producing viruses have been reported. However,
several recent reports using in silico analyses have suggested that EBOV is able to
encode pre-miRNAs and mature miRNAs (33–36). Moreover, several reports have
described the detection of these RNAs in reverse transcription-quantitative PCR (qRT-
PCR) and/or sequencing data from biological samples from outbreaks and nonhuman
primate (NHP) or rodent infection models (37, 38), as well as in experimentally infected
human retinal pigment epithelial cells (39), although importantly, none of these studies
address the biogenic origin of these RNAs and their association with the RISC. In
addition, EBOV possesses no fewer than three proteins (VP30, VP35, and VP40) that are
reported to function as viral suppressors of RNA interference (RNAi), or VSRs, although
mechanistic validation of RNAi suppressor activity has been published only for VP30
and VP35 (40–42). Known VSRs are most commonly employed by viruses infecting
plants or arthropods, which face a robust RNAi-mediated immune response to infection
in those hosts (43, 44). In mammals, the role played by RNAi in antiviral immunity is
considerably less well understood and has been a subject of controversy (45–52). It has
long been assumed that mammals (and presumably other vertebrates) have largely
dispensed with an RNAi-based innate immune response in favor of a potent interferon
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(IFN)-mediated response (53). Unlike insects, which possess two Dicer enzymes that
function largely independently in the miRNA and small interfering RNA (siRNA) path-
ways, mammals possess only a single Dicer enzyme (54). Biochemical evidence sug-
gests that mammalian Dicer processes long double-stranded RNAs (dsRNAs) (such as
those formed during RNA virus replication) into siRNAs in a very inefficient manner, in
contrast to the action of invertebrate Dicer-2 (55–57). Additionally, several older studies
failed to find strong evidence of a mammalian antiviral RNAi response (45, 58–60).
Despite this, more recent studies have described a functional siRNA pathway in
mammalian cells following virus infection (61–64).

Accordingly, we sought to determine whether mammalian cells from disparate host
species (bats and humans) mount an antiviral RNAi response following infection with
filoviruses. Using next-generation sequencing (NGS) technology, we profiled the virus-
derived small RNA (vsRNA) populations in one human and two bat cell lines. We
identified several high-abundance vncRNA sequences from both EBOV- and MARV-
infected cells. We focused our efforts on EBOV vncRNAs in order to determine if they
function as virus-derived miRNAs. Our analysis demonstrates that EBOV vncRNAs are
processed independently of Dicer involvement and appear to lack interaction with the
Argonaute (AGO) family of proteins, the catalytic component of the RISC. Moreover, we
found no evidence that EBOV vncRNAs are involved in the suppression of host cell
mRNA transcripts, and they do not inhibit virus replication by acting as antiviral siRNAs.
Taken together, our data suggest that contrary to the conclusions of previous in silico
studies, EBOV small vncRNAs likely do not represent products of host miRNA/siRNA
pathway biogenesis and do not play a role in host transcript silencing or the suppres-
sion of viral replication. Given that two of the EBOV vncRNAs identified in our sequenc-
ing data closely match in silico-predicted RNAs presumed to function as viral miRNAs,
our data emphasize the requirement for rigorous biological validation of computation-
ally predicted viral miRNA candidates.

RESULTS
Virus-derived sRNA profiles of filovirus-infected bat and human cell lines. We

profiled the EBOV- and MARV-derived vsRNA populations in a human hepatocar-
cinoma-derived cell line (HepG2) and two bat cell lines, RO6E/J (derived from Rousettus
aegyptiacus fetal tissue) (65) and EpoNi/22.1 (derived from Epomops buettikoferi adult
kidney) (66). Both bat cell lines have been shown previously to be susceptible to EBOV
and MARV infections, although the growth kinetics of these viruses differ both from
each other and from that of Vero E6 cells (66, 67). Cells were infected for 12 or 24 h with
either recombinant wild-type EBOV (wt rEBOV), wt rMARV, or mutants exhibiting a
point mutation in VP35 that disables the interferon antagonism and dsRNA-binding
properties of the protein (68–71); derivatives of these viruses expressing enhanced
green fluorescent protein (eGFP) (72, 73) were used for the visualization of infections.
Total RNA was harvested at either 12 or 24 h postinfection (hpi). Cell lines differed in
their susceptibilities to filovirus infections, as measured by plaque assay titration of cell
culture supernatants (Fig. 1A and E), qRT-PCR of intracellular viral genomes and mRNAs
(Fig. 1B, C, D, and F), and visualization of the eGFP signal by fluorescence microscopy
(data not shown). Both wt EBOV and wt MARV tended to outgrow VP35 mutant viruses
at one or both time points, with the exception of wt MARV at 24 hpi in EpoNi/22.1 cells,
which had a significantly lower titer than the VP35 mutant virus. The ratio of EBOV VP40
mRNA to vRNA, a measure of transcriptional activity, also differed significantly between
human and bat cell lines and between time points in the two bat cell lines (Fig. 1D).
After construction of cDNA libraries and deep sequencing, the adapter-trimmed librar-
ies were aligned against the reference genome for each virus. Bioinformatics analyses
of sequencing data are summarized in Fig. 2. At 12 hpi, vsRNAs from all cell lines
infected with either EBOV (Fig. 3A to C) or MARV (Fig. 3D to F) were predominantly 22
nucleotides (nt) long. At 24 hpi, vsRNAs were more evenly distributed by length in
EBOV-infected cells; however, they were almost entirely composed of 22-nt reads in
MARV-infected cells. In all libraries from EBOV-infected cells, the percentage of 19- to
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FIG 1 Viral titers and RNA abundances from human and bat cell lines following infection with EBOV or MARV. (A and E)
Supernatants from EBOV (A)- or MARV (E)-infected cells used to make sRNA sequencing libraries were assayed by plaque

(Continued on next page)
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32-nt vsRNAs relative to the entire population of 19- to 32-nt sequences in each library
increased significantly from 12 to 24 hpi (Fig. 4A), although only EpoNi/22.1 and RO6E/J
cells showed increases across time points following infection with MARV (Fig. 4B).
Normalization of the abundance of vsRNA to that of viral genomic RNA (vRNA) (Fig. 4C)
showed that the relative proportion of vsRNAs remained static from 12 to 24 h in
EBOV-infected HepG2 and EpoNi/22.1 cells; however, the relative proportion increased
dramatically in RO6E/J cells. It should be noted that in wt rEBOV– eGFP-infected RO6E/J
cells, vsRNAs were barely detectable at 12 hpi (�100 reads per biological replicate).
vsRNAs derived from MARV tended to decrease in relative abundance in all cell lines,
although the decrease was significant only for wt rMARV– eGFP in HepG2 cells, rMARV
VP35 R301A– eGFP in EpoNi/22.1 cells, and both viruses in RO6E/J cells. Across all cell
lines, vsRNAs were derived predominantly from the positive (antigenomic) strand of the
viral RNA for all viruses, with the exception of wt rEBOV– eGFP-infected RO6E/J cells at
12 hpi (Fig. 4D and E). This lack of strong strand bias was likely due to the extremely
limited number of reads aligning to the virus at this time point.

The lack of a more symmetric distribution of reads mapping to both the positive and
negative strand, particularly of 19- to 23-nt reads, led us to hypothesize that the
majority of vsRNA reads were being produced from mRNA rather than dsRNA viral
replicative intermediates. In all cell lines, a substantial proportion of EBOV- and MARV-
derived vsRNA reads mapped to the 5= untranslated regions (UTRs) of several viral
genes (Fig. 5) (74–77). In EBOV-infected cells, these reads were aligned primarily to the
transcription start sites (TSS) of VP40, eGFP or glycoprotein (GP), VP30, VP24, and L (Fig.
6A; Fig. 7A and B). Since the first 59 nt of eGFP and GP 5= UTRs are identical in the

FIG 1 Legend (Continued)
titration. (B, C, and F) Total RNAs from cell monolayers were assayed by qRT-PCR for the presence of vRNA/cRNA and mRNA for
EBOV (B and C) or vRNA/cRNA only for MARV (F). RNA quantities are expressed as copy numbers per nanogram of total RNA.
(D) For EBOV, the ratio of mRNA to vRNA was calculated for each virus and time point. For all panels, virus–time point
combinations were assigned numbers 1 to 4, and cell lines were assigned letters A to C. Within a cell line, comparisons were
made between the 12- and 24-h time points for each virus or between viruses within a time point. Comparisons between cell
lines were made for each virus at a given time point. The data plotted represent the means of three biological replicates �
standard deviations. Numbers or letters above bars indicate significant differences from other time points (assigned the
corresponding number) or cell lines (assigned the corresponding letter) as measured by two-way analysis of variance (� � 0.05),
followed by Tukey’s multiple-comparison posttest. For a comprehensive list of comparisons and P values, refer to Data Set S2
in the supplemental material.

FIG 2 Schematic of bioinformatics analyses of sequencing data.
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recombinant EBOV we used, it was not possible to differentiate the proportion of
TSS-derived reads from each, because the analysis software evenly split the reads
between the two sites. Reads aligning to the TSS of nucleoprotein (NP) were only rarely
observed, and reads from the TSS of VP35 were almost completely absent among all
replicates and time points (Fig. 6C to E). For MARV, TSS-derived reads were aligned
primarily to the NP, VP24, and GP genes (Fig. 6B; Fig. 7C and D); VP40- and VP35-derived
reads were rarely sequenced; and there was a complete absence of reads aligning to
VP30 and L TSS (Fig. 6F to H). The eGFP TSS-derived read from the recombinant MARV
we used is unique in that it extends into the open reading frame (ORF) of eGFP, so it
was possible to determine that a minority population of reads derived from this TSS
was present in most libraries. Using previously predicted secondary structures for EBOV
and MARV mRNA 5= ends, we found very few reads corresponding to what would be
predicted to be the 3p arm of the precursor stem-loop from either EBOV or MARV in all
cell lines. These data indicate that these RNA species either may have been size selected
out of the analysis or may be subject to rapid degradation.

The relative abundances of vncRNAs in EpoNi/22.1 and RO6E/J cells were compared
with those in HepG2 cells by calculating reads per million (RPM) for each vncRNA and

FIG 3 Length distribution profiles of EBOV and MARV vsRNAs in human and bat cells. Reads aligning to the EBOV (A to C) or MARV (D to F) genomes were
plotted by length as a percentage of the total number of reads aligned to the viral genomes. The data plotted are the means for three biological replicate
sequencing libraries at each time point � standard deviations. (A and D) HepG2 cells; (B and E) EpoNi/22.1 cells; (C and F) RO6E/J cells.
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FIG 4 EBOV and MARV vsRNAs exhibit differential temporal abundance relative to viral genomic RNA, and are predominately derived from positive-strand RNA.
vsRNA reads for each virus and cell line are expressed as a percentage of the total 19- to 32-nt RNAs sequenced from each library (A and B) or normalized to vRNA
abundance (C). The normalization procedure is described under “Bioinformatics” in Materials and Methods. (A and B) For each virus, time points were assigned
numbers, and cell lines were assigned letters. Within a cell line, comparisons were made between the 12- and 24-h time points for each virus or between viruses
within a time point. Comparisons between cell lines were made for each virus at a given time point. Numbers or letters above bars indicate significant differences
between either time points (assigned the corresponding number) or cell lines (assigned the corresponding letter) as measured by two-way analysis of variance
(� � 0.05), followed by Tukey’s multiple-comparison posttest. For a comprehensive list of comparisons and P values, please refer to Data Set S2 in the supplemental
material. (C) The data from panels A and B were normalized to viral genomic RNA (see “Bioinformatics” in Materials and Methods), and the ratio of vsRNA reads
sequenced at 24 hpi to those at 12 hpi was plotted. Statistical comparisons were made between the 12- and 24-h time points for each virus within each cell line,
and significance was determined by the unpaired t test with Welch’s correction. (P values are indicated by letters above bars: A, P � 0.0231; B, P � 0.0161; C, P �
0.0147; D, P � 0.0274; E, P � 0.0221; F, P � 0.0058). (D and E) The percentage of vsRNA reads aligning to either the positive or the negative strand of each virus
per time point is plotted for EBOV (D) and MARV (E). For all panels, the means of three biological replicates � standard deviations are plotted.
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normalizing the RPM to the vRNA abundance for each library relative to that in HepG2
cells (Fig. 8). In addition, we determined the absolute abundance of the EBOV GP
vncRNA from each library using qRT-PCR (Fig. 9). For rEBOV-infected EpoNi/22.1 cells,
the abundance of each vncRNA was statistically equal to that in HepG2 cells, with the
exception of the GP vncRNA derived from wt rEBOV– eGFP (Fig. 8A to D; Fig. 9A and B).
Strikingly, at 24 hpi, for both wt and VP35 mutant rEBOV, RO6E/J cells displayed a
substantial increase in the relative abundance of vncRNAs over that in HepG2 cells (Fig.
8A and B; Fig. 9B). A more moderate fold increase in the relative proportion of vncRNAs
was observed in rMARV-infected RO6E/J cells at 24 hpi (Fig. 8E to G). We next calculated
the fold change in vRNA-normalized RPM values from each virus from 12 to 24 hpi (Fig.
9C and D; Fig. 10). For rEBOV-infected HepG2 and EpoNi/22.1 cells, individual vncRNAs
tended to decrease substantially in abundance between the two time points (Fig. 9C
and D; Fig. 10A and B). Conversely, the relative abundance of vncRNAs increased by 24
hpi in RO6E/J cells infected with rEBOV VP35 R312A– eGFP, a finding congruent with
our observation that EBOV vsRNAs overall increase over time in this cell line, although
this analysis was not conducted using RPM normalization for RO6E/J cells infected with
wt rEBOV– eGFP, due to the low number of reads from the 12-hpi time point. However,
when the vRNA-normalized absolute abundance of the GP vncRNA from wt rEBOV–
eGFP-infected cells at 12 hpi was compared to that at 24 hpi, a difference was seen,
although it failed to reach significance due to the presence of an outlier identified by
Grubbs’s test for outliers (Fig. 9D [outlier not removed from figure data]). In contrast,
rMARV-derived vncRNAs tended to decrease in relative abundance between 12 and 24
hpi in all cell lines, although these changes were not significant in EpoNi/22.1 cells
infected with wt rMARV– eGFP or in HepG2 cells infected with rMARV VP35 R301A–
eGFP (Fig. 10C and D). Last, we assessed the degree of agreement between deep-
sequencing read normalization using the RPM method and absolute quantitation of the

FIG 5 Filovirus vsRNAs are derived primarily from structured elements in the 5= UTRs of viral mRNAs.
Shown are schematic representations of EBOV (A) and MARV (B) genome organization, with predicted
secondary structures for the 5= ends of genes from which the highest proportions of sequenced vsRNAs
were derived. The nucleotides making up the 22-nt vncRNA derived from each gene are color-coded
orange, and the rest of the stem-loop structure is color-coded black. The structures depicted for EBOV
and MARV were computed in references 73 to 75 and were drawn here using Forna (76). Transcription
start and stop signals for each gene are depicted in green and red, respectively. Black connections
between genes reflect intergenic regions; overlaps between start and stop signals are staggered. For
both viruses, the eGFP transgene is omitted from the schematic.
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FIG 6 Filovirus vncRNAs make up a substantial portion of the total vsRNA population. (A) Proportion of combined EBOV VP40,
eGFP/GP, VP30, VP24, and L vncRNAs relative to the total vsRNA population in all cell lines. (B) Proportion of combined MARV NP,
GP, and VP24 vncRNAs relative to the total vsRNA population in all cell lines. For each virus, time points were assigned numbers,
and cell lines were assigned letters. Within a cell line, comparisons were made between the 12- and 24-h time points for each virus
or between viruses within a time point. Comparisons between cell lines were made for each virus at a given time point. Numbers
or letters above bars indicate significant differences between either time points (assigned the corresponding number) or cell lines
(assigned the corresponding letter) as measured by two-way analysis of variance (� � 0.05), followed by Tukey’s multiple-
comparison posttest. For a comprehensive list of comparisons and P values, refer to Data Set S2 in the supplemental material. (C
to E) Histograms plotting individual proportions of EBOV vncRNAs relative to the total vsRNA population in HepG2 (C), EpoNi/22.1
(D), and RO6E/J (E) cells. (F to H) Histograms plotting individual proportions of MARV vncRNAs relative to the total vsRNA population
in HepG2 (F), EpoNi/22.1 (G), and RO6E/J (H) cells. For all panels, the means for three biological replicate sequencing libraries for
each group � standard deviations are plotted.
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FIG 7 vsRNA read frequency plots for rEBOV- and rMARV-infected cells at 12 and 24 hpi. The mean numbers of reads aligning to the virus genome
from three biological replicate libraries for each cell line, virus, and time point are plotted. Dashed lines indicate transcription start sites, except

(Continued on next page)
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GP vncRNA using qRT-PCR, and we found a significant degree of correlation (Fig. 9E).
Taken together, these data suggest that the efficiency of vsRNA production is, at least
in part, cell line dependent and that disabling of the dsRNA-binding activity of EBOV
VP35 or MARV VP35 does not dramatically affect the abundance of vsRNAs over time.
Additionally, due to the impaired replicative ability of EBOV in RO6E/J cells relative to
that in HepG2 and EpoNi/22.1 cells, this analysis implicates enhanced vsRNA production
as a potential restriction factor for rEBOV infection. When grouped by size, EBOV
vncRNAs were found to be primarily 22 or 25 nt long, depending on the gene from
which they were derived, across all cell lines (Fig. 11). MARV vncRNAs were almost
entirely 22 nt long, with the exception of NP, which included a substantial proportion
of larger species (Fig. 11).

We further observed a remarkable abundance of a G¡U single nucleotide poly-
morphism (SNP) at position 1 (the 5= end) in all EBOV and MARV vncRNA sequences
(Table 1). In EBOV-infected HepG2 and EpoNi/22.1 cells, the frequency of this SNP
ranged from 15 to 20% of all other derivations of the same sequence (including the “wt”
sequence and other, more minor SNPs), particularly in the 22-nt size class (data not
shown). In RO6E/J cells, the abundance of the 1U SNP was far lower, on par with the
abundance of 1U variants in MARV vncRNAs from all cell lines. Another peculiar finding
observed in libraries from all cell lines, and for both wt and VP35 mutant viruses, was
that the vast majority of 26-nt reads corresponding to the EBOV eGFP or GP vncRNA
contained a SNP at the 3= end (G¡U). In some cases, the proportion of this read to the
wt sequence exceeded 100:1 (data not shown). We analyzed the individual base quality
scores across randomly selected libraries for each of the vncRNA sequences using
BamView, v.1.2.11, and found the maximum expected error rate at these positions to be
0.1 to 1%, far below the frequency observed.

We next asked whether EBOV vncRNAs were present in the tissues of animals
following infection with EBOV. Total RNA was extracted from archived liver tissue from
a rhesus macaque vaccinated against EBOV that survived lethal challenge, and from a
control animal that succumbed to infection at 8 days postchallenge (78). These RNAs
were subjected to miRNA-specific qRT-PCR. The EBOV GP vncRNA was detectable in the
liver from the control macaque; however, no detectable GP vncRNA was present in
tissue from the vaccinated animal (Fig. 12A). Melt curve analysis revealed a single
amplification product that was nearly identical for RNA extracted from the liver of the
control animal and RNA extracted from EpoNi/22.1 cells at 24 h after infection with wt
rEBOV– eGFP (Fig. 12B). The control animal exhibited high circulating viremia upon
euthanasia, while the vaccinated animal had no detectable viremia when euthanized
28 days postchallenge. This demonstrates that EBOV vncRNAs are produced in vivo
during the course of infection.

EBOV vncRNAs are produced independently of the host miRNA machinery. We
next asked whether the biogenesis of the EBOV vncRNAs that we identified was
dependent on processing by miRNA pathway-associated endoribonucleases (i.e., Dicer
and Drosha). We infected a Dicer knockout cell line (NoDice 4-25) and the Dicer-
competent parental line (293T-P) (79) with wt rEBOV– eGFP and probed for the pres-
ence of EBOV vncRNAs by miRNA-specific qRT-PCR. At 20 hpi, the production of the
VP40 and GP vncRNAs was approximately 4- and 10-fold higher, respectively, in 293T-P
cells than in NoDice 4-25 cells (Fig. 13A). The L vncRNA was omitted from this analysis
because it could not be reliably detected in all biological and technical replicates in
NoDice 4-25 cells. When the viral load was measured by qRT-PCR detection of viral
genomic RNA (vRNA) and mRNA, which were approximately 6- and 10-fold higher,
respectively, in 293T-P cells than in NoDice 4-25 cells (Fig. 13B), the apparent difference
in the relative abundance of viral vncRNAs between cell lines was negligible. In

FIG 7 Legend (Continued)
for the last line, which represents the border between the 3= UTR of L and the 5= trailer. (A) wt rEBOV– eGFP; (B) rEBOV VP35 R312A– eGFP; (C) wt
MARV– eGFP; (D) MARV VP35 R301A– eGFP. Note that the y axis denotes the number of reads aligning at each position; a single read may have
multiple alignments.
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FIG 8 Filovirus vncRNAs exhibit cell line-dependent differential abundances. For each virus and time point, the abundance of each vncRNA
relative to vRNA abundance from the EpoNi/22.1 and RO6E/J libraries was compared to the abundance in HepG2 cells. The normalization

(Continued on next page)
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contrast, in NoDice 4-25 cells, production of the endogenous mature miRNAs hsa-
miR103a-3p and hsa-let-7a-5p was impaired by approximately 2,000- and 200-fold,
respectively, relative to that in the parental cell line. However, the former may be
impacted by factors other than the lack of Dicer (79). There was no difference in the
relative abundance of the endogenous U6 snRNA, which is not dependent on Dicer for
its biogenesis, between cell lines.

We next used siRNA-mediated knockdown of a panel of host proteins with RNase
activity, including RNase L, DIS3, CPSF3L, Drosha, and AGO, to determine their effects,
if any, on the production of EBOV vncRNAs. The degree of knockdown was verified by
Western blotting or, in the case of AGO2 and Drosha (which we were not able to reliably
detect by Western blotting), qRT-PCR detection of miRNA products and mRNA tran-
scripts (Fig. 13D and Fig. 14C, respectively). Cells were infected with wt rEBOV at 48 h
posttransfection (hpt) and were harvested at 24 hpi (72 hpt). For all nucleases in the
panel except CPSF3L, gene-specific knockdown resulted in levels of EBOV vRNA and
mRNA significantly higher than those for the scrambled control (Fig. 13C). For each
siRNA-treated biological replicate, including the scrambled siRNA, the fold abundance
of the GP vncRNA relative that in to mock-transfected cells was normalized separately
from the relative fold abundance of EBOV vRNA and mRNA so as to generate a
vncRNA/vRNA or vncRNA/mRNA ratio. For cells in which GP vncRNA was normalized to
viral mRNA, only CPSF3L siRNA-transfected cells displayed a GP vncRNA/mRNA ratio
significantly lower than that for the scrambled control (Fig. 13D). For cells in which GP
vncRNA was normalized to vRNA, knockdown of RNase L showed a significant increase
in the relative abundance of the GP vncRNA, likely explained by the importance of
RNase L as an antiviral effector. While the fold abundance of the GP vncRNA remained
decreased in CPSF3L siRNA-treated cells, the decrease was not significant when GP
vncRNA was normalized to vRNA. The relative abundance of hsa-miR103a-3p, which is
not dependent on CPSF3L for processing, export, or maturation, remained unchanged.
When the fold change for each gene-specific siRNA knockdown was standardized
relative to the scrambled control, the ratios of fold change in vncRNA to fold change
in mRNA or vRNA were effectively 1:1 (Fig. 13E and F), supporting our hypothesis that
viral mRNA is the biogenic substrate for EBOV vncRNAs. In contrast, no such association
was observed between the fold change in the abundances of hsa-miR-103a-3p and that
of either viral mRNA or vRNA (data not shown). Taken together, these data suggest that
EBOV vncRNAs are produced in a Dicer-independent manner but still involve interac-
tion with host nucleases.

EBOV vncRNAs are not associated with Argonaute/RISC and do not have an
effect on virus replication. A critical requirement of miRNA functionality is the ability
to be loaded and selected for in the RISC. To determine whether EBOV vncRNAs were
associated with host Argonaute proteins, we performed RNA-binding protein immu-
noprecipitation (RIP) on wt rEBOV– eGFP-infected 293T cells at 20 hpi, using antibodies
individually targeting human AGO1 to AGO4, as well a pan-AGO antibody. Following
the isolation of Ago-associated RNAs, we probed for the presence of four of the EBOV
vncRNAs (VP40, GP, VP24, L) using miRNA-specific qRT-PCR. Of six independent exper-
imental repetitions, EBOV GP vncRNA was enriched in two experiments, and EBOV L
vncRNA was enriched in one (data not shown). Subsequent experiments failed to enrich
for any of the four EBOV vncRNAs profiled (Fig. 15A [only data for EBOV GP vncRNA are
shown]). Endogenous miRNAs (hsa-let-7a-5p and/or hsa-miR-103a-3p) were used as

FIG 8 Legend (Continued)
procedure is described under “Bioinformatics” in Materials and Methods. All statistical comparisons were made against HepG2 libraries by using
two-way analysis of variance followed by Dunnett’s multiple-comparison posttest, except in the case of panel A, where Sidak’s multiple-
comparison posttest was used. Letters above bars indicate significance; P values are given in the legend for each panel. (A) wt rEBOV– eGFP at
12 hpi. A, P � 0.0067. Note that RO6E/J cells were omitted from this analysis. (B) wt rEBOV– eGFP at 24 hpi. A, P � 0.0001; B, P � 0.0172. (C) rEBOV
VP35 R312A– eGFP at 12 hpi. A, P � 0.0448. (D) rEBOV VP35 R312A– eGFP at 24 hpi. A, P � 0.0001; B, P � 0.0001; C, P � 0.0012; D, P � 0.0001. (E)
rMARV wt– eGFP at 12 hpi. A, P � 0.0001. (F) rMARV wt– eGFP at 24 hpi. A, P � 0.0245; B, P � 0.0001; C, P � 0.0102; D, P � 0.0001. (G) rMARV VP35
R301A– eGFP at 12 hpi. A, P � 0.0026. (H) rMARV VP35 R301A– eGFP at 24 hpi. A, P � 0.0472; B, P � 0.0341; C, P � 0.0001; D, P � 0.0001; E,
P � 0.0001. For all panels, the means for three biological replicate sequencing libraries for each group � standard deviations are plotted.
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FIG 9 Absolute quantitation of EBOV GP vncRNA by qRT-PCR. Total RNA from the same samples used to generate the wt rEBOV– eGFP and rEBOV VP35
R312A– eGFP small-RNA sequencing libraries was used for absolute quantitation of the EBOV GP vncRNA using qRT-PCR. (A) EBOV GP vncRNA copy number
per nanogram of total RNA. For statistical comparison, time points were assigned numbers and cell lines were assigned letters. Within a cell line, comparisons
were made between the 12- and 24-h time points for each virus or between viruses within a time point. Comparisons between cell lines were made for each
virus at a given time point. Numbers or letters above bars indicate significant differences between either time points (assigned the corresponding number) or

(Continued on next page)
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positive controls and were highly enriched for AGO2 and pan-AGO precipitations but
were not associated with AGO1, AGO3, or AGO4.

To further investigate the potential for EBOV vncRNAs to act as either proviral or
antiviral elements, we identified two potential binding sites, one each in the 5= UTRs of
GP and VP30 mRNAs, for the VP40-, GP-, VP30-, and VP24-derived vncRNAs and a single
binding site in the ORF of GP and the 5= UTR of L mRNAs for the L-derived vncRNA; we
then transfected 293T-P cells with synthetic siRNA duplexes with the guide strands
designed to be homologous to the VP40 and L vncRNAs, followed by infection with
wt rEBOV at 4 hpt. At 48 hpi, we observed no significant difference between the
virus titers in the supernatants of cells treated with VP40, L, or combined siRNAs and
those in the scrambled negative-control siRNA- or mock-transfected cells at either
25 nM or 50 nM concentrations (Fig. 15B). Taken together, these experiments
indicate that EBOV vncRNAs are not associated with the host miRNA machinery and
do not positively or negatively affect virus replication. Moreover, we demonstrate
that EBOV effectively resists suppression by siRNAs complementary to putative
binding sites in several mRNAs.

EBOV vncRNAs lack the ability to effectively suppress a reporter transcript with
multiple miRNA-binding elements. We next asked whether EBOV vncRNAs could
suppress the expression of a luciferase reporter with miRNA-binding elements (MBEs)
in the 3= UTR of the reporter. We designed three separate synthetic 3= UTRs containing
EBOV GP vncRNA MBEs and cloned them into the pmirGLO dual-luciferase vector
(Promega). MBEs were designed to be either perfectly complementary to the EBOV GP
vncRNA, partially complementary (containing mismatched nucleotides at positions 11
to 13 of the MBE [“bulged”]), or complementary to only the first 10 nt of the EBOV GP
vncRNA. Following transfection with each of the plasmids, 769-P (human renal adeno-
carcinoma) and EpoNi/22.1 cells were infected with wt rEBOV at a multiplicity of
infection (MOI) of 2 PFU/cell. Cell lysates were collected at 24 hpi and were assessed for
firefly luciferase (FLuc) expression, with normalization to Renilla luciferase (RLuc). FLuc
expression was significantly lower in rEBOV-infected 769-P cells that had been trans-
fected with either the perfect or the 10-nt MBE construct than in empty-vector-
transfected cells; however, cells transfected with the perfect MBE construct and sub-
sequently mock infected showed a similar reduction in the FLuc signal (Fig. 16A). FLuc
expression was significantly higher in rEBOV-infected EpoNi/22.1 cells transfected with
the perfect MBE construct than in empty-vector-transfected cells (Fig. 16B). As a control
experiment, we transfected a synthetic siRNA homologous to the EBOV GP vncRNA 4
h after transfection with each of the reporter plasmids. In both 769-P and EpoNi/22.1
cells, transfection of the GP vncRNA reduced the expression of the FLuc reporter
relative to that in cells transfected with a scrambled siRNA, except in EpoNi/22.1 cells
transfected with the 10-nt MBE construct (Fig. 16C and D). These data suggest that
EBOV vncRNAs do not demonstrate silencing activity in either bat or human cells.

DISCUSSION

Whether or not RNA viruses produce functional miRNA-like molecules has been a
matter of controversy for several years, and the question remains contentious (80).

FIG 9 Legend (Continued)
cell lines (assigned the corresponding letter) as measured by two-way analysis of variance (� � 0.05), followed by Tukey’s multiple-comparison posttest. For
a comprehensive list of comparisons and P values, refer to Data Set S2 in the supplemental material. (B) For each virus and time point, the abundance of the
GP vncRNA relative to the vRNA abundance from EpoNi/22.1 and RO6E/J cells was compared to the abundance in HepG2 cells (which was set to 1). The
normalization procedure is described under “Bioinformatics” in Materials and Methods. All statistical comparisons were made against HepG2 cells by using
one-way analysis of variance followed by Dunnett’s multiple-comparison posttest. Specific P values, indicated by the letters above the bars, are as follows: A,
P � 0.0230; B, P � 0.0039; C, P � 0.0133; D, P � 0.0052. (C and D) For either wt rEBOV– eGFP (C) or rEBOV VP35 R312A– eGFP (D), the proportion of GP vncRNA
relative to vRNA abundance at 24 hpi was compared with the abundance at 12 hpi (set to 1). The normalization procedure is described under “Bioinformatics”
in Materials and Methods. Statistical significance was computed using independent unpaired t tests (� � 0.05) with the Holm-Sidak correction for multiple
comparisons. For panels A to D, the data plotted represent the means for three biological replicates � standard deviations. (E) The degree of agreement
between the methods of RPM normalization and absolute quantitation of the GP vncRNA was assessed by plotting the mean RPM of three biological replicates
from each sample group against the mean GP vncRNA copy number (per nanogram of total RNA) from each sample group. The coefficient of correlation was
calculated by the Pearson method (P � 0.0054), and a best-fit line was drawn using linear regression.
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While it has been demonstrated that recombinant RNA viruses can be engineered to
express exogenous, functional miRNAs (81–84), more-recent reports of viral miRNAs
produced during the course of natural infection by flaviviruses have been met with
intense criticism (17, 23). Despite the skepticism about the existence of RNA virus-
derived miRNAs, several recent in silico studies have predicted numerous potential
EBOV-derived pre-miRNA and mature miRNA products (33–36).

In the present study, we utilized deep sequencing to profile the small-RNA popu-
lations of bat and human cells following infection with the filoviruses EBOV and MARV,
along with interferon antagonism-impaired mutants of each virus. We found that the

FIG 10 Filovirus vncRNA abundance changes over time. For each virus, the proportion of each vncRNA relative to vRNA abundance at 24 hpi was compared
to the abundance at 12 hpi (set to 1). The normalization procedure is described under “Bioinformatics” in Materials and Methods. All statistical comparisons
were made using two-way analysis of variance followed by Sidak’s multiple-comparison posttest. Letters above bars indicate significance as given in the legend
to each panel. (A) wt rEBOV– eGFP. A, P � 0.0001; B, P � 0.0001; C, P � 0.0001; D, P � 0.0001; E, P � 0.0001; F, P � 0.0044; G, P � 0.0134; H, P � 0.0022; I,
P � 0.0017; J, P � 0.0098. Note that RO6E/J cells were omitted from this analysis. (B) rEBOV VP35 R312A– eGFP. A, P � 0.0175; B, P � 0.0205; C, P � 0.0322; D,
P � 0.0065; E, P � 0.0037; F, P�-0.0079; G, P � 0.0001. (C) wt rMARV– eGFP. A, P � 0.0007; B, P � 0.0001; C, P � 0.0001; D, P � 0.0091; E, P � 0.0056; F, P � 0.0182.
(D) rMARV VP35 R312A– eGFP. A, P � 0.0002; B, P � 0.0001; C, P � 0.0001; D, P � 0.0054; E, P � 0.0007; F, P � 0.0020. For all panels, the means for three
biological replicate sequencing libraries for each group � standard deviations are plotted.
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FIG 11 Length distribution profiles of EBOV and MARV vncRNAs. vncRNA sequences ranging from 19 to 32 nt, including reads with SNPs, were plotted as
percentages of the total number of reads derived from each TSS. The mean for three biological replicate sequencing libraries for each group � standard
deviation is plotted.
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vast majority of virus-derived reads from all viruses in all cell lines were derived from
the TSS of several viral genes, namely, VP40, GP, VP30, VP24, and L in EBOV and NP, GP,
and VP24 in MARV and that several of these vncRNAs have human miRNA homologs
(Fig. 6A and B; Table 1). In EBOV-infected cells, these RNA products were primarily 22
or 25 nt long, depending on the gene, while in MARV-infected cells, they were almost
entirely composed of 22-nt reads, congruent with the typical size of cellular miRNAs.
The range of sizes for each vncRNA product was highly consistent between replicates
and cell lines, strongly indicating that filovirus vncRNAs are not simply products of
stochastic processes. In addition, a strong positive-strand bias was observed for all
virus-derived reads, suggesting that mRNAs, not dsRNA replicative intermediates, are
the substrate utilized to produce these products. Consequently, we also interpreted this
unipolar strand bias as evidence against an siRNA-mediated response to filovirus
infection. The effectiveness of a mammalian antiviral siRNA response is a matter of
considerable debate; however, several groups have described a functional pathway.
Most recently, Qiu et al. reported that the apparent lack of a noticeable siRNA-mediated
immune response in mammalian cells reported in older studies was due largely to
potent VSR activity masking the siRNA signature (64). Although this must be considered
a possible explanation for our observations given that EBOV possesses three proteins
with reported VSR activity (40–42), it should be noted that in all of the studies
demonstrating a mammalian siRNA response to virus infection, the viruses utilized have
dsRNA replicative intermediates that are unencapsidated and thus likely to be acces-
sible to host RNAi machinery, i.e., Dicer. With regard to filoviruses, the positive-sense
replicative strand (cRNA) is encapsidated during replication (85, 86), which likely shields
it from nucleases. In contrast, viral mRNAs are not encapsidated and are therefore more
vulnerable to nucleolytic digestion.

An unexpectedly high proportion of vncRNA sequences from EBOV and, to a lesser
degree, MARV exhibited a G¡U SNP at the first position of the vncRNA. The mechanism
by which these SNPs are produced and their biological relevance, if any, is unclear.
Given the high degree of sequence conservation of filovirus transcriptional control
elements and their critical importance to the efficient transcription of viral mRNAs, it is
unlikely that the SNP is incorporated into the genomic template. A more plausible
explanation is that a proportion of mRNAs are transcribed with a misincorporated base
at position 1, possibly through a process such as template misalignment (87). We
attempted to distinguish between the wt and 1U SNP variants by qRT-PCR; however,
primers designed for the SNP variant detected the wt vncRNA, and vice versa, at
roughly equal efficiencies, as determined by qRT-PCR of human brain total RNA spiked
with synthetic miRNA mimic oligonucleotides homologous to the wt GP-and 1U SNP GP
vncRNAs. It was determined by Qiagen/Exiqon technical support that this limitation in
the discrimination of targets was not likely to be overcome by repositioning of the
locked nucleic acid in the SNP-specific primers. The overwhelming proportion, relative
to the wt, of a G-to-U SNP at position 26 of only the 26-nt variant of the EBOV eGFP/GP
vncRNA was also surprising. While it is tempting to conclude that this was the result of

TABLE 1 TSS-derived ncRNA sequences and their features

Virus Sequence (positive sense)a Gene hsa-miR homolog No. of targets predicted in miRDBb

EBOV GATGAAGATTAAGAAAAACCTA VP40 hsa-miR-3142 197 for hsa-miR-3142, 673 for VP40
GATGAAGATTAAGCCGACAGTG GP None 632
GATGAAGATTAATGCGGAGGTC VP24 hsa-miR-3679-3p 517 for hsa-miR-3679-3p, 632 for VP24
GATGAAGATTAAGAAAAAGGTA VP30 None 673
GAGGAAGATTAAGAAAAACTGC L None 1,150

MARV GAAGAATATTAACATTGACATT NP None 766
GAAGAACATTAATTGCTGGATG GP hsa-miR-424-5p 77 for hsa-miR-424-5p, 917 for GP
GAAGAACATTAAGAAAAAGGAT VP24 None 981

aFor each ncRNA, the transcription start signal is italicized, and the putative seed sequence for the ncRNA is underlined. The boldface first base denotes the position
of the G ¡ U SNP observed in a proportion of reads for each TSS ncRNA.

bTargets were predicted using the custom prediction tool in the MicroRNA Target Prediction Database (miRDB).
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FIG 12 miRNA-specific qRT-PCR detection and quantitation of EBOV GP vncRNA in nonhuman primate
liver tissue. Total RNA was extracted from archived liver tissues from EBOV-vaccinated and unvaccinated
rhesus macaques and was subjected to miRNA-specific qRT-PCR. qRT-PCRs for unknowns were per-
formed in triplicate; qRT-PCRs for serially diluted standards were performed in duplicate. Total RNA
extracted from EpoNi/22.1 cells at 24 h after infection with wt rEBOV– eGFP was used as a positive
control. A synthetic ssRNA oligonucleotide homologous to GP vncRNA was spiked into total human brain
RNA at a concentration of 0.1 ng/�l (total human brain RNA concentration, 10 ng/�l) and was used as a
standard for absolute quantitation (undiluted; 10�7). (A) Amplification curves for a wild-type human
parainfluenza virus type 3 (HPIV3)-vaccinated control rhesus macaque (moribund animal euthanized
8 days postchallenge; extrapolated GP vncRNA copy number, 3.06 � 103 copies/ng total RNA), an
HPIV3/EboGP-vaccinated rhesus macaque (surviving animal euthanized 28 days postchallenge, at study
endpoint; extrapolated GP vncRNA copy number, 0 copies/ng total RNA), wt rEBOV– eGFP-infected
EpoNi/22.1 cells at 24 hpi (extrapolated GP vncRNA copy number, 2.78 � 104 copies/ng total RNA), and
the EBOV GP vncRNA standard (ssRNA GP Oligo) (10�3 dilution; 8.4 � 106 copies/ng total RNA). (B) Melt
curve analysis of GP vncRNA qRT-PCR amplicons. For clarity, the melt curve for only a single technical
replicate is shown for each sample and is representative of all technical replicates for that sample. The
average amplicon Tm values of three technical replicates for each sample (two for the standard) were as
follows: for the HPIV3-vaccinated control rhesus macaque, 70.45°C; for the HPIV3/EboGP-vaccinated
rhesus macaque, 65.19°C; for EpoNi/22.1 total RNA at 24 h after infection with wt rEBOV– eGFP,
70.50°C; for the EBOV GP vncRNA standard (10�3 dilution; �8.4 � 105 copies/ng total RNA), 70.54°C.
Rn, ratio of the fluorescence of the reporter dye (SYBR Green) to the fluorescence of the passive ROX
dye. ΔRn, normalized Rn value obtained by subtracting the baseline fluorescence of the reporter dye
from Rn. -R’, negative derivative reporter, obtained as the first negative derivative of the the
normalized Rn value. All values are relative fluorescent units reported and plotted by the Applied
Biosystems StepOne software.
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FIG 13 EBOV vncRNAs are produced in a Dicer-independent manner. 293T-P or Dicer-null NoDice 4-25 cells were infected with wt rEBOV
at an MOI of 2 PFU/cell and were lysed in TRIzol at 20 hpi. (A) miRNA-specific qRT-PCR analysis of the VP40 and GP vncRNAs as well as
the endogenous cellular miRNAs hsa-miR-103a-3p and hsa-let-7a-5p. The Dicer-independent U6 snRNA was assayed as a negative control.
The relative fold change was determined using the 2–ΔΔCT method of approximation, with an exogenous spike-in RNA used as the
reference. Asterisks indicate significance as determined by two-way analysis of variance (� � 0.05) followed by Sidak’s multiple-
comparison posttest (*, P � 0.05; ***, P � 0.001). (B) Tag-based strand-specific qRT-PCR was performed on the same samples to determine
the viral RNA copy number. RNA equivalents for vRNA and mRNA were determined using a standard curve obtained by serial dilutions
of strand-specific standards. Data are expressed as the fold change from the level for NoDice 4-25 cells. Asterisks indicate a significant
difference (P � 0.05) from NoDice 4-25 cells as measured by two-way analysis of variance (� � 0.05) followed by Sidak’s multiple-
comparison test (***, P � 0.0005; ****, P � 0.0001). (C) Tag-based strand-specific qRT-PCR was performed on total RNA from Drosha, Ago2,
RNase L, DIS3, CPSF3L, and scrambled siRNA-transfected cells, as well as mock-transfected cells, to determine viral RNA copy numbers. Data
were first normalized to those for mock-transfected cells and are expressed as the fold change from the value for the scrambled siRNA
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PCR-biased overrepresentation, this SNP was present in all EBOV libraries from all three
cell lines and was always the majority sequence, casting doubt on this conclusion.
Instead, its presence may be better explained as a result of misincorporation during
transcription.

FIG 14 Validation of siRNA knockdown by Western blotting and qRT-PCR. (A and B) (Top) Western blots and
band pixel density analysis of RNase L, DIS3, and CPSF3L in siRNA-transfected cells at 48 h (A) and 72 h (B)
posttransfection. For both panels, siRNA knockdowns were performed in triplicate (numbers above the blot
images). GS, gene-specific siRNA; Scr, scrambled (nonspecific) siRNA. (Bottom) Quantitative data on the levels
of proteins in siRNA-transfected cells, derived from Western blotting and normalized to those for mock-
transfected cells. nd, not determined. (C) qRT-PCR of Drosha and Ago2 mRNA transcripts. For all panels, bars
represent the means for three biological replicates and error bars represent standard deviations.

FIG 13 Legend (Continued)
control. Asterisks indicate significance (P � 0.05) as measured by one-way analysis of variance (� � 0.05; calculated separately for mRNA
and vRNA) followed by Dunnett’s multiple-comparison test, with all comparisons made to the scrambled control (*, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001). (D) miRNA-specific qRT-PCR of EBOV GP vncRNA. The relative fold change (as measured by the 2–ΔΔCT

method of approximation) was normalized first to the value for mock-transfected cells for all samples and then to either mock-normalized
viral mRNA fold change values or mock-normalized vRNA fold change values, as indicated. The fold change values of the endogenous
hsa-miR-103a-3p miRNA were not normalized to viral titers, since we assumed that its levels were not directly affected by viral RNA levels.
Asterisks indicate significance (P � 0.05) as determined by one-way analysis of variance (� � 0.05; calculated separately for mRNA-
normalized GP vncRNA, vRNA-normalized GP vncRNA, and hsa-miR-103a-3p) followed by Dunnett’s multiple-comparison test, with all
comparisons made to the scrambled control (*, P � 0.05; **, P � 0.01). For panels A to D, the means of three biological replicates �
standard deviations are plotted. (E and F) The degree of correlation between the GP vncRNA and either viral mRNA (E) or vRNA (F) was
plotted by taking the mean fold change of the GP vncRNA for each siRNA transfection normalized to the scrambled siRNA and plotting
it against the corresponding values of the viral RNA. Deming regression was performed to fit a line through the data points, and the
coefficient of correlation (r) was calculated using the Pearson method.
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A defining characteristic of miRNAs and siRNAs is their incorporation into the RISC,
in the absence of which their silencing effect is not known to occur. A recent report by
Duy et al. validated the presence of several of the previously computationally predicted
EBOV “miRNAs” from nonhuman primate, mouse, and human serum samples (38).
However, neither in that study nor in any of the preceding studies was the direct
association with the RISC investigated, although a single report did imply that produc-
tion of two of the predicted mature miRNAs is dependent on Dicer-mediated digestion

FIG 15 EBOV vncRNAs are not associated with the RISC and do not positively or negatively affect virus replication. (A)
qRT-PCR analysis of EBOV vncRNAs following RNA-binding protein immunoprecipitation of AGO1 to -4 with individual AGO
antibodies and a pan-AGO antibody. Combined data from two independent experiments are shown; the data for pan-AGO
RIP are representative of five separate experiments. SAM-68 was used as an irrelevant RNA-binding protein control. Of the
four EBOV vncRNAs profiled, only data for the EBOV GP vncRNA are shown. (B) EBOV titers in supernatants of 293T-P cells
at 48 hpi. Prior to infection, cells were transfected with the indicated total concentrations of siRNAs homologous to the VP40
and L vncRNAs. siRNAs were transfected individually or combined (combined concentrations, 12.5 nM each or 25 nM each).
Scrambled control siRNA-transfected or mock-transfected cells were used as controls for comparison. Significance was tested
by two-way analysis of variance (� � 0.05) followed by Dunnett’s multiple-comparison posttest, and separate independent
comparisons were made to the mock-transfected and scrambled siRNA-transfected controls. The means for three biological
replicates � standard deviations are plotted.

FIG 16 Dual-luciferase reporter assay for EBOV vncRNA function. 769-P (A and C) or EpoNi/22.1 (B and D) cells were
transfected with the indicated pmirGLO dual-luciferase reporter constructs and were either infected with wt rEBOV (A and
B) or subsequently transfected with a synthetic siRNA homologous to the EBOV GP vncRNA at a final concentration of
50 nM (C and D). For each assay, FLuc values were normalized to the corresponding RLuc values to generate a ratio; the
data are expressed as the mean FLuc/RLuc ratio � standard deviation proportional to that for the empty-vector control
construct. All assays were performed in biological quadruplicate (n � 4). One-way analysis of variance followed by a
Dunnett multiple-comparison posttest was used to assess statistical significance, and all comparisons were made to the
empty-vector-transfected group. Multiplicity-adjusted P values are indicated by letters above the bars. (A) A, P � 0.0001;
B, P � 0.0001; C, P � 0.0001; (B) A, P � 0.0065; (C) A, P � 0.0001; B, P � 0.0145; C, P � 0.0064; (D) A, P � 0.0001; B,
P � 0.0017; C, P � 0.0018. Data are representative of two independent experiments.
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of the predicted pre-miRNA (33). With regard to this, we investigated the involvement
of the host miRNA machinery in the production of the EBOV vncRNAs discovered in our
study. Using a stable Dicer knockout cell line, we were able to determine that the
production of mature EBOV vncRNAs occurs in a Dicer-independent manner (Fig. 13A
and B). Dicer-independent, AGO2-dependent processing of at least one endogenous
pre-miRNA is known to occur (3, 88), and this has similarly been reported for a
miRNA-like small RNA produced by IAV subtype H5N1 (27). However, in our study,
siRNA-mediated knockdown of AGO2 had no deleterious effect on the abundance of
EBOV vncRNAs relative to that with the scrambled siRNA control. This was also true of
siRNA-mediated knockdowns of RNase L and DIS3; however, knockdown of Drosha and
CPSF3L resulted in moderate suppression of the GP vncRNA, although this result was
significant only for CPSF3L (Fig. 13D). RNase L has been reported to be involved in the
noncanonical processing of viral RNAs into siRNA-like molecules (89). DIS3, the catalytic
component of the exosome complex, a 3=–5= exoRNase, was selected because we
reasoned that 3=–5= nucleolytic digestion of filovirus mRNAs may result in the produc-
tion of pre-miRNA-like molecules if the exosome complex stalls upon reaching the
stem-loop structure in the 5= UTR. While DIS3 is primarily nuclear, several reports
indicate its presence, albeit in smaller amounts, in the cytoplasm (90). Both Drosha and
CPSF3L are reported to process viral RNAs into small RNA molecules, albeit through
mechanisms distinct from one another. In the case of Drosha, translocation from the
nucleus occurs upon infection by a diverse group of RNA viruses, including vesicular
stomatitis virus (VSV), a nonsegmented negative-strand virus (nsNSV) (91). Additionally,
an exclusively cytoplasmic isoform of Drosha has been described (92). The cleavage
specificity of Drosha, which uses a “molecular ruler” to count approximately 11 bp up
the dsRNA stem-loop from the basal dsRNA–single-stranded RNA (ssRNA) junction and
approximately 22 bp down from the apical junction of the terminal loop (2, 93, 94),
would not appear to produce pre-miRNAs consistent with the vncRNAs that we
sequenced, assuming that the predicted secondary structures for the 5= ends of EBOV
and MARV mRNAs are at least mostly accurate. Intriguingly, CPSF3L, a component of
the Integrator complex, has been reported to produce snRNAs and miRNAs via cleavage
of stem-loop structures in transcribed precursor molecules produced by Herpesvirus
saimiri (95, 96). Although in this example processing occurs in the nucleus and is
dependent on Dicer for miRNA maturation, CPSF3L is also found diffusely throughout
the cytoplasm (97), and it is possible that it similarly recognizes the 5= UTR stem-loop
structures in filovirus mRNAs as suitable substrates. While our findings do not conclu-
sively implicate any specific nuclease as being responsible for the production of
filovirus vncRNAs, they do exclude Dicer dependency for vncRNA biogenesis. Further-
more, the nearly perfectly linear relationship that we observed between fold changes
in viral mRNA and vncRNA across the knockdown panel adds strength to the conclusion
that viral mRNA is the biogenic substrate for filovirus vncRNAs.

We next investigated the association of EBOV vncRNAs with host Argonaute pro-
teins, the catalytic component of the RISC. Of the four EBOV vncRNAs we profiled by
qRT-PCR of Ago immunoprecipitations, we were able to detect modest enrichment of
GP vncRNAs in two independent experiments and of L vncRNAs in one. However, in
four subsequent independent repetitions of this experiment, no enrichment of any of
the four EBOV vncRNAs profiled by qRT-PCR was observed, despite our observation of
robust enrichment for endogenous host miRNAs. The reasons for the disparity between
the initial experiments and subsequent attempts are not clear. All immunoprecipitation
experiments utilized the same pan-AGO antibody, and infections and immunoprecipi-
tation protocols were performed identically across all experiments. However, given that
only the GP vncRNA was detected in more than one experiment, and two vncRNAs
were not detected at all, we must conclude that the association of EBOV vncRNAs with
the RISC is most likely to be transient and nonspecific in nature, and that therefore, they
are not expected to be functional as silencing RNAs in any biologically meaningful
context. This is of particular importance because while none of the computationally
predicted mature miRNA sequences in previous studies were exact matches for the
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vncRNAs identified in our sequencing data, two were strikingly similar. EBV-miR-T2-5p,
predicted by Teng et al. (34), was shifted by a single nucleotide downstream from the
sequenced VP40 vncRNA, while ZEBOV-miR-1-5p, predicted by Liu et al. (35), was
shifted by 7 bases relative to the sequenced VP24 vncRNA. Considering that the authors
of these and subsequent studies have assumed that these predicted RNAs actually
function as miRNAs (and thus associate with the host miRNA machinery), our finding of
a lack of association of highly similar sequences produced during experimental infec-
tion with EBOV casts doubt on those conclusions. Additionally, we failed to find an
appreciable abundance of any of the other predicted EBOV “miRNAs” from previous
studies, and most were completely absent from our sequencing data sets. As men-
tioned above, Duy et al. were able to detect most of the predicted EBOV small RNAs in
biological samples from infected humans, mice, and NHPs (38), and we too were able
to detect EBOV GP vncRNA in the liver of an EBOV-infected rhesus macaque (attempts
to detect additional EBOV vncRNAs that we identified were not made), indicating that
these RNAs are produced during the course of natural infection. Our results therefore
provide a useful cautionary note with regard to the use of computational modeling for
the prediction of viral miRNAs. A common inference of sRNA deep-sequencing data has
been that highly abundant mature miRNA sequences are likely to be associated with
the RISC, because the lack of a 5= cap or poly(A) tail would make them susceptible to
nucleolytic degradation. However, it has been reported that only a relatively small
proportion of the total cellular miRNA pool is actually associated with the RISC (98, 99).
Moreover, a subsequent publication provided evidence that the association of mature
miRNA with the RISC was predicated on several factors, including the abundance of
highly complementary mRNA targets (100). However, despite these potential alterna-
tive explanations for a lack of association with AGO, and given the clear independence
of their biogenesis from Dicer, we conclude that there is insufficient evidence that EBOV
vncRNAs represent true miRNAs.

In addition to a lack of association with canonical host miRNA machinery, the EBOV
vncRNAs identified in our studies failed to show any measurable effect on either virus
replication or the silencing of a reporter transcript. In HepG2 and EpoNi/22.1 cells, the
estimated abundances of the GP vncRNAs ranged from several hundred to more than
a thousand copies per cell, respectively, as assessed by qRT-PCR, assuming a total RNA
content of 10 pg/cell (Fig. 9A). Despite this, infection of both human and bat cells with
EBOV failed to suppress the expression of a luciferase reporter with EBOV GP vncRNA
MBEs in the 3= UTR of the reporter mRNA. This stands in contrast to our results with an
siRNA homologous to the GP vncRNA. Effective silencing of mRNAs, especially in
instances of partial complementarity to their mRNA target, is in large part dependent
on stoichiometry; i.e., high levels of a given miRNA are required in order to exert an
effect on levels of an imperfectly complementary target (101). However, even a reporter
with MBEs perfectly complementary to the EBOV GP vncRNA was not significantly
silenced during infection with EBOV. In RO6E/J cells, it appears that the enhanced
production of vncRNAs relative to vRNA or mRNA may in fact function as a restriction
factor, given the impaired ability of EBOV to replicate in these cells relative to that in
EpoNi/22.1 and HepG2 cells. Importantly, Rousettus aegyptiacus bats have been de-
scribed as refractory to EBOV infection (102, 103). This is perhaps not surprising, since
enhanced digestion of mRNA substrates to produce vncRNAs would likely impose a
replicative burden on the virus. This striking difference in relative abundance was not
observed in MARV-infected cells; thus, their enhanced production in a species of bat
known to be refractory to EBOV infection may in fact act as a restriction factor to
productive infection.

Given their apparent lack of function as viral miRNAs (summarized in Table 2), what
might the origin and biological function of EBOV vncRNAs be? As with other nsNSVs,
5= capping of filovirus mRNAs is coupled with transcription. For the prototypical nsNSV
VSV, nascent mRNAs are capped after the addition of the 31st nucleotide (104). Most
small-RNA sequencing methods, including the method we used, require 5=-mono-
phosphate and 3=-hydroxl moieties for adapter ligation to occur; therefore, if the same
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were true for EBOV as for VSV, one could hypothesize that the vncRNAs identified in our
sequencing data may represent precapped mRNAs. However, the consistency in pro-
portional abundance between biological replicates, and even between wild-type and
mutant viruses in our sequencing and qRT-PCR studies, implies that these are not
simply randomly captured immature mRNAs. Proper addition of the 5= cap in part
serves as a quality control step; in the absence of capping, elongation of the mRNA
halts, resulting in an aborted transcript (105). However, premature termination of
transcription does not occur immediately, and aborted VSV mRNA transcripts range in
length from 40 to 500 nt (105–107), considerably larger than the RNAs sequenced in our
study. Premature termination of transcripts in respiratory syncytial virus (RSV) similarly
starts after the addition of nt 40 (108, 109). Assuming that EBOV mRNAs exhibit a
minimal capping length and a gradient of premature transcription termination similar
to those of other nsNSVs, the RNAs sequenced in our study likely do not represent
products of abortive transcription. Indeed, the relative lack of abundance of 40- to 50-nt
vncRNAs from either EBOV or MARV (data not shown) implies that if such products
exist, they were size selected out during sequencing library preparation, and our
analysis clearly shows a predominance of 22- to 25-nt RNAs for most of the TSS-derived
vncRNAs that we identified, with relative abundance declining with increased length.

Another consideration is that EBOV TSS-derived ncRNAs function similarly to the
short leader RNAs (leRNAs) produced by other NSVs (24, 110, 111). IAV is reported to
produce small RNA products from the 5= ends of cRNAs. However, instead of function-
ing to posttranscriptionally regulate host or viral gene expression, these small RNAs
regulate the switch from transcription of viral mRNAs to replication of the IAV genome
by acting as enhancers of IAV polymerase activity (24, 25). Additionally, these viral small
RNAs are not reported to associate with the RISC. Although EBOV and MARV are
thought to regulate the switch between transcription and replication through the
phosphorylation state of VP30 (112, 113), the exact mechanism of this process is not
fully understood, and this does not preclude reliance on additional means of regulation.
Therefore, it is possible that EBOV utilizes TSS-derived ncRNAs for a similar purpose.

Last, we must consider the possibility that EBOV vncRNAs are by-products of the
secondary structure in the 5= UTRs of viral mRNAs without conferring any selective
advantage of their own, i.e., that they are spandrels (114). Although only the stem-loop
in the 5= UTR of EBOV NP is currently known to be critical for VP30-dependent
transcriptional initiation (86, 115), the stable 5= UTR stem-loop structures predicted for
all mammal-hosted filovirus mRNAs (which are formed in part by the TSS of each
mRNA) suggest that their maintenance is under some selective constraint. According to
this hypothesis, the production of vncRNAs through a process such as nucleolytic
digestion would be little more than a cost to filoviruses for maintaining the topology
of the 5= UTR. Any biological activity would therefore be incidental to their primary

TABLE 2 Summary of EBOV vncRNA findings

Characteristic

Presence or absencea in:

Genuine miRNAs EBOV ncRNAs

Biogenesis
Drosha processing ✓ X
Dicer processing ✓ X

Function
RISC loading ✓ X
Transcript silencing ✓ X
Translational repression ✓ X

Biochemistry
5=-Phosphate ✓ ✓
3=-OH ✓ ✓
22-nt length ✓ Variable

a✓, presence; X, absence.
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function, likely as an element of transcriptional regulation. If these vncRNA products
confer no selective advantage, it would make sense for the virus to develop strategies
to hinder this process; i.e., if the fitness cost of modifying the secondary structure in the
5= UTR is insurmountable, the evolution of mechanisms to suppress the degradation of
vncRNAs may be favored. In support of this notion, while we observed that the absolute
amount of TSS-derived vncRNAs increased from 12 to 24 hpi, the proportion of
vncRNAs relative to the viral burden decreased. Conversely, the stem-loops themselves
may have undergone selection to make them less amenable to nucleolytic digestion
while still maintaining their primary function.

It should be noted that because our validation was focused only on EBOV vncRNAs,
we cannot exclude the possibility that MARV vncRNAs are associated with the miRNA
pathway. The marburgviruses are phylogenetically basal to the ebolaviruses and differ
from them in several key aspects of their biology, such as the lack of an editing site in
GP. It is therefore possible that MARV retains a mechanism of RNAi that was lost in
EBOV. Therefore, prudence dictates that the biological origin and function, if any, of the
MARV TSS-derived vncRNAs identified in our studies be assessed independently of the
conclusions drawn for EBOV.

Here, we present, to our knowledge, the first rigorous biological assessment of the
capacity for EBOV to produce viral miRNA-like molecules. Importantly, despite predic-
tions of such molecules in the literature, we found little evidence to suggest that EBOV
vncRNAs, whether previously predicted or from our own sequencing data, function as
miRNAs or are processed through the canonical miRNA pathway. Importantly, in
addition to describing several novel vncRNAs produced by both EBOV and MARV, this
work validated the existence of two previously predicted EBOV miRNA-like molecules in
the context of live virus infection, while challenging assumptions that they play a role
in host mRNA silencing. Taken together, these studies suggest that EBOV vncRNAs likely
serve biological functions unrelated to small-RNA-mediated gene silencing or, con-
versely, exist as nonfunctional spandrels. Avenues of further investigation should
include research into the biological activity of filovirus vncRNAs and their potential as
biomarkers of infection.

MATERIALS AND METHODS
Cells. RO6E/J cells were a kind gift from Ingo Jordan (CureVac AG, Germany) and were maintained

in Dulbecco’s modified Eagle medium (DMEM)–F-12 plus GlutaMAX (Thermo Fisher) complete medium
(10% heat-inactivated [56°C, 30 min] fetal bovine serum [FBS] and 50 mg/liter [final concentration]
gentamicin sulfate [Cellgro]) at 37°C under 5% CO2. EpoNi/22.1 cells were a kind gift from Christian
Drosten (The Charité—Universitätsmedizin Berlin) and were maintained identically to RO6E/J cells.
HepG2 cells were obtained from the ATCC (HB-8065) and were maintained in DMEM low-glucose (1
g/liter) complete medium (Thermo Fisher) at 37°C under 5% CO2. HEK 293T/17 cells (referred to below
as “293T cells”) were obtained from the ATCC (CRL-11268) and were maintained in DMEM high-glucose
(4.5 g/liter) complete medium (Thermo Fisher) at 37°C under 5% CO2. 769-P cells were acquired from the
ATCC (CRL-1933) and were maintained in RPMI 1640 complete medium (Thermo Fisher) at 37°C under
5% CO2. Dicer knockout NoDice 4-25 cells and the parental cell line (referred to as “293T-P cells” to
distinguish them from the 293T cells obtained from the ATCC) were a kind gift from Bryan Cullen (Duke
University School of Medicine) and were maintained identically to the 293T cells obtained from the ATCC.
BHK-21 C13 (CCL-10) and Vero E6 (CRL-1586) cells were obtained from the ATCC and were maintained
identically to HepG2 cells.

Viruses. All experiments involving infectious EBOV and MARV were conducted in the Galveston
National Laboratory biosafety level 4 (BSL-4) facility by trained staff with the appropriate U.S. government
permissions and registrations for work with the EBOV and MARV full-length cDNA clones (FLC) and
viruses. Recombinant wt EBOV (strain Mayinga) and the VP35 R312A mutant virus expressing eGFP were
rescued and propagated as described previously (116) using EBOV FLC provided by John Towner and
Stuart Nichol (CDC) and the EBOV NP, VP35, L, VP30, and T7 polymerase plasmids provided by Yoshihiro
Kawaoka (University of Wisconsin) and Heinz Feldmann (NIH). The wt EBOV FLC lacking the eGFP
transgene was prepared by restriction digestion of the eGFP-flanking BsiWI sites followed by religation
of the linearized vector. The MARV reverse genetics system used in these studies (73) was a kind gift from
Jonathan Towner and Stuart Nichol (CDC). Plasmids containing the MARV FLC expressing eGFP (strain
Uganda 371Bat2007, isolate 811277), rodent cell codon-optimized NP, VP30, VP35, and L genes, and T7
polymerase were transfected into BHK-21 C13 cells using the TransIT LT1 transfection reagent (Mirus Bio).
Rescued viruses (passage 0) were further amplified by 2 to 3 passages in Vero E6 cells to generate
working stocks for infection experiments. The VP35 R301A virus was generated by subcloning the
VP35-containing AfeI-KasI fragment of the FLC into pCAGGS MCS. Site-directed mutagenesis was
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performed using the QuikChange kit (Agilent), after which the mutated fragment was reinserted into the
FLC and rescued as described above. The titers of recovered viruses were determined in Vero E6 cell
monolayers. Plaques were visualized 11 to 12 days postinfection by crystal violet staining.

Experimental infections. To generate samples for small-RNA sequencing, 90% confluent monolay-
ers of RO6E/J, EpoNi/22.1, or HepG2 cells were inoculated with EBOV or MARV at an MOI of 2 PFU/cell
or were mock infected (complete medium) in biological triplicate, allowed to adsorb for 1 h, washed
twice with cold phosphate-buffered saline (PBS), and then replenished with fresh complete medium. At
12 hpi and 24 hpi, cell supernatants were collected and frozen at �80°C for subsequent titering, and cell
monolayers were lysed in 1.0 ml of TRIzol reagent for removal from the BSL-4 facility and RNA isolation.
Titers of supernatants were determined as for virus stocks. For qRT-PCR comparison of EBOV miRNA
abundances in Dicer-competent and Dicer knockout cells, cells were inoculated as described above with
wt EBOV– eGFP at an MOI of 2 PFU/cell or were mock infected, and cell monolayers were collected in
TRIzol at 20 hpi. Procedures for other experiments involving live filoviruses are described separately.

Virus inactivation and RNA extraction with TRIzol. After removal of the supernatant, monolayers
of filovirus-infected or mock-infected cells were treated with 1 ml TRIzol (Ambion), incubated for 10 min
at room temperature, and removed from the BSL-4 facility. A 200-�l volume of chloroform per 1 ml of
TRIzol used was added to each sample, and the samples were incubated at room-temperature for 5 min,
after which they were centrifuged at 12,000 � g for 20 min. The aqueous phase was removed to fresh
nuclease-free 1.5-ml tubes, to which 15 �g of linear acrylamide (Ambion) and 1.0 ml of 2-propanol per
ml of TRIzol used was added. Samples were incubated at �20°C overnight to precipitate RNA. Following
incubation, the samples were centrifuged at maximum speed (16,900 � g) at 4°C for 30 min and were
then washed three times with 80% ethanol (each wash was followed by centrifugation at maximum
speed for 30 min at 4°C). Precipitated RNA pellets were allowed to air dry for �5 min before being
resuspended in nuclease-free water. Resuspended total RNA was quantified and was assessed for purity
by a NanoDrop system (Thermo Fisher).

Small-RNA library preparation. Total RNA integrity was assayed using an RNA 6000 Nano chip on
the Agilent 2100 bioanalyzer. All RNAs used to make libraries had an RNA integrity number (RIN) of �8.
Small-RNA libraries were made using the TruSeq Small RNA Sample Prep kit (Illumina) according to the
manufacturer’s suggested protocol. Briefly, 1 �g of total RNA was 3= and 5= adapter ligated, reverse
transcribed using SuperScript II (Invitrogen), and then PCR amplified, during which procedure unique
index sequences were added to the libraries. PCR-amplified libraries were electrophoresed on 2.5%-
to-3% agarose gels, and bands corresponding to �18- to 35-bp inserts were excised. The size-selected
libraries were gel purified using the Monarch gel extraction kit (New England Biolabs). Purified libraries
were validated for sequencing by qRT-PCR, Qubit, and Bioanalyzer and were then single-end sequenced
for 50 cycles on an Illumina HiSeq 2500 system on rapid run mode. Detailed information regarding total
reads passing the filter, read quality information, and virus alignment counts can be found in Data Set
S1 in the supplemental material.

Bioinformatics. For small-RNA analysis, FASTQ files containing the raw sequence reads were
trimmed of the 3= adapter sequence using the FASTX Toolkit, size selected to include only reads between
19 and 32 bp, and aligned to the appropriate infectious clone reference genome using Bowtie, v.0.12.8
(117) in the -k – best mode, allowing for a single mismatch and limiting reported alignments to a single
instance. SAM output files from Bowtie were fed into SAMTools (118) to generate SAM, BAM, and
mpileup files. To determine the fold change in vsRNA from 12 hpi to 24 hpi, vsRNAs for each library were
normalized by dividing the total number of 19- to 32-nt vsRNA reads by the total number of 19- to 32-nt
reads to obtain a vsRNA frequency. The following equation was then used to generate a vRNA-
normalized vsRNA frequency:

x � ��sf � � s1 � s2 � s3

3 ��� �vf � �v1 � v2 � v3

3 ����
r1 � r2 � r3

3

where sf is the vsRNA frequency of a single biological replicate at either 12 or 24 hpi, s1 to s3 are the
vsRNA frequencies for each of three biological replicates at 12 hpi, vf is the vRNA abundance for a single
replicate at 12 or 24 hpi, v1 to v3 are the vRNA abundances for each of three biological replicates at 12
hpi (this equation calculates the vRNA-adjusted vsRNA fold change), and r1 to r3 are the individual vsRNA
fold changes for each of three biological replicates at 12 hpi. Normalization for individual vncRNA
abundance in EpoNi/22.1 and RO6E/J cells versus HepG2 cells was performed using the following
equation:

x � ��ni

oi
	 106� � �vi �

v1 � v2 � v3

3 ���
r1 � r2 � r3

3

where ni is the number of 19- to 32-nt reads for a given vncRNA for a given library, oi is the total number
of 19- to 32-nt reads processed for a given library (reads per million [RPM] was calculated by multiplying
the resulting value by 106), vi is the vRNA copy number for a given library (per nanogram of total RNA),
v1 to v3 are the vRNA copy numbers (per nanogram of total RNA) for each HepG2 biological replicate (this
equation results in the vRNA-adjusted RPM), and r1 to r3 are the vRNA-adjusted RPM for each of three
HepG2 biological replicates. To determine the fold change from 12 hpi to 24 hpi for individual vncRNAs,
we used the following equation:

x � ��RPMf �
RPM1 � RPM2 � RPM3

3 � � �vf �
v1 � v2 � v3

3 ���
r1 � r2 � r3

3

where RPMf is the RPM for a given vncRNA at 12 or 24 hpi from an individual biological replicate, RPM1
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to RPM3 are the RPM for each biological replicate at 12 hpi, vf is the vRNA copy number (per nanogram
of total RNA) for an individual biological replicate at 12 or 24 hpi, v1 to v3 are the vRNA copy numbers
(per nanogram of total RNA) for each of three biological replicates at 12 hpi (this equation calculates the
vRNA-adjusted fold change for a given vncRNA), and r1 to r3 are the individual vRNA-adjusted fold
change values for each of three biological replicates at 12 hpi. Additional analysis and statistics were
performed using viRome, a package for R (119), Microsoft Excel, and GraphPad Prism 6. Statistical
analyses for all experiments were performed using GraphPad Prism 6. Unless otherwise noted, P values
for all statistical analyses are two tailed.

miRNA-specific qRT-PCR. Primer sequences and/or unique identification (ID) numbers for all qRT-
PCR experiments are provided in Data Set S3 in the supplemental material. SYBR green qRT-PCR was
performed using the miRCURY LNA RT and miRNA PCR System kits (Qiagen) according to the manufac-
turer’s suggested protocol. Briefly, 10 ng input total RNA (unless otherwise specified) was first poly(A)
tailed and then reverse transcribed with a universal miRNA RT primer, which adds a tag sequence to the
RNAs. A kit-provided synthetic miRNA spike-in (UniSp6) was used in all reactions as a control for
monitoring the efficiency of reverse transcription. The resulting miRNA cDNA libraries were diluted 1:60
in nuclease-free water, and 3 �l of diluted cDNA (50 pg) was used as the input for triplicate qRT-PCRs
using EBOV miRNA-specific primers or primers to endogenous (hsa-miR-103a-3p) and exogenous
(UniSp6) miRNAs. Controls without reverse transcriptase (–RT) and no-template controls (NTC) were also
included for all primer sets. qRT-PCR was performed on StepOnePlus or QuantStudio 6 Flex real-time PCR
systems (Thermo Fisher) using cycling settings specified in the miRCURY LNA miRNA PCR protocol, and
data were collected in the associated StepOne or QuantStudio software (Thermo Fisher). The UniSp6
synthetic miRNA was used as the reference miRNA, since its “expression” was consistent between all
biological and qRT-PCR technical replicates and experimental conditions, and spike-ins have been shown
to be reliable references for qRT-PCR normalization (120, 121). The relative fold change between samples
was calculated in Microsoft Excel using the 2–ΔΔCT method of approximation. For the purposes of
determining fold change, targets without threshold cycle (CT) values (i.e., undetectable) were arbitrarily
assigned a CT value of 40 (the last cycle). Thus, fold change approximations represent a minimum fold
change comparison. For absolute quantitation, a synthetic ssRNA oligonucleotide exhibiting 5=-
monophosphate and 3=-hydroxyl moieties and homologous to the 22-nt form of the EBOV GP vncRNA
(Integrated DNA Technologies [IDT]) was spiked into human brain total RNA (TaKaRa Bio) at a concen-
tration of 0.1 ng/10 ng total RNA (corresponding to �8.35 � 109 copies of the synthetic GP vncRNA per
10 ng total RNA). Ten nanograms of spiked human brain total RNA was reverse transcribed as described
above, diluted 1:60 in nuclease-free water, and then further serially diluted in 1:10 increments. Three
microliters of each serial dilution was then used as a standard for absolute quantitation.

Detection of viral vRNA/cRNA/mRNA by TaqMan (hydrolysis probe) qRT-PCR. Tag-based strand-
specific qRT-PCR assays were designed for EBOV as described previously (122). After RNA extraction,
first-strand cDNA synthesis was performed using the SuperScript IV system (Thermo Fisher Scientific) and
followed a modified version of the manufacturer’s protocol. Twenty nanograms of RNA was used as the
input. Primer annealing was performed in the absence of deoxynucleoside triphosphates (dNTPs), which
were added to the reverse transcription master mix. Reverse transcription was performed at 50°C.
Following reverse transcription, qPCRs were set up with the TaqMan Universal PCR master mix (Thermo
Fisher Scientific) using 4 ng of cDNA. Custom primer-probe sets (labeled with 6-carboxyfluorescein
[FAM]) were obtained from Thermo Fisher Scientific. AT-rich flaps were added to the primers to improve
efficiency, as described previously (123). Absolute quantitation was performed based on DNA oligonu-
cleotide standards obtained from Integrated DNA Technologies.

RIP assay. Near-confluent (�90%) T225 flasks of 293T cells were either infected with wt rEBOV– eGFP
at an MOI of 2 or mock infected. At 20 hpi, cells were washed twice with cold PBS, lysed in Magna RIP
lysis buffer with protease and RNase inhibitors added (EMD Millipore), and subjected to one freeze-thaw
cycle at �80°C. A single T225 flask inoculated with wt rEBOV– eGFP was used for all target protein and
control immunoprecipitations (IPs) in a given independent experiment. Prior to immunoprecipitation,
10-�l volumes of the wt rEBOV– eGFP-infected and mock-infected lysates were collected for use as pre-IP
input controls for qPCR. Argonaute (AGO) proteins were immunoprecipitated from lysates corresponding
to �1.0 � 107 to 2.0 � 107 cells by use of 5 �g of each antibody (Data Set S3 in the supplemental
material) and the EZ-Magna RIP RNA-binding protein immunoprecipitation kit (EMD Millipore) according
to the manufacturer’s suggested protocol. IgG isotype control immunoprecipitation was performed using
5 �g of the kit-supplied normal mouse IgG. Immunoprecipitations were performed overnight at 4°C with
gentle agitation. Following proteinase K digestion, 1 ml of TRIzol was added to the RNA or protein eluates
and pre-IP lysates for residual virus inactivation and removal from the BSL-4 facility. The concentrations
of purified RNAs from immunoprecipitations were too low to allow quantification using the Qubit HS
RNA assay kit (Thermo Fisher), so equal volumes of each immunoprecipitate (6.5 �l) were used as the
input for the miRCURY LNA RT kit. Ten nanograms of total RNA from the pre-IP input was used for reverse
transcription.

siRNA-mediated knockdown. A list of siRNAs utilized, their manufacturers, and their final concen-
trations used in our experiments can be found in Data Set S3 in the supplemental material. For siRNA
transfection, we used the TransIT-siQuest reagent (Mirus Bio). To determine transfection efficiency, the
siGLO fluorescent reporter (Dharmacon) was used in tandem with all transfections. All siRNA transfec-
tions were carried out in triplicate.

Western blotting. Antibodies, manufacturers, and dilutions are provided in Data Set S3 in the
supplemental material. One hundred micrograms of radioimmunoprecipitation assay (RIPA) lysate was
run on 4-to-12% Bis-Tris PAGE gels (Invitrogen) and was dry blotted onto nitrocellulose membranes using
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the iBlot 2 system (Invitrogen). Membranes were blocked in 5% nonfat dry milk dissolved in 1�
Tris-buffered saline (TBS) with 0.1% (final concentration) Tween 20 (TBS-T) for 1 h. Membranes were
incubated overnight at 4°C with the primary antibody diluted to the indicated concentration (provided
in Data Set S3, “Antibodies” tab) in either 5% bovine serum albumin (BSA) dissolved in 1� TBS-T or
blocking buffer, depending on the manufacturer’s suggested protocol. Membranes were then washed
three times in TBS-T, after which the secondary antibody was diluted in blocking buffer and was allowed
to incubate with the membranes for 1 h at room temperature. Following a wash with TBS-T, membranes
were developed using the Amersham ECL Western blotting reagent (GE Healthcare Life Sciences) and
were imaged on an Odyssey Fc imaging system (Li-Cor Biotechnology) using 10-min exposures in the
chemiluminescent and 700-nm channels. Band pixel density analysis was performed using Li-Cor Image
Studio Lite, v.5.2.

Plaque immunostaining assays. The antibodies used for plaque immunostaining can be found in
Data Set S3 in the supplemental material. Confluent monolayers of Vero E6 cells were inoculated with
serially diluted samples and were allowed to adsorb for 1 h at 37°C, after which a 0.6% methylcellu-
lose–2% fetal bovine serum (FBS) MEM overlay was added. After 5 days of incubation, monolayers were
fixed with a 10% formalin solution and were incubated overnight in the BSL-4 facility prior to being
removed. Fixed monolayers were blocked with 5% milk in TBS-T for 1 h, washed, incubated with a
primary antibody for 1 h, washed, incubated with a secondary antibody for 1 h, washed, and developed
using a 4CN peroxidase substrate reagent (SeraCare).

Luciferase reporter assays. We utilized the pmirGLO dual-luciferase reporter assay system (Pro-
mega), which expresses both firefly luciferase (FLuc; the “reporter”) and mammalian codon-optimized
Renilla luciferase (hRLuc) as an internal control for normalization. Artificial 3= UTRs were designed by
generating a 456-nt scrambled sequence lacking homology to any known sequence in GenBank and
embedding two miRNA-binding elements (MBEs) within the sequence, for a total insert length of 486 nt.
MBEs were designed either to be perfectly complementary to the EBOV GP vncRNA, to contain
mismatched base pairs within the center of the sequence (outside the seed [“bulged”]), or to be
complementary to only the first 10 nt of the EBOV GP vncRNA (all sequences are provided in Data Set
S3 in the supplemental material). Synthetic dsDNA fragments (“gBlocks”) were synthesized by IDT.
Artificial 3= UTRs were cloned immediately downstream of the FLuc reporter. For live-virus experiments,
769-P and EpoNi/22.1 cells were transfected with each of the reporter plasmids using the TransIT LT-1
reagent (Mirus), incubated for 4 h, and then infected with wt rEBOV at an MOI of 2 PFU/cell. At 24 hpi,
cells were lysed in passive lysis buffer, subjected to a �80°C freeze-thaw cycle, and assayed on a
luminometer using the Dual-Luciferase reporter assay system (Promega), and statistical comparisons
were made to the empty-vector plasmid (no 3= UTR). A control experiment was performed by transfect-
ing a synthetic siRNA homologous to the EBOV GP vncRNA (Dharmacon) at a final concentration of 50 nM
4 h after transfection of the reporter constructs. siRNA transfection was performed using the Trans-IT
siQuest reagent (Mirus). Cells were lysed 24 h after siRNA transfection and were processed identically to
cells infected with live virus. Statistical comparisons for the siRNA experiment were made to cells
transfected with both the pmirGLO construct containing the perfectly complementary MBE and a
scrambled siRNA. For both experiments, a 10-s integration step was used for both FLuc and hRLuc
readings, and FLuc luminescence values were normalized to corresponding hRLuc values. Both experi-
ments were performed independently twice, with each treatment being performed in quadruplicate.

Data availability. Adapter-trimmed, virus genome-aligned sequences have been deposited under
NCBI SRA BioProject number PRJNA508298.
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