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MicroRNAs (miRNAs) are short noncoding RNAs that exert post-
transcriptional gene silencing and regulate gene expression. In
addition to the hundreds of conserved cellular miRNAs that have
been identified, miRNAs of viral origin have been isolated and
found to modulate both the viral life cycle and the cellular
transcriptome. Thus far, detection of virus-derived miRNAs has
been largely limited to DNA viruses, suggesting that RNA viruses
may be unable to exploit this aspect of transcriptional regulation.
Lack of RNA virus-produced miRNAs has been attributed to the
replicative constraints that would incur following RNase III
processing of a genomic hairpin. To ascertain whether the gener-
ation of viral miRNAs is limited to DNA viruses, we investigated
whether influenza virus could be designed to deliver functional
miRNAswithout affecting replication. Here,we describe amodified
influenza A virus that expresses cellular microRNA-124 (miR-124).
Insertion of themiR-124 hairpin into an intron of the nuclear export
protein transcript resulted in endogenous processing and func-
tional miR-124. We demonstrate that a viral RNA genome in-
corporating a hairpin does not result in segment instability or
miRNA-mediated genomic targeting, thereby permitting the virus
to produce a miRNA without having a negative impact on viral
replication. This work demonstrates that RNA viruses can produce
functional miRNAs and suggests that this level of transcriptional
regulation may extend beyond DNA viruses.
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The discovery of noncoding small RNAs and the specificity by
which they can be made to control gene expression has rev-

olutionized our ideas of transcriptional and translational regu-
lation (1). The biogenesis of microRNAs (miRNAs) begins with
the transcription of an RNA polymerase II primary miRNA
transcript (pri-miRNA) containing an approximately 70- to 80-nt
hairpin (1). Formation of the RNA hairpin results in subsequent
processing at the base of the double-stranded stem, a process
mediated by the cellular complex RNase III enzyme Drosha and
a double-stranded RNA-binding protein called DGCR8 (1).
Cleavage of the hairpin liberates the miRNA precursor (pre-
miRNA) from the larger transcript, permitting nuclear export in
an Exportin 5-dependent manner (1). Following translocation,
the resulting hairpin is further processed by a second RNase III
enzyme called Dicer, which cleaves the bulge of the pre-miRNA
and generates an imperfect 22-nt RNA duplex featuring 2-nt 3′
overhangs on each strand. Duplex RNA is subsequently loaded
into the RNA-induced silencing complex (RISC), wherein the
thermal stability of each end of the duplex is thought to de-
termine which of the strands is used as the guide strand, the basis
of posttranscriptional gene silencing (PTGS) specificity (1). The
miRNA, loaded into the RISC, is thought to mediate PTGS by
binding to 3′ UTRs or the ORFs of mRNA and cause dead-
enylation and/or translational inhibition (2). In addition to the
many well-conserved cellular miRNAs (3), viruses have been
shown to synthesize small RNA products (4). Thus far, viral
miRNAs have been identified in a number of DNA viruses, in-
cluding members of the herpesvirus, polyomavirus, and adeno-
virus families (3–5). These viral miRNAs have been described to
regulate their replication cycles (6, 7) and the cellular tran-

scriptome (5, 8–10), and even to mimic endogenous miRNAs
(11, 12).
For a virus to produce miRNAs, a hairpin recognizable by

Drosha and DGCR8 must be made accessible. Because these
cellular components are found in the nucleus, virally produced
pri-miRNA would presumably need to be derived from a nuclear
virus, because synthesis in the cytoplasm would require nuclear
localization or nonconventional processing. Consistent with this
idea, cytoplasmic viruses have yet to demonstrate functional
miRNA synthesis, despite the identification of small RNA species
collectively referred to as viral-derived small RNAs (vsRNAs)
(13). Furthermore, the lack of viral miRNAs produced from nu-
clear RNA virus infections has led many to speculate that viruses
with RNA genomes are not amenable to the exploitation of this
pathway, because processing of the hairpin would result in the
degradation of genomic RNA (14).
In an effort to determine whether viral production of miRNAs

is limited to DNA viruses, we incorporated a pri-miRNA into the
genome of an RNA virus and characterized its replication prop-
erties. Here, we demonstrate that influenza A virus can be engi-
neered to produce a functional miRNA without loss of viral
growth. Plasmid-based rescue of influenza A virus, encoding the
endogenous neuron-specific microRNA-124 (miR-124) (15),
permits normal processing and function of this cellular miRNA
while maintaining WT replication levels. A potential obstacle for
RNA virus production of miRNAs is that the viral genome will
encode a perfect complementary target of the miRNA. In
assessing the extent of this limitation, we have ascertained that
miRNA targeting of influenza A virus is only effective on the level
of mRNA, presumably because of the nuclear localization and
molecular organization of the viral ribonucleoprotein (RNP)
complex. Taken together, this suggests that an RNA virus can
synthesize miRNA without loss of genomic material or self-in-
duced PTGS. Despite the artificial nature of this system, this work
demonstrates that RNA viruses are capable of usurping the cell’s
small RNA machinery as a means of manipulating host and/or
viral gene expression and may expand the available molecular
vectors that can be used for cellular delivery of small RNAs.

Results
In an effort to determine whether RNA viruses are capable of
exploiting the cell’s small RNA machinery, we engineered an in-
fluenza A virus to encode a known miRNA locus and ascertained
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how this would affect miRNA processing, PTGS activity, and/or
virus replication. Because two of the eight negative-stranded seg-
ments that compose the genome of influenza A virus undergo
splicing during infection (16), we investigated whether the virus
would permit the insertion of a mammalian pri-miRNA in the
context of a viral intron, thereby mimicking a number of well-
characterized endogenous miRNAs (17). To perform these stud-
ies, we chose segment 8, reasoning that being the shorter of two
viral transcripts that undergo splicing, it would be more amenable
to the addition of genetic material. Segment 8 encodes two pro-
teins, the nonstructural protein 1 (NS1), which confers a block on
cellular antiviral activity (18), and the nuclear export protein
(NEP, also referred to as NS2), which is responsible for shuttling
the mature RNP complexes to the cytoplasm before viral egress
and has recently been implicated in controlling virus replication
(19, 20). Because the mRNA encoding the N-terminal of NEP/
NS2 overlaps with the C-terminal transcript of NS1, we first dis-
rupted the endogenous splice acceptor site and recreated it beyond
the stop codon of NS1 (Fig. 1A). Synthesis of this nonoverlapping
split ORF created an intergenic region within segment 8 that ex-
tended the 3′ UTR of NS1 and the spliced lariat of NEP/NS2. To
determine whether the virus would permit insertion of a cellular
pri-miRNA, we cloned either a scrambled (scbl) genomic se-
quence or the murine miR-124-2 locus [in both 5′ to 3′ (miR-124)
and 3′ to 5′ [miR-124(R)] orientations] into the intergenic region
of segment 8 and generated virus through use of the plasmid-based
rescue system (21, 22). Purified virus was propagated in 10-d-old
embryonated chicken eggs, growing to titers of ≈10e8 to ≈10e9
pfu/mL. Scbl, miR-124, and miR-124(R) fragments were addi-
tionally cloned into the intergenic region of a red fluorescent
protein (RFP) expressing plasmid as previously described (23).
Virus-dependent miR-124 synthesis was observed at comparable
levels to transfected plasmid-based miR-124 production (Fig. 1B).
Moreover, miR-124 expression was restricted by the orientation of
the pre-miRNA, demonstrating expression only in its endogenous
5′ to 3′ orientation. Furthermore, miR-124 expression required
splicing of NEP/NS2, because a construct only expressing NS1with
a miR-124 hairpin in the 3′UTR failed to produce the small RNA
(Fig. S1). In addition, despite the extension of theNS1 3′UTR and
intron length of NEP/NS2, the insertion of neither the scbl se-

quence nor the pri-miR-124 affected viral protein expression, as
demonstrated by robust levels of nucleoprotein (NP) encoded on
segment 5 and NS1 or NEP/NS2 encoded on segment 8 (Fig. 1C).
To determine the replicative capacity of the NS recombinant
viruses, we performed a multicycle growth curve (Fig. 1D). Rep-
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lication of the recombinant NS viruses demonstrated robust
growth and no significant decrease in viral titers compared with
WT influenza A/PR/8/34 virus.
To determine whether the lariat, containing the pri-miRNA

generated during NEP/NS2 synthesis, would be continually pro-
cessed by the endogenous cellular machinery, miR-124–containing
influenza A virus infections were performed in Madin–Darby ca-
nine kidney (MDCK) cells and were harvested at multiple time
points. Small RNA Northern blots for viral-produced miR-124
demonstrated substantial expression of the miRNA as early as 4 h
postinfection (Fig. 2A). The robust expression of viral miR-124 was
sustained for the duration of infection at levels comparable to those
observed for endogenous miR-93. Furthermore, although pre-
miR-124 was evident at 4 h postinfection, its absence at later times
indicates that viral production of miRNA was not overwhelming
the cell’s export machinery, a phenomenon previously reported for
adenovirus delivery ofmiRNAs (24). To ensure that the processing
of pre-miR-124 mimicked the endogenous Dicer end product, we
performed real-time quantification of miR-124 by stem loop-spe-
cific RT-PCR (25). Because this assay is specific for the 3′ ends of
mature miRNAs and discriminates among related miRNAs that
differ by as little as a single nucleotide, the robust 25-fold induction
observed in response to the engineered miR-124–containing virus
strongly suggests that the mature product is a perfect mimetic of
endogenous miR-124 (Fig. 2B). The production of miR-124 also
correlated with viral replication asmeasured by PB2 synthesis (Fig.
2C). To ensure that the production of miR-124 from influenza A
virus was processed by the endogenous cell machinery, we per-
formed infections with the scbl control and miR-124–producing
viruses in WT- and Dicer-deficient fibroblasts. Total RNA was
analyzed by small RNANorthern blotting, demonstratingmiR-124
production exclusively in WT cells infected with the miR-124–
encoding influenza A virus (Fig. 2D). Loss of miRNA production,
as a result ofDicer deficiency, was confirmed by an absence ofmiR-
93 expression. These results were further corroborated through
stem loop-specificRT-PCR (Fig. 2E). Taken together, these results
suggest that influenza A virus can be engineered to deliver high
levels of miR-124 in the context of a de novo virus infection.
One of the RNA viral constraints of encoding a miRNA is that

the hairpin itself could form a Drosha substrate during viral

replication that would result in genomic slicing, producing two
distinct fragments and the miRNA hairpin. This would clearly
have an impact on viral progeny output and may induce the
formation of defective interfering particles. In the case of in-
fluenza A virus, cleavage of the miR-124 hairpin could result in
fragmentation of viral cRNA at the base of the miR-124 stem
(Fig. 3A). To monitor cRNA levels for cleavage activity, we
performed RT on RNA from fibroblasts infected with scbl control
or miR-124–containing viruses using an oligo-dT primer or
a primer specific for the 3′ cRNA noncoding region, which is
absent in both NS1 and NEP/NS2 mRNA (16). Whereas oligo-dT
RT synthesized both NS1 and NEP/NS2 mRNA (as well as NS
cRNA), 3′ cRNA RT selectively amplified NS cRNA and ex-
cluded mRNA, as evident by the lack of NEP/NS2 (Fig. 3B). To
determine whether Drosha was capable of processing the miRNA
hairpin directly from the genome, we used this discriminating RT
reaction to monitor the 5′, 3′, and hairpin regions of the cRNA
during de novo virus infection. Quantitative PCR (qPCR) of the
NS segment demonstrated that the 5′ and 3′ ends were equally
represented between the scbl control and the miR-124–producing
influenza A viruses (Fig. 3 C and D). Equal representation of the
5′ and 3′ segment ends suggests that the level of NS synthesis
between these two viruses was comparable. To ensure that the
qPCR data did not reflect the emergence of a viral revertant,
primers specific for the miR-124 NS loop were used to demon-
strate that the genomic hairpin was still present (Fig. 3E). Be-
cause cleavage of cRNA would result in the inhibition of further
viral RNA (vRNA)/cRNA synthesis, the comparable levels of
cRNA strongly suggest that viral genomic RNA is not a favorable
substrate for Drosha-mediated cleavage. To determine whether
genomic RNA was processed by Drosha at any level, we per-
formed 5′ RACE on cRNA (Fig. 3F). In addition to the full-
length cRNA product, this analysis amplified a second aberrant
cRNA species from the miR-124–producing virus. On sequenc-
ing, this ∼500-nt species was identified as a heterogenous pop-
ulation of cRNAs. Although some species isolated included 5′
and 3′ cRNA ends with large internal deletions, none of the
fragments terminated at the base of the miR-124 hairpin, sug-
gesting random replication intermediates or PCR-mediated splice
variants rather than Drosha-mediated activity. Overall, lack of
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Drosha activity on either NS cRNA (Fig. 3) or the 3′UTR of NS1
(Fig. S1) suggests that the sole source of miR-124 is the lariat
produced during NEP/NS2 synthesis.
A second hindrance of encoding miRNA in the context of an

RNA viral genome is that the genomic strand that encodes the
intronic hairpin becomes a perfect inverse complement to the
producedmiRNA, therefore serving as a potential miRNAt. In the
context of influenza, a hairpin produced frommRNA would result
in the formation of a miRNAt on the vRNA. This would not occur
in the context of cRNAormRNAbecause of the imperfect binding
along miRNA stem loops. To determine whether this phenome-
non causes a significant restriction on RNA virus-produced miR-
NAs, we engineered additional viruses to determine whether the
vRNA could be subject to miRNA-mediated inhibition. For these
studies, the segment 8 encoding an intergenic region was used to
introduce miR-142 target sites in either the 3′ UTR of NS1 or in
the context of vRNA (Fig. 4A). Exogenous expression of miR-142
was achieved by plasmid delivery of the miR-142 hairpin and
confirmed by small RNANorthern blotting (Fig. 4B). Because this
miRNA has already been demonstrated to induce potent tran-
scriptional inhibition of miR-142 targets (26), we investigated
whether the levels of NS1 would be affected when the mRNA or
vRNA was targeted (mRNAt and vRNAt, respectively). MDCK
cells, orMDCK cells stably expressingmiR-142, were infected with
a scbl control or with mRNAt or vRNAt recombinant virus at an
MOI of 0.1 for 18 h (Fig. 4C). Total protein analysis demonstrated
that NS1 levels in control and vRNAt recombinant viruses showed

no significant difference regardless of miR-142 expression. In
contrast, miR-142 targeting of mRNA (mRNAt) resulted in dra-
matic loss of NS1 in a miR-142–dependent manner, although viral
NP levels remain unaffected. Altogether, these results suggest that
the accessibility of genomic RNA to the miRNA/RISC complex is
not sufficient to affect the overall transcript levels of the virus.
Finally, to assess if virus-produced miRNAs are loaded into the

RISC complex and capable of mediating PTGS, we determined
whether a GFP encoding tandem repeats of miR-124 target ele-
ments (GFP_124) could be silenced. Recombinant viral infections
and subsequent GFP_124 transfections demonstrated a 47.4%
decrease in the number of green fluorescent cells only in the
context of the miR-124 expressing influenza A virus (Fig. 5A).
Furthermore, to ensure that virus infection could induce PTGS on
an endogenous cellular transcript, we used a neuronal precursor
cell line (CAD) to determine whether miR-124 expression could
stimulate neuron-like differentiation, as previously described (23).
To this end, CAD cells were untreated, serum-starved, or infected
with the scbl or miR-124–producing influenza A virus strains (Fig.
5B). At 24 h postinfection, or 48 h after serum starvation, cells
were fixed and examined by confocal microscopy, demonstrating
that serum starvation, or expression of virus-produced miR-124,
was sufficient to induce neuron-like morphology. Taken together,
these results strongly suggest that influenza A virus can be engi-
neered to encode endogenous and fully functional miRNA.
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Discussion
The study of host–pathogen interactions has made considerable
progress in characterizing the mechanisms by which cells detect
the presence of virus infection and the global transcriptional
response that ensues. Virus replication results in the formation of
distinct replication intermediates recognized by the cell that lead
to the production of IFN-I (27). Secretion of IFN-I communi-
cates a warning message to surrounding cells, prompting a sec-
ondary transcriptional response aimed at fortifying their viral
defenses through the up-regulation of both antiviral proteins and
a small subset of miRNAs (28, 29). Viruses, in turn, counter
these defenses through diverse mechanisms. RNA viruses with
limiting coding capacity often modulate the cell’s antiviral re-
sponse by inhibiting viral RNA detection, blocking nuclear ex-
port, and/or blocking IFN-I signaling all through the direct
interaction between viral and host proteins (30). In contrast,
larger DNA viruses can perform these functions while addition-
ally modulating the immune response through the production of
decoy receptors, chemokines, MHC receptors, and, most recently
characterized, miRNAs (31–33). The large coding capacity of
DNA viruses, and their predominance for nuclear replication,
enables these viruses to usurp the cell’s small RNA processing
machinery. Although these characteristics are largely limited to
DNA viruses, the ability to engineer influenza A virus to encode
a functional miRNA suggests that RNA viruses, in general, may
also modulate cellular activity in a miRNA-dependent manner.
In this study, we successfully engineered an influenza A virus

strain to encode a functional miRNA and we demonstrate that the
miRNA is synthesized to levels comparable to those of highly
abundant cellular miRNAs. Furthermore, viral generation of
miRNAs mimics their endogenous counterparts in their ability to
confer PTGS. In addition, PTGS can be achieved without sacri-
ficing the level of virus replication or genome stability. Taken to-
gether, this research suggests that future in-depth studies should

identify RNA virus-produced miRNAs. It is therefore not sur-
prising that deep sequencing on a number of RNA viruses recently
identified large populations of vsRNAs (13). These RNAs were
generated from a diverse family of viruses, including poliovirus,
hepatitis C virus, Dengue virus, vesicular stomatitis virus, flock
house virus, and West Nile virus. Although many vsRNAs dem-
onstrate some aspects of miRNA structure, the physiological
function and biogenesis of these heterogeneous vsRNAs remain
unknown. Should RNA viruses be capable of inducing PTGS ac-
tivity, it would undoubtedly serve as a means to suppress cellular
immunity or regulate the cellular transcriptome to favor viral
replication; however, such an example has yet to be characterized.
This may reflect the fact that RNA viruses, although capable,
simply do not produce miRNAs. Because the repressive effect of
miRNAs on host transcripts rarely exceeds 4-fold (34, 35), viral
miRNAs may be inadequate as a strategy to evade the host anti-
viral response, especially considering the robust induction of many
IFN-I–stimulated genes (28). Additionally, the acute nature of
RNA virus infections is not well suited to long-term transcriptional
modulation bymiRNAs, a characteristic not shared with persistent
DNA viruses. Should the modest activity of miRNAs outweigh the
evolutionary expense of encoding the RNA hairpin, there would
be a strong negative selection pressure against RNA virus-encoded
miRNAs. Additional studies are required to resolve whether na-
ture has produced such a pathogen.
Finally, regardless of whether RNA viruses produce endogenous

miRNAs, the ability to engineer such vectors may have applica-
tional value in small RNA delivery. The issue of effective and
nontoxic delivery is a key challenge and serves as the most signifi-
cant barrier between RNAi technology and its therapeutical ap-
plication (36). Although lentivirus- and lipid-based delivery models
have demonstrated some in vivo success, genomic integration and/
or insufficient generation of intracellular miRNAs has limited their
applications (36). In contrast, nonintegrating viral vectors have
been found to induce ultraphysiological and sustained levels of
small RNAs, resulting in toxicity through saturation of the host
small RNA cell machinery (24). Although an influenza virus-based
delivery method would be confined to the respiratory tract, the
extensive clinical data demonstrating the safety of live-attenuated
influenza strains and the ability to induce high transient levels of
small RNAs may make this an ideal vector for treating viral re-
spiratory infections, asthma, and other acute respiratory diseases by
delivering custom-designed miRNA hairpins (37). In conclusion,
this work reveals that pathogen-produced miRNAs may extend
beyond DNA viruses and suggests that RNA viral vectors may be
suitable delivery vehicles for RNA-based therapeutics.

Materials and Methods
Cell Culture. HEK293, MDCK, CAD, and murine fibroblasts were cultured in
DMEM (Mediatech) supplemented with 10% (vol/vol) FBS and 1% penicillin/
streptomycin. Dicer-deficientfibroblasts were a kind gift fromA. Tarakhovsky
(Rockefeller University, New York, NY) and Donal O’Carrol (European Mo-
lecular Biology Laboratory, Monterotondo, Italy), and CAD cells were a kind
gift from T. Maniatis (Columbia University, New York, NY).

Virus Design and Rescue. The modified NS segment (A/PR/8/34) was generated
by PCR, followed by three-way ligation. Details regarding cloning and
generation of the virus can be found in SI Text. Virus rescues using the
plasmid-based rescue system are described elsewhere (38).

Virus Infections. Viral infectionswereperformedat themultiplicityof infections
(MOIs) specified. Virus was inoculated into indicated cell lines containing PBS
media supplemented with 0.3% BSA (MP Biomedicals) and penicillin/strepto-
mycin for 1 h. Inoculum was then aspirated off and replaced with either fresh
completemediumfor the indicatedtimesorMEMsupplementedwith0.5or5%
(vol/vol) BSA and L-(tosylamido-2-phenyl) ethyl chloromethyl ketone trypsin.

Northern Blot Analysis. Northern blots and probe labeling were performed as
described previously (39). Probes used include anti-miR-124: 5′-TGGCATTC-
ACCGCGTGCCTTAA-3′, anti-miR-93: 5′-CTACCTGCACGAACAGCACTTTG-3′, miR-
142-3p: 5′-TCCATAAAGTAGGAAACACTACA-3′, and anti-U6: 5′-GCCATGCTA-
ATCTTCTCTGTATC-3′.

A

B

Fig. 5. Engineered influenzavirusproduces functionalmiR-124. (A) Fibroblasts,
transfected with a miR-124 targeted GFP construct were infected with scbl or
miR-124–producing (miR-124) influenzaA viruses and comparedwith untreated
cells. FACS analysis was used to determine GFP expression (36 hpi). (B) CAD cells
were fixed either following 48 h of serum starvation or 24 hpi (MOI = 1) with
either scbl or miR-124–producing virus. Cells were stainedwith β-tubulin before
imaging by confocal microscopy. Hoechst dye was used to visualize nuclei.
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Western Blot Analysis. Western blots were generated from total protein
separated on a 15% (vol/vol) SDS/PAGE gel. Resolved protein was transferred
to nitrocellulose (Bio-Rad), blocked for 1 hwith 5% (wt/vol) skimmilk at 25 °C,
and then incubated with the indicated antibody overnight at 4 °C. Actin
(Abcam), NS1, NEP/NS2, and NP (kind gifts from P. Palese, Mount Sinai School
of Medicine, New York, NY) antibodies were all used at a concentration of
1 μg/mL in 5% (wt/vol) skim milk. Secondary mouse and rabbit antibodies
(GE Healthcare) were used at a 1:5,000 dilution for 1 h at 25 °C. Immobilon
Western Chemiluminescent HRP Substrate (Millipore) was used as directed.

Immunofluorescence. Cells werefixed onglass coverslips by incubatingwith 4%
(vol/vol) formaldehyde overnight at 4 °C. Following two PBS washes, cells were
permeabilized with 0.5% octyl phenoxylpolyethoxylethanol detergent in PBS
for 10 min and immediately washed two additional times. The cells were then
blockedwith0.5%BSA inPBS for30minat roomtemperature.Primaryantibody
was incubated for 2 h at room temperature at a 1:500 concentration. The
monoclonal antibody (E7-β-tubulin) was obtained from the Developmental
Studies Hybridoma Bank. Following four washes in 0.5% BSA in PBS, cells were
incubatedwith secondary RhodamineRed-X (Fisher) at a concentrationof 1:750
for 1 h with Hoechst 33342 dye (Invitrogen) added with 15 min remaining.
Following four washes, coverslips were mounted on glass slides with Prolong
Gold Antifade (Invitrogen). Images were captured with the Leica TCS SP5 DMI
microscope at a magnification of ×60.

qPCR. Conventional qPCRwasperformedon the indicated cDNA samplesusing
KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems), and miRNA qPCR was
performedusing TaqManMicroRNAAssays (AppliedBiosystems). Experiments
were performed on a Mastercycler ep realplex (Eppendorf). Delta delta cycle
threshold (ΔΔCT) values were calculated over replicates using tubulin or small
nucleolar RNA 202 as the endogenous housekeeping gene andmock-infected
or mock-transfected samples as the calibrator in respective experiments.
Values represent the fold difference for each condition compared with mock-
infected or mock-transfected samples. Error bars reflect ±SD of fold in-
duction. Primers used for qRT-PCR can be found in SI Materials and Methods.

5′ RACE. 5′ RACE was performed on virally infected samples using the 5′ RACE
System for Rapid Amplification of cDNA ends, version 2.0 (Invitrogen).The

procedure was carried out according to manufacturer’s instructions. In brief,
first-strand cDNA synthesis was performed using viral cRNA specific primer 5′-
AGTAGAAACAAGGGTGTTTTTTAT-3′. cDNA was purified using SNAP (Invi-
trogen) purification columns and then tailed with dCTP using terminal deox-
ynucleotide transferase (TdT) (Invitrogen). The cDNAwas then amplified using
EconoTaq (Lucigen) with the provided 5′ RACE abridged anchor primer (Invi-
trogen) and nested NEP primer 5′-AATGGATCCAAACACTGTGTCA-3′. Frag-
ments were then gel-purified using the QIAquick Gel extraction kit (Qiagen)
and cloned for sequencing using the TOPO TA Cloning kit (Invitrogen).

Multicycle Growth Curve. MDCK cells were infected with viruses indicated at
an MOI of 0.01. Supernatant (225 μL) was removed at the indicated times.
Supernatant was then plaqued in MDCK cells in serial dilutions in triplicate
in MEM-agar overlay supplemented with 0.01% DEAE-dextran (Sigma) and
0.1% NaHCO3 (Sigma). Plaques were counted 2 d after infection.

FACS. GFP_miR-124t was generated by synthesizing and inserting four perfectly
complementary miR-124 target sites into the pEGFPC1 plasmid (GenBank acces-
sionno.U55763) viaHindIII andBamH1. FACSanalysiswasperformedon2×10−6

cells/mL resuspended in PBSwith2%(vol/vol) FBS. GFPexpressionwasquantified
through the FL1 channel with the Cytomics Fc 500 (Beckman) instrument.
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