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Influenza A virus-derived siRNAs increase in the absence
of NS1 yet fail to inhibit virus replication
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ABSTRACT

While the issue of whether RNA interference (RNAi) ever forms part of the antiviral innate immune response in mammalian
somatic cells remains controversial, there is considerable evidence demonstrating that few, if any, viral small interfering RNAs
(siRNAs) are produced in infected cells. Moreover, inhibition of RNAi by mutational inactivation of key RNAi factors, such as
Dicer or Argonaute 2, fails to enhance virus replication. One potential explanation for this lack of inhibitory effect is that
mammalian viruses encode viral suppressors of RNAi (VSRs) that are so effective that viral siRNAs are not produced in
infected cells. Indeed, a number of mammalian VSRs have been described, of which the most prominent is the influenza A
virus (IAV) NS1 protein, which has not only been reported to inhibit RNAi in plants and insects but also to prevent the
production of viral siRNAs in IAV-infected human cells. Here, we confirm that an IAV mutant lacking NS1 indeed differs from
wild-type IAV in that it induces the production of readily detectable levels of Dicer-dependent viral siRNAs in infected human
cells. However, we also demonstrate that these siRNAs have little if any inhibitory effect on IAV gene expression. This is likely
due, at least in part, to their inefficient loading into RNA-induced silencing complexes.
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INTRODUCTION

While RNA interference (RNAi) almost certainly initially
developed as an antiviral mechanism, and remains an impor-
tant antiviral defense in plants, nematodes and invertebrates,
the role of RNAi in antiviral defense in mammalian cells re-
mains controversial (Cullen et al. 2013). One predicted hall-
mark of antiviral RNAi is the detection of 22 ± 1 nucleotide
(nt) long RNAs in infected cells that originate from viral dou-
ble stranded RNAs (dsRNAs) that have been cleaved by the
cellular exonuclease Dicer (Dcr). These small RNAs in turn
serve as guide RNAs for the cellular RNA-induced silencing
complex (RISC), the key component of which is the “slicer”
enzyme Argonaute 2 (Ago2) (Hannon 2002). However, deep
sequencing of small RNA populations in mammalian cells
infected by a wide range of pathogenic viruses, including sev-
eral RNA viruses that replicate their genome via long dsRNA
intermediates that should be ideal Dcr substrates, has failed to
detect significant levels of viral siRNAs (Pfeffer et al. 2005;
Parameswaran et al. 2010; Backes et al. 2014; Bogerd et al.
2014; Girardi et al. 2015; Li et al. 2016). Moreover, neither
mutational inactivation of the Dcr enzyme by gene editing,
which blocks the expression of not only siRNAs but also
microRNAs (miRNAs), nor inactivation of Ago2, which

should block RNAi, has any effect on the replication of a
range of RNA viruses in human somatic cells (Backes et al.
2014; Bogerd et al. 2014; Maillard et al. 2016).

One possible explanation for these observations is that the
single Dcr enzyme expressed in mammalian somatic cells is
unusual in being incapable of cleaving viral dsRNAs effective-
ly. Evidence in support of this hypothesis comes from the ob-
servation that embryonic stem (ES) cells and oocytes appear
able to generate viral siRNAs more effectively than somatic
cells (Wianny and Zernicka-Goetz 2000; Billy et al. 2001;
Babiarz et al. 2008; Tam et al. 2008; Watanabe et al. 2008;
Nejepinska et al. 2012; Stein et al. 2015 ) and, at least in ro-
dents, it has been demonstrated that oocytes naturally express
an amino-terminally truncated isoform of Dcr that processes
ectopically expressed dsRNAs into functional siRNAs more
efficiently than does full-length murine Dcr (Flemr et al.
2013). This result has also been reproduced in human cells
using an artificial, amino-terminally truncated mutant of
human Dcr (hDcr), called hDcr N1 (Kennedy et al. 2015).
Alternatively, it has also been proposed that the type I inter-
feron pathway, and specifically the RIG-I-like receptor LGP2,
actively inhibits the processing of long dsRNAs by Dcr
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(Maillard et al. 2016; van der Veen et al. 2018). Of note,
because oocytes and ES cells are not able to mount an inter-
feron response (Wang et al. 2013), this hypothesis provides
an attractive explanation for why these undifferentiated cell
types are RNAi competent. Finally, it has been proposed
that activation of protein-based innate signaling pathways
by viral infection can inhibit RISC activity by inducing the
poly-ADP-ribosylation of RISC-associated proteins such
as Ago2 (Seo et al. 2013). However, it has also been reported
that RISC is fully active in virally infected cells, including cells
infected by influenza A virus (IAV) (Benitez et al. 2015), and
a number of reports have documented that miRNAs, which
are loaded into RISC and function via the same mechanisms
as siRNAs in mammalian cells (Zeng et al. 2003), can effec-
tively restrict the replication of a range of viruses if these
are modified to contain perfectly complimentary target sites
(Barnes et al. 2008; Kelly et al. 2008; Ylösmäki et al. 2008;
Perez et al. 2009).

An alternative hypothesis to explain the inability of mam-
malian cells to mount an effective RNAi response to viral
infection proposes that viruses encode viral suppressors of
RNA silencing (VSRs) that are so potent that virus-infected
cells produce almost no viral siRNAs (Ding 2010; Li et al.
2016). Indeed, a number of VSRs have been described, in-
cluding the VP35 protein encoded by Ebola virus (Haasnoot
et al. 2007; Fabozzi et al. 2011), the VA1 noncoding RNA
encoded by adenovirus (Lu and Cullen 2004; Andersson
et al. 2005), the 3A protein encoded by human enterovirus
71 (Qiu et al. 2017) and, most prominently, the nonstructural
protein 1 (NS1) encoded by IAV (Bucher et al. 2004;
Delgadillo et al. 2004; Li et al. 2004). Indeed, in a recent paper
it was reported that an NS1-deficient IAV mutant produced a
substantial level of hDcr-dependent siRNAs in infected cells
and it was further proposed, based on the use of murine cells
lacking a functional form of the key RNAi-effector Ago2, that
these siRNAs can inhibit IAV replication (Li et al. 2016).
Here, we demonstrate that an NS1-deficient IAV mutant in-
deed produces a significantly higher level of IAV-derived
siRNAs than does wild-type IAV in infected human somatic
cells but we also demonstrate that these siRNAs do not, in
fact, significantly repress IAV gene expression. This lack of
detectable antiviral activity may be at least partly due to inef-
ficient loading of IAV-derived siRNAs into RISC.

RESULTS

Loss of NS1 increases the production of viral siRNAs
in IAV-infected cells

Previously, it has been reported that wild-type IAV does not
generate a significant level of viral siRNAs in infected somatic
cells (Perez et al. 2010; Umbach et al. 2010; Backes et al. 2014)
and moreover that IAV replication is not enhanced by muta-
tional inactivation of the endogenous hDcr protein (Bogerd
et al. 2014), thus indicating that RNAi does not normally in-

hibit wild-type IAV replication. However, it has also recently
been proposed that an IAV mutant lacking the NS1 protein
can generate significant levels of viral siRNAs that could
potentially inhibit IAV replication (Li et al. 2016). Therefore,
we generated stocks of wild-type IAV strain A/Puerto
Rico/8/1934 (PR8), along with a previously described PR8
mutant (�NS1) entirely lacking the NS1 protein but retain-
ing the NEP protein encoded on the NS1 genome segment
(García-Sastre et al. 1998). We also generated stocks of a sec-
ond PR8 mutant, bearing a point mutation in NS1 (R38A),
which has been reported to abolish the dsRNA binding activ-
ity of NS1 (Wang et al. 1999). We then infected wild-type
293T cells with these three virus stocks at an MOI of 0.1 un-
der nonspreading conditions, i.e., in the absence of trypsin in
the media. The infected cultures were harvested at 24 h post-
infection (hpi) and small RNAs (<200 nt) collected and sub-
jected to deep sequencing, as previously described (Kennedy
et al. 2015). This resulted in the recovery of between 1.2 × 107

and 1.0 × 107 reads 18–26 nt in length that could either be
identified as known human miRNAs or that derived from
IAV. As shown in Figure 1A, there were essentially no reads
of IAV origin, in the 22 ± 1 nt size range characteristic of
siRNAs, recovered from the culture infected with wild-type
IAV although we did recover a number of �26 nt long reads,
originating exclusively from the vRNA strand, that likely rep-
resent the previously described �26 nt viral leader RNAs
(leRNAs) expressed by IAV (Perez et al. 2010; Umbach
et al. 2010). In contrast, in the culture infected with the
�NS1 IAV mutant, we recovered a readily detectable level
of siRNAs, of both positive and negative polarity, that derive
from IAV transcripts and that were almost entirely 21–23 nt
in length (Fig. 1B). These viral siRNAs contributed �0.56%
of the total assignable small RNA pool, defined as consisting
of viral siRNAs and cellular miRNAs, which, given that
the MOI used was 0.1, implies that IAV siRNA could contrib-
ute as much as 5% of the total small regulatory RNA popu-
lation on an individual cell basis. Because hDcr functions
as a dsRNA-specific exonuclease (Hannon 2002), the viral
siRNAs identified in Figure 1B should originate from the ter-
mini of the eight IAV gene segments, as siRNAs are predicted
to arise by hDcr cleavage from the termini of each of the viral
dsRNA replication intermediates. Indeed, this is exactly what
was observed (Fig. 1C–J), though the 5� end of the positive
sense IAV RNAs, and 3� end of the IAV vRNAs, were the pri-
mary sources of siRNAs. Interestingly, and as also reported
previously (Li et al. 2016), we recovered far more siRNAs
from the residual NS1 segment than from any other viral ge-
nome segment in these �NS1 mutant infected cells.

To verify these data in an alternative, more physiologically
relevant human cell type, we also infected the lung epithelial
cell line A549 with WT PR8, or the �NS1 PR8 mutant, at an
MOI of 2.5. We then harvested total small RNAs (<200 nt)
at 24 hpi and again subjected these to deep sequencing.
Similar to what was seen in 293T cells, only background
levels of 22±1 nt virus-derived reads were found in WT
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PR8-infected cells, with the �26 nt leRNAs once again appar-
ent (Fig. 1L); while virus-aligning reads of the siRNA size
range were again readily detectable in A549 cells infected
with the �NS1 IAV mutant (Fig. 1M). Interestingly, in
this infection with an MOI of 2.5 (thus �92% of cells should
be infected), the �NS1 virus-derived siRNAs contributed
�4.7% of the total siRNA+miRNA population, similar to
the �5% per cell estimate derived from the 293T infection
shown in Figure 1B. Plotting the �NS1 virus-derived siRNA

reads onto the various IAV genome segments revealed that
the IAV-derived small RNAs produced in A549 cells were
again almost exclusively derived from the termini of these
viral RNAs (data not shown).

It has been reported that the dsRNA binding domain of
NS1 is required for inhibition of siRNA production in plants
(Bucher et al. 2004), and dsRNA binding has been reported to
be important for the function of a range of plant virus VSRs
(Lichner et al. 2003; Mérai et al. 2006). We therefore wished
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FIGURE 1. Endogenous hDcr can produce IAV-derived siRNAs, but only in the absence of NS1 expression. 293T cells were infected with an MOI of
0.1 with wild-type PR8 IAV, �NS1, or the NS1-R38A mutant virus. Cells were harvested 24 h post-infection (hpi), small RNAs collected and then
subjected to deep sequencing. The size distribution of IAV-aligning sequencing reads were plotted for (A) wild-type PR8, (B) �NS1, and
(K) NS1-R38A–infected 293T cells, shown in counts per million assignable reads (CPM). Reads that aligned to positive sense viral RNAs are shown
in blue while negative sense vRNA-aligning reads are shown in red. (C–J) The sites of origin of viral siRNAs produced in �NS1-infected 293T cells
(panel B) were mapped for each viral RNA segment, with positive and negative sense reads shown in blue and red as before. The y-axis scales were
varied to accommodate the varying counts found for each IAV gene segment. The absence of reads from coordinates 57–528 on the NS segment in
J results from the deletion of the corresponding region in the �NS1 virus. (L,M) A549 cells were infected at an MOI of 2.5 using wild-type PR8 or the
�NS1 PR8 mutant virus. Small RNAs from cells harvested 24 hpi were sequenced and the size distribution of IAV-aligning reads plotted for (L) wild-
type PR8 infected and (M) �NS1 infected A549 cells, as described above.
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