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ABSTRACT The small interfering RNA (siRNA) pathway is a major antiviral response
in mosquitoes; however, another RNA interference pathway, the PIWI-interacting
RNA (piRNA) pathway, has been suggested to be antiviral in mosquitoes. Piwi4 has
been reported to be a key mediator of this response in mosquitoes, but it is not in-
volved in the production of virus-specific piRNAs. Here, we show that Piwi4 associ-
ates with members of the antiviral exogenous siRNA pathway (Ago2 and Dcr2), as
well as with proteins of the piRNA pathway (Ago3, Piwi5, and Piwi6) in an Aedes
aegypti-derived cell line, Aag2. Analysis of small RNAs captured by Piwi4 revealed
that it is predominantly associated with virus-specific siRNAs in Semliki Forest virus-
infected cells and, to a lesser extent, with viral piRNAs. By using a Dcr2 knockout cell
line, we showed directly that Ago2 lost its antiviral activity, as it was no longer
bound to siRNAs, but Piwi4 retained its antiviral activity in the absence of the siRNA
pathway. These results demonstrate a complex interaction between the siRNA and
piRNA pathways in A. aegypti and identify Piwi4 as a noncanonical PIWI protein that
interacts with members of the siRNA and piRNA pathways, and its antiviral activities
may be independent of either pathway.

IMPORTANCE Mosquitoes transmit several pathogenic viruses, for example, the chi-
kungunya and Zika viruses. In mosquito cells, virus replication intermediates in the
form of double-stranded RNA are cleaved by Dcr2 into 21-nucleotide-long siRNAs,
which in turn are used by Ago2 to target the virus genome. A different class of virus-
derived small RNAs, PIWI-interacting RNAs (piRNAs), have also been found in infected in-
sect cells. These piRNAs are longer and are produced in a Dcr2-independent manner.
The only known antiviral protein in the PIWI family is Piwi4, which is not involved in
piRNA production. It is associated with key proteins of the siRNA and piRNA pathways,
although its antiviral function is independent of their actions.

KEYWORDS Aedes aegypti, PIWI, RNA interference, antiviral response, arbovirus,
innate immunity

Viruses transmitted by arthropod vectors to vertebrate hosts are known as arbovi-
ruses, and they are spread by vectors, including mosquitoes, ticks, midges, and

sandflies. Arboviruses most commonly belong to the Bunyaviridae, Togaviridae, Flavi-
viridae, and Reoviridae families, and in many instances they greatly impact human and
animal health. Mosquitoes of the Aedes genus transmit the human-pathogenic chikun-
gunya (CHIKV), dengue (DENV), and Zika (ZIKV) viruses. Arboviruses actively replicate
not only in the vertebrate host but also in infected vectors, which in turn also mount
antiviral immune responses (1). The major antiviral response in mosquitoes is a
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sequence-specific RNA breakdown mechanism called RNA interference (RNAi). It can be
divided into several pathways that differ in the nature of their induction, effector
proteins, and small RNA molecules: small interfering RNA (siRNA), microRNA (miRNA),
and PIWI-interacting RNA (piRNA). The exogenous siRNA (exo-siRNA) pathway is considered
to be the main antiviral response. It is triggered through dicer 2 (Dcr2) recognition of virus
double-stranded RNA (dsRNA), which is processed into 21-nucleotide (nt)-long virus-
specific siRNAs (vsiRNA) that are unwound and loaded into Argonaute 2 (Ago2) in the
multiprotein RNA-induced silencing complex (RISC). It is assumed that the complementary
strand of the vsiRNA duplex is degraded, while the remaining strand guides Ago2 to
complementary viral RNA, followed by cleavage and degradation of the target RNA.
Arbovirus-specific vsiRNAs have been reported for a variety of arbovirus-infected mosqui-
toes, and Ago2 in particular has been shown to play a key role in the antiviral response, as
its knockdown enhances virus replication (2–7).

Recently, piRNA-like molecules (25 to 30 nt in length) that mapped to virus genome
sequences were found to be produced in infected Drosophila melanogaster cells (8). The
piRNA pathway has since been implicated in antiviral responses in mosquitoes, and
virus-specific piRNA molecules have been identified in arbovirus-infected mosquitoes
and their derived cells (9–15). Most of our knowledge of the insect piRNA pathway
comes from studies conducted with D. melanogaster, in which primary piRNAs are
synthesized initially in the form of long transcripts from genomic regions (16, 17) and,
upon their cleavage, primary piRNAs (with a uridine at position 1 [U1], bound to Aub or
Piwi) are produced and target transposon RNAs. This cleavage results in the produc-
tion of secondary piRNAs (with an adenine at position 10 [A10]), which bind to Ago3. In
turn, Ago3 targets antisense RNA transcripts, which results in the production of
primary-type secondary piRNAs. This production is called the ping-pong mechanism of
piRNA production (18–21). Ago3, Aub, and Piwi themselves are members of the PIWI
family within the AGO clade (22).

Compared to D. melanogaster, the piRNA pathway in A. aegypti shows notable
differences. First, in the fly model, piRNAs are predominantly produced in germline cells
due to the restricted expression of PIWI proteins Piwi, Aub, and Ago3 (23, 24) and play
an important role in silencing transposons and maintaining genome stability. In com-
parison, in aedine mosquitoes, piRNAs are present in both germline and somatic tissues
(12). Furthermore, A. aegypti lacks the Aub gene, but the genome encodes 7 different
PIWI proteins (Piwi1 to -7) (13, 25). Virus-derived piRNA-like small RNAs (vpiRNAs) show
the characteristic ping-pong motif and have been found in Aedes-derived cells as well
as in somatic tissues in mosquitoes (6, 10–12, 15). Although no antiviral activity could
be linked to the piRNA pathway in D. melanogaster (26), knockdown of Piwi4 in the
A. aegypti-derived cell line Aag2 resulted in increased replication of the model
mosquito-borne arbovirus of the Togaviridae family, the alphavirus Semliki Forest virus
(SFV) (13). Intriguingly, Piwi4 was not needed for the production of vpiRNAs specific for
SFV, Sindbis virus (SINV), or DENV infections (13, 27, 28). Indeed, the importance of
Ago3, Piwi5, and Piwi6 in the production of SINV- and DENV-specific vpiRNAs, as well
as in the binding of genomic vpiRNAs with an A at position 10 by Ago3 and antige-
nomic vpiRNAs with a U at position 1 by Piwi5 and Piwi6, has been demonstrated.
Significantly, it was reported that Piwi4 does not bind piRNAs (27, 28). In a different
study it was found that silencing of these proteins (Piwi5, Piwi6, and Ago3) had only
minor effects on SFV replication (13). All these studies highlighted that the antiviral role
of the piRNA pathway in A. aegypti remains poorly understood; in particular, the role(s)
or activity of Piwi4 in these antiviral responses remains enigmatic.

Here, we analyzed the properties of Piwi4 in more detail. By studying SFV infection
of A. aegypti-derived Aag2 cells and performing pulldown experiments, in combination
with small RNA sequencing, we further elucidated Piwi4 functions. We found that Piwi4
was associated with Ago3, Piwi5, and Piwi6 proteins of the piRNA pathway, in addition
to Ago2 and Dcr2 of the exo-siRNA pathway. Piwi4 is predominantly associated with
vsiRNAs, although the use of Dcr2 knockout (KO) cells suggested that its antiviral
activity was independent of Dcr2 and thus also the exo-siRNA pathway. This suggests
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a potentially novel function of Piwi4 and antiviral activity outside canonical RNAi
pathways.

RESULTS
Piwi4 associates with proteins of the siRNA and piRNA pathways. Due to the

lack of antibodies against A. aegypti PIWI proteins, Aag2 cell lines stably expressing
V5-tagged PIWI proteins were produced. For this, an expression cassette encoding
the zeocin resistance marker and tagged protein divided by two 2 A autoprotease
sequences (derived from insect-specific Thosea asigna virus [29]) was cloned into the
pPUb plasmid behind the A. aegypti polyubiquitin (PUb) promoter (30) (Fig. 1A). Using
this cassette, stable Aag2 cell lines were produced that expressed V5-tagged Piwi4,
Piwi5, Piwi6, Ago3, Ago2, Dcr2, and enhanced green fluorescent protein (eGFP, as a
control) (Fig. 1B).

To determine if Piwi4 interacts with any of these V5-tagged RNAi proteins, stable cell
lines were transfected with an expression construct encoding myc-tagged Piwi4,
followed by pulldown assays with myc-Piwi4 and Western blotting using myc and V5
tag-specific antibodies. All PIWI proteins investigated (Piwi5, Piwi6, and Ago3 [Fig. 2A,
B, and C]) could be detected in the pulldown products with myc-tagged Piwi4. These
results were confirmed in reciprocal experiments, e.g., based on pulldown of myc-
tagged Piwi5 and detection of V5-tagged Piwi4 (Fig. 2G, H, and I). Surprisingly, we also
found that V5-tagged Ago2 or Dcr2 could be detected in myc-tagged Piwi4 pulldown
samples (Fig. 2D and E). Again, this was confirmed in reciprocal experiments (Fig. 2J and
K). In control experiments, Ago2 and Dcr2 (known to interact in the siRNA pathway)
were also found to interact with each other (Fig. 2F and L), as would be expected. In
another control experiment, myc-tagged eGFP, unlike Piwi4, showed no association
with any of the tested proteins (Fig. 2M to R), indicating that the myc tag and V5 tag
did not interact with each other.

Piwi4 interactions with small RNAs. It was previously reported that vpiRNAs in
Aag2 cells are not produced or bound by Piwi4, despite Piwi4 displaying antiviral
activity (13, 27, 28). Similar to studies previously conducted with SINV (27), we found
that Piwi5 and Ago3 were required for the production of SFV-specific vpiRNAs (see
Fig. S1 in the supplemental material).

FIG 1 Stable expression of tagged RNAi proteins in A. aegypti-derived Aag2 cells. (A) Schematic representation of
constructs used for production of stable cell lines. Polycistronic mRNA was expressed from the polyubiquitin promoter
(PUb), and zeocin (Zeo) was cleaved from the gene of interest via 2A autoprotease activity of Thosea asigna virus.
Linearized plasmid was transfected into Aag2 cells, followed by zeocin selection. (B) Immunoblot analysis of cell line
extracts for the expression of V5-tagged siRNA and piRNA pathway proteins and eGFP (control). Tubulin was used as a
loading control.

Interactions in A. aegypti Antiviral RNAi Responses

May/June 2017 Volume 2 Issue 3 e00144-17 msphere.asm.org 3

 on M
ay 6, 2017 by guest

http://m
sphere.asm

.org/
D

ow
nloaded from

 

msphere.asm.org


Due to the associations between Piwi4 and Ago2, as well as Dcr2, which are key
effectors of the exo-siRNA pathway, it could be that Piwi4 either directly or indirectly
(through Ago2/Dcr2) binds 21-nt-long vsiRNAs instead of or alongside vpiRNAs. To
investigate this possibility, V5-tagged Piwi4 was immunoprecipitated from SFV4-
infected Aag2 cells (multiplicity of infection [MOI] of 10), and small RNAs associated
with Piwi4 were isolated and sequenced. V5-eGFP was used as a negative control in
these experiments, and unspecific binding to the beads, antibody, and/or V5-eGFP was
found to be negligible compared to material captured by Ago2 or Piwi4 (Table S1).

FIG 2 Analysis of RNAi protein associations in Aag2 cells. V5-tagged protein-expressing Aag2 cell lines were mock
transfected (pPUb) or transfected with a myc-tagged protein expression construct; cell lysates were prepared 48 h p.t. and
subjected to immunoprecipitation (IP) with anti-myc antibodies. Samples were analyzed by Western blotting. Immuno-
precipitated samples were probed for the presence of V5 and myc tags, and cell lysates were analyzed for V5 tag.
Associations between Piwi4 and Piwi5 (A, G, and M), Piwi6 (B, H, and N), Ago3 (C, I, and O), Ago2 (D, J, and P), or Dcr2 (E,
K, and Q) and between Ago2 and Dcr2 (F, L, and R) are shown.
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Virus-specific small RNAs of 21 nt in length were enriched in the Piwi4 pulldown samples
(Fig. 3A). These findings are comparable with results from pulldown of V5-Ago2 from
SFV-infected cells, which also showed enrichment of 21-nt vsiRNAs, as expected (Fig. 3A).
However, the number of vsiRNA reads for the Piwi4 pulldown sample was approximately
100 times lower, despite similar expression levels of both tagged proteins (Fig. 3B) and
amounts immunoprecipitated (Fig. S3). The distribution profiles of 21-nt-long RNA mole-
cules captured by either Ago2 or Piwi4 were found to be similar along the SFV genome and
antigenome (Fig. 3B).

In addition, following reanalysis of the SINV-specific small RNA sequencing data sets
recently published by Miesen and colleagues in 2015 (27), we found that Piwi4 is
associated predominantly with 21-nt-long SINV-specific vsiRNAs (Fig. S2). This finding
had not been originally described and is in agreement with our experimental data.
Although it had been stated by Miesen and colleagues that Piwi4 was not associated
with vpiRNAs (27), we were able to detect Piwi4-associated SFV-specific small RNAs in
the range of 24 to 29 nt (Fig. 3A). They exhibited piRNA-specific features (A10 bias for
genomic small RNA, U1 bias for antigenomic small RNA), although no strand specificity
was found. Similar characteristics for vpiRNAs were found for small RNAs captured by
Ago2 (Fig. 3C).

To summarize these results, pulldown of Piwi4 showed the presence of SFV-specific
vsiRNAs as well as, to a lesser extent, vpiRNAs. However, due to the interaction of Piwi4
with proteins of the siRNA and the piRNA pathways that are known to bind vsiRNAs
(Ago2) and vpiRNAs (Piwi5, Piwi6, and Ago3), it was not possible to conclude with
certainty whether the detected small RNAs were bound by Piwi4 or by the interacting
proteins, or by both.

Characterization of Dcr2 KO cells. Based on our current understanding of the
exo-siRNA pathway, Dcr2 is responsible for cleavage of viral dsRNAs into vsiRNAs, which
are used by Ago2 for sequence-specific cleavage of the target RNA (1). It is unclear if
these vsiRNAs could be loaded into Piwi4 as well as Ago2. In order to determine if the
antiviral activity of Piwi4 is dependent on Dcr2-produced vsiRNAs, a gene knockout
approach was pursued to create a defined genetic background for further analysis of
Piwi4 properties.

The Aag2 cell line was originally generated from a pool of A. aegypti embryos (31).
To generate the Dcr2 KO cell line, we first sorted single-cell Aag2 suspensions to
establish a homogeneous clonal background for CRISPR-Cas9 experiments. The single-
cell clone selected for CRISPR-Cas9 experiments (designated AF5) was confirmed to
behave similarly to the parental Aag2 cell line in terms of transfection efficiency,
infection efficiency with various viruses, and immune status, among other factors (data
not shown). We then generated a clonal homozygous Dcr2 KO cell line (designated
AF319) by using a guide RNA (gRNA) targeted against exon 1 of the Dcr2 gene. The
obtained single-cell colonies were screened for the loss of Dcr2 activity via reporter-
based silencing assays, as the Dcr2 KO cells should lack dsRNA-based silencing.

Dcr2 KO cells (AF319) or the parental cells (AF5) were cotransfected with firefly
luciferase (FFLuc) and Renilla luciferase (Rluc) expression constructs together with
either Rluc-specific dsRNA or eGFP-specific dsRNA (control). As expected, using FFLuc
levels as an internal control, sequence-specific dsRNA-based reduction of Rluc was
detected in the AF5 (parental) cell line compared to the control with dsRNA against
eGFP. This was not observed in the AF319 (Dcr2 KO) cells (Fig. 4A). Similar experiments
with siRNAs targeting FFLuc showed a sequence-specific reduction in both AF319 and
AF5 cells, as expected, as transfection of siRNAs bypasses Dcr2 activity, although
reduced silencing efficiency was observed in AF319 cells (Fig. 4B). To further validate
the Dcr2 KO cell lines, V5-tagged Dcr2 was transiently reintroduced into these cells
(Fig. 4E). The reexpression of Dcr2 restored the sequence-specific dsRNA-based silenc-
ing (Fig. 4C and E). In addition, the presence of Dcr2 also increased the effect of
siRNA-based silencing (Fig. 4D and E). These results verified the lack of Dcr2 activity in
AF319 cells.
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FIG 3 Characterization of SFV-specific small RNAs bound by Piwi4 and Ago2 in Aag2 cells. V5-eGFP-, V5-Piwi4-, or V5-Ago2-expressing cells were infected with
SFV at an MOI of 10. At 24 h p.i., V5-tagged proteins were pulled down to further isolate and sequence the protein-bound small RNAs. Properties of Piwi4-bound
(left) and Ago2-bound (right) small RNAs are shown. (A) Length distributions (in nucleotides) are shown for small RNAs mapping to the SFV genome (red) or
antigenome (green) bound to either Piwi4 or Ago2. (B) Distribution of Ago2- and Piwi4-captured small RNAs of 21 nt in length along the SFV genome (red;
positive numbers on the y axis) or antigenome (green; negative numbers on the y axis). (C) Relative nucleotide frequency and conservation for the position
of the 24- to 29-nt SFV-specific small RNAs mapping either to the genome or antigenome. Because a DNA template was used for sequencing, U is represented
by T in the sequences. The experiments shown here were repeated independently three times; results of the third experiment are shown.
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