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Drosophila Dicer-2 has an RNA
interference–independent function that
modulates Toll immune signaling
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Dicer-2 is the central player for small interfering RNA biogenesis in the Drosophila RNA interference (RNAi)
pathway. Intriguingly, we found that Dicer-2 has an unconventional RNAi-independent function that positively
modulates Toll immune signaling, which defends against Gram-positive bacteria, fungi, and some viruses, in
both cells and adult flies. The loss of Dicer-2 expression makes fruit flies more susceptible to fungal infection.
We further revealed that Dicer-2 posttranscriptionally modulates Toll signaling because Dicer-2 is required for
the proper expression of Toll protein but not for Toll protein stability or Toll mRNA transcription. Moreover,
Dicer-2 directly binds to the 3′ untranslated region (3′UTR) of Toll mRNA via its PAZ (Piwi/Argonaute/Zwille)
domain and is required for protein translation mediated by Toll 3′UTR. The loss of Toll 3′UTR binding activity
makes Dicer-2 incapable of promoting Toll signaling. These data indicate that the interaction between Dicer-2
and Toll mRNA plays a pivotal role in Toll immune signaling. In addition, we found that Dicer-2 is also required
for the Toll signaling induced by two different RNA viruses in Drosophila cells. Consequently, our findings un-
cover a novel RNAi-independent function of Dicer-2 in the posttranscriptional regulation of Toll protein expres-
sion and signaling, indicate an unexpected intersection of the RNAi pathway and the Toll pathway, and provide
new insights into Toll immune signaling, Drosophila Dicer-2, and probably Dicer and Dicer-related proteins in
other organisms.
INTRODUCTION

Innate immunity plays critical roles in the detection and eradication of a
wide range of microbial pathogens such as bacteria, fungi, and viruses,
and serves as the first line of defense against microbial invasion (1–4).
The fruit fly Drosophila melanogaster, like other insects, lacks acquired
immune responses and completely relies on innate immunity to defend
against pathogens (4). The innate immune defenses of Drosophila in-
clude three critical pathways: Toll, immune deficiency (IMD), and
RNA interference (RNAi).

The Toll and IMD pathways regulate the activation of the nuclear
factor kB (NF-kB) transcription factors DIF/Dorsal and Relish, respec-
tively (5–7). The Toll pathway is induced by fungi or Gram-positive
bacteria, leading to the activation of the Toll transmembrane receptor
through a cascade of extracellular proteolytic events. The activated Toll
finally activates DIF/Dorsal through a signaling cascade via dMyD88,
Pelle, Tube, and Cactus, resulting in the transcriptional induction of
multiple antimicrobial peptide (AMP) genes, including Drosomycin
(Dros) (5, 8, 9). The IMD pathway is activated by Gram-negative
bacteria similarly to Toll signaling, leading to Relish activation and tran-
scriptional induction of some AMPs, includingDiptericin (Dipt) (8, 10).
On the other hand, the RNAi pathway is a potent antiviral defense in
which the double-stranded RNA (dsRNA) region of viral replicative in-
termediates is detected and processed by dsRNA-specific endoribonu-
clease Dicer into 21- to 23-nucleotide small interfering RNAs (siRNAs).
The virus-derived siRNAs are transferred by the Dicer-R2D2 complex
to Argonaute (AGO) protein in the RNA-induced silencing complex
(RISC),which guides the specific pairing anddestruction of homologous
viral RNA in infected cells (11–16). All three innate immune pathways
are conserved in insects andmammals. TheDrosophila IMD pathway
is homologous to the mammalian tumor necrosis factor pathway; the
Toll pathway is similar to the mammalian Toll-like receptor (TLR)–
interleukin-1 pathway; and the RNAi pathway has been shown to be
an antiviral mechanism in mammals (17, 18).

Dicer-2 (Dcr-2) is the sole siRNA-producing Dicer protein of Dro-
sophila that plays essential roles as a pattern recognition receptor (PRR)
and as a component of RISC in antiviral RNAi defense in Drosophila
(14, 19). Like most metazoan Dicer proteins, Drosophila Dcr-2 is com-
posed of anN-terminalDExD/H-box RNAhelicase domain, aDUF283
domain, a PAZ (Piwi/Argonaute/Zwille) domain, two tandem RNase
III domains, and aC-terminal dsRNAbinding domain (dsRBD). A pre-
vious study reported that Dcr-2 can mediate the induction of the
antiviral protein Vago, which controlsDrosophilaC virus (DCV) infec-
tion, independently of RNAi; however, Dcr-2–mediated Vago induc-
tion also occurs independently of either the Toll pathway or the IMD
pathway in Drosophila (20). Moreover, a previous sequence analysis of
Dcr-2 by Deddouche et al. (20) revealed that Dcr-2 is phylogenically
related to mammalian retinoic acid–inducible gene I (RIG-I). Besides
inducing type I interferon (a canonical function) (21), RIG-I also post-
transcriptionally regulates NF-kB expression (22). Thus, it is interesting
to examine whether Dcr-2 is also involved in some non-RNAi immune
pathways in Drosophila.

Here,we report thatDcr-2 is also required forToll immune signaling
independently of RNAi both in cells and in adult flies. The loss of Dcr-2
expression renders fruit flies more susceptible to fungal infection. We
further revealed that Dcr-2 positively modulates Toll signaling at
the posttranscriptional level because Dcr-2 is required for the proper
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Fig. 1. Dcr-2 is required for Toll signaling in Drosophila S2 cells. (A and B) Cultured S2 cells were transfected with dsRNAs against the indicated
genes. Total RNA extracts were prepared from the cells and detected via Northern blots using the indicated probes. (C) Cultured S2 cells were trans-

fected with dsRNAs against the indicated genes and treated with Lys-PGN (100 mg/ml; lanes 2 to 5) or water (lane 1) for 20 hours. Total RNA extracts
were prepared from the cells and detected via Northern blots using the indicated probes. (D and E) Cultured S2 cells were transfected with dsRNAs and
treatedwith Lys-PGN as indicated. Total RNA extracts were prepared for qRT-PCR assay ofDros (D) orDipt (E) mRNA (normalized to Rp49; n= 3; *P< 0.05,
two-tailed Student’s t test; error bars, SD).
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Fig. 2. Dcr-2 is required for Toll activation in adult flies. (A and B) Six hours after the M. luteus challenge, total RNA extracts were prepared from
adult flies with the indicated genotypes and treatment and subjected to Northern blots using the indicated probes (A) or to qRT-PCR of Dros mRNA

(normalized to Rp49; n = 3; *P < 0.05, two-tailed Student’s t test; error bars, SD; each group contains 10 female flies and 10 male flies) (B). CyO, second
chromosome balancer with curly wings marker. (C) Survival of adult flies with the indicated genotypes after A. fumigatus infection (n = 3; each group
contains 10 female flies and 10 male flies; error bars, SD). Flies that died within 3 hours of infection were not considered in the analysis. (D and E) Total
RNA extracts were prepared from adult flies with the indicated genotypes and subjected to Northern blots using the indicated probes (D) or to qRT-PCR
of Dros mRNA (normalized to Rp49; n = 3; *P < 0.05, two-tailed Student’s t test; error bars, SD) (E).
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expression of Toll protein but not for Toll protein stability or Toll
mRNA transcription. Moreover, Dcr-2 directly binds to the 3′ un-
translated region (3′UTR) of Toll mRNA via its PAZ domain and is
required for protein expressionmediated byToll 3′UTR.The loss ofToll
3′UTR binding activity makes Dcr-2 incapable of promoting Toll
signaling. These results indicate that the interaction between Dcr-2
and TollmRNA plays a pivotal role in the posttranscriptional modula-
tion of Toll protein expression and Toll signaling. Furthermore, we un-
covered that Dcr-2 is required for the Toll signaling induced by two
different RNA viruses, Flock House virus (FHV) and vesicular stoma-
titis virus (VSV), in cultured Drosophila cells. Consequently, our find-
ings uncover an unconventional RNAi-independent function of Dcr-2
in the posttranscriptional regulation of Toll protein expression and in-
dicate an unexpected intersection of the RNAi pathway and the Toll
pathway. These findings also suggest that Dicer and Dicer-related pro-
teins in Drosophila and other organisms, including plants and mam-
mals, play additional roles in innate immunity and other processes.
RESULTS

Dcr-2 is required for Toll innate immune signaling in
Drosophila S2 cells
Toll immune signaling can be activated by infection with fungi, Gram-
positive bacteria, or certain viruses (23–26). All thesemicrobial pathogens
could significantly induce the expression of Dros (23, 24), which is a
downstream AMP specific for the Toll pathway.

TodeterminewhetherDcr-2 is involved inToll immune signaling, we
used twodsRNAs (numbers 1 and 2) targeting nonoverlapping regions of
the dcr-2 gene to knock down endogenous Dcr-2 in Drosophila S2 cells.
Moreover,we also designed egfpdsRNAand twoago2dsRNAs (numbers
1 and 2) as controls. The activity ofToll immune signalingwasmonitored
by measuring the transcription level of Dros. Our results showed that
Dcr-2 knockdown decreased basalDros transcription in cultured S2 cells
[Fig. 1, A (lane 3) and B (lane 3)], whereas AGO2 or enhanced green
fluorescent protein (EGFP) knockdown did not decrease the level ofDros
mRNA [Fig. 1, A (lanes 2 and 4) and B (lanes 2 and 4)].

Previous studies demonstrated that Toll signaling in cultured S2 cells
canbe activatedby lysine-typepeptidoglycan (Lys-PGN) (27), which is an
important component of Gram-positive bacterial envelopes. After we
determined that Dcr-2 is involved in the induction of Dros transcription
in S2 cells, we sought to determine the effects of Dcr-2 under microbial
infection. To this end, we treated S2 cells with Lys-PGN (extract from
Staphylococcus aureus) to simulate Gram-positive bacterial infection
and assessed the effects of Dcr-2 knockdown on peptidoglycan (PGN)–
inducedToll signaling.As expected, PGNtreatmentdramatically induced
Dros transcription (Fig. 1C, lanes 1 and 2). Dcr-2 knockdown decreased
PGN-induced Toll signaling (that is, Dros transcription) in cultured S2
cells (Fig. 1C, lane 4), whereas AGO2 or EGFP knockdown had no such
effect (Fig. 1C, lanes 3 and 5).

We further examined the role of Dcr-2 in Dros induction in S2 cells
using quantitative reverse transcription polymerase chain reaction (qRT-
PCR). Consistent with the results obtained with Northern blots of Dros
mRNA, our qRT-PCR data showed that dcr-2 dsRNA significantly re-
duced the induction of Dros in both nontreated and PGN-treated S2
cells, whereas dsRNA against AGO2 did not reduce Dros induction
(Fig. 1D). On the other hand, neither dcr-2 knockdown nor ago2
knockdown by dsRNA affected the induction of Dipt (the AMP specific
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
for the IMDpathway) (Fig. 1E) (28), indicating thatDcr-2 is not involved
in the IMD pathway. Moreover, previous studies showed that the tran-
sient overexpression of certain Toll pathway components, such as
dMyD88 or Pelle alone, can induce Dros transcription (29). To further
confirm the role ofDcr-2 in Toll signaling, we overexpressed Flag-tagged
EGFP (EGFP-Flag), Flag-tagged Dcr-2 (Dcr-2–Flag), and Flag-tagged
AGO2 (AGO2-Flag) in cultured S2 cells. Our results showed that over-
expression of Dcr-2 resulted in the induction of Dros, as measured by
Northern blots (fig. S1A) and qRT-PCR (fig. S1B), whereas overexpres-
sion of EGFP or AGO2 did not result in Dros induction (fig. S1A). Al-
together, our data show that Dcr-2 is involved in the Toll pathway, but
not in the IMD pathway, in cultured S2 cells.

Dcr-2 is required for Toll signaling and resistance to
microbial infection in Drosophila
Toassess the role ofDcr-2 in vivo,we sought to determinewhetherDcr-2
is also required for Toll signaling in adult Drosophila flies. To this end,
we used transgenic flies carrying a dcr-2 dsRNA construct driven by the
Gal4/UAS promoter. Our results showed that ubiquitous expression of
Gal4 with the Actin driver in UAS-dsRNA (Dcr-2) flies resulted in suc-
cessful knockdown of Dcr-2 (Fig. 2A, middle) and dramatically
inhibited the induction of Dros transcription (Fig. 2A, lanes 1 and 2).
Adult flies were subjected to a microbial challenge test in which they
were pricked with a Gram-positive bacterium, Micrococcus luteus.
Consistent with previous studies (14, 29), M. luteus significantly in-
duced Dros transcription (Fig. 2A, lanes 1 and 3). In the case of the
M. luteus challenge, the ubiquitous knockdown of Dcr-2 in flies also
dramatically inhibited the induction of Dros transcription (Fig. 2A,
lanes 3 and 4). Similar results were also obtained via qRT-PCR assay
(Fig. 2B).

Considering that downstream AMPs of Toll immune signaling are
required for adult flies’ resistance to infection byGram-positive bacteria
or fungi, we analyzed the survival rate of dcr-2 knockdown transgenic
flies infected withAspergillus fumigatus. BecauseA. fumigatus is weakly
pathogenic to wild-type flies but is harmful to flies with impaired Toll
immune signaling, A. fumigatus infection was used by Lemaitre et al.
(28) to determine the resistance of different mutant flies to microbial
infection. As shown in Fig. 2C, 6 days afterA. fumigatus infection, about
80% of dcr-2 knockdown transgenic flies had died whereas flies without
dcr-2 knockdown were not markedly affected. These data indicate that
the loss of Dcr-2 expression dramatically made adult flies more suscep-
tible to A. fumigatus infection.

Moreover, we used Dcr-2–null allele flies to further confirm the role
of Dcr-2 in Toll signaling and used R2D2- and AGO2-null allele flies as
controls. Our data showed that the induction of Dros transcription in
Dcr-2L811fsX (Dcr-2–null) flies [versus that in yw (yellowwhite) flies]was
significantly inhibited, as determined by Northern blots (Fig. 2D) and
qRT-PCR (Fig. 2E), whereas the loss of R2D2 orAGO2 in flies (r2d21 or
Ago2414) had no such effect (Fig. 2, D and E). Consistent with data ob-
tained from cultured Drosophila S2 cells, we conclude that Dcr-2, but
not the siRNA pathway, is required for the activation of Toll immune
signaling.

Dcr-2 is involved in the expression of Toll protein at the
posttranscriptional level
After we have determined that Dcr-2 is required for Toll immune
signaling in both cultured S2 cells and adult flies, we attempted to deter-
mine at which step Dcr-2 affects Toll signaling. To this end, Flag-tagged
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Toll transgene (Flag-Toll) was ectopically expressed in cultured S2
cells. We observed that the ectopic expression of Flag-Toll success-
fully rescued the down-regulation of Dros transcription in cultured S2
cells transfected with dcr-2 dsRNA, as determined by Northern blots
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
(Fig. 3A) and qRT-PCR (Fig. 3B). These results indicate that Dcr-2
could affect the Toll signaling pathway upstream of Toll. We next as-
sessed the impact of Dcr-2 knockdown on Toll mRNA transcription.
The results of Northern blot analyses showed that the knockdown of
Fig. 3. Dcr-2 is involved in the expression of Toll protein at the posttranscriptional level. (A) Cultured S2 cells were transfectedwith empty vector
(lanes 1 and 2), the plasmid expressing Flag-Toll (lane 3), and dsRNAs against the indicated genes. Total RNA extracts were prepared and detected via

Northern blots using the indicated probes. Cell lysates were prepared and subjected to Western blots using the indicated antibody. (B) RNA extracts
were prepared as in (A) for qRT-PCR assay ofDrosmRNA (normalized to Rp49; n = 3; error bars, SD). (C andD) Cultured S2 cells were transfectedwith the
indicated dsRNAs and treated with Lys-PGN (100 mg/ml) (C; lanes 4 to 6) or water (C; lanes 1 to 3) for 20 hours, as indicated. Total RNA extracts were
prepared for Northern blots using the indicated probes (C) or for qRT-PCR of TollmRNA (normalized to Rp49; n = 3; error bars, SD) (D). (E) Cultured S2
cells were transfected with dsRNAs against the indicated genes. Cell lysates were prepared and subjected to Western blots using the indicated anti-
bodies. (F) Cultured S2 cells transfected with empty vector (lanes 1 and 2), the plasmid expressing Flag-Toll (lanes 3 and 4), and dsRNAs against the
indicated genes. Cell lysates were prepared and subjected to Western blots using the indicated antibodies. NB, Northern blots; IB, immunoblots or
Western blots.
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Dcr-2 by dsRNA had little effect on the levels of TollmRNA (Fig. 3C).
Similar results were also obtained via qRT-PCR assay (Fig. 3D).

Because Dcr-2 knockdown had no impact on the mRNA level of
Toll, we sought to determine whether Dcr-2 knockdown affected the
protein expression of Toll. Our results showed that Dcr-2 knockdown
resulted in an obvious reduction of the protein level of Toll in S2 cells
(Fig. 3E).We also found that the exogenous expression of Flag-Toll was
not affected by Dcr-2 knockdown (Fig. 3F), indicating that Dcr-2 had
no effect on the stability of Toll protein.

Taken together, our data show that Dcr-2 modulates Toll protein
expression at the posttranscriptional level but not at the level of Toll
mRNA transcription or Toll protein stability.

Dcr-2 directly interacts with the 3′UTR of Toll mRNA
Arecent study showed that RIG-I binds to the 3′UTRs of several cellular
mRNAs and regulates translation (22). These studies prompted us to
speculate that Dcr-2may also bind toTollmRNA and furthermodulate
Toll protein expression. To explore this possibility, we performed RNA
immunoprecipitation (RNA-IP) using an anti-Flag antibody from the
total lysates of Drosophila S2 cells ectopically expressing Dcr-2–Flag
(Fig. 4A, lanes 3 and 4). The lysates of cells transfected with empty
vector were used as controls (Fig. 4A, lanes 1 and 2). Our results clearly
showed that Dcr-2–Flag could bind to Toll mRNA (Fig. 4A, panels 2
and 3, lane 3). Moreover, when the in vitro–transcribed 3′UTR of Toll
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
mRNA was transfected into the cells, the binding of Dcr-2 to Toll
mRNA was dramatically inhibited (Fig. 4A, panels 2 and 3, lanes 3
and 4), and Dcr-2 was found to bind to the exogenous Toll 3′UTR
(Fig. 4A, top, lane 4). The Northern blot results were further confirmed
by qRT-PCR assay (Fig. 4B). To further confirm the identity of the Toll
mRNA that was precipitated with Dcr-2–Flag via RNA-IP, we per-
formed RT-PCR to reversely transcribe RNAs precipitated by Dcr-2–
Flag using Toll-specific primers. Our results showed that DNA frag-
ments amplified by RT-PCR were only observed when Dcr-2–Flag
was ectopically expressed (Fig. 4C, lanes 3 and 4). The presence of ex-
ogenous Toll 3′UTR consistently decreased the amount of RT-PCR
products (Fig. 4C, lane 4). To exclude the possibility of the Flag tag non-
specifically binding to TollmRNA, we used EGFP-Flag as a control in
the RNA-IP assay. In addition, we also examined whether AGO2-Flag
could interact with TollmRNA. Our results showed that neither EGFP-
Flag nor AGO2-Flag was able to bind TollmRNA (fig. S2A).Moreover,
because exogenous Toll 3′UTR can compete withTollmRNA for Dcr-2
interaction (Fig. 4A), we assessed the impact of Toll 3′UTR on Toll im-
mune signaling. Our results showed that, in the presence of exogenous
Toll 3′UTR, the induction ofDros transcription in cultured S2 cells was
significantly inhibited (fig. S2, B and C).

To further confirm the specificity of the Dcr-2–TollmRNA interac-
tion, we examinedwhetherDcr-2 can interact with themRNAs of some
other important factors in the Toll pathway (for example, dMyD88,
Fig. 4. Dcr-2 binds to the 3′UTR of Toll mRNA. (A) Cultured S2 cells were transfected with empty vector (lanes 1 and 2), the plasmid expressing
Dcr-2–Flag (lanes 3 and 4), and in vitro–transcribed Toll 3′UTR (lanes 2 and 4), as indicated. Crude cell lysates were prepared and subjected to RNA-IP

using anti-Flag antibody. RNA extracts prepared from precipitates and total cell lysates were subjected to Northern blots, as indicated. Precipitates
and total cell lysates were also subjected to Western blots using the indicated antibodies. (B) RNA extracts were prepared from RNA-IP precipitates
as in (A) and subjected to qRT-PCR of TollmRNA (n = 3; *P < 0.01, two-tailed Student’s t test; error bars, SD). (C) RNA extracts were prepared as de-
scribed in (B) and subjected to RT-PCR with Toll-specific primers. RT-PCR products were analyzed via agarose gel electrophoresis. NB, Northern blots;
IB, immunoblots or Western blots.
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DIF, andDorsal) and IMDpathway (for example, PGRP-LC, IMD, and
Relish). To this end, the RNA-IP assay was performed using an anti-
Flag antibody fromcell lysates expressingDcr-2–Flag, andRNAextracts
prepared from RNA-IP precipitates were examined using qRT-PCR.
Our data showed that Dcr-2 could bind only to Toll mRNA but not
to dMyD88, DIF, Dorsal, PGRP-LC, IMD, or Relish mRNA (fig. S2D).

After we determined that Dcr-2 can bind to the 3′UTR of Toll
mRNA, we further examined whether this protein-RNA interaction is
direct or indirect. To this end, we expressed and purified 8×His-tagged
full-length Dcr-2 in a baculovirus expression system (Fig. 5A), incu-
bated it with an in vitro–transcribed digoxigenin (DIG)–labeled Toll
3′UTR, and subjected it to a gel shift assay. Our data showed that Toll
3′UTR underwent an apparent gel mobility shift when it was incubated
withHis8–Dcr-2 (Fig. 5B), indicating thatDcr-2 binds toToll 3′UTRvia
direct interaction.

Furthermore, to assess the role of Toll 3′UTR in Dcr-2–mediated
protein expression,we designed a plasmid that can transcribe anmRNA
containing an egfp open reading frame (ORF) followed by Toll 3′UTR
(Fig. 5C). The plasmidwas cotransfectedwith dcr-2 or ago2 dsRNA into
cultured S2 cells for 3 days, and the protein expression of EGFP was
examined using Western blots. We found that Dcr-2 knockdown re-
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
duced the protein expression of EGFP (Fig. 5D), whereas the same
knockdown had no effect on protein expression by an ordinary EGFP
expression vector containing a simian virus 40 polyadenylation signal.
These data showed that Toll 3′UTR is required for Dcr-2–mediated pro-
tein expression.

Altogether, we conclude that Dcr-2 can directly interact with the
3′UTR of TollmRNA and that this direct interaction between Dcr-2
and Toll mRNA plays a critical role in the posttranscriptional mod-
ulation of Toll protein expression.

Dcr-2 directly interacts with Toll 3′UTR via its PAZ domain
Dicer proteins, including Drosophila Dcr-2, contain multiple domains
that play distinct roles inDicer activities (13, 30). The recombinant PAZ
domain (Fig. 6A, lane 1), RNase III domain (Fig. 6A, lane 2), dsRBD
domain (Fig. 6A, lane 3), and DExD/H-box helicase domain (Fig. 6C,
lane 1) ofDcr-2were expressed and purified to further determinewhich
domain(s)mediates thedirect interactionbetweenDcr-2 andToll3′UTR.
EachDcr-2 domainwas incubatedwith in vitro–transcribedDIG-labeled
Toll 3′UTR and subjected to a gel shift assay. Our results showed that
the recombinant PAZ domain caused a clear gel mobility shift (Fig. 6B,
lane 3), whereas the dsRBD and DExD/H-box helicase domains failed
Fig. 5. Dcr-2 directly binds to Toll 3′UTR. (A) SDS-PAGE analysis of purified His8–Dcr-2 and Coomassie brilliant blue staining. M, molecular mass
marker; lane 1, His8–Dcr-2. (B) Gel mobility shift assay was performed to evaluate the capacity of His8–Dcr-2 to bind in vitro–transcribed Toll 3′UTR. Lane

1, Toll 3′UTR alone; lane 2, Toll 3′UTR in reaction buffer; lane 3, Toll 3′UTR in reaction buffer supplemented with His8–Dcr-2. Protein-bound and free RNA
are indicated. (C) Schematic diagram of the plasmid that transcribes the mRNA containing the egfp ORF followed by the Toll 3′UTR. (D) The plasmid
diagrammed in (C) was cotransfected with dcr-2 (lane 2) or ago2 (lane 3) dsRNA into cultured S2 cells. Cell lysates were prepared and subjected to
Western blots using the indicated antibodies.
7 of 13
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to show any interaction with Toll 3′UTR [Fig. 6, B (lane 5) and D
(lane 3)]. The presence of themyelin basic protein (MBP) fusionRNase
III domain resulted in a dramatic reduction in the level of Toll 3′UTR
(Fig. 6B, lane 4), which could have been caused by RNA degradation
via its RNase activity. Moreover, the recombinant RNase III domain
caused a barely detectable gel mobility shift that was probably attribut-
able to its intrinsic RNA binding activity; however, the direct interac-
tion between Dcr-2 andToll 3′UTRwas unlikely to bemediated by the
RNase III domain in an integral Dcr-2 protein because Dcr-2 did not
down-regulate either TollmRNAor Toll signaling, as previously shown
(Figs. 1 to 5). To further confirm the specificity of the direct interaction
between the PAZ domain and Toll 3′UTR, we performed a gel shift
assay that examined whether the recombinant PAZ domain could bind
to the in vitro–transcribed 3′UTRs of DIF and Dorsal (the NF-kB
transcription factors in the Toll pathway). Our data showed that the
PAZ domain had no interaction with the in vitro–transcribed Dif or
dorsal 3′UTR (fig. S3, A and B).

To determine whether the PAZ domain could interact with Toll
mRNA in cultured S2 cells, we performed an RNA-IP assay using an
anti-Flag antibody from the total lysates of S2 cells ectopically expres-
sing a Flag-tagged PAZ domain (Fig. 7A, lane 2) or a dsRBD domain
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
(Fig. 7A, lane 3). As shown in Fig. 7A (top), only the Flag-tagged PAZ
domain could bind toTollmRNA. This result was further confirmed by
RT-PCR assay (Fig. 7B). Overexpression of the PAZ domain resulted in
a dramatic reduction ofDros transcription (Fig. 7A, panel 3).Moreover,
cultured S2 cells were transfectedwith the plasmid, which transcribes an
mRNA containing an egfp ORF followed by Toll 3′UTR (Fig. 5C), and
with the expression vector for the Flag-tagged PAZ domain. Our results
showed that ectopic expression of the PAZ domain dramatically re-
duced the expression of EGFP (Fig. 7C), indicating that the exogenous
PAZ domain can compete with Dcr-2 for Toll 3′UTR, resulting in the
reduction ofToll 3′UTR–mediated protein expression. ADcr-2mutant
with PAZ domain deletion (Dcr-2DPAZ-Flag) was used in RNA-IP to
further confirm the role of the PAZ domain in Dcr-2 binding to Toll
mRNA. Our data showed that deletion of the PAZ domain resulted
in the loss of Dcr-2 binding to Toll mRNA (Fig. 7D). Moreover, over-
expression of Dcr-2DPAZ had no effect on Dros induction (Fig. 7E),
indicating that the loss of Toll 3′UTR binding activity makes Dcr-2 in-
capable of modulating Toll signaling.

Taken together, we conclude that Dcr-2 directly interacts with
Toll 3′UTR via the PAZ domain and that this interaction plays a crit-
ical role in Toll signaling.
Fig. 6. Dcr-2 directly interacts with Toll 3′UTR via its PAZ domain in vitro. (A) SDS-PAGE analyses of purified MBP-PAZ (lane 1), MBP–RNase III
(lane 2), and MBP-dsRBD (lane 3), and Coomassie brilliant blue staining. (B) Gel shift assays were performed to evaluate the capacity of PAZ, RNase

III, or dsRBD domain to bind in vitro–transcribed Toll 3′UTR, as indicated. (C) SDS-PAGE analyses of purified GST DExD/H-box helicase domain (lane 1)
and Coomassie brilliant blue staining. (D) Gel shift assays were performed to evaluate the capacity of DExD/H-box helicase domain to bind in vitro–
transcribed Toll 3′UTR, as indicated. (A and C) M, molecular mass marker.
8 of 13
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Dcr-2 is involved in Toll signaling in Drosophila S2 cells
during viral infection
Previous studies reported that Toll immune signaling could be induced
by, and/or could exert an antiviral effect on, RNA viruses such as Dro-
sophila X virus, DCV, dengue virus, FHV, cricket paralysis virus, and
Nora virus in insects (23, 25, 26, 31). Because we determined in this
study that Dcr-2 is required for Toll immune signaling (Figs. 1 and
2), we sought to evaluate the effects of Dcr-2 in Toll signaling on certain
viral infections. For this purpose, we first assessed the ability of a positive-
stranded RNA virus, FHV, and of a negative-stranded RNA virus, VSV,
to induce Toll signaling in cultured S2 cells. Our results showed that FHV
dramatically inducedDros transcription 6 hours after infection (fig. S4A)
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
whereas both FHV and VSV induced Dros transcription 48 hours after
infection (fig. S4B), showing that Toll signaling can be activated by FHV
and VSV in cultured S2 cells. Our additional experiments showed that
Dcr-2 knockdown inhibited the Toll signaling induced by FHV (Fig.
8A, lane 7) or VSV (Fig. 8B, lane 7).
DISCUSSION

In addition to its classic functions (RNA cleavage and gene silencing)
in the RNAi pathway, Drosophila Dcr-2 has an RNAi-independent
function that positively modulates the protein expression of Toll at
Fig. 7. Dcr-2 interacts with TollmRNA via its PAZ domain in S2 cells. (A) Cultured S2 cells were transfected with empty vector (lane 1), the plasmid
expressing Flag-tagged PAZ domain (lane 2), or the Flag-tagged dsRBD domain (lane 3), as indicated. Crude cell lysates were prepared and subjected to

RNA-IP using anti-Flag antibody. RNA extracts prepared from precipitates and total cell lysates were subjected to Northern blots, as indicated. (B) RNA
extracts from theprecipitates in (A)were subjected to RT-PCRwith Toll-specific primers. RT-PCR productswere analyzed via agarose gel electrophoresis.M,
molecular massmarker. (C) The plasmid transcribingmRNA containing the egfpORF followed by the Toll 3′UTR, as described in Fig. 5C, was cotransfected
with empty vector (lane 1) or the plasmid expressing Flag-tagged PAZ domain (lane 2) into cultured S2 cells. Cell lysates were prepared and subjected to
Western blots using the indicated antibodies. (D) Cultured S2 cells were transfectedwith empty vector (lane 1), the plasmid expressingDcr-2–Flag (lane 2),
or Dcr-2DPAZ-Flag (lane 3), as indicated. Crude cell lysates were prepared and subjected to RNA-IP using anti-Flag antibody. RNA extracts prepared from
precipitates and total cell lysates were subjected to Northern blots, as indicated. (E) Cultured S2 cells were transfected with empty vector (lane 1), the
plasmid expressing EGFP-Flag (lane 2), Dcr-2–Flag (lane 3), or Dcr-2DPAZ-Flag (lane 4), as indicated. Total RNA extracts were prepared and subjected to
Northern blots, as indicated. NB, Northern blots; IB, immunoblots or Western blots; GFP, green fluorescent protein.
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the posttranscriptional level, consequently mediating Toll immune
signaling. Our data further showed that Dcr-2 directly binds to the
3′UTR of Toll mRNA via its PAZ domain and is required for Toll
3′UTR–mediated protein expression, indicating that the direct interac-
tion between Dcr-2 and Toll 3′UTR plays a critical role in the post-
transcriptional modulation of Toll protein expression and Toll
immune signaling.

In contrast to mammalian TLRs that function as PRRs to directly
recognize pathogen-associated molecular patterns (PAMPs), Drosoph-
ila Toll is not a PRR and cannot be directly activated by bacteria or
fungi. Gram-positive bacterial or fungal envelope PGNs are recognized
as PAMPs by extracellular PGN recognition proteins such as PGRP-SA,
PGRP-SD, GNBP-1, and GNBP-3, leading to cleavage of Spaetzle,
which in turn activates Toll (27, 32–34). However, the mechanism by
which viruses activate Toll immune signaling remains elusive. Dcr-2 is a
cytoplasmic PRR that directly recognizes viral replicative intermediate
dsRNAs in antiviral RNAi (14, 19). Given our current findings, this co-
incidence leads us to speculate that Dcr-2 acts as a viral sensor for Toll
immune signaling and that the novel link between the RNAi pathway
and the Toll pathway represents a plausible synergy of these two impor-
tant immune pathways.

For Dicer proteins, the PAZ domain (also conserved in AGO pro-
teins) binds to dsRNA or siRNA at 2-nucleotide overhangs on the 3′
end, which are generated by the Dicer-mediated cleavage of dsRNA
(35, 36). Moreover, in vitro data of the Drosophila AGO PAZ domain
Wang et al. Sci. Adv. 2015;1:e1500228 16 October 2015
revealed that the PAZ domain can interact with either single-stranded
RNA or dsRNA (37). In this study, we uncovered that, in addition to its
canonical dsRNAbinding and cleavage activity,DrosophilaDcr-2 is also
a novel 3′UTR binding protein that directly interacts with the 3′UTR of
Toll mRNA. Indeed, although mRNA is single-stranded, most 3′UTR
binding proteins bind to structured RNA elements that usually consti-
tute short base pairings and single-stranded loops. Our prediction of
Toll 3′UTR secondary structure, using two different algorithms of the
RNAfold software, shows that Toll 3′UTR contains a number of
structured RNA elements (fig. S5) that are not conventional substrates
(that is, long dsRNA) of Dcr-2 in the RNAi pathway but probably in-
teract with the PAZ domain of Dcr-2 that binds short single-stranded
overhangs and RNA duplexes. This unconventional interaction be-
tween Dcr-2 and Toll 3′UTR should not support RNA cleavage by
the RNase III activity of Dcr-2, consistent with our own observations.

The 3′UTRs of mRNAs contain a variety of posttranscriptional reg-
ulatory elements for protein expression. In eukaryotes, a number of eu-
karyotic initiation factors (eIFs) bind to the 5′UTR and interact with
poly(A) binding protein, which binds to the poly(A) tail of the 3′UTR
of mRNA. These protein-protein and protein-RNA interactions result
in mRNA pseudocircularization, which is required for translation initia-
tion. So far, most known 3′UTR binding proteins have been found to be
repressive on protein expression via different strategies such as disrupting
mRNA pseudocircularization, interfering with ribosome recruitment,
shortening the poly(A) tail of mRNA, and promoting microRNA
(miRNA)–mediated silencing (38). On the other hand, a few 3′UTR
binding proteins positively modulate protein expression. For example,
the mammalian eIF4E isoform 4EHP can activate translation under hy-
poxic conditions (39) even though the activatingmechanism is unknown,
and Dnd1 (dead end 1) can antagonize miRNA-mediated translational
repressionby competingwithmiRNAfor 3′UTRbinding (40). As a novel
3′UTR binding protein, Dcr-2 positively modulates Toll protein expres-
sion at the posttranscriptional level, which could be governed by diverse
mechanisms such as antagonizing repressive 3′UTR binding proteins
and/or miRNAs, enhancing ribosome recruitment, promoting the for-
mation or stability of mRNA pseudocircularization, and stabilizing the
poly(A) tail ofmRNA. In addition, although the PAZdomain is respon-
sible for Dcr-2 binding to Toll 3′UTR, other domains of Dcr-2 could
also play a role in regulating Toll protein expression, probably by re-
cruiting or repressing other cellular factors. In support of this idea,
our data showed that the ectopic expression of a Flag-tagged PAZ
domain repressed Toll 3′UTR–mediated protein expression and Toll
signaling (Fig. 7, A and C), indicating that simply binding a PAZ do-
main toToll 3′UTR is not enough to promote Toll signaling. It would be
very interesting to elucidate in future studies the detailedmechanism by
which Dcr-2 posttranscriptionally modulates protein expression.

Previous studies have provided several lines of evidence that the key
RNase III–like enzymes of the RNAi machinery, Drosha and Dicer,
have additional functions independent of their canonical roles (RNA
cleavage and gene silencing) in RNAi. Drosha, the RNase III–like en-
zyme that processes primary miRNAs into pre-miRNAs, has been re-
ported to bind promoter-proximal regions of many genes and to
positively modulate transcription independently of RNAi (41). More-
over, Drosophila Dcr-2 and human Dicer have been associated with
chromatin and have been reported to interact with the core transcrip-
tion machinery, which may regulate transcription by affecting RNA
polymerase II processivity (42, 43). In addition, Dcr-2 has been reported
to mediate the virus-induced induction of Vago (20). However, the
Fig. 8. Dcr-2 is involved in Toll signaling in S2 cells during FHV or VSV
infection. (A and B) Cultured S2 cells were transfected with dsRNAs against

the indicated genes. The cellsweremock-infected or infectedwith FHV (A) or
VSV (B) for 6 hours. Total RNA extracts were prepared and subjected to
Northern blots using the indicated probes.
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mechanism by which Dcr-2 affects Vago induction seems be different
from the mechanism by which Dcr-2 affects Toll signaling because
Dcr-2–mediated Vago induction occurs independently of the Toll
pathway. Besides, Vago induction also occurs independently of the
IMD pathway (20).

To our knowledge, this study was the first to provide evidence that
a Dicer protein positively modulates protein expression at the post-
transcriptional level instead of mediating posttranscriptional gene
silencing. Moreover, our findings also revealed an unexpected link be-
tween the RNAi pathway and the Toll pathway. Given the high degree
of homology among Dicer and Dicer-related proteins in different or-
ganisms, including plants, invertebrates, and mammals, this study opens
up the possibility that this protein group functions as a novel class of
posttranscriptional regulators of gene expression in diverse pathways,
such as innate immunity and various other processes, and represents
an exciting direction toward future research.
MATERIALS AND METHODS

Fly stocks and microbial challenge
Three- to 5-day-old adult flies were reared at 25°C and fed a standard
cornmeal/yeast diet. Adult flies were randomly allocated, and the sam-
ple size was chosen based on a previous study, Galiana-Arnoux et al. (19).
TheActin-GAL4/CyO-PscGFP driver line was obtained fromN.Dostatni
(Laboratory of Nuclear Dynamics and Genome Plasticity, Paris, France).
UAS-dsRNA (Dcr-2), Dcr-2L811fsX, and r2d21 fly lines were provided by
Q. Wu (University of Science and Technology of China, Hefei, China).
The Ago2414 fly line was obtained from the Bloomington Stock Center.
The yw fly line used for dsRNA injection and in controls was obtained
from the Institute of Genetics and Developmental Biology of the Chi-
nese Academy of Sciences (Beijing, China).

M. luteus was provided by F. Peng (China Center for Type Culture
Collection,Wuhan, China). For theM. luteus challenge, adult flies (3 to
5 days old) were inoculated by a needle previously dipped into a con-
centrated culture of M. luteus. A. fumigatus was provided by Z. Liu
(Huazhong Agricultural University, Wuhan, China). For A. fumigatus
infection, adult flies (3 to 5 days old) were inoculated by a needle pre-
viously dipped into a concentrated solution of A. fumigatus spores.

Plasmid and in vitro transcription of RNA or dsRNA
TheDrosophila-inducible expression system vector pMT/V5-His (In-
vitrogen) was used to construct plasmids that express proteins inDro-
sophila S2 cells. dcr-2 or Toll ORF was amplified from fly cDNAs
(provided by J. Ni, Tsinghua University, Beijing, China) via PCR. The
dcr-2ORF or its mutant carrying a Flag tag at its 3′ end was cloned into
the Kpn І–Not І site of the pMT/V5-His vector downstream of the
copper sulfate–inducible metallothionein promoter. The Toll ORF
carrying a Flag tag at its 5′ end was cloned into the Kpn І–Xba І site of
the pMT/V5-His vector downstream of the copper sulfate–inducible
metallothionein promoter. During transfection, 500 mM copper sul-
fate was added into the standard S2 medium. The PAZ domain and
the dsRBD carrying a Flag tag at its 3′ end were cloned into the Eco
RІ–Xba І site of the pAc5.1/V5-His B vector (Invitrogen) downstream
of the Drosophila Actin 5C promoter.

The 8×His-tagged Dcr-2 recombinant protein was expressed in in-
sect cells using the Bac-to-Bac Baculovirus Expression System. The
dcr-2ORF carrying anN-terminal 8×His tag was cloned into the Nco
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І–Not І site of the pFastBac1 vector (Invitrogen). The expression vector
pMAL-c2x (New England Biolaboratories) was used to construct plas-
mids that express the PAZ domain, dsRBD, and RNase III domain of
Dcr-2 in Escherichia coli. The corresponding coding sequences were
amplified from fly cDNAs by PCR and cloned into the Eco RІ–Sal І
(PAZ domain and dsRBD) or Eco RІ–Hind III (RNase III domain) site
of pMAL-c2x. The vector pGEX-6P-1 (GEHealthcare)was used to con-
struct plasmids that express the DExD/H-box helicase domain of Dcr-2
in E. coli. The corresponding coding sequence was amplified from fly
cDNAs by PCR and cloned into the Eco RІ–Xho I site of pGEX-6P-1.

dsRNAs used for RNAi and exogenous Toll 3′UTR RNAwere tran-
scribed in vitro fromPCRproducts for 4 hours using T7RNApolymer-
ase (Promega). The primers used for PCR amplification are listed in
table S1.

Expression and purification of recombinant proteins
The recombinant 8×His-tagged Dcr-2 was expressed and purified
using the Bac-to-Bac Baculovirus Expression System according to
our standard protocol (44). In brief, recombinant baculovirus-infected
Sf9 cells were collected and lysed using glass beads in a RetschMM400
machine (30 Hz/30 s). The cell lysates were loaded into a 2-ml nickel
column in phosphate-buffered saline (PBS; 300 mM NaCl) with 1×
Protease Inhibitor Cocktail (Roche). After a wash with PBS and PBS +
10 mM imidazole, we eluted the column with 10 ml of PBS + 300 mM
imidazole. Nickel elution was concentrated to 1ml and diluted to 10ml
with NaCl-free buffer A [10mMHepes (pH 7.4), 10mMKOAc, 2 mM
Mg(OAc)2, and 5 mM b-mercaptoethanol]. The samples were cen-
trifuged at 15,000 rpm for 5 min and loaded into a MonoQ column.
We performed gradient elution using 0 to 60% buffer B [1 M NaCl,
10 mM Hepes (pH 7.4), 10 mM KOAc, 2 mM Mg(OAc)2, and 5 mM
b-mercaptoethanol] and wash using 100% buffer B. His8–Dcr-2 elution
peaked with ~30% buffer B.

MBP-tagged recombinant proteins were expressed and purified
according to our standard protocol (45). Protein expression was induced
by 0.8 mM isopropyl-b-D-thiogalactopyranoside (IPTG). Cells were
harvested and resuspended using MBP lysis buffer [20 mM tris-HCl
(pH 7.5), 200 mM NaCl, 1 mM EDTA, 1 mM sodium azide, 10 mM
b-mercaptoethanol, and 1 mM dithiothreitol (DTT)] after incubation
at 30°C for 6 hours. The soluble recombinant proteins were purified
using amylose resin (New England Biolaboratories) according to the
manufacturer’s protocol. Glutathione S-transferase (GST)–tagged re-
combinant protein was expressed and purified according to our stan-
dard protocol, Qi et al. (46). Protein expression was induced by 0.8mM
IPTG. Cells were harvested and resuspended using 1× PBS [1.4MNaCl,
27 mMKCl, 100 mMNa2HPO4, and 18 mM KH2PO4 (pH 7.5)] after
incubation at 25°C for 6 hours. The soluble recombinant proteins
were purified using Glutathione Sepharose 4B (GE Healthcare)
according to the manufacturer’s protocol. The purified proteins were
concentrated using Amicon Ultra-15 filters (Millipore) and stored in
25 mM Hepes (pH 7.5) at −20°C.

Cell culture and transfection
The cell lines used in this study were obtained from the China Center
for Type Culture Collection.Drosophila S2 cells were grown and main-
tained in Schneider’s Insect Medium (Sigma)/10% fetal bovine serum
(FBS) and penicillin/streptomycin, as previously described, Qi et al.
(47). Sf9 cells were grown andmaintained inGrace’s InsectMedium (In-
vitrogen)/10%FBS and penicillin/streptomycin. Baby hamster kidney
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21 (BHK21) cells were maintained in Dulbecco’s modified Eagle’s me-
dium/10% FBS and penicillin/streptomycin.

DNA or RNA transfection was performed as previously described,
Qui et al. (48). In brief, Drosophila S2 cells were plated in six-well
plates and grown overnight to reach 80% confluence (about 106 cells
perwell). Twomicrograms ofDNAplasmid or 1 mg of RNAwas trans-
fected into the cells using FuGENEHDTransfection Reagent (Roche),
according to themanufacturer’s protocol. For PGN or virus challenge,
the cells were challenged by Lys-PGN [extract from S. aureus (Sigma)]
or infected with the indicated viruses 72 hours after the transfection of
dsRNA.

Western blots and antibodies
CulturedDrosophila S2 cells were harvested and lysed in cell lysis buffer.
The cell lysates were subjected to 10% SDS–polyacrylamide gel electro-
phoresis (PAGE) and Western blots according to our standard proce-
dures (45). Anti-Flag M2 monoclonal antibody (F1804; Sigma) was
used at a dilution of 1:2000. Anti–a-tubulin monoclonal antibody
(66031-1-Ig; ProteinTech) was used at a dilution of 1:3000. Anti-Toll
polyclonal antibody (sc-15693; Santa Cruz Biotechnology) was used
at a dilution of 1:250. Anti–green fluorescent protein polyclonal anti-
body (cw0087; CWbio) was used at a dilution of 1:3000.

Northern blots, RT-PCR, and qRT-PCR
Total RNAwas extracted from cells using TRIzol reagent (TaKaRa Bio)
and treatedwith RQ1RNase-freeDNase I (Promega) to removeDNAs,
as previously described, Qi et al. (46). Northern blots were performed
according to our standard procedures (48).

For RT-PCR, RNAs extracted from cells were subjected to reverse
transcriptionwithM-MLVReverseTranscriptase (Promega) using ran-
domprimers, according to our standard procedures (45). qRT-PCRwas
performed using a SuperReal PreMix Plus kit (Tiangen), according to
the manufacturer’s protocol. Gene-specific primers used for PCR
amplification or qRT-PCR are listed in table S1.

IP and RNA-IP assays
IP assays were conducted according to our standard protocol (46). Pro-
teins were extracted from precipitates and subjected to 10% SDS-PAGE
and Western blots.

For RNA-IP assays, transfected S2 cells were lysed in RNA-IP lysis
buffer [150mMKCl, 25mM tris (pH 7.4), 5 mMEDTA, 0.5mMDTT,
0.5% NP-40, 100 U/ml RNase inhibitor, and 1× Protease Inhibitor
Cocktail (Roche)]. The cell lysates were incubated with anti-Flag M2
monoclonal antibody (F1804; Sigma) at 4°C for 6 hours. Twentymicro-
liters of Protein A/G Agarose (Santa Cruz Biotechnology) were supple-
mented and incubated at 4°C for 1 hour. After threewashes, RNAswere
extracted from the precipitates using TRIzol reagent (TaKaRa Bio). The
extracted RNAs were detected by Northern blots or RT-PCR, as previ-
ously described.

Gel shift assay
Gel shift assays were performed according to our standard protocol
(46). Purified 8×His-tagged full-length Dcr-2, MBP, MBP-tagged
PAZ domain, MBP-tagged dsRBD, MBP-tagged RNase III domain,
GST, or GST-tagged DExD/H-box helicase domain at a concentration
of 30 mMwas incubated with 0.1 mM in vitro–transcribed DIG-labeled
Toll 3′UTR at 25°C for 30 min. After incubation, the reaction mixture
wasmixedwith 6×RNA loading buffer and subjected to electrophoresis
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with 1.5% nondenaturing agarose gel. The reaction products were
transferred onto a N+ nylon membrane (Millipore) and fixed. The ny-
lon membrane was treated with anti–DIG-AP antibody (Roche) and
incubated with CDP-Star (Roche) at 37°C for 10 to 15 min. The signal
was visualized by radiography on an x-ray film according to our stan-
dard protocol (45).

Viruses
Full-length infectious cDNA clones for FHV RNAs 1 and 2 were ob-
tained from S.-W. Ding (University of California, Riverside, CA). FHV
was extracted from S2 cells transfected with both of the FHV cDNA
clones, as previously described, Wang et al. (14). VSV was provided
by H.-B. Shu (Wuhan University, Wuhan, China) and grown in
BHK21 cells, as previously described, Zhong et al. (49).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/9/e1500228/DC1
Fig. S1. Overexpression of Dcr-2 enhances Toll signaling activation in Drosophila S2 cells.
Fig. S2. Toll 3’UTR is important for Toll signaling.
Fig. S3. The PAZ domain of Dcr-2 has no interaction with the 3’UTR of DIF or Dorsal in vitro.
Fig. S4. Toll signaling can be induced by FHV or VSV.
Fig. S5. The prediction of the secondary structure of Toll 3′UTR.
Table S1. Primers used in this work.
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