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V I R O L O G Y

Dicer is cleaved by the Leader protease encoded by 
foot-and-mouth disease virus to promote infection in 
mammalian cells
Miguel Rodríguez-Pulido1, Miguel Ángel Sanz1, Lucía Camacho1†,  
Ricardo Ramos2‡, Margarita Sáiz1*

The endoribonuclease Dicer is a central component of the posttranscriptional gene silencing mechanism based 
on RNA interference (RNAi) in eukaryotes. The antiviral role of RNAi in mammalian cells remains controversial 
while a number of viral suppressors of RNAi (VSR) able to inhibit Dicer activity and promote infection have been 
identified. Here, we explored the integrity and functional role of Dicer during FMDV infection. These studies 
showed that the FMDV-encoded Leader protease (Lpro) specifically cleaves Dicer at a conserved DExD/H helicase 
motif releasing the complete N-terminal helicase domain. Dicer cleavage by Lpro suppressed small hairpin RNA 
(shRNA)–induced RNAi in swine cells. Silencing of Dicer conferred increased susceptibility to an Lpro-deficient 
FMDV, revealing a Dicer-dependent antiviral effect which can be effectively counteracted by Lpro. This mutant 
generated a remarkably different profile of viral small RNAs (vsRNAs) in infected cells compared with the wild-type 
virus. Overall, we identified a viral mechanism of dampening or modulating antiviral defenses based on Dicer 
proteolytic degradation.

INTRODUCTION
RNA interference (RNAi) is a highly conserved antiviral immune 
mechanism in eukaryotes that plays an essential role in plants and 
invertebrates (1). In RNAi, double-stranded RNA (dsRNA) produced 
during RNA virus infection is cleaved by the cytoplasmic host pro-
tein Dicer into 21- to 23-nt-long small interfering RNAs (siRNAs), 
which are incorporated into the RNA-induced silencing complex 
(RISC) and guide the binding to complementary viral RNA to induce 
its degradation (2, 3). Dicer is also involved in microRNA (miRNA) 
biogenesis by cleavage of precursor miRNAs (pre-miRNAs) and reg-
ulation of cellular gene expression through the miRNA-mediated 
gene silencing pathway (4, 5). The functional relevance of the RNAi 
pathway in antiviral immunity operating in mammalian differentiat-
ed cells remains a subject of intense debate. The antiviral response in 
mammalian cells is primarily orchestrated by the secretion of type-I 
and type-III interferons (IFNs). The dsRNA derived from viral infec-
tion is detected by RIG-I–like receptors (RLRs), which include RIG-I 
(retinoic acid–inducible gene I), MDA5 (melanoma differentiation 
factor 5), and LGP2 (laboratory of genetics and physiology 2) (6). A 
signaling cascade is then activated leading to IFNs expression. IFNs 
then trigger in an autocrine and paracrine manner the transcription 
of hundreds of IFN-stimulated genes (ISGs) encoding proteins with 
antiviral function focused on degradation of viral nucleic acid or in-
hibition of viral gene expression (7). RNA viruses often encode pro-
teins antagonizing host immunity. Foot-and-mouth disease virus 
(FMDV) is a remarkable example of that, exerting a number of mech-
anisms at different steps and signaling routes that enable the rapid 
propagation of the pathogen (8–10). FMDV belongs to the family 
Picornaviridae including small nonenveloped positive-stranded 

RNA viruses and is the causal agent of a highly infectious disease 
affecting farm and wild animals worldwide with a significant eco-
nomic impact (11). Among the immune evasion strategies evolved by 
FMDV, the role of the papain-like cysteine Leader protease (Lpro) in 
counteracting the host immune response has proven crucial for 
pathogenesis (12). Lpro is located at the N terminus of the polyprot-
ein and releases itself by cleavage at its own C terminus. Lpro is ex-
pressed as two forms, Lab and Lb, by translation initiation at two 
AUG codons (AUG1/2) separated 84 nt on the viral genome, being 
Lb the most abundant in FMDV-infected cells (13). The proteolytic 
activity of Lpro is implicated in suppressing IFN-α/β induction, and 
a number of proteins have been identified as Lpro targets (14). Early 
in infection, Lpro cleaves the translation initiation factors eIF4GI 
and eIF4GII, inducing the shutdown of cap-dependent translation 
(15). Lpro is known to induce the degradation of nuclear factor κB 
(NF-κB) subunit p65/RelA and reduce interferon regulatory factor 3 
(IRF3)/7 expression (16, 17). Direct cleavage of viral sensors LGP2 
and MDA5 by Lpro has been documented and associated to impair-
ment of the antiviral response against FMDV infection (18, 19). Also, 
MAVS and TBK1, relevant proteins in the IFN pathway, have been 
identified as Lpro targets (20). The cleavage/degradation of RLR sig-
naling proteins, but not the deISGylase/DUB activity reported for 
Lpro has been correlated with suppressing IFN-α/β gene transcrip-
tion (20). The counteracting effect of Lpro on the DNA sensing cyclic 
Guanosine monophosphate-Adenosine monophosphate Synthase/
Stimulator of IFN Genes (cGAS/STING) pathway, also involved in 
antiviral response against RNA viruses, has been recently docu-
mented (21).

The IFN system is known to actively inhibit dsRNA-mediated 
RNAi and a truncated Dicer isoform with enhanced antiviral activ-
ity (aviD), which is preferentially expressed by nondifferentiated 
cells, has been recently reported (22). On the other hand, a number 
of viruses of different viral families—including Picornaviridae—
are known to encode viral suppressors of RNAi (VSRs) to coun-
teract RNAi-mediated immunity (3, 23). Infection by viruses with 
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disabled VSRs has been found to trigger viral siRNAs (vsiRNAs) 
production and antiviral RNAi response, while vsiRNAs are not 
usually detected in the presence of functional VSRs (24–27). How-
ever, recent research shows that canonical vsiRNAs processed from 
viral dsRNA-replicative intermediates (dsRNA-vRIs) were produced 
in IFN-competent suckling mice after wild-type (WT) Nodamura 
virus infection (28) and that WT alphaviruses can trigger vsiRNA 
production and antiviral RNAi in IFN-competent, differentiated 
mammalian somatic cells and adult mice (29). Here, we provide 
evidence of Dicer cleavage by the FMDV Leader protease and ana-
lyze its impact on infection and small viral RNA (svRNAs) pro-
duction in swine host cells. Our findings reveal unknown features 
of the intricate interplay between RNA viruses and Dicer in mam-
malian cells.

RESULTS
The FMDV Leader protease cleaves Dicer during infection
In a search for potential Lpro targets among host antiviral factors, a 
conserved domain resembling the Lpro cleavage sequence defined 
in the RIG-I–like receptors LGP2 and MDA5 was identified in the 
N-terminal Hel2 domain of Dicer. This sequence was conserved in 
Dicer orthologs across multiple species including humans, mice, 
and FMDV-susceptible animals such as pigs and cows (Fig. 1A). 
To test whether Dicer was susceptible to cleavage by Lpro, IBRS-2 
swine cells overexpressing the DDK-tagged human sequence of the 
protein were infected with FMDV. When lysates from infected cells 
were analyzed by immunoblot, a C-terminal Dicer-derived cleavage 
product of about 155 kDa was observed from 5 hours onward after 
infection. Consistently, an N-terminal fragment bearing the DDK 

Fig. 1. Dicer is cleaved during FMDV infection by Lpro. (A) Schematic representation of Dicer showing the putative Lpro target motif conserved across different species 
including FMDV hosts. (B) IBRS-2 cells (1 × 106) were transfected with 2 μg of DDK-Dicer plasmid and 24 hours later infected with FMDV (O1BFS isolate) at an MOI of 5. Cells 
were lysed at different times after transfection and analyzed by immunoblot for detection of the indicated proteins. (C) HEK293 cells (1 × 106) were transfected with 1 μg 
of plasmids encoding LbWT, LbC51A or an empty vector (EV) and lysed 24 hours later for analysis of the indicated proteins by immunoblot. (D) IBRS-2 cells were infected 
with FMDV WT or FMDV-∆Lb at an MOI of 5 and lysed at different times after infection for immunoblot analysis. The N-terminal and C-terminal cleavage products of Dicer 
are indicated by white and gray arrows, respectively. The 110-kDa cleavage product of eIF4G is also depicted. Data shown are representative of independent biological 
replicates (n = 2 to 4).
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tag of 63 to 75 kDa could also be detected at the same time points 
(Fig. 1B). Next, we tested the integrity of endogenous human Dicer 
in human embryonic kidney (HEK) 293 cells overexpressing either 
an active Lbpro (LbWT) or a catalytically inactive mutant of the 
protease (LbC51A) (30). The C-terminal 155-kDa fragment could 
be readily detected in LbWT-expressing cells unlike those express-
ing the LbC51A inactive protease (Fig. 1C). We next evaluated 
whether endogenous swine Dicer was being processed during 
FMDV infection. For that, IBRS-2 cells were infected with FMDV at 
a multiplicity of infection (MOI) of 5 and lysed at different times 
after infection. Again, a Dicer product of about 155 kDa was ob-
served 5  hours onward after infection, supporting the hypothesis 
that Dicer is cleaved by Lpro during FMDV infection (Fig. 1D). To 
precisely associate Lpro activity with Dicer degradation, an FMDV 
mutant lacking the Lb-coding gene (FMDV-∆Lb) (21) was assayed. 

In this case, no sign of Dicer processing was observed up to 8 hours 
post-infection (pi), while cleavage was detected 3 hours earlier for 
the WT virus (Fig. 1D). During infection with both viruses the in-
tegrity of eIF4G, a known target for Lpro cleavage (31) was moni-
tored. As observed for Dicer, eIF4G cleavage was detected at 5 hours 
pi, while no degradation was detected over FMDV-∆Lb infection 
(Fig. 1D). Together, these results demonstrate that endogenous Dic-
er is cleaved in an Lpro-dependent manner during FMDV infection 
in swine cells.

Next, we sought to accurately correlate this cleavage event with 
the specific enzymatic activity of Lpro. As shown in Fig. 2A, increas-
ing doses of Lb coexpressed with Dicer in HEK293 cells resulted in 
decreasing levels of Dicer. The N- and C-terminal Dicer cleavage 
products were detected in coexpression with as little as 0.2 ng of Lb. 
The activity of Lb on eIF4G was also monitored as control and, as it 

Fig. 2. Lpro specifically cleaves Dicer at the KGRAR motif. (A) HEK293 cells were cotransfected with 2 μg of DDK-Dicer plasmid and increasing amounts of LbWT (0.2, 2, 
20, 200, and 2000 ng), 1 μg of EV, or 1 μg of LbC51A plasmids. Cells were lysed 24 hours later for detection of the indicated proteins by immunoblot. (B) HEK293 cells were 
cotransfected with 2 μg of DDK-Dicer and 300 ng of LbWT plasmids in the presence of zVAD (20 μM), MG132 (10 μM), or chloroquine (CQ) (50 μM). In control cells, apop-
tosis was induced with puromycin (20 μM). Cells were lysed 24 hours later and analyzed by immunoblot for detection of the indicated proteins using the specified antibod-
ies. (C) HEK293 cells were cotransfected with 1 μg of DDK-Dicer or DDK-EV and 1 μg of LbWT or LbC51A plasmids. Cells were lysed 24 hours later, and IP was performed 
using an anti-DDK monoclonal antibody. IP fractions and lysates were analyzed by immunoblot. (D) HEK293 cells were cotransfected with 1 μg of DDK-Dicer or DDK-Dicer-
TM (K550E, R552E, and R554E) and 20 ng of LbWT plasmids. Lysates were collected 24 hours later and analyzed by immunoblot. The specific residues modified in DDK-
Dicer are shown. The N-terminal and C-terminal cleavage products of Dicer are indicated by white and gray arrows, respectively. The 110-kDa cleavage product of eIF4G 
is also depicted. Data shown are representative of independent biological replicates (n = 2 to 4).
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was observed during FMDV infection, seemed to broadly overlap 
with Dicer degradation (Fig.  2A). To assess whether the caspase, 
proteasome, or lysosomal pathways were involved in the degrada-
tion of Dicer observed during FMDV infection, Dicer and Lb were 
coexpressed in HEK293 cells in the presence of the inhibitory com-
pounds zVAD, MG132, or chloroquine, respectively. As shown in 
Fig. 2B, induction of apoptosis with puromycin did not result in 
Dicer degradation neither the presence of the inhibitors prevented 
Dicer cleavage, yielding the previously observed 63-kDa N-terminal 
product. When the interaction between Dicer and Lpro was ana-
lyzed by coimmunoprecipitation (co-IP) assays in HEK293 cells, a 
faint but clear band could be detected with the anti-Lpro antibody 
only when Dicer was coexpressed with LbC51A, likely due to the 
high extent of cleavage observed in lysates from cells coexpressing 
Dicer and the catalytically active form of Lpro (Fig. 2C). To deter-
mine whether the FMDV Lpro was cleaving Dicer at the KGRAR 
motif, as suggested by sequence analysis and fragment sizes ob-
served (Fig. 1, A to D), a mutant Dicer (Dicer-TM) in which the 
positively charged K/R amino acids were replaced by negatively 
charged E (K550E, R552E, and R554E) was generated to abolish 
Lpro cleavage as previously shown for LGP2 and MDA5 (18, 19). 
Unlike Dicer-WT, when Dicer-TM was coexpressed with LbWT, no 
cleavage fragments were observed, although eIF4G degradation was 
complete (Fig. 2D). As a whole, these results demonstrate that Dicer 
is cleaved during FMDV infection by the Leader protease at the 
KGRAR motif.

Dicer restricts the replication of an Lpro-deficient 
FMDV mutant
To assess the impact of Dicer during FMDV infection in swine cells, 
its endogenous expression was silenced by RNAi. For that, IBRS-2 
cells were transfected with a Dicer-specific siRNA (si-Dicer-1) or a 
scrambled control siRNA. Cells were then transfected with plasmids 
expressing Dicer-WT or Dicer-TM proteins and further infected at 
an MOI of 5 with either FMDV WT or FMDV-∆Lb (deficient for 
Lpro) for 6 hours (Fig. 3A). As shown in Fig. 3B, Dicer was specifi-
cally silenced and its levels restored after overexpression of both 
Dicer-WT and Dicer-TM, unlike after transfection with an empty 
vector (EV). After 6  hours of infection, the C-terminal cleavage 
product could be detected only in cells infected with FMDV WT 
and expressing Dicer-WT or in those transfected with the scramble 
siRNA and the EV (endogenous Dicer). When viral progeny was 
quantified in the supernatants, no significant differences in viral ti-
ters could be observed between cells infected with FMDV WT 
transfected with Dicer-specific or with control siRNAs and the EV 
(Fig. 3C). In contrast, Dicer silencing resulted in an enhanced repli-
cation of FMDV-∆Lb (Fig. 3D). Consistently, a substantial increase 
in the accumulation of viral RNA was detected in IBRS-2 cells in-
fected with FMDV-∆Lb, when pretreated with the Dicer-specific 
siRNAs compared with control siRNA (Fig.  3D). The overexpres-
sion of Dicer before infection had a different impact on viral replica-
tion for the two viruses depending on whether the WT or the 
noncleavable version of Dicer (Dicer-TM) was expressed. While 
Dicer-WT expression did not affect FMDV WT titers significantly, 
Dicer-TM expression was associated with a decrease in viral titers 
and intracellular viral RNA regardless of the siRNA initially trans-
fected (Fig. 3C). In contrast, when Dicer levels were restored by ex-
pression of either Dicer version before infection with FMDV-∆Lb, 

similar titers and RNA levels to those in cells transfected with the 
scramble siRNA and the EV were observed (Fig. 3D). These results 
show a clear correlation between the ability of FMDV to cleave Dic-
er and the viral replication levels in host cells. The impact of silenc-
ing Dicer in FMDV WT and FMDV-∆Lb titers and RNA levels was 
further confirmed using a second siRNA targeting a different Dicer 
sequence (si-Dicer-2) or a mixture of them (si-Dicer-1 +  2) after 
infection for 2 or 4 hours (fig. S1). Furthermore, no relevant effect 
on the integrity and levels of eIF4G and G3BP1—two known Lpro 
targets actively involved in antiviral defense—could be detected in 
cells transfected with the Dicer-specific siRNAs compared with 
scrambled siRNA at the time of infection (fig. S1). Collectively, these 
findings strongly suggest that Dicer is a restriction factor for FMDV 
infection, which is effectively counteracted by the Lpro catalyt-
ic activity.

Lpro impairs shRNA-induced RNAi in mammalian cells
Having shown that Dicer is a target for the FMDV Lpro, we exam-
ined whether Lpro had RNAi-suppressing activity. For that, a 
reversal-of-silencing assay was performed by cotransfection of swine 
IBRS-2 cells with plasmids encoding enhanced green fluorescent 
protein (EGFP) and an EGFP-specific small hairpin RNA (shRNA), 
which is cleaved by Dicer to generate siRNA targeting EGFP, together 
with either an active Lbpro (LbWT) or an inactive mutant Lb (Lb-
C51A). After 48 hours of transfection, the levels of EGFP expression 
were analyzed by fluorescence microscopy and Western blot, and the 
EGFP mRNA levels were determined by reverse transcription poly-
merase chain reaction (RT-PCR) (Fig. 4, A to C). The expression of 
the EGFP shRNA eliminated fluorescence signal (Fig. 4A) and de-
tectable protein (Fig. 4B), and only very low levels of EGFP mRNA 
were detected (Fig. 4C), indicating that RNAi could be efficiently in-
duced in IBRS-2 cells by shRNA. Very similar results on EGFP ex-
pression were obtained when LbC51A was expressed. However, 
LbWT expression effectively rescued the EGFP fluorescence, protein, 
and mRNA levels even at the lowest amount assayed (0.2 ng), which 
was below the detection limit by Western blot (Fig. 4, A to C). The 
catalytic activity of Lbpro was monitored by eIF4G cleavage (Fig. 4B). 
The Lbpro-dependent cleavage of Dicer was evident at all three 
amounts assayed, while cotransfection of 100 ng of EV did not affect 
shRNA-induced EGFP silencing or Dicer integrity (Fig. 4B). In the 
absence of EGFP shRNA, no effect on EGFP fluorescence intensity 
was observed at 0.2 and 2 ng of LbWT, while the expression of 20 ng 
reduced EGFP signal likely due to its negative impact on translation 
(fig. S2). To test whether the different reversal-of-silencing pheno-
types exhibited by LbWT and LbC51A could be reproduced in the 
context of infection by FMDV WT and FMDV-∆Lb viruses, respec-
tively, IBRS-2 cells expressing EGFP and EGFP shRNA were infected 
24 hours later with each virus at low or high MOI (Fig. 5, A to D). 
While EGFP fluorescence was effectively rescued in FMDV WT–
infected cells at both viral doses, in cells infected with FMDV-∆Lb, 
the reversal mechanism was impaired (Fig. 5, A and C). The Western 
blot analysis of EGFP, Dicer, and FMDV-encoded Lpro and 3C pro-
teins was consistent with the fluorescence observed and the corre-
sponding viral genotype and dose used (Fig. 5, B and D).

Next, we sought to address the RNAi activity of a Dicer mutant 
resembling the resulting protein after Lpro cleavage. For that, a 
construct lacking the 555 N-terminal amino acids comprising al-
most the complete helicase domain was generated (Dicer-∆Nt) 
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and assayed for EGFP silencing in Dicer knockout HEK293T cells 
(NoDice) (32). As shown in  Fig.  6A, the expression of Dicer-
∆Nt—unlike full-length Dicer—was unable to rescue the shRNA-
induced EGFP silencing in NoDice cells. Consistent with this, the 
expression of an active Lbpro rescued EGFP fluorescence signal in 
NoDice cells also expressing Dicer but not in those expressing 
Dicer-∆Nt. When the nonstructural protein NS1 of influenza A 
virus, known to suppress RNAi (25), was coexpressed with each 
Dicer form, equivalent results to those with Lpro were observed 
(Fig. 6A). The EGFP protein levels detected by Western blot were 
consistent with the intensity of fluorescence in all cases, and Dicer 
cleavage was only detected in NoDice cells expressing Lbpro and 
full-length Dicer (Fig. 6B).

To further associate the Dicer cleavage event with its impaired 
capacity for shRNA-induced silencing, the noncleavable mutant 
Dicer-TM was tested in the reversal-of-silencing assay. Dicer-TM 
was fully functional for EGFP silencing in NoDice cells (Fig. 6C), 
but its coexpression with Lbpro did not affect fluorescence intensity 
or EGFP levels detected by Western blot (Fig. 6, C and D). Together, 
these results indicate that Dicer cleavage by Lpro at the KGRAR mo-
tif abrogates RNAi induced by shRNA in mammalian cells.

Impact of Lbpro depletion on viral small RNAs production 
during FMDV infection
Having proven the impact of Dicer cleavage by Lpro on FMDV in-
fection and shRNA-induced RNAi, we further examined the 

Fig. 3. The ability of FMDV to cleave Dicer correlates with replication efficiency. (A) IBRS-2 cells were transfected with 100 nM specific Dicer siRNAs (si-Dicer-1) or a 
scramble siRNA and 24 hours later transfected with 500 ng of DDK-Dicer, DDK-Dicer-TM or an EV. After 24 hours, cells were infected with FMDV WT or FMDV-∆Lb at an MOI 
of 5. At 6 hours after infection, supernatants were collected and cells lysed for protein analysis and RNA extraction. (B) Western blot analysis of Dicer levels and integrity 
at 6 hours after infection. The knockdown efficiency prior to infection was analyzed 24 hours after transfection with the EV (knockdown lanes). The C-terminal cleavage 
product of Dicer is indicated by a gray arrow. (C to D) Virus titration of supernatants by plaque assay in BHK-21 cells and quantification of viral RNA by RT-qPCR of cells 
infected with FMDV WT (C) or FMDV-∆Lb (D). Data shown in (C) and (D) are means ± SD of three independent experiments (n = 3). Statistical analyses were performed by 
one-way ANOVA test with Tukey’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant. Representative results from a single experiment 
are shown in (B).
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production and profiles of virus-derived small RNAs in swine cells 
infected with FMDV WT or FMDV-∆Lb. For that, RNA from IBRS-
2 cells infected with each virus at an MOI of 5 was extracted at 
4 hours pi and subjected to deep sequencing. The number of reads 
aligned to the FMDV genome was 4.5-fold lower for FMDV-∆Lb 
compared to FMDV WT (table S1) and consistent with the lower 
replication levels measured for FMDV-∆Lb in IBRS-2, as shown 
in fig. S3.

In RNAi, canonical siRNAs resulting from Dicer activity are gener-
ated as 22 ± 1–nt RNA duplexes with 3′2-nt overhangs. As illustrated 
in Fig. 7A, the vsRNA population in IBRS-2 cells infected with FMDV-
∆Lb was enriched for the 22-nt negative strand vsRNAs unlike cells 

infected with FMDV WT, which showed a nonclustered pattern. 
When the abundance of perfectly base-paired 20-nt duplexes with 
2-nt 3’overhangs was analyzed, a clear “peak −2” could be detected for 
the 22-nt vsRNAs produced in FMDV-∆Lb–infected cells, which was 
not found for the vsRNAs of FMDV WT (Fig. 7B). Relevant differ-
ences in the abundance and distribution of vsRNAs along the FMDV 
genome could be observed also comparing the two viruses (Fig. 7C 
and table S1). A relevant enrichment in 22-nt reads of negative polar-
ity was observed for FMDV-∆Lb (18.9% versus 1.7%), while the 22-nt 
vsRNAs detected for FMDV WT were predominantly positive strand-
ed (98.2%) and distributed along the genome (Fig. 7C and table S1). 
This enrichment was mainly detected in the 5´-terminal S-fragment 

Fig. 4. FMDV Lpro suppresses the shRNA-induced RNAi mediated by Dicer in swine cells. (A to C) IBRS-2 cells were cotransfected with plasmids encoding EGFP 
(0.3 μg) and a specific EGFP shRNA (5 μg) together with an EV (100 ng) or a plasmid encoding LbWT or LbC51A (0.2, 2, or 20 ng). At 48 hours after transfection, cells were 
directly observed by fluorescence and bright-field microscopy and images were taken with a ×10 magnification (A) and then lysed for detection of the indicated proteins 
by Western blot (B); the C-terminal cleavage product of Dicer is indicated by a gray arrow. The levels of EGFP, Lpro, and GAPDH mRNAs were examined by RT-PCR after RNA 
extraction from the same lysates (C). Data shown are representative of independent biological replicates (n = 2 to 4).
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region revealing apparent peaks of vsRNAs of both polarities (Fig. 7C). 
A similar result was described for the vsiRNAs generated during in-
fection with a VSR-deficient dengue virus type 2 (DENV2) virus. In 
this case, the vsiRNAs of negative polarity clustered in both the 5′- and 
the 3′-terminal regions of the viral genome (24). For FMDV-∆Lb, no 
accumulation of (−)vsRNAs in the 3′ terminus was observed, whereas 
there seemed to be an enrichment in other specific regions like the 
AUG1/2, VP4, VP2, and 2B (Fig. 7C). Comparison of the length dis-
tribution of total reads for FMDV WT–, FMDV-∆Lb–, and mock-
infected IRBS2 cells showed a lower level of 22-nt small RNAs in cells 
infected with FMDV WT, while their abundance in FMDV-∆Lb– 
and mock-infected cells was very similar and slightly higher (Fig. 
7D), suggesting that Dicer cleavage by Lpro may affect also the pro-
duction of host miRNAs.

DISCUSSION
Viruses have evolved different mechanisms to counteract host de-
fenses aimed at ensuring replication and cell-to-cell propagation. 
Suppression of the RLR signaling pathway and the downstream 

IFN-I signaling pathway is a common strategy used by viruses to 
dampen the host antiviral response by targeting relevant sensors or 
signaling molecules for direct cleavage or inducing their degrada-
tion (33). The IFN system is absent from invertebrates and plants, 
which use RNAi to protect themselves from viral infection (3). Al-
though mammalian cells express all the components for RNAi, the 
role of this pathway as a functional antiviral mechanism has been 
controversial (3, 34). Recent research suggests that the activity of 
virally encoded VSRs might have masked the detection of vsiRNAs 
generated during infection. Using more refined protocols before 
deep sequencing such as removing nonspecific small RNAs or ex-
amining in vivo infection at different time points may facilitate de-
tection of vsiRNAs during infection with WT viruses (28).

Most viral proteins displaying VSR activity in mammalian cells 
are dsRNA binding proteins that act sequestrating dsRNA from 
Dicer, while other VSRs bind to Dicer or its cofactors to inhibit Dic-
er activity (3). Adenoviruses generate small highly structured RNAs 
that inhibit RNAi by acting as decoy RNA substrates for Dicer 
(35, 36). The role of noncoding subgenomic flavivirus RNA (sfRNA) 
as RNAi suppressors by their interaction with Dicer has also been 

Fig. 5. Deletion of Lbpro impairs the suppression of shRNA-induced RNAi phenotype of FMDV in swine cells. IBRS-2 cells were cotransfected with plasmids encod-
ing EGFP (0.3 μg) and a specific EGFP shRNA (5 μg) for 24 hours and then mock-infected or infected with FMDV WT or FMDV-∆Lb at an MOI of 0.001 (A) or an MOI of 1 
(C). EGFP fluorescence and bright-field microscopy images were taken at 20 hours (A) or 12 hours (C) after infection with a ×10 magnification and then lysed for detection 
of EGFP, Dicer, FMDV Lpro, FMDV 3C, or tubulin by Western blot (B and D). All results are representative of at least two independent experiments.
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suggested (37, 38). Here, we showed that Dicer expression restricts 
FMDV infection, while the virus-encoded Lpro cleaves Dicer releas-
ing the complete helicase domain. Our results strongly suggest that 
FMDV is using Dicer cleavage by Lpro to evade the antiviral effect 
exerted by Dicer by means of a strategy which is intrinsically differ-
ent to those used by all VSRs described to date.

Deep sequencing analysis revealed different production and pro-
files of virus-derived small RNAs in swine cells infected with FMDV 

WT or with an Lpro-deficient virus (FMDV-∆Lb). An increase in 22-
nt reads of negative polarity was observed for FMDV-∆Lb together 
with an enrichment in duplexes meeting the requirements of canoni-
cal siRNAs resulting from Dicer activity. This analysis was performed 
in swine kidney epithelial IBRS-2 cells. In IBRS-2 cells, the RLR sig-
naling pathway seems to be impaired due to a noncharacterized de-
fect in signal transduction at the TBK1/IRF3 level. However, IBRS-2 
cells have an intact Janus kinase/signal transducers and activators of 

Fig. 6. Analysis of the shRNA-induced RNAi mediated by Dicer-∆Nt and Dicer-TM in HEK293T NoDice cells. (A and B) HEK293T NoDice cells were cotransfected with 
plasmids encoding EGFP (0.1 μg) and a specific EGFP shRNA (5 μg) together with 0.5 μg of plasmids encoding Dicer or Dicer-∆Nt, LbWT (2 ng), LbC51A (2 ng), or IAV NS1 
(0.3 μg), and EGFP fluorescence and bright-field microscopy images were taken at 24 hours after transfection with a ×10 magnification (A). Cells were then lysed for pro-
tein analysis by Western blot (B). (C and D) HEK293T NoDice cells were cotransfected with plasmids encoding EGFP (0.1 μg); EGFP shRNA (5 μg) together with 0.5 μg of a 
plasmid encoding Dicer or Dicer-TM and LbWT, LbC51A (0.2 or 2 ng); or EV (2 ng). EGFP fluorescence and bright-field microscopy images were taken at 24 hours after 
transfection with a ×10 magnification (C), and cells were then lysed for detection of the indicated proteins by Western blot (D). All results are representative of at least two 
independent experiments.
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transcription signaling pathway and a reduced but measurable ISG 
induction was observed upon transfection with the dsRNA analog 
polyinosinic:polycytidylic acid [poly(I:C)] (39). The crucial role of 
MDA5 in sensing FMDV infection has been documented, as the lack 
of MDA5-dependent IFN induction in FMDV-infected IBRS-2 cells 
(18). In this context, the absence of RLR-triggered IFN response dur-
ing FMDV infection is not expected to mask any RNAi-dependent 
antiviral effect that might be operating in IBRS-2 cells. Moreover, 
FMDV-∆Lb grows poorly in cells capable of an IFN-α/β response, 
hampering the parallel analysis in fully IFN-competent swine cells. 
Nevertheless, future efforts will be directed to generate swine cell 
lines knockout for different Lpro targets that would allow to assess 
their individual contribution to impair FMDV infection in the pres-
ence or absence of an active IFN response.

Whether the anti-FMDV activity of Dicer is fully or partly de-
pendent on RNAi or else relies on other noncanonical mechanisms 

will need further research. Also, other roles involving miRNAs bio-
genesis potentially interfering with the miRNA pathway and affect-
ing cellular gene expression to promote viral replication cannot be 
ruled out. Addressing if pre-miRNA maturation is disrupted in in-
fected cells when Dicer is being cleaved by Lpro is a relevant issue 
that might be the subject of further work.

Beyond its crucial role in RNAi, the involvement of Dicer in 
non-RNAi–related signaling pathways is being increasingly unveiled 
and the cross-talk between different antiviral pathways operating in 
mammalian cells (40, 41). The ability of specific positive-sense vsRNAs 
from the enterovirus 71 (EV71) IRES stem-loop II to reduce IRES 
activity and viral replication has been reported (42). These vsRNAs are 
generated by Dicer cleavage on the highly structured 5′ untranslated 
region in the viral genome.

The N-terminal helicase domain of Dicer is composed by three 
subdomains (Hel1, Hel2i, or Hel2) and has been proposed to act as 

Fig. 7. Production of FMDV-derived small RNAs in swine cells. IBRS-2 cells were infected with FMDV WT or FMDV-∆Lb at an MOI of 5 or mock-infected. RNA was ex-
tracted at 4 hours pi and subjected to deep sequencing. (A) Size distribution and abundance of vsRNAs (positive-stranded in blue and negative-stranded in red) shown 
as counts mapped to the viral genome. (B) Presence of pairs of 22-nt reads with 2-nt 3′-overhangs (−2 peak), defined as canonical vsiRNAs. (C) Distribution of 21- to 23-nt 
vsRNAs in the FMDV WT and FMDV-∆Lb genomes. The relative abundances of positive- and negative-stranded vsRNAs are indicated (coverage per nucleotide of the viral 
genome). The different proteins encoded by the FMDV RNA and the flanking 5′ and 3′ NCRs are shown with arrows. (D) Abundance of 18- to 28-nt RNAs (cellular and viral 
small RNAs) in IBRS-2 cells infected with FMDV WT–, FMDV-∆Lb– or mock-infected shown as counts per million of total reads (CPM). Data represent one independent 
experiment.
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a platform for the recruitment of different proteins to diversify the 
functions of DICER (43, 44). This domain is known to interact with 
several dsRNA binding proteins and RNA helicases during viral in-
fection including the TAR-RNA binding protein (TRBP) (45), the 
protein activator of interferon-induced protein kinase R (PACT) 
(46), and the protein kinase RNA-activated (PKR) (43). Interaction 
with these co-factors is needed to ensure the Dicer full functionality. 
The reported ability of the helicase domain alone to bind PKR, 
TRBP, and PACT (43) raises the possibility that FMDV might be 
using the N-terminal fragment of Dicer generated by Lpro cleavage 
and comprising nearly the entire helicase domain as a decoy to se-
quester these factors to hamper or modulate the antiviral activity of 
PKR and the proper functioning of Dicer.

Truncated Dicer proteins with deletions in the helicase domain 
have been shown to display an antiviral phenotype against infection 
by several viruses (47). This differential function has been recently 
associated with the disrupted interaction of the mutants with PKR, 
which through a noncatalytic NF-κB–dependent manner would 
modulate the inflammatory response with different results depend-
ing on the particular virus (48). A proviral effect was associated with 
the expression of the N1 mutant lacking the first two subdomains 
(∆Hel1 and ∆Hel2i) (47) in the context of severe acute respiratory 
syndrome coronavirus 2 infection. The antiviral phenotype of the 
Dicer mutants carrying individual deletions of each subdomain 
seemed to rely on RNAi unlike that of the N1 mutant. The antiviral 
effect of all mutants, including those resembling the AviD isoform 
expressed in human embryonic stem cells (∆Hel2i) (22) and the 
retrotransposon-driven Dicero isoform expressed in mouse oocytes 
(∆Hel1) (49), depended on the presence of PKR (48).

The silencing of Dicer in swine cells selectively promoted the repli-
cation of FMDV-∆Lb unlike the WT virus. Moreover, this replication-
enhancing effect could be reverted by replacement of Dicer before 
infection regardless of whether the WT or the noncleavable form of 
the protein was expressed. In contrast, the levels of replication of 
FMDV WT were significantly reduced only when the noncleavable 
version of Dicer was expressed, revealing that the ability of FMDV to 
cleave Dicer by the Lpro catalytic activity has a positive impact on viral 
fitness. We did not detect any difference in the enhancing effect ex-
erted by the two siRNAs assayed. The si-Dicer-2 targets an RNA se-
quence in Hel2i that is absent in AviD, suggesting that the contribution 
of this Dicer isoform with enhanced antiviral activity to the Dicer-
dependent anti-FMDV effect observed in IBRS-2 cells is not signifi-
cant. This is consistent with the low levels of AviD expression found in 
differentiated cells (22).

A Dicer mutant lacking the entire helicase domain, named Dicer 
N3, exceeding in 52 amino acids the size of the protein fragment re-
moved by Lpro, exhibited a reduced capacity for processing miRNAs 
(47), in agreement with our results showing the inability of the Lpro-
truncated Dicer (Dicer-∆Nt) to rescue the shRNA-induced EGFP 
silencing in NoDice cells.

The catalytic activity of the FMDV Lpro impairs a variety of im-
mune effectors from different signaling routes involved in the host 
antiviral response against infection. Dicer and the RLR family mem-
bers LGP2 and MDA5 are cleaved by Lpro at an equivalent DExD/
H-box helicase motif (K/RGRAR), evidencing that Lpro targets 
domains conserved during evolution in RNA binding proteins of 
relevance for viral growth optimizing the small size of the FMDV 
genome to encode multifunctional proteins with pleiotropic effects 
against host defenses. The fact that these helicase domains targeted 

by Lpro are also conserved among different host species for the vi-
rus, as found for Dicer, might also contribute to the broad host 
range of FMDV compared with other picornaviruses lacking a 
Leader protease. LGP2 is actively involved in the IFN-mediated inhi-
bition of antiviral RNAi in differentiated mammalian cells through 
direct interaction with Dicer blocking processing of long dsRNA 
and siRNA production (22, 28, 50) and with TRBP repressing spe-
cific miRNA activities (51). The LGP2-dependent modulation of 
RNAi illustrates the cross-talk between RNAi and other innate im-
mune pathways. It seems plausible that viruses may have evolved 
strategies to counteract different antiviral pathways taking advan-
tage of having their effector proteins in close vicinity, as found for 
the FMDV Lpro that cleaves both LGP2 and Dicer resulting in en-
hanced viral replication in infected cells. Learning how viruses in-
teract with the immune system to circumvent the host defenses is 
crucial for understanding the molecular basis of infection and de-
veloping antiviral strategies.

MATERIALS AND METHODS
Cells and viruses
Swine kidney IBRS-2 cells were obtained from Centro de Investig-
ación en Sanidad Animal, CISA-INIA-CSIC, Spain). Human kidney 
HEK293 and baby hamster kidney (BHK)–21 cells were originally 
sourced from the American Type Culture Collection. HEK293T/
NoDice and parental HEK293T cell lines were a gift from B. Cullen 
(Duke University School of Medicine, USA) and have been previ-
ously described (32). All cell lines were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal 
bovine serum (FBS), penicillin/streptomycin, and 1% l-glutamine 
at 37°C and 5% CO2. FMDV O1BFS isolate was obtained from 
the Centro de Investigación en Sanidad Animal (CISA-INIA-CSIC, 
Spain). FMDV WT and FMDV-ΔLb viruses derive from an FMDV 
O1K full-length cDNA clone and have been described previous-
ly (21, 52).

Transfections and infections
Subconfluent monolayers of the different cell lines seeded 24 hours 
before were transfected with plasmids (0.2 to 5 μg) using Lipo-
fectamine 2000 (Invitrogen) and Opti-MEM I reduced serum me-
dium (Gibco) following the manufacturer’s instructions. In some 
transfection experiments, 20 μM puromycin (Sigma-Aldrich), 20 μM 
zVAD-FMK (Promega), 50 μM chloroquine (Sigma-Aldrich), or 
10 μM MG132 (Cayman Chemical) was added to the transfection 
medium. For virus infection, cell monolayers (about 1 × 106) were 
washed and incubated for 1 hour at 37°C with the virus diluted in 
DMEM without FBS at the MOI indicated in the figure legends. 
Then, the viral inoculum was removed, and cells were washed twice 
with DMEM and further incubated with fresh DMEM supplement-
ed with 10% FSB, l-glutamine, and penicillin/streptomycin and in-
cubated at 37°C and 5% CO2. At the indicated time after infection, 
supernatants were collected and viral titers were determined by 
plaque assay and expressed as plaque-forming units/ml. Cells were 
lysed and processed for RNA or protein analysis.

DNA constructs
A plasmid encoding the human Dicer sequence with an N-terminal 
DDK tag (DDK-Dicer) was a gift from B. TenOever (New York Uni-
versity, USA). The DDK-Dicer-TM construct, designed to replace 
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the three positively charged arginine (R) residues by negatively 
charged glutamic acid (E) residues (KGRARA/EGEAEA) in the 
conserved motif VI of the helicase domain, was generated by over-
lapping recombinant PCR using DDK-Dicer as a template and 
primers DicerForwExt (5′-GAGCAAGAGGAGCTGCACAGGAA
A-3′), DicerTMAntisense (5′-ATTAGAGATGGGTGCCTCTGCTT
CTCCTTCAGATTGAACATAGGATCGATATTCTGTGGGC-3′) 
and DicerTMSense (5′-GCCCACAGAATATCGATCCTATGT
TCAATCTGAAGGAGAAGCAGAGGCACCCATCTCTAAT-3′), 
and DicerRevExt (5′-AGACTTCTTCAACTCAATGGATATGGT 
AACC -3′). The resulting PCR fragment was digested with Dra III 
and Bst II and last cloned into DDK-DICER at the Dra III and Bst II 
restriction sites. The DDK-Dicer-ΔNt construct has a deletion of 
nucleotides 1 to 1659 from the initiation codon of DDK-Dicer se-
quence and was generated by recombinant PCR using DDK-Dicer 
as a template and primers CleavedDicerForw (5′-GAGGCGATC-
GCCAGGGCACCCATCTCTAATTATAT-3′) and CleavedDicerRev 
(5′-GCGACGCGTGCTATTGGGAACCTGAGGTTGATT-3′), 
which introduced flanking Sgr I and Mlu I restriction sites (under-
lined). The PCR product was then digested with Sgr I and Mlu I and 
cloned into pCMV6-AN-Myc-DDK (PS100016, OriGene) at the Sgr 
I and Mlu Irestriction sites. Plasmids encoding the WT protease 
(LbWT) or the catalytically inactive mutant (LbC51A) of FMDV 
have been previously described (19). The NS1-IAV plasmid express-
ing the WT NS1 protein of influenza A virus and DDK-CAGGS 
were both provided by A. García-Sastre (Icahn School of Medicine 
at Mount Sinai, NY, USA). The EGFP-C1 plasmid (6084-1, Clon-
tech) encodes a red-shifted variant of WT GFP. The shRNA-EGFP 
plasmid (TR30001, OriGene) expresses an shRNA-EGFP cloned into 
the pRS retroviral vector using the U6 promoter. The cDNA3.1(+) 
plasmid (purchased from Invitrogen) and DDK-CAGGS plasmid 
were used as EV controls in the corresponding transfection experi-
ments. The FMDV O1K-ΔLb construct bearing a deletion of the 
Lb-coding sequence has been previously described (21).

Antibodies and Western blotting
Transfected or infected cells were collected in lysis buffer (50 mM 
Tris-HCl [pH, 7.5], 150 mM NaCl, 0.5% NP - 40) supplemented with 
protease inhibitor cocktail (Complete, Roche) and then clarified by 
centrifugation at 9.300g for 5 min at 4°C. The protein concentration 
was determined by the Bradford method and cell lysates were sub-
jected to 6–12% SDS-polyacrylamide gel electrophoresis, transferred 
to nitrocellulose membranes and blocked by PBS containing 3% 
skimmed milk and 0.05% Tween20 for 90 min at room temperature. 
The membranes were then probed by incubation with specific anti-
bodies against Dicer (ab227518, Abcam), FLAG (F1804 and F7525, 
Sigma-Aldrich), the FMDV Leader protease (raised against the Lab/
Lb fusion protein and kindly provided by E. Beck, Justus-Liebig Uni-
versity, Giessen, Germany), eIF4G (sc-9602, Santa Cruz Biotechnol-
ogy), poly(adenosine 5′-diphosphate–ribose) polymerase (PARP) 
(9542, Cell Signaling Technology), cleaved PARP (9546, Cell Signal-
ing Technology), GFP (11814460001, Roche), G3BP1 (AB_398438, 
BD Bioscience), IAV NS1 protein (53) (a gift from J. Ortín, CNB, 
Spain), FMDV 3C (2D2) and FMDV type-O VP1 (B2) (both pro-
vided by E. Brocchi, IZSLER, Italy), and β-tubulin (T4026, Sigma-
Aldrich) overnight at 4°C. Then, membranes were incubated with 
the horseradish peroxidase–conjugated secondary antibodies (Ther-
mo Fisher Scientific) at room temperature for 1 hour, and proteins 
were visualized by enhanced chemiluminesence (PerkinElmer).

co-IP assay
Interaction between Dicer and FMDV Lb was analyzed by co-IP and 
Western blot assay. HEK293 cells (1 × 106) seeded in a six-well plate 
were cotransfected with 1 μg of plasmids Lb-WT or LbC51A to-
gether with 2 μg of DDK-Dicer or DDK-EV (DDK-CAGGS). Cells 
were harvested 24 hours after transfection and lysed in 100 μl of lysis 
buffer, as above. Protein lysates were clarified by centrifugation at 
9.300g for 5 min at 4°C, and supernatants precleared with 50 μl of 
protein G agarose beads (Roche) for 2 hours at 4°C with rotation. 
Then, IP with 2 μg of monoclonal anti-FLAG M2 antibody (Sigma-
Aldrich) was performed as described (19). Lysates and IP fractions 
were analyzed by Western blot.

EGFP reversal-of-silencing assay
To address the effect of Lb expression on shRNA-induced EGFP si-
lencing, IBRS-2 cells (1 × 106) were cotransfected with 0.3 μg of 
EGFP-C1 and 5 μg of shRNA-EGFP plasmids, together with differ-
ent amounts of FMDV LbWT or LbC51A plasmids (0.2, 2, and 20 ng). 
In the assays performed to assess Dicer functionality in NoDice 
cells, 0.1 μg of pEGFP-C1 and 5 μg of shRNA-EGFP together with 
0.5 μg of DDK-Dicer, DDK-Dicer-TM, or DDK-ΔNt-Dicer plas-
mids were combined for transfection as indicated in the figure leg-
ends. In some experiments, the indicated amounts of a plasmid 
encoding the influenza A virus NS1 protein or an EV [pcDNA3.1(+)] 
were transfected as positive and negative controls for the suppres-
sion of EGFP RNAi, respectively.

The level of EGFP silencing was analyzed at 24 or 48 hours after 
transfection in HEK293T or IBRS-2 cells, respectively, by fluores-
cence microscopy. EGFP expression levels were also monitored by 
Western blot and RT-PCR. Fluorescence emitted by EGFP expres-
sion was detected using a Leica DM IL LED inverted microscope 
coupled to a Leica DFC3000G charge-coupled device microscope 
camera (Leica microsystems), and phase contrast and bright-field 
images of the transfected cells were acquired at ×10 magnification 
(HI PLAN ×10/0.25 PH1 objective) and captured with Leica Ap-
plication Suite software version 4.12.0 (Leica Microsystems, CMS 
GmbH, Switzerland).

For amplification of EGFP, Lpro, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNAs by RT-PCR, 50, 150, and 500 ng 
of total RNA, respectively, and the following primers were used: 
EGFP-Fwd (5′-ACGTAAACGGCCACAAGTTCAG-3′), EGFP-
Rev (5′-TTCACCAGGGTGTCGCCC-3′), LbMT-sense (5′-CCAA-
CAACCACGACAACGCCTGGT TGAACGCCATCC-3 ′ ) , 
Lb-antisense (5′-GCTAGTCTAGAGTTTGAGCTTGCGTTGAA
CCTTGG -3′), GAPDH-aei025 (5′-CATCACCATCTTCCAGGA
GCGAG-3′), and GAPDH-aei021 (5′-AAGTTGTCATGGATGAC-
CTTGGCCA-3′). RT-PCR conditions were as follow: 1 cycle of 30 min 
at 48°C and 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 
45 s. The size of the EGFP, Lpro, and GAPDH amplicons are 301, 
474, and 298 base pair (bp), respectively.

RNA isolation and RT-qPCR
Cells were collected in lysis buffer containing 50 mM tris-HCl 
(pH 7.8), 0.5% NP-40, and 120 mM NaCl, and total RNA was ex-
tracted with Tri-Reagent (Sigma-Aldrich), treated with deoxyribo-
nuclease (Turbo DNA-free kit, Ambion) and quantified using a 
Nanodrop ND-1000 (Thermo Fisher Scientific). For quantification 
of the FMDV RNA by RT-qPCR, 500 ng of total RNA was used in the 
RT reaction with SuperScript IV Reverse Transcriptase (Invitrogen). 
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Then, quantitative PCR was performed with aliquots of the RT reac-
tions (1/10) using the GoTaq qPCR Master Mix (Promega) in hard-
shell 384-well plates and CFX Opus 384 Real-Time PCR System 
(Bio-Rad). The FMDV 3D oligonucleotides used have been previ-
ously described (54). The relative abundance of viral RNA was cal-
culated using the ∆∆Ct method normalizing to GAPDH and was 
expressed as the fold increase above the siRNA-transfected mock-
infected cells.

Dicer knockdown
Chemically synthesized 21-nt siRNA duplexes were purchased from 
Dharmacon. siRNA Dicer-1 (5′-GGAAAGAGACGGUUAAAUA
UU-3′) targets swine Dicer (corresponding to 2150 to 2168 nt; Gen-
Bank, HQ184403.1). Swine scramble siRNAs (scr) (55) were used as 
control. IBRS-2 cells (5 × 105) were transfected with 100 nM siRNAs 
using Lipofectamine 2000 (Invitrogen) and, 24  hours later, trans-
fected with 500 ng of DDK-Dicer, DDK-Dicer-TM, or an EV. After 
24 hours, cells were infected with FMDV WT or FMDV-∆Lb at an 
MOI of 5 for 6 hours. Then, supernatants and cells were collected for 
virus titration by plaque assay in BHK-21 cells, quantification of vi-
ral RNA by RT-qPCR, and determination of Dicer expression levels 
by Western blot.

Deep sequencing and data analysis
IBRS-2 cells were mock-infected or infected with FMDV WT or 
FMDV-ΔLb at an MOI of 5 for 4 hours. Then, cells were lysed with 
QIAzol Lysis Reagent (QIAGEN), and RNA was isolated using 
the miRNeasy Mini kit (QIAGEN). RNA quality was analyzed by 
the Agilent 2100 Electrophoresis Bioanalyzer system using the 
TapeStation Analysis software 4.1 (Agilent Technology Inc.), yield-
ing RNA integrity number values of 10, 9.1, and 9.8 for the samples 
corresponding to mock-, FMDV- and FMDV-ΔL–infected cells, re-
spectively. The small RNA libraries from 1 μg of RNA extracted of 
each sample were generated using the NEBNext Small RNA Library 
Prep Set for Illumina (Multiplex Compatible) kit (New England Bio-
labs) according to the manufacturer’s instructions. Then, the small 
RNA libraries were pooled in equal ratio, and the 175 bp fraction 
(98 to 288 bp) was extracted from a polyacrylamide gel (5 % mini-
PROTEAN TBE precast gel, Bio-Rad). The quality of the resulting 
cDNA library was analyzed using High Sensitivity D1000 Screen-
Tape (Agilent Technology Inc.) and sequenced in a single lane of the 
NovaSeq 6000 (Illumina) using a NovaSeq 6000 S2 Reagent kit v1.5 
(100 cycles). The RNA sequencing and construction of small RNA 
libraries were performed by the Genomics Unit at the Madrid Sci-
ence Park Foundation [Universidad Autónoma de Madrid (UAM), 
Madrid, Spain].

The quality analysis of reads from the corresponding fastq data 
files was first performed using FastQC software. Trimmed and fil-
tered reads between 18 and 28 nt in length were obtained from the 
raw data reads by removing the adaptor sequences and low-quality 
reads containing more than 20% bases with a quality score < 20 us-
ing the Trimmomatic tool. The small RNA read counting for each 
normalized length distribution (counts per million) was performed 
using the edgeR1 library in R software using a custom R script. Then, 
18- to 28-nt and 22-nt small RNA read count from all samples were 
separately aligned to the FMDV O1K genome sequence (accession 
numbers D10138 and X00871, NCBI GenBank) using the Bowtie 2 
aligner. The length and abundance distribution of 18- to 28-nt and 
22-nt reads of positive- or negative-stranded vsRNAs from the 

libraries corresponding to cells infected with O1K or O1K-Lb vi-
ruses were analyzed using Bedtools through a custom script written 
in R, and the average coverage of each alignment was calculated and 
graphically plotted using the GenomeCoverageBed software.

Pairs of complementary 22-nt vsRNAs in each library with dif-
ferent base-pairing lengths (distance categories) were identified us-
ing Bedtools and plotted using R software. These distance categories 
were defined as 0 for perfect base-paired 22-nt vsRNAs with blunt 
ends, −2 for pairs with 2-nt overhang at the 3′-end of each strand, or 
20 for pairs with 20-nt overhang at the 5′-end (56). The next-
generation sequencing (NGS) data analysis was performed by the 
Genomic and next core facility (GENGS) at the Centro de Biología 
Molecular Severo Ochoa (CSIC-UAM). The RNA sequencing data 
files of the NGS project have been deposited in the European Nucle-
otide Archive (ENA) database of the European Molecular Biology 
Laboratory–European Bioinformatics Institute (EMBL-EBI) with 
accession number PRJEB64251.

Statistical analysis
Data were analyzed using GraphPad Prism Software LCC (version 
9.3.1), and P values were determined by one-way analysis of variance 
(ANOVA) test with Tukey’s post hoc correction for multiple com-
parisons. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S3
Table S1

REFERENCES AND NOTES
	 1.	 Z. Guo, Y. Li, S.-W. Ding, Small RNA-based antimicrobial immunity. Nat. Rev. Immunol. 19, 

31–44 (2019).
	 2.	E . Bernstein, A. A. Caudy, S. M. Hammond, G. J. Hannon, Role for a bidentate ribonuclease 

in the initiation step of RNA interference. Nature 409, 363–366 (2001).
	 3.	 P. V. Maillard, A. G. van der Veen, E. Z. Poirier, C. Reis e Sousa, Slicing and dicing viruses: 

Antiviral RNA interference in mammals. EMBO J. 38, e100941 (2019).
	 4.	D . P. Bartel, Metazoan MicroRNAs. Cell 173, 20–51 (2018).
	 5.	 S. Jonas, E. Izaurralde, Towards a molecular understanding of microRNA-mediated gene 

silencing. Nat. Rev. Genet. 16, 421–433 (2015).
	 6.	 J. Rehwinkel, M. U. Gack, RIG-I-like receptors: Their regulation and roles in RNA sensing. 

Nat. Rev. Immunol. 20, 537–551 (2020).
	 7.	 W. M. Schneider, M. D. Chevillotte, C. M. Rice, Interferon-stimulated genes: A complex 

web of host defenses. Annu. Rev. Immunol. 32, 513–545 (2014).
	 8.	 B. Yang, X. Zhang, D. Zhang, J. Hou, G. Xu, C. Sheng, S. M. Choudhury, Z. Zhu, D. Li,  

K. Zhang, H. Zheng, X. Liu, Molecular mechanisms of immune escape for foot-and-mouth 
disease virus. Pathogens 9, 729 (2020).

	 9.	 M. Rodriguez Pulido, M. Saiz, Molecular mechanisms of foot-and-mouth disease virus 
targeting the host antiviral response. Front. Cell. Infect. Microbiol. 7, 252 (2017).

	 10.	 M. J. Grubman, M. P. Moraes, F. Diaz-San Segundo, L. Pena, T. de Los Santos, Evading the 
host immune response: How foot-and-mouth disease virus has become an effective 
pathogen. FEMS Immunol. Med. Microbiol. 53, 8–17 (2008).

	 11.	T . J. Knight-Jones, L. Robinson, B. Charleston, L. L. Rodriguez, C. G. Gay, K. J. Sumption,  
W. Vosloo, Global foot-and-mouth disease research update and gap analysis: 2 – 
Epidemiology, Wildlife and Economics. Transbound. Emerg. Dis. 63, 14–29 (2016).

	 12.	 G. N. Medina, F. Diaz-San Segundo, C. Stenfeldt, J. Arzt, T. de Los Santos, The different 
tactics of foot-and-mouth disease virus to evade innate immunity. Front. Microbiol. 9, 
2644 (2018).

	 13.	 X. Cao, I. E. Bergmann, R. Fullkrüg, E. Beck, Functional analysis of the two alternative 
translation initiation sites of foot-and-mouth disease virus. J. Virol. 69, 560–563 (1995).

	 14.	 M. Saiz, E. Martinez-Salas, Uncovering targets of the Leader protease: Linking 
RNA-mediated pathways and antiviral defense. Wiley Interdiscip. Rev. RNA 12, e1645 
(2021).

	 15.	 M. Medina, E. Domingo, J. K. Brangwyn, G. J. Belsham, The two species of the 
foot-and-mouth disease virus leader protein, expressed individually, exhibit the same 
activities. Virology 194, 355–359 (1993).

D
ow

nloaded from
 https://w

w
w

.science.org at C
entro de B

iologia M
olecular Severo O

choa on July 07, 2025



Rodríguez-Pulido et al., Sci. Adv. 11, eadt3751 (2025)     4 July 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

13 of 13

	 16.	T . de Los Santos, F. Diaz-San Segundo, M. J. Grubman, Degradation of nuclear factor 
kappa B during foot-and-mouth disease virus infection. J. Virol. 81, 12803–12815 (2007).

	 17.	D . Wang, L. Fang, R. Luo, R. Ye, Y. Fang, L. Xie, H. Chen, S. Xiao, Foot-and-mouth disease 
virus leader proteinase inhibits dsRNA-induced type I interferon transcription by 
decreasing interferon regulatory factor 3/7 in protein levels. Biochem. Biophys. Res. 
Commun. 399, 72–78 (2010).

	 18.	 M. Rodríguez Pulido, E. Martínez-Salas, F. Sobrino, M. Sáiz, MDA5 cleavage by the Leader 
protease of foot-and-mouth disease virus reveals its pleiotropic effect against the host 
antiviral response. Cell Death Dis. 11, 718 (2020).

	 19.	 M. Rodríguez Pulido, M. T. Sánchez-Aparicio, E. Martínez-Salas, A. García-Sastre,  
F. Sobrino, M. Sáiz, Innate immune sensor LGP2 is cleaved by the Leader protease of 
foot-and-mouth disease virus. PLOS Pathog. 14, e1007135 (2018).

	 20.	L . J. Visser, G. N. Medina, H. H. Rabouw, R. J. de Groot, M. A. Langereis, T. de Los Santos,  
F. J. M. van Kuppeveld, Foot-and-mouth disease virus leader protease cleaves G3BP1 and 
G3BP2 and inhibits stress granule formation. J. Virol. 93, e00922-18 (2019).

	 21.	 M. Á. Sanz, M. Polo, M. Rodríguez-Pulido, R. Huildore Bommanna, M. Sáiz, The antiviral 
response triggered by the cGAS/STING pathway is subverted by the foot-and-mouth 
disease virus proteases. Cell. Mol. Life Sci. 81, 148 (2024).

	 22.	E . Z. Poirier, M. D. Buck, P. Chakravarty, J. Carvalho, B. Frederico, A. Cardoso, L. Healy,  
R. Ulferts, R. Beale, C. Reis de Sousa, An isoform of Dicer protects mammalian stem cells 
against multiple RNA viruses. Science 373, 231–236 (2021).

	 23.	 W.-X. Li, S.-W. Ding, Mammalian viral suppressors of RNA interference. Trends Biochem. Sci. 
47, 978–988 (2022).

	 24.	 Y. Qiu, Y.-P. Xu, M. Wang, M. Miao, H. Zhou, J. Xu, J. Kong, D. Zheng, R.-T. Li, R.-R. Zhang,  
Y. Guo, X.-F. Li, J. Cui, C.-F. Qin, X. Zhou, Flavivirus induces and antagonizes antiviral RNA 
interference in both mammals and mosquitoes. Sci. Adv. 6, eaax7989 (2020).

	 25.	 Y. Li, M. Basavappa, J. Lu, S. Dong, D. A. Cronkite, J. T. Prior, H.-C. Reinecker, P. Hertzog,  
Y. Han, W.-X. Li, S. Cheloufi, F. V. Karginov, S.-W. Ding, K. L. Jeffrey, Induction and 
suppression of antiviral RNA interference by influenza A virus in mammalian cells.  
Nat. Microbiol. 2, 16250 (2017).

	 26.	 Y. Qiu, Y. Xu, Y. Zhang, H. Zhou, Y.-Q. Deng, X.-F. Li, M. Miao, Q. Zhang, B. Zhong, Y. Hu,  
F.-C. Zhang, L. Wu, C.-F. Qin, X. Zhou, Human virus-derived small RNAs can confer antiviral 
immunity in mammals. Immunity 46, 992–1004.e5 (2017).

	 27.	 Q. Qian, H. Zhou, T. Shu, J. Mu, Y. Fang, J. Xu, T. Li, J. Kong, Y. Qiu, X. Zhou, The capsid 
protein of Semliki Forest virus antagonizes RNA interference in mammalian cells. J. Virol. 
94, e01233-19 (2020).

	 28.	 Y. Zhang, Y. Xu, Y. Dai, Z. Li, J. Wang, Z. Ye, Y. Ren, H. Wang, W.-X. Li, J. Lu, S.-W. Ding, Y. Li, 
Efficient Dicer processing of virus-derived double-stranded RNAs and its modulation by 
RIG-I-like receptor LGP2. PLOS Pathog. 17, e1009790 (2021).

	 29.	 J. Kong, Y. Bie, W. Ji, J. Xu, B. Lyu, X. Xiong, Y. Qiu, X. Zhou, Alphavirus infection triggers 
antiviral RNAi immunity in mammals. Cell Rep. 42, 112441 (2023).

	 30.	 P. J. Roberts, G. J. Belsham, Identification of critical amino acids within the foot-and-
mouth disease virus leader protein, a cysteine protease. Virology 213, 140–146 (1995).

	 31.	N . Foeger, E. Kuehnel, R. Cencic, T. Skern, The binding of foot-and-mouth disease virus 
leader proteinase to eIF4GI involves conserved ionic interactions. FEBS J. 272, 2602–2611 
(2005).

	 32.	H . P. Bogerd, R. L. Skalsky, E. M. Kennedy, Y. Furuse, A. W. Whisnant, O. Flores, K. L. Schultz, 
N. Putnam, N. J. Barrows, B. Sherry, F. Scholle, M. A. Garcia-Blanco, D. E. Griffin, B. R. Cullen, 
Replication of many human viruses is refractory to inhibition by endogenous cellular 
microRNAs. J. Virol. 88, 8065–8076 (2014).

	 33.	 J. Zhu, C. Chiang, M. U. Gack, Viral evasion of the interferon response at a glance.  
J. Cell Sci. 136, jcs260682 (2023).

	 34.	 J. Wang, Y. Li, Current advances in antiviral RNA interference in mammals. FEBS J. 291, 
208–216 (2024).

	 35.	 M. G. Andersson, P. C. J. Haasnoot, N. Xu, S. Berenjian, B. Berkhout, G. Akusjärvi, 
Suppression of RNA interference by adenovirus virus-associated RNA. J. Virol. 79, 
9556–9565 (2005).

	 36.	 S. Lu, B. R. Cullen, Adenovirus VA1 noncoding RNA can inhibit small interfering RNA and 
MicroRNA biogenesis. J. Virol. 78, 12868–12876 (2004).

	 37.	 G. P. Pijlman, Flavivirus RNAi suppression: Decoding non-coding RNA. Curr. Opin. Virol. 7, 
55–60 (2014).

	 38.	 X. Chen, R.-T. Li, R.-Y. Chen, P.-D. Shi, Z.-X. Liu, Y.-N. Lou, M. Wu, R.-R. Zhang, W. Tang, X.-F. Li, 
C.-F. Qin, The subgenomic flaviviral RNA suppresses RNA interference through competing 
with siRNAs for binding RISC components. J. Virol. 98, e0195423 (2024).

	 39.	 X. Zhang, F. Yang, K. Li, W. Cao, Y. Ru, S. Chen, S. Li, X. Liu, Z. Zhu, H. Zheng, The insufficient 
activation of RIG-I-like signaling pathway contributes to highly efficient replication of 
porcine picornaviruses in IBRS-2 cells. Mol. Cell. Proteomics 20, 100147 (2021).

	 40.	 S. F. Watson, L. I. Knol, J. Witteveldt, S. Macias, Crosstalk between mammalian antiviral 
pathways. Noncoding RNA 5, 29 (2019).

	 41.	 M. Baldaccini, S. Pfeffer, Untangling the roles of RNA helicases in antiviral innate 
immunity. PLOS Pathog. 17, e1010072 (2021).

	 42.	 K.-F. Weng, C.-T. Hung, P.-T. Hsieh, M.-L. Li, G.-W. Chen, Y.-A. Kung, P.-N. Huang, R.-L. Kuo, 
L.-L. Chen, J.-Y. Lin, R. Y.-L. Wang, S.-J. Chen, P. Tang, J.-T. Horng, H.-I. Huang, J.-R. Wang,  
D. M. Ojcius, G. Brewer, S.-R. Shih, A cytoplasmic RNA virus generates functional viral 
small RNAs and regulates viral IRES activity in mammalian cells. Nucleic Acids Res. 42, 
12789–12805 (2014).

	 43.	T . C. Montavon, M. Baldaccini, M. Lefevre, E. Girardi, B. Chane-Woon-Ming, M. Messmer,  
P. Hammann, J. Chicher, S. Pfeffer, Human DICER helicase domain recruits PKR and 
modulates its antiviral activity. PLOS Pathog. 17, e1009549 (2021).

	 44.	 S. R. Hansen, A. M. Aderounmu, H. M. Donelick, B. L. Bass, Dicer’s helicase domain: A 
meeting place for regulatory proteins. Cold Spring Harb. Symp. Quant. Biol. 84, 185–193 
(2019).

	45.	 S. M. Daniels, C. E. Melendez-Peña, R. J. Scarborough, A. Daher, H. S. Christensen,  
M. El Far, D. F. J. Purcell, S. Laine, A. Gatignol, Characterization of the TRBP domain 
required for dicer interaction and function in RNA interference. BMC Mol. Biol. 10, 38 
(2009).

	 46.	 Y. Lee, I. Hur, S.-Y. Park, Y.-K. Kim, M. R. Suh, V. N. Kim, The role of PACT in the RNA silencing 
pathway. EMBO J. 25, 522–532 (2006).

	 47.	E . M. Kennedy, A. W. Whisnant, A. V. R. Kornepati, J. B. Marshall, H. P. Bogerd, B. R. Cullen, 
Production of functional small interfering RNAs by an amino-terminal deletion mutant of 
human Dicer. Proc. Natl. Acad. Sci. U.S.A. 112, E6945–E6954 (2015).

	 48.	 M. Baldaccini, L. Gaucherand, B. Chane-Woon-Ming, M. Messmer, F. Gucciardi, S. Pfeffer, 
The helicase domain of human Dicer prevents RNAi-independent activation of antiviral 
and inflammatory pathways. EMBO J. 43, 806–835 (2024).

	 49.	 M. Flemr, R. Malik, V. Franke, J. Nejepinska, R. Sedlacek, K. Vlahovicek, P. Svoboda,  
A retrotransposon-driven dicer isoform directs endogenous small interfering RNA 
production in mouse oocytes. Cell 155, 807–816 (2013).

	 50.	 A. G. van der Veen, P. V. Maillard, J. M. Schmidt, S. A. Lee, S. Deddouche-Grass, A. Borg,  
S. Kjaer, A. P. Snijders, C. Reis e Sousa, The RIG-I-like receptor LGP2 inhibits Dicer-
dependent processing of long double-stranded RNA and blocks RNA interference in 
mammalian cells. EMBO J. 37, e97479 (2018).

	 51.	T . Takahashi, Y. Nakano, K. Onomoto, F. Murakami, C. Komori, Y. Suzuki, M. Yoneyama,  
K. Ui-Tei, LGP2 virus sensor regulates gene expression network mediated by TRBP-bound 
microRNAs. Nucleic Acids Res. 46, 9134–9147 (2018).

	 52.	 M. Sáiz, S. Gómez, E. Martínez-Salas, F. Sobrino, Deletion or substitution of the 
aphthovirus 3’ NCR abrogates infectivity and virus replication. J. Gen. Virol. 82, 93–101 
(2001).

	 53.	 U. Garaigorta, A. M. Falcón, J. Ortín, Genetic analysis of influenza virus NS1 gene: A 
temperature-sensitive mutant shows defective formation of virus particles. J. Virol. 79, 
15246–15257 (2005).

	 54.	 M. Rodríguez Pulido, F. Sobrino, B. Borrego, M. Sáiz, Attenuated foot-and-mouth disease 
virus RNA carrying a deletion in the 3′ noncoding region can elicit immunity in swine.  
J. Virol. 83, 3475–3485 (2009).

	 55.	 W. Wu, Y. Yin, K. Xu, Y. Peng, J. Zhang, Knockdown of LGALS12 inhibits porcine adipocyte 
adipogenesis via PKA-Erk1/2 signaling pathway. Acta Biochim. Biophys. Sin. (Shanghai) 50, 
960–967 (2018).

	 56.	 Y. Li, J. Lu, Y. Han, X. Fan, S.-W. Ding, RNA interference functions as an antiviral immunity 
mechanism in mammals. Science 342, 231–234 (2013).

Acknowledgments: We thank E. Martínez-Salas and F. Sobrino for helpful discussion and 
critical reading of the manuscript. We are grateful to B. TenOever and B. Cullen for providing 
the human Dicer DNA clone and the HEK293T/NoDice cells, respectively. We also thank  
I. Burgui from the Genomics Unit at the Madrid Science Park Foundation (UAM, Madrid, Spain). 
The NGS data analysis was performed by S. González at the Genomics and NGS Core Facility 
(GENGS) at the Centro de Biología Molecular Severo Ochoa (CSIC-UAM, Madrid, Spain). 
Funding: This work was supported by Agencia Estatal de Investigación (AEI) of the Spanish 
Ministry of Science and Innovation (MCIN) grants PID2020-113184RB-C21 (to M.S.) and 
PID2023-148273NB-100 (to M.S.). Author contributions: Conceptualization: M.S., M.R.-P., and 
R.R. Methodology: M.S., M.R.-P., and R.R. Validation: M.S., M.R.-P., R.R., M.A.S., and L.C. Formal 
analysis: M.S., M.R.-P. and R.R. Investigation: M.R.-P., R.R. M.A.S. and L.C. Resources: M.S. and  
R.R. Data curation: M.S. Writing-original draft: M.S. Writing—review and editing: M.S., M.R.-P., 
R.R. M.A.S., and L.C. Visualization: M.S., M.R.-P., and R.R. Supervision: M.S. Project administration: 
M.S. Funding acquisition: M.S. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: The RNA sequencing data files of the 
NGS project have been deposited in the ENA database of the EMBL-EBI with accession number 
PRJEB64251. All other data needed to evaluate the conclusions in the paper are present in the 
paper and/or the Supplementary Materials.

Submitted 26 September 2024 
Accepted 29 May 2025 
Published 4 July 2025 
10.1126/sciadv.adt3751

D
ow

nloaded from
 https://w

w
w

.science.org at C
entro de B

iologia M
olecular Severo O

choa on July 07, 2025


	Dicer is cleaved by the Leader protease encoded by foot-and-mouth disease virus to promote infection in mammalian cells
	INTRODUCTION
	RESULTS
	The FMDV Leader protease cleaves Dicer during infection
	Dicer restricts the replication of an Lpro-deficient FMDV mutant
	Lpro impairs shRNA-induced RNAi in mammalian cells
	Impact of Lbpro depletion on viral small RNAs production during FMDV infection

	DISCUSSION
	MATERIALS AND METHODS
	Cells and viruses
	Transfections and infections
	DNA constructs
	Antibodies and Western blotting
	co-IP assay
	EGFP reversal-of-silencing assay
	RNA isolation and RT-qPCR
	Dicer knockdown
	Deep sequencing and data analysis
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


