
Identification of the RNA Pseudoknot within the 3= End of the
Porcine Reproductive and Respiratory Syndrome Virus
Genome as a Pathogen-Associated Molecular Pattern To
Activate Antiviral Signaling via RIG-I and Toll-Like Receptor 3

Sha Xie,a,b Xin-xin Chen,b Songlin Qiao,b Rui Li,b Yangang Sun,b,c Shuangfei Xia,d Lin-Jian Wang,b Xuegang Luo,a,b

Ruiguang Deng,b En-Min Zhou,a Gai-Ping Zhanga,b,d

aCollege of Veterinary Medicine, Northwest A&F University, Yangling, People's Republic of China
bKey Laboratory of Animal Immunology of the Ministry of Agriculture, Henan Provincial Key Laboratory of
Animal Immunology, Henan Academy of Agricultural Sciences, Zhengzhou, China

cCollege of Veterinary Medicine, Jilin University, Changchun, China
dCollege of Animal Science and Veterinary Medicine, Henan Agricultural University, Zhengzhou, People's
Republic of China

ABSTRACT Once infected by viruses, cells can detect pathogen-associated molecular
patterns (PAMPs) on viral nucleic acid by host pattern recognition receptors (PRRs) to
initiate the antiviral response. Porcine reproductive and respiratory syndrome virus
(PRRSV) is the causative agent of porcine reproductive and respiratory syndrome (PRRS),
characterized by reproductive failure in sows and respiratory diseases in pigs of different
ages. To date, the sensing mechanism of PRRSV has not been elucidated. Here, we re-
ported that the pseudoknot region residing in the 3= untranslated regions (UTR) of the
PRRSV genome, which has been proposed to regulate RNA synthesis and virus replica-
tion, was sensed as nonself by retinoic acid-inducible gene I (RIG-I) and Toll-like receptor
3 (TLR3) and strongly induced type I interferons (IFNs) and interferon-stimulated genes
(ISGs) in porcine alveolar macrophages (PAMs). The interaction between the two stem-
loops inside the pseudoknot structure was sufficient for IFN induction, since disruption
of the pseudoknot interaction powerfully dampened the IFN induction. Furthermore,
transfection of the 3= UTR pseudoknot transcripts in PAMs inhibited PRRSV replication in
vitro. Importantly, the predicted similar structures of other arterivirus members, including
equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and simian
hemorrhagic fever virus (SHFV), also displayed strong IFN induction activities. Together,
in this work we identified an innate recognition mechanism by which the PRRSV 3= UTR
pseudoknot region served as PAMPs of arteriviruses and activated innate immune sig-
naling to produce IFNs that inhibit virus replication. All of these results provide novel in-
sights into innate immune recognition during virus infection.

IMPORTANCE PRRS is the most common viral disease in the pork industry. It is caused
by PRRSV, a positive single-stranded RNA virus, whose infection often leads to persistent
infection. To date, it is not yet clear how PRRSV is recognized by the host and what is
the exact mechanism of IFN induction. Here, we investigated the nature of PAMPs on
PRRSV and the associated PRRs. We found that the 3= UTR pseudoknot region of PRRSV,
which has been proposed to regulate viral RNA synthesis, could act as PAMPs recog-
nized by RIG-I and TLR3 to induce type I IFN production to suppress PRRSV infection.
This report is the first detailed description of pattern recognition for PRRSV, which is im-
portant in understanding the antiviral response of arteriviruses, especially PRRSV, and ex-
tends our knowledge on virus recognition.
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Virus infections are sensed by host pattern recognition receptors (PRRs) that detect
various pathogen-associated molecular patterns (PAMPs) (1, 2). Upon recognition,

PRRs activate intracellular signaling pathways that lead to the secretion of interferon
(IFN), which induces large amounts of IFN-stimulated genes (ISGs) (3). IFN-�/� are
representative cytokines that elicit innate immune responses to establish an antiviral
state in infected cells and neighboring noninfected cells and also trigger the adaptive
immune response (4–8). Several classes of PRRs have been identified: Toll-like receptors
(TLRs), retinoic acid inducible gene I (RIG-I)-like receptors (RLRs), Nod-like receptors
(NLRs), and DNA sensors, such as cyclic GMP-AMP synthetase (cGAS), IFN-�-inducible
protein 16 (IFI16), and DEAD box protein 41 (DDX41). Of these PRRs, TLRs and RLRs play
a critical role in recognition of RNA virus infection. TLR3, TLR7/8, and TLR9, which
localize on the endosomal membrane, recognize double-stranded RNA (dsRNA), single-
stranded GU-rich RNA, and DNA with a CpG motif, respectively (4–9). After recognition
of viral nucleic acids, TLRs transmit signals to adaptor myeloid differentiation primary
response protein 88 (MyD88) or TIR domain-containing adaptor protein inducing IFN-�
(TRIF) containing the Toll/interleukin-1 receptor (TIR) domain to activate the transcrip-
tion factors IFN regulatory factor 3 (IRF3), IRF7, and nuclear factor-�B (NF-�B), which are
mainly involved in IFN and proinflammatory gene induction (10). In parallel, the RLRs,
which localize in the cytoplasm, are regarded as core sensors in response to RNA virus
infection and consist of RIG-I, melanoma differentiation-associated gene 5 (MDA5), and
laboratory of genetics and physiology 2 (LGP2) (11). All of the RLR members share a
DExD/H-box RNA helicase domain and a C-terminal regulation repressor domain (RD) or
C-terminal domain (CTD) (12, 13). In addition, RIG-I and MDA5 harbor two N-terminal
caspase recruitment domains (CARDs), which interact with downstream adaptor mito-
chondrial antiviral signaling protein (MAVS), located in outer mitochondrial membrane
(14, 15). This interaction finally activates several transcription factors, IRF3/7 and NF-�B,
responsible for IFN and inflammatory gene induction (16). IFN production converges on
the induction of ISGs against virus infection, such as IFN-induced protein with tetratri-
copeptide repeats 1 (IFIT1), dsRNA activated protein kinase R (PKR; also known as
eIF2AK2), 2=-5=-oligoadenylate synthetase (OAS), and adenosine deaminase acting on
RNA 1 (ADAR1) (17, 18).

As a key PRR, RIG-I was identified as an essential regulator to detect virus-derived
RNA during infection with many RNA viruses, such as hepatitis C virus (HCV) and
influenza A virus (IAV), whereas MDA5 is crucial for picornavirus sensing (11, 15, 19–27).
However, some viruses, such as dengue virus (DV; positive single-stranded RNA
[ssRNA]), West Nile virus (WNV; positive-sense ssRNA), measles virus (MeV; negative-
sense ssRNA), and reovirus (dsRNA) were reported to be sensed by both RIG-I and
MDA5 (19, 28–31). This non-self-recognition largely depends on the features of foreign
nucleic acids, such as nucleic acid sequences and RNA secondary structures (32). It is
now well established that RIG-I detects ssRNA bearing a hairpin structure with a natural
5=-triphosphate (5=-ppp), such as the panhandle structure of IAV, as major signatures
(15, 33), since most host cytosolic RNAs are modified by cleavage or capping (34–37).
However, base-paired 5=pp-RNAs can also serve as RIG-I agonists (38). Overall, more
detailed studies are urgently needed to classify the exact mechanism of different
PAMPs during viral infection (39).

Porcine reproductive and respiratory syndrome virus (PRRSV), an enveloped single-
stranded positive-sense RNA virus, belongs to the Arteriviridae family, order Nidovirales.
PRRSV contains two genotypes, type 1 (European type) and type 2 (North American
type) (40). The PRRSV genome is approximately 15.4 kb and encodes at least 10 open
reading frames (ORFs) that containing two polyprotein precursors (pp1a and pp1ab)
and 8 structural proteins (glycoprotein 2a [GP2a], GP2b, GP3, GP4, GP5a, GP5, the matrix
protein M, and the nucleocapsid [N] protein) (41, 42). pp1a and pp1ab can be cleaved
into at least 16 nonstructural proteins (nsps), including nsp1�, nsp1�, nsp2 to -6,
nsp2TF, nsp2N, nsp7�, nsp7�, and nsp8 to -12. PRRSV mainly targets primary porcine
alveolar macrophages (PAMs) during acute infection in vivo. Numerous studies have
reported that PRRSV does not induce a strong IFN response (43, 44). However, PRRSV
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is sensitive to IFNs, which is demonstrated in vitro and in vivo (45, 46). Notably, it has
been reported that PRRSV induces IFN-� mRNA expression in both PAMs and
monocyte-derived dendritic cells (MDDCs) in vitro (47, 48). Moreover, IFN induction
activities differ among PRRSV isolates (44). Therefore, it is essential to assess the innate
immune response against PRRSV infection in detail, especially type I IFN response. In
addition, further studies are necessary to clarify how PRRSV is recognized by porcine
immune cells and the underlying sensing mechanism of type I IFN induction. The exact
nature of PAMPs on PRRSV and the host-associated PRRs have not been described yet.
Here, we investigated IFN and ISG production as well as the PRRs related to PRRSV
infection. We found that PRRSV mainly induced type I, but not type III, IFNs in PAMs,
and RIG-I and TLR3 were essential for PRRSV recognition and IFN induction. Interest-
ingly, we found that the pseudoknot of the PRRSV 3= untranslated region (UTR), which
functions in RNA synthesis and virus replication, served as a PAMP and directly bound
to RIG-I to stimulate IFN induction. To gain further insights into the contributions of the
3= UTR pseudoknot, we disrupted the pseudoknot interaction between the two termi-
nal stem-loop structures by introducing nucleotide mutation without affecting the
predicted structure of the individual hairpins. We found that the pseudoknot variants
exhibited much weaker IFN response. Furthermore, the 3= UTR pseudoknot RNA
transcripts of PRRSV suppressed PRRSV replication in PAMs. More importantly, the
predicted similar structures of equine arteritis virus (EAV), lactate dehydrogenase-
elevating virus (LDV), and simian hemorrhagic fever virus (SHFV) exhibited similar
effects. Collectively, our data are the first to describe the innate recognition mechanism
during capped virus PRRSV infection by which the pseudoknot structure in the 3= UTR
functions as a PAMP, chiefly interacting with host sensor RIG-I and TLR3 to activate the
antiviral immune response.

RESULTS
PRRSV induces an antiviral response in PAMs. To fully understand the innate

immune response during PRRSV infection, we primarily assessed the ability of PRRSV to
induce IFN types I (IFN-� and IFN-�), II (IFN-�), and III (IFN-�1) in CRL2843-CD163 and
PAMs with different strains of PRRSV, using quantitative reverse transcription-PCR
(qRT-PCR) and luciferase reporter assay. Our results showed that PRRSV significantly
increased IFN-� mRNA production in porcine macrophage cell line CRL2843-CD163
upon HN07-1 and BJ-4 infection. Furthermore, IFN-� induction was dose dependent, as
represented by BJ-4 infection (Fig. 1A and B). Dose-dependent IFN-� increase in
CRL2843-CD163 cells was also confirmed by Dual-Luciferase assay (Fig. 1C). Consistent
with these results, IFN-� and IFN-� levels were upregulated after BJ-4 infection and
peaked at 12 h postinfection (hpi) (192-fold and 17.1-fold, respectively) in PAMs. Similar
kinetic trends were observed with highly pathogenic PRRSV (HP-PRRSV) strain HN07-1
(Fig. 1D). However, IFN-� and IFN-� induction by HN07-1 peaked at 24 (191-fold) and
48 (5.34-fold) hpi, respectively, indicative of a later and lower effect than that of BJ-4
(Fig. 1D). A slight increase of IFN-� and IFN-�1 was not observed until 6 hpi or 12 hpi
with BJ-4 and HN07-1. These results indicated a difference in IFN induction between
HP-PRRSV HN07-1 and PRRSV strain BJ-4 (Fig. 1D). Meanwhile, we also evaluated the
induction of PKR, OAS, ISG56, and MX1 by PRRSV. All of them were upregulated after
PRRSV infection and peaked at 24 hpi (Fig. 1E). In addition, the induction of type I IFN
mRNA was probably replication dependent, because UV-inactivated and heat-
inactivated BJ-4 failed to induce IFN-�, IFN-�, MX1, and ISG56 mRNA expression, unlike
live BJ-4 (Fig. 1F). PRRSV RNA was quantified in live and inactivated PRRSV-inoculated
cells and culture supernatants by qRT-PCR. PRRSV RNA was detected at 6 hpi and
continued to increase rapidly at 12 hpi before decreasing at 24 hpi in BJ-4-infected cells,
while it had a sustained increase in supernatant after BJ-4 infection. In contrast, PRRSV
RNA was hardly observed in cells and supernatant upon UV- or heat-activated BJ-4
treatment (Fig. 1F). These data confirmed efficient live PRRSV replication in PAMs and
successful inactivation of PRRSV via UV or heat inactivation. Our result indicated the
significant induction of IFN and ISGs after infection with PRRSV in PAMs. Moreover,
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some genes induced by HN07-1 exhibited a delayed and lower response compared
with that of the BJ-4 strain.

RIG-I, MDA5, and TLR3 are involved in PRRSV-induced IFN-� induction. We next
examined which PRR signaling pathways were answerable for the PRRSV-induced IFN

FIG 1 IFN induction in CRL2843-CD163 and PAMs in response to PRRSV infection. (A) CRL2843-CD163 cells were either mock infected (control) or infected with PRRSV
BJ-4 or HN07-1 (MOI of 1.0). At 24, 48, and 72 hpi, the IFN-� mRNA levels in the cells were determined by qRT-PCR. (B) CRL2843-CD163 cells were either mock infected
(control) or infected with the PRRSV BJ-4 at MOIs of 0.01, 0.1, 1.0, and 10. At 24 hpi, the IFN-� mRNA levels in the cells were determined by qRT-PCR. Transfection of
1 �g poly(I·C) was used as a positive control. (C) CRL2843-CD163 cells were transfected with 1 �g IFN-�-Luc and 100 ng pRL-TK renilla luciferase reporter plasmid,
followed by infection with the PRRSV BJ-4 at an MOI of 0.05, 0.1, and 0.5, respectively, or transfection of 1 �g poly(I·C). At 24 hpi, the IFN-� reporter levels in the cells
were determined by luciferase activity. (D and E) PAMs were mock infected (control) or infected with the PRRSV BJ-4 or HN07-1 (MOI of 1). Total RNA was extracted
from cell lysates. IFN-�, IFN-�, IFN-�, IFN-�1, PKR, OAS, ISG56, and MX1 were quantified by qRT-PCR at the indicated times. (F) PAMs were mock infected (control) or
infected with PRRSV strain BJ-4 (MOI of 1), UV-inactivated, heat-inactivated BJ-4 in PAMs. IFN-�, IFN-�, ISG56, and MX1 were quantified by qRT-PCR at the indicated
times. Viral copy numbers were performed by analysis of ORF7 RNA levels. RE, relative expression. RLU, relative luciferase units. Data are expressed as means � SEM
from three independent experiments. P values were calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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response. Since PRRSV is a single-stranded, positive-sense RNA virus (49), we evaluated
the contribution of previously reported cytosolic RNA sensors RIG-I and MDA5 and
endosomal RNA sensors TLR3 and TLR7. We first analyzed the involvement of endo-
somal PRRs in PRRSV-induced IFN-� production by using chloroquine, an endosomal
acidification inhibitor, which could inhibit TLR enzymatic activity (50). As shown in Fig.
2A, chloroquine pretreatment showed a dose-dependent inhibitory effect on PRRSV-
induced IFN-� response, the same as that induced by poly(I·C), which depended on
TLR3 in macrophages (51). Thus, endosomal TLR3/7 were relevant to PRRSV-induced
IFN-� production (Fig. 2A). We next used short interfering RNA (siRNA) to specifically
knock down endogenous expression of TLR3/7 as well as the cytosolic RNA sensors
RIG-I and MDA5. The effects of these gene knockdowns on IFN-� induction were
evaluated. As shown in Fig. 2B, decreased expression of RIG-I, MDA5, and TLR3, but not
TLR7, significantly dampened IFN-� expression in CRL2843-CD163. Moreover, PRRSV
titers in the supernatant were assessed by 50% tissue culture infectious dose (TCID50)
assay. Decreased expression of RIG-I, MDA5, and TLR3, but not TLR7, significantly
increased the viral yields at least 2.18-fold compared to that of control CRL2843-CD163
cells. Interference effects of siRNA were assessed by qRT-PCR to analyze RNA levels of
targeted proteins (Fig. 2B). We then performed the same experiments with PAMs.
Similar results were observed for siRNA against RIG-I, MDA5, and TLR3, which markedly

FIG 2 IFN induction by PRRSV is dependent on RIG-I, MDA5, and TLR3. (A) CRL2843-CD163 cells were pretreated with 0 �M, 20 �M, 40 �M, or 80 �M chloroquine
for 1 h, followed by infection with PRRSV BJ-4 (MOI of 1) after 24 h or transfection with 1 �g poly(I·C) for 24 h in the presence of inhibitor. IFN-� mRNA
production was determined by qRT-PCR. (B) CRL2843-CD163 cells were treated with control siRNA (NC) or the indicated siRNAs against RIG-I, MDA5, TLR3, and
TLR7 and then infected with PRRSV BJ-4 (MOI of 1). At 36 hpi, total RNAs were subjected to qRT-PCR analysis for IFN-� mRNA, and the supernatants were
collected for TCID50 determination. Knockdown efficiency was analyzed by qRT-PCR. (C and D) PAMs were treated with control siRNA (NC) or the indicated
siRNAs and then infected with PRRSV BJ-4 (MOI of 0.5). (C) At 12 hpi, total RNAs were subjected to qRT-PCR analysis for IFN-�, and IFN-� mRNA and the
supernatants were collected for TCID50 determination. Knockdown efficiency was analyzed by qRT-PCR (C) and Western blotting (D). RE, relative expression; IB,
immunoblot. Data are expressed as means � SEM from three independent experiments. P values were calculated using Student’s t test. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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reduced IFN-� and IFN-� expression (Fig. 2C). PRRSV titers in the supernatant were also
assessed by TCID50 assay. Decreased expression of RIG-I, MDA5, and TLR3, but not TLR7,
significantly increased the viral yields at least 3.8-fold compared to that of the control.
Interference effects of siRNA were assessed by qRT-PCR and immunoblotting to analyze
RNA and protein level of targeted proteins (Fig. 2C and D). Note that TLR3 and TLR7
protein levels were unable to be detected due to a lack of relevant porcine antibodies.
Taken together, these results suggest that IFN induction by PRRSV is dependent on
cytosolic sensors RIG-I, MDA5, and endosomal TLR3.

The 3= UTR pseudoknot region of PRRSV genome RNA is a key element for IFN
induction. RNA with complicated secondary structures, such as the panhandle struc-
ture of IAV, is very effective for PAMP recognition and innate immune activation (33).
Because the 5= UTR and 3= UTR of the PRRSV genome are highly structured and the
subgenomic mRNAs of arteriviruses possess nested 3= cotermini, we hypothesized that
they played a vital role in PRRSV recognition. We then utilized an in vitro transcription
system to generate the entire 5= UTR and 3= UTR of PRRSV and characterized their
immunoreactivities by transfection into PAMs (52, 53). As expected, transfection of 5=
UTR and 3= UTR induced IFN-� and IFN-� with a dose-dependent increase (Fig. 3A and
B). In order to further investigate the specific region of 5= UTR and 3= UTR that is
responsible for IFN induction, we predicted the secondary structures of the 5= UTR and
3= UTR and searched for possible structural elements residing in PRRSV 5= UTR and 3=
UTR RNA by in silico analysis using Mfold software (54, 55). As shown in Fig. 3C and D,
the predicted schematic representation of the 5= UTR and 3= UTR of BJ-4 suggested that
the BJ-4 5= UTR possessed 5 stem-loop structures, and the 3= UTR possessed 2 bulged
stem-loop structures. Based on this prediction, we synthesized five truncated mutants
(1-47, 46-79, 71-108, 107-158, and 155-190) of the 5= UTR and three truncated mutants
of the 3= UTR (1-16&131-151, 15-84, and 79-131) to test their immune-stimulatory
abilities in PAMs and CRL2843-CD163. The results showed that none of these eight
fragments showed IFN-� increase in CRL2843-CD163 or PAMs (Fig. 3E and F).

RNA secondary prediction by the program Mfold is mainly based on the principle of
energy minimization (56, 57), and the method was widely used to predict the RNA
secondary structures. Therefore, we gave priority to the predicted structure of PRRSV 5=
UTR and 3= UTR RNA. Due to the inability of inducing IFN response by these truncated
fragments, shown with IFN-� (Fig. 3E and F), we then analyzed whether other structures
could act as PAMPs responsible for PRRSV recognition. An alternative structure is
demonstrated to be formed during the course of viral replication (58–62). This alter-
native structure of the PRRSV 3= UTR containing an RNA pseudoknot interaction
between the two terminal stem-loop structures was characterized as a molecular switch
in viral RNA synthesis (58). Moreover, IFN induction by PRRSV correlated with virus
replication (Fig. 1F). Thus, we suspect that the pseudoknot would act as a PAMP
responsible for PRRSV recognition (Fig. 4A). The truncated fragments of this 3= UTR
structure containing the pseudoknot (1-49, 50-88, 89-151, 1-88, and 50-151) were
synthesized by in vitro transcription. Their immunoactivities then were detected by
transfection into PAMs. The results indicated that those truncated fragments and the
entire 3= UTR could induce IFN-� and IFN-� mRNA expression to different degrees in
PAMs after transfection at 6 h and 12 h (Fig. 4B and C). The 50-151 fragment, also
designated the pseudoknot structure, induced the most IFN-�. The data from luciferase
reporter assay in Marc-145 cells also confirmed this conclusion that the pseudoknot
fragment of PRRSV BJ-4 3= UTR induced significantly higher luciferase activity than
the control (Fig. 4D). Subsequently, PAMs were transfected with the 3= UTR 1-151 or the
pseudoknot fragment of BJ-4 for 0, 6, 12, and 24 h. The results indicated that the
pseudoknot fragment of BJ-4 significantly increased IFN-�, IFN-�, and ISG56 mRNA
production (Fig. 4E). To gain further insight into whether the IFN stimulatory activities
was dependent on virus strain, we compared the IFN stimulatory activities of the
pseudoknot fragment of HP-PRRSV strain HN07-1 and low-pathogenicity PRRSV strain
BJ-4 using different doses (0.125, 0.25, 0.5, or 1 �g). The pseudoknot fragments of BJ-4
and HN07-1 largely increased IFN-�, IFN-�, and ISG56 mRNA expression at 6 h and 12
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h (Fig. 4F and G). IFN-�, IFN-�, and ISG56 mRNA induction in PAMs by the pseudoknot
fragments was in a dose-dependent but PRRSV strain-independent manner.

The pseudoknot interaction is critical for strong IFN induction. To investigate
whether the formation of pseudoknot interaction was crucial for IFN induction, several
mutants of pseudoknot residing in the BJ-4 3= UTR, disrupting the interactions without
affecting the structure of the unique hairpins, were generated as previously described
on EAV (58). In the mutants SW1 and SW2, we switched the seven nucleotides in the
core of SL1 and SL2, respectively. The base pairing was restored in double mutant SW12
by exchanging the seven nucleotides in the core of SL1 and SL2 simultaneously. In the
other set, the orientation of central seven nucleotides in SL1 and SL2 was changed in
mutants OR1 and OR2, respectively, or both changed in mutant OR12, which restored
the base-pairing possibilities (Fig. 5A). These mutants and the original pseudoknot were
transfected in PAMs for 6 h or 12 h, and their effects on IFN induction were determined.
As shown in Fig. 5B and C, the variants (SW1, SW2, OR1, and OR2) carrying mutations
of disruption of pseudoknot interaction dramatically dampened IFN induction both at
6 h and 12 h. The mutants OR12 and SW12 showed the most robust IFN-� and IFN-�
mRNA response, similar to that of the original pseudoknot structure, which indicated
that it was important for the induction by the original pseudoknot structure (Fig. 5B and
C). Taken together, these results demonstrated that the pseudoknot interactions be-
tween terminal loop regions and the upstream hairpin contributed efficiently to IFN
induction.

Both RIG-I and TLR3 are required for the pseudoknot to induce IFN response.
To delineate which PRRs are dominant in pseudoknot sensing to relay the signal for
antiviral response, we used siRNA to silence the endogenous expression of each
receptor. We found that siRNA targeting RIG-I and TLR3 markedly reduced IFN-�, IFN-�,
ISG56, and MX1 expression in PAMs transfected with pseudoknot of BJ-4, whereas
siRNA targeting MDA5 and TLR7 did not (Fig. 6A to D). Knockdown efficiency of siRNA
examined by qRT-PCR was around 60% (Fig. 6E). The protein levels of RIG-I and MDA5
were also detected (Fig. 6F). Overall, these data suggested that the signaling cascades
leading to IFN-�, IFN-�, ISG56, and MX1 mRNA induction by the pseudoknot of the BJ-4
3= UTR are initiated by RIG-I and TLR3.

RIG-I and TLR3 interact with the pseudoknot of PRRSV 3= UTR. We next
investigated whether RIG-I and TLR3 interacted with the pseudoknot regions of the
PRRSV 3= UTR. The HEK293T cells were transfected with the plasmid encoding Flag-
pRIG-I. After being lysed, cells were incubated with biotinylated RNA as indicated and
subjected to pulldown. Previous studies have demonstrated that the 5=-triphosphate
end of RNA generated by viral polymerases is responsible for RIG-I recognition, and the
5= terminal modification of the RNA is very important for RIG-I recognition (34, 63).
5=-Triphosphate-terminated 3pRNA as a RIG-I ligand was used as a positive control (34),
and the capped ContRNA was used as a negative control (54). As shown in Fig. 7A, the
Flag-pRIG-I in HEK293T cells was coprecipitated with the pseudoknot of BJ-4 3= UTR
labeled with biotinylated nucleotide as well as 3pRNA but not with the labeled
ContRNA, indicating that Flag-pRIG-I specifically interacted with the pseudoknot of the
BJ-4 3= UTR. RIG-I is composed of three main structural domains: two CARD domains at
the N terminus for signal transduction, the central DExD/H box RNA helicase domain
and C-terminal domain (RD) for RNA binding (12, 15). To further define the specific
domains of RIG-I associated with the pseudoknot, RNA pulldown assay with several
deletion mutants of pRIG-I was performed. The results strongly suggested that the
C-terminal portion of RIG-I (pRIG-I-RD) and not the CARDs bound to the pseudoknot

FIG 3 Full-length 5= and 3= UTR of PRRSV induce an IFN response. (A and B) PAMs were transfected with the entire 5= UTR or 3= UTR transcripts of
PRRSV BJ-4 at different doses (0.25, 0.5, or 1 �g), poly(I·C) (1 �g), or the no-RNA control. At 6 h posttransfection, RNA was isolated to determine IFN-�
and IFN-� mRNA levels by qRT-PCR. (C and D) A schematic representation of 5= UTR and 3= UTR of BJ-4 was shown. (E and F) CRL2843-CD163 or PAMs
were transfected with 1 �g of 5= UTR or 3= UTR truncated transcripts of PRRSV BJ-4 genome, poly(I·C), or the no-RNA control for 6 h. The IFN-� mRNA
levels in the cells then were analyzed by qRT-PCR. RE, relative expression. Data were expressed as means � SEM from three independent experiments.
P values were calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 4 3= UTR pseudoknot transcripts of PRRSV BJ-4 induce an antiviral response. (A) A schematic representation of 3= UTR pseudoknot of PRRSV BJ-4. The
nucleotides involved in the pseudoknot interaction are marked in gray, and the base-pairing interaction is depicted by lines. (B and C) PAMs were transfected
with 1 �g of 3= UTR-truncated transcripts of the PRRSV BJ-4 genome (1-151, 1-49, 50-88, 89-151, 1-88, and 50-151 [pseudoknot]) for 6 h or 12 h, and the IFN-�
and IFN-� mRNA levels in the cells were analyzed by qRT-PCR. (D) Marc145 cells were cotransfected with plasmids encoding constitutive renilla luciferase and
IFN-� promoter firefly luciferase construct. After 24 h, the cells were transfected with 1 �g of the indicated RNA (BJ-4 3= UTR 1-151, BJ-4 3= UTR pseudoknot,
and BJ-4 3= UTR 50-88) constructs or control. Cells were harvested 0, 6, 12, or 24 h later for dual-luciferase assay. (E) PAMs were transfected with 1 �g of 3=
UTR 1-151 or 3= UTR pseudoknot transcripts of PRRSV BJ-4 genome for 6 h, 12 h, or 24 h, and the IFN-�, IFN-� and ISG56 mRNA levels in the cells were analyzed

(Continued on next page)
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labeled by biotinylated nucleotide (Fig. 7B). We also probed which region of pTLR3
bound to the pseudoknot of the BJ-4 3= UTR. The results indicated that the ectodomain
of pTLR3 (pTLR3-ECD) interacted with the pseudoknot labeled by biotinylated nucle-
otide but not the cytoplasm of pTLR3 (pTLR3-TIR). Taken together, these data demon-
strated a strong and specific interaction between the pseudoknot region of the BJ-4 3=
UTR and RIG-I and TLR3, which may trigger downstream signaling to induce IFN
response.

In order to further understand the interaction of pRIG-I-RD and BJ-4 3= UTR pseu-
doknot RNA transcripts, we performed an RNA binding assay on pRIG-I-RD by gel
filtration chromatography. The BJ-4 3= UTR pseudoknot RNA transcripts were synthe-
sized by in vitro transcription as mentioned above. The pRIG-I-RD protein was expressed
in Escherichia coli Transetta and purified. The chromatography assay indicated that the
BJ-4 3= UTR pseudoknot RNA transcripts bound to pRIG-I-RD and formed stable
complexes (Fig. 7C).

The PRRSV 3= UTR pseudoknot RNA transcripts restrict PRRSV replication in
PAMs. Based on the IFN stimulatory activities, we speculated that the pseudoknot of
the PRRSV 3= UTR had an anti-PRRSV effect. Thus, following transfection with the
pseudoknot or the mutant SW1 transcripts for 24 h, PAMs were inoculated with BJ-4
(MOI of 1) for 12 h or 18 h. In the supernatant, PRRSV titer and RNA copies were
assessed by TCID50 and absolute qRT-PCR, respectively. Meanwhile, RNA copies in cells
were also quantified. As shown in Fig. 8A to C, transfection with pseudoknot segments
significantly suppressed PRRSV replication in PAMs. The pseudoknot segments reduced
the viral yields at least 2-fold compared to those of control cells at 12 hpi or 18 hpi in
supernatant. In contrast, the pseudoknot mutant SW1 showed no inhibiting effects on
PRRSV titer at 12 hpi and weakly inhibiting effect at 18 hpi (Fig. 8A). The PRRSV copies
in the supernatants after transfection with the pseudoknot segments were also sup-
pressed at least 1.4-fold at 12 hpi and 4.9-fold at 18 hpi compared to that of control
cells. In contrast, the PRRSV RNA copies in the supernatants after transfection with the
SW1 pseudoknot mutants showed no obvious changes compared to that of the control
but showed significant difference compared to that of the BJ-4 3= UTR pseudoknot (Fig.
8B). Transfection with the pseudoknot segment, but not the mutant SW1, significantly
downregulated the PRRSV copies in PAMs at 12 hpi and 18 hpi compared to that in
control cells (Fig. 8C). Therefore, the pseudoknot exhibited a stronger anti-PRRSV effect
in PAMs than the mutant SW1.

Simultaneously, the mRNA expression of IFN-�, IFN-�, and ISG56 was detected. Our
results showed that transfection with the pseudoknot segment increased IFN-�, IFN-�,
and ISG56 production compared to that of the control at 12 hpi and 18 hpi. However,
the pseudoknot mutant SW1-induced IFN-�, IFN-� and ISG56 mRNA expression levels
were significantly reduced compared with those of the pseudoknot (Fig. 8D to F). Taken
together, the results suggested that PRRSV 3= UTR pseudoknot segments could induce
significant IFN-�, IFN-�, and ISG56 expression and have an anti-PRRSV effect.

The IFN stimulatory activity of the PRRSV 3= UTR pseudoknot is conserved
among all known arteriviruses. The pseudoknot interaction is conserved among
members of arteriviruses, including EAV, LDV, SHFV, and PRRSV (58). In order to identify
the sequence conservation of the proposed pseudoknot interaction, alignment of the
3= end of different arteriviruses was performed (Fig. 9A). The pseudoknot interaction
regions of PRRSV strains BJ-4 and A2MC2 were identical to that of the standard isolate
VR-2332. For HN07-1, 15GD1, Ingelvac, HB-1, and HB-2 strains we observed a U-C
mutation in SL1 and an A-G mutation in SL2, which might confer a new G-C base
pairing (bases marked with gray lines). The C-U mutation in SL1 and G-A mutation in

FIG 4 Legend (Continued)
by qRT-PCR. (F and G) PAMs were transfected with 0.125, 0.25, 0.5, and 1 �g of the 3= UTR pseudoknot transcripts of PRRSV BJ-4 or HN07-1 genome for 6 h
(F) or 12 h (G), and the IFN-�, IFN-�, and ISG56 mRNA levels were analyzed by qRT-PCR. Transfection of 1 �g poly(I·C) was used for a positive control. Control
stands for the no-RNA treatment. RE, relative expression. Data are expressed as means � SEM from three independent experiments. P values were calculated
using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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SL2 were observed in pseudoknot regions of HENXX-8, HNjz15, IAF-exp91, HENXX-1,
HNhx, FJWQ16, FJXS15, FJZ03, and Prime Pac strains, which might confer more stable
base pairing (bases marked with black lines). For EAV, most strains were identical to the
Bucyrus standard isolate, but Vienna, CW01, and F27 strains contained one or two
nucleotide changes. Taken together, the sequence alignments revealed that the pseu-

FIG 5 Pseudoknot mutations significantly weaken IFN stimulatory activity. (A) A schematic representation of BJ-4 3= UTR pseudoknot mutant transcripts. The
seven nucleotides of SL1 were switched with those of SL2 in mutant SW1 and vice versa in mutant SW2. The base-pairing possibilities were restored in mutant
SW12 by switching the seven nucleotides. The mutants OR1 and OR2 were generated by changing the orientation of the central seven nucleotides in the loop
of SL1 or SL2. The orientation of the central seven nucleotides was changed in mutant OR12, which restored the base-pairing possibilities. (B and C) PAMs were
transfected with 3= UTR pseudoknot wild-type or mutant transcripts of PRRSV BJ-4 genome constructs or the no-RNA control for 6 h (B) or 12 h (C), and the
IFN-� and IFN-� mRNA levels were analyzed by qRT-PCR. RE, relative expression. Data are expressed as means � SEM from three independent experiments.
P values were calculated using Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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doknot sequences were conserved in different arteriviruses. After alignment, we further
extended our research to predict the RNA secondary structure of the 3= terminus region
of the arterivirus genomes using Mfold software based on previous studies (58)
(Fig. 9B). The predicted results showed that other arterivirus members, including EAV,
LDV, and SHFV, possessed pseudoknot structure. Moreover, previous reports obtained
evidence of the pseudoknot interaction near the 3= end of the EAV genome (58). We
next investigated the IFN stimulatory activity of the pseudoknot in all known arterivi-
ruses. The predicted pseudoknot regions residing in the 3= UTR of EAV, PRRSV, LDV, or
SHFV were generated and transfected into PAMs for 6 h. The results indicated that all
predicted pseudoknot regions of EAV, PRRSV, LDV, and SHFV induced IFN-� and IFN-�
mRNA increase (Fig. 9C). We then further ensured that the pseudoknot interaction was
crucial for IFN induction. We conducted a series of mutants of the pseudoknot of the
EAV 3= UTR using a mutation strategy similar to that used for PRRSV strain BJ-4 (58).
The pseudoknot interaction was disrupted without affecting the predicted structure of
the unique hairpins. In mutants OR4 and OR5, the orientations of the central pen-
tanucleotide sequences in the SL4 and SL5 loops were changed. In mutants SW4 and
SW5, the central five nucleotides in the SL4 and SL5 loops were switched. Double
mutants OR45 and SW45 were generated to restore the base-pairing possibilities. These
mutants then were transfected into PAMs for 6 h or 12 h. As expected, OR45 and SW45
showed the highest IFN-� and IFN-� mRNA responses, similar to those of the original
pseudoknot of EAV (Fig. 9D). The mutants SW4, SW5, OR4, and OR5 exhibited lower IFN
induction than the original pseudoknot of EAV. Taken together, these results strongly
demonstrated that the pseudoknot interaction was important for IFN induction, which
was conserved among arteriviruses.

DISCUSSION

In the present study, we confirmed that PRRSV induced IFN and IFN-stimulated gene
production in CRL-2843 cells and PAMs (Fig. 1), in line with previous studies (47, 48).
The host PRRs RIG-I, TLR3, and MDA5 were all involved in the IFN induction by PRRSV
(Fig. 2). We next identified an RNA pseudoknot structure residing in the PRRSV 3= UTR

FIG 6 Recognition of the pseudoknot of PRRSV 3= UTR is mediated by RIG-I and TLR3. (A to D) PAMs were treated with 20 nM control siRNA (siNC) or siRNA
against RIG-I, MDA5, TLR3, and TLR7 and then transfected with BJ-4 3= UTR pseudoknot or the no-RNA control for 6 h, and the IFN-�, IFN-�, ISG56, and MX1
mRNA levels were analyzed by qRT-PCR. (E and F) To ensure knockdown efficiency, RIG-I, MDA5, TLR3, and TLR7 mRNA levels were analyzed by qRT-PCR and
IB. RE, relative expression. Data are expressed as means � SEM from three independent experiments. P values were calculated using Student’s t test. *, P �
0.05; **, P � 0.01; ***, P � 0.001.
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that served as a PAMP and was directly involved in IFN induction (Fig. 4). Conversely,
disruption of loop interaction inside the pseudoknot by introducing nucleotide muta-
tion impaired IFN production (Fig. 5). Our data demonstrated that the sensing of the
pseudoknot was mediated by RIG-I and TLR3 (Fig. 6 and 7). Interestingly, the in silico
prediction analysis indicated the structure of EAV, LDV, and SHFV near the 3= end
possessed similar pseudoknot interaction, which was conserved within arterivirus
genomes (58) and contributed to mediating the similar IFN response (Fig. 9). More
importantly, we found that transfection of the wild-type pseudoknot, but not the
mutants, significantly inhibited PRRSV replication (Fig. 8). These results clearly demon-
strated that the pseudoknot residing in the 3= UTR was significant to stimulation of RIG-I
and TLR3-mediated signaling pathways and provoking an antiviral response.

PRRSV possesses extremely complex RNA virus replication mechanisms using many
noncanonical translational strategies, one of which is subgenomic mRNA synthesis (64).
Thus, during PRRSV infection and replication, numerous forms of nucleic acids, includ-

FIG 7 RIG-I and TLR3 interact with the pseudoknot of PRRSV 3= UTR. (A and B) RNA pulldown assay showing the binding activity of the indicated
RNAs to Flag-pRIG-I in HEK293T cells. (A) The HEK293T cell lysates overexpressing Flag-pRIG-I were incubated with unlabeled or biotinylated BJ-4
3= UTR pseudoknot transcripts, negative capped-RNA control (ContRNA), or 3pRNA (a RIG-I ligand as positive control). After streptavidin bead
pulldown, the bound proteins were analyzed by WB with anti-Flag MAb. (B) The HEK293T cell lysates overexpressing Flag-pRIG-I- or Flag-pTLR3-
truncated mutants were incubated with biotinylated 3= UTR pseudoknot transcripts. After streptavidin bead pulldown, the bound proteins were
analyzed by IB with anti-Flag MAb. (C) Binding analysis of pRIG-I-RD and BJ-4 3= UTR pseudoknot transcripts by gel filtration chromatography. The
pRIG-I-RD and BJ-4 3= UTR pseudoknot transcript chromatograms were mixed at a 2:1 molar ratio on ice for 1 h. Plotted are UV absorption profiles
(260 nm and 280 nm). The retention volumes for each elution are shown on the chromatograms.
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ing positive-sense ssRNA, negative-sense ssRNA, and dsRNA, coexist in cells. We spec-
ulated that the recognition of PRRSV was correspondingly complicated. We first ana-
lyzed whether the 5= UTR and 3= UTR had IFN-inducing effects. The results showed that
both the full-length 5= UTR and 3= UTR increased IFN-� and IFN-� production with a
dose-dependent effect (Fig. 3). To determine the exact region required for IFN induc-
tion, we predicted the secondary structure of 5= UTR and 3= UTR by Mfold software and
synthesized full-length and truncated RNA using the in vitro transcription system or
chemical synthesis to assess the IFN response of the 5= UTR and 3= UTR. Unexpectedly,
none of the truncated segments showed the remarkable IFN response (Fig. 3). Inter-
estingly, we found the alternative structure of the PRRSV 3= UTR pseudoknot structure
involved in PRRSV replication was responsible for IFN induction (Fig. 4). This is in
concert with IFN induction by the whole virus, which is related to PRRSV replication (Fig.
1F). Previous studies have demonstrated that the subgenomic RNAs of Nidovirales
viruses generate a nested 3=-coterminal set of subgenomic mRNAs, and genome
replication and single guide RNA (sgRNA) synthesis are initiated at the 3= end of the
viral genome RNA (65–67). Thus, the IFN stimulatory activities of the pseudoknot
structures of the 3= end might possess general significance. The RNA synthesis process
of viruses in Nidovirales can be controlled via RNA structure conformational switches.
The pseudoknot structure in the PRRSV 3= UTR has been suggested to have an
important regulatory effect on viral genome replication, sgRNA transcription, and
viability (58). The conformational switches in replication possibly benefit virus recog-

FIG 8 BJ-4 3= UTR pseudoknot transcripts restrict PRRSV replication in PAMs. (A, B, and C) PAMs were transfected with BJ-4 3= UTR pseudoknots, BJ-4 3= UTR
pseudoknot SW1 transcripts, 1 �g poly(I·C), or no-RNA control, respectively. Cells then were infected with PRRSV BJ-4 for 12 h or 18 h. The supernatants were
collected for TCID50 determination (A) and analysis of copy numbers of PRRSV (B). (C) Cells were collected for the PRRSV detection by qRT-PCR. (D, E, and F)
PAMs were transfected with BJ-4 3= UTR pseudoknot, BJ-4 3= UTR pseudoknot SW1 transcripts, 1 �g poly(I·C), or no-RNA control. Cells then were infected with
PRRSV BJ-4 for 12 or 18 h, and IFN-�, IFN-�, and ISG56 were analyzed by qRT-PCR. RE, relative expression. Data are expressed as means � SEM from three
independent experiments. Statistical analysis was performed by Student’s t test. *, P � 0.05; **, P � 0.01; ***, P � 0.001 [for 50-151 WT or poly(I·C) compared
to control]; #, P � 0.05; ##, P � 0.01; ###, P � 0.001 (for BJ-4 3= UTR pseudoknot SW1 compared to BJ-4 3= UTR pseudoknot).
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nition. More importantly, the similar pseudoknot structures among other arterivirus
members were also sufficient for IFN production (Fig. 9).

Although SL1/SL2 without interaction are likely to be more stable than the pseu-
doknot, a great deal of evidence has shown that the pseudoknot interaction can be
formed from transfected 3= UTR RNA. (i) Previous studies showed that the infectious

FIG 9 IFN stimulatory activity of the pseudoknot is conserved in all known arteriviruses. (A) Alignment of the nucleotides involved in the pseudoknot interaction
in different members of arteriviruses. Pseudoknot interaction was represented in pink regions using BioEdit. The covarying base changes within pseudoknots
were discriminatively underlined. The sequence and accession numbers used here are the following: for PRRSV type 2 (North American type), the isolates were
VR2332 (U87392), BJ-4 (AF331831), A2MC2 (JQ087873), HN1 (AY457635), LMY (DQ473474), HN07-1 (KX766378), 15GD1 (KX815407), P129 (AF494042), CH-1a
(AY032626), PL97-1 (AY585241), TJnh1501 (KX510269), Ingelvac (DQ988080), HB-1 (sh) (AY150312), HB-2 (sh) (AY262352), FJZ03 (KP860909), HENXX-1
(KU950372), HNhx (KX766379), HNjz15 (KT945017), IAF-exp91 (U02095), FJWQ16 (KX758249), FJXS15 (KX758250), HENXX-8 (KY041782), and Prime Pac
(DQ779791); for PRRSV type 1 (European type), the isolates shown were Lelystad (M96262), 14432/2011 (KR296711), LV4.2.1 (AY588319), DV (KF991509),
EuroPRRSV (AY366525), and Olot/91 (X92942); for EAV, the isolates shown were Bucyrus (NC_002532), Vienna (X78497), CW01 (AY349168), and F27 (JN211316).
(B) The RNA secondary structure predictions in different arterivirus genomes for the possible pseudoknot interaction between the terminal hairpin and the
upstream hairpin are shown and marked in gray. The predicted pseudoknot of EAV (Brucyrus [accession number DQ846750]), SHFV (M6941 [accession number
KM371105]), LDV (Plagemann [accession number U15146]), and PRRSV (VR2332 [accession number U87392]) are shown. (C) Analysis of the IFN stimulatory
activity of PRRSV, EAV, LDV, and SHFV. PAMs were transfected with the pseudoknot of PRRSV, EAV, LDV, and SHFV genome constructs, 1 �g poly(I·C), or no-RNA
control for 6 h, and the IFN-� and IFN-� mRNA levels were analyzed by qRT-PCR. (D) PAMs were transfected with original or mutant pseudoknot transcripts
of EAV (SW4, SW5, SW45, OR4, OR5, and OR45) or no-RNA control for 6 h or 12 h, and the IFN-� and IFN-� mRNA levels were analyzed by qRT-PCR. RE, relative
expression. Data are expressed as means � SEM from three independent experiments. P values were calculated using Student’s t test. *, P � 0.05; **, P � 0.01;
***, P � 0.001.
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progeny can be successfully detected in cells transfected with EAV RNA (obtained by in
vitro transcription) without viral component cotransfection, suggesting that the pseu-
doknot which is necessary for replication can be formed in the absence of other viral
components (58, 68). (ii) Studies on bovine coronavirus obtained enzymatic probing
evidence for the existence of the pseudoknot of synthetic transcripts (69). (iii) Experi-
ments suggested that the formation and stability of pseudoknots are involved in the
sequence and size of the loop regions, temperature, and ionic conditions, such as the
presence of Mg2� (70). Thus, the pseudoknot fragments used in this study were synthe-
sized by in vitro transcription in our study. Indeed, our study demonstrated that the SL1/SL2
or SL4/SL5 mutant segments which disrupted the pseudoknot interaction dramatically
dampened IFN induction compared to that of the original pseudoknot RNA, while OR12/
SW12 mutants of PRRSV (or SL45/SW45 in EAV), which restored base pairing, induced IFN
response as efficiently as the wild type. These results strongly suggested that the pseudo-
knot interaction was formed from the in vitro-transfected 3= UTR RNA (Fig. 5 and 9D).
Despite all this, the exact pieces of evidence need to be obtained through methods such
as three-dimensional modeling and structural determination.

PRRSV is characteristic of immunosuppression and persistent infection. Previous
studies have demonstrated that PRRSV induced weaker responses than sensitive IFN
agonists, such as TGEV or poly(I·C) (43, 44). Thus, most reports have placed emphasis on
how PRRSV evades host immune responses. For instance, PRRSV interferes with the
activation and signaling pathways of IFNs, such as by blocking ISG factor 3 (ISGF3)
nuclear translocation or blocking STAT1/STAT2 nuclear translocation (71–73). Viral
nonstructural proteins (nsp1, -2, -4, -11) and a structural protein (N) have been shown
to downregulate IFN through interacting with RLR andTLR signaling pathways (71–77),
which probably enable PRRSV to escape from antiviral innate immune response.
However, type I IFN is important for antiviral response and inhibiting PRRSV infection,
which has been demonstrated in vitro and in vivo (45, 46, 78, 79). Recognition of viruses
is the initiation of antiviral immune response. Here, we observed robust induction of
IFN by an RNA pseudoknot region, including IFN-� and IFN-� (Fig. 4). This suggested
that PRRSV components indeed have its ability to induce antiviral signaling, whereas
the proteins of PRRSV, especially nsps, inhibit host antiviral immune responses. We also
observed IFN-�, IFN-�, IFN-�, and ISG induction by live virus. The induction was
abolished by virus inactivation, indicating that virus replication is required for IFN
induction (Fig. 1). This is consistent with the function of pseudoknot on viral RNA
synthesis. However, the conventional type II strain (represented by BJ-4) and HP-PRRSV
(represented by HN07-1) showed a discrepant response on IFN or ISG induction. This
strain-dependent effect needs to be studied further. Moreover, transfection of the
pseudoknot segment suppressed PRRSV replication in PAMs, which was consistent with
the effects of the induction of innate immunity (Fig. 8). However, there is a possibility
that the transfected pseudoknot fragment acts as a competitive inhibitor through
titration of viral protein and RNA components that normally interact with the 3= UTR
during infection. Previous studies showed that (i) the pseudoknot could be recognized
by the viral replicase complex elements to control the arterivirus RNA synthesis (58),
and (ii) the upstream stem-loop (SL1) in the 3= UTR pseudoknot could interact with a
hairpin located in the N protein gene to form a “kissing loop interaction” which is also
essential for RNA replication (80). Thus, the transfected pseudoknot RNA might com-
petitively bind with viral replicase complex or other elements seated in the end of the
virus genome to affect virus RNA synthesis.

Among PRRs, TLRs and RLRs recognize distinct types of nucleic acids during viral
infection. RIG-I senses RNA with uncapped 5=-triphosphates (81), base-paired structures,
or panhandle structures (33, 36). As for dsRNA recognition, its length decides the
differential recognition by RIG-I and MDA5. RIG-I senses short dsRNAs, whereas MDA5
senses long dsRNAs (36, 82). Moreover, recognition mechanisms vary greatly depend-
ing on cell types (83). TLRs are dispensable for IFN induction, except in the case of
plasmacytoid dendritic cells (pDCs) (83). Recent research reveals that MDA5 senses the
EAV genome to induce IFN expression (84). There also have been several reports
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showing that PRRSV could cause the immune response despite the fact that the
response is weak (73). We identified that RIG-I, MDA5, and TLR3 were all involved in IFN
induction (Fig. 2). We speculate that this is correlated with the existence of numerous
forms of nucleic acids due to the complicated replication mechanism of PRRSV. The
pseudoknot recognition depended on RIG-I and TLR3, which was verified by direct
interaction of the pseudoknot structure using RNA pulldown (Fig. 7). Furthermore, RNA
pulldown indicated that the RD domain showed strong binding ability with the
pseudoknot. Coincidently, previous studies on the crystal structure of RIG-I revealed
that it is the RD domain of RIG-I which binds with 5=ppp dsRNA (81, 85), and Devarkar
et al. demonstrated the interaction of the helicase-RD domain with Cap-0 dsRNA as well
as 5=ppp RNA through determining the structures of the complexes (86). Therefore, the
RD domain of RIG-I is crucial for RNA recognition.

The PRRSV genome was deemed to possess a 5= cap structure. The cap structure
contains three cap types, cap-0, cap-1, and cap-2, depending on the position of 2=-O-methyl
modification. However, the cap-0 structure’s formation requires 3 sequential reactions
catalyzed by RNA triphosphatase (TPase), guanylyltransferase (GTase), and (guanine-N7)-
methyltransferase (N7-MTase) (87). In higher eukaryotes or most viruses, to form a cap-1
structure, the cap-0 structure is further methylated at the first nucleotide of the ribose 2=-O
position via ribose 2=-O-methyltransferase (2=-O-MTase). However, arteriviruses inclusive of
PRRSV do not encode 2=-O-MTase according to bioinformatic analysis and MTase assay (88).
Thus, the type of 5= cap structure of PRRSV is unclear. The adding cap type in our study is
cap-0. Previous studies have shown that m7G, which hinders RIG-I binding, is essential for
distinction between self and nonself RNA. However, recent research shows that m7G
dsRNA, as well as 5=ppp dsRNA, has RIG-I binding activity (86). Thus, the cap contribution
in PRRSV sensing needs more studies.

We proposed a model on the balance between the stimulatory effect of the 3=
pseudoknot structure and the downregulation by the viral proteins (Fig. 10). At the
early endosomes, the viral genome is released into the cytoplasm. The genomic RNA
serves as the mRNA for immediate translation of the large replicase polyproteins, pp1a
and pp1ab. After cleavage, these proteins assemble into a replication and transcription
complex (RTC). The RTC immediately binds 3= UTR to initiate minus-strand RNA syn-
thesis. During this replication, the pseudoknot of the genome is recognized by RNA
sensor RIG-I through its RD domain and TLR3 through its ectodomain (ECD), resulting
in IRF3 or NF-�B activation and triggering IFN gene expression. The generated viral
proteins, such as nsp1/2/4/11 and N protein, affect the host antiviral response by
targeting signaling pathways, such as IRF3, NF-�B, and ISGF3. During this process, the
conformational change of the 3= end, which acts as a molecular switch to regulate the
timing of viral synthesis, might affect virus recognition and subsequent IFN response.

In summary, we characterized the pseudoknot structure of PRRSV and other mem-
bers of arteriviruses regarding the nature of immune recognition of PAMPs. In addition,
the pseudoknot of PRRSV activated antiviral signaling via interaction with RIG-I and
TLR3. These results will contribute to our understanding of PRRSV pathogenicity and
the development of antiviral strategies.

MATERIALS AND METHODS
Cells and viruses. Cell cultures and all incubations or reactions were performed at 37°C in a

humidified atmosphere of 5% CO2 according to the manufacturers’ instructions, unless otherwise
specified. The PAM cell lines CRL2843 (3D4/21) and CRL2843-CD163, a cell line stably expressing CD163
in CRL2843 (89), were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS; Gibco), 100 U/ml penicillin, and 100 �g/ml streptomycin as described previously. Marc-145 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS, 100 U/ml penicillin, and
100 �g/ml streptomycin. PAMs were prepared from lung lavage of 4- to 6-week-old specific-pathogen-
free (SPF) piglets (90) and maintained in RPMI 1640 with 10% heat-inactivated FBS and penicillin-
streptomycin. HN07-1 (GenBank accession number KX766378.1) was isolated by our laboratory during
HP-PRRSV outbreaks in 2007 and proven to be a highly pathogenic PRRSV (HP-PRRSV) strain by
subsequent animal experiment. BJ-4 (GenBank accession number AF331831), characterized as a low-
pathogenicity PRRSV strain, was a kind gift from Hanchun Yang (China Agricultural University). These
PRRSV strains were propagated and titrated on Marc-145 cells and stored at �80°C. The UV-inactivated
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PRRSV was prepared via exposure to UV irradiation (254 nm) of live PRRSV for 2 h. Heat inactivation of
PRRSV was performed by water bath at 65°C for 30 min.

Plasmid construction. To construct plasmids expressing Flag-tagged Sus scrofa RIG-I and TLR3
(Flag-pRIG-I and Flag-pTLR3), the cDNA fragments carrying the ORF of these genes were obtained by
reverse transcription-PCR (RT-PCR) using RNA extracted from CRL2843-CD163 cells as templates and
inserted into pEF-BOS vector. Truncated mutants of RIG-I and TLR3 were generated based on Flag-pRIG-I
and Flag-pTLR3 plasmids. IFN-�-luciferase reporter (IFN-�-Luc) vector was constructed by inserting the
promoter region of the Sus scrofa IFN-� gene (�296 to �52) into pGL4.17 vector (Promega). T7
promoter-driven RNA expression vectors, designated pMD19T-5= UTR and pMD19T-3= UTR, were con-
structed for in vitro transcription. The full-length 5= UTR and 3= UTR cDNA sequences were amplified by
RT-PCR using RNA extracted from PRRSV BJ-4-infected PAMs and subcloned into pMD19T-simple vector.
All primers used are listed in Table 1.

Antibodies and reagents. Rabbit anti-RIG-I (D33H10), anti-actin (13E5), and anti-MDA5 (D74E4)
antibodies were purchased from Cell Signaling Technology (CST). Mouse anti-Flag (M2) antibody was
purchased from Sigma-Aldrich. Horseradish peroxidase (HRP)-conjugated anti-mouse IgG and anti-rabbit
IgG (Jackson ImmunoResearch) were used as secondary antibodies at a dilution of 1:5,000. Polyinosinic-
poly(C) [poly(I·C)] was purchased from Sigma-Aldrich.

Immunoblotting. Cells were harvested and lysed in immunoprecipitation (IP) lysis buffer (Pierce)
supplemented with protease and phosphatase inhibitors. Protein samples were separated by SDS-PAGE
and transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore). After blocking for 1
h in 5% skim milk, the membranes were incubated with the indicated primary specific antibodies diluted
to the following levels: anti-RIG-I, 1:1,000; anti-MDA5, 1:1,000; anti-actin, 1:1000; and anti-Flag, 1:1,000.
The membranes then were probed with HRP-conjugated anti-rabbit or anti-mouse IgG, and immuno-
reactive bands were visualized with enhanced chemiluminescence (ECL) reagent (CST) according to the
manufacturer’s instructions.

RNA isolation and qRT-PCR. Total RNAs were isolated from CRL2843-CD163 and PAMs using TRIzol
reagent (Invitrogen) by following the manufacturer’s instructions. cDNA was prepared from total RNAs

FIG 10 Balance between the immune recognition role by the pseudoknot within the PRRSV life cycle and the immunosuppression phenotype by PRRSV protein.
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using a PrimeScript RT reagent kit with gDNA Eraser (TaKaRa). Quantitative RT-PCR was performed using
a FastStart Universal SYBR green master (ROX) kit (Roche) on a 7500 Fast real-time PCR system (Applied
Biosystems). Relative analysis of gene expression was evaluated using the 2�ΔΔCT method (91), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was set up as an endogenous control. For
detection of PRRSV RNA copies in cell supernatant, absolute quantitative PCR was performed as
described previously using primers designed against PRRSV ORF7 (92). Briefly, a plasmid bearing a
fragment of the PRRSV ORF7 sequence (372 bp) was constructed to generate a standard curve, and then
PRRSV RNA copies in all samples were calculated by normalization to the standard curve. Gene-specific
primers for pig IFN-�, IFN-�, IFN-�, IFN-�1, PKR, OAS, ISG56, MX1, DDX58 (RIG-I), MDA5, TLR3, TLR7, PRRSV
ORF7, and GAPDH are listed in Table 2.

siRNA-mediated gene silencing and transfection. The siRNAs targeting RIG-I, MDA5, TLR3, TLR7,
and negative-control siRNA (NC) were designed and synthesized by GenePharma (Table 3). CRL2843-
CD163 or PAMs were transfected with siRIG-I, siMDA5, siTLR3, siTLR7, or siNC (as a negative control) using
Lipofectamine RNAiMAX (Invitrogen). After transfection for 24 h, cells were infected with PRRSV for 12 h
to 36 h or transfected with prepared RNA for 6 h, and then cells were harvested for subsequent mRNA
or protein expression analysis.

TABLE 1 Sequences of primers used for vector construction or PCR amplification

Name Sequence (5=–3=)
pRIG-I (1-943aa) Sense, AGGATGATGATGATAAAGGTACAGCAGAGCAGCGGCGG

Antisense, TGAAGATTGAGGACCTGATATCACTCAAGGTTGCCCATTCC

pRIG-I-N (1-172aa) Sense, AGGATGATGATGATAAAGGTATGACAGCAGAGCAGCGG
Antisense, TGAAGATTGAGGACCTGATATCATTTCAAAGTTTTAGGCCAATTCTC

pRIG-I-helicase (249-779aa) Sense, AGGATGATGATGATAAAGGTCTTGCTTTACCTGCTCAG
Antisense, TGAAGATTGAGGACCTGATATCATACTGCTTCATCCCATG

pRIG-I-RD (795-928aa) Sense, AGGATGATGATGATAAAGGTAGGGATAATCAAGGAAAACCAG
Antisense, TGAAGATTGAGGACCTGATATCAGGCCATTTCTGCAGC

pTLR3-TIR (27-703aa) Sense, GCTCTAGATAAGCCACCATGGATTATAAGGATGATGATGATAAAGGTGATTATAAGGATGAT
GATGATAAAGGTAACAAATGTACTGTTAGACATGAAATAGC

Antisense, GGGGTACCTCAAAATGGGGCACTGTCTTTGCA

pTLR3-ECD (727-905aa) Sense, GCTCTAGATAAGCCACCATGGATTATAAGGATGATGATGATAAAGGTGATTATAAGGATGAT
GATGATAAAGGTGAAGGCTGGCGGATATCTTTTTATTGG

Antisense, GGGGTACCTTAATGTACTGAATTTCTGGAACCAAGTGC

5= UTR Sense, TAATACGACTCACTATAGGGTATGACGTATAGGTGTTGG
Antisense,a GGTTAAAGGGGTGGAGAGA

3= UTR Sense, TAATACGACTCACTATAGGGTGGGCTGGCATTCTTGAGGCAT
Antisense,a AATTTCGGCCGCATGGTT

IFN-� promoter Sense, GGCGGTACCCTTGGCTTATGGTGGTTTTTTTTG
Antisense, TTTCTCGAGGCTCCACTACTCAAGTGCTGAAG

aThe first two nucleotides of the antisense 5= termini were modified with 2-O-Me (2=-O-methyl).

TABLE 2 Sequences of primers used for qRT-PCR

Name Forward (5=¡3=) Reverse (5=¡3=)
IFN-� TGCAACCACCACAATTCC CTGAGAATGCCGAAGATCTG
IFN-� GCCTCCTGCACCAGTTCTACA TGCATGACACAGGCTTCCA
IFN-� AATGGTAGCTCTGGGAAACTG ACTTCTCTTCCGCTTTCTTAGG
IFN-�1 GGTGCTGGCGACTGTGATG GATTGGAACTGGCCCATGTG
PKR AAAGCGGACAAGTCGAAAGG TCCACTTCATTTCCATAGTCTTCTGA
OAS GAGCTGCAGCGAGACTTCCT TGCTTGACAAGGCGGATGA
ISG56 TCAGAGGTGAGAAGGCTGGT GCTTCCTGCAAGTGTCCTTC
MX1 GGCGTGGGAATCAGTCATG AGGAAGGTCTATGAGGGTCAGATCT
DDX58 (RIG-I) TATGTGCTCCTACTGGTTGTGGAAA AGTTGAATAGCAAAAAAGACAACCT
MDA5 CTTCTGGTTACCGATGTCTTGG CTCCCTTACTCCTGATTCATTTCC
TLR3 CATTGAGAATCTATCCCTGAGCAA TGAGGTTTGTCTGCTTTAGTCCAA
TLR7 AAACTCTGCCCTGTGATGTCAGT GAATCGCTGTCAAGTGCTTGTC
PRRSV ORF7 AAACCAGTCCAGAGGCAAGG GCAAACTAAACTCCACAGTGTAA
GAPDH CCTTCCGTGTCCCTACTGCCAAC GACGCCTGCTTCACCACCTTCT
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Luciferase reporter assay. CRL2843-CD163 or Marc145 cells were transiently transfected with 1 �g
IFN-�-Luc and 100 ng pRL-TK renilla luciferase reporter plasmid (Promega) as an internal control, and
then cells were inoculated with PRRSV at 24 h or transfected with 1 �g full-length 3= UTR or truncated
fragments, including 1-151, 50-88, or pseudoknot fragment of the 3= UTR, using TransMessenger
(Qiagen). After infection with PRRSV for 24 h or transfection with RNA segments for 6, 12, and 24 h, cells
were lysed and luciferase activities were measured with the Dual-Luciferase reporter assay system
(Promega) according to the manufacturer’s instructions.

RNA preparation and transfection. 3pRNA (5=-triphosphate RNA) and ContRNA were used as RIG-I
ligand and negative capped-RNA control, respectively, and were obtained as previously described, with
minor modifications (34, 54). 3pRNA was in vitro transcribed by a T7 polymerase using annealed
complementary oligonucleotides as substrates with MEGAshortscript (Ambion) (Table 4) and was used
for transfection at 1 �g (34). ContRNA samples were prepared by in vitro transcription using annealed
oligonucleotides containing T7 promoter as templates (Table 4) with the mMESSAGE mMACHINE kit
(Ambion). 2-O-Methylation of the first two nucleotides at the antisense 5= terminus was conducted to
prevent the nucleotide adding to the 3= terminus of transcribed RNAs (52). In order to check the integrity
of in vitro-transcribed RNAs, urea denaturing gel electrophoresis was conducted. As for RNA fragments
of PRRSV, 5= UTR, 3= UTR, and truncated RNA fragments were in vitro transcribed by a mMESSAGE
mMACHINE kit (Ambion) in accordance with the manufacturer’s instructions, using annealed comple-
mentary oligonucleotides or the PCR products amplified from pMD19T-5= UTR or pMD19T-3= UTR as the
template. Specifically, 100 ng of PCR template was incubated for 16 h in a 20-�l reaction volume at 37°C,
followed by a further incubation with 2 U of TURBO DNase for 15 min at 37°C. The transcribed RNA then
was purified by Sephadex G-25 quick-spin columns (Roche), dissolved in RNase-free water, and quanti-
tated by a NanoDrop 2000c (Thermo Scientific).

The truncated (1-49, 50-88, 89-151, 1-88, and pseudoknot) and mutant (SW12, SW1, SW2, OR12, OR1,
and OR2) PRRSV or EAV 3= UTR RNA segments were prepared by in vitro transcription, using a T7
polymerase and the mMESSAGE mMACHINE kit (Ambion) with annealed complementary oligonucleo-
tides as substrates (Table 4), under the control of T7 promoter and were used for transfection at 1 �g (34).
The truncated PRRSV 5= UTR (1-49, 46-79, 71-108, 107-158, and 155-190) and 3= UTR (1-16&131-151,
15-84, and 79-131) RNA were synthesized at GenScript and used for transfection at 1 �g or the indicated
dose using TransMessenger (Qiagen) (34).

In silico analysis of RNA secondary structure. The RNA secondary structure presentation in this
study was predicted by the Mfold web server, version 3.2 (http://unafold.rna.albany.edu/?q�mfold/RNA
-Folding-Form) (55). For analysis, the RNA secondary structures were predicted under default parameters
of 37°C, 1 M NaCl, no divalent ions, and no limit on maximum distance between paired bases (55).
RNAviz, version 2, was used to edit the predicted RNA secondary structures (93).

RNA pulldown. In vitro-transcribed RNAs described above were labeled with biotin using a Pierce
RNA 3=-end desthiobiotinylation kit (Pierce). Briefly, 5 �g of nonlabeled RNA control or test RNA was
labeled with biotin using T4 RNA ligase at 16°C overnight in the presence of RNase inhibitor, and then
the labeled RNA was purified by chloroform-isoamyl alcohol. HEK293T cells were transfected with
Flag-pRIG-I or Flag-pTLR3 and lysed with IP lysis buffer (Pierce) supplemented with protease inhibitor at
36 h posttransfection. Biotin-labeled RNA (5 �g) was incubated with Streptavidin magnetic beads.
Subsequently the complex was incubated with equal amounts of lysates for 4 h with gentle shaking.
Beads were washed three times. The pulldown complexes were eluted with sample buffer and analyzed
by immunoblotting with the indicated antibodies.

Protein expression and purification. The cDNA encoding the RD domain of Sus scrofa RIG-I
(residues 806 to 943) was cloned into pE-SUMO vectors (LifeSensors Inc.) and expressed in E. coli
Transetta (DE3) cells (TransGen Biotech). Cultures were performed at 37°C, and target protein expression
was induced with 0.5 mM isopropyl-�-D-thiogalactoside (IPTG) at 18°C overnight. The cells were soni-
cated in 20 mM Tris-HCl, pH 6.8, 150 mM NaCl, 2 mM MgCl2, 4 mM dithiothreitol (DTT). The protein was
purified by a His-Trap Excel (GE Healthcare) column and further purified by ion exchange using a HiTrap
SP HP (GE Healthcare) column. The recovered protein then was digested, using ulp protease (Solarbio),
overnight at 4°C in 20 mM Tris-HCl, pH 6.8, 500 mM NaCl, 4 mM DTT buffer. After digestion, the protein
was purified using a His-Trap Excel (GE Healthcare) column. Finally, the protein was purified by gel
filtration chromatography on a Superdex 200 10/300 GL column (GE Healthcare) eluted with 20 mM
Tris-HCl, pH 6.8, 150 mM NaCl, 2 mM MgCl2, 4 mM DTT.

RNA binding studies by gel filtration chromatography. For the RNA binding studies, the PRRSV
BJ-4 3= UTR pseudoknot RNA transcripts used to form complexes with pRIG-I-RD were generated by in
viro transcription and purified as described above. The PRRSV strain BJ-4 3= UTR pseudoknot RNA was
mixed with the pRIG-I-RD at a molar ratio of about 2:1 on ice for 1 h, and 400-�l samples were injected
over the Superdex 200 10/300 GL column (GE Healthcare) eluted with buffer (20 mM Tris-HCl, pH 6.8, 150
mM NaCl, 2 mM MgCl2, 4 mM DTT). In addition, 400 �l of pRIG-I-RD protein was examined on a Superdex

TABLE 3 siRNA sequences

Target gene Target sequence (5=¡3=)
DDX58 (RIG-I) GCAGGUUAUUCUGGACUUUTT
MDA5 CCUCAGAUAUUGGGACUAATT
TLR3 GCUUAAGUGUGAUUGGUAATT
TLR7 CCUUGGACCUAAGUAGAAATT
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TABLE 4 DNA oligonucleotides of PRRSV RNA and 3pRNA for in vitro transcription

Target gene Sequencea (5=–3=)
3pRNA Sense, TAATACGACTCACTATAGGGAAACTAAAAGGGAGAAGTGAAAGTG

Antisense, CACTTTCACTTCTCCCTTTTAGTTTCCCTATAGTGAGTCGTATTA

ContRNA Sense, TAATACGACTCACTATAGTTCGCAGTCCCCAACCTCCAATCACTCACCAACCTCCTGTCCTCCAATTTGTCCTGGTTTA
Antisense, TAACCAGGACAAATTGGAGGACAGGAGGTTGGTGAGTGATTGGAGGTTGGGGACTGCGAACTATAGTGAGTC

GTATTA

BJ-4 3= UTR 1-49 Sense, TAATACGACTCACTATAGGGTGGGCTGGCATTCTTGAGGCATCTCAGTGTTTGAATTGGAAGAATGTGT
Antisense, ACACATTCTTCCAATTCAAACACTGAGATGCCTCAAGAATGCCAGCCCACCCTATAGTGAGTCGTATTA

BJ-4 3= UTR 50-88 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTGATTGACATTGTGCCTCTAAGTCACC
Antisense, GGTGACTTAGAGGCACAATGTCAATCAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR 89-151 Sense, TAATACGACTCACTATAGGGTATTCAATTAGGGCGACCGTGTGGGGGTGAGATTTAATTGGCGAGAACCATG
CGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCCAATTAAATCTCACCCCCACACGGTCGCCCTAATTGAATACCCTATA
GTGAGTCGTATTA

BJ-4 3= UTR 1-88 Sense, TAATACGACTCACTATAGGGTGGGCTGGCATTCTTGAGGCATCTCAGTGTTTGAATTGGAAGAATGTGTGGT
GAATGGCACTGATTGACATTGTGCCTCTAAGTCACC

Antisense, GGTGACTTAGAGGCACAATGTCAATCAGTGCCATTCACCACACATTCTTCCAATTCAAACACTGAGAT
GCCTCAAGAATGCCAGCCCACCCTATAGTGAGTCGTATTA

BJ-4 3=UTR pseudoknot Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTGATTGACATTGTGCCTCTAAGTCACCTATTCAATTAGGG
CGACCGTGTGGGGGTGAGATTTAATTGGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCCAATTAAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGAC
TTAGAGGCACAATGTCAATCAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

HN07-1 3= UTR pseudoknot Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTGATTGACACTGTGCCTCTAAGTCACCTATTCAATTAGGGC
GACCGTGTGGGGGTAAAGTTTAATTGGCGAGAACCATGCGGCCGTAATT

Antisense, AATTACGGCCGCATGGTTCTCGCCAATTAAACTTTACCCCCACACGGTCGCCCTAATTGAATAGGTGACT
TAGAGGCACAGTGTCAATCAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot SW12 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTTAATTGCATTGTGCCTCTAAGTCACCTATTCAATTAGGGCGAC
CGTGTGGGGGTGAGATTGATTGAGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCTCAATCAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGACTTA
GAGGCACAATGCAATTAAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot SW2 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTGATTGACATTGTGCCTCTAAGTCACCTATTCAATTAGGGCGACC
GTGTGGGGGTGAGATTGATTGAGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCTCAATCAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGACTTAG
AGGCACAATGTCAATCAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot SW1 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTTAATTGCATTGTGCCTCTAAGTCACCTATTCAATTAGGGC
GACCGTGTGGGGGTGAGATTTAATTGGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCCAATTAAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGAC
TTAGAGGCACAATGCAATTAAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot OR12 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACAGTTAGTCATTGTGCCTCTAAGTCACCTATTCAATTAGGGCGA
CCGTGTGGGGGTGAGATGTTAATTGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCAATTAACATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGACTTA
GAGGCACAATGACTAACTGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot OR2 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACTGATTGACATTGTGCCTCTAAGTCACCTATTCAATTAGGGCGAC
CGTGTGGGGGTGAGATTAATTTGGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCCAAATTAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGACTTAG
AGGCACAATGTCAATCAGTGCCATTCACCCCCTATAGTGAGTCGTATTA

BJ-4 3= UTR pseudoknot OR1 Sense, TAATACGACTCACTATAGGGGGTGAATGGCACAGTTAGTCATTGTGCCTCTAAGTCACCTATTCAATTAGGGCGACC
GTGTGGGGGTGAGATTTAATTGGCGAGAACCATGCGGCCGAAATT

Antisense, AATTTCGGCCGCATGGTTCTCGCCAATTAAATCTCACCCCCACACGGTCGCCCTAATTGAATAGGTGACTT
AGAGGCACAATGACTAACTGTGCCATTCACCCCCTATAGTGAGTCGTATTA

EAV pseudoknot Sense, TAATACGACTCACTATAGGGCGCCTCCAGCAGGGCCGTAAGACGTGGATATTCTCCTGTGTGGCGTCATGTTGA
AGTAGTTATTAGCCACCCAGGAACC

(Continued on next page)
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200 10/300 GL column (GE Healthcare) as a control. In order to estimate the molecular size of the protein
and RNA complex, the column was calibrated according to the manual (Bio-Rad).

Statistical analysis. All experiments were performed with at least three independent replicates. Data
were analyzed using GraphPad Prism software (GraphPad) and are presented as means � standard errors
of the means (SEM). Statistical analyses were performed using unpaired Student’s t test. A P value of less
than 0.05 was considered statistically significant.
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