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Abstract

Japanese encephalitis virus (JEV) has a single-stranded, positive-sense RNA

genome containing a single open reading frame flanked by the 59- and 39-non-

coding regions (NCRs). The virus genome replicates via a negative-sense RNA

intermediate. The NCRs and their complementary sequences in the negative-sense

RNA are the sites for assembly of the RNA replicase complex thereby regulating

the RNA synthesis and virus replication. In this study, we show that the 55-kDa

polypyrimidine tract-binding protein (PTB) interacts in vitro with both the 59-NCR of

the positive-sense genomic RNA - 5NCR(+), and its complementary sequence in

the negative-sense replication intermediate RNA - 3NCR(-). The interaction of viral

RNA with PTB was validated in infected cells by JEV RNA co-immunoprecipitation

and JEV RNA-PTB colocalization experiments. Interestingly, we observed

phosphorylation-coupled translocation of nuclear PTB to cytoplasmic foci that co-

localized with JEV RNA early during JEV infection. Our studies employing the PTB

silencing and over-expression in cultured cells established an inhibitory role of PTB

in JEV replication. Using RNA-protein binding assay we show that PTB

competitively inhibits association of JEV 3NCR(-) RNA with viral RNA-dependent

RNA polymerase (NS5 protein), an event required for the synthesis of the plus-

sense genomic RNA. cAMP is known to promote the Protein kinase A (PKA)-

mediated PTB phosphorylation. We show that cells treated with a cAMP analogue

had an enhanced level of phosphorylated PTB in the cytoplasm and a significantly

suppressed JEV replication. Data presented here show a novel, cAMP-induced,
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PTB-mediated, innate host response that could effectively suppress JEV replication

in mammalian cells.

Introduction

The Flavivirus genus of the Flaviviridae family of animal viruses contains more

than 70 viruses including medically important dengue virus (DENV), tick-borne

encephalitis virus (TBEV), West Nile virus (WNV), Yellow fever virus (YFV) and

Japanese encephalitis virus (JEV). JEV is responsible for frequent epidemics of

encephalitis in humans in most parts of Southeast Asia, China, Korea, Japan, and

India. It is a neurotropic virus accounting for ,50,000 cases of encephalitis

annually of which ,30% result in mortality and another ,30% in long lasting

neuropsychiatric complications [1]. The treatment strategies upon diagnosis of

JEV infections are mostly supportive and symptomatic as no specific therapeutic

treatment is presently available. Greater understanding of the molecular

mechanisms controlling JEV replication could help in designing novel interven-

tions.

JEV has a single-stranded positive-sense RNA genome encased in the

nucleocapsid surrounded by membrane envelope containing structural proteins.

The genomic RNA has a type I cap (m7GpppAmp) at the 59-end and lacks

polyadenylation at its 39-end. The ,11-kb genome has a single open reading

frame (ORF) encoding a polyprotein of 3432 amino acids that is subsequently

cleaved to produce three structural proteins, capsid (C), pre-membrane (prM)

and envelope (E), and seven non-structural proteins, NS1, NS2A, NS2B, NS3,

NS4A, NS4B and NS5 (REF). The ORF is flanked by 95- and 585-nucleotides long

non-coding regions (NCRs) at the 59- and 39-ends, respectively [2]. The 39 distal

region of ,100 nucleotides within the 39-NCR is predicted to form a stable stem

loop (SL). Although the size and the nucleotide sequence of the NCRs differ

among different flaviviruses these sequences adopt a secondary structure of

similar size, shape and predicted thermodynamic stability [3, 4]. The conservation

of RNA structures and their location among flaviviruses in the 59- and 39-NCRs

suggest their possible functional relevance in viral replication [5, 6].

Following the infection, the positive-strand JEV genomic RNA is released from

endocytosed virions into the cytoplasm of the infected cell initiating the

replication and synthesis of viral proteins. The positive-sense genome is

transcribed into the negative-sense RNA replication intermediate (antigenome)

which is then used as a template for the synthesis of a large number of copies of

the positive-sense genomic RNA. The genome replication involves its circular-

ization that is mediated by long-range RNA-RNA interactions between sequences

from 59- and 39-NCR [7]. The promoter for DENV RNA synthesis is a large SL

structure located in the 59-NCR to which the replicase complex containing the

RNA-dependent RNA polymerase (RdRp) protein NS5 binds in association with
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the viral protease/helicase protein NS3, other viral non-structural proteins and

presumably host factors [5, 8].

A number of host proteins have been identified that interact specifically with

NCRs of genome and/or complementary antigenome regions of the different

flaviviruses. Interestingly, most of these host proteins have been shown to regulate

the viral replication process either positively or negatively. Thus, interaction of

TIA-1 and TIAR proteins with WNV antigenome [9], La protein with JEV

genome [10, 11], NF90/NFAR group of proteins with Bovine viral diarrhoea virus

genome [12], and polypyrimidine tract-binding protein (PTB) with Dengue virus

genome [13–15] was required for efficient viral replication. On the other hand,

there is a growing list of host proteins being identified to negatively regulate viral

replication. For example, Hsp40 chaperone protein DNAJC14 inhibited YFV

replication [16], FUSE binding protein 1 (FBP1) inhibited JEV replication [17],

and Y-box binding protein 1 (YB-1) inhibited DENV type 2 (DENV-2) replication

[18].

PTB belongs to an hnRNP1 family of RNA-binding proteins [19] and is

involved in several aspects of cellular mRNA metabolism including splicing, RNA

stability, and internal ribosome entry site (IRES)-mediated translation of viral and

cellular mRNAs [20–22]. Our understanding of the role of PTB in virus

replication is largely based on studies with hepatitis C virus (HCV) and

picornaviruses where it is involved in IRES-mediated translation initiation [23–

27]. In addition, PTB was shown to bind the 39-NCR of DENV-4 genome [14],

and both 59- and 39-NCRs of Coxsackie virus B3 (CVB3) RNA [27], and the

protein was important for efficient virus replication [13, 28]. PTB has also been

shown to bind the 39-NCR of JEV antigenome [3NCR(-)] [29] although its role in

virus replication was not known. In the present study we demonstrate that PTB, in

addition to binding JEV 3NCR(-) RNA, also binds 59-NCR of JEV positive-strand

RNA [5NCR(+)] in vitro. We also show that nuclear PTB relocalized to cytoplasm

during JEV infection where it associated with viral RNA leading to inhibition of

RNA transcription and virus replication. This constitutes a novel cellular

mechanism employed by the host to control JEV infection.

Materials and Methods

Virus and cells

The P20778 strain of JEV was grown in porcine stable kidney (PS) cells and

titrated on PS cell monolayers by plaque assay [30]. Human embryonic kidney

293 (HEK), African green monkey Kidney (Vero), and PS cells obtained from the

National Centre for Cell Sciences, Pune were grown in DMEM (Gibco), EMEM

(Sigma) and MEM (HyClone), respectively, supplemented with glutamine, 10%

fetal calf serum, and antibiotic/antimycotic at 37 C̊ with 5% CO2. HEK and Vero

cells were transfected with plasmid DNA using Effectene (Qiagen) and JetPrime

(Polyplus Transfection) reagents, respectively, as per the manufacturers’

instructions. The nuclear and cytoplasmic extracts from cultured cells were
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prepared using NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo

Scientific).

RNA synthesis in vitro
The RNA transcripts used to study RNA-protein interactions were generated by in

vitro transcription using plasmids containing the cDNAs corresponding to JEV

NCR sequences cloned under the control of bacteriophage T7 promoter. Plasmids

pJE5NCR and pJE3SL, containing the JEV 59-NCR cDNA in ApaI-BamHI sites

and 39-SL cDNA in ApaI-XbaI sites, respectively, have been described previously

[11, 31]. pJE5NCR had JEV 59-NCR sequence corresponding to nucleotides 1–95

whereas pJE3SL had JEV 39-NCR sequence corresponding to nucleotides 10891–

10976 of JEV plus-strand genome (GenBank accession no. NC_001437). Plasmid

pJE3NCR(-) had JEV sequence corresponding to nucleotides 10882–10976 of the

JEV minus-strand RNA in ApaI-XbaI sites. This sequence was complementary to

nucleotides 1–85 of JEV 59-NCR. For producing the radiolabelled transcript,

pJE5NCR was linearized with BamHI, and pJE3SL and pJE3NCR(-) were

linearized with XbaI, and the DNA purified using QIAquick Gel Extraction kit

(Qiagen). Transcription was performed in vitro at 37 C̊ for 1 h in a 20 ml reaction

containing 40 mM Tris-Cl (pH 7.5), 6 mM MgCl2, 10 mM NaCl, 2 mM

spermidine, 10 mM dithiothreitol (DTT), 0.5 mM each of ribonucleotides (A, C

and G), 12 mM UTP (Promega), 50 mCi (32P)-UTP (3000 Ci/mmol, NEN), 1 mg

linearized DNA template, 20 U RNasin (Promega) and 20 U T7 RNA polymerase

(Promega). The reaction product was then treated with 10 U RNase-free DNase

(Promega) for 20 min at 37 C̊. The transcript was then treated with phenol-

chloroform, precipitated with ethanol, and resuspended in 20 ml RNase-free

water. RNA yield was determined by the trichloroacetic acid (TCA) precipitation.

A specific activity of ,108 cpm/mg was routinely obtained.

Purification of recombinant proteins

E. coli BL21 (DE3) cells were transformed with the expression vector pET28a-PTB

(a generous gift from Dr. J.G. Patton) and pET28a-NS5 (a generous gift from Dr.

R. Chang), and the expression of his-tagged recombinant PTB or JEV NS5,

respectively, was induced by 1 mM IPTG. The recombinant protein was purified

using Ni2+-nitrilotriacetic acid-agarose (Qiagen) under non-denaturing condi-

tions and eluted with 250 mM imidazole. The protein was electrophoresed on a

10% Sodium dodecyl sulphate (SDS)-poly acrylamide gel (PAGE) to confirm the

size and the purity. Protein concentration was determined by the BCA method

and the aliquots were snap frozen and stored at 270 C̊. Freshly-thawed protein

aliquot was used for all assays.
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Electrophoretic Mobility Shift Assay (EMSA)

Purified recombinant PTB was incubated in binding buffer (14 mM HEPES

pH 7.5, 6 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM DTT, 60 mM KCl) with

500 ng yeast t-RNA and 1 U RNasin in a 20 ml reaction for 10 min at 30 C̊

followed by the addition of 1 ng 32P-labelled RNA and incubation for 30 min at

30 C̊. The RNA-protein complexes were resolved by non-denaturing 6%

polyacrylamide gel (PAGE) (acrylamide: bisacrylamide 50: 1) containing 2.5%

glycerol in 0.5X TBE buffer (45 mM Tris-borate, 1 mM EDTA) at 4 C̊. The gels

were autoradiographed after drying.

Filter-binding assay

Increasing amounts of PTB were incubated at 30 C̊ for 15 min in a 20 ml reaction

with 100 fmol 32P-labelled RNA in binding buffer (14 mM HEPES, pH 7.5, 1 mM

EDTA, 1 mM DTT, 60 mM KCl) containing 500 ng yeast tRNA. The reaction

products were loaded onto nitrocellulose filters (HAWP 02500; Millipore) pre-

equilibrated with 2 ml binding buffer, and filtered under vacuum. The filters were

then washed twice with 2 ml binding buffer and dried, and the counts retained

were measured in a liquid scintillation counter. The percentage of bound RNA

was calculated from the counts and a saturation binding curve was plotted. The

binding affinity of the RNA–protein complex, denoted as the dissociation

constant (Kd) of the binding reaction, was calculated as the protein concentration

at which 50% of the RNA was bound. This was carried out by fitting the data into

the binding curve (Langmuir) equation using GraphPad Prism software.

Ultra-violet (UV) light induced cross-linking of RNA and protein

The RNA-protein binding reaction was set up as described above. After

incubation for 30 min at room temperature, the binding reaction mixture was

transferred to an ice bath and irradiated with 254-nm UV lamp (4 Watts) held at a

3 cm distance from the reaction mixture for 30 min. After irradiation, RNase A

(20 mg) was added and the reaction mixture was incubated for 30 min at 37 C̊ to

digest the unprotected RNA. The UV cross-linked products were boiled in

Laemmli sample buffer (0.125 M Tris-Cl, pH 6.8, 2% SDS, 5% b-mercaptoetha-

nol, 10% glycerol, and 0.001% bromophenol blue) for 5 min at 100 C̊. The

samples were electrophoresed on a discontinuous 6% sodium dodecyl sulphate

(SDS)-PAGE. The gel was fixed in 7% acetic acid, dried and autoradiographed.

RNA Co-immunoprecipitation and reverse transcription

polymerase chain reaction (Co-IP RT-PCR)

Cells infected with JEV at a multiplicity of infection (moi) of 10 were harvested,

washed twice with ice-cold phosphate-buffered saline (PBS), and collected in

500 ml cell lysis buffer A (10 mM HEPES, pH 7.0, 100 mM KCl, 5 mM MgCl2,

1 mM DTT, 2 mM phenylmethylsulfonyl fluoride, 100 mg/ml aprotinin and 0.5%
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Nonidet P-40). RNasin (Promega) and Protease inhibitor mixture (Roche) were

added freshly. Cells were lysed by incubating on ice for 20 min with frequent

pipetting up and down. The lysate was then centrifuged at 16,000 g for 15 min at

4 C̊ and the supernatant collected. Protein G sepharose beads (10 ml) (Amersham)

were washed with PBS, blocked with 2% bovine serum albumin (BSA) and

incubated for 1 h with PTB (Abcam) or luciferase (Promega) antibody. Beads

were treated with buffer B (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM MgCl2,

0.05% Nonidet P-40) and subsequently resuspended in 850 ml buffer B, 40 ml

0.5 M EDTA, 150 units RNasin (Promega) and 100 ml lysate. The reaction tubes

were incubated on an end-to-end rotor overnight at 4 C̊. Beads were then washed

thoroughly with ice-cold buffer B and resuspended in 100 ml buffer B

supplemented with 0.5% SDS and incubated at 37 C̊ for 30 min. RNA was

extracted using the TRIzol reagent (Invitrogen). The RNA pellet resuspended in

diethyl pyrocarbonate (DEPC)-treated water was used as the template for RT-PCR

using JEV-specific oligonucleotide primers (Forward primer: 59-AGCCAT-

CGTGGTGGAGTA-39; Reverse primer: 59-GGTACCTTTGTGCCAATGGTG-

GTT-39) that produce a 397-bp amplicon containing JEV genomic sequence

between nucleotides 96–476 (GenBank accession no. NC_001437).

Protein and RNA localization in infected cells

Cells grown in BD BioCoat Poly-L-Lysine-coated 35-mm culture dishes were

infected with JEV or mock-infected. Cells were fixed by 2% paraformaldehyde and

permeabilized with 0.5% saponin. Cells were incubated with 1% BSA followed by

goat PTB antibody (Abcam) and mouse dsRNA antibody (English & Scientific

Consulting Bt.). Following a wash with 1% BSA the cells were incubated with

rabbit anti-goat Cy5 (Invitrogen) and donkey anti-mouse Alexa 488 (Invitrogen)

secondary antibodies. The cells were washed again with 1% BSA and overlaid with

mounting medium containing DAPI (Invitrogen) to stain the nucleus. Cells were

visualized by Olympus Fluoview FV1000 microscope and images analysed using

Olympus Fluoview Ver 2.1c software.

PTB gene silencing and over-expression in mammalian cells

A plasmid encoding PTB shRNA was used for down-regulating the PTB level by

targeted gene silencing in cultured cells. The PTB shRNA-encoding DNA was

inserted between the BamHI-EcoRI sites in the RNAi-Ready pSIREN-RetroQ-

ZsGreen vector (Invitrogen). The DNA encoding the shRNA was synthetically

made by annealing the following oligonucleotides: 59GGATCCGTGACAAGAG-

CCGTGACTACTTCAAGAGAGTAGTCACGGCTCTTGTCATTTTTTGAATTC-

TCTAGA-39 (top strand); 59-TCTAGAGAATTCAAAAAATGACAAGAGC-

CGTGACTACTCTCTTGAAGTAGTCACGGCTCTTGTCACGGATCC-39 (bot-

tom strand). A shRNA directed against luciferase gene (Clontech) was used as a

negative control. For PTB over-expression, cells were transfected with pcPTB that

was produced by cloning the PTB cDNA in pcDNA 3.1(-) vector (Invitrogen)
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under the control of CMV promoter. Plasmid pcDNA 3.1(-) vector was used as a

negative control. Levels of PTB in transfected cells were measured by

immunoblotting the cell lysate with PTB antibody.

Real-time reverse transcription polymerase chain reaction

RNA from JEV-infected cells was isolated using TRIzol reagent (Invitrogen) and

used for cDNA synthesis employing iScript cDNA synthesis kit (Bio-Rad) and

primers specific for JEV positive (59-AATAGGTTGTAGTTGGGCACTCTG-39)

and negative strand RNA (59-AGAGCACCAAGGGAATGAAATAGT-39). Maxima

SYBR Green qPCR Master Mix (Thermo Scientific) was then used for quantitative

real-time PCR using these primers [32]. For normalizing the JEV RNA amounts,

the 18S ribosomal RNA was quantified using the following primers: Forward, 59-

CGAAAGCATTTGCCAAGAAT-39; Reverse, 59-AGTCGGCATCGTTTATGGT-

C-39.

Results

PTB binds JEV NCR RNAs in vitro
Radiolabelled 5NCR(+) and 3NCR(-) RNAs were incubated with increasing

amounts of recombinant PTB in an EMSA in presence of 60 mM KCl to study

possible RNA-protein interaction in vitro. Distinct retarded bands of radiolabelled

RNA in RNA-protein complexes were observed on a native gel indicating that

PTB bound to JEV 59-NCR of the genomic RNA - 5NCR(+), and the

corresponding complementary sequence in the antigenome - 3NCR(-) (Fig. 1a).

These complexes were stable even in the presence of as high as 300 mM KCl in the

binding reaction. The radiolabelled complex formation was inhibited when

increasing amounts of corresponding cold RNA was added to the binding reaction

(data not shown). We also tested binding of PTB to 3SL(+) RNA as a negative

control where a weak band of RNA-protein complex was seen in presence of

60 mM KCl. This band showed no increase in intensity when PTB concentration

in the binding reaction was increased. Additionally, this complex disappeared in

presence of a higher salt concentration of 100 mM KCl (data not shown)

suggesting a weak and non-specific interaction of PTB with 3SL(+) RNA.

The binding affinity of JEV RNAs with PTB was determined as the Kd of the

binding reaction using filter-binding assays (Fig. 1b). Thus, the mean Kd for

5NCR(+) RNA binding with PTB was 1362 nM, whereas it was 41 nM for the

3NCR(-) RNA. These experiments thus show that PTB binding to JEV 5NCR(+)

and 3NCR(-) was strong and specific, and the protein had higher affinity to

3NCR(-) RNA compared to 5NCR(+) RNA.

PTB associates with JEV RNA in virus-infected cells

PTB interaction with JEV RNA during the course of the virus replication in the

mammalian cell was studied by the Co-IP RT-PCR. JEV-infected HEK cells were

PTB-Mediated Inhibition of JEV Replication
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lysed at 24 h post-infection (pi) and PTB-bound RNA precipitated using PTB

antibody. RT-PCR of the precipitated RNA is expected to yield a 397-bp product

in case it contained JEV RNA. A distinct band of expected size in the RT-PCR

product was seen when PTB antibody was used for immunoprecipitation (Fig. 2).

No amplification product was seen in the control reaction where luciferase

antibody was used. While this experiment shows that JEV RNA could be

interacting with PTB in vivo, it does not necessarily indicate a direct binding of the

two. However, in light of direct RNA-protein binding in vitro (shown above) it

may be inferred that PTB protein associated with JEV RNA during the virus

infection of the cell. More evidence to this effect was provided by the experiment

described below.

Fig. 1. PTB binding with JEV RNA in vitro. (a) Binding reactions were carried out in vitro using 1 ng radiolabelled JEV RNA (indicated at the bottom) and
increasing amounts of recombinant PTB (amounts in ng shown at the top). The RNA-protein complexes were resolved on a 6% non-denaturing PAGE
followed by autoradiography. (b) Filter binding assays were carried out by incubating increasing amounts of PTB with 100 fmol 32P-labelled RNA in binding
buffer containing 500 ng yeast tRNA. The percentage of bound RNA was determined and saturation binding curve plotted to calculate the dissociation
constant (Kd) of the binding reaction.

doi:10.1371/journal.pone.0114931.g001
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PTB relocates to cytoplasm during JEV infection and associates

with JEV RNA

Flavivirus replication occurs in replication complexes located on the membranous

compartments of the endoplasmic-reticulum also known as vesicle packets.

Several of viral non-structural proteins and the replicative form of the viral

genome as the dsRNA have been shown to colocalize in these replication

complexes [33–36]. Anti-dsRNA antibodies have been widely used to localize the

flavivirus replication complex [37–39]. We studied the distribution of dsRNA and

JEV non-structural proteins in JEV-infected Vero cells by confocal microscopy.

The dsRNA could be stained in the cytoplasm of virus-infected cells and it

strongly colocalized with JEV non-structural proteins (Fig. 3a). The Pearson

Coefficient for dsRNA colocalization with NS3 and NS5 was 0.50 and 0.41,

respectively.

PTB is located mainly in the nucleus in association with hnRNA. We studied

the location of PTB during JEV infection and its localization with respect to JEV

RNA by staining with dsRNA antibodies. In mock-infected Vero cells, PTB was

located mostly in the nucleus and no dsRNA could be seen in the cell (Fig. 3b). In

the JEV-infected cells, PTB could be seen in the cytoplasm as early as 6 h pi

(Fig. 3b). The dsRNA representing JEV replication foci were distinctly seen in the

cytoplasm at this stage and it was found to colocalize with PTB (Pearson

Coefficient 0.39). More of PTB was seen in the cytoplasm at 24 h pi where it again

showed colocalization with PTB (Pearson Coefficient 0.55). These data

demonstrate that PTB migrates to the cytoplasm in JEV-infected cells where it

colocalizes with dsRNA representing JEV replication. Similar findings were made

in HEK cells also (data not shown).

To corroborate the above findings, nuclear and cytoplasmic extracts were

prepared from JEV-infected Vero cells at various times pi using NE-PER Nuclear

and Cytoplasmic Extraction Kit (Pierce) and the purity of the fractions established

by Western blotting with specific antibodies. Before the virus infection, PTB was

mainly in nuclear extract and only a small amount of it was detected in the

Fig. 2. PTB binding with JEV RNA in vivo. HEK cells were infected with JEV at a moi of 10. Cell lysate
prepared 24 h pi was immunoprecipitated using PTB antibody. A control immunoprecipitation reaction was
carried out using Luciferase antibody. RNA extracted from the immunoprecipitated pellet was subjected to RT-
PCR using JEV genome-specific primers. The RT-PCR products were electrophoresed on a 2% agarose gel
along with DNA size markers (in bp) indicated at the left.

doi:10.1371/journal.pone.0114931.g002
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cytoplasm (Fig. 4a). As the infection progressed, the levels of PTB progressively

increased in the cytoplasmic fraction and at 24 h pi these were 3-folds higher than

that seen at 0 h pi. Concomitantly, there was a progressive reduction in the PTB

levels in the nuclear fraction and at 24 h pi it was 0.6-fold compared to that seen

Fig. 3. PTB colocalization with dsRNA in JEV-infected cells. Monolayers of Vero cells were infected with
JEV at a moi of 10. At the indicated time pi, the cells were fixed, permeabilized, and stained with mouse
dsRNA antibody, rabbit NS3 and NS5 antibodies (panel a), goat PTB antibody (panel b), followed by staining
with anti-goat Alexa 568, anti-mouse Alexa 488, and anti-rabbit Alex 568 secondary antibodies. Cells were
visualized after adding mounting medium with DAPI to stain the nuclei. Localization of dsRNA is shown with
green fluorescence whereas PTB, NS3 and NS5 are shown with red fluorescence. Colocalization of dsRNA
with PTB results in yellow fluorescence as seen in the merge panels.

doi:10.1371/journal.pone.0114931.g003
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at 0 h pi (Fig. 4b). There was no significant difference in the total PTB levels

during the course of JEV infection (Fig. 4c). That cells were indeed infected with

JEV was established by blotting the lysates with JEV NS1 antibody (data not

shown). These data demonstrated quantitative translocation of PTB from nucleus

to cytoplasm upon JEV infection of Vero cells.

PTB knock-down enhances JEV replication

In order to determine the role of PTB in JEV life cycle, the expression of PTB was

knocked-down in cultured mammalian cells using plasmid expressing PTB-

specific shRNA (sh-PTB). An shRNA against luciferase (sh-Luc) was used as a

negative control. The level of PTB in Vero cells was reduced significantly 48 h

after transfection with sh-PTB (Fig. 5a). The sh-PTB- or sh-Luc-transfected Vero

cells were infected 43 h later with JEV and viral titers determined 24 h pi.

Compared to sh-Luc-transfected cells, there was a small but consistent increase in

JEV titers in PTB-silenced cells (Fig. 5b). Thus, titers were 60% and 150% higher

in PTB knocked-down cells infected at a moi of 0.1 and 1.0, respectively. This

Fig. 4. Analyses of cytoplasmic, nuclear and total PTB level in JEV-infected cells. Monolayers of Vero
cells were infected with JEV at a moi of 5 and cells were harvested at different times pi. Proteins from various
fractions were Western-blotted with PTB antibody and changes in PTB levels estimated based on the intensity
of the bands in comparison to that seen at 0 h pi. a-Tubulin or b-actin were used as the loading controls. The
figure shows PTB levels in (a) the cytoplasmic fraction, (b) the nuclear fraction, and (c) the total cell lysate
prepared from JEV-infected cells.

doi:10.1371/journal.pone.0114931.g004
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effect was reproduced in HEK cells (data not shown). These data suggested an

inhibitory role of PTB in JEV replication.

PTB over-expression suppresses JEV replication

To further confirm the inhibitory role of PTB in JEV replication, PTB was over-

expressed by transfecting Vero cells with PTB-expressing plasmid pcPTB and viral

titers determined. Western blotting showed a significant increase in PTB levels in

pcPTB-transfected cells 48 h later (Fig. 6a). Vero cells infected with JEV 43 h after

transfection with pcPTB showed small but consistent reduction in JEV titers

(Fig. 6b). Compared to the control cells, PTB over-expressing cells showed 21–

60% reduction in JEV titers at moi of 0.1 and 16–46% reduction in JEV titers at

moi of 1.0 at different time points. These PTB knock-down and over-expression

experiments together suggest an inhibitory role of PTB in JEV replication in

mammalian cells.

Fig. 5. Effect of PTB knock-down on JEV replication in cultured cells. (a) Vero cells were transfected with
plasmid encoding shRNA against PTB (sh-PTB) or Luciferase (sh-Luc) and analysed 48 h later by Western
blotting for PTB levels. (b) Vero cells transfected with shRNA-encoding plasmids were infected 43 h later with
JEV at a moi of 0.1 and 1. The culture supernatants were harvested 24 h pi and JEV titers determined. Mean
virus titers and standard deviation from the experiment done in triplicates are shown.

doi:10.1371/journal.pone.0114931.g005
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PTB affects viral RNA and protein levels in JEV-infected cells

PTB binding to viral RNA could affect both RNA transcription as well as

translation that may result in reduced viral titers. We therefore analysed the effect

of PTB silencing and over-expression on JEV RNA level by performing

quantitative real time RT-PCR for JEV RNA in infected Vero cells. The knock-

down of PTB label and its over-expression was established by Western blotting as

before. While there was no effect seen on the levels of JEV negative-strand RNA, a

,150% increase in JEV plus-strand RNA accumulation was observed at 24 h pi in

PTB-silenced cells when compared with the control (Fig. 7a). On the other hand,

PTB-over-expressing cells showed ,60% reduction in JEV plus-strand RNA at

Fig. 6. Effect of PTB over-expression on JEV replication in Vero cells. (a) Vero cells were transfected with
pcPTB and levels of PTB checked by Western blotting 48 h later. (b) Vero cells transfected with pcPTB or
pcDNA were infected 43 h later with JEV at a moi of 0.1 and 1. The culture supernatants were harvested at
different time points and JEV titers determined. Mean virus titers and standard deviation from the experiment
done in triplicates are shown. JEV titers in PTB over-expressing cells were consistently inhibited as indicated
at the bottom of the figures.

doi:10.1371/journal.pone.0114931.g006
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24 h pi compared with the control, whereas the levels of JEV negative-strand RNA

were not affected. Further, effect of PTB silencing and over-expression on

translation of viral proteins was studied by Western blotting. While no differences

were seen in JEV NS5 protein levels in PTB knock-down cells, these were

significantly decreased in PTB over-expressing cells as compared to the control

cells (Fig. 7b). Levels of NS3 protein were affected in a similar fashion. These

observations were reproduced in HEK cells also (data not shown).

Enhanced plus-strand RNA levels in PTB knocked-down cells may not

necessarily result in enhanced levels of NS5/NS3 if protein synthesis capability of

the cell is limiting. On the other hand, reduced levels of plus-strand RNA may

result in reduced NS5 accumulation. The data presented above, thus, indicate that

PTB plays a negative role in JEV replication by suppressing plus-strand RNA

synthesis that in turn could affect the accumulation of viral proteins and viral

titers.

PTB can competitively inhibit NS5 binding to JEV negative-strand

RNA

Association of NS5, the viral replicase protein, with NCRs is necessary for

flavivirus replication to occur [40]. We and others have observed by EMSA that

JEV NS5 binds to the 59-NCR of the JEV genome and its complementary sequence

Fig.7. JEV RNA and protein levels in PTB-silenced and over-expressing cells. Vero cells were transfected with sh-Luc or sh-PTB, and pcPTB or pcDNA
plasmids and infected 48 h later with JEV at a moi of 1. At indicated time points, cells were harvested to isolate total RNA and proteins. (a) Levels of plus-
sense JEV RNA were quantified 24 h pi in PTB-silenced cells (top left panel) or PTB over-expressing cells (top right panel) by real time PCR using 18S
rRNA as the internal control. Fold change in JEV RNA was calculated by comparing the RNA levels in PTB-silenced or PTB over-expressing cells with that
in the cells transfected with control plasmids sh-Luc or pcDNA, respectively. Mean and standard deviation of data from 3 experiments is shown. (b) The
levels of JEV NS5 in cells at various time points were studied by Western blotting. ß-Actin was used as the loading control.

doi:10.1371/journal.pone.0114931.g007
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in the antigenome. Since PTB was found to strongly interact with both these

NCRs in vitro, the competitive binding of PTB and NS5 to 5NCR(+) and 3NCR(-)

was studied by UV-induced cross-linking assay followed by RNase digestion. A

constant amount of NS5 protein and increasing amount of PTB was added in a

binding reaction with radiolabelled 5NCR(+) and 3NCR(-) RNA. The UV cross-

linked RNA-protein complexes were treated with RNase A and the products were

electrophoresed and autoradiographed. As shown in Fig. 8, in the absence of any

RNA-binding protein the RNA got completely digested and no band of any

complex was seen. In the presence of NS5, a specific RNA-protein complex could

be visualized. As the concentration of PTB increased in the binding reaction, the

binding of NS5 to 5NCR(+) RNA was not affected. However, binding of NS5 with

3NCR(-) RNA was inhibited with the increasing PTB concentration and it was

completely inhibited in presence of high amounts of PTB in the binding reaction.

No inhibition of NS5 binding to viral RNAs was observed in presence of BSA.

These data indicate that PTB can competitively inhibit NS5 binding to 3NCR(-)

RNA which is important for the positive-strand RNA synthesis. These data also

confirmed our earlier finding that PTB had higher affinity to 3NCR(-) RNA than

to 5NCR(+). This is borne out of the empirical observation that under identical

conditions 10 ng PTB showed clear binding to 3NCR(-) whereas 400 ng PTB was

needed to show similar binding to 5NCR(+) (Fig. 8).

Enhanced cAMP levels inhibit JEV replication

Nucleo-cytoplasmic transport of PTB is known to be regulated by the cAMP-

dependent Protein kinase A (PKA) through direct phosphorylation of PTB [41].

To check whether translocation of PTB during JEV infection is guided by any

phosphorylation signal, we studied the phosphorylation level of cytoplasmic PTB

in JEV-infected cells. Western blotting using antibody specific for Serine-16

phosphorylated PTB [41] showed a 100% increase in phosho-PTB level in the

cytoplasmic fraction of JEV-infected cells although total cellular levels of PTB did

not change (Fig. 9a). To further analyse the role of PKA in PTB phosphorylation

and translocation to the cytoplasm, Vero cells were treated with a cAMP analogue,

8-bromo cAMP which is converted to cAMP inside the cell and acts as immediate

upstream activator of PKA [42]. Following treatment with 8-bromo cAMP, cells

were infected with JEV and virus titers determined. The viral titers were 50%

reduced at 18 h pi and this reduction was further pronounced to 80% at 24 h pi

in cAMP analogue-treated cells (Fig. 9b). These data indicate that increase in

cAMP levels can inhibit JEV replication probably through PKA mediated

phosphorylation of PTB.

Discussion

The NCRs of the plus-strand genome of RNA viruses, and their complementary

sequences in the antigenome, contain elements important for protein translation
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Fig. 8. Competitive binding of PTB and NS5 with JEV RNA. RNA-protein binding reaction was carried out
using 1 ng of radiolabelled (a) 5 NCR(+) RNA or (b) 3NCR(-) RNA with 600 ng JEV NS5 in the presence of
increasing amounts of PTB. The RNA-protein complexes were cross-linked with UV treatment. The RNase A
digested product was electrophoresed on a 12% SDS-PAGE followed by autoradiography. Ratio of RNA-
bound PTB/NS5, shown at the bottom, has been calculated based on the band intensities.

doi:10.1371/journal.pone.0114931.g008

Fig. 9. Effect of PTB phosphorylation on JEV replication. (a) Vero cells infected with JEV (moi 1) were
lysed at different times pi to prepare total lysate and cytoplasmic faction. These were Western-blotted for the
levels of total PTB and phosphorylated-PTB (pPTB) using rabbit phospho-Ser-16 (pS16)-specific antibody (a
kind gift from Dr. J. Xie). Fold increase in the levels of pPTB at 24 h were determined by comparing the levels
seen at 0 h. ß-Actin was used as the loading control. (b) Vero cells were incubated with 100 mM 8-bromo
cAMP and 16 h later infected with JEV at a moi 1. Culture supernatants were collected 18 h and 24 h pi and
JEV titers determined. Mean virus titers and standard deviation from 3 experiments are shown.

doi:10.1371/journal.pone.0114931.g009
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and RNA replication. Several host proteins have been described that bind these

regions and are exploited by virus for its replication. It could also be envisaged

that host defence proteins may bind these NCRs and suppress viral replication by

interfering with the RNA translation and/or replication processes. Here we

describe a novel antiviral function for PTB during JEV infection where it down

modulates genomic RNA synthesis by binding to the 39-end of the antigenome

thereby suppressing JEV replication.

PTB is a 531-amino acid, 58-kDa ubiquitous RNA-binding protein. It was

originally identified as a protein with a role in splicing but it is now known to

function in a large number of diverse cellular processes including alternative

spicing [43], mRNA stabilization [44, 45], polyadenylation [46, 47] and non-

traditional translation initiation [48, 49]. The protein contains four RNA-

recognition-motif type RNA binding domains. It has been reported to stabilize

cellular mRNAs by binding to NCRs for insulin [50], vascular endothelial growth

factor [51], CD154 [52], inducible nitric oxide synthase [53], and phosphogly-

cerate kinase 2 [54]. PTB has also been shown to interact with the genome of

several single-stranded positive-sense RNA viruses. For example, PTB interacts

with the 59-NCR of Polio virus genome [55], 59-leader RNA of Mouse hepatitis

virus [56], 39-NCR of DENV-4 [14] and DENV-2 RNA [15], 59- and 39-NCRs of

CVB3 RNA [27], and IRES of HCV RNA [57]. PTB was previously shown to bind

the JEV 3NCR(-) in vitro [29]. Using EMSA and UV-cross linking, here we show

that PTB also bound to 5NCR(+) of JEV genome although it had higher affinity

for 3NCR(-) RNA. That PTB indeed associated with JEV RNA during viral

infection of cell was established by RNA-protein colocalization in infected cells

and JEV RNA pull down using PTB antibody. The preferred RNA-binding site of

PTB is a U/C tract [58–60] and it was shown to interact with a poly U sequence in

the 39-NCR of HCV genomic RNA [61]. A polypyrimidine tract, CUUCUU

(nucleotides 20–25 of JEV genome) exists in the 59 stem of the 59-NCR which may

be involved in interaction with PTB. The JEV 3NCR(-) RNA contains the

sequence UCUAA that is thought to be the putative PTB binding site [14, 56, 62].

In picornaviruses, such as polio and CVB3, PTB acts as an IRES trans-acting

factor activating viral translation initiation [22, 27, 63]. PTB is reported to bind

HCV RNA too, although there are conflicting reports on its effects on IRES-

mediated translation and virus replication [23, 24, 64–66]. To examine the role of

PTB in JEV replication the protein levels were down-regulated by siRNA or up-

regulated by plasmid-based PTB over-expression in cultured cells where JEV

replication was monitored by determining the virus titres or by studying the JEV

RNA and protein levels in virus-infected cells. A significant increase in JEV titer in

PTB knocked-down cells and a significant suppression of virus titer in PTB over-

expressing cells showed that PTB acted as a negative regulator of JEV replication.

Our studies show that PTB binds the 39-end of the negative-sense replication

intermediate RNA and competes efficiently with the binding of NS5 to this end of

RNA. It may be noted that binding of NS5 to the 39-end of the negative-sense

replication intermediate RNA is required for the synthesis of plus-sense genomic

RNA. Indeed, in PTB over-expressing cells we saw significantly reduced levels of
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plus-sense JEV RNA. This may contribute to suppression of JEV titers in PTB

over-expressing cells. Similarly, cells with knocked-down levels of PTB showed

increased levels of plus-sense JEV RNA and enhanced viral titers. These results

suggest that PTB suppressed JEV replication in cells by inhibiting JEV genomic

RNA synthesis. These observations were similar in both Vero and HEK cells and

thus negative role of PTB in JEV replication was not cell type specific.

PTB has been shown to negatively regulate translation in the case of Feline

calicivirus [67] and HCV [23] although its effect on viral titers is not known. In

the case of Transmissible gastroenteritis virus (TGEV), PTB had a negative effect

both on viral RNA accumulation and titers [68]. Our observation is strikingly

different from that seen in the case of another flavivirus, DENV-2, where PTB

knock-down inhibited production of infectious virus and thus PTB was necessary

for efficient virus propagation [13]. Interestingly, PTB had no role in YFV

replication, another flavivirus [13]. It would, thus, appear that PTB may play

varied role in RNA virus replication. Specificity of PTB function may be achieved

by its interaction with additional proteins of cellular and viral origin besides its

interaction with different RNA elements in different viruses.

PTB is primarily a nuclear protein and to play any role in JEV replication, it

should translocate to the cytoplasm. In the present study, PTB was found to

translocate to cytoplasm and colocalize with JEV RNA as early as 6 h pi. The

translocation of PTB from the nucleus to the cytoplasm has been documented

during infection with several RNA viruses, such as poliovirus, rhinovirus, feline

calicivirus, and HCV [25, 62, 67]. In case of TGEV, a coronavirus with positive-

strand RNA genome, PTB has been shown to colocalize with the viral RNA in the

cytoplasm [68]. In case of DENV-2 infection, PTB was shown to translocate to

cytoplasm in Vero cells [15] whereas no such translocation was seen in Huh 7 cells

[13, 28]. This difference was postulated to be related to the intrinsic differences

between the two cells types including the fact that Vero cells did not express

interferon stimulated genes [15]. It is important to note, however, that PTB

translocated to the cytoplasm following JEV infection of both Vero and HEK cells,

and it had inhibitory role in JEV replication in both these cells.

The N-terminal 55-amino acids of PTB contain both nuclear localization signal

(NLS) and nuclear export signal (NES) [58, 69–71]. Phosphorylation of Ser-16 in

the NES is required for accumulation of PTB in the cytoplasm [41]. In our

studies, as PTB translocated to the cytoplasm during JEV infection the levels of

phosphorylated PTB increased significantly. In addition, enhancement of

intracellular levels of cAMP resulted in significantly suppressed JEV titers in Vero

cells. In PC-12 cells, nucleo-cytoplasmic shuttling of PTB is regulated by cAMP-

dependent protein kinase (PKA) which directly phosphorylates Ser-16 of PTB

[41]. These data together suggest that JEV replication may be controlled by the

host cells through PTB phosphorylation which is mediated by the cAMP-PKA

activation pathway. These are preliminary findings and additional experiments

need to be carried out to investigate PTB phosphorylation and its role in JEV

replication.
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The innate immune response is the first line of defence against foreign

pathogens. The recognition of virus-associated molecular patterns, including

double- and single-stranded RNA, by pattern recognition receptors initiates a

cascade of signalling reactions. These result in the transcriptional up regulation

and secretion of pro-inflammatory cytokines that induce an antiviral state. IL-6

and other cytokines are synthesized by cells following the JEV infection [72, 73].

Intracellular cAMP is an important second messenger in several signalling

pathways, including IL-6 response [74–76]. Our data here show that increased

levels of cAMP inhibited JEV replication through PTB translocation and binding

to JEV RNA. These data thus present a novel innate defence mechanism by which

a host cell may be able to control the virus infection.
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