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Abstract

Classical swine fever virus (CSFV) causes a broad range of disease in pigs, from acute symptoms including high fever and
hemorrhages, to chronic disease or unapparent infection, depending on the virus strain. CSFV belongs to the genus
Pestivirus of the family Flaviviridae. It carries a single-stranded positive-sense RNA genome. An internal ribosomal entry site
(IRES) in the 59 untranslated region (UTR) drives the translation of a single open reading frame encoding a 3898 amino acid
long polypeptide chain. The open reading frame is followed by a 39 UTR comprising four highly structured stem-loops. In
the present study, a synthetic RNA composed of the 59 and 39 UTRs of the CSFV genome devoid of any viral coding
sequence and separated by a luciferase gene cassette (designated 59UTR-Luc-39UTR) triggered apoptotic cell death as early
as 4 h post-transfection. The apoptosis was measured by DNA laddering analysis, TUNEL assay, annexin-V binding
determined by flow cytometry, and by analysis of caspase activation. Contrasting with this, only trace DNA laddering was
observed in cells transfected with the individual 59 or 39 UTR RNA; even when the 59 UTR and 39 UTR were co-transfected as
separate RNA molecules, DNA laddering did not reach the level induced by the chimeric 59UTR-Luc-39UTR RNA.
Interestingly, RNA composed of the 59UTR and of stem-loop I of the 39UTR triggered much stronger apoptosis than the 59 or
39UTR alone. These results indicate that the 59 and 39 UTRs act together in cis induce apoptosis. We furthered obtained
evidence that the UTR-mediated apoptosis required double-stranded RNA and involved translation shutoff possibly through
activation of PKR.
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Introduction

Classical swine fever virus (CSFV), belonging to the genus Pestivirus

in the Flaviviridae family, is the causative agent of classical swine

fever (CSF), a highly contagious disease that causes serious

economic losses to the pig industry. The disease severity is

dependeant on the virus strain and the age of pigs. Depletion of

lymphocytes is the most significant immunopathological conse-

quence of acute CSFV infection that is attributed to an induction

of apoptosis in non-infected bystander cells, possibly via the action

of tumor necrosis factor (TNF)-a or interferon (IFN)-a[1,2,3].

CSFV is an enveloped virus with a genome consisting of single-

stranded, positive-sense RNA of approximately 12.3 kb [4]. The

RNA genome carries a single large open reading frame flanked by

a 59 and a 39 untranslated region (UTR). The open reading frame

encodes a 3898-amino acid polyprotein which is processed into 12

mature proteins Npro, C, Erns, E1, E2, p7, NS2, NS3, NS4A,

NS4B, NS5A and NS5B by viral and host proteases [5].

The 59 and 39 UTR of CSFV RNA are 374 and 230 nucleotides

in length, respectively. The sequences of the 59 UTR show a high

degree of conservation among the Pestiviruses CSFV, Bovine viral

diarrhea virus (BVDV) and Border disease virus (BDV). The 59 UTR

forms three structural domains and a pseudoknot with the

sequence downstream of the initiation codon, and functions as

an internal ribosome entry site (IRES) to allow the initiation of

cap-independent translation [6,7,8]. It has been shown that the

IRES of CSFV recruits the 40 S ribosomal subunit but none of the

known initiation factors [7].

In eukaryotes, the poly(A)-binding protein (PABP) and eukary-

otic initiation factor 4G (eIF4G) bind to the 39-poly(A) tail and the

59-terminal cap, respectively, to form a circular structure. This

strategy enhances translation efficiency by recycling ribosome for

successive rounds of translation [9,10]. Similar phenomenon was

observed in some RNA viruses such as Hepatitis C virus (HCV)

[11]. Circularization of cellular mRNA is mainly mediated by the

recruitment of protein factors, by RNA-protein and protein-

protein interactions to bridge the 59 and the 39 UTRs [12]. HCV

uses complementary sequences to form loops or motifs at both

ends of its RNA genome, which enables RNA circularization and

facilitates translation independent from proteins [13]. Very

recently, we demonstrated that the 39 UTR of CSFV regulates

the IRES-dependent translation [14]. In the absence of the 39

UTR, the translation of a reporter gene was dramatically

decreased. The addition of the stem-loops (SL) 2 and 3 (SLII

and SLIII) of the 39 UTR to 59UTRs upregulated the translation
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of reporter gene, whereas moving SLI to the end of SLII and SLIII

downregulated translation. While studying the effect of the CSFV

UTRs on regulation of translation, unexpected cell death was

observed in cells transfected with RNA composed of CSFV 59 and

39 UTRs. Therefore, the present study was aimed at identifying

the requirements of the CSFV UTR to trigger apoptosis, and at

exploring the possible mechanisms involved.

Materials and Methods

Cells and Viruses
Cells were obtained from Bioresource Collection and Research

Center/Food Industry Research and Development Institute of

Taiwan. Rabbit kidney 13 (RK-13) cell line (BCRC 60010), HeLa

cells (BCRC-60005), and Madin-Darby canine kidney (MDCK)

cell line (BCRC 60004) were grown in Dulbecco’s modified eagle

medium (DMEM); Porcine kidney 15 (PK-15) cell (BCRC 60057),

PK-15 cells constitutively expressing CSFV Npro protein fused to

green fluorescent protein (GFP) [15], and human embryonic

kidney 293 T cell line were grown in Dulbecco’s modified eagle

medium (DMEM) (GIBCO, Grand Island, NY, USA), supple-

mented with 1.0 mM sodium pyruvate, 1.5 g/L sodium bicar-

bonate, 1 unit/ml penicillin G sodium, 100 mg/ml streptomycin

sulfate, and 10% fetal calf serum (GIBCO).

Generation of plasmids or DNA fragments for RNA
preparation

The plasmid pALD/L/A contains sequences of 59 and 39 UTRs

of CSFV [14]. This plasmid was used as template for generating

59UTR-Luc-39UTR (the luciferase gene flanked with the 59 and 39

UTRs of CSFV) and 59-Luc RNA (the luciferase gene with 59

UTR of CSFV). The plasmid (pUC18-ALD-39UTR) containing

the 39UTR was generated by insertion of the blunt-ended 39UTR

fragment amplified by PCR using the forward primer CSFV ALD

59(+)T7 +12,058 ( 59-TAATACGACTCACTATAGGGTAT-

GAGCGCGGGTAACCCGGGATCTGGA; the SmaI site indicat-

ed in italics and the T7 promoter sequences underlined), and

reverse primer ALD 59(-) -12,328 (59 GGGCCGTTAGGAAAT-

TACCTTAGTC) into pUC18 plasmid.

DNA templates for in vitro transcription were produced by

digestion of the appropriate plasmid with specific restriction

enzymes or amplified by PCR. For instance, digestion of pALD/

L/A with Sse8387I for 59UTR-Luc-39UTR RNA and AgeI for

59UTR RNA, digestion of pUC18-ALD-39UTR with BamH I for

39UTR, digestion of SP6LUC plasmid (Promega, Madison, WI,

USA) with XmnI for control luciferase RNA were performed. For

in vitro transcription of RNA containing the 59UTR-luciferase

fused to one of the four stem loops (i.e. SLI, SLII, SLIII, and

SLIV) of 39UTR, templates were generated by PCR from plasmid

pALD/L/SLI, pALD/L/SLII, pALD/L/SLIII, and pALD/L/A

[14], using a universal forward primer (59-GACGTCTAA-

GAAACCATTATTATC) and the reverse primers: SLI (59-

GGGCCGTTAGGAAATTACCTTA), SLII (59-

CTGTTAAAAATGAGTGTAGTGTGGT), SLIII (59-TAAA-

TAAATAAATAAATAGTAATAT), SLIV(59-TAGGGTCC-

TACTGGCGGGTCCAGAT), respectively.

In vitro transcription
Five micrograms of linearlized DNA was transcribed in vitro in a

50 ml reaction containing 150 U of T7 RNA polymerase (or SP6

polymerase for generation of luciferase RNA) (Promega), 40 mM

Tris-HCl pH 8.0, 8 mM MgCl2, 2 mM spermidine-(HCl)3,

10 mM dithiothreitol, 1 mM NTPs, at 37uC for 2 h. DNA

template was removed by RNase-free DNase I treatment, and

followed by a phenol/chloroform extraction and ethanol precip-

itation. RNAs were resolved in 1.2% agarose gel and RNA quality

was measured by densitometry.

DNA laddering assay
Approximately 3246105cells/well were seeded in 12-well

plates with appropriate medium. The culture was replenished

the next day before transfection with fresh medium lacking FBS

and penicillin/streptomycin. Cells were transfected 0.625 mg

RNA/well (unless otherwise stated) using Lipofectamine 2000

transfection reagent (Invitrogen, Carlsbad, California, U.S.A.)

according to the manufacture’s instructions. Harvested cells were

lysed with buffer containing 0.25% EDTA and 0.2% Triton6100.

The cell lysate was then treated with RNase A (70 mg/ml) at 37uC
for 1 h followed by protein kinase K (150 mg/ml) at 50uC for 1 h.

Subsequently, the cell lysate was extracted with chloroform (once)

and phenol/chloroform (twice). After centrifugation, the aqueous

phase containing chromosomal DNA was transferred to a new

tube and precipitated with ethanol, air dried and dissolved in 30 ml

of deionized water. The DNA samples were quantified by

NanoVue Plus spectrophotometer (GE Healthcare Life Sciences).

DNA laddering was analysed by electrophoresis in 1.2% agarose

gel.

Detection of apoptotic cells by Hoechst staining and
TUNEL assay

PK-15 cells seeded in 12-well plate were transfected with

luciferase or CSFV RNAs. 18 h post-transfection, cells were fixed

with 4% paraformaldehyde for 10 min, washed with PBS, and

incubated with 2 mg/ml of Hoechst 33342 (Sigma-Aldrich, St.

Louis, MO, USA) for 1 min. The morphology of cells was

observed with fluorescence microscopy.

For TUNEL staining, PK-15 cells at density of 1.56105 cells/

well were seeded onto 1.3 mm coverslips in 24-well plates and

were transfected with luciferase or CSFV UTR RNAs. At 4, 8,

and 18 h post-transfection, cells were washed twice with

phosphate-buffered saline (PBS) and then fixed with 4%

parafolmaldehyde. TUNEL staining was performed with an in

situ cell death detection kit (Roche Applied Science, Mannheim,

Germany). The staining was observed with fluorescence micros-

copy.

Flow cytometric analysis of apoptosis by FITC-annexin V
binding assay

PK-15 cells seeded in 12-well plate at density of 46105/well

were transfected with either luciferase or CSFV UTR RNA

(0.625 mg/well) and detection of annexin V was conducted using

BD Pharmingen FITC Annexin V Apoptosis Detection Kit I.

Briefly, cells were harvested by trypsinization 18 h post-transfec-

tion, washed with PBS and resuspended in Binding buffer at a

density of 16106/ml. Cells (16105) were then incubated with 5 ml

of in buffer containing FITC annexin V and propidium iodide (PI)

followed by flow cytometric analysis.

Measurement of DNA fragmentation by ELISA
PK-15 cells seeded in 12-well plate were pre-treated with

100 mM of pan-caspase inhibitor Z-VAD-FAM (Calbiochem, Cat.

627610) or DMSO (as solvent control) for 3 h followed by RNA

transfection as described previously. DNA fragmentation levels

were measured by ELISA using Cell Death Detection ELISA-

PLUS kit (Roche Applied Science) 18 h post-transfection.

The UTRs of CSFV Trigger Apoptosis
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Luciferase activity assay
Approximately 46105 of RK cells were first seeded into 12-well

plates and then were grown to 90% confluence. Plasmid p2Luc

(0.5 mg) alone, or in combination with 0.05 pmole of CSFV

59UTR-Luc-39UTR, 59 UTR, or 39 UTR RNA diluted with

100 ml of Opti-MEM were cotransfected into RK cells using

Lipofectamine (Invitrogen) according to the manufacture’s in-

struction. Cells were harvested 7 h post-transfection for reporter

assay. Briefly, transfected cells were washed with PBS, and then

lysed with 150 ml of passive lysis buffer followed by a freeze-thaw

process. After a centrifugation at 13,000Xg for 5 min, 20 ml of

lysate was mixed with 100 ml of Luciferase Assay reagent

(Promega, Cat. E2810), and the firefly luciferase activity was

measured by a luminometer (FLUOstar OPTIMA, BMG

Labtech, Ortenberg, Germany).

Western blot analysis
Lysate of RNA transfected cells were separated by 15% SDS-

PAGE and electrotransferred to nitrocellulose membrane using

Mini Protein III equipment (BioRad, Life science Research

Products, CA, USA). The filter was blocked with PBS-T buffer

(0.02 M phosphate, 0.15 M NaCl, 0.05% Tween-20) containing

5% skim milk powder at room temperature for 1 h and probed

with 1:1,000 diluted first antibody (Cell Signaling Technology,

Inc., Danvers, MA, USA), i.e. rabbit anti-cleaved Caspase-3

(Asp175, #9661S) antibody, mouse anti-eIF-2a (#L57A5), rabbit

anti-phosphor-eIF-2a (#ab32157, abcam, Cambridge, UK), or

mouse anti-b-actin (from GeneTex Inc, Irvine, CA, USA) at 4uC
for overnight. After several washes with PBS, the membrane was

then incubated with the secondary antibody, goat anti-rabbit (or

mouse) IgG conjugated with horseradish peroxidase (HRP),

diluted 1:10,000 for 1 h at room temperature. Unbound

antibodies were removed by PBS washes and the signal was

detected using an AEC (Red) Substrate Kit (Invitrogen).

Results

Transfection of the CSFV UTR in absence of any viral
coding sequences trigger apoptosis

In a previous study addressing the translational regulation of

CSFV UTRs, in vitro transcribed RNA of which the coding region

of CSFV was replaced by a firefly luciferase reporter gene

(designated ALD/L/A or 59UTR-Luc-39UTR in the present

study) was transfected into porcine kidney (PK-15) cells [14].

Unexpectedly, cell death was observed when cells were transfected

with the 59UTR-Luc-39UTR RNA, which was further explored

here. Apoptosis was first investigated by DNA laddering assay in

the porcine kidney cells PK-15 and in the rabbit kidney cells RK-

13, the two cell lines commonly used to study CSFV. As shown in

Fig. 1, a DNA laddering pattern was observed in PK-15 cells

transfected with 59UTR-Luc-39UTR RNA (lane 3), but not in the

control transfections in absence of RNA (lane 1) or with luciferase

RNA (lane 2). Similar results were obtained with RK-13 cells, as

evidenced by a strong increase of the DNA laddering in the

presence of 59UTR-Luc-39UTR RNA.

Characterization of CSFV UTR-induced cell death by
terminal transferase deoxyribonucleotidyl dUTP nuclear
end labeling (TUNEL) and annexin V binding assays

Apoptotic cell death induced by transfection of CSFV UTR

RNA was confirmed using alternative analytical approaches to

DNA laddering. With Hoechest 33342 staining, nuclear conden-

sation was clearly enhanced in 59UTR-Luc-39UTR RNA-trans-

fected cells compared to luciferase RNA-transfected cells (Fig. 2A

and D). A clear increase in the number of floating dead cells was

observed starting 8 h after transfection (data not shown). Using the

TUNEL assay, apoptosis was detected in numerous cells

transfected with 59UTR-Luc-39UTR RNA as early as 4 h post-

transfection (Fig. 2C). There was however no further increase in

the number of apoptotic cells at 8 h (Fig. 2E) and 18 h (Fig. 2F)

after transfection. This might be due to the loss of cells undergoing

apoptosis at late times after transfection. Apoptosis was also

monitored by flowcytometry by detecting the exposure of

phosphatidylserine residues on the outer plasma membrane

through binding of fluorescein isothoicynate (FITC)-conjugated

annexin-V. In parallel, dead cells were monitored by propidium

iodide (PI) incorporation (Fig. 2G). Consistent with the other

assays, a statistically significant 2.3 (60.098) fold increase in

apoptosis was observed 16 h post-transfection in cells transfected

with the CSFV UTR RNA 59UTR-Luc-39UTR compared with

control Luciferase RNA (Fig. 2H).

CSFV UTRs triggers apoptosis in a caspase-dependent
manner

Apoptosis is initiated by the activation of a number of caspases

[17]. The pan-caspase inhibitor Z-VAD-FMK was employed to

further confirm CSFV UTR-mediated programmed cell death. As

shown in Fig. 3A, DNA laddering was observed in CSFV 59UTR-

Luc-39UTR-transfected cells treated with DMSO (solvent control),

whereas it was blocked by the addition of 100 mM of Z-VAD-

FMK. However treatment with lower a concentration (20 mM) of

Z-VAD-FMK did not effectively inhibit the DNA laddering.

Caspase-dependent apoptosis was confirmed with TUNEL

ELISA. Addition of Z-VAD-FMK significantly decreased the

TUNEL signal (Fig. 3B), consistent with the previous results. As

caspase-3 is the executioner of apoptosis, the activation of caspase

3 was determined by Western blot analysis. Cleavage of caspase 3

was observed in cells transfected with CSFV 59UTR-Luc-39UTR

Figure 1. Transfection of CSFV UTR RNA triggers DNA
laddering. Porcine kidney (PK-15) or rabbit kidney (RK-13) cells were
mock transfected (lane 1), or transfected with in vitro transcribed
luciferase RNA (lane 2), or chimeric luciferase-CSFV UTR RNA (59UTR-
Luc-39UTR, lane 3) for 16 h. Total cellular DNA was harvested for the
DNA laddering assay. M1, M2, and M were standard DNA markers with
various size ranges.
doi:10.1371/journal.pone.0088863.g001
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RNA, but not in the control transfections (Fig. 3C). Collectively,

DNA laddering, TUNEL assay, formation of apoptotic bodies

(Hoechest staining), cleavage of caspase 3, and annexin V binding

demonstrate that the CSFV UTRs stimulate transfected cells to

undergo apoptosis.

Efficient induction of apoptosis by CSFV UTR results from
synergistic effects of the 59 and 39 UTRs in cis

Having confirmed that the CSFV UTRs could induce

apoptosis, it was determined which UTR structures possessed

the highest capacity to induce apoptosis. To this end, RNA

composed of the two UTRs on the same molecule (59UTR-Luc-

39UTR), of the 59UTR or the 39UTR alone, or of control Luc

RNA were transcribed in vitro (Fig 4A) and used to transfect cells

for different times and at different concentrations (Fig. 4B-C).

Apoptosis was analysed by DNA laddering assay. The strongest

DNA fragmentation was observed in the cells transfected with the

59UTR-Luc-39UTR as early as 8 h post-transfection, with an

increase over time (Fig. 4B). DNA laddering was barely visible

with the 59UTR and 39UTR RNA alone at 8 and 12 h post-

Figure 2. Confirmation of CSFV-UTR-triggered apoptosis using different methods. PK-15 cells were transfected with luciferase RNA (A, B)
or chimeric luciferase-CSFV UTR RNA (59UTR-Luc-39UTR, C- F). At 4 h (C), 8 h (E), or 18 h (D, F) post-transfection, cells were processed for Hoechest
33342 staining (A, D) or TUNEL assay (B, C, E, F). The inset in panel A and D shows the cells at higher magnification. Arrowheads indicate the apoptotic
bodies representing nuclear condensation (D) and the apoptotic cells (C-F). The proportion of cells undergoing apoptosis was also evaluated using an
annexin V-binding assay (G). PK-15 cells were transfected with either luciferase RNA or 59UTR-Luc-39UTR RNA. Annexin-V-FITC/PI flow cytometry
analysis was performed at 18 h post-transfection. Q4-1 indicates the number of cells undergoing early apoptosis. The experiments were done in
triplicates and the mean value of Q4-1 was plotted (H). Compared with cells transfected with control RNA, apoptosis increased 2.3 (60.098) fold (P
value ,0.0001) in cells transfected with CSFV UTR RNA.
doi:10.1371/journal.pone.0088863.g002
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transfection. This shows that the 59UTR-Luc-39UTR RNA is

more potent at inducing apoptosis than the 59UTR or 39UTR

alone at the same molarities, suggesting synergistic effects of the

CSFV UTRs on apoptosis. In order elaborate on this, PK-15 cells

were transfected with different molarities of 59UTR-Luc-39UTR,

of 59UTR and 39UTR alone, or of a mixture of the 59UTR and

the 39UTR (59+39). As shown in Fig. 4C, among the four different

RNAs transfected, 59UTR-Luc-39UTR RNA induced consistently

the strongest DNA fragmentation in a dose-dependent manner.

Transfection of the individual 59UTR and 39UTR RNA

separately (Fig. 4C lanes 2 and 4) or as a mixture (Fig. 4C lane

5) triggered much less DNA fragmentation than the 59UTR-Luc-

39UTR RNA (lane 3). These data suggest that the 59UTR and the

39UTR of CSFV form a higher order structure in cis that might

facilitate the induction of apoptosis.

SLI of the 39UTR together with the 59UTR function in cis
to induce apoptosis

For HCV and CSFV, it was reported that the interaction of the

respective 59 UTR containing the IRES structure with the 39UTR

5BSL3.2 or SLI-IV of HCV or CSFV respectively, regulated viral

protein translation [11,14]. Similarly, the interaction of the 59 and

39 UTRs may also form structures or complexes that induce

apoptosis. The data above suggests that CSFV UTR-induced

apoptosis results from a cross-talk between the 59UTR and the

39UTR in cis. Therefore it was investigated which part of the 39

UTR needs to be associated with the 59UTR on the same

molecule to induce apoptosis. To this end, four plasmids were

constructed to produce RNA containing 59-Luc with 39-terminal

fusion of either of the individual SL sequences SLI, -II, -III, or -IV.

The different RNA was synthesized in vitro and their capacity to

trigger apoptosis were analysed in PK-15-cells. Only the transfec-

tion of the 59-Luc-SLI RNA induced clear DNA fragmentation

(Fig. 4D). Altogether, these results indicate that an intra-molecular

interaction of SLI of the 39 UTR with 59 UTR is required for the

induction of apoptosis CSFV UTR structures.

UTR RNA-induced apoptosis is mediated by double-
stranded RNA, independently of the triphosphate moiety

The double-stranded RNA (dsRNA) generated during BVDV

infection induces apoptosis that contributes to viral cytopathoge-

nicity [18]. In order to examine whether the double-stranded

RNA structures of the CSFV UTR elements were sufficient to

induce apoptosis in transfected cells, in vitro transcribed 59UTR-

Luc-39UTR RNA was treated with RNase I or RNase III to

degrade single or double-stranded RNA, respectively. Cells

transfected with mock-treated or RNase I-treated RNA induced

DNA fragmentation, while RNase III treatment prevented

apoptosis induction (Fig. 5A), indicating that the apoptosis is

induced by dsRNA structures (the stem-loops in the UTRs or the

long-distance interaction by base-paring between 59 and 39

UTRs). Addition of the RNA to the cells without transfection

reagents did not cause apoptosis (data not shown). The pattern

recognition receptor retinoic acid-inducible gene product I (RIG-I)

selectively detects cytoplasmic 59-triphosphorylated single- and

double-stranded viral RNA, inducing proteins of the interferon

pathway and triggering apoptosis as part of the innate immune

response [19]. Therefore the role of the 59 triphosphates in the

induction of apoptosis by CSFV UTR was analysed. Removal of

the 59-phosphate from 59UTR-Luc-39UTR RNA by calf intestine

phosphotase (CIP) treatment did not affect induction of apoptosis

in transfected cells (Fig. 5B). Thus, the CSFV 59 and 39UTR

together can trigger apoptosis through dsRNA structures inde-

pendently of 59 triphosphates.

Transfection of viral UTRs represses host cell translation
Since dsRNA can trigger apoptosis through activation of PKR,

resulting in the inhibition of translation initiation [20], it was

investigated whether CSFV UTR-induced apoptosis caused

Figure 3. Apoptosis triggered by CSFV UTR RNA is caspase
dependent. PK-15 cells were treated with two different concentrations
(+: 20 mM; ++:100 mM) of the pan-caspase inhibitor z-VAD-FMK (z-VAD)
or with equal volume of DMSO (the solvent control), or were left
untreated (2) for 7 h prior to transfection of 59UTR-Luc-39UTR RNA
(CSFV-UTR) or luciferase RNA. DNA was extracted for DNA laddering
analysis (A), and total protein from transfected cells was processed for
TUNEL ELISA (B). Activation of caspase 3 was analysed by Western blot
(C). PK-15 cells were transfected with luciferase RNA (lane 2), CSFV UTR
RNA (lane 3), or untransfected (lane 1). M: DNA size marker. Asterisks
indicate p value ,0.05.
doi:10.1371/journal.pone.0088863.g003
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translation shutoff. Translation of cellular proteins was monitored

using a luciferase reporter gene assay. Considering the fact that the

onset of apoptosis might interfere with the interpretation of the

dsRNA-mediated effects on protein expression, minimal quantities

of UTR RNA (0.05 pmole) were used in this assay, and the

reporter gene expression was detected before the onset of cell

death (i.e. at 7 h post-transfection). In the presence of 59UTR-Luc-

39UTR, luciferase activity was barely detectable (Fig. 5C).

Interestingly, the severity of apoptosis paralleled with the level of

translation inhibition. In order to further determine whether the

shutoff of protein synthesis is due to the activation of PKR

signalling, eIF-2a phosphorylation was analysed. As shown in

Fig. 5D, the level of eIF-2a phosphorylation was much higher in

cells transfected with 59UTR-Luc-39UTR RNA than in cells

transfected with control Luc RNA, indicating the correlation of

CSFV UTR RNA-induced apoptosis with shutoff of translation.

Apoptosis triggered by CSFV UTR structures is not
suppressed by Npro

It was shown that the viral nonstructural protein Npro can

suppress apoptosis induced by the synthetic dsRNA pIpC in

porcine kidney cell SK-6 [15,21]. Based on this, we explored

whether Npro can inhibit CSFV UTR RNA-mediated apoptosis.

To this end, PK-15 cells or PK-15 cell clones stably expressing

Npro-GFP or GFP alone described previously [15] were transfected

with 59UTR-Luc-39UTR and control RNA. No obvious differ-

ence in DNA laddering induced by 59UTR-Luc-39UTR was

observed in cells expressing Npro and in control cells (Fig 6). This

shows that the Npro protein alone cannot inhibit apoptosis induced

by the CSFV UTR structures.

Discussion

There are several lines of evidences indicating that CSFV

infection induces apoptosis in lymphocytes directly and indirectly

[1,2,22]. Stimulation of pro-inflammatory cytokines (e.g. TNF-a)

and viral NS3 expression have been proposed to be involved in the

induction of apoptosis and pathogenicity of classic swine fever

[1,23]. In the context of BVDV infection, apoptosis was attributed

to dsRNA structures formed during viral RNA replication. The

level of dsRNA was positively related to cytopathogenicity of

BVDV [18]. In this report we show for the first time that CSFV

UTR RNA devoid of any viral proteins can trigger apoptosis.

Internucleosomal DNA fragmentation, visible as DNA laddering

pattern in gel electrophoresis, is a major marker of apoptosis.

However DNA laddering is not detectable in all cell types

undergoing apoptosis, and is also not necessarily associated with

apoptosis in certain cell types [16,24,25]. For these reasons,

apoptosis mediated by CSFV UTRs was investigated by several

independent methods, including TUNEL assay, formation of

apoptotic bodies (Hoechest staining), and annexin V binding.

Furthermore, as the programmed cell death is executed by a

hierarchy of activated caspases [26], the involvement of caspases

was also examined. DNA fragmentation was reverted by treatment

with the pan-caspase inhibitor zVAD-FMK, and processing of

caspase-3, the effector caspase, was detected in cells transfected

with CSFV UTR RNA.

Figure 4. The 59 and 39 UTRs are most efficient at inducing apoptosis when present on the same molecule. In vitro transcribed 59UTR-
Luc-39UTR (59-Luc-39), 59UTR, 39UTR and luciferase RNA (Luc) were analysed by agarose gel electrophoresis (A) and used to transfect PK-15 cells. At 4,
8, 12, 18 h post-transfection, total DNA was harvested for the DNA laddering assay (B). The cells were also transfected with different amounts (0.5, 1,
2, 4 pmole) of 59UTR-Luc-39UTR, 59UTR, 39UTR, or of a mixture of the individual 59UTR and 39UTR (59+39) RNA (C). The contribution of each stem loop
(SL) of the 39UTR (as indicated on the top of the gel) to aptoptosis was assessed by transfection of PK-15 cells with 1 pmole of 59UTR alone (2) or of
chimeric RNA consisting of 59UTR-Luc fused to either of SL1, SL2, SL3, or SL4 of the 39 UTR (D). In (C) and (D), total DNA was harvested 18 h post-
transfection for the DNA laddering assay.
doi:10.1371/journal.pone.0088863.g004

The UTRs of CSFV Trigger Apoptosis

PLOS ONE | www.plosone.org 6 February 2014 | Volume 9 | Issue 2 | e88863



Virus-induced apoptosis and type I IFN synthesis are early host

defence mechanisms against viruses that may be triggered and

executed through a common pathway [27]; In this context,

dsRNA is an important viral trigger that can activate PKR,

leading to apoptosis through inhibition of translation in virus-

infected cells. In the present study, apoptosis was detected when

CSFV UTR RNA was delivered by transfection, indicating that

intracellular CSFV UTR RNAs can trigger apoptosis. Further-

more, the severity of apoptosis correlated with the degree of

translation inhibition as evidenced by reporter assay and status of

eIF-2a phosphorylation (Fig 5C, D). It is very likely that the shutoff

of reporter gene expression and induction of apoptosis were both

triggered by dsRNA molecules. This was supported by the fact

that transfection of 59UTR-Luc-39UTR RNA treated with RNase

I which degrades single-stranded RNA and leaves double-stranded

RNA intact, induced DNA fragmentation to a similar extent than

untreated 59UTR-Luc-39UTR RNA. Accumulation of dsRNA is

found in cells infected with ssRNA or dsRNA viruses as well as

DNA viruses [28,29]. The dsRNA structures result typically from

duplexes of complementary strands formed during replication and

Figure 5. UTR RNA-induced apoptosis is mediated by double-stranded RNA and independent on the triphosphate moiety. (A)
Double-stranded structures contribute to the UTR RNA-triggered apoptosis. PK-15 cells were left untreated (mock), or transfected with in vitro
transcribed untreated (2), RNaseIII-treated (III), or RNaseI-treated (I) 59UTR-Luc-39UTR RNA (59-Luc-39) for 16 h prior to DNA laddering assay. (B) PK-15
cells were mock-transfected (mock), or transfected with in vitro transcribed luciferase RNA (Luc), or with calf intestinal phosphotase-treated (+) or
untreated (2) 59UTR-Luc-39UTR RNA (59-Luc-39) for 16 h prior to DNA laddering assay. M: DNA size marker. (C) The degree of apoptosis correlates with
the level of suppression of translation. PK-15 cells were transfected with the p2luc reporter plasmid (0.5 mg) alone, or in combination with 0.05 pmole
of 59UTR, 59UTR-Luc-39UTR (59LUC39), 39UTR, or control firefly luciferase (Luc) RNA. The expression of Renilla luciferase (from p2luc plasmid) was
quantified 7 h post-transfection. (D) Activation of PKR is responsible for the shutoff of protein synthesis. Total protein of mock-transfected PK-15 cells
(lane 1) or of cells transfected with Luc RNA (lane 2) or 59UTR-Luc-39UTR RNA (lane 3) was resolved by SDS-PAGE. The presence of phosporylated eIF-
2a (eIF-2a–Pi) was determined by Western blot analysis.
doi:10.1371/journal.pone.0088863.g005

Figure 6. Apoptosis triggered by 59UTR-Luc-39UTR RNA is not
inhibited by the viral Npro protein. PK-15 cells stably expressing
Npro-GFP or GFP, and the parent PK-15 cells were transfected with in vitro
transcribed 59UTR-Luc-39UTR RNA (lane 1), luciferase RNA (lane 2), or
mock transfected (lane 3) or left untreated (lane 4). After 23 h, total DNA
was harvested for the DNA laddering assay. M: standard DNA marker.
doi:10.1371/journal.pone.0088863.g006
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transcription as well as from secondary structures within ssRNA

molecules [30]. In response to virus infections, type I interferons

(IFNs) can be activated through the engagement of viral danger

signals such as dsRNA and ssRNA sensed by Toll-like receptors

(TLRs) and RIG-I-like helicases (RLHs) [31]. RIG-I detects

cytoplasmic viral dsRNA or 59-triphosphorylated ssRNA leading

to activation of signalling pathways that mediate type I IFN

production. In the present study, DNA fragmentation induced by

59UTR-Luc-39UTR RNA was independent of the presence of

triphosphates (Fig. 5B), which does however not exclude the

engagement of RIG-I.

Although some viruses use apoptosis to destroy infected cells

allowing the virus to spread, excessive cell death would prevent the

progression of virus infection. Hence, viruses evolved strategies to

subvert or delay the onset of cell death following infection. Several

reports show that Pestiviruses counteract pro-apoptotic effects

[21,32,33]. For CSFV it was shown that the viral nonstructural

protein Npro, the first viral protein encoded by the viral genome

[34], plays a significant role in suppressing the pIpC-induced

apoptosis in the porcine kidney cell line SK-6 [15,21]. Very

recently the inhibition of apoptosis by Npro was proposed to

function through the anti-apoptotic protein HAX-1 (HS-1-

associated protein X-1) that interacts with the C terminus of Npro

[35]. Interestingly, in the present study, apoptosis induced by the

CSFV UTR RNA was not suppressed by Npro (Fig 6). This

suggests that other viral protein(s) are required for efficient

inhibition of apoptosis mediated by CSFV UTR RNA. There is

evidence that Erns, a viral surface protein, does also contribute to

CSFV-mediated inhibition of apoptosis: CSFV repressed caspase 3

activation in pIpC-treated cells, which was reverted in the absence

of either Npro or Erns [36]. Furthermore, non-structural protein

NS2 was shown to interfere in the apoptotic process under certain

circumstances. Stable expression of CSFV NS2 protein upregu-

lated the expression of the anti-apoptotic protein Bcl-2 that

contributes to resistance to apoptosis induced by the proteasome

inhibitor MG132 in swine umbilical vein endothelial cell line [37].

It was proposed that CSFV infection blocks apoptotic signalling at

multiple levels, including at the caspase-8 and the mitochondrial

checkpoints through the action of different viral proteins [36].

Whether these proteins would work synergistically in suppressing

CSFV UTR RNA induced-apoptosis requires further investiga-

tion.

Transfected RNA carrying both, the 59 and 39 UTR on the

same RNA molecule induced much severe apoptosis than the

59UTR or the 39UTR alone at the same molarity (Fig. 4B). These

results suggest that an interaction between the 59UTR and the

39UTR is required in cis for the induction of apoptosis. SLI of the

39UTR played a major role in this context (Fig. 4C). This is related

to our previous results showing that SLI of the CSFV 39UTR

repressed expression of a reporter gene, which was further mapped

to the hexamer CGGCCC of the 39 end of SLI possibly forming a

base pair with the sequence in the IRES IIId1 of 59 UTR, the 40 S

ribosomal subunit binding site [14]. These results support a

possible interaction of SLI of 39UTR with 59UTR RNA being

involved in the induction of apoptosis.

In summary, it was shown by several independent experimental

approaches that the CSFV UTR RNA can trigger apoptosis in

transfected cells. Importantly, to induce apoptosis the 59 and 39

UTR RNA have to function together in cis but not in trans, possibly

via interaction of the 59UTR with SL1 of the 39 UTR. In this

context, the double-stranded structures of the CSFV UTRs are

sufficient to trigger apoptosis. Finally, the UTR mediated

apoptosis is related to suppression of translation involving the

phosphorylation of eIF-2a.
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