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At 18,954 nucleotides, the J paramyxovirus (JPV) genome is one of the largest in the family Paramyxo-
viridae, consisting of eight genes in the order 3�-N-P/V/C-M-F-SH-TM-G-L-5�. To study the function of
novel paramyxovirus genes in JPV, a plasmid containing a full-length cDNA clone of the genome of JPV
was constructed. In this study, the function of the small hydrophobic (SH) protein of JPV was examined
by generating a recombinant JPV lacking the coding sequence of the SH protein (rJPV�SH). rJPV�SH
was viable and had no growth defect in tissue culture cells. However, more tumor necrosis factor alpha
(TNF-�) was produced during rJPV�SH infection, suggesting that SH plays a role in inhibiting TNF-�
production. rJPV�SH induced more apoptosis in tissue culture cells than rJPV. Virus-induced apoptosis
was inhibited by neutralizing antibody against TNF-�, suggesting that TNF-� contributes to JPV-induced
apoptosis in vitro. The expression of JPV SH protein inhibited TNF-�-induced NF-�B activation in a
reporter gene assay, suggesting that JPV SH protein can inhibit TNF-� signaling in vitro. Furthermore,
infection of mice with rJPV�SH induced more TNF-� expression, indicating that SH plays a role in
blocking TNF-� expression in vivo.

The family Paramyxoviridae is classified into two subfam-
ilies: the Paramyxovirinae and the Pneumovirinae (21). The
subfamily Paramyxovirinae contains five genera: Avulavirus,
Henipavirus, Morbillivirus, Respirovirus, and Rubulavirus, as
well as a group of unclassified paramyxoviruses which in-
cludes J paramyxovirus (JPV), Beilong virus (BeiPV), Fer-
de-lance virus, Menangle virus, Mossman virus, Salem virus,
and Tupaia paramyxovirus. JPV was isolated from moribund
mice (Mus musculus) trapped in Northern Queensland, Aus-
tralia, in 1972 (19). It was reported that the four mice from
which the virus was isolated had extensive hemorrhagic lung
lesions. Syncytial formation was observed in kidney autocul-
ture monolayers, and electron microscopy revealed virion
morphology and nucleocapsid structure typical of the
paramyxoviruses. The full-length genome of JPV has been
sequenced and contains 18,954 nucleotides (17). The ge-
nome organization of JPV is 3�-N-P/V/C-M-F-SH-TM-G-L-
5�. The G gene is the largest among all paramyxovirus at-
tachment protein genes sequenced to date. The G gene
encodes a putative 709-amino-acid (aa)-residue attachment
protein and distally contains a second open reading frame
(termed ORF-X) which is 2,115 nucleotides long. Probes
specific to the G protein coding region and ORF-X both
identified an mRNA species corresponding to the predicted
length of the G gene. JPV contains a small hydrophobic

(SH) protein gene, which is not present in all paramyxovi-
ruses, and a unique TM gene. Northern blot analyses indi-
cated that the putative transcription initiation and termina-
tion sequences flanking the SH and TM genes were
functional, consistent with their allocation as discrete genes
(16). While the SH and TM proteins were both detected in
infected cells, no evidence has yet been found for the ex-
pression of ORF-X. The novel TM protein is a type II
glycosylated integral membrane protein, orientated with its
C terminus exposed at the cell surface.

SH protein is expressed in some but not all paramyxovi-
rus-infected cells (21). Rubulaviruses, parainfluenza virus 5
(PIV5), formerly known as simian virus 5 (SV5) (4), and
mumps virus (MuV) contain the SH gene (7, 14). The PIV5
SH gene is located between the F and HN genes. PIV5 SH
protein is a type II membrane protein, containing 44 aa
residues with a predicted C-terminal ectodomain of 5 resi-
dues, a transmembrane domain of 23 residues, and an N-
terminal cytoplasmic tail of 16 residues (15). PIV5 SH was
not essential for virus growth in tissue culture cells, and the
recombinant virus lacking the SH gene (rPIV5�SH) could
grow as well as wild-type PIV5 (10). However, rPIV5�SH
caused increased cytopathic effect (CPE) and induced apop-
tosis in MDBK cells and L929 cells through the tumor ne-
crosis factor alpha (TNF-�)-mediated extrinsic apoptotic
pathway (11, 23). MuV SH protein is a type I membrane
protein of 57 residues. The SH gene has been identified in
all strains of MuV; however, the expression of the SH gene
does not appear to be required for virus growth in vitro (27,
28). Although there is no sequence homology between PIV5
SH and MuV SH protein, MuV SH had a function similar to
that of PIV5 SH when the ORF of PIV5 SH was replaced
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with the ORF of MuV SH (31). Respiratory syncytial virus
(RSV), a member of subfamily Pneumovirinae, also encodes
an SH protein (5, 6). RSV lacking the SH gene was viable,
caused syncytium formation, and grew as well as wild-type
virus (3, 9, 18, 20). RSV�SH infection caused significantly
more apoptosis in L929 and A549 cells (9). RSV�SH virus
resembled the wild-type recombinant virus in its efficiency of
replication in the lower respiratory tract, whereas it repli-
cated 10-fold less efficiently in the upper respiratory tract
(18, 20).

The JPV SH gene is located immediately downstream
from the F gene, a position analogous to that of the SH gene
of rubulaviruses (16, 17). The JPV SH protein is similar to
that of other paramyxoviruses in size and is a type I mem-
brane protein, containing 69 aa residues with a predicted
N-terminal ectodomain of 5 residues, a transmembrane do-
main of 23 residues, and a C-terminal cytoplasmic tail of 41
residues (17). In this work, we hypothesized that the JPV SH
protein is a functional counterpart of the SH proteins of
PIV5, MuV, and RSV. To test this, we have generated a
reverse genetics system for JPV and obtained a recombinant
JPV lacking SH (rJPV�SH). We have analyzed rJPV�SH in
comparison to rJPV in vitro and in vivo.

MATERIALS AND METHODS

Cells. Monolayer cultures of BSR-T7 cells (2) were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), 10% tryptose phosphate broth (TPB), and 400 �g/ml G418. Mono-
layer cultures of Vero cells and L929 cells were maintained in DMEM
containing 10% FBS, 100 IU/ml penicillin, and 100 �g/ml streptomycin. All
cells were incubated at 37°C, 5% CO2. Virus-infected cells were grown in
DMEM containing 2% FBS. Plaque assays were performed on Vero cells.

Construction of recombinant viruses. A complete cDNA of the 18,954-
nucleotide JPV genome was constructed from plasmids carrying the genes for
N, P, M, F, SH, TM, G, and L. PCRs were applied to provide adaptor DNAs
over some of the intercistronic junction, leader, and trailer sequences using a
backbone plasmid from a parainfluenza virus 5 infectious cDNA clone (13).
Plasmids were constructed using standard molecular biology techniques. A
NotI sequence tag was introduced in the 3� noncoding region of ORF-X. The
construct containing the complete JPV genome was designated pJPV. An
enhanced green fluorescent protein (EGFP) gene was inserted between the F
and the SH genes. To transcribe the extra gene, gene end (GE) and gene start
(GS) sequences were inserted into the 5� noncoding region of the SH gene
after the ORF of the EGFP gene. The proposed F-SH end/start sequences
[TAAATAAAAA (intercistronic 3 nucleotides CTT) AGGACAAAAG] were
used. The construct containing EGFP was designated pJPV-EGFP. The ORF
of the SH gene was replaced with the Renilla luciferase (Rluc) gene. The
construct lacking the SH gene and containing the Rluc gene was designated
pJPV�SH.

The plasmids, pJPV carrying the full-length genome of JPV, pJPV-EGFP
carrying the full-length genome of JPV with the EGFP gene insertion, or
pJPV�SH carrying the full-length genome of JPV but with the SH gene
replaced with the extra Rluc gene, and three helper plasmids pJPV-N,
pJPV-P, and pJPV-L carrying genes for the N, P, and L proteins, were
cotransfected into BSR-T7 cells at 95% confluence in 6-cm plates with Plus
and Lipofectamine (Invitrogen). The amounts of plasmids used were as
follows: 5 �g pJPV/pJPV-EGFP/pJPV�SH, 1 �g pJPV-N, 0.3 �g pJPV-P, and
1.5 �g pJPV-L. After 3 h of incubation, the transfection medium was replaced
with DMEM containing 10% FBS and 10% TPB. After 72 h of incubation at
37°C, 1/10 of the BSR-T7 cells were passed into a T-75 (75 cm2) flask
containing 1 � 106 Vero cells. The mixed cells were cocultured for 2 weeks
with passaging at 3- or 4-day intervals. The medium was harvested, and cell
debris was pelleted by low-speed centrifugation (3,000 rpm for 10 min).
Plaque assays were used to purify single clones of the recombinant viruses.
Recombinant viruses recovered from cDNA were designated rJPV, rJPV-
EGFP, or rJPV�SH.

RT-PCR and nucleotide sequencing. Total RNAs from rJPV-, rJPV-EGFP-,
or rJPV�SH-infected Vero cells were purified using an RNeasy kit (Qiagen,
Inc., Valencia, CA). cDNAs were prepared using random hexamers, and
aliquots of the cDNA were then amplified in reverse transcription (RT)-
PCRs using appropriate oligonucleotide primer pairs. Primers p70 (GCCAA
TTAGTCCCTGCGATT) and p71 (ACACGGGTTCTTGCACAACT) were
used to identify rJPV. Primers p80 (CTGGGACGAGAACGGTCTTA) and
p146 (CAGCTTGCCTGTGACTATGG) were used to identify the NotI se-
quence tag of rJPV. Primers p61 (CAACGAGTCGATCAACAAGTCTC
ATG) and p94 (CATCTTCTAGGTAATGCTGGTAACCC) were used to
identify rJPV�SH. The improved rapid amplification of cDNA ends (RACE)
PCR was used to amplify the leader and trailer sequences. The sequences of
all primers for sequencing of the complete genomes of rJPV, rJPV-EGFP,
and rJPV�SH are available on request. DNA sequences were determined
using an Applied Biosystems sequencer (ABI, Foster City, CA).

Fluorescence microscopy. To confirm the rescued rJPV, Vero cells were
mock infected with or infected with rJPV. At 2 days postinfection (d.p.i.), the
cells were washed with phosphate-buffered saline (PBS) and then were fixed
in 0.5% formaldehyde. The cells were permeabilized in 0.1% PBS–saponin
solution and incubated for 30 min with polyclonal anti-TM rabbit serum at a
1:100 dilution (Genscript USA, Inc., Piscataway, NJ), and then fluorescein
isothiocyanate (FITC)-labeled goat anti-rabbit antibody was added to the
cells. The cells were incubated for 30 min and were examined and photo-
graphed using a Nikon FXA fluorescence microscope.

To confirm the rescue of rJPV-EGFP, Vero cells were infected with rJPV
or rJPV-EGFP. At 2 d.p.i., the cells were photographed using a Nikon FXA
fluorescence microscope.

To confirm the rescue of rJPV�SH, Vero cells were mock infected or
infected with rJPV or rJPV�SH. At 2 d.p.i., the cells were treated as de-
scribed above. The permeabilized cells were incubated with polyclonal
anti-TM or SH rabbit serum and then examined and photographed using a
Nikon FXA fluorescence microscope.

The p65 subunit of NF-�B was examined as described previously (23).
Briefly, L929 cells were mock infected or infected with rJPV or rJPV�SH. At
1 d.p.i., cells were processed as described above. The cells were incubated
with rabbit monoclonal antibody specific for the p65 subunit of the NF-�B
transcription factor (Santa Cruz Biotechnology, Santa Cruz, CA). The cells
were examined and photographed using a Nikon FXA fluorescence micro-
scope.

Growth kinetics. Vero cells in 12-well plates were infected with rJPV or
rJPV�SH at an MOI of 5 or 0.1. The cells were then washed with PBS and
maintained in DMEM–2% FBS. The medium was collected at 0, 24, 48, 72,
and 96 hours postinfection (h p.i.). The titers of viruses were determined by
plaque assay on Vero cells.

Immunoprecipitation of polypeptides. Vero cells were mock infected or
infected with rJPV or rJPV�SH. At 22 h p.i., the cells were labeled for 2 h
with 35S-Met/Cys Promix (100 �Ci/ml). The cells were lysed in radioimmu-
noprecipitation buffer, and aliquots immunoprecipitated using polyclonal
anti-P C-terminal or anti-V C-terminal rabbit serum (Genscript USA, Inc.,
Piscataway, NJ). The precipitated proteins were resolved by 15% SDS–
PAGE, and then the proteins were examined by autoradiography using a
Storm phosphorimager (Molecular Dynamics, Inc., Sunnyvale, CA).

Luciferase assay. The rJPV�SH genome contains the Renilla luciferase
gene in the place of the SH gene. To examine Rluc expression in virus-
infected cells, 24 wells of Vero cells were mock infected or infected with rJPV
or rJPV�SH. At 1 d.p.i., the cells were washed and lysed with 100 �l of 1�
passive lysis buffer. Ten microliters of lysate from each well were used to
examine the Renilla luciferase activity with a luciferase assay system (Pro-
mega Corporation, Madison WI).

To examine whether JPV SH protein can inhibit TNF-�-induced NF-�B
activation, 24 wells of L929 cells were transfected with an empty pCAGGS
vector, pCAGGS-PIV5 SH, or pCAGGS-JPV SH plus p�B-TATA-Luc and
pRL-TK. The cells were incubated at 37°C with 5% CO2 for 18 to 24 h, and
then the medium was replaced with either 250 �l of Opti-MEM alone or 250
�l of Opti-MEM containing 10 ng/ml TNF-� (catalog no. 522-009; Alexis, San
Diego, CA) or 250 �l of Opti-MEM containing 50 ng/ml of the phorbol ester
phorbol 12-myristate 13-acetate (PMA) (catalog no. p1585; Sigma, St. Louis,
MO), and cells were incubated for 4 h at 37°C with 5% CO2. The luciferase
activity, expressed as the ratio of firefly luciferase activity to Renilla luciferase
activity, was measured using a Veritas microplate luminometer (Turner Bio-
systems) to indicate the expression levels of the reporter gene under the
control of the NF-�B element. The fold increase and the ratio of the amount
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of luciferase activity of TNF-�-treated cells to that of untreated cells were
used to indicate the effect of SH on TNF-� signaling.

UV inactivation of viruses. L929 cells were mock infected or infected with
rJPV or rJPV�SH at an MOI of 5. At 2 d.p.i., the plate was uncovered, placed
inside a Fisher Hamilton biological safety cabinet class II, and UV treated for
30 min. The medium was then filtered through a 0.22-�m filter to remove cell
debris. The effectiveness of the UV treatment in inactivating JPV was con-
firmed by plaque assay.

Enzyme-linked immunosorbent assay (ELISA) of TNF-�. L929 cells were
mock infected or infected with rJPV or rJPV�SH at an MOI of 5. The
medium was collected at different time points postinfection. The amounts of
TNF-� were measured by using a murine TNF-� detection kit purchased from
Amersham Pharmacia (Piscataway, NJ) according to the manufacturer’s in-
structions. Amounts of 50 �l of medium from infected cells or standards in
duplicate and 50 �l of biotinylated antibody against TNF-� were added to
strips prelabeled with antibody against TNF-�. The strips were incubated at
room temperature for 2 h. After the strips were washed three times with wash
buffer provided by the manufacturer, 100 �l of streptavidin-horseradish per-
oxidase conjugate was added, and they were incubated at room temperature
for 30 min. The strips were then washed three times, and 100 �l of 3,3�,5,5�-
tetramethylbenzidine substrate solution was added to each well. The strips
were incubated in the dark at room temperature for 30 min, and 100 �l of
stop solution was added to each well. The optical density at 450 nm was
measured within 30 min. The amounts of TNF-� were calculated by using
standard curves generated from known concentrations of TNF-� provided by
the manufacturer.

Apoptosis assay. Fragmented DNAs were purified as described previously.
Briefly, confluent L929 cells were mock infected or infected with rJPV or
rJPV�SH at an MOI of 5. At 2 d.p.i., L929 cells were washed twice with PBS
without Mg2� or Ca2� and incubated in 0.5 ml of TTE buffer (0.2% Triton
X-100, 10 mM Tris, 15 mM EDTA, pH 8.0) at room temperature for 15 min.
Cell lysates were harvested and centrifuged at 14,000 rpm for 20 min. Super-
natants were digested with 100 �g of RNase A/ml at 37°C for 1 h. Samples
were purified by phenol-chloroform extraction, precipitated, and washed with
70% ethanol. Pellets were air dried and resuspended in 10 �l of Tris-EDTA.
Electrophoresis was performed on 2% agarose gels with size markers.

For terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) assay, L929 cells were trypsinized and combined with
floating cells in the medium at different time points. The harvested cells were
centrifuged and washed with PBS. The cells were fixed and permeabilized.
The cells were then incubated with 25 �l of TUNEL reaction mixture (cell
death detection kit; Roche Diagnostics Corp., Mannheim, Germany) for 2 to
3 h in the dark at 37°C. The cells were analyzed by flow cytometry (Invitrogen
Corporation, Carlsbad, CA).

Antibody treatment of infected cells. Confluent L929 cells were mock in-
fected or infected with rJPV or rJPV�SH at an MOI of 5 and were incubated
in 0.5 ml of DMEM–2% FBS with neutralizing antibody against TNF-� (BD
Pharmingen, San Jose, CA) or isotype control at 50 �g/ml. At 2 d.p.i., the
cells were photographed using a light microscope. The cells were collected,
and TUNEL assays were carried out as described above.

Infection of mice with JPV. All animal experiments were carried out strictly
following the protocol approved by the IACUC. To study the pathogenesis of
JPV in mice, 6-week-old wild-type BALB/cJ mice (Jackson Laboratories)
were infected with 50 �l of PBS or 105 PFU of rJPV or rJPV�SH intranasally.
The weight of the mice was monitored daily up to 7 days postinfection. Mice
were euthanized at 1, 3, and 7 days postinfection to collect sera and tissues,
including lungs. To preserve the morphology for histology studies, lungs were
inflated with 4% paraformaldehyde. Tissues were fixed in 4% paraformalde-
hyde at 4°C.

Histology studies. BALB/cJ mice from the infection study were euthanized
by asphyxiation. The lungs were inflated with 4% paraformaldehyde and
collected. Samples were routinely processed, embedded, and sectioned for
hematoxylin-and-eosin (H&E) staining. Alveolar infiltrates and perivascular
cuffing were scored from 1 (minimal) to 4 (severe) in a blinded fashion by a
board-certified veterinary pathologist. Photomicrographs were taken using an
Olympus BX41 microscope with an Olympus DP70 microscope digital camera
and DP Controller imaging software.

RESULTS

Rescue of recombinant JPV. The plasmids containing the
individual genes for N, P, M, F, SH, TM, G, and L were used

to construct a full-length cDNA of the JPV genome in a
plasmid (pJPV). Synthetic oligonucleotide linkers spanning
the intercistronic junction, leader, and trailer sequences
were used to join together these individual genes by PCR.
The plasmid containing the JPV cDNA was flanked by a T7
RNA polymerase (RNAP) promoter and a hepatitis delta
virus ribozyme followed by a T7 terminator (T7-T) (Fig.
1A). pJPV, carrying the full-length genome of JPV, and
three helper plasmids, pJPV-N, pJPV-P, and pJPV-L, car-
rying the N, P, and L proteins, respectively, were cotrans-
fected into BSR-T7 cells. After obtaining the rescued virus,
RT-PCR was used to confirm the recombinant virus with
primers specific for the JPV sequence (data not shown). A
unique NotI site was introduced into the 3� noncoding re-
gion of ORF-X by replacing four nucleotides to facilitate
DNA cloning and as a sequence marker. The recovery was
further confirmed by using RT-PCR to amplify the region
containing the NotI site. After NotI digestion, two small
fragments of 611 and 233 bp were obtained. Nucleotide
sequencing of the purified PCR product confirmed the in-
troduced NotI sequence tag (Fig. 1B). The full-length ge-
nome sequence of rJPV was determined using 22 pairs of
primers for PCRs and 44 primers for sequencing. One
plaque-purified clone of rJPV containing the exact viral
genome sequence of the cDNA was used for further exper-
iments. To further confirm the recombinant virus, we exam-
ined the expression of the TM protein, a unique JPV pro-
tein, in rJPV-infected Vero cells using immunofluorescent
staining (Fig. 1C). The TM protein was only detected in
rJPV-infected cells and not in mock-infected cells, indicat-
ing rescue of infectious JPV.

We inserted an extra gene, enhanced green fluorescent
protein (EGFP), with the gene end (GE) of the F gene and
gene start (GS) of the SH gene between the F and SH genes
of the JPV genome. The viral genome length was engineered
to conform to the rule of six. The full-length genome se-
quence of rJPV-EGFP was determined using 23 pairs of
primers for PCRs and 46 primers for sequencing. One
plaque-purified clone of rJPV-EGFP containing the exact
viral genome sequence of the cDNA was used for further
experiments. To confirm the rescue of rJPV-EGFP virus,
Vero cells were infected with rJPV or rJPV-EGFP and
examined using a fluorescence microscope (Fig. 1D). rJPV-
EGFP-infected Vero cells showed a strong fluorescence sig-
nal, whereas rJPV-infected cells showed no signal, indicat-
ing expression of EGFP. The virus was further confirmed
using RT-PCR (data not shown).

To construct a plasmid lacking the SH gene, we replaced
the ORF of the SH gene with the ORF of the Renilla
luciferase (Rluc) gene (Fig. 2A). The viral genome length
was engineered to conform to the rule of six. RT-PCR
amplifying the region between the F and TM genes was used
to confirm the rescue. The ORF of Rluc was about 726 bp
longer than that of the SH gene, and there were different
GE/GS sequences in two constructs, so the amplified frag-
ment was about 878 bp in rJPV-infected cells or 1,568 bp in
rJPV�SH-infected cells (Fig. 2B). The full-length genome
sequence of rJPV�SH was determined using 25 pairs of
primers for PCRs and 50 primers for sequencing. One
plaque-purified clone of rJPV�SH containing the exact viral
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genome sequence of the cDNA was used for the subsequent
experiments. To confirm the mutant virus lacking the ex-
pression of SH, an immunofluorescence assay was used.
Vero cells were mock infected or infected with rJPV or
rJPV�SH. SH protein was only detected in rJPV-infected
cells and not in mock- or rJPV�SH-infected Vero cells (Fig.

2C). Renilla luciferase activity was examined, and little lu-
ciferase activity was detected in mock- or rJPV-infected
Vero cells; however, high luciferase activity was detected in
rJPV�SH-infected Vero cells (Fig. 2D).

Growth kinetics. We examined the growth rates of rJPV
and rJPV�SH in Vero cells at MOIs of 5 and 0.1, respec-

FIG. 1. Recovery of rJPV and rJPV-EGFP. (A) Schematic diagram of the rescue of infectious JPV from its cDNA clone. pJPV contains
a complete copy of the JPV genome (18,954 nucleotides) that was flanked by a bacteriophage T7 RNA polymerase (RNAP) promoter (PT7)
and a hepatitis delta virus ribozyme followed by a bacteriophage T7 RNAP transcriptional terminator (T7-T). T7 RNA transcripts can be
synthesized under the control of the T7 promoter to yield antisense (�) JPV RNA. pJPV contains three extra G residues after the T7 RNAP
promoter and prior to the JPV leader (Le) sequence to increase T7 RNAP transcription initiation efficiency. A full-length anti-genome sense
JPV RNA transcript can be transcribed from the T7 RNAP promoter with the exact trailer sequence generated by cleavage with hepatitis
delta virus ribozyme. The filled boxes indicate the seven intercistronic regions. A sequence tag (NotI site) is introduced into the 3� noncoding
region of ORF-X. Plasmids pCAGGS-N, pCAGGS-P, and pCAGGS-L contain the cDNA for the JPV N, P, and L proteins, respectively.
BSR-T7 cells were cotransfected with pJPV and the three plasmids pCAGGS-N, pCAGGS-P, and pCAGGS-L. The transfection medium was
replaced with DMEM containing 10% FBS and 10% TPB after 3 h of incubation, and the cultures were incubated for 72 h. The BSR-T7
cells were passaged with Vero cells and cocultured for 2 weeks. Tr, trailer sequence of JPV; Ribo, ribozyme from hepatitis delta virus.
(B) Detection of the new NotI site. Top: schematic diagram of NotI site introduced into the 3� noncoding region of ORF-X. The NotI site
was introduced into the 3� noncoding region of ORF-X by PCR mutagenesis. P90f and p46R are the primers used for RT-PCR; the locations
of the primers are shown in parentheses. wt, wild type. Middle: RT-PCR results for RNA from rJPV-infected Vero cells. Lane 1, DNA size
marker with relevant sizes indicated. Lane 2, RNA from virus-infected cells using primers p80 and p146; the expected size of the PCR
product was 844 bp. Lane 3, PCR product from lane 2 cut with NotI. The two bands were 611 and 233 bp in size. Bottom: sequencing result
for PCR product. The NotI recognition sequence, GCGGCCGC, is underlined. (C) Immunofluorescent staining patterns of rJPV-infected
cells. Vero cells were mock infected or infected with rJPV. At 2 d.p.i., cells were fixed with 1% formaldehyde and permeabilized with 0.1%
saponin. Cells were stained with polyclonal antibody against TM rabbit sera and FITC-conjugated goat anti-rabbit secondary antibody.
Fluorescence was examined using a Nikon FXA fluorescence microscope. (D) EGFP expression of rJPV-EGFP virus. Vero cells were
infected with rJPV or rJPV-EGFP. At 48 h p.i., fluorescence was examined using a Nikon FXA fluorescence microscope.
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tively. The medium was harvested at different time points to
determine virus titers by plaque assay. No difference in the
plaque sizes of rJPV and rJPV�SH was observed (data not
shown). rJPV and rJPV�SH showed similar growth rates in
single-step (Fig. 3A) and multiple-step (Fig. 3B) growth
curves.

We examined the levels of expression of P and V proteins
by rJPV and rJPV�SH by using specific rabbit polyclonal
serum against P or V protein. No difference was observed by
immunoprecipitation assay (Fig. 3C).

rJPV�SH induced apoptosis in L929 cells. Paramyxoviruses
lacking SH induce apoptosis in L929 cells through a TNF-
�-mediated pathway. To investigate the phenotypes of rJPV
and rJPV�SH in L929 cells, cells were mock infected or
infected with rJPV or rJPV�SH at an MOI of 5. CPE was
observed in rJPV- or rJPV�SH-infected L929 cells (Fig.
4A). rJPV and rJPV�SH both induced CPE, and there were
more dead cells in rJPV�SH-infected cells.

To investigate whether the CPE induced by rJPV or
rJPV�SH was due to apoptosis and whether there was a
difference in the extent of apoptosis induced by rJPV or
rJPV�SH, we examined the fragmented DNA in rJPV- and
rJPV�SH-infected L929 cells. Cells were mock infected or
infected with rJPV or rJPV�SH at an MOI of 5. At 2 d.p.i.,
cells were collected and DNAs were extracted and resolved
in 2% agarose gel. Fragmented DNA was not detected in the
mock-infected cells; however, small amounts of fragmented

DNA were found in the rJPV-infected cells, and increasing
amounts of fragmented DNA were detected in rJPV�SH-
infected cells (Fig. 4B), suggesting that rJPV and rJPV�SH
induced apoptosis in cells but rJPV�SH caused greater apop-
tosis.

To quantify the apoptosis induced by rJPV or rJPV�SH,
a TUNEL assay was used. At 1 d.p.i. and 2 d.p.i., cells were
collected for TUNEL assay. At 1 d.p.i., about 1.3% of cells
infected by rJPV were apoptotic, compared to 2.9% of cells
infected by rJPV�SH. At 2 d.p.i., approximately 20% of
cells infected by rJPV were apoptotic, compared to 38% of
cells infected by rJPV�SH (Fig. 4C). These data suggest
that while rJPV induced cell apoptosis at a basal level,
rJPV�SH induced greater apoptosis.

To investigate the mechanism of rJPV�SH-induced apop-
tosis, the ability of culture medium from the infected cells to
cause CPE was examined. L929 cells were infected with
rJPV or rJPV�SH at an MOI of 5 for 2 days. The culture
medium from the infected cells was collected, UV irradiated
to inactivate viruses, and filtered through 0.22-�m filters to
remove cell debris. Complete inactivation of virus by UV
irradiation was confirmed by plaque assay (data not shown).
The medium was then added to fresh L929 cells. After 2
days of incubation, CPE was observed in the cells incubated
with UV-treated medium from rJPV- and rJPV�SH-in-
fected cells (Fig. 4D). However, the CPE was greater in the
cells incubated with UV-treated medium from rJPV�SH-

FIG. 2. Recovery of rJPV�SH. (A) Structure of the rJPV and rJPV�SH genomes. The SH ORF was replaced with the Renilla luciferase
gene ORF. (B) RT-PCR results for RNA from rJPV- or rJPV�SH-infected Vero cells. Lane 1, DNA size marker with relevant sizes
indicated. Lanes 2 and 3, RNA from virus-infected cells with reverse transcriptase omitted from RT-PCR. Lanes 4 and 5, RNA from
virus-infected cells. In lanes 4 and 5, the sizes of the PCR products were 878 bp for rJPV and 1,568 bp for rJPV�SH using primers p61 (within
the F gene) and p94 (within the TM gene). (C) Immunofluorescent staining patterns of rJPV- and rJPV�SH-infected cells. Vero cells were
mock infected or infected with rJPV or rJPV�SH. At 2 d.p.i., the cells were fixed with 0.5% formaldehyde and permeabilized with 0.1%
saponin. Cells were stained with rabbit polyclonal antibody (Ab) against SH or TM and with FITC-conjugated goat anti-rabbit secondary
antibody. Fluorescence was examined using a Nikon FXA fluorescence microscope. (D) Rluc activity assay. Vero cells in 24-well plates were
mock infected or infected with rJPV or rJPV�SH. At 1 d.p.i., cells were lysed to examine Rluc activity using a luminometer according to
the manufacturer’s instructions. Error bars show standard errors of the means.
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infected cells than in those incubated with UV-treated me-
dium from rJPV-infected cells. Very little CPE was observed
in cells incubated in UV-treated medium from mock infec-
tion. This result shows that components secreted from virus-
infected cells can cause CPE in L929 cells, suggesting that
proteins, such as cytokines induced by virus infection, may
be involved in apoptosis induced by viral infection. The
difference in the severity of the CPE caused by incubation
with the UV-treated medium from rJPV- or RJPV�SH-
infected cells suggests that more of the apoptosis-inducing
protein was produced by rJPV�SH-infected cells.

Previous studies showed that there was a higher level of
production of TNF-� by rPIV5�SH-infected L929 cells than
wild-type rPIV5-infected L929 cells. To investigate the in-
volvement of TNF-� in rJPV- and rJPV�SH-induced CPE
in L929 cells, the production of TNF-� by infected cells was
measured by ELISA. Increased levels of TNF-� were de-
tected, and the level of TNF-� in rJPV�SH-infected cells
was higher than that in rJPV-infected cells (Fig. 4E).

Inhibition of rJPV�SH-induced apoptosis by neutralizing
antibody against TNF-�. To study whether TNF-� was re-
sponsible for apoptosis induction in rJPV- and rJPV�SH-
infected cells, L929 cells were infected with rJPV or
rJPV�SH at an MOI of 5 and were incubated with no
antibody, isotype control antibody, or neutralizing antibody
against TNF-� at 50 �g/ml. The CPE caused by rJPV and
rJPV�SH was inhibited by the neutralizing antibody, while
no inhibition was observed in the cells incubated with con-
trol antibody (Fig. 5A). The ability of TNF-� neutralizing
antibody to inhibit apoptosis was quantified by TUNEL as-
say using flow cytometry. As shown by the results in Fig. 5B,
apoptosis induced by rJPV�SH infection was inhibited when
the infected cells were incubated with the neutralizing an-
tibody against TNF-� but not when the cells were incubated
with control antibody. Anti-TNF-� antibody also reduced
apoptosis induced by rJPV.

Activation of NF-�B and inhibition of TNF-�-induced
NF-�B activation. TNF-� can activate NF-�B, and the acti-
vated NF-�B can further upregulate the expression of
TNF-�. To examine the activation of NF-�B by rJPV�SH,
L929 cells were mock infected or infected with rJPV or
rJPV�SH, and then immunofluorescence staining for p65
was performed. The numbers of positive cells from 10 ran-
domly chosen fields per group were calculated. As shown by
the results in Fig. 6A, mock-infected cells showed no nuclear
translocation of p65, a key subunit of NF-�B. Twenty-nine
percent of the rJPV-infected cells showed nuclear p65, com-
pared to 50% of rJPV�SH-infected cells. This suggests that
rJPV activated NF-�B and rJPV�SH induced greater p65
translocation into the nucleus, indicating that the SH pro-
tein may play a role in blocking NF-�B activation. To inves-
tigate whether JPV SH protein can inhibit TNF-�-induced
NF-�B activation, a plasmid with the firefly luciferase gene
under the control of an NF-�B TATA promoter was used as
a reporter gene. The reporter gene construct, along with a
transfection control plasmid, phRL-TK, which has Renilla
luciferase under the control of a herpes simplex virus TK
promoter, were transfected with either an empty vector or a
vector containing a gene encoding JPV SH or PIV5 SH. The
average increases in luciferase activity (n-fold) in cells
treated with TNF-� were significantly smaller than the in-
creases in luciferase activity in untreated cells, indicating
that JPV SH protein inhibited TNF-�-induced NF-�B acti-
vation (Fig. 6B). Interestingly, SH had no effect on the
PMA-mediated NF-�B activation, which activates NF-�B
through a protein kinase C-dependent pathway (8), suggest-
ing that the step of the inhibition of NF-�B by SH is up-
stream of NF-�B (Fig. 6C).

Infection of mice with rJPV and rJPV�SH. Since JPV was
originally isolated from rodents, we decided to use the mouse as
an infection model for studies of JPV pathogenesis. BALB/c mice
were intranasally infected with 50 �l of PBS or 105 PFU rJPV or
rJPV�SH. Weights were monitored daily up to 7 days. There
were no observed clinical signs of illness or weight loss. The mice
were sacrificed and organs such lung, kidney, heart, and liver, as
well as serum samples, were collected at 1, 3, and 7 d.p.i. No gross
pathological changes were observed in the organs. However, his-
topathology revealed increased lymphocytic perivascular cuffing
in mice infected with rJPV�SH compared to that in mice infected

FIG. 3. Comparison of rJPV and rJPV�SH in vitro. (A) Single-
step growth curves of rJPV and rJPV�SH. Vero cells were infected
with rJPV or rJPV�SH at an MOI of 5, and the medium was
harvested at 24-h intervals. The titers of the viruses were deter-
mined by plaque assay on Vero cells. (B) Multiple-step growth
curves of rJPV and rJPV�SH. Vero cells were infected with rJPV or
rJPV�SH at an MOI of 0.1, and the medium was harvested at 24-h
intervals. The titers of the viruses were determined by plaque assay
on Vero cells. (C) Analysis of P protein and V protein synthesized
by rJPV and rJPV�SH. Vero cells were mock infected or infected
with rJPV or rJPV�SH. At 22 h p.i., the cells were labeled with
35S-Met/Cys Promix for 2 h and then lysed in radioimmunoprecipi-
tation buffer and immunoprecipitated using polyclonal antibody
against P protein or V protein.
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with rJPV (Fig. 7A). Increased serum levels of TNF-� were de-
tected in rJPV�SH-infected animals, consistent with the results
showing rJPV�SH induction of a higher level of TNF-� expres-
sion in tissue culture cells (Fig. 7B), suggesting that SH plays a
role in reducing the expression of TNF-� in infected animals.

DISCUSSION

Members of the subfamily Paramyxovirinae contain a con-
served genome with the nucleocapsid (N), phosphoprotein
(P), matrix (M), fusion (F), attachment (HN/H/G), and

FIG. 4. rJPV�SH induced apoptosis in L929 cells. (A) CPE induced by rJPV and rJPV�SH infection in L929 cells. L929 cells were mock
infected or infected with rJPV or rJPV�SH at an MOI of 5. At 2 d.p.i., the cells were photographed. (B) Increased DNA laddering in
rJPV�SH-infected cells. L929 cells were mock infected or infected with rJPV or rJPV�SH at an MOI of 5. The first lane on the left shows DNA
size markers. The cells were collected at 2 d.p.i. (C) Induction of apoptosis by rJPV and rJPV�SH viruses. L929 cells were mock infected or
infected with rJPV or rJPV�SH at an MOI of 5. The cells were collected for TUNEL assay at the times indicated. (D) L929 cells were infected
at an MOI of 5. At 2 d.p.i., the culture medium was UV irradiated and the UV-treated medium was used to replace the regular growth medium
for L929 cells. After 2 days of incubation, the cells were photographed. (E) Concentrations of TNF-� produced from rJPV- and rJPV�SH-infected
cells. L929 cells were mock infected or infected with rJPV or rJPV�SH. The medium was taken at different time points after infection. The
amounts of TNF-� were measured by ELISA. Samples are triplicates, and error bars show standard errors of the means.
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large (L) genes found in all viruses (21). Compared to other
paramyxoviruses, JPV contains two additional genes, SH
and TM with unknown functions. In this work, we studied
the function of the SH protein in vitro and in vivo. Previ-
ously, recombinant viruses with SH deleted from PIV5 and
RSV have been generated. However, this is the first time
an ORF of the SH protein has been replaced with a foreign
gene without changing the native GS and GE sequences of
the SH gene, avoiding potential issues of deleting an entire
transcriptional unit (as in PIV5�SH) (10) or creating a
chimeric GE/GS (as in RSV�SH) (9). Furthermore, since
JPV was isolated from rodents, using a mouse model resem-
bles the natural infection. At present, it is not clear what the
natural host is for PIV5, and the only small animal model
available is based on an immunodeficient mouse (Stat1�/�)
(11, 12). RSV is a human pathogen, and therefore, the
mouse is not an ideal model for studies of RSV pathogen-
esis. Using a mouse model, we have found that the deletion
of SH in JPV led to increased expression of TNF-� in
infected mice, confirming our in vitro work. With a reverse
genetics system and a small-animal model, JPV may serve as
a good model to study the pathogenesis of paramyxoviruses.

For the first time, we have confirmed that the lack of SH
results in an increase in TNF-� expression in infected ani-
mals. Interestingly, we did not observe severe pathological
changes in the lungs of infected animals. This differs from
the report indicating that JPV causes hemorrhagic intersti-
tial pneumonia (19). It is possible that the virus we gener-
ated, based on a sequence from a virus that is several gen-
erations away from the original isolate, has adapted to
growth in the laboratory and may contain mutations. BeiPV,
an unclassified paramyxovirus, was isolated from rat and
human mesangial cell lines in 2006 (22). BeiPV contains 8
identical genes in the same order as JPV. Two additional
ORFs, named X1 and X2, in the 3� untranslated region
(UTR) of the G gene have been proposed. X1 is in the �3
reading frame and X2 is in the �2 reading frame, overlap-
ping by 31 nucleotides with X1. The amino acid sequence
identity between cognate proteins of JPV and BeiPV ranges
from 27 to 80%. The six proteins present in all paramyxo-
viruses (N, P, M, F, G, and L) display medium to high
homology (47 to 80%), whereas the SH and TM proteins
have low but significant homology (27 and 35%). It is likely
that BeiPV and JPV form a novel genus of the paramyxo-

FIG. 5. Anti-TNF-� inhibited rJPV- and rJPV�SH-induced apoptosis. (A) Inhibition of CPE by the neutralizing antibody against
TNF-�. L929 cells were mock infected or infected with rJPV or rJPV�SH at an MOI of 5 and incubated with no antibody, isotype control
antibody (50 �g/ml), or TNF-� neutralizing antibody (50 �g/ml) for 2 days. (B) Inhibition of apoptosis by neutralizing antibody against
TNF-�. L929 cells were mock infected or infected with rJPV or rJPV�SH at an MOI of 5 and incubated with no antibody, control antibody
(50 �g/ml), or neutralizing antibody (50 �g/ml) for 2 days. TUNEL assays were carried out at 2 d.p.i. Error bars show standard errors of
the means.
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virus family. The functions of the viral proteins and patho-
genesis of the viruses have not been well studied. Our work
in generating a reverse genetics system for JPV will aid
future studies of these novel and emerging viruses.

PIV5, MuV, and RSV encode the SH protein, which has
been shown to play an essential role in blocking apoptosis in
infected cells through inhibition of the TNF-� pathway (9,
23, 31). Since rJPV�SH-infected cells produced more
TNF-� than rJPV-infected cells during infection, this sug-
gests that the JPV SH protein plays an important role in the
inhibition of TNF-� production, like the SH proteins of
other paramyxoviruses. Results showing that ectopically ex-
pressed JPV SH blocked the activation of p65 by TNF-�
further confirmed that SH blocks TNF-� signaling. Neutral-
izing antibody against TNF-� inhibited cell apoptosis in-
duced by rJPV�SH, as expected. Interestingly, the neutral-
izing antibody against TNF-� also reduced apoptosis
induced by wild-type JPV, suggesting that the JPV SH is not
effective in blocking apoptosis mediated by TNF-�. Since
TNF-� can induce multiple signaling pathways, one leading
to activation of apoptosis and one leading to the activation
of NF-�B and TNF-� expression (autocrine) (1), we specu-
late that JPV SH is most effective at blocking the pathway
leading to the activation of NF-�B that triggers TNF-� ex-
pression. It is possible that the initial production of TNF-�
in the cells infected with JPV is triggered by virus replication
(such as viral proteins). NF-�B upregulates the expression
of TNF-�. TNF-� is an autocrine cytokine. More TNF-� is
produced in infected cells lacking SH (hence the increased

expression of TNF-� in rJPV�SH-infected cells). It is also
possible that at lower concentrations, TNF-�-mediated cell
death can be blocked by SH. This is consistent with in-
creased TNF-� concentrations and increased apoptosis in
JPV-infected cells. Thus, JPV SH may play a role in block-
ing cell death at a low concentration of TNF-� (at 1 d.p.i.
in wild-type JPV-infected cells), thus delaying apoptosis.
By timing the apoptosis to a later stage, it may represent
an advantage for viral spread while evading host inflamma-
tory responses, as well as avoiding premature death of host
cells.

Nonsegmented negative-strand RNA viruses (NNSVs)
are potential viral vector candidates for vaccine develop-
ment. In comparison to DNA viruses, the NNSVs do not
have a DNA phase in their life cycles and replicate in the
cytoplasm, thus avoiding unintended consequences from ge-
netic modifications of host cell DNA that may be associated
with recombination or insertion (21). Compared to those of
positive-strand RNA viruses, the genomes of NNSVs are
stable. NNSV genomes are relatively simple, more fully un-
derstood, and easier to manipulate. These characteristics
make NNSVs useful as potential vaccine vectors. PIV5, ve-
sicular stomatitis virus, human PIV3, measles viruses, Sen-
dai viruses, and Newcastle disease virus have been used for
vaccine research (24–26, 29, 30). As JPV has one of the
largest genomes in the paramyxovirus family, it is conceiv-
able that there is a greater capacity for the JPV genome to
express larger foreign genes. To examine whether the JPV
genome can be used as a vector to express foreign genes, we

FIG. 6. Activation of NF-�B and inhibition of TNF-�-induced NF-�B activation. (A) Activation of NF-�B. L929 cells were mock infected
or infected with rJPV or rJPV�SH at an MOI of 5. At 1 d.p.i., the cells were fixed with 0.5% formaldehyde and permeabilized with 0.1%
saponin. Cells were incubated with rabbit antibody against the mouse p65 subunit of NF-�B and with FITC-conjugated goat anti-rabbit
secondary antibody. Fluorescence was examined using a Nikon FXA fluorescence microscope. (B) JPV SH protein inhibits TNF-�-induced
NF-�B activation. L929 cells were transfected with pCAGGS, pCAGGS-PIV5 SH, or pCAGGS-JPV SH together with p�B-TATA-luc and
phRL-TK. At 1 day posttransfection, the medium was replaced with Opti-MEM or Opti-MEM and TNF-� (10 ng/ml). The cells were
incubated for 4 h at 37°C. NF-�B activation was determined using a Veritas microplate luminometer. Luciferase activity was measured as
the ratio of firefly luciferase activity to Renilla luciferase activity. The fold increase, as determined by the ratio of the amount of luciferase
activity of TNF-treated cells to that of untreated cells, is shown. Error bars show standard errors of the means. (C) Effect of SH on
PMA-mediated NF-�B activation. The same experiment as described for panel B was performed using Opti-MEM containing PMA (50
ng/ml), as well as TNF-� to stimulate the transfected cells.
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inserted the EGFP gene into the JPV genome, demonstrat-
ing the feasibility of this approach.
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