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In previous reports it was demonstrated that the Nipah virus V and W proteins have interferon (IFN)
antagonist activity due to their ability to block signaling from the IFN-o/f3 receptor (J. J. Rodriguez, J. P.
Parisien, and C. M. Horvath, J. Virol. 76:11476-11483, 2002; M. S. Park et al., J. Virol. 77:1501-1511, 2003). The
V, W, and P proteins are all encoded by the same viral gene and share an identical 407-amino-acid N-terminal
region but have distinct C-terminal sequences. We now show that the P protein also has anti-IFN function,
confirming that the common N-terminal domain is responsible for the antagonist activity. Truncation of this
N-terminal domain revealed that amino acids 50 to 150 retain the ability to block IFN and to bind STAT1, a
key component of the IFN signaling pathway. Subcellular localization studies demonstrate that the V and P
proteins are predominantly cytoplasmic whereas the W protein is localized to the nucleus. In all cases, STAT1
colocalizes with the corresponding Nipah virus protein. These interactions are sufficient to inhibit STAT1
activation, as demonstrated by the lack of STAT1 phosphorylation on tyrosine 701 in IFN-stimulated cells
expressing P, V, or W. Therefore, despite their common STAT1-binding domain, the Nipah virus V and P
proteins act by retaining STAT1 in the cytoplasm while the W protein sequesters STAT1 in the nucleus,
creating both a cytoplasmic and a nuclear block for STAT1. We also show that the IFN antagonist activity of
the P protein is not as strong as that of V or W, perhaps explaining why Nipah virus has evolved to express

these two edited products.

The interferon (IFN) response is one of the host’s primary
defense mechanisms against viral infection. IFN-«/( is synthe-
sized and secreted by cells in direct response to viral infection,
specifically to viral products including double-stranded RNA,
which triggers a cascade of kinase reactions (13, 49) and leads
to the activation of specific cellular transcription factors (e.g.,
IFN regulatory factor 3 [IRF-3] and NF-«kB) required for IFN
synthesis. The antiviral effects of IFN are mediated by the
products of IFN-stimulated genes (ISG), whose promoters are
activated through a signal transduction pathway following
binding of IFN to the IFN receptor. Receptor binding activates
the JAK tyrosine kinases, JAK1 and TYK2, which in turn
phosphorylate STAT1 and STAT2 on tyrosines 701 and 689,
respectively (11). The phosphorylated STATSs heterodimerize,
associate with IRF-9, and translocate to the nucleus. This com-
plex is known as ISG factor 3 (ISGF3) and binds to IFN-
sensitive response elements (ISRE) within the promoters of
ISGs, resulting in transcriptional upregulation of these genes
and establishment of an antiviral state (11).

Viruses have devised various strategies to circumvent this
IFN-induced antiviral state through the expression of viral
proteins that inhibit specific components of the IFN system
(14, 29, 31). Several viral IFN antagonists have been identified
in viruses with negative-sense RNA genomes, such as the NS1
protein of influenza A virus (15), the VP35 protein of Ebola
virus (4), the NSs protein of Bunyamwera virus (58), and the
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ML protein of Thogoto virus (23). Within the family Paramyxo-
viridae, there is a large number of viruses that encode IFN
antagonists (22). Respiratory syncytial virus (RSV), a member
of the subfamily Prneumovirinae, expresses two nonstructural
proteins, NS1 and NS2, which for bovine RSV have been
shown to act cooperatively to block the IFN response (48). The
IFN antagonist functions of members of the subfamily
Paramyxovirinae are all encoded by the phosphoprotein (P)
gene and in most cases are carried out by one of the accessory
proteins V and C. These proteins all target the IFN signaling,
or JAK/STAT, pathway but do so through distinct mecha-
nisms. The Sendai virus C proteins (a nested set of four pro-
teins) interact with STAT1 and prevent pY701-STAT1 forma-
tion in response to IFN stimulation (16, 18, 52). There is also
evidence that they can affect the dephosphorylation and sta-
bility of STAT1 and that the different C proteins may have
differential effects (19, 20, 46). The V protein of simian virus 5
(SV5) targets STAT1 for degradation through the assembly of
a degradation complex that also requires the presence of
STAT2, damaged DNA binding protein 1, and cullin 4A (1, 12,
40, 54). The SV5 V protein also inhibits IFN-B synthesis, so
this single protein has the ability to target multiple pathways
(26, 44). The human parainfluenza virus 2 V protein targets
STAT?2 for degradation through a mechanism analogous to
that described for SV5 V (35, 39, 54, 61). Similarly, the mumps
virus V protein causes loss of STAT1 (30, 59) as well as STAT3
(55). Thus, it appears that the V proteins of these three rubu-
laviruses all exert their effects through a degradation mecha-
nism, although they have distinct targets. The V protein of
measles virus, a morbillivirus, prevents nuclear translocation of
STAT1 and STAT2 following IFN treatment but does not
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affect tyrosine phosphorylation (37). The Newcastle disease
virus (NDV) V protein has also been shown to have IFN
antagonist activity (28, 42), and there is evidence that it is able
to block IFN production (M.-S. Park, unpublished data) and
induce loss of STAT1 (28).

Many of the IFN antagonist proteins mentioned above have
also been shown to act as virulence factors and therefore have
direct effects on viral pathogenicity (6, 15, 17, 32, 43). There is
also growing evidence that viral IFN antagonists play a role in
determining the host range of a virus, presumably due to a
species-specific restriction on their cellular target protein (3, 5,
38, 41, 60).

Nipah virus is a newly emergent paramyxovirus and has been
identified as the etiological agent responsible for an outbreak
of disease among pigs and humans which occurred in Malaysia
and Singapore in 1998 to 1999 (7). Infection in humans was
associated with severe febrile encephalitis with a high mortality
rate (21), indicating that Nipah virus is a highly virulent human
pathogen. In contrast, the virus caused a predominantly respi-
ratory illness in pigs, which were identified as the source of
infection for humans. Recently, the fruit bat has been identi-
fied as the natural reservoir of Nipah virus (8), and in addition
to humans and pigs, there is evidence of infection in dogs, cats,
and horses (27). Sequence analysis shows that Nipah virus is
closely related to Hendra virus, another zoonotic paramyxovi-
rus, and together these two viruses make up the Henipavirus
genus within the subfamily Paramyxovirinae (24, 56). It has
been shown that Nipah virus encodes IFN antagonist activity in
its V, W, and C proteins (42, 45). The mode of action for C is
unclear, but the V protein is able to block IFN signaling by
preventing IFN-induced STAT phosphorylation and nuclear
translocation (45). The W protein also inhibits IFN signaling,
which led to the discovery that it is the common N-terminal
portion of V and W that encodes the anti-IFN function (42).

We show here that the Nipah virus P protein also blocks IFN
signaling and that the STAT1-binding domain of P, V, and W
lies within amino acids 50 to 150 in the common N-terminal
domain. We further demonstrate differential activity for the
Nipah virus P, V, and W proteins, and we show that while P
and V inhibit STATI in the cytoplasm, W acts from the nuclear
compartment.

MATERIALS AND METHODS

Cells, virus, and expression plasmids. Vero, 293T, A549, and HeLa cells were
maintained in Dulbecco modified Eagle medium supplemented with 10% fetal
bovine serum (FBS). The green fluorescent protein (GFP)-expressing NDV has
been described previously (42). The Nipah virus V and W protein expression
plasmids have been described previously (42). An expression construct contain-
ing the cDNA for STAT 1« under the control of a cytomegalovirus promoter (47)
was provided by Jim Darnell (Rockefeller University, New York, N.Y.).

Cloning of the Nipah virus P ORF and truncations thereof. Nipah virus cDNA
of the P open reading frame (ORF) was constructed by PCR without a template
by using overlapping deoxyoligonucleotides corresponding to GenBank acces-
sion number NC_002728. The P ORF corresponds to nucleotides 2406 to 4535,
but nucleotides 2429, 2432, and 2438 have been mutated to C, C, and A, respec-
tively, to eliminate the first two AUG start codons in the C ORF and to create
an early stop codon. The PCR product was cloned into the mammalian expres-
sion plasmid pCAGGS (36). The domains encoding all truncated versions of the
V protein were amplified by PCR, by using the full-length V construct as a
template, and cloned into pCAGGS. Where indicated, a hemagglutinin (HA)
epitope tag was added at the N terminus or a V5 epitope tag was added at the
C terminus.
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NDV-GFP complementation assay with A549 cells. A549 cells were seeded
onto 24-well plates, and the monolayer was transfected the following day with 2
pg of a plasmid and 2 pl of Lipofectamine 2000 reagent (Invitrogen) per well.
Twenty-four hours later, the cells were washed briefly with phosphate-buffered
saline (PBS) and infected with NDV-GFP (multiplicity of infection, 1) at room
temperature for 1 h. The infected cells were incubated for 24 h at 37°C under 5%
CO, and analyzed for levels of GFP expression by fluorescence microscopy and
fluorescence-activated cell sorter (FACS) analysis, as described previously (42).
A549 cells were used for this assay because they are susceptible to infection with
NDV-GFP and are relevant for studying the ability of human viral proteins to
overcome the antiviral state in human cells.

Reporter gene assays with Vero cells. Vero cells (which are defective in IFN
production) were transfected with a reporter gene plasmid containing the chlor-
amphenicol acetyltransferase (CAT) gene under the control of an ISRE pro-
moter (1 ug), a Renilla luciferase plasmid (1 pg), and the expression plasmid of
interest (5 pg), as described previously (42). Cells were treated 24 h later with
1,000 IU of human IFN-B (Calbiochem, La Jolla, Calif.)/ml. Incubation was
continued for a further 24 h before the cells were harvested and analyzed for
CAT and luciferase activities.

Immunoblotting and immunoprecipitation. For analysis of the levels of
STAT1 phosphorylation, 293T cells were transfected in suspension with 5 pg of
a plasmid by using Lipofectamine 2000 (Invitrogen). Transfected cells were
incubated for 20 to 24 h, fresh medium without FBS was added, and incubation
was continued for 2 to 4 h. Fresh medium (without FBS) containing 1,000 TU of
human IFN-B/ml was added, and the cells were incubated for a further 30 min.
Cells were then washed in ice-cold PBS and lysed in 100 pl of extract buffer (50
mM Tris [pH 7.5], 280 mM NaCl, 0.5% IGEPAL, 0.2 mM EDTA, 2 mM EGTA,
10% glycerol, 1 mM dithiothreitol, 0.1 mM sodium vanadate, and protease
inhibitors [Complete; Roche]). Total-cell extracts were analyzed by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins
were transferred to a nitrocellulose membrane and probed with antibodies
against STAT] (catalog no. 610185; Transduction Laboratories) or the tyrosine
701-phosphorylated form of STAT1 (catalog no. 9171; Cell Signaling). After
incubation with a peroxidase-labeled secondary antibody, blots were analyzed by
chemiluminescence.

For coimmunoprecipitation of STAT1, 293T cells were transfected with 5 pug
of the HA or V5 epitope-tagged Nipah virus expression plasmid or an empty
vector and 5 pg of the STAT1 plasmid. Following a 20- to 24-h incubation, cells
were washed in ice-cold PBS and lysed in 500 wl of extract buffer for 30 min on
ice. Extracts were centrifuged at 13,000 rpm for 15 min in a Heraeus Biofuge
Pico microcentrifuge, the supernatant was collected, and 2 pl of an anti-HA
antibody (catalog no. H6908; Sigma) or 2 ul of an anti-V5 antibody (Invitrogen)
was added and incubated overnight at 4°C with rotation. Protein A-agarose
(Roche) was added, and incubation at 4°C was continued for 1 to 2 h. The
agarose was washed three times with extract buffer and boiled in 2X SDS-PAGE
sample buffer. Proteins were analyzed by SDS-PAGE and immunoblotting with
an antibody against STAT1 as described above. 293T cells were used for these
assays so as to achieve the highest possible transfection efficiency.

Immunofluorescence. HeLa cells were transfected in suspension with 1 pg of
the HA-tagged Nipah virus expression plasmid and 2 pg of the STAT1 expres-
sion plasmid and were seeded onto glass coverslips. Following a 20- to 24-h
incubation, they were fixed and permeabilized in ice-cold methanol. For analysis
of the presence of phosphorylated STATI, the cells were first serum starved (as
described above) and then treated with 100 ng of human IFN-a (catalog no.
9906; Cell Signaling)/ml for 30 min prior to fixation. Fixed cells were probed with
antibodies against the HA epitope and either STAT1 or phosphorylated STAT1
and were analyzed by fluorescence microscopy following incubation with fluo-
rescein isothiocyanate- or Texas red-conjugated secondary antibodies. HeLa
cells were used, because they allow easy distinction of the cytoplasmic and
nuclear compartments.

RESULTS

The Nipah virus P protein has IFN antagonist activity. The
Nipah virus P gene is predicted to encode four proteins: the
phosphoprotein (P), V, W, and C. The V and W proteins are
predicted to be expressed from edited transcripts of the P gene
where either 1 or 2 additional G residues are inserted at the
editing site, respectively (24). This creates a frameshift such
that the V, W, and P proteins (the latter expressed from the
unedited transcript) have a common 407-amino-acid N-termi-
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FIG. 1. The Nipah virus P protein has IFN antagonist activity.
(A) Schematic representation of the Nipah virus V, W, and P proteins,
their common N-terminal domain (Vn), and the unique C-terminal
domain of V (Vc). Open box, N-terminal domain shared by all three
proteins; shaded, solid, and checked boxes, unique C-terminal domains
of V, W, and P, respectively, which arise due to the insertion of 1, 2, or
0 extra nontemplate G residues. (B) GFP expression in A549 cells
following NDV-GFP infection. First panel, untransfected, uninfected
cells; second panel, untransfected, NDV-GFP-infected cells. For the
remaining panels, cells were transfected with the indicated expression
plasmid and subsequently infected with NDV-GFP. (C) Inhibition of
IFN-B-induced reporter gene expression in the presence of V, W, P, or
Vn. Vero cells were transfected with an ISRE-CAT reporter plasmid
and the indicated expression plasmid and were then either mock
treated or treated with 1,000 IU of IFN-B/ml (+IFN-B) for 24 h. Data
are expressed as the relative CAT activity determined 1 day posttreat-
ment, normalized to a constitutively expressed Renilla luciferase con-
trol.
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nal domain but unique C-terminal domains (Fig. 1A). A fourth
protein, C, is predicted to be expressed from an alternate ORF
in the P gene; however, in all the constructs described here,
this ORF has been eliminated by mutation of the start codon
and insertion of a stop codon at position 4 to prevent potential
effects due to C protein expression. We have previously shown
that the common N-terminal domain alone (referred to here as
Vn) has the ability to inhibit IFN signaling, as do full-length V
and W (42). The P protein has a much longer C-terminal
portion than V and W. To examine whether the N-terminal
domain retains the ability to block IFN within the context of
the full-length P protein, IFN antagonist function was tested in
an NDV-GFP assay (42). This assay is based on the observa-

+ IFN-B

tion that plasmid transfection can induce an IFN response, and
if the transfected cells are subsequently infected with a recom-
binant GFP-expressing NDV, the virus fails to replicate effi-
ciently and little GFP expression is observed (Fig. 1B, empty
vector). However, if the plasmid encodes an IFN antagonist
protein, the virus can replicate and GFP expression is restored.
When the V, W, P, or Vn protein was expressed, there was an
increase in GFP expression relative to that in cells transfected
with the empty vector, whereas with the C-terminal portion of
V (Vc), no effect was observed (Fig. 1B). This result indicates
that, like the V and W proteins, the P protein can prevent the
establishment of an IFN-induced antiviral state. The P protein
was further tested for its ability to block IFN-a/B-induced gene
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expression, as previously demonstrated for V (42, 45) and W
(42). Expression of V, W, P, or Vn dramatically reduced acti-
vation of an IFN-o/B-inducible reporter gene relative to that
with the empty vector control or to expression of Vc (Fig. 1C).
These results confirm those obtained by the NDV-GFP assay
and show that the V, W, and P proteins all target the IFN
signaling pathway and most likely do so through their shared
N-terminal portion.

The 50-150 amino acid domain common to the P, V, and W
proteins has IFN antagonist activity and inhibits activation of
an ISRE promoter. The identification of IFN antagonist activ-
ity for the V, W, and P proteins is unique for Nipah virus, since
activity has been associated only with the V (and C) proteins of
paramyxoviruses. For some V proteins, it has been shown that
the conserved Vc is required to block IFN (30, 35, 42), but
despite sharing approximately 50% amino acid conservation
with the Vc’s of other paramyxoviruses, Nipah virus Vc does
not display IFN antagonist properties by either the NDV-GFP
or the ISRE-CAT assay. When one compares the N-terminal
domain of Nipah virus V with those of other paramyxoviruses,
the most striking difference is that Nipah and Hendra viruses
have a roughly 210 amino acid N-terminal extension. To in-
vestigate the possibility that this unique domain encodes the
IFN antagonist activity, a construct encoding amino acids 1 to
210 was tested by both the NDV-GFP and ISRE-CAT assays.
In the NDV-GFP assay (Fig. 2A), expression of the domain
comprising amino acids 1 to 210 (the 1-210 domain) resulted in
increased GFP expression, indicating that this region has IFN
antagonist activity. Likewise, in the ISRE-CAT assay, there
was an almost complete loss of CAT activity in the presence of
the 1-210 domain (Fig. 2B). Therefore, in both of these tests,
the 1-210 domain behaves similarly to the full-length V protein
and Vn. To further map the minimal domain that retains IFN
antagonist activity, both C- and N-terminal deletions were
made. It was found that expression of amino acids 50 to 150
still resulted in increased GFP expression (Fig. 2A) and de-
creased CAT activity (Fig. 2B), indicating that the minimal
domain required for IFN antagonist activity lies within amino
acids 50 to 150.

The 50-150 amino acid domain retains the ability to interact
with STATI. It has been shown previously that expression of
Nipah virus V does not result in degradation of either STAT1
or STAT?2; rather, V acts by sequestering STAT1 and STAT2
into high-molecular-weight complexes (45). To investigate
whether the minimal domain identified as having IFN antag-
onist properties (50-150) was also able to bind STAT1, HA-
tagged constructs of the 25-150 and 50-150 truncations were
tested for their abilities to coimmunoprecipitate STAT1 (Fig.
3). A full-length V construct tagged with a V5 epitope was used
as a control. Full-length V and the 25-150 and 50-150 trunca-
tions were all able to bind STAT1. These results suggest that
the STAT1-binding domain lies between amino acids 50 and
150. This finding correlates with the ability of these domains to
block the effects of IFN in the NDV-GFP assay (Fig. 2A) and
to inhibit the activation of promoters of ISGs (Fig. 2B).

Nipah virus W localizes to the nucleus. The STAT1-binding
domain is present in the P, V, and W proteins, due to its
location in the shared N-terminal domain. This begs the ques-
tion of why the virus produces three proteins that appear to
have the same activity. To address this question, we compared

J. VIROL.

80
70

40
30
20
10

o 4

average GFP intensity

N oW
6@ <7‘°‘é‘q \’9‘ﬁ§\v
K\

0

O
F s

o,

120
100
80
60

F 3
o

20

AN N A O
AQé' 40(}' 640\ é\Q N N N "ﬁ" @o

FIG. 2. The minimal domain that retains IFN antagonist activity is
contained within amino acids 50 to 150. (A) Amino acids 50 to 150
constitute the smallest domain that rescues GFP expression in the NDV-
GFP complementation assay. A549 cells were transfected with the indi-
cated plasmid followed by NDV-GFP infection. Average GFP expression,
as determined by FACS analysis, is shown. IFN antagonist activity is
indicated by an increase in GFP expression compared to that with the
vector control. (B) Amino acids 50 to 150 constitute the smallest domain
that shows complete inhibition of IFN-B-inducible reporter gene expres-
sion. Vero cells were transfected with an ISRE-CAT reporter construct
and the indicated expression construct and were then either mock treated
or treated with 1,000 IU of IFN-B/ml (+IFN-B) for 24 h. Data are
expressed as the relative CAT activity determined 1 day posttreatment,
normalized to a constitutively expressed Renilla luciferase control.

Relative CAT activity

‘\\Q

the subcellular localization of HA-tagged P, V, and W proteins
by indirect immunofluorescence, using an antibody against the
HA tag (Fig. 4, left panels). The V protein has previously been
shown to have a cytoplasmic distribution (45), a finding con-

STAT1— 3

Blot: anti-STAT1

FIG. 3. Amino acids 50 to 150 constitute the smallest domain that
is able to interact with STAT1. 293T cells were transfected with a
STAT1 expression construct and the indicated Nipah virus construct.
Protein complexes were coimmunoprecipitated with an antibody
against the HA or V5 epitope, and the interacting protein was analyzed
by SDS-PAGE and immunoblotting with an anti-STAT1 antibody. The
position of STAT1 is indicated.
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STAT1

DAPI

FIG. 4. Nipah virus W is localized to the nucleus and causes redistribution of STAT] to the nucleus, whereas V and P localize to the cytoplasm
and retain STATI in the cytoplasm. HeLa cells were transfected with the STAT1 expression plasmid and HA-tagged V, W, or P. Cells were fixed
and permeabilized 1 day later. Proteins were stained with antibodies against the HA epitope (left panels) or STATI (center panels), and nuclei

were stained with 4’,6-diamidino-2-phenylindole (DAPI) (right panels).

firmed in the present study. The P protein was also found to
localize to the cytoplasm; however, the W protein showed a
distinctly different localization, with staining exclusively in the
nucleus. Experiments performed with untagged versions of the
same proteins, using antisera raised against the V protein,
yielded the same localization results (data not shown).

STAT1 colocalizes with W in the nucleus and with P and V
in the cytoplasm. To examine what effect the nuclear localiza-
tion of W has on the localization of STATI, which in its
inactive state is both cytoplasmic and nuclear (33), cells were
transfected with HA-tagged V, W, or P constructs and a plas-
mid encoding STAT1 and were costained for HA and STAT1
(Fig. 4, left and center panels). In cells expressing W, STAT1
also displayed nuclear localization, whereas in cells expressing
P or V, STAT1 was entirely cytoplasmic. Therefore, STAT1
colocalizes with P and V in the cytoplasm and with W in the
nucleus.

The P, V, and W proteins all inhibit phosphorylation of
STAT1 in response to IFN. Having demonstrated that expres-
sion of P, V, or W results in redistribution of STAT1 to either
the cytoplasmic or the nuclear compartment, we next examined
the effect of IFN-a/B on STAT1 activation in cells expressing
P, V, or W. Upon IFN treatment, STAT1 becomes phosphor-
ylated on tyrosine 701, dimerizes, and translocates to the nu-
cleus (11). To monitor the formation of activated STAT], cells
transfected with STAT1 and either P, V, or W were treated
with IFN for 30 min, fixed, permeabilized, and stained with an
anti-HA antibody (Fig. 5A, left panels) and an antibody that

specifically recognizes the nuclear, phosphorylated form of
STAT1 (Fig. 5A, center panels). In those cells not expressing V
or W, activated STAT1 was clearly visible in the nucleus; how-
ever, if either the V or the W protein was expressed in the cell,
there was no evidence of phosphorylated STAT1 in the nucleus
(Fig. 5A). Among cells expressing the P protein, some had
activated STAT1 in the nucleus while others did not (Fig. 5A),
indicating that P is not as capable of blocking STAT1 activa-
tion as V or W in this system. However, these first experiments
involved overexpression of STAT1. To compare the effects of
P, V, and W on the activation of endogenous STATI, cells
were transfected to a high efficiency with the indicated plasmid,
either treated with IFN for 30 min or left untreated, and lysed,
and the cell extracts were analyzed by Western blotting for the
presence of phosphorylated STAT1 (Fig. 5B, upper panel) and
bulk STAT1 (lower panel). Levels of bulk STAT1 remained
unchanged in the presence or absence of IFN. As expected, the
tyrosine-phosphorylated form of STAT1 was seen only in those
cells treated with IFN; however, in the presence of either V, W,
or P, the amount of phosphorylated STAT1 was smaller than
that in cells transfected with the empty vector. The small
amounts of phosphorylated STAT1 seen in the V, W, or P
samples are likely derived from the small percentage of un-
transfected cells.

The P protein has a weaker ability to block IFN signaling
than V or W. Given that P is unable to inhibit STAT1 phos-
phorylation to the same extent as V and W when STAT1 is
overexpressed (Fig. SA), we explored whether P may be less
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FIG. 5. Nipah virus V, W, and P all inhibit IFN-induced phosphorylation of STAT1. (A) HeLa cells were transfected with a STAT1 plasmid
and an HA-tagged V, W, or P plasmid. STAT1 phosphorylation was induced by treatment with 100 ng of IFN-a/ml for 30 min. Proteins were
stained with antibodies against the HA epitope (left panels) or pY701-STAT1 (center panels). In cells expressing V or W, there was no evidence
of phosphorylated STATT1 in the nucleus (white arrows). Among cells expressing P, some had activated STAT1 in the nucleus (blue arrows), while
others did not (yellow arrows). Merged images are shown in the panels on the right. (B) 293T cells were transfected with the indicated plasmids.
One day later, STAT1 phosphorylation was induced by treatment with 1,000 IU of IFN-B/ml for 30 min. Cells were lysed, and levels of
pY701-STAT1 (upper panel) and bulk STAT1 (lower panel) were determined by Western blot analysis.

effective than V or W at blocking IFN signaling. The ISRE-
CAT assay was repeated, this time using limiting amounts of
the P, V, and W expression plasmids (Fig. 6). When 5 pg of
plasmid was used, all three proteins inhibited reporter gene
activation to similar extents. However, when 0.2 pg was used,
P displayed an almost complete loss of activity, whereas V and
W were still able to block reporter gene activation to a signif-
icant extent, with W showing stronger activity than V. To
exclude the possibility that this result was due to different
levels of protein expression, a portion of the cell extract was
analyzed by Western blotting with an anti-HA antibody. Com-
parable levels of expression were seen with 5 pg of plasmid, but

no Western blot signal was detectable at the lower concentra-
tions for any of the constructs (data not shown). These results
indicate that the IFN antagonist activity of W is strongest, that
of V is intermediate, and that of P is weakest.

DISCUSSION

There is a precedent for viruses of the subfamily Paramyxo-
virinae to express proteins that specifically target the IFN sig-
naling pathway and inhibit the cellular IFN response. These
antagonist proteins are all encoded by the viral phosphopro-
tein (P) gene either from alternate ORFs or as a result of RNA
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FIG. 6. At limiting concentrations, Nipah virus P has a weaker
ability to block IFN signaling than the V and W proteins. Vero cells
were transfected with an ISRE-CAT reporter plasmid and either an
empty vector or 5, 1, or 0.2 pg of an HA-tagged V, W, or P plasmid.
In all cases, the total DNA was made up to 5 pg with the empty vector.
Cells were either mock treated or treated with 1,000 IU of IFN-B/ml
for 24 h, lysed, and analyzed for CAT activity. Data are expressed as
relative levels of CAT activity, normalized to a constitutively expressed
luciferase control.

editing. For Sendai virus (a respirovirus), the C proteins me-
diate this effect, whereas for members of the Rubulavirus, Mor-
billivirus, and Avulavirus genera, the antagonist function is en-
coded by the V protein. Nipah virus belongs to the newly
described Henipavirus genus, and in addition to the P protein,
its P gene has the ability to encode V, W, and C proteins. All
three of the latter proteins have been shown to have IFN
antagonist activity (42, 45). While the target of Nipah virus C
remains to be determined, V and W specifically inhibit the IFN
signaling pathway. This is the first W protein of a paramyxo-
virus (here defined as the protein translated from a +2G ed-
ited transcript) to be ascribed a function. The observation that
both V and W were IFN antagonists led to the finding that it
is the common amino-terminal domain of Nipah virus V and W
that has IFN antagonist activity (42). This situation differs
remarkably from that of the V proteins of human parainflu-
enza virus 2, mumps virus, and NDV, for which it has been
shown that expression of the C-terminal domain alone is suf-
ficient to block the IFN response; for these viruses, expression
of the P protein, which has an N-terminal domain identical to
that of V, is inactive in the same assay (30, 35, 42).

In the present report we show that the Nipah virus P protein
also has IFN antagonist activity, confirming that this function is
encoded in the common N-terminal domain of the P, V, and W
proteins. The ability of the P protein to block IFN is another
unusual feature of Nipah virus (and perhaps Hendra virus),
because in all other members of the Paramyxovirinae, the anti-
IFN function has been associated only with the accessory pro-
teins C and V. However, the Ebola virus VP35 protein is a
functional counterpart of the paramyxovirus phosphoproteins
(34) and has also been identified as an IFN antagonist (2, 4).
Thus, it would appear that the P genes of negative-strand RNA
viruses, although not highly conserved, are multifunctional. It
would appear, too, that in the majority of paramyxoviruses the
IFN antagonist function has been taken over by the accessory
proteins, but in Nipah virus it has been maintained in the P
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protein (and in V and W) by virtue of its placement in the
shared N-terminal domain.

One of the reasons for the placement of Nipah and Hendra
viruses in a separate genus is that their P proteins are much
larger than those of other paramyxoviruses (24). The majority
of this extra length (approximately 210 amino acids) is due to
an extended N-terminal domain (57), which is also present in
the V and W proteins. Alignment of the Nipah and Hendra V
proteins with the other paramyxovirus V proteins shows a high
degree of conservation in the C-terminal domain but hardly
any over the N-terminal domain. We found that this extended
domain, expressed alone, has the ability to inhibit IFN signal-
ing, as does a smaller truncation containing residues 50 to 150.
Furthermore, this minimal domain is also capable of interact-
ing with STAT1, which is the proposed mechanism of action
for Nipah virus V (45).

The STAT1-binding domain identified in the N terminus is
present in the P, V, and W proteins, so the question of why the
virus produces three proteins that have identical IFN antago-
nist functions remains. The differential localization of V and W
in the cytoplasm and nucleus, respectively, may provide an
answer to this question. Nipah virus W is analogous to the W
proteins described for Sendai virus and NDV (9, 51), but the
OREFs for the latter two proteins are terminated by a stop
codon soon after the editing site, whereas the Nipah virus W
OREF extends for 43 amino acids beyond the editing site.
Within this unique C-terminal portion are several basic amino
acid residues which are strong candidates for a nuclear local-
ization signal. We have shown here that expression of Nipah
virus W results in a redistribution of STAT1 to the nucleus in
the absence of IFN stimulation. In unstimulated cells STAT1
shuttles between the nucleus and cytoplasm; therefore, W
could bind STAT1 through its N terminus soon after it is
expressed, and then the complex could translocate to the nu-
cleus, or, alternatively, W could bind STAT1 once it enters the
nucleus and prevent it from shuttling back to the cytoplasm. In
contrast, V retains STATI in the cytoplasm, and there is evi-
dence that, like STAT1, V can shuttle between the cytoplasm
and nucleus (45). Ultimately, however, V is predominantly
cytoplasmic, suggesting that it has a strong export signal. The
Nipah virus P protein is also cytoplasmic and, like the V pro-
tein, causes redistribution of STAT1 to the cytoplasm. The
result is that in cells expressing W, STAT1 is nuclear, whereas
in cells expressing V or P, STAT1 is cytoplasmic. In response
to IFN stimulation, STAT1 becomes phosphorylated on ty-
rosine 701, dimerizes, and translocates to the nucleus (11). It
has been shown here and by Rodriguez et al. (45) that expres-
sion of V inhibits IFN-induced phosphorylation of STATI. In
cells expressing W, STAT1 is already in the nucleus, and there-
fore one possibility was that this nuclear STAT is already in its
phosphorylated form. However, this possibility was excluded
by our demonstration that IFN-treated cells expressing W do
not contain tyrosine-phosphorylated forms of STAT1, presum-
ably because STAT1 is excluded from the cytoplasm and thus
is not accessible for phosphorylation by tyrosine kinases. Be-
cause both V and P retain STAT1 in the cytoplasm and also
inhibit its phosphorylation, the mere act of binding appears to
be sufficient to block STAT1 activation.

It will be important to determine the cellular distribution of
STAT1 in infected cells, but because Nipah virus is classified as
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a BSL-4 agent and live virus experiments therefore require
high-containment facilities, this project is not immediately fea-
sible. One would predict, however, that STAT1 localization
would be determined by the relative levels of P, V, and W
expression in the cell. In this regard it has been shown that
plasmid clones of the P gene, amplified from mRNA of in-
fected cells, contain either 0, 1, or 2 extra G residues at the
editing site, which confirms that both edited transcripts (i.e., V
and W) are produced (24). Moreover, there is a report which
indicates that the frequency of editing in Nipah and Hendra
viruses is higher than that in measles and Sendai viruses and
that this increase is due to the production of more W tran-
scripts, while the proportions of V transcripts are similar (B. H.
Harcourt, A. Tamin, B. Newton, A. Sanchez, T. G. Ksiazek,
P. E. Rollin, W. J. Bellini, and P. A. Rota, Abstr. 11th Int.
Conf. Negative-Strand Viruses, abstr. 70, 2000).

Apart from expression levels, another consideration is how
possible interactions with other viral proteins may affect the
abilities of P, V, and W to function as IFN antagonists. As a
phosphoprotein, the P protein functions as a cofactor for the
polymerase; its C-terminal domain is predicted to be involved
in oligomerization (25, 53) and in interactions with both L (50)
and the assembled form of N (25), while the N terminus has a
role in chaperoning unassembled N protein (10, 25). It is there-
fore quite conceivable that one or more of these interactions,
which are required for viral RNA synthesis, interfere with the
ability of P to bind STAT1 and therefore suppress its IFN
antagonist activity. In fact, we have shown here that even when
expressed alone, P (which has a long C-terminal domain) is
inherently less able to inhibit IFN signaling than equivalent
amounts of V and W (which have shorter C-terminal domains).
This finding offers an explanation for the continued generation
of two additional proteins that share the same STAT1-binding
domain but localize to different compartments of the cell and
therefore provide the virus with a dual strategy for blocking
both cytoplasmic and nuclear forms of STATI.

The present study and those of Rodriguez et al. (45) and
Park et al. (42) provide evidence that all four proteins pre-
dicted to be encoded by the Nipah virus P gene (i.e., P, V, W,
and C) are able to inhibit the host IFN response. At first glance
it may appear that P, V, and W are redundant, but evidence
presented here indicates that P has weaker activity, and its role
during viral RNA synthesis may interfere with this activity even
further. V and W appear to differ only in terms of their cellular
distribution, and it remains to be seen what effect elimination
of one or the other has on the virus’s ability to counteract the
IFN response. Several viral IFN antagonists have been identi-
fied as virulence factors (6, 15, 17, 32, 43), and therefore it is
tempting to speculate that the high level of virulence of the
Nipah virus in humans is due to the expression of these mul-
tiple IFN antagonist proteins. In addition to the simple pres-
ence of more protein, the unique mechanism whereby different
proteins act from different compartments of the cell may con-
tribute to severe impairment of the host innate immune re-
sponse. Nipah and Hendra viruses also have a broad host range
(e.g., humans, pigs, bats, horses, dogs, cats) (27). Multiple IFN
antagonist proteins may be needed because some act in a
species-specific manner, as described for the NS1 protein of
influenza A virus (3) and for several paramyxovirus V proteins
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(38, 41, 60), facilitating the virus’s ability to replicate in mul-
tiple hosts.
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