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STAT1 and STAT2 Nuclear Accumulation

Jason J. Rodriguez,' Lin-Fa Wang,> and Curt M. Horvath'*

Immunobiology Center, Mount Sinai School of Medicine, New York, New York 10029," and CSIRO Livestock Industries,
Australian Animal Health Laboratory, Geelong, Victoria 3220, Australia®

Received 9 June 2003/Accepted 31 July 2003

The V protein of the recently emerged paramyxovirus, Nipah virus, has been shown to inhibit interferon
(IFN) signal transduction through cytoplasmic sequestration of cellular STAT1 and STAT2 in high-molecular-
weight complexes. Here we demonstrate that the closely related Hendra virus V protein also inhibits cellular
responses to IFN through binding and cytoplasmic sequestration of both STAT1 and STAT2, but not STAT3.
These findings demonstrate a V protein-mediated IFN signal evasion mechanism that is a general property of

the known Henipavirus species.

The Paramyxoviridae comprise a group of enveloped, nega-
tive-strand RNA viruses that are capable of causing human
and animal disease (6). Most paramyxoviruses have the ability
to inhibit interferon (IFN)-induced innate antiviral responses
through direct inhibition of cellular STAT proteins that are
responsible for IFN signal transduction. Within the family and
also among species in a particular genus, diverse molecular
mechanisms account for STAT inhibition, ranging from cyto-
plasmic sequestration to proteasomal degradation. These
STAT inhibition properties have often been linked to a virus-
encoded protein named ‘V.” The paramyxovirus V protein is
characterized by a highly conserved C-terminal domain
(CTD); CTDs are approximately 50% identical within the fam-
ily. V proteins are readily identifiable by their CTDs, and
particularly notable is the conservation of seven cysteine resi-
dues (11, 13). This domain enables the V protein to bind two
atoms of zinc, a stoichiometry similar to that found in cellular
RING finger domains (11). Aside from this apparent resem-
blance, V proteins have no cellular homologues and the spac-
ing of CTD cysteine residues is not in accordance with those in
known cellular zinc-binding proteins (1, 2), suggesting a virus
origin for this domain.

A 1994 outbreak of acute respiratory disease at an Austra-
lian horse stable resulted in the deaths of 12 horses and one
horse trainer. The causative agent was identified as a
paramyxovirus initially termed “equine morbillivirus” and sub-
sequently renamed Hendra virus after the location of the initial
outbreak (5, 7, 18, 19). A similar outbreak of zoonotic disease
in both the animal and human populations of peninsular Ma-
laysia was caused by Nipah virus, which is closely related to
Hendra virus (3). These two species are the founding members
of a new Paramyxovirus genus called Henipavirus (16, 17).
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One of the features identifying these viruses as paramyxovi-
ruses is the presence of a polycistronic gene with overlapping
reading frames coding for the highly conserved V protein
CTD. Despite ~50% sequence identity within the CTD, He-
nipavirus V proteins have N termini that are longer and dis-
similar from those of other paramyxovirus genera. Recently it
was demonstrated that expression of the V protein of Nipah
virus interferes with IFN signaling in avian and human systems
(10, 12). Available evidence indicates that the Nipah virus V
protein induces cytoplasmic sequestration of both STAT1 and
STAT2 in high-molecular-weight complexes (12). To deter-
mine if this mechanism of STAT inhibition is a general prop-
erty of the Henipavirus genus, the Hendra virus V protein was
similarly tested for IFN signaling interference.

The V proteins of Hendra virus and Nipah virus are 58%
identical in overall amino acid sequence, with 81% identity
between amino acids 1 to 140, 44% identity between amino
acids 141 to 405, and 83% identity within amino acids 406 to
457 (Fig. 1A). In view of these sequence similarities, it was
hypothesized that Hendra virus V protein might share with
Nipah virus V protein the ability to antagonize STAT protein
function. To express the Hendra virus V protein in mammalian
cells, cDNA expression vectors that contained Hendra virus V
cDNA fused to N-terminal hemagglutinin (HA) or FLAG
epitope tags were constructed. Transfection of mammalian
cells with these vectors produced a single Hendra virus V
protein species with an apparent molecular mass of approxi-
mately 75 kDa, identifiable by immunoblotting with tag-spe-
cific antisera (Fig. 2). To determine the ability of Hendra virus
V protein to interfere with IFN signal transduction, human
fibrosarcoma 2fTGH cells were transfected with IFN-inducible
luciferase reporter genes along with epitope-tagged V protein
expression vectors or expression vector with no insert. Stimu-
lation with either alpha IFN (IFN-a) or IFN-y potently in-
duced the activity of their respective reporter gene, but expres-
sion of the Hendra virus V protein inhibited IFN signaling
(Fig. 1B). Identical results for IFN signaling inhibition by Hen-
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FIG. 1. Hendra virus V protein inhibits IFN signaling. (A) Amino acid sequence alignment of Nipah and Hendra virus V proteins. (B) Human
fibrosarcoma 2fTGH cells were transfected with expression vectors for HA-tagged Nipah virus V (NiV), Hendra virus V (HeV), or HA epitope
tag expression vector with no cDNA insert. Cells were also cotransfected with either the IFN-a-inducible ISRE-luciferase reporter gene or an
IFN-vy-inducible GAS-luciferase reporter gene. Cells were treated with (+) or without (—) 1,000 U of IFN-a per ml or 5 ng of IFN-y per ml 12 h
prior to lysis and luciferase assays. All bars represent average values from triplicate samples normalized to those obtained with cotransfected renilla
luciferase * standard deviations and are expressed as percentages of values for IFN-stimulated controls.

dra virus V protein were obtained with 293T cells (data not
shown). This result indicates that Hendra virus V protein is an
efficient inhibitor of IFN signal transduction, similar to the
Nipah virus V protein.

The inhibition of IFN signal transduction by Nipah virus
involves interactions between the V protein and the IFN-re-
sponsive STATSs, STAT1 and STAT2 (12). To determine if the
Hendra virus V protein shares the ability to bind STATSs, 293T
cells were transfected with expression vectors for FLAG-
tagged Hendra virus V or Nipah virus V or with vector con-
taining no cDNA insert. Cell extracts were immunoprecipi-
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tated with FLAG epitope-specific antibody, and immune
complexes were processed for immunoblotting with antiserum
for STAT1, STAT2, or STAT3. No STAT proteins were de-
tected in the precipitated material from cells transfected with
empty vector, but both STAT1 and STAT2 were found in the
Hendra virus V immune complexes, similar to what was found
in the precipitate from cells transfected with the control Nipah
virus V (Fig. 2A). Neither the Hendra virus V protein nor the
Nipah virus V protein could coprecipitate STAT3, despite its
amino acid sequence similarity to STAT1. These data indicate
that the Hendra virus V protein is similar to the Nipah virus V
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FIG. 2. Hendra virus V forms STAT1- and STAT2-containing complexes. (A, left panel) 293T cells were transfected with either FLAG epitope
expression vector with no cDNA insert (lane C), FLAG-tagged Hendra virus V expression vector (lane H), or FLAG-tagged Nipah virus V
expression vector (lane N). Whole-cell extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and processed for
immunoblotting with antiserum to STAT1, STAT2, STAT3 (all from Santa Cruz Biotechnology), or FLAG (Sigma). Positions of prestained
molecular weight standards and STAT1, STAT2, STAT3, and FLAG Henipavirus V proteins are indicated. (A, right panel) Extracts from the left
panel were immunoprecipitated (IP) by using an M2 FLAG affinity gel (Sigma) and analyzed by immunoblotting. (B) Cell extracts of 293T cells
transfected with expression vectors for FLAG-tagged Nipah virus V (NiV), Hendra virus V (HeV), or green fluorescent protein (GFP) were
separated by chromatography on a Superdex-200 column (Pharmacia). Positions of STAT1 and STAT2 were determined by Western blotting (WB)
every other fraction. The column was calibrated with high- and low-molecular-weight calibration kits (Pharmacia).
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FIG. 3. Hendra virus V protein blocks nuclear import of STAT1
and STAT2. 2fTGH cells were transfected with HA-tagged Hendra
virus V expression plasmid (HeV) and were either unstimulated
(UNT) or treated for 30 min with 5 ng of IFN-y per ml (IFNvy) to
visualize the nuclear accumulation of STAT1 or with 1,000 U of IFN-«
per ml (IFNa) to visualize the nuclear accumulation of STAT?2. Cells
were fixed, permeabilized, and stained sequentially for HA and then
STATI or STAT2.

protein in its ability to associate specifically with STAT1 and
STAT?2, but not STATS3. Gel filtration of efficiently transfected
293T cell extracts expressing FLAG-tagged green fluorescent
protein, Nipah virus V protein, or Hendra V protein confirms
the ability of Hendra virus V to convert STAT1 and STAT2
from their latent cellular reservoirs into high-molecular-weight
fractions that eluted between the calibration standards thyro-
globulin (660 kDa) and catalase (232 kDa), suggesting that
complexes of approximately 500 kDa are induced by Hendra
virus V protein (Fig. 2B).

To assess the subcellular localization of Hendra virus V
protein and determine its effect on STAT distribution, 2fTGH
cells transfected with expression plasmid encoding HA-tagged
Hendra virus V protein were either fixed directly or stimulated
with IFN for 30 min prior to fixation and permeabilization.
Cells were then stained sequentially, first with antiserum to the
HA epitope and then with antiserum for either STAT1 or
STAT?2. In unstimulated cells with no Hendra virus V expres-
sion, STAT1 was detected in both the cytoplasm and the nu-
cleus while STAT2 accumulated exclusively in the cytoplasm
(Fig. 3). The Hendra virus V protein was detected only in the

J. VIROL.

cytoplasm, a pattern similar to that reported for Nipah virus V
protein (12). Expression of the Hendra virus V protein dra-
matically altered the basal subcellular localization of STATI,
resulting in a predominantly cytoplasmic staining pattern.
Hendra virus V protein had no detectable effect on the distri-
bution of STAT2 in unstimulated cells. In response to IFN
stimulation, both STAT1 and STAT? efficiently translocate to
the nuclei of nontransfected cells. However, expression of the
Hendra virus V protein prevented the IFN-dependent nuclear
redistribution of both STAT1 and STAT?2. Thus, Hendra virus
V protein, like the Nipah virus V protein, antagonizes IFN
signaling by preventing IFN-inducible STAT nuclear localiza-
tion.

In conclusion, the data presented here indicate that expres-
sion of the Hendra virus V protein causes IFN signaling inhi-
bition for both the IFN-a and the IFN-y pathways. The Hen-
dra virus V protein accumulates in the cytoplasm of cells and
forms molecular interactions with STAT proteins, STAT1 and
STAT?2, preventing their IFN-induced nuclear accumulation.
All of these activities are shared with the V protein of Nipah
virus, suggesting little divergence between these two viruses
with respect to their innate immune evasion activities. While
these findings suggest that STAT inhibition in the Henipavirus
genus is uniform, a great diversity of mechanisms has been
revealed for V protein-mediated IFN signaling evasion among
the Paramyxovirus family. For example, measles virus, a mem-
ber of the Morbillivirus genus, interferes with IFN-induced
STAT nuclear transport but does not alter the basal STAT1
distribution pattern like Henipavirus V proteins (8), while the
Rubulavirus species SV5, HPIV2, and mumps virus target
STAT: for polyubiquitylation and proteosome-dependent deg-
radation (4, 9, 14, 15, 20, 21). Nonetheless, individual rubula-
viruses differ with respect to their targeting abilities, with SV5
targeting STAT1, HPIV2 targeting STAT2, and mumps virus
targeting STAT1 and STAT3. It must be noted, however, that
with most, if not all, of these viruses, additional immune eva-
sion and replication phenotypes have been revealed either by
V protein expression or by observing the phenotypes of recom-
binant V-deficient viruses. Hence, in the lack of specific data
for Nipah virus- and Hendra virus-infected cells, it remains
possible that differences exist between these species. Irrespec-
tive of this possibility, the data presented here clearly demon-
strate that STAT-directed IFN signaling inhibition is a prop-
erty of both Nipah virus and Hendra virus V proteins.
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