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Rabies virus (RV) phosphoprotein P is an interferon (IFN) antagonist counteracting transcriptional acti-
vation of type I IFN (K. Brzózka, S. Finke, and K. K. Conzelmann, J. Virol 79:7673–7681, 2005). We here show
that RV P in addition is responsible for preventing IFN-�/�- and IFN-�-stimulated JAK-STAT signaling in
RV-infected cells by the retention of activated STATs in the cytoplasm. Expression of IFN-stimulated response
element- and gamma-activated sequence-controlled genes was severely impaired in cells infected with RV SAD
L16 or in cells expressing RV P protein from transfected plasmids. In contrast, a recombinant RV expressing
small amounts of P had lost the ability to interfere with JAK-STAT signaling. IFN-mediated tyrosine phos-
phorylation of STAT1 and STAT2 was not impaired in RV P-expressing cells; rather, a defect in STAT recycling
was suggested by distinct accumulation of tyrosine-phosphorylated STATs in cell extracts. In the presence of
P, activated STAT1 and STAT2 were unable to accumulate in the nucleus. Notably, STAT1 and STAT2 were
coprecipitated with RV P only from extracts of cells previously stimulated with IFN-� or IFN-�, whereas in
nonstimulated cells no association of P with STATs was observed. This conditional, IFN activation-dependent
binding of tyrosine-phosphorylated STATs by RV P is unique for a viral IFN antagonist. The 10 C-terminal
residues of P are required for counteracting JAK-STAT signaling but not for inhibition of transcriptional
activation of IFN-�, thus demonstrating two independent functions of RV P in counteracting the host’s IFN
response.

The interferon (IFN) systems represent powerful defense
elements of higher organisms that integrate innate and adap-
tive immunity. Type I IFN (IFN-�/�) is produced in response
to virus infection in most tell types, including neurons, and
upon recognition of conserved exogenous pathogen-associated
molecular patterns by several Toll-like receptors (2, 4, 14).
Expression of IFN-� is mostly confined to T cells and NK cells;
however, some neurons can also produce IFN-� (32).

IFN-�/� and IFN-� act through binding to ubiquitous
receptors, the IFN-�/� receptor (IFNAR) and the IFN-�
receptor (IFNGR), respectively, and activation of two vari-
ants of the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathway (44). IFN-�/� binding to
IFNAR results in TYK2- and JAK1-mediated tyrosine phos-
phorylation of the latent transcription factors STAT1 and
STAT2 and formation of a heteromeric complex (IFN-stimu-
lated gene factor 3 [ISGF3]) containing STAT1, STAT2, and
IFN regulatory factor 9 (IRF-9; p48). IFNGR signaling in-
volves tyrosine phosphorylation of STAT1 by JAK1 and JAK2
and formation of STAT1 homodimers, known as gamma-acti-
vated factor. ISGF3 and gamma-activated factor drive the ex-
pression of two big sets of genes that are controlled by specific
promoter sequences, the interferon stimulated response ele-
ments (ISRE) and the gamma-activated sequences (GAS), re-
spectively (reviewed in references [1, 34, and 44]). Expression
of interferon-stimulated genes (ISG) leads to establishment of

a powerful antiviral status and supports the development of an
adequate adaptive Th1-biased immune response.

IFN expression and IFN effector functions are therefore
vital targets of viruses (14, 17, 20, 51). It turns out that even
small viruses with a limited coding capacity, including nonseg-
mented negative-strand RNA viruses (order Mononegavirales),
which comprise the important Paramyxoviridae and Rhab-
doviridae families, have evolved multiple mechanisms to target
different functions of the IFN networks (10, 13, 29). Members
of the Paramyxoviridae family are well known for their effective
“weapons of STAT destruction,” represented, for example, by
the nonessential V protein, which lead to depletion of STATs
from virus-infected cells and thereby demolish the IFN JAK-
STAT signaling pathway (18, 52).

In contrast, interference with IFN signaling has not been
shown so far for members of the Rhabdoviridae family in-
cluding the prototypic neurotropic rabies virus (RV) of the
Lyssavirus genus. RV encodes merely five viral proteins, all
of which are essential for virus amplification, namely the
nucleoprotein (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G), and a large (L) RNA-dependent RNA poly-
merase (gene order: 3�-N-P-M-G-L-5�). We have previously
identified the RV phosphoprotein P as an IFN-�/� antagonist
preventing expression of IFN-� in RV-infected cells by inter-
fering with the phosphorylation of the critical IFN transcrip-
tion factor IRF-3 (5). Although RV P is essential for viral
RNA synthesis, we could generate a recombinant IFN-�-in-
ducing RV (SAD �PLP) by shifting the P gene to a promoter-
distal position of the genome. The low levels of P expressed
were sufficient to support viral RNA synthesis but not to block
activation of IRF-3.
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We show here, by analysis of SAD �PLP and wild-type (wt)
RV and by expression of P from cDNA, that RV P is also
effective in preventing IFN-�/�- and IFN-�-mediated signaling
and expression of ISGs. Inhibition of JAK-STAT signaling and
IFN induction are two separate functions of RV P since a
deletion mutant lacking the C-terminal 10 residues has lost the
ability to counteract JAK-STAT signaling but retained activity
in preventing IFN induction by TBK-1. The STAT inhibitory
activity of RV involves a unique mechanism among viral IFN
antagonists, in that it targets STAT1 and STAT2 exclusively
after activation by IFN-�/� or IFN-�. Such a purposive activity
only on demand may stem from a limited coding capacity of the
virus and the busy nature of P, allowing P to perform its many
other functions in virus replication.

(This work represents part of the doctoral thesis of K.
Brzózka in fulfillment of the requirements for a Ph.D. de-
gree from L-M-University, Munich, Germany, 2006)

MATERIALS AND METHODS

Cells, viruses, and reagents. HEp-2 cells (ATCC CCL-23) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 5% fetal calf serum and
antibiotics. HEK 293 and U3A cells (25) were propagated in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal calf serum, L-glutamine, and antibiotics, and
BSR-T7/5 cells (7) were propagated in minimal essential medium supplemented
with 10% newborn calf serum.

Recombinant RV SAD L16 (42) comprising the consensus sequence of the
attenuated vaccine strain SAD B19 (11) was used as wt RV. Cloning and recov-
ery of SAD �PLP was described previously (5). Mouse monoclonal antibodies to
RV N (W239) were kindly provided by J. Cox (Tübingen, Germany), and mono-
clonal antibodies and polyclonal anti-P serum (9, 37) were provided by D.
Blondel (Gif-sur-Yvette, France). Anti-STAT1 p84/p91 (sc-392), anti-STAT2
(sc-476), anti-ISGF-� p48 (IRF-9) (sc-496), and anti-NF�B p65 (sc-109) anti-
bodies were obtained from Santa Cruz Biotechnology; anti-pY701-STAT1 and
anti-pS727-STAT1 were obtained from Cell Signaling; anti-pY689-STAT2 was
obtained from Upstate Biotechnology; and anti-actin was obtained from Sigma.
Cytokines were purchased from Sigma (tumor necrosis factor alpha [TNF-�])
and PBC Biomedical Lab (IFN-� A/D and human IFN-�).

Plasmids and transfection. The plasmid encoding RV P (pCR3-RVP) was
described previously (5). Similarly, the pCR3-RVPD288–297 expression vector
was created by PCR using an alternative antisense primer, P�288–297NotI3�
(5�-ATGCGGCCGCTTACATGATTTTACTCAG-3�), leading to a deletion of
the 10 C-terminal amino acids of P. The pCR3-Ig (where Ig is immunoglobulin)
vector (6) was used to create an N-terminally Ig-tagged P fusion protein. PCR
primers (5�-ATATGAATTCATGAGCAAGATCTTTGTCAATCC-3� and 5�-
ATATGCGGCCGCTTAGCAAGATGTATAGCGATTCAA-3�) were used for
amplification of P cDNA and cloning into EcoRI/NotI restriction sites.

For reporter gene assays in virus-infected cells, 2 � 105 cells (HEp-2 or
BSR-T7/5) were seeded in 24-well plates and infected at multiplicities of infec-
tion (MOIs) of 1 or 3. After 16 h, cells were transfected with 0.5 	g of pISRE-luc
or 0.5 	g of pGAS-luc (Stratagene) per well using Lipofectamine 2000. In all
experiments, 10 ng of pCMV-RL encoding Renilla luciferase were cotransfected
as an internal control. Medium was changed 6 h later, and the cells were
stimulated with either universal IFN type I (IFN-� A/D) or human IFN-�. After
an additional 24 h, cell extracts were prepared and subjected to the reporter gene
assay using a Dual Luciferase Reporter system (Promega). Luciferase activity
was measured in a Luminometer (Berthold) according to the supplier’s instruc-
tions. For reporter gene assays using P cDNA transfection, 2 � 105 HEp-2 cells
were seeded in 24-well plates, and after 16 h cells were transfected with 0.8 	g
of DNA (0.4 	g of pISRE-luc or 0.4 	g of pGAS-luc cotransfected with 0.4 	g
of empty vector or RV P expression construct) per well using Lipofectamine
2000. At 24 h posttransfection, the medium was changed, and cells were treated
with the amounts of IFN indicated in the figures. At 24 h poststimulation, cell
lysates were subjected to the ISRE and GAS reporter gene assays. The reporter
gene assays for monitoring IFN-� promoter activity (p125luc) upon TBK-1
expression were performed as described previously (5).

Precipitation assays. HEK 293 cells were transfected using a calcium phos-
phate mammalian transfection kit (Stratagene), and U3A cells were transfected
using Lipofectamine 2000 (Invitrogen). Precipitation was performed 48 h post-

transfection. Briefly, cells were lysed in lysing buffer (50 mM NaCl, 150 mM Tris,
1 mM Na-vanadate, 1 mM EDTA, and protease inhibitor cocktail [Roche]), and
after centrifugation (14,000 rpm for 10 min) protein A Sepharose (Amersham
Biosciences) was used to pull down Ig-tagged complexes from the supernatant
(2h at 4°C). After the incubation and washing steps, beads were resuspended in
lysis buffer (62.5 mM Tris, 2% sodium dodecyl sulfate [SDS], 10% glycerol, 6 M
urea, 5% �-mercaptoethanol, 0.01% bromophenol blue, 0.01% phenol red) and
incubated at 95°C for 10 min in order to destroy bead-bound complexes.

Western blotting. Cell extracts were prepared by treatment with cell lysis
buffer (62.5 mM Tris, 2% SDS, 10% glycerol, 6 M urea, 5% �-mercaptoethanol,
0.01% bromophenol blue, 0.01% phenol red). Proteins were resolved by 10%
SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose mem-
brane (Schleicher and Schuell) using a semidry blotter (Peq-Lab). Membranes
were incubated overnight at 4°C with primary antibodies. Protein signals were
visualized with horseradish peroxidase-conjugated secondary antibodies and an
ECL system (Perkin Elmer).

Immunofluorescence microscopy. HEp-2 cells were seeded on glass coverslips
and were infected with RV at an MOI of 1 or were transfected with plasmid
cDNA using Lipofectamine 2000. The cells were fixed using 3% paraformalde-
hyde for 20 min at room temperature and were permeabilized in 0.5% Triton
X-100 in phosphate-buffered saline (PBS). After incubation with primary anti-
bodies (1:100 in PBS for 45 min at 37°C), the specimens were incubated with
fluorescence-labeled secondary antibodies at a dilution of 1:200 in PBS for 1 h at
37°C (goat anti-rabbit Alexa Fluor 488 and anti-mouse tetramethylrhodamine,
both from Molecular Probes). Nuclear chromatin was stained by adding TO-
PRO-3-iodide (Molecular Probes) to the secondary antibodies (final concentra-
tion, 0.5 	M TO-PRO-3-iodide).

Confocal laser scanning microscopy was performed with a Zeiss LSM510 Meta
laser system using a Zeiss Axiovert 200 microscope. Excitation of Alexa Fluor
488, tetramethylrhodamine, and TO-PRO-3-iodide occurred at wavelengths of
488 nm, 543 nm, and 633 nm, respectively. To avoid cross talk, the individual
channels were scanned sequentially.

RESULTS

RV infection inhibits production of ISGs. RV is not able to
replicate in cells activated by IFN-�/� or IFN-�, i.e., in cells in
which an antiviral state has been established (data not shown).
We noticed, however, that IFN had no obvious effect on viral
replication and gene expression when cells were treated after
RV infection. This suggested that RV encodes proteins to
interfere with the establishment of an antiviral state by IFN or
to counteract the antiviral activity of ISGs.

To explore whether RV is able to interfere with the produc-
tion of ISGs, HEp2 cells were infected at a MOI of 1 with RV
SAD L16 for 18 h and were then transfected with plasmids
encoding firefly luciferase under the control of ISRE or GAS
sequences (pISRE-luc or pGAS-luc). At 6 h posttransfection,
cells were treated with IFN-� or IFN-�. Cell lysates were
prepared 24 h after IFN stimulation and processed for lucif-
erase assays and for Western blotting.

In mock-infected cells, stimulation with 1,000 U of IFN-�
resulted in a more than 20-fold induction of luciferase activity
from the ISRE plasmid, whereas in SAD L16-infected cells
induction of luciferase activity was almost completely pre-
vented. Indeed, luciferase activity was comparable to mock-
infected nontreated cells (Fig. 1A). Similarly, IFN-� stimula-
tion of luciferase from the GAS-controlled plasmid was greatly
impaired in RV-infected cells (Fig. 1B).

To check the expression of some individual ISGs upon
IFN treatment, cell extracts were also analyzed by Western
blotting with antibodies to IRF9, STAT1, and STAT2. In
mock-infected cells, a conspicuous accumulation of these
proteins, in particular, STAT2 and IRF9, was noticed al-
ready upon stimulation with 100 U of IFN-� (Fig. 1C) or 10
ng/ml IFN-� (Fig. 1D). In contrast, in RV-infected cells the
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upregulation of STAT1, STAT2, and IRF9 was evidently im-
paired, confirming the luciferase reporter gene assays. Only at
a high dose of 1,000 U of IFN-� was some increase of protein
levels apparent, though levels remained below those of mock-
infected IFN-stimulated cells. Notably, the basic levels of
STAT1 and STAT2 were not reduced in RV-infected cells.
This indicated that the observed inhibition of ISG expression
by RV was not due to depletion of STATs.

STAT tyrosine phosphorylation is not affected. STATs are
activated by Janus tyrosine kinases associated with the cytoplas-
mic domains of IFNAR and IFNGR. To analyze the phosphory-
lation status of STAT1 and STAT2 in RV-infected cells, Western
blot experiments with phospho-specific STAT antibodies were

performed. HEp-2 cells infected for 24 h with SAD L16 were
treated with IFN, and cell extracts were prepared 30 min and
120 min after the IFN stimulation (Fig. 2A). As observed
previously, the total levels of STAT1 and STAT2 were similar
in mock- and virus-infected cells. As in mock-infected cells,
tyrosine-phosphorylated STAT2 (pY689-STAT2) and STAT1
(pY701-STAT1) were readily detected in RV-infected cells at
30 min poststimulation with IFN-�. Similarly, IFN-� stimula-
tion resulted in comparable amounts of pY701-STAT1 in
mock-infected and RV-infected cells at 30 min poststimulation
(Fig. 2A). Thus, activation of STAT1 and STAT2 by tyrosine
phosphorylation is not impaired in RV-infected cells.

To follow the long-term fate of phosphorylated STATs, cells
were allowed to grow for 24 h following IFN treatment (Fig.
2B). At this late time point, only trace amounts of pY701-
STAT1 and pY689-STAT2 were left in mock-infected cells
treated with IFN-�, while total levels of STAT1 and STAT2
were increased as a result of IFN stimulation. In striking con-
trast, abundant amounts of pY689-STAT2 were present in

FIG. 1. RV inhibits induction of ISGs by IFN-� and IFN-�. (A and B)
HEp-2 cells were infected with RV SAD L16 (MOI of 1), transfected with
pISRE-luc (A) or pGAS-luc (B) at 18 h postinfection, and IFN-� or
IFN-� was added at 6 h posttransfection. Twenty-four hours later firefly
luciferase activities were measured and corrected to the Renilla lucif-
erase activity from a cotransfected control plasmid to normalize for
variations in the transfection efficiency. Transfection experiments were
repeated at least three times and averages and error bars are shown. (C
and D) Expression of individual ISGs STAT1, STAT2, and IRF9 was
analyzed by Western blot analysis of extracts from HEp-2 cells infected
at an MOI of 1 for 24 h and a subsequent 24-h stimulation with IFN-�
(C) or IFN-� (D). In contrast to mock-infected cells, RV-infected cells
do not upregulate ISRE- or GAS-controlled luciferase or STAT1,
STAT2, and IRF9 upon IFN stimulation.

FIG. 2. RV infection does not prevent tyrosine phosphorylation of
STAT1 and STAT2 (A) but leads to accumulation of tyrosine-phos-
phorylated STAT1 and STAT2 over time (B). Mock-infected and
RV-infected HEp-2 cells (MOI of 1) were stimulated at 24 h postin-
fection with IFN-� or IFN-�. After 30 or 120 min (A) cell extracts were
processed for Western blotting and probed with phospho-specific an-
tibodies as indicated. Tyrosine phosphorylation of STAT2 (pY689-
STAT2) and STAT1 (pY701-STAT1) was similar in mock- and RV-
infected IFN-stimulated cells, whereas serine phosphorylation of
STAT1 (pS727-STAT1) by IFN was more effective in mock-infected
cells. Tyrosine-phosphorylated STAT1 and STAT2 accumulate. As
shown in panel B, at later stages after IFN stimulation (24 h poststimu-
lation), abundant amounts of tyrosine-phosphorylated STATs are still
detectable only in RV-infected cells but not in mock-infected cells,
suggesting a defect in STAT recycling.
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RV-infected cells at this late time point, as well as increased
levels of pY701-STAT1 (Fig. 2B, left panel). In line with these
findings, IFN-� treatment resulted in the most pronounced
accumulation of pY701-STAT1 and a less prominent accumu-
lation of pY689-STAT2 in RV-infected cells during the 24-h
period following IFN treatment. These results further con-
firmed that the initial tyrosine phosphorylation of STATs is
unimpaired and pointed toward a defect in recycling of cor-
rectly activated STATs.

In contrast to tyrosine phosphorylation of STAT1, serine
phosphorylation, which is not required for the transcriptional
activity of STATs, appeared to be somewhat less efficient in
RV-infected cells. Lower levels of pS727-STAT1 were ob-
served both at early (Fig. 2A) and late time points after IFN
stimulation (Fig. 2B).

RV prevents nuclear import of activated STAT1 and STAT2.
As STATs were found to be correctly activated by tyrosine
phosphorylation in RV-infected cells, we examined by confo-
cal laser scanning microscopy the subcellular localization of
STAT1 and STAT2 proteins after stimulation with IFN. For
this purpose, HEp-2 cells were infected at an MOI of 1 for
24 h, stimulated for 45 min with 100 ng/ml of IFN-� or 1,000
U/ml of IFN-�, and immunostained for STAT1 and STAT2,
respectively. In noninfected HEp-2 cells, IFN-� treatment led
to a redistribution of STAT1 from the cytoplasm to the nucleus
(Fig. 3A), whereas IFN-treated RV-infected cells maintained
the phenotype of nontreated cells, with the major portion of
STAT1 in the cytoplasm (Fig. 3A). Stimulation of noninfected
cells with IFN-� led to an almost complete relocalization of
STAT2 from the cytoplasm to the nucleus. This translocation
was precluded when cells were previously infected with RV
(Fig. 3B). To exclude the possibility that RV causes a general
block of nuclear import or an increase in nuclear export, we
investigated the nuclear localization of another transcription
factor, NF-�B p65, on stimulation with TNF-� (Fig. 3C). In
contrast to STAT1 and STAT2, nuclear accumulation of
NF-�B p65 was not affected in RV-infected cells, indicating
that RV specifically interferes with the nuclear import of
STAT1 and STAT2 (see Discussion).

Failure of the RV SAD �PLP to interfere with JAK-STAT
signaling. To identify the viral protein(s) responsible for inter-
ference with JAK-STAT signaling, we compared wt RV SAD
L16 with the previously described SAD �PLP. Due to a change
in the gene order from 3�-N-P-M-G-L-5� to 3�-N-M-G-L-P-5�,
SAD �PLP virus expresses very low amounts of P and is there-
fore unable to prevent activation of IRF-3 and IFN-� produc-
tion (5). Reporter gene assays were therefore performed in
BSR-T7/5 cells, which do not produce endogenous IFN on
SAD �PLP infection. Cells infected at an MOI of 3 with SAD
L16 and SAD �PLP virus for 18 h were transfected with
pISRE-luc and stimulated with IFN-�, and luciferase activity
was determined 24 h after stimulation. An approximately 60-

FIG. 3. RV infection prevents IFN-mediated translocation of
STAT1 (A) and STAT2 (B) to the nucleus. RV-infected (MOI of 1)
and mock-infected Hep-2 cells were stimulated with IFN-� or IFN-�
for 45 min at 24 h postinfection, fixed with 3% paraformaldehyde, and

stained with STAT1 or STAT2 antibodies as indicated. The import of
both STATs on IFN-treated cells is prevented in RV-infected cells,
whereas import of NF-�B p65 on TNF-�-treated cells is not (C).
Nuclei of cells were visualized by staining with TO-PRO-3 dye; RV P
was visualized by using P-specific polyclonal mouse serum.
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fold induction of luciferase activity was observed for mock-
infected cells. While infection with wt RV completely abol-
ished luciferase activity, SAD �PLP infection was not able to
prevent IFN signaling (Fig. 4A), suggesting that the RV P
protein is involved in or responsible for counteracting IFN
signaling. Indeed, SAD �PLP showed an increased sensitivity
to the antiviral effects of IFN. Treatment of virus-infected BSR
T7/5 cells with IFN-� caused a clear and dose-dependent in-
hibitory effect of protein expression of SAD �PLP, in contrast
to wt RV SAD L16 (Fig. 4B). Microscopic examination of
STAT localization in HEp2 cells infected with SAD �PLP or
SAD L16 further confirmed that SAD �PLP has a defect in
preventing nuclear accumulation of STAT1 and STAT2 (Fig.
4C and D). Thus, it appears that insufficient levels of P protein
expressed from SAD �PLP are responsible for the failure of
this virus in preventing JAK-STAT signaling.

Rabies virus phosphoprotein P is responsible for interfer-
ence with STAT functions. In order to clarify whether P alone
is able to prevent ISG expression, HEp-2 cells were transfected
with an empty vector (pCR3) or an RV P-encoding plasmid
(pCR3-RVP), stimulated with IFN, and assayed for GAS- and
ISRE-directed luciferase expression. Expression of RV P was
sufficient to considerably reduce both IFN-�- and IFN-�-in-
duced luciferase activity (Fig. 5A, top and middle panels). In
striking contrast to full-length P, a P deletion mutant lacking
the 10 C-terminal residues (P�288-297) did not show an in-
hibitory effect on either GAS- or ISRE-driven reporter gene
expression. Notably, however, P�288-297 has retained the abil-
ity to prevent TBK-1-mediated activation of IRF-3 and IFN-�
induction. Compared to HEK 293 cells transfected with empty
vector plasmids, cotransfection of both P-encoding plasmids

FIG. 4. SAD �PLP fails in inhibiting JAK-STAT signaling. (A) BSR-
T7/5 cells infected at an MOI of 3 with wt RV SAD L16 and a mutant
expressing low levels of P (SAD �PLP) were transfected with pISRE-
luc and were stimulated with IFN-� 18 h postinfection. In contrast to
wt RV, SAD �PLP is not able to abolished luciferase activities.
(B) BSR T7/5 cells infected at an MOI of 1 with RV SAD L16 and
SAD �PLP were treated with IFN-� at 24 h postinfection. Cell lysates
were prepared 24 h after stimulation (48 h postinfection) and were
analyzed by Western blotting. Accumulation of viral proteins in SAD
�PLP-infected cells was decreased after IFN induction. (C) HEp-2
cells infected with SAD L16 or SAD �PLP at an MOI of 1 were
immunostained for STAT1 and STAT2 24 h postinfection as described
in the legend of Fig. 3. In contrast to wt SAD L16, SAD �PLP-infected
HEp-2 cells allow nuclear accumulation of both STAT1 and STAT2.
RV N was visualized using N-specific mouse monoclonal antibodies.

FIG. 5. Expression of P alone prevents STAT signaling. (A) pISRE-
luc or pGAS-luc reporter constructs were cotransfected with plasmids
encoding wt P (pCR3-RVP), a C-terminally truncated protein, P�288-297
(pCR3-RVP�288-297), or with empty vector (pCR3) into HEp-2 cells.
After 24 h, IFN-� or IFN-� was added, and luciferase activities were
analyzed after an additional 24 h (top and middle panels). A reporter gene
construct controlled by the IFN-� promoter (p125luc) was cotransfected
with RV P and TBK-1 expression plasmids into HEK 293 cells as indi-
cated. Luciferase activities were determined at 48 h posttransfection
(lower panel). The average of at least two independent experiments is
shown with error bars. (B to D) RV P prevents nuclear accumulation of
STATs. HEp-2 cells were transfected with the indicated expression con-
structs. After 24 h cells were stimulated for 45 min and were subsequently
stained for STAT1 (B), STAT2 (C), and NF-�B p65 (D) as described in
the legend of Fig. 3. In contrast to P�288-297, expression of wt P prevents
nuclear import of STAT1 and STAT2 by IFN but not of NF-�B p65 by
TNF-�.

VOL. 80, 2006 RABIES VIRUS P CONDITIONAL BINDING OF STAT1 AND STAT2 2679



with a TBK-1-encoding plasmid reduced expression of lucifer-
ase from the IFN-� promoter (p125luc) considerably (Fig. 5A,
bottom panel).

To verify the results from the reporter gene assays and to
address the question of how expression of RV P and P�288-
297 affect the nuclear import of STATs, transfected HEp-2
cells were treated with IFN and processed for confocal micros-
copy as described above. In cells expressing P, neither STAT1
nor STAT2 could accumulate in the nucleus upon IFN stimu-
lation. In contrast, cells expressing even abundant P�288-297
showed efficient nuclear accumulation of STAT1 and STAT2
(Fig. 5B and C). As observed previously for RV-infected cells,
nuclear import of NF-�B p65 was not impaired in P-expressing
cells (Fig. 5D). Thus, RV P alone is sufficient to specifically and
efficiently prevent STAT1 and STAT2 nuclear import and ISG
induction by IFN JAK-STAT signaling.

Activation-dependent binding of STATs by RV P. To assay
whether RV P is able to physically associate with STATs and
thereby preclude their nuclear import, precipitation assays were
performed using a P in which an Ig tag was fused to the N

terminus of P (pCR3-IgP) or of P�288-297 (pCR3-Ig P�288-
297). As we considered the possibility that activated STATs rep-
resent the targets of P (see Discussion), the experiments were
designed in a way to include IFN-treated cells. HEK 293 cells
were transfected with pCR3-IgP or a control plasmid expressing
the Ig tag alone (pCR3-Ig) and were stimulated with 1,000 U/ml
of IFN-� or 100 ng/ml of IFN-� after 48 h for 45 min. Ig-contain-
ing complexes were precipitated from cell extracts using Sepha-
rose A beads (Amersham Biosciences), and precipitates were
analyzed by Western blotting.

Notably, neither STAT1 nor STAT2 was coprecipitated with
IgP from nonstimulated cells (Fig. 6A, left panel). However, when
cells were pretreated with IFN-�, both STAT1 and STAT2
molecules were effectively pulled down with IgP but not by
the Ig control construct (Fig. 6A, middle panel). The presence
of activated, tyrosine-phosphorylated STAT2 (pY689) and
STAT1 (pY701) in the precipitates was confirmed by phospho-
specific antibodies.

After treatment of cells with IFN-�, pY701-STAT1 was
readily detected in the cell extracts in contrast to pY689-
STAT2 (Fig. 6A, right panel, input). Again, IgP coprecipitated
STAT1 exclusively and effectively from stimulated cells. Fur-
thermore, not only STAT1 (pY701-STAT1) was present in the
IgP precipitates but also STAT2 (pY689-STAT2), although
pY689-STAT2 was below the detection limit in the input cell
extracts (Fig. 6A, lower panel). Coprecipitation of STATs with
IgP�288-297 was not observed in either IFN-stimulated or
nonstimulated cells (data not shown).

These experiments confirmed that RV P associated with
STAT2 and/or STAT1 only after IFN activation; however, they
did not reveal whether the interaction with STAT2 occurs via
STAT1 or independently of STAT1. We therefore repeated
the precipitation experiments with cell extracts of U3A cells
that lack STAT1. IgP clearly coprecipitated pY689-STAT2
from cell extracts of IFN-�-stimulated U3A cells, as well as
from nonstimulated cells, in which low amounts of pY689-
STAT2 were already detectable (Fig. 6B). Again, no precipi-
tation was observed with the C-terminally truncated IgP�288-
297 (data not shown). Thus, full-length RV P is able to
independently interact with pY-STAT1 and pY-STAT2 in
IFN-stimulated cells.

DISCUSSION

In this work, we have demonstrated that RV has the ability
to interrupt the IFN-stimulated JAK-STAT signaling pathways
and thereby to prevent the detrimental effects of type I and
type II IFN. This activity could be attributed entirely to the P
protein. The mechanism by which RV P interrupts IFN JAK-
STAT signaling involves a specific association of P with STAT1
and STAT2 exclusively after activation by IFN, which is unique
for viral IFN antagonists.

The existence of RV proteins able to counteract IFN signal-
ing was first suggested by the observation that treatment of
cells previously infected with RV had no detectable effects on
virus gene expression and infectious virus titers, whereas pre-
treatment of cells with IFN completely prohibits RV replica-
tion. The resistance of RV to both IFN-�/� and IFN-� further
pointed toward STAT1 as a target, since it is a common factor
of the IFNAR and IFNGR/JAK-STAT pathways. In RV-in-

FIG. 6. RV P interacts with STATs in an IFN-dependent manner.
(A) HEK 293 cells were transfected with constructs encoding Ig-tagged
P (pCR3-IgP) or the Ig moiety alone (pCR3-Ig). Precipitation was
performed using Sepharose A beads binding the Ig tag at 48 h postin-
fection from extracts of cells that were treated for 45 min with 1,000
U/ml IFN-� or 100 ng/ml IFN-� or were not treated. Precipitates (IP)
and 3% of cell extracts (input) were analyzed by Western blotting with
the indicated antibodies. Only from IFN-treated cells were STATs
coprecipitated with Ig-P. (B) The experiment shown in panel A was
performed with U3A cells that lack STAT1. STAT2 is precipitated
from IFN-treated cells independent of STAT1.
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fected cells an almost complete inhibition of ISRE-controlled
luciferase activity was observed, consistent with the later ob-
servation that RV P binds both STAT1 and STAT2. The ob-
served residual leakiness of RV-infected cells for IFN-�-stim-
ulated and GAS-mediated reporter gene expression may be
due to different reasons, e.g., activation of STAT3 in addition
to STAT1 at the IFN-� receptor (44).

Upon stimulation of the IFN receptors by IFN, STATs are
phosphorylated by the receptor-associated Janus kinases at
tyrosine residues 689 (STAT2) and 701 (STAT1) (19, 22, 23,
46). The STATs then dimerize through SH2-phosphotyrosine
interactions, translocate to the nucleus, and bind to ISRE or
GAS sequences. Additional phosphorylation of C-terminal Ser
residues by kinases such as protein kinase C 
 may improve the
transcriptional activity of tyrosine-phosphorylated STATs by
facilitating binding of nuclear factors, such as CBP/p300, but
this is not a requirement for STAT transcriptional activity (12,
47). The analysis of STAT proteins with phospho-specific an-
tibodies revealed that the critical tyrosine phosphorylation of
STATs is not precluded in RV-infected cells. Rather, an accu-
mulation of tyrosine-phosphorylated STATs was observed over
time, whereas in mock-infected cells these molecules rapidly
disappeared (Fig. 2B). In contrast to the initial tyrosine phos-
phorylation, however, the following serine phosphorylation of
STATs appeared to be somewhat hampered in RV cells, as
suggested by poor accumulation of pS727-STAT1 (Fig. 2B).
These observations pointed toward an interference of RV P
with a step following the initial receptor-mediated STAT acti-
vation.

Indeed, in spite of correct tyrosine phosphorylation, neither
STAT1 nor STAT2 was able to accumulate in the nucleus of
RV-infected cells. A very clear-cut alternative distribution was
observed for STAT2. IFN-� treatment of mock-infected cells
led to a rapid and almost complete relocalization of STAT2
from the cytoplasm to the nucleus, whereas in RV-infected or
RV P-expressing and IFN-treated cells, virtually no STAT2
was detectable in the nucleus (Fig. 3 and 5). In case of STAT1,
a readily detectable portion of the protein showed nuclear
localization even in nonstimulated cells. This reflects the well-
known shuttling of nonactivated STAT1 between the cyto-
plasm and nucleus (24, 28) and indicated that cycling of non-
activated STAT1 is not affected by RV P. Nevertheless, an
efficient inhibition of IFN-triggered nuclear accumulation of
STAT1 by RV was obvious, indicating that RV P retains acti-
vated STAT1 in the cytoplasm and prevents its nuclear import.
It should be noted that pY-STAT1 is incapable of nuclear exit
and has to be dephosphorylated first by nuclear phosphatases
(26–28). Confocal live microscopy experiments involving photo-
bleaching of cytoplasmic STAT1-GFP (where GFP is green
fluorescent protein) revealed that the nuclear export rate of
nonphosphorylated STAT1-GFP is not changed in the pres-
ence of RV P (not shown). The lack of nuclear import of
activated STATs and of their dephosphorylation in the nucleus
therefore explains the overall accumulation of pY-STATs over
time in RV-infected cells.

Direct evidence for activation-dependent binding of STAT1
and STAT2 by P was obtained from precipitation assays with
Ig-tagged P protein. Effective coprecipitation of both STATs
with RV P was dependent on stimulation of cells with IFN. We
were unable to detect substantial coprecipitation of STAT1 or

STAT2 in nonstimulated HEK 293 cells, suggesting that non-
phosphorylated STATs are not recognized, or only poorly rec-
ognized, and bound by P. After submission of this work, Vidy
et al. published a report on binding of the RV P of the CVS
strain to STAT1 (49). These authors were able to coprecipitate
STAT1 from cell extracts using a glutathione transferase-P
fusion construct. It was not revealed whether this represented
activated or nonactivated STAT1. However, the observation
that STAT1 and P coexpression was able to activate gene
transcription in a yeast two-hybrid system indicates some basic
association of P with STAT.

Only IFN stimulation, however, resulted in effective copre-
cipitation of both STAT1 and STAT2 in our hands. The pres-
ence of tyrosine-phosphorylated STATs in the precipitates
strongly argues in favor of the idea that P binds exclusively to
tyrosine-phosphorylated STATs, although we cannot formally
exclude some coprecipitation of nonphosphorylated STATs via
pY-STATs, due to the lack of antibodies that positively identify
nonphosphorylated STATs. Recognition and precipitation of
pY689-STAT2 by P appear to be very specific, as suggested by
the precipitation of these molecules from cell extracts of IFN-
�-stimulated cells, in which they were not detectable by West-
ern blotting or were present in very small amounts (53) among
a bulk of nonphosphorylated STAT2 (Fig. 6A and B). We
could further show that recognition of activated STAT2 is
STAT1 independent, as shown by coprecipitation experiments
using U3A cells that lack STAT1 (25) (Fig. 6B). Thus, RV P
interacts with both STAT1 and STAT2 only upon activation,
either directly or in a complex with other proteins, and this
interaction explains the retention of activated STATs in the
cytoplasm of infected cells.

The described conditional, activation-dependent targeting
of STAT1 and STAT2 by RV P to interrupt IFN JAK-STAT
signaling is unique among viruses. Constitutive targeting of
bulk nonactivated STATs is a common strategy of the related
paramyxoviruses and is due to the activities of their nonessen-
tial V proteins (for review see references 13, 14, 18, and 29).
Rubulavirus V proteins assemble STAT-specific ubiquitin-li-
gase complexes from cellular components and target either
STAT1 or STAT2 for proteasomal degradation (35, 48). The V
proteins from other paramyxovirus genera do not lead to deg-
radation of STATs. Henipaviruses, for example, in fact prevent
phosphorylation of STATs and sequester STAT1 and STAT2
in high-molecular-mass complexes (39, 40). For Nipah virus it
has been shown that the V, W, and P proteins, which are all
encoded by the same viral gene and share an identical 407-
amino-acid N-terminal region but have distinct C-terminal se-
quences, have anti-STAT function. This confirmed the finding
that the common N-terminal domain is involved in the antag-
onist activity (38, 43). However, it was also found that activity
of the P protein is not as strong as that of V or W, perhaps
explaining why Nipah virus has evolved to express additionally
two edited products (43). The V protein of measles virus was
reported to copurify with STAT1, STAT2, STAT3, and IRF-9,
to bind to the IFNAR, and to recruit STATs to viral inclusion
bodies (33, 45).

We have here identified RV P as an inhibitor of IFN signal-
ing and have previously shown that RV P is active in counter-
acting transcriptional induction of type I IFN (5). As demon-
strated by P�288-297, these are independent functions of P. A
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region within the 10 C-terminal amino acid residues of RV P is
required for counteracting STAT signaling but not for inhib-
iting TBK-1. Interestingly, paramyxovirus V proteins also com-
bine inhibitory activities in IFN signaling and in IFN induction
(16) but with different targets in either function. Whereas V
C-terminal domains bind and inhibit the double-stranded
RNA receptor mda-5 which relays signals to activation of
IRF-3 and NF-kB (3), RV P acts farther downstream and
specifically prevents phosphorylation of IRF-3 by TBK-1 (5).
This finding stresses the importance for a virus of having
means to target different steps within the powerful host IFN
response. In particular, it is obvious that viral IFN antagonists
are insufficient to prevent some early IFN synthesis or to pre-
vent synthesis in certain tissue or cell types. Indeed, we have
identified a variety of cell types in which active IFN is being
expressed upon RV infection with SAD L16, though at lower
magnitudes than the “IFN-inducing” SAD �PLP. In particular,
and in striking contrast to measles virus and respiratory syn-
cytial virus (41), RV SAD L16 is not able to prevent IFN
induction in human plasmacytoid dendritic cells (unpublished
data), which represent the major IFN producers in vivo. Con-
sistent with these observations, IFN has been detected upon
RV infection in vitro and in vivo (21, 30, 31, 36, 50). Since
IFN-� and, in particular, IFN-� have a major role in the non-
cytotoxic clearance of viruses from neurons and the central
nervous system (8, 15), it is predicted that the ability of RV to
counteract IFN-�/� and IFN-� signaling is crucial for RV
infection in vivo. Further experiments should be directed to
further dissociate RV P functions in IFN induction and re-
sponse. The use of recombinant RV with defined defects in
either function should help to study the contribution of the
innate immune response to the control of RV and to reveal a
possible correlation of IFN antagonistic activities with viral
pathogenicity. Viral antagonists targeting particular functions
of the JAK-STAT pathways, such as RV P, may further help in
studying details of STAT signaling.
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