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Human cell lines were isolated that express the V protein of either simian virus 5 (SV5) or human
parainfluenza virus type 2 (hPIV2); the cell lines were termed 2f/SV5-V and 2f/PIV2-V, respectively. STAT1 was
not detectable in 2f/SV5-V cells, and the cells failed to signal in response to either alpha/beta interferons
(IFN-� and IFN-�, or IFN-�/�) or gamma interferon (IFN-�). In contrast, STAT2 was absent from 2f/PIV2-V
cells, and IFN-�/� but not IFN-� signaling was blocked in these cells. Treatment of both 2f/SV5-V and
2f/PIV2-V cells with a proteasome inhibitor allowed the respective STAT levels to accumulate at rates similar
to those seen in 2fTGH cells, indicating that the V proteins target the STATs for proteasomal degradation.
Infection with SV5 can lead to a complete loss of both phosphorylated and nonphosphorylated forms of STAT1
by 6 h postinfection. Since the turnover of STAT1 in uninfected cells is longer than 24 h, we conclude that
degradation of STAT1 is the main mechanism by which SV5 blocks interferon (IFN) signaling. Pretreatment
of 2fTGH cells with IFN-� severely inhibited both SV5 and hPIV2 protein synthesis. However, and in marked
contrast, pretreatment of 2fTGH cells with IFN-� had little obvious effect on SV5 protein synthesis but did
significantly reduce the replication of hPIV2. Pretreament with IFN-� or IFN-� did not induce an antiviral
state in 2f/SV5-V cells, indicating either that the induction of an antiviral state is completely dependent on
STAT signaling or that the V protein interferes with other, STAT-independent cell signaling pathways that may
be induced by IFNs. Even though SV5 blocked IFN signaling, the addition of exogenous IFN-� to the culture
medium of 2fTGH cells 12 h after a low-multiplicity infection with SV5 significantly reduced the subsequent
cell-to-cell spread of virus. The significance of the results in terms of the strategy that these viruses have
evolved to circumvent the IFN response is discussed.

Alpha/beta interferons (IFN-� and IFN-�, or IFN-�/�) and
gamma interferon (IFN-�) are induced in vivo following virus
infection and are central to the control of virus spread. Inter-
ferons (IFNs) induce an antiviral state in uninfected cells and
may inhibit virus replication in infected cells as well as enhance
the adaptive immune response. IFN-�/� are secreted by cells
in response to virus infection, while IFN-� is produced by sub-
sets of activated T lymphocytes and NK cells. IFN-�/� and IFN-�
bind to independent cell surface receptors and activate distinct
but related signal transduction pathways, culminating in the
activation of an overlapping set of IFN-stimulated genes. In a
cascade of events following the binding of IFN-�/� to their re-
ceptors, the inactive cytoplasmic transcription factors STAT1
and STAT2 become phosphorylated, form heterodimers, and
migrate to the nucleus, where they become associated with p48
to form the IFN-stimulated gene factor 3 (ISGF3) complex;
this complex activates the transcription of IFN-�/�-responsive
genes. Following the binding of IFN-� to its receptor, cytoplas-
mic STAT1 is phosphorylated and homodimerizes to form the
gamma-activated factor (GAF) complex; this complex acti-

vates the transcription of IFN-�-responsive genes. (For reviews
on IFN signaling, see references 7 and 35.)

Paramyxoviruses, like most other viruses, have evolved spe-
cific molecular mechanisms to circumvent certain IFN-induced
antiviral responses (for general reviews of how viruses circum-
vent IFN responses, see references 6 and 18). Paramyxoviruses
have nonsegmented, negative-sense, single-stranded RNA ge-
nomes. Their genomes are encapsidated within helical nucleo-
capsids which are surrounded by pleomorphic lipid-containing
envelopes through which protrude the virus glycoproteins. A
major characteristic used to help classify paramyxoviruses into
different subfamilies and genera is the structure of their P
genes. In all paramyxoviruses, the P protein, together with the
large (L) protein, forms part of the virus RNA polymerase
complexes. The P genes of some paramyxoviruses also encode
additional proteins. In the genus Rubulavirus, of which simian
virus 5 (SV5), mumps virus, and human parainfluenza virus
type 2 (hPIV2) are members, the P gene encodes both the P
and the V proteins. The P and V proteins have a common
N-terminal domain but unique C-terminal domains. In rubu-
laviruses, the V mRNA is a faithful transcript of the P gene,
while the P mRNA transcript has two additional nontemplate
G residues (inserted by a specific polymerase stuttering mech-
anism during transcription of the gene) that alter the reading
frame of the mRNA. In viruses belonging to the Respirovirus
(e.g., Sendai virus [SeV]) and Morbillivirus (e.g., measles virus)
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genera, the P mRNA is a faithful transcript of the gene, and
nontemplate residues are inserted to make the V mRNA. In
addition, the P genes of respiroviruses and morbilliviruses (but
not rubulaviruses) encode a third group of related proteins
termed the C proteins. The C proteins are expressed from
open reading frames that overlap the 5� portion of the P gene
in the �1 reading frame. The P genes of pneumoviruses (e.g.,
respiratory syncytial virus) are less complex in that they encode
only the P protein. However, these viruses have additional
genes, homologues of which are not present in the Paramyxo-
virinae subfamily (for a review on the molecular biology of
paramyxoviruses, see reference 16).

It was originally shown that SV5 and SeV at least partially
overcome the IFN response by blocking IFN signaling (2).
Subsequently, it was demonstrated that many other paramyxo-
viruses block IFN signaling (5, 8, 14, 15, 25, 39, 40), although
they clearly achieve this goal by distinct molecular mechanisms
(40). The V protein of SV5 targets STAT1 for proteasome-
mediated degradation and is thus responsible for the observed
block in IFN signaling (3). The V protein of mumps virus also
targets STAT1 for degradation (15). Surprisingly, hPIV2 tar-
gets STAT2 rather than STAT1 for degradation and, conse-
quently, while hPIV2 blocks IFN-�/� signaling, it fails to block
IFN-� signaling (24, 25, 40). SV5 and hPIV2 are evolutionarily
closely related, showing 43% identity in their HN proteins (27).
While the V proteins show a similar level of overall homology
(44%), the region of highest homology is found in the con-
served C-terminal cysteine-rich domain (34). Although there
are extensive areas of homology in the N terminus, there are
also regions of very significant divergence. An essential role for
the cysteine-rich C-terminal domain of the V protein in cir-
cumventing the IFN response was demonstrated for hPIV2
and mumps virus. Thus, recombinant hPIV2 that encoded a
truncated version of the V protein that was missing its unique
C-terminal domain was sensitive to inhibition by IFN (10).
Furthermore, it was reported that the expression of the cys-
teine-rich C-terminal region of the V protein of mumps virus
inhibits the induction of an IFN-induced antiviral state (15).
On the other hand, Young et al. also clearly demonstrated a
role for the N terminus of the V protein in targeting STAT1 for
degradation by demonstrating that a single amino acid substi-
tution at amino acid 100 within the P or V common N terminus
can influence the ability of the V protein of SV5 to target
STAT1 for degradation in cells from different species (41).
Although SeV also encodes a V protein that has a cysteine-rich
C-terminal domain, it is the C proteins of SeV, not the V
protein, that are responsible for the observed block in IFN
signaling (4, 5, 9, 36). It is therefore clear that different
paramyxoviruses have solved the problem of how to replicate
in the presence of an IFN response in different ways (40). This
conclusion is further emphasized by the observation that re-
spiratory syncytial virus does not block IFN signaling but
rather has some as-yet-undefined mechanism for circumvent-
ing the IFN response (33, 40).

Here we compare the properties of human 2fTGH cells,
which stably express the V proteins of SV5 and hPIV2, and
examine the replication of SV5 and hPIV2 in these cells in the
presence and absence of IFN-�/� and IFN-�.

MATERIALS AND METHODS

Cells, viruses, and interferons. Human 2fTGH cells (23, 26) and their deriv-
atives were grown as monolayers in 25- or 75-cm2 tissue culture flasks containing
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(growth medium). All cell lines were negative for mycoplasmas, as screened by
4�,6�-diamidino-2-phenylindole (DAPI) staining. Cells were treated with human
IFN-� (Intron A; Schering-Plough) or IFN-� (R & D Systems) at 1,000 IU/ml in
medium containing 2% bovine serum (maintenance medium). SV5 (strain W3A)
(1) and hPIV2 were grown and titrated under appropriate conditions in Vero
cells by using maintenance medium.

Plasmid DNAs and transfection. The IFN-�/�-responsive plasmid [p(9-27)
4tk�(�39)lucter] contains four tandem repeat sequences of the IFN-stimulated
response elements (ISRE) from the IFN-inducible gene, 9-27, fused to the firefly
luciferase gene (13); the IFN-�-responsive plasmid [p(GAS)2tk�(�39)lucter]
contains a minimal thymidine kinase promoter and two tandem repeat sequences
of the IFN regulatory factor 1 (IRF-1) gamma-activated sequence (GAS) site
fused to the luciferase gene (13). pJATlacZ, a plasmid used as a transfection
standard, contains a �-galactosidase gene under the control of the rat �-actin
promoter (22). The construction of plasmid pEF.SV5-V has been reported else-
where (3), and the V gene of hPIV2 was cloned into the same vector by using the
same strategy, generating plasmid pEF.hPIV2-V. To facilitate ease of isolation of
cell clones stably expressing the protein of interest, a vector (pEF.IRES.neo) was
constructed that allows the expression of the transgene and the gene for G418
resistance from a single transcript; this transcript is driven by the mammalian
elongation factor 1� (EF1�) promoter and has a human �-globin 5� untranslated
region for optimal translation of the transgene, with the G418 resistance gene
being translated from an internal ribosome entry site (derived from the encepha-
lomyocarditis virus). Furthermore, to encourage selection of high-expression
clones, the G418 resistance gene had a glutamic acid-to-aspartic acid conversion
at residue 182 that substantially reduced the activity of encoded neomycin phos-
photransferase II (38). ApaI/XbaI and ApaI/EcoRI fragments of pEF.SV5-V and
pEF.hPIV2-V were introduced into pEF.IRES.neo between the ApaI/Sma and
ApaI/EcoRI sites, generating plasmids pEF.SV5-V.IRES.neo and pEF.hPIV2-
V.IRES.neo, respectively.

For transfections, monolayers of cells grown in six-well plates to 50 to 70%
confluence were transfected with 1 �g of the appropriate DNA and 1.5 �l of
Fugene 6 (Roche) according to the manufacturer’s instructions. To isolate cells
expressing the V protein of SV5 or hPIV2, transfected cells were cultured in the
presence of 400 �g of Geneticin/ml, and resistant colonies were isolated. For the
IFN signaling assays, at various times posttransfection, cells were or were not
induced with 1,000 IU of IFN-� or IFN-�/ml for 4 h immediately prior to
harvesting. Luciferase and �-galactosidase activities were measured as described
previously (12). The relative expression levels were calculated by dividing the
luciferase values by the �-galactosidase values.

Preparation of radiolabeled antigen extracts, immunoprecipitation, and SDS-
PAGE. Cells were metabolically labeled with L-[35S]methionine (500 Ci/mmol;
Amersham International Ltd., Little Chalfont, United Kingdom) for various
times in methionine-free tissue culture medium. At the end of the labeling
interval, the cells were washed in ice-cold phosphate-buffered saline and lysed in
immunoprecipitation buffer (10 mM-Tris-HCl [pH 7.8], 5 mM EDTA, 0.5%
Nonidet P-40, 0.65 M NaCl; 4 	 106 to 6 	 106 cells per ml of buffer) by
sonication with an ultrasonic probe. Soluble antigen extracts were obtained after
pelleting of the particulate material from the total cell antigen extracts by cen-
trifugation at 12,000 	 g for 30 min. Immune complexes were formed by incu-
bating (for 2 h at 4°C) 0.2- to 1-ml samples of the soluble antigen extracts with
an excess of either anti-SV5 monoclonal antibodies (MAbs) to the HN, F, P, M,
and NP proteins (1 �l of concentrated tissue culture fluid of MAbs SV5-HN-4a,
-F-1a, -P-e, -M-h, and -NP-a) (32) or anti-hPIV2 MAbs to the HN, NP, and P
proteins (1 �l of concentrated tissue culture fluid of MAbs hPIV2-HN-3a, -NP-a,
-NP-b, and -P-a) (31). STAT1 and p53 were immunoprecipitated by using either
a mixture of anti-N-terminal and anti-C-terminal STAT1 MAbs (Transduction
Laboratories) or anti-p53 MAb DO.1 (37). The immune complexes were isolated
by using an excess of protein G-Sepharose 4B Fast Flow (Sigma; 20 �l of a 50%
[wt/vol] suspension per �l of concentrated tissue culture fluid for 1 h at 4°C). The
proteins in the immune complexes were dissociated by heating (100°C for 5 min)
in gel electrophoresis sample buffer (0.05 M Tris-HCl [pH 7.0], 0.2% sodium
dodecyl sulfate [SDS], 5% 2-mercaptoethanol, 5% glycerol) and analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) with 10% gels. After electro-
phoresis, the gels were fixed, stained, and dried; labeled polypeptides were
visualized by phosphorimager analysis.

Immunoblotting. At the time of harvest, cells were washed twice with phos-
phate-buffered saline, disrupted in SDS gel loading buffer, sonicated, and boiled
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for 5 min. Polypeptides were separated by SDS-PAGE with 7% gels and trans-
ferred to nitrocellulose membranes, and STAT1 and STAT2 were detected with
a polyclonal anti-STAT1 antibody raised against the N-terminal 194 amino acids,
a polyclonal antibody to phosphotyrosine (Y701) STAT1, or a MAb to the
N-terminal region of STAT2 (Transduction Laboratories). All protein-antibody
interactions were detected by enhanced chemiluminescence with horseradish
peroxidase-conjugated sheep anti-mouse or donkey anti-rabbit immunoglobulin
G (Amersham).

Immunofluorescence. Cells to be stained for immunofluorescence were grown
on 10-mm-diameter coverslips (General Scientific Co. Ltd., Redhill, United
Kingdom). The cells were treated and stained with specific MAbs as described
previously (30). Antibody binding was detected by indirect immunofluorescence
with a secondary Texas Red-conjugated goat anti-mouse immunoglobulin anti-
body (Seralab, Oxford, United Kingdom; catalogue number SBA 1010-02). The
primary antibodies for SV5 were SV5-P-e, -P-k, and -NP-a (32), and those for
hPIV2 were hPIV2-NP-a and -P-a (31). Following staining for immunofluores-
cence, the monolayers of cells were examined by using a Nikon Microphot-FXA
immunofluorescence microscope.

RESULTS

Cloning and expression of the V gene of SV5 and hPIV2 in
2fTGH cells. The V genes of SV5 and hPIV2 were cloned into
pEF.IRES.neo, a vector that allows expression of the trans-
gene and the G418 resistance gene from a single transcript (see
Materials and Methods). 2fTGH cells were transfected with
the appropriate plasmids and selected for resistance to G418.
Colonies were screened for expression of the V proteins by
immunofluorescence. Of 30 colonies screened for expression
of the V protein of SV5, 28 were positive, and of 10 colonies
screened for the V protein of hPIV2, 8 were positive. In the
majority of both SV5 and hPIV2 V protein-positive cell lines,
all the cells showed a predominantly nuclear distribution of V
protein of similar intensity (Fig. 1a). A cell line expressing the
V protein of SV5, termed 2f/SV5-V, and one expressing the V
protein of hPIV2, termed 2f/PIV2-V, were selected for further
analysis. Immunoblot analysis clearly demonstrated the ab-
sence of STAT1 but the presence of STAT2 in 2f/SV5-V cells
and the absence of STAT2 but the presence of STAT1 in
2f/PIV2-V cells (Fig. 1b). To determine whether these cells
responded to IFN-�/� and IFN-�, the cells were transiently
transfected with either IFN-�/�- or IFN-�-responsive lucif-
erase reporter plasmids, and the induction of luciferase was
assayed following treatment with IFN. Figure 1c demonstrates
that while IFN-�/� signaling is blocked in both cell lines, IFN-�
signaling is blocked only in 2f/SV5-V cells.

Proteasome-mediated degradation and stability of STAT1
and STAT2. It was previously demonstrated that the protea-
some inhibitor MG132 blocks the degradation of STAT1 in
cells infected with SV5 (3). It was thus of interest to determine
the effect of MG132 on the levels of STAT1 and STAT2 in
2f/SV5-V and 2f/PIV2-V cells, respectively. Surprisingly, fol-
lowing treatment of the cells with MG132 for 8 h, immunoblot
analysis revealed very little increase in the levels of either
STAT1 or STAT2 in the respective cells (data not shown; see
also below). One possible explanation for these results would
be if the steady-state synthesis STAT1 and STAT2 was insuf-
ficient to restore normal levels of STAT1 in 2fTGH cells in 8 h.
To investigate this idea, the half-life of STAT1 was monitored
by two methods. First, 2fTGH cells were treated with cyclo-
heximide, and the levels of STAT1 were detected by immuno-
blot analysis. Under these conditions, there was no detectable
reduction in STAT1 levels in 2fTGH cells over 18 h (Fig. 2a).

Second, 2fTGH cells were pulsed with 35[S]methionine for 1 h
prior to being incubated in the absence of radioactivity (chase)
for up to 48 h. STAT1 was immunoprecipitated, and the rela-
tive levels were estimated by phosphorimager analysis (Fig.

FIG. 1. Characterization of 2f/SV5-V and 2f/PIV2-V cells. (a) Pho-
tomicrographs showing the intracellular localization of the V proteins
of SV5 and hPIV2 in 2f/SV5-V and 2f/PIV2-V cells, respectively. Note
that all the cells are positive for V and that V has a primarily nuclear
distribution. (b) Immunoblot analysis demonstrating the presence of
STAT2 but the absence of STAT1 in 2f/SV5-V cells and the presence
of STAT1 but the absence of STAT2 in 2f/PIV2-V cells. Total extracts
of 2f/SV5-V and 2f/PIV2-V cells were electrophoresed through 10%
polyacrylamide gels and electrophoretically transferred to nitrocellu-
lose, and STAT1 and STAT2 were detected by immunoblot analysis.
(c) IFN-� signaling is inhibited in 2f/SV5-V and 2f/PIV2-V cells (top
panel), while IFN-� signaling is inhibited in 2f/SV5-V but not 2f/
PIV2-V cells (bottom panel). Cells were transfected with either IFN-�-
or IFN-�-responsive plasmids together with pJATlacZ, and at 46 h
posttransfection, cells were either treated with human IFN-� or IFN-�
or left untreated. Four hours later, luciferase and �-galactosidase ac-
tivities in the cellular lysates were measured. Luciferase activity, ex-
pressed in relative light units, was normalized to �-galactosidase ac-
tivity.
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2b). Quantification of the amount of radioactivity precipitated
revealed that only 30 to 40% of STAT1 had been degraded
after a 48-h chase. As a control, we demonstrated that p53 was
degraded between 1 and 8 h postchase (Fig. 2b).

Given the long half-life of STAT1 and the adverse effects of
treating cells with the proteasome inhibitor for prolonged pe-

riods, we decided to examine whether MG132 could prevent
the degradation of newly synthesized STAT1 and STAT2.
Cells were pulsed with 35[S]methionine for 8 h in the presence
or absence of MG132. STAT1 and STAT2 were immunopre-
cipitated, and their relative levels were visualized by phosphor-
imager analysis. The results clearly demonstrated that MG132
blocked the degradation of newly synthesized STAT1 in 2f/
SV5-V cells (Fig. 3a) and STAT2 in 2f/PIV2-V cells (Fig. 3c).
However, following MG132 treatment, the levels of newly syn-
thesized STAT1 and STAT2 in 2f/SV5-V and 2f/PIV2-V cells,
respectively, were slightly lower than those in the control cells.
The reason for this result remains unclear, but it may simply
have occurred because MG132 does not completely block pro-
teasome-mediated degradation. It should also be noted that
for the total cell lysates of 2f/SV5-V cells used in the immu-
noprecipitation studies, immunoblot analysis failed to demon-
strate an obvious increase in the overall levels of STAT1 in
cells treated with MG132 (Fig. 3b).

Phosphorylated and nonphosphorylated forms of STAT1
are degraded by SV5. Following stimulation with IFN, acti-
vation of STAT1 is usually transient as a result of dephos-
phorylation. However, it has also been reported that phos-
phorylated STAT1 is turned over by a mechanism involving
proteasome-mediated degradation (11), although there is no
evidence that this latter process is important in the regulation
of STAT1 function (6). Nevertheless, it was formally possible
that following infection with SV5, STAT1 was rapidly phos-
phorylated, and that only phosphorylated forms of STAT1
were targeted for degradation. To test this idea, 2fTGH cells

FIG. 2. STAT1 has a slow intracellular turnover rate. (a) STAT1
was detected by immunoblot analysis in total extracts of 2fTGH cells
that had been treated with cycloheximide (50 �g/ml) for 0, 4, 8, or 18 h
(lanes 1 to 4, respectively). (b) 2fTGH cells were radioactively labeled
with 35[S]methionine for 1 h and then cultured (chased) for 0, 1, 8, 24,
or 48 h in medium that did not contain 35[S]methionine. Soluble
antigen extracts were made, and STAT1� and -� and p53 were immu-
noprecipitated. An asterisk indicates an unidentified host cell protein
that is rapidly turned over.

FIG. 3. The proteasome inhibitor MG132 blocks the degradation
of newly synthesized STAT1 in 2f/SV5-V cells and STAT2 in 2f/
PIV2-V cells. (a and c) MG132 (10 �M) was or was not added to the
culture 1 h before the cells were radioactively labeled with 35[S]methi-
onine for a further 7 h in the presence or absence of the inhibitor.
STAT1� and -� were immunoprecipitated from 2f/SV5-V soluble an-
tigen extracts (panel a), and STAT2 was immunoprecipitated from
2f/PIV2-V extracts (panel c). (b) Immunoblot analysis was also used to
detect STAT1 in samples of total extracts of the 2f/SV5-V cells used in
the immunoprecipitation analysis.

FIG. 4. Both phosphorylated and nonphoshorylated forms of
STAT1 are degraded by SV5. 2fTGH cells were or were not pretreated
with the kinase inhibitor genistein (100 �M) for 1 h prior to being
mock infected or infected with SV5 at an MOI of 10. Cells were or
were not cultured in the presence of genistein for a further 6 h. Total
cell extracts were made, and the presence of STAT1 was detected by
immunoblot analysis with polyclonal anti-STAT1 antibody (a) or anti-
phosphotyrosine (Y701) STAT1 [anti-STAT1 p-tyrosine (701)] (b).

2162 ANDREJEVA ET AL. J. VIROL.



were infected in the presence or absence of genistein, a general
kinase inhibitor that completely inhibited the phosphorylation
of STAT1 in response to IFN (Fig. 4). It was clear from these
results that both phosphorylated and nonphosphorylated
forms of STAT1 were degraded in SV5-infected cells.

Interaction of cellular proteins with the V proteins of SV5
and hPIV2. To investigate the interaction of cellular pro-
teins with the V protein of SV5, soluble antigen extracts were
made from 35[S]methionine-labeled 2fTGH and 2f/SV5-V cells
treated in the presence or absence of MG132. There was no
evidence of a protein with a molecular mass similar to that of
STAT1 being coimmunoprecipitated with the V protein by
anti-V MAbs from 2f/SV5-V cells that had been treated with
MG132 (Fig. 5). Similarly, immunoprecipitation with anti-
STAT1 antibodies failed to coprecipitate a band with a molec-
ular mass similar to that of the V protein. With these experi-
mental conditions, we also failed to reveal a direct interaction
between STAT2 and the V protein of hPIV2 (data not shown).
However, two prominent higher-molecular-mass proteins were
coprecipitated with the V protein of SV5. Matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) mass spec-
trometry confirmed that the lower band was the 127-kDa sub-
unit of the UV-damaged DNA-binding protein (UV DDB).
MALDI-TOF analysis of the upper, 150-kDa protein was
equivocal, and this protein has yet to be formally identified.
Neither of these polypeptides was precipitated with the V
protein from 2f/PIV2-V cells. This result was surprising in that
it was previously reported that the V proteins of both SV5 and
hPIV2 bind UV DDB (19). However, it is possible that the
anti-hPIV2 V protein MAb (hPIV2-Pa) used in the immuno-
precipitation study binds to a region critical for the interaction
of the V protein with UV DDB.

Cell division and UV sensitivity of 2f/SV5-V and 2f/PIV2-V
cells. Since it has been reported that the V protein of SV5
binds UV DDB (20) and also slows the progression of the cell

cycle (19), the rate of proliferation of 2f/SV5-V and 2f/PIV2-V
cells and their relative sensitivity to UV light were compared to
those of parental 2fTGH cells. However, no significant differ-
ences were observed either in the rate of proliferation of the
different cells (Table 1) or in their relative sensitivity to UV
light (unpublished results).

SV5 and hPIV2 protein synthesis in 2f/SV5-V and 2f/PIV2-V
cells in the presence and absence of IFNs. Since IFN-�/� and
IFN-� signaling is blocked in 2f/SV5-V cells but only IFN-�/�
signaling is blocked in 2f/PIV2-V cells, we compared the rel-
ative levels of SV5 protein synthesis in 2f/SV5-V and 2f/
PIV2-V cells that had or had not been pretreated with IFN-�
or IFN-� prior to infection. Figure 6 shows that pretreatment
with IFN-� significantly inhibited SV5 protein synthesis in con-
trol cells but not in either 2f/SV5-V or 2f/PIV2-V cells. How-
ever, unexpectedly, IFN-� had only marginal effects on the
levels of SV5 protein synthesis in control cells; thus, any dif-
ferential effects of IFN-� on 2f/SV5-V and 2f/PIV2-V cells
could not be convincingly measured.

The sensitivity of hPIV2 to IFN-� and IFN-� was measured
in a similar set of experiments. In marked contrast to what was

FIG. 5. Coimmunoprecipitation of host cell proteins with the V
protein of SV5. 2fTGH and 2f/SV5-V cells were or were not treated
with the proteasome inhibitor MG132 (10 �M) for 6 h, during which
time they were also metabolically labeled with 35[S]methionine. Solu-
ble antigen extracts were made, and the V protein was precipitated
with MAb SV5-P-k. The precipitated polypeptides were separated on
both 12 and 7% (inset) polyacrylamide gels. The lower of the two
high-molecular-mass host cell bands that coprecipitated with V was
identified by MALDI-TOF analysis as the 127-kDa subunit of UV
DDB; the upper, 150-kDa band has yet to be identified (unpublished
results).

FIG. 6. Effect of IFN pretreatment on SV5 protein synthesis in
2fTGH, 2f/SV5-V, and 2f/PIV2-V cells. Cells were not (a) or were
pretreated with either IFN-� (b) or IFN-� (c) (1,000 IU/ml) for 16 h
prior to infection with SV5 at an MOI of 0.5 to 1.0 PFU/cell. At 20 h
p.i., the cells were metabolically labeled with 35[S]methionine for 1 h.
Virus proteins were precipitated from soluble antigen extracts of these
cells with a pool of MAbs to the NP, P, M, HN, and F proteins;
separated by 10% PAGE; and visualized by phosphorimager analysis.
An asterisk indicates an unidentified host cell protein.

TABLE 1. Growth rates for 2fTGH, 2f/SV5-V, and
2f/PIV2-V cells in culturesa

Cells
Avg no. of cells/flask after the following days in cultures:

1 2 3 4

2fTGH 1.5 	 105 3.5 	 105 1.2 	 106 3.2 	 106

2f/SV5-V 1.6 	 105 5 	 105 1.6 	 106 3.6 	 106

2f/PIV2-V 1.4 	 105 4.0 	 105 1.8 	 106 4.0 	 106

a Cells (1.0 	 105) were placed in 25-cm2 flasks and incubated in growth
medium at 37°C. After 1, 2, 3, and 4 days, cells from duplicate flasks were
trypsinized and counted.
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observed with SV5, pretreatment of 2fTGH cells with IFN-�
significantly reduced the levels of hPIV2 protein synthesis,
although not as dramatically as pretreatment of cells with
IFN-� (Fig. 7a). We also tested whether IFN-� and IFN-�
could induce an antiviral state for hPIV2 in 2f/SV5-V and
2f/PIV2-V cells. As expected, IFN-� failed to induce an anti-
viral state in both 2f/SV5-V and 2f/PIV2-V cells. In contrast,
while IFN-� failed to induce an antiviral state in 2f/SV5-V

cells, it did induce an antiviral state in 2f/PIV2-V cells (Fig. 7b
and c).

SV5 spreads more rapidly in the presence of IFN-� in both
2f/SV5-V and 2f/PIV2-V cells than in 2fTGH cells. Although
SV5 blocks IFN signaling, SV5 protein synthesis was signifi-
cantly reduced in cells already in an IFN-�-induced antiviral
state (Fig. 6). To examine how IFN influences the cell-to-cell
spread of SV5, monolayers of 2fTGH, 2f/SV5-V, and 2f/PIV2-
V cells were infected with SV5 at 0.01 PFU/cell; at 12 h postin-
fection (p.i.), exogenous IFN was or was not added to the
culture medium. At various times p.i., the monolayers were
fixed, and virus-infected cells were visualized by immunofluo-
rescence with a pool of MAbs to the NP and P proteins (Fig.
8). While in the absence of exogenous IFN all of the 2fTGH
cells were infected by 72 h p.i., the addition of exogenous
IFN-� severely inhibited the spread of SV5 such that only 5 to
10% of the cells were infected. In contrast, IFN-� had no effect
on the spread of SV5 in 2f/SV5-V and 2f/PIV2-V cells. In
agreement with the above results, IFN-� had little effect on the
cell-to-cell spread of SV5 in control cells; thus, any possible
differential effects on 2f/SV5-V and 2f/PIV2-V cells could not
be evaluated.

STAT1 degradation and the need for virus protein synthe-
sis. STAT1 is inducible with IFN; thus, the levels of STAT1 are
significantly higher in IFN-pretreated cells than in untreated
cells. It was previously reported that infectious SV5 can lead to
the degradation of STAT1 in untreated and IFN-pretreated

FIG. 7. Effect of IFN pretreatment on hPIV2 protein synthesis in
2fTGH (a), 2f/SV5-V (b), and 2f/PIV2-V (c) cells. Cells were or were
not pretreated with either IFN-� or IFN-� (1,000 IU/ml) for 16 h prior
to infection with hPIV2 at an MOI of 0.5 to 1.0 PFU/cell. At 20 h p.i.,
the cells were metabolically labeled with 35[S]methionine for 1 h. Virus
proteins were precipitated from soluble antigen extracts of these cells
with a pool of MAbs to the NP, P, and HN proteins; separated by 10%
PAGE; and visualized by phosphorimager analysis.

FIG. 8. Photomicrographs demonstrating the cell-to-cell spread of SV5 in 2fTGH, 2f/SV5-V, and 2f/PIV2-V cells in the presence or absence
of exogenous IFN-� or IFN-�. Cells were infected at 0.01 PFU/cell; 12 h later, IFN-� or IFN-� (1,000 IU/ml) was or was not added to the culture
medium. Monolayers were fixed at various times p.i., and the percentage of infected cells was estimated by immunofluorescence with a pool of
MAbs to the NP and P proteins. At 24 h p.i., 
5% of the cells in all the monolayers were infected (data not shown). By 72 h p.i., all the cells were
infected, except for 2fTGH cells that had been cultured in the presence of IFN-�. For reference, a single cell is highlighted with a white arrow.
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cells (3). It was also shown that UV-inactivated SV5 can lead
to the degradation of STAT1 in untreated cells; however, the
ability of UV-inactivated virus to degrade STAT1 in IFN-
pretreated cells was not examined in that study (3). The results
shown in Fig. 6 demonstrate that even when cells are in an
IFN-induced antiviral state, some SV5 protein synthesis oc-
curs. Consequently, it was possible that some de novo SV5 (V)
protein synthesis was required for the complete degradation of
STAT1 in IFN-pretreated cells. Two experiments were carried
out to investigate whether this was the case. First, cells were
pretreated with IFN, and the ability of UV-inactivated SV5 to
induce the degradation of STAT1 was examined. Figure 9
shows that while UV-inactivated virus (at the equivalent of 10
PFU/cell) induced the degradation of all of the detectable
STAT1 in untreated cells, it did not induce the complete deg-
radation of the much higher levels of STAT1 present in IFN-
pretreated cells (irrespective of how long the cells were infect-
ed), although there was a partial reduction in the levels. In
contrast, “live” virus induced the degradation of STAT1 in
both untreated and IFN-�-pretreated cells. Second, to confirm
that de novo virus protein synthesis was required to induce the
complete degradation of STAT1 in cells already in an IFN-�-
induced antiviral state, cells were pretreated with IFN-� for
24 h and then infected with SV5 in the presence or absence of
cycloheximide. Although infectious SV5 (at 10 PFU/cell) in-
duced the degradation of STAT1 in untreated cells in the
presence of cycloheximide, under the same conditions SV5 did
not induce the degradation of STAT1 in IFN-pretreated cells.
These results therefore suggest that the degradation of STAT1
is dependent on the concentrations of STAT1 and the V pro-
tein. This suggestion is supported by the observation that there
was no obvious loss of STAT1 in untreated cells infected at a
multiplicity of infection (MOI) of 1 PFU/cell in the presence of

cycloheximide (unpublished results). Thus, it is also likely that
input virus could degrade STAT1 in IFN-pretreated cells in the
absence of virus protein synthesis if the MOI were high
enough.

DISCUSSION

The extremely high percentage of cell clones isolated that
expressed the V protein of either SV5 or hPIV2 highlights the
ease with which STAT1 or STAT2 can be selectively inacti-
vated by using the plasmids constructed. Indeed, we have iso-
lated a number of other cell types, including human liver cells,
which express a V protein of SV5 that can no longer respond
to either IFN-�/� or IFN-� (data not shown). All the cells
expressed similar levels of the V protein (as judged by immu-
nofluorescence), and expression was stable. Thus, once cells
expressing the V protein were isolated, it was not necessary to
culture them in the presence of Geneticin to maintain expres-
sion. These plasmids should therefore provide valuable re-
agents with which to selectively degrade STAT1 or STAT2 for
further functional analysis of these important cell signaling
molecules.

It was previously reported that the proteasome inhibitors
MG132 and lactacysteine block the degradation of STAT1
following infection of tissue culture cells with SV5 (3). In the
experiments reported here, it was not possible to restore either
STAT1 or STAT2 to normal cellular levels in 2f/SV5-V or
2f/PIV2-V cells, respectively, by treating the cells for up to 8 h
with MG132. Since STAT1 and STAT2 have been reported to
be very stable proteins with half-lives of more than 24 h (17),
it is possible that the rates of synthesis were insufficient to
allow significant levels of STATs to accumulate during the 8-h
MG132 treatment period. We confirmed by pulse-labeling ex-
periments that STAT1 has a half-life of more than 24 h in
2fTGH cells, and we established that MG132 clearly blocks the
degradation of newly synthesized STAT1 and STAT2 in 2f/
SV5-V and 2f/PIV2-V cells, respectively, thereby allowing
STAT levels to accumulate at rates similar to those seen in
2fTGH cells. Given that STAT1 can be completely lost from
2fTGH cells infected with SV5 at 2 to 4 h p.i., we conclude that
the degradation of STAT1 by the SV5 V protein is sufficient to
account in full for the inhibition of IFN signaling in 2fTGH
cells. For similar reasons, specific degradation of STAT2 by
hPIV2 appears to be the only mechanism which needs to be
invoked to explain the block in IFN signaling in 2fTGH cells.
However, it was recently reported that STAT2 may be less
stable in HeLa cells, and it was suggested that in these cells,
specific translational inhibition of STAT2 mRNA by the PIV2
V protein may also be required to mediate full inhibition of
IFN signaling (24).

Following infection with a high MOI of SV5 that prevents
cells from entering an IFN-induced antiviral state, even though
the majority of cells survive the infection, after 2 to 4 days
there is a significant reduction in the rate of virus protein
synthesis (unpublished results and reference 41). The reason
for the late switching off of virus protein synthesis is unclear,
but since inhibition of IFN signaling seems an obvious target
for viruses, we speculated that cells may have some other
intracellular compensatory mechanism by which they can in-
duce an antiviral state (6, 41). Indeed, one possibility was that

FIG. 9. De novo SV5 protein synthesis is required for STAT1 deg-
radation in IFN-pretreated cells but not in untreated cells. (a) 2fTGH
cells were (�IFN) or were not (�IFN) pretreated with IFN-� (1,000
IU ml) for 18 h prior to being mock infected (lane 1) or infected with
“infectious” SV5 (lane 2) or UV-inactivated virus (lane 3; the efficiency
of UV inactivation was demonstrated by showing that even after 24 h
of infection, no virus protein synthesis had occurred, as judged by
immunofluorescence). At 8 h p.i., total cell extracts were made, and
STAT1 was detected by immunoblot analysis. (b) 2fTGH cells were
(�IFN) or were not (�IFN) pretreated with IFN-� for 18 h prior to
being mock infected (lane 1) or infected with “infectious” SV5 (lane
2). From the time of infection, cells were cultured in the presence of
cycloheximide (�CX; 50 �g/ml). At 8 h p.i., total cell extracts were
made, and STAT1 was detected by immunoblot analysis.
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the loss of STAT1 or STAT2 may have activated an antiviral
default pathway within cells (as a defense against viruses that
block IFN signaling). However, given that both SV5 and hPIV2
readily infect 2f/SV5-V and 2f/PIV2-V cells, such a default
pathway, if it exists, is clearly not activated simply by the loss of
STAT1 or STAT2 from the cells. Indeed, other than a loss in
their ability to respond to IFN, there was no obvious effect on
the growth or morphology of 2f/SV5-V and 2f/PIV2-V cells
compared to 2fTGH cells. A number of recent reports also
have demonstrated STAT1-independent regulation of gene ex-
pression in response to IFN-� and the induction of an antiviral
state in STAT1 null mice in response to IFN-� (6, 28). How-
ever, the failure of IFN-� to induce an antiviral state for hPIV2
in 2f/SV5-V cells suggests either that the induction of an IFN-
�-induced antiviral state for hPIV2 is completely dependent on
STAT signaling or that the V protein of SV5 also interferes
with other STAT-independent signaling cascades that may be
induced by IFN-�.

The inability to induce an antiviral state for SV5 by pretreat-
ing 2fTGH cells with IFN-� is surprising given that pretreat-
ment of cells with IFN-� delays SV5 replication and that IFN-�
inhibits hPIV2 replication, albeit to a lesser extent than IFN-�.
Until more is known about the molecular basis of IFN-induced
inhibition of SV5 and hPIV2 replication, the reasons for these
differences will remain unclear. However, it seems likely from
these observations that the different antiviral mechanisms in-
duced by IFN-�/� and IFN-� in controlling SV5 and hPIV2
vary in relative importance. Furthermore, although many
paramyxoviruses block IFN signaling (40), since virus replica-
tion is significantly delayed in cells already in an IFN-�/�-
induced antiviral state prior to infection, such a mechanism
alone will result only in their ability to partially overcome the
IFN response. Thus, given the highly pathogenic nature of
many paramyxoviruses, it is possible that they have additonal
mechanisms, other than blocking of IFN signaling, to help
circumvent the IFN response.

It was previously shown that the V proteins of both SV5 and
hPIV2 bind to the 127-kDa subunit of UV DDB (19). Further
studies have documented that the expression of the V protein
of SV5 can slow the progression of the cell cycle, and a role for
UV DDB in this process was suggested (20). Furthermore, the
hepatitis B virus X protein, which also binds the 127-kDa
subunit of UV DDB, also interferes with cell viability (21). It
was thus not clear before we started these experiments whether
it would be possible to isolate cell lines that express the V
protein of SV5 or hPIV2. However, not only was it relatively
easy to isolate such cells, but also there was no detectable
reduction in the rate of proliferation of 2f/SV5-V (or 2f/
PIV2-V) cells compared to parental 2fTGH cells. The reason
for this finding remains uncertain, but it may be due to the
relatively low levels of V protein expression in 2f/SV5-V cells
(at least 20-fold lower than the levels in SV5-infected cells;
unpublished results). In transfections with pEFlink plasmids,
transient expression levels were more akin to the levels of the
V protein observed in SV5-infected cells (data not shown). The
studies which documented that the expression of the V protein
of SV5 delayed the progression of the cell cycle were per-
formed with transiently transfected cells for which high levels
of expression were reported (20). Thus, it cannot be concluded
that the results presented here are in conflict with those which

demonstrate that the V protein slows the progression of the
cell cycle. Indeed, it is possible that cells expressing only low
levels of the V protein were selected, as at higher levels, the V
protein may have significantly slowed the cell cycle and there-
fore the rate of cellular proliferation. Nevertheless, the fact
that STAT1 was undetectable in 2f/SV5-V cells demonstrates
that the ability of the V protein to delay cell cycle progression
is not directly linked to the loss of STAT1. Thus, the reason(s)
for the large amount of V protein produced in virus-infected
cells may relate to its other functions, perhaps in delaying the
cell cycle (20) or contributing to the control of virus replication
through its interaction with soluble NP (29). Alternatively, the
large amount of V protein produced may reflect the need for
de novo virus protein synthesis for the degradation of STAT1
in cells already in an antiviral state, i.e., in cells in which there
will be significantly reduced initial rates of virus protein syn-
thesis.

The observations that SV5 protein synthesis is not required
for input virus to induce the degradation of STAT1 in un-
treated 2fTGH cells but is required in IFN-pretreated 2fTGH
cells (in which there is a significant increase in STAT1 levels)
suggest that the degradation of STAT1 is dependent on the
relative concentrations of STAT1 and the V protein. Thus, in
vivo, during an acute infection, it seems likely that some virus
protein synthesis will be required to degrade STAT1 in cells
that are in an antiviral state and that have been infected with
only small amounts of virus. Furthermore, if the degradation of
STAT1 is dependent on the relative concentrations of STAT1
and the V protein, it seems likely that for STAT1 to be de-
graded, it must form either a direct or an indirect complex with
the V protein. Indeed, it has recently been demonstrated that
the C protein of SeV is found in high-molecular-weight com-
plexes with STAT1 (30), although the mechanisms of inhibi-
tion of IFN signaling for SV5 and SeV appear clearly different.
However, even in the presence of proteasome inhbitors and
under relatively mild conditions, we failed to show coprecipi-
tation of the V protein of either SV5 or hPIV2 with STAT1 or
STAT2, respectively, and the detailed mechanism by which the
V protein targets STATs for degradation remains to be eluci-
dated. However, whatever the mechanism for STAT1 degra-
dation by SV5, it is not dependent on IFN signaling, since both
phosphorylated and nonphosphorylated forms of STAT1 are
degraded. It is also currently unclear which regions of the V
protein are responsible for the selective targeting of STAT1 or
STAT2 for degradation. Thus, experiments are currently in
progress to further define the functional domains of the V
protein and their roles in STAT degradation.
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