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The V proteins of some paramyxoviruses have developed the ability to efficiently inactivate STAT protein
function as a countermeasure for evading interferon (IFN) responses. Human parainfluenza virus type 4
(hPIV4) is one of the rubulaviruses, which are members of the family Paramyxoviridae, and has a V protein with
a highly conserved cysteine-rich domain that is the hallmark of paramyxovirus V proteins. In order to study
the function of the hPIV4 V protein, we established HeLa cells expressing the hPIV4A V protein (HeLa/
FlagPIV4V). The hPIV4 V protein had no ability to reduce the level of STAT1 or STAT2, although it associated
with STAT1, STAT2, DDBI1, and Cul4A. It interfered with neither STAT1 and STAT2 tyrosine phosphorylation
nor IFN-induced STAT nuclear accumulation. In addition, HeLa/FlagPIV4V cells are fully sensitive to both
beta interferon (IFN-3) and IFN-vy, indicating that the hPIV4 V protein has no ability to block IFN-induced
signaling. We further established HeLa cells expressing various chimeric proteins between the hPIV2 and
hPIV4A V proteins. The lack of IFN-antagonistic activity of the hPIV4 V protein is caused by both the P/V
common and V-specific domains. At least two regions (amino acids [aa] 32 to 45 and aa 143 to 164) of hPIV4
V in the P/V common domain and one region (aa 200 to 212) of the C terminus are involved in the inability to
evade the IFN-induced signaling. Moreover, we established HeLa cells persistently infected with hPIV4 to make
sure of the inability to escape IFN and confirmed that hPIV4 is the only paramyxovirus analyzed to date that

can’t evade the IFN-induced antiviral responses.

Human parainfluenza virus type 4 (hPIV4) is a member of the
family Paramyxoviridae and is known to be an important agent
of pediatric respiratory tract disease in infancy (26). hPIV4 is
further divided into two antigenic subtypes, hPIV4A and
hPIV4B, based mainly on in vitro hemadsorption inhibition
characteristics and immunological reactivity (6). We previously
identified the structural proteins of hPIV4A and 4B and se-
quenced all genes except the L gene (2, 18, 21, 22, 23). hPIV4
contains an mRNA-editing site, similar to other rubulaviruses.
The unedited version of the “P” mRNA encodes the V protein,
and addition of two G nucleotides at the editing site produces
an mRNA that encodes the P protein. Therefore, the N-ter-
minal 153 amino acids (aa) of the V and P proteins are com-
mon, and their C termini are unique (22). The C terminus of
hPIV4 V protein contains seven invariant cysteine residues capa-
ble of binding two atoms of zinc, and C termini are approximately
50% identical among all paramyxovirus V proteins.

It has been demonstrated recently that the Paramyxovirinae,
similar to other viruses, have evolved specific proteins that inhibit
interferon (IFN)-induced innate antiviral responses through di-
rect inhibition of cellular STAT proteins. The V proteins encoded
by the rubulaviruses, simian virus 5 (SV5), SV41, mumps virus
(MuV), and Newcastle disease virus (NDV, an avulavirus) block
IFN signaling by targeting STAT'1 for degradation (1, 7, 8, 15, 25,
32, 33, 36, 49, 50, 53, 54), whereas the V protein of human
parainfluenza type 2 virus (hPIV2, a rubulavirus) targets STAT2
for degradation (32, 33, 35). Moreover, the V proteins of measles
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virus (morbillivirus), Nipah virus, and Hendra virus (henipavi-
ruses) have been shown to inhibit IFN signaling by preventing
STAT1 and STAT?2 nuclear accumulation (34, 39, 40, 45). Sendai
virus (SeV) and hPIV3 also block IFN signaling, and this
anti-IFN ability has been shown to be a property of these
respirovirus C proteins (10, 11, 12, 13, 14, 17, 20, 30, 46). The
rubulavirus V protein-dependent degradation of STAT pro-
teins involves degradation complexes that contain the V pro-
tein, STAT1, and STAT?2 (and STAT3 in the case of mumps
virus). A number of cellular proteins, including the UV-dam-
aged DNA binding protein 1 (DDB1) and Cullin4A (Cul4A),
that are subunits of an SCF-type ubiquitin ligase (49) are also
required. The conserved seven cysteine residues play a critical
role in specifically binding to DDB1 (1, 29). However, the
binding between the V and STAT proteins occurs via a tryp-
tophan-rich motif that lies just upstream of the cysteine cluster
at the C terminus, and the cysteine residues are not required
for this binding (31). The mechanism of STAT level reduction
induced by rubulaviruses is not clearly understood yet.

In this study, we demonstrate that the hPIV4 V protein has
no ability to escape IFN by using HeLa cells constitutively
expressing the hPIV4A 'V protein. This article reports that the
hPIV4 V protein forms a complex with STAT1, STAT2,
DDBI1, and Cul4A in vitro or in vivo. However, the hPIV4 V
protein could not lower the intracellular levels of the STAT
proteins like other rubulaviruses and NDV. We also estab-
lished HeLa cells constitutively expressing various chimeric
proteins between the hPIV2 and hPIV4A V proteins, and the
levels of STAT proteins were analyzed. The failure of hPIV4 V
protein to evade IFN responses is due to defects in both the
P/V common domain and the V-specific domain. Moreover,
we established HeLa cells persistently infected with hPIV4A or
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hPIV4B and analyzed whether these viruses have the ability to
escape IFN. Our results further demonstrate that hPIV4 is the
only paramyxovirus analyzed to date that can’t evade the IFN-
induced antiviral responses.

MATERIALS AND METHODS

Cells and viruses. HeLa and human 2fTGH (gift from I. M. Kerr, Imperial
Cancer Research Fund, London, United Kingdom) cells were grown in Eagle’s
minimal essential medium (MEM) supplemented with 10% fetal calf serum
(FCS). BSR T7/5 (5) cells were cultured in Eagle’s MEM supplemented with
10% FCS and 1 mg/ml G418 (Geneticin; GIBCO). hPIV4A (strain 68-340) and
hPIV4B (strain 68-333) were used in this study.

Antibodies. Anti-Flag monoclonal antibody (MAb) was purchased from SIGMA
(St. Louis, MO). Anti-STAT1 p84/p91 (N terminus) MADb, anti-STAT3 MAb, and
MAD to STAT1 phosphorylated at Tyr 701 [anti-STAT1pTyr(701) antibody] were
obtained from BD Transduction Laboratories (Lexington, KY). Antibody to STAT2
(sc-476), antibody to Cul4A (sc-10782), MADb to actin (sc-8432), and MAD to hem-
agglutinin (HA) (sc-7392) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal antibodies against STAT2 phosphorylated at Tyr 689
[anti-STAT2pTyr(689) antibody] and against DDB1 were obtained from Upstate
Biotechnology (Lake Placid, NY) and Zymed Laboratories (South San Francisco,
CA), respectively. MADb against hPIV4A nucleoprotein (NP) (A130), which was
cross-reactive with hPIV4B, was previously reported (19).

Construction of expression plasmids. To express the hPIV4A V protein in
mammalian cells, cDNA expression vector (pCI-neo, Promega) that contained
hPIV4A V c¢DNA fused to an N-terminal Flag epitope tag was constructed.
Flag-tagged hPIV2 and various chimeric V protein expression vectors were
generated in a manner similar to that described above. Human STATI1 and
STAT?2 genes fused to an N-terminal HA epitope tag were cloned into pTM1
(pPTM-HA-hSTAT1 and -hSTAT2), which contains a T7 promoter and an en-
cephalomyocarditis virus internal ribosome entry site (B. Moss, National Insti-
tutes of Health). All constructs were confirmed by nucleic acid sequencing.

Establishment of HeLa cells constitutively expressing Flag-tagged V proteins.
To obtain cell lines expressing each of the Flag-tagged V proteins, HeLa cells
were transfected with each plasmid by using FuUGENE 6 (Roche) according to
the manufacturer’s instructions. At 2 days after transfection, the culture media
were changed to MEM containing 10% FCS, 1 mg/ml G418, and 0.2% agarose,
and the cells were cultured for 3 weeks. Five independent clones that exhibited
high expression levels were analyzed.

Cell extracts, immunoblotting, and immunoprecipitation. For preparation of
cell extracts, cells were lysed in lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 0.6% NP-40, and 4 mM phenylmethylsulfonyl fluoride). For immunoblot-
ting, cell extracts were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane, and analyzed by a
Western blotting technique with appropriate antibodies as described previously
(31). For immunoprecipitation of Flag epitope-tagged proteins, cell extracts were
incubated with an anti-Flag M2 agarose affinity gel (Sigma, St. Louis, MO) for
6 h at room temperature. The agarose beads were washed three times with lysis
buffer and then extracted with sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis sample buffer for analysis by a Western blotting technique with
appropriate antibodies.

Reporter gene assay with luciferase. The IFN-o/B-responsive reporter plasmid
p(9-27)4tk (—39) lucter, referred to here as pISRE(f)-luc, contains four tandem
repeats of the IFN-inducible gene 9-27 IFN-stimulated response element fused
to the firefly luciferase gene. pTK-r-luc, used as transfection standard, contains
the herpes simplex virus thymidine kinase (TK) promoter region upstream of the
Renilla luciferase gene (Promega). For the luciferase assays, 2fTGH cells were
transfected with 1 pg of pCl-neo-V, 1 pg of pISRE(f)-luc, 0.3 pg of pTK-r-luc,
and 7.5 pl of FuGENE 6. At 24 h posttransfection, the cells were treated with
1,000 U of recombinant IFN-a per ml or not treated. At 14 h after IFN treat-
ment, the cells were harvested and assayed for firefly and Renilla luciferase
activities (dual-luciferase reporter assay system; Promega). Relative expression
levels were calculated by dividing the firefly luciferase values by those of the
Renilla luciferase.

IFN susceptibility. The monolayers of various cells were incubated with 10,
100, or 1,000 U of human IFN-«a (hIFN-a), hIFN-B, or hIFN-y for 24 h, and then
the cells were infected with about 100 PFU of recombinant vesicular stomatitis
virus-green fluorescent protein (rVSV-GFP) (gift from D. Kolakofsky, Univer-
sity of Geneva School of Medicine, Geneva, Switzerland), VSV, or Sindbis virus.
At 12 h after infection with r'VSV-GFP, GFP expression was analyzed using a
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fluorescence microscope. At 2 days after infection with VSV or Sindbis virus,
plaque numbers were counted.

Immunofluorescence staining. For STAT distribution experiments, HeLa or
HeLa/FlagPIV4V cells were grown to 60% confluence and not stimulated or
stimulated with 1,000 U of IFN-a/ml for 30 min to fixation. The cells were fixed
with 3% paraformaldehyde for 30 min at room temperature and rinsed twice
with phosphate-buffered saline (PBS). The cells were permeabilized with PBS—
0.05% Tween 20 for 30 min and washed twice with PBS. The cells were then
incubated for 60 min with antibody against STAT1 or STAT2 and washed three
times with PBS. Next, the cells were incubated for 60 min with fluorescein
isothiocyanate-labeled secondary antibodies and washed with PBS. Immunofluo-
rescently stained cells were analyzed using a fluorescence microscope.

For detection of V or NP protein, the cells were grown to 60% confluence.
Fixed and permeabilized cells were stained with anti-Flag or NP MAD as de-
scribed above.

Establishment of persistent hPIV2, hPIV4A, or hPIV4B infection. Monolayers
of HeLa cells were infected with hPIV2, hPIV4A, or hPIV4B at a multiplicity of
infection (MOI) of 0.01 to 1 and incubated with MEM supplemented with 5%
FCS for 4 days. Subsequently, the cells were washed three times with MEM to
remove the dead cells, and then cell cloning was carried out by limiting dilution
method using 96-well plates. After about 3 weeks, the cloned cells were dupli-
catively subcultured, and 2 days after subculture, hemadsorption analysis using
guinea pig erythrocytes for detecting the persistently virus-infected cells was
carried out. HeLa cells persistently infected with SeV were established as de-
scribed previously (16).

RESULTS

The hPIV4 V protein binds STATs, DDB1, and Cul4A with-
out STAT degradation. The V proteins encoded by the rubu-
laviruses SV5, SV41, hPIV2, and MuV block IFN-induced
signaling by targeting STAT1 or 2 for degradation (1, 8, 25, 32,
33, 49, 50, 53, 54). hPIV4 is one of rubulaviruses and has a V
protein possessing a highly conserved cysteine-rich domain and
tryptophan-rich motif (Fig. 1A). To examine the potential of
hPIV4 V for evasion of IFN-induced signaling, a cDNA en-
coding hPIV4A V protein was subcloned into a mammalian
expression vector downstream of a Flag epitope tag. STAT
protein targeting by SV5, MuV, and hPIV2 V proteins requires
a multisubunit ubiquitin-ligase complex that includes cellular
components STAT1, STAT2, DDBI, and Cul4A (49, 50). First,
whether the hPIV4A V protein binds STAT proteins was
studied. Flag-tagged V protein and HA-tagged human-origin
STAT proteins were expressed in BSR T7/5 cells that contain
cytoplasmic T7 RNA polymerase via transfected plasmids with
T7 promoters. After immunoselection of cell lysates with an
anti-Flag M2 agarose affinity gel, the precipitates were ana-
lyzed by Western blotting with anti-HA antibody. As shown in
Fig. 1B, both hPIV2 and hPIV4A V proteins were capable of
binding to both hSTAT1 and hSTAT?2. To further determine if
a similar STAT degradation complex was formed by the
hPIV4A V protein, the binding capacity of hPIV4A V protein
to DDBI1 and Cul4A was examined. Flag-tagged V proteins
were expressed in HeLa cells, and after immunoselection of
cell lysates with an anti-Flag M2 agarose affinity gel, the pre-
cipitates were analyzed by Western blotting with anti-DDB1 or
anti-Cul4A antibody. As shown in Fig. 1C, hPIV4A V proteins
were capable of binding to both DDB1 and Cul4A, similar to
the hPIV2 V protein, indicating that hPIV4 V protein associ-
ates with a similar STAT degradation complex.

Subsequently, to investigate whether the mechanism of IFN
antagonism used by SV5, MuV, and hPIV2 is shared by the
hPIV4 V protein, the levels of STAT1 and 2 were analyzed in a
newly established HeLa cell line constitutively expressing Flag-
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FIG. 1. hPIV4 V protein complex formation with STAT1, STAT2, DDBI, and Cul4A without STAT degradation. (A) Amino acid sequences
of the V-specific regions of hPIV2 and hPIV4A V proteins. The symbols above and below the sequences indicate the positions of conserved
cysteine (asterisks), tryptophan (or tyrosine) (squares), and common (circles) residues. (B) Interaction of V proteins with STAT1 or STAT2. BSR
T7/5 cells were transfected with either pTM-HA-hSTAT1 (lanes 1 to 3) or pTM-HA-hSTAT2 (lanes 4 to 6) plus pCI carrying the Flag
epitope-tagged hPIV2 V gene (lanes 2 and 5), the hPIV4A V gene (lanes 3 and 6), or an empty pCI (lanes 1 and 4). Whole-cell extracts were
prepared at 48 h posttransfection, and samples containing equal amounts of total protein were assayed by Western blotting for their levels of
HA-hSTAT1 or HA-hSTAT?2 and Flag-V proteins using a-HA and a-Flag antibodies, respectively. Other samples were first immunoprecipitated
(IP) with Flag affinity gel (Sigma), and the selected material was then assayed by Western blotting for detection of hNSTAT proteins. The asterisk
on the right indicates the immunoglobulin heavy chain. (C) Interaction of V proteins with DDB1 or Cul4A. HelLa cells were transfected with
pCI-Flag-PIV2V (lane 2), pCI-Flag-PIV4V (lane 3), or an empty pCI (lane 1). Whole-cell extracts were prepared at 48 h posttransfection, and
samples containing equal amounts of total protein were assayed by Western blotting for detection of Flag-V proteins («-Flag). Other samples were
first immunoprecipitated (IP) with Flag affinity gel (Sigma), and the selected material was then assayed by Western blotting for detection of DDB1
and Cul4A proteins. (D) STAT levels in HeLa cells constitutively expressing V proteins. Samples of cytoplasmic extracts containing equal amounts
of total protein of HeLa cells constitutively expressing Flag-PIV2 V (lane 2) or Flag-PIV4 V proteins (lane 3) or nonexpressing HeLa cells (lane
1) were assayed by Western blotting for detection of endogenous STAT1, STAT2, and STAT3 as well as V proteins using anti-Flag, anti-STAT1,
anti-STAT2, and anti-STAT3 antibodies, as indicated at the left of each panel.

tagged hPIV4A V protein (HeLa/FlagPIV4V cells) as described
in Materials and Methods. As a control, we also used a HeLa cell

STAT1, STAT2, or STAT3 (Fig. 1D, lane 3). In addition, when
hPIV4 V proteins without a Flag tag were expressed in HeLa

line constitutively expressing Flag-tagged hPIV2 V protein
(HeLa/FlagPIV2V cells). The STAT?2 levels in HeLa/FlagPTV2V
cells were specifically reduced (Fig. 1D, lane 2), while HeLa/
FlagPIV4V cells showed no reduction in their levels of either

cells, no reduction of the levels of STATSs was observed (data not
shown). These results indicate that the hPIV4 V protein has no
ability to reduce the levels of STATS, although it associates with
STAT1, STAT2, DDBI, and Cul4A.
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FIG. 2. Levels of phosphorylated STATs or STAT subcellular localization in HeLa/FlagPIV4V cells treated with IFN. (A) HeLa or HeLa/
FlagPIV4V cells were treated with 10, 100, or 1,000 U of IFN-« for the indicated times and assayed by Western blotting for detection of
phosphorylated STAT1 or STAT2. The asterisk on the right indicates a cross-reacting host band. (B) After treatment with IFN-a (1,000 U) for
30 min or no treatment, the localization of STAT1 and STAT2 proteins was detected by indirect immunofluorescence staining with anti-STAT1

or anti-STAT2 MAD.

hPIV4 V protein alters neither the levels of phosphorylated
STAT nor STAT subcellular localization. The SeV C protein
blocks IFN signaling by inhibition of STAT2 phosphorylation
(13). To examine the ability of the hPIV4 V protein to inhibit
STAT activation, we examined the levels of phosphorylation of
STAT1 and STAT?2 in HeLa/FlagPIV4V cells. The cells were
treated with 10, 100, or 1,000 U of IFN-« for the indicated time

and then lysed. As shown in Fig. 2A, when the cells were
treated with 1,000 U, the phosphorylation of STATI1 and
STAT2 was not suppressed at all in HeLa/FlagPIV4V cells
compared with that in the control HeLa cells. Intriguingly, no
similar suppression in STAT1 (Fig. 2A) and STAT?2 (data not
shown) phosphorylation was observed at IFN doses of 10 or
100 U.
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FIG. 3. Interferon susceptibility in HeLa cells expressing Flag-tagged V proteins. (A) GFP expression in HeLa cells following VSV-GFP
infection. The cells untreated or pretreated with 1,000 U of IFN-« for 24 h were infected with VSV-GFP. (B) Confluent monolayers of cells were
inoculated with 10 or 100 U of IFN-B or IFN-y, and after incubation for 24 h, these cells were infected with Sindbis virus. After 2 days of further
incubation, plaque numbers were counted. All bars express percentages of values for plaque reduction rate.

The V proteins of measles, Nipah, and Hendra viruses have
been shown to inhibit IFN signaling by preventing STAT1 and
STAT?2 nuclear accumulation (34, 39, 40, 45). To examine the
effects of hPIV4 V protein on STAT protein distribution, in-
direct immunofluorescence staining was used to visualize the
subcellular localization of STAT1 and STAT2 in HeLa and

HeLa/FlagPIV4V cells. The cells were treated with 1,000 U of
IFN-« for 30 min or not treated. Treatment of cells with IFN-a
resulted in a rapid nuclear translocation of both STAT1 and
STAT?2 in both cell types (Fig. 2B), indicating that the expres-
sion of hPIV4A V protein does not interfere with STAT nu-
clear accumulation in response to IFN-a. Therefore, these



VoL. 79, 2005

results demonstrate that the hPIV4 V protein has no ability to
alter STAT phosphorylation and nuclear import.

hPIV4 V protein has no ability to evade the IFN response.
To confirm the effect of hPIV4 V on IFN-induced signaling, we
analyzed the biological activity of the hPIV4 V protein with re-
spect to IFN-induced antiviral state. HeLa, HeLa/FlagPIV2V,
and HeLa/FlagPIV4V cells were treated with hIFN for 24 h
before being challenged with rVSV-GFP or Sindbis virus. The
susceptibilities of these cells to IFN were monitored based on
their ability to prevent rVSV-GFP replication, as measured by
GFP expression. In HeLa/FlagPIV2V cells, viral replication of
rVSV-GFP was not inhibited, though the cells were treated
with hIFN-a (Fig. 3A). In contrast, when HeLa and HeLa/
FlagPIV4V cells were treated with hIFN-a, rVSV-GFP repli-
cation was completely suppressed (Fig. 3A).

Subsequently, IFN sensitivity was determined by a plaque
reduction method using hIFN-B or hIFN-y and Sindbis virus as
a challenge virus. As shown in Fig. 3B, HeLa/FlagPIV2V cells
are resistant to IFN-, while they are sensitive to IFN-y. These
results are consistent with our previously reported findings that
hPIV2 blocks IFN-o/B signaling but not IFN-vy signaling (33).
On the other hand, HeLa/FlagPIV4YV cells are fully sensitive to
both IFN-B and IFN-vy (Fig. 3B).

Thus, these results indicate that the hPIV4 V protein has no
ability to evade the IFN response and that any unknown anti-
IFN mechanisms other than STAT degradation don’t work in
HeLa cells expressing the hPIV4 V protein.

Both the P/V common domain and the V-specific domain of
hPIV4 V are involved in the inability to evade the IFN response.
The entire hPIV4 V protein is 24.6% identical in amino acid
sequence to the hPIV2 V protein. However, these V proteins
have 53.8% amino acid sequence identity in the 52 aa of the C
terminus that have a conserved cysteine-rich domain and tryp-
tophan-rich motif. In contrast, the P/V common domains are
15.6% identical (22). Here, we examined which domain of
hPIV4 V protein accounts for the lack of the ability using a
reporter gene assay with luciferase or a Western blot assay of
HeLa cell extracts constitutively expressing V proteins. Two
chimeric V proteins were created: (i) the N-terminal 154
amino acids (P/V common domain) of hPIV4 V protein were
replaced with the corresponding N-terminal 164 amino acids of
hPIV2 V protein (PIV2/4), and (ii) the C-terminal 75 amino
acids (V-specific domain) of hPIV4 V protein were replaced
with the corresponding C-terminal 61 amino acids of hPIV2 V
protein (PIV4/2) (Fig. 4A).

We examined the abilities of the chimeric V proteins to
interdict IFN-a-induced signaling to an IFN-responsive re-
porter gene. 2fTGH cells were transfected with a luciferase
reporter construct and V protein expression plasmids and sub-
sequently treated with IFN-a under the protocol indicated in
Fig. 4B. In cells transfected with a GFP expression plasmid as
an irrelevant control, firefly (f) luciferase activity was increased
ca. eightfold by treatment with IFN-a. Expression of hPIV2 V,
as positive control, suppressed the activation of the IFN-a-
responsive promoter. In contrast, hPIV4 V and both chimera
V (PIV2/4 and PIV4/2) proteins tested had lost the ability to
interdict IFN signaling (Fig. 4B).

Next, HeLa cell lines constitutively expressing chimera V pro-
teins were established to examine the effect of the V proteins on
endogenous STAT1 and STAT?2 proteins (Fig. 4C). Expression of
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hPIV2 V protein led to a loss of cellular STAT2 (Fig. 4C, lane 2).
Both chimera V-expressing HeLa cells (PIV2/4 and PIV4/2)
showed no reduction in their levels of either STAT1 or STAT2,
like hPIV4 V-expressing cells (Fig. 4C, lanes 3 and 5). As sum-
marized in Fig. 4A, these results suggest that both the P/V com-
mon domain and the V-specific domain of hPIV4 V protein are
involved in the inability to evade IFN-induced signaling.

The regions aa 32 to 45 and aa 143 to 164 of hPIV4 V are
involved in the inability to evade IFN-induced signaling. The
V proteins of hPIV2, SV5, and SV41 exhibit characteristic
nuclear localization patterns, as described previously (38, 52).
Strikingly, the hPIV4 V protein was detected exclusively in the
cytoplasm (Fig. 5B, panels 1 and 2), showing that the subcel-
lular distribution of hPIV4 V protein differs significantly from
that of the other rubulavirus V proteins, though the mumps
virus V protein was also detected in the cytoplasm (50). The
chimera PIV2/4 V protein was detected in the nuclei (Fig. 5B,
panel 10), while the chimera PIV4/2 V protein was localized in
the cytoplasm (data not shown), showing that the P/V common
domain of hPIV4 V protein is important for its cytoplasmic
localization. We therefore decided to determine whether there
is a correlation between the distribution of V protein and the
ability of V protein to interdict IFN signaling and which resi-
dues in the P/V common domain are important in interdicting
IFN signaling.

To study the functional domains directing cytoplasmic accu-
mulation of hPIV4 V protein, the various chimera V proteins
were constructed as illustrated in Fig. SA. These chimera V
proteins were expressed by transfection to HeLa cells, and the
distribution of the expressed proteins was analyzed by indirect
immunofluorescence staining with monoclonal antibody to the
N-terminal Flag epitope tag. As demonstrated in Fig. 5B,
PIV2+4(66-72) V (chimera number 7) and PIV4+2(46-88)/2
V (chimera number 8) proteins were detected in the cytoplasm
and nuclei, respectively, indicating that the amino acids 46 to
88, especially 66 to 72, of hPIV4 V protein play an important
role in the cytoplasmic distribution.

We next examined the abilities of the various chimera V
proteins to interdict IFN-induced signaling to an IFN-respon-
sive reporter gene. As demonstrated in Fig. 5C, the protein with
the 31-amino-acid replacement of the N-terminal portion of
hPIV2 V with amino acids of the hPIV4A V protein (chimera
number 4) kept the ability to interdict IFN signaling, whereas
a protein with a further 14-amino-acid replacement (chimera
number 5) showed no inhibitory effect on IFN-induced signal-
ing (Fig. 5C). Interestingly, PIV2+4(143-164) V protein (chi-
mera number 9), that is, the protein with aa 143 to 164 of
hPIV4A V protein substituted for the corresponding region of
hPIV2 V, could not block IFN-induced signaling (Fig. 5C).
These findings suggest that at least two regions, that is, aa 32 to
45 and aa 143 to 164, of hPIV4 V are involved in the inability
to evade IFN-induced signaling.

The PIV4-114/2 V protein (chimera number 6) that had a
replacement of hPIV2 V aa 1 to 113 with those of the hPIV4A
V protein demonstrated cytoplasmic distribution, and it lost
the ability to interdict IFN signaling. Intriguingly, the PIV2+
4(66-72) V protein (chimera number 7) that had a replacement
of hPIV2 V aa 66 to 72 with those of hPIV4A V protein
demonstrated cytoplasmic distribution, but it kept the ability to
interdict IFN signaling. These data show that the distribution
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FIG. 4. Both the P/V common domain and the V-specific domain of hPIV4 V are involved in the inability to interdict IFN-induced signaling.
(A) Schematic diagram of the chimera V proteins. Open boxes marked with T’s, open boxes, and hatched boxes indicate the Flag epitope tag,
amino acids of the hPIV4A V protein, and amino acids of the hPIV2 V protein, respectively. Inhibition of IFN-induced signaling and degradation
of STAT2 are summarized in the right panel. (B) Effects of V proteins on IFN-a-stimulated gene activation. 2fTGH cells were transfected with
a reporter plasmid [pISRE(f)-luc] and a V expression vector (pCI) or relevant control (see the text), along with pTK-r-luc as an internal reference
for transfection efficiency. After incubation for 24 h, the cells were treated with IFN-a (1,000 U/ml) for 14 h or not treated and then lysed. The
levels of both firefly (f) and Renilla (r) luciferase activities were determined. Data represent the mean values of the normalized luciferase activities
from triplicate samples. GFP alone was used as negative control. (C) STAT1 and STAT?2 levels in HeLa cells constitutively expressing V proteins.
Samples of cytoplasmic extracts containing equal amounts of total protein of HeLa cells constitutively expressing V proteins (listed above each
lane) or nonexpressing HeLa cells (lane 1) were assayed by Western blotting for detection of endogenous STAT1 and STAT?2 as well as V proteins
using anti-Flag, anti-STAT1, and anti-STAT2 antibodies, as indicated on the left of each panel. The asterisk on the right indicates a cross-reacting
host band.

of the V protein is unrelated to the inhibition of the IFN
signaling.

HeLa cell lines constitutively expressing various chimera
proteins were analyzed to examine their effect on endogenous
STAT1 and STAT?2 protein levels (Fig. SD). Expression of
PIV4-17/2 (chimera number 3), PIV4-31/2 (chimera number
4), and PIV2+4(66-72) (chimera number 7) V proteins led to
aloss of cellular STAT?2 (Fig. 5D, lanes 3, 4, and 7). Subcellular
distribution, inhibition of IFN signaling, and degradation of
STAT?2 are summarized on the right panel of Fig. 5A, showing
that the protein with a replacement of the N-terminal 31 aa of
hPIV2 V protein with those of the hPIV4 V protein retains the

ability to block IFN signaling and that inhibition of IFN sig-
naling occurs irrespective of the V protein distribution.
Amino acids 200 to 212 of the C terminus are important for
the inability to block IFN-induced signaling and to degrade
STATs. As described above, the C-terminal 52 amino acids are
very similar between hPIV2 and hPIV4 V proteins (Fig. 6A).
To identify the functional region in the C terminus of hPIV4 V
protein responsible for the inability to inhibit IFN-induced
signaling, the various chimera V proteins were constructed as
illustrated in Fig. 6B. PIV2-209/4 (chimera number 5) and
PIV2+4(178-195) (chimera number 7) V proteins block the
signaling (Fig. 6C, lanes 5 and 7), whereas PIV2-177/4 (chi-
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FIG. 5. Subcellular distribution and the ability to interdict IFN signaling of chimera V proteins. (A) Schematic diagram of the chimera V
proteins. Shown is an illustration of the chimera protein described in the legend to Fig. 4A. The chimera proteins are named using amino acid
numbers of the N terminus of hPIV4A/hPIV2 (PIV4-aa/2) or the amino acid numbers of substitution [PIV2+4(substitution number) or
PIV4+2(substitution number)]. Subcellular distribution, inhibition of IFN signaling, and degradation of STAT2 are summarized on the right panel.
(B) Subcellular distribution of chimera V proteins as detected by indirect immunofluorescence staining with a MAb against the Flag epitope.
(C) Effects of V proteins on IFN-a-stimulated gene activation. A reporter gene assay with luciferase was performed as described in the legend to
Fig. 4B. Chimera 1, PIV2; chimera 2, PIV4; chimera 3, PIV4-17/2; chimera 4, PIV4-31/2; chimera 5, PIV4-46/2; chimera 6, PIV4-114/2; chimera
7, PIV2+4(66-72); chimera 8, PIV4+2(46-88)/2; and chimera 9, PIV2+4(143-164). (D) STAT1 and STAT?2 levels in HeLa cells constitutively
expressing V proteins. Western blotting was performed as described in the legend to Fig. 4C. The asterisk on the right indicates a cross-reacting
host band. Numbers under the figure correspond to chimera numbers.

mera number 3), PIV2-195/4 (chimera number 4), and
PIV2+4(196-208) (chimera number 8) V proteins do not
(Fig. 6C, lanes 3, 4, and 8). These results suggest that the
region of aa 200 to 212 of the hPIV4 V protein (corresponding

to hPIV2 V aa 196 to 208) is involved in the inability to
interdict IFN signaling. In addition, the region of aa 178 to 195
(corresponding to hPIV2 V aa 174 to 191) and the region of aa
209 to 222 (corresponding to hPIV2 V aa 204 to 218) of hPIV4
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levels in HeLa cells constitutively expressing V proteins. Western blotting was performed as described in the legend to Fig. 4C. The asterisk on the right
indicates a cross-reacting host band. Numbers under the figure correspond to chimera numbers.

V protein are found to be functionally intact. We described
previously that Phe 207 (F207) of hPIV2 V protein is important
for the ability to block IFN-induced signaling (32). Amino acid
211 of hPIV4 V protein, which corresponds to hPIV2 V protein
F207, is Glu. Therefore, we constructed the PIV2+4(196-
208)+E211F V protein (Fig. 6B, chimera number 7), but this
point mutation did not recover the ability to block IFN-induced
signaling (Fig. 6C, lane 9). Noteworthy is that an extra cysteine
was found in the region of aa 200 to 212. Thus, we also con-
structed PIV2+4(196-208)+C200R, but this mutant V protein
has no effect on the ability (data not shown). These data sug-

gested that some amino acids other than F211 and C200 in the
region of aa 200 to 212 are important for the inability to block
IFN-induced signaling. We also described previously that S216 of
hPIV2 V protein is essential for STAT2 degradation (24). As
shown in Fig. 6C and D, lane 5, PIV2-209/4 V protein (chimera
number 5) interdicts the signaling and lowers the intracellular
levels of STAT1. PIV2-209/4+K220S (chimera number 6) (cor-
responding to hPIV2 V S216) V protein also interdicts the sig-
naling but lowers the STAT?2 level. As summarized in Fig. 6B,
these data show that the C-terminal 17 aa of hPIV4 V protein are
substitutable for those of hPIV2 V protein, and the chimera
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Sendai virus or hPIV2 virus) were used as positive controls. (C) STAT1 and STAT?2 levels. Western blotting was performed as described in the legend

to Fig. 4C. The asterisk on the right indicates a cross-reacting host band.

hPIV2 V protein lowers the intracellular levels of STATI, like
SV5, SV41, and MuV V proteins.

hPIV4 cannot evade IFN-induced antiviral responses. There
is a possibility that hPIV4 has other functions to escape the
IFN-induced antiviral responses. However, as hPIV4 virus
growth is very limited, cells can’t be infected with hPIV4 at
high MOI. Thus, we established HeLa cells persistently in-

fected with hPIV4A or hPIV4B (HeLa/PIV4A and HeLa/
PIV4B cells). To confirm hPIV4 persistent infection, the ex-
pression of the hPIV4A or hPIV4B NP protein was detected
using anti-hPIV4AA NP MADb that was cross-reacted with
hPIV4B NP protein (Fig. 7A).

Subsequently, we analyzed the susceptibility of the persis-
tently infected cells to IFN. The cells were pretreated with 10,
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100, or 1,000 U of IFN-B or IFN-y for 24 h and were then
infected with approximately 100 PFU of VSV. As shown in
Fig. 7B, HeLa/SeV cells were resistant to 1,000 U of both
IFNs, and HeLa/PIV2 cells were also resistant to 1,000 U of
IFN-B. On the other hand, HeLa/PIV4A and Hela/PIV4B
cells were fully sensitive to both IFN-B and IFN-y. In the
HeLa/PIV4A and HelLa/PIV4B cells, a decrease of neither the
STATT1 level nor the STAT2 level was observed (Fig. 7C).
Furthermore, we established several other lines of HeLa cells
persistently infected with hPIV4A or 4B. All of the cell lines
are incapable of reducing the levels of STATSs and can’t evade
10 U IFNs (data not shown). These results show that hPIV4A
and hPIV4B are not capable of inhibiting the IFN-induced
antiviral responses.

DISCUSSION

The IFN-antagonistic functions of members of the subfamily
Paramyxovirinae are associated with viral proteins encoded by
the phosphoprotein (P) gene and in most cases are carried out
by one of the accessory proteins, V or C. The C proteins of
Sendai virus and hPIV3 (genus Respirovirus) counteract IFN
signaling, whereas SVS5, SV41, hPIV2, and MuV (genus Rubu-
lavirus), NDV (genus Avulavirus), and measles virus (genus
Morbillivirus) have been shown to counteract IFNs by using V
protein. For Nipah virus (genus Henipavirus), all three proteins
encoded by the P gene, V, W, and C proteins, have been shown
to have IFN-antagonistic activity (37, 39, 40, 42). It has recently
been shown that the SV5, hPIV2, and MuV V proteins bind
DDBI1 and Cullin4A, and this complex directly induces polyu-
biquitylation of STAT proteins (1, 49, 50). NDV, the nonmam-
malian virus, was previously classified as a Rubulavirus but has
recently been reclassified in the new Avulavirus genus. It has
also been shown that the expression of the NDV V protein
degraded the STAT1 protein in 2fTGH and Vero cells (15).
hPIV4 is a member of the Rubulavirus genus and expresses a V
protein that is characterized by a highly conserved cysteine-
rich C-terminal domain. Since the hPIV4 V protein binds
STAT1, STAT2, DDBI, and Cullin4A, like other rubulavirus
(SV5, hPIV2, and MuV) V proteins, we expected the hPIV4 V
protein to have the ability to degrade STAT. Unexpectedly, the
hPIV4 V protein has no ability to degrade STAT1 and STAT2.
Furthermore, the hPIV4 V protein couldn’t prevent STAT
nuclear translocation or inhibit STAT phosphorylation. Con-
sequently, we analyzed the biological activity of the hPIV4 V
protein with respect to IFN-induced antiviral effect using Sind-
bis virus or r'VSV-GFP. HeLa/FlagPIV4V cells were found to
be fully sensitive to IFN-a, IFN-B, and IFN-y. These results
suggest that hPIV4 V protein has no ability to escape IFN via
any mechanisms.

Among negative-strand RNA viruses, several different IFN-
subverting strategies that target a variety of components of the
IFN system have been identified. For example, the influenza
virus NS1 protein and the Ebola virus VP35 protein prevent
production of IFN by inhibiting the activation of the transcrip-
tion factor IFN regulatory factor 3 (3, 9, 47). Respiratory
syncytial virus, which encodes neither a C nor a V protein
(genus Pneumovirus, subfamily Pneumovirinae, family Para-
myxoviridae), targets the IFN production pathway through two
nonstructural proteins, NS1 and NS2 (4, 41, 43, 51). We next
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tested whether hPIV4 has an IFN-antagonistic function
through another protein(s). As hPIV4 virus growth is very
limited, and it is not possible to infect at a high MOI, we
established HeLa cells persistently infected with hPIV4 and
analyzed the biological activity with respect to IFN signaling
inhibition using VSV. HeLa/PIV4A and HeLa/PIV4B cells
were found to be sensitive to IFN-B and IFN-y and kept the
levels of endogenous STAT1 and STAT2. These results sug-
gest that hPIV4 does not have any IFN-subverting strategies.
The inability to evade IFN may be related to the limited rep-
lication of hPIV4.

In this study, we constructed a series of chimera V pro-
teins to identify the region of hPIV4 V protein responsible
for the inability to evade IFN. Both the P/V common do-
main and the V-specific domain of hPIV4 V were found to
be involved in the inability to evade the IFN response. We
further demonstrated that the hPIV4 and hPIV2 V proteins
have at least four functionally interchangeable regions: two are
located in the P/V common region of the hPIV4 V protein, aa
1 to 31 and 66 to 72, and the other two are located in the
V-specific region, aa 178 to 199 and the C-terminal 17 amino
acids. In addition, it is inferred that at least two regions (aa 32
to 45 and aa 143 to 164) of the hPIV4 V protein in the P/V
common domain and one region (aa 200 to 212) of the C
terminus are involved in the inability to evade IFN-induced
signaling. Andrejeva et al. (1) reported that an SV5 V protein
with a deletion of the first 85 amino acids at the N terminus
and the V protein of CPI- (which is a strain of SV5 with
mutations at the N terminus) failed to bind with DDB1. Both
hPIV4 and hPIV2 V proteins can bind with DDBI1, but re-
placement of only the N-terminal 31 amino acids of hPIV2 V
proteins with those of hPIV4 allows the protein to retain the
ability to degrade STAT. Therefore, a large part of the N
terminus of V protein is required for STAT degradation, not
only for binding with DDBI1. The P/V common region of
hPIV4A shows 15.6, 13.0, 16.2, and 15.6% homologies with
those of hPIV2, MuV, SV5, and NDV, respectively. The P/V
common region of hPIV2 shows 26.6, 31.8, and 16.2% homol-
ogies with those of MuV, SV5, and NDV, respectively (22).
The divergence between hPIV4 and hPIV2 V proteins is sim-
ilar to that between hPIV2 and NDV V proteins. Therefore, it
is very strange that only hPIV4 V protein has no function for
STAT degradation. We previously reported that not only seven
conserved cysteine residues and a Trp-rich motif (W/Y-X;-W-
Xo-W, located just upstream of the Cys cluster) but also the
Phe 207 residue within the V-specific region are important for
STAT degradation (32). The hPIV4 V protein has seven con-
served cysteine residues and a Try-rich motif (within aa 178 to
199) but not Phe 211 (corresponding to hPIV2 V Phe 207).
Furthermore, the hPIV4 V protein has one more Cys 200
which is located in the region aa 200 to 212 involved in inability
to interdict IFN signaling. As PIV2+4(196-208)+E211F and
PIV2+4(196-208)+C200R V proteins failed to lower STAT
protein levels, these results indicate that not only Phe 211 but
also some residues within aa 200 to 212 are important for V
function. The C-terminal 17 amino acids are replaceable be-
tween hPIV2 and hPIV4 V proteins, and the hPIV2 V protein
and the chimeric hPIV2 with a replacement of 17 amino acids
of hPIV4 V protein lower the levels of STAT2 and STATI,
respectively. K220 of hPIV4 V protein and S216 of hPIV2 V
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protein determine STAT tropism. This result is therefore in
agreement with those recently published by Kozuka et al. (24),
who came to a similar conclusion by using various chimeric
proteins between the hPIV2 and SV41 V proteins.

The accessory protein of paramyxovirus is a multifunctional
protein. For SeV, the C protein acts in a positive manner
in promoting early steps in intracellular replication when it is
present at low concentration (27). The SV5 V protein slows
progression of the cell cycle (28). The changes in the cell cycle
did not occur in the cells expressing the SV5 P protein or the
V protein lacking its unique C terminus. The changes in the
cell cycle can be partially restored by coexpression of DDBI1
(28). Moreover, the SV5 and NDV V proteins play an impor-
tant role in blocking apoptosis (36, 44). hPIV2 V protein is
important in promoting virus growth but also in anti-IFN ac-
tivity (32). The other function(s) of hPIV4 V protein thus
remain to be investigated.
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