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Domain Within the C Protein
of Human Parainfluenza Virus Type 3
That Regulates Interferon Signaling

HONGXIA MAO, SANTANU CHATTOPADHYAY, AND AMIYA K. BANERJEE

Virology Section, Department of Molecular Genetics, Lerner Research Institute,
Cleveland Clinic Foundation, Cleveland, OH, USA

Human parainfluenza virus type 3 (HPIV3), one of the paramyxoviruses, uses its accessory C protein as an
antagonist against interferon (IFN)-mediated host innate immunity. We have previously shown that the C protein
significantly decreased the IFN-induced phosphorylation of signal transducer and activator of transcription (Stat)
1 and the formation of gamma IFN activation factor (GAF) complex, thus abrogating the antiviral activity of
the IFNs against vesicular stomatitis virus (VSV) replication. Here, by mutational analyses we demonstrated that
the N-terminal truncation of the C protein (CNA25 and CNAS5O0) substantially (~50%) recovers the IFN-induced
responses, suggesting the critical role of the N-terminal region of the C protein in IFN signaling. Furthermore,
our results indicate that the charged amino acid residues within the N-terminal region of the C protein regulate
the antagonistic effect of the C protein on IFN signaling.
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INTRODUCTION

Human parainfluenza virus type 3 (HPIV3) infec-
tion causes severe respiratory tract diseases, includ-
ing croup, bronchiolitis, bronchitis, and pneumonia
in infants and young children (10,20), as well as im-
munocompromised patients (13), especially those un-
dergoing allogeneic hematopoietic stem cells trans-
plantation (2). HPIV3, together with other human
parainfluenza virues (HPIV1, HPIV2, and HPIV4), is
one of the most common pathogens, second only to
the respiratory syncytial virus (RSV), to cause the
infectious respiratory tract diseases requiring hospi-
talization of infants and children.

The virus has a linear nonsegmented, negative
strand RNA genome of 15,462 bases. The genome is
transcribed into six mRNAs in the infected cells in
the order N, P, M, F, HN, and L proteins. The P
mRNA encodes the viral phosphoprotein P, an essen-
tial cofactor of the viral polymerase protein L for

both transcription and replication. The C protein, one
of the accessory proteins of HPIV3, is also encoded
by the P mRNA through an alternative open reading
frame (21). The P mRNA also encodes two other pu-
tative accessory proteins D and V by RNA editing,
although the V protein has not been detected in the
infected cells to date (5). As observed for other para-
myxoviruses (4,6,11,26), these accessory proteins of
HPIV3 were dispensable for the HPIV3 replication
(3). HPIV3 with deletion of C (rfC KO PIV3) was
able to grow both in cell culture and in the respiratory
tracts of animals, but it was significantly attenuated,
with 3—4 log lower of the peak titers compared to
the wild-type virus (3). Several accessory proteins of
paramyxoviruses are shown to counteract the host
immune responses by targeting the virus-induced IFN
synthesis (1,7,16,17), the IFN signaling pathway
(6,14,15,24), or the expression and functions of the
IFN-stimulated genes (ISGs) [e.g., the dsSRNA-depen-
dent protein kinase (PKR)] (25,26). The C protein of
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HPIV3 has been reported to inhibit the IFN-induced
phosphorylation of signal transducer and activator of
transcription (Stat) 1 and the formation of gamma
IFN activation factor (GAF) transcriptional complex
in the IFN signaling (18), but the mechanism for the
inhibition is as yet unknown.

In this study, we established stable cell lines that
express the C, CNA25, or CNA50 proteins of HPIV3,
using the lentivirus vector system (18,19) to gain in-
sight into the C protein-mediated inhibition of IFN
signaling. The CNA25 and CNASO proteins refer to
the N-terminal 25 or 50 amino acid deletion mutants
of the C protein, respectively (19). We have found
that the N-terminal 25 amino acids are required for
the IFN antagonistic effect of the C protein of HPIV3
and substitution of the charged amino acids within
the N-terminus resulted in less inhibition of the IFN-
responsive promoter activation. Our study suggests
that the charged amino acids in the N-terminal do-
main of the C protein regulate the inhibitory activity
of the C protein in IFN signaling.

MATERIALS AND METHODS
Cells and Virus

HeLa (S) cells were cultured in DMEM (10% FBS,
penicillin/streptomycin). LC-6, CNA25, and CNA50
cells are HeLa-derived stable cell lines and were cul-
tured in DMEM with blasticidin (18,19). Vesicular
stomatitis virus (VSV, Indiana) was grown in CV-1
cells.

IFN Stimulation and Western Blotting

To detect the IFN signaling molecules (e.g., Statl,
p-Statl, p-Tyk2), cells (HeLa, LC-6, CNA2S5, and
CNAS50, 7 x 10° each) were seeded into dishes (diam-
eter of 100 mm). In the second day, the cells were
washed with phosphate-buffered saline (PBS) and
cultured in Opti-MEM media containing IFN-o. A/D
(1000 U/ml) or IFN-y (1000 U/ml). After 30 min of
IFN treatment, cells were washed with PBS and
scraped into 100 pl of extraction buffer (10 mM
HEPES, pH 7.9, 300 mM NaCl, 0.25% NP-40, 10%
glycerol, | mM EDTA, 1 mM EGTA, 1 mM Na;VO,,
1 mM DTT, 1 mM PMSF) (24). The cells extracts
were quantified by the Bradford assay and used for
Western blotting (19). The anti-Statl antibody and
the HRP-labeled secondary antibody were purchased
from Santa Cruz. The anti-p-Statl and anti-p-Tyk2
antibodies were ordered from Cell Signaling.

Electrophoretic Mobility Shift Assay (EMSA)

The sequences for GAS probe are 5-TCGAGCCT
GATTTCCCCGAAATGACGGC3” and TCGAGCC
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GTCATTTCGGGGAAATCAGGC-3’, human IR el-
ement with the GAS core sequence underlined (9).
The oligonucleotides were synthesized by Operon
and 20 pg/strand of oligonucleotide was annealed in
1x anealing buffer (10 mM Tris-HCI, pH 7.5, 0.1 M
NaCl, I mM EDTA) by heating at 95°C for 3 min
and cooling down to 4°C slowly. EMSA was per-
formed as follows. The double-stranded probe (200
ng) was labeled using Klenow enzyme (6u) at 37°C
for 1 h in the presence of 20 uCi of a-[**P]dCTP
and labeling mix-dCTP (0.1 mM of dATP, dTTP, and
dGTP in 50 mM Tris-HCI, pH 7.5, 50 mM MgCl,,
250 mM NaCl, 25 mM B-mercaptoethanol). o-[**P]-
labeled probe was further purified with Quick Spin
Column (Roche). In the 20 pl of DNA protein bind-
ing reaction, whole cell extract (20 1g) was incubated
with o-[*?P]-labeled probe (3—4 x 10* cpm), 2 ug of
poly(dI-dC) - poly(dI-dC) in 1x binding buffer (100
mM Tris-HCI, pH 7.5, 500 mM NaCl, 50 mM MgCl,,
5 mM DTT, 0.5% NP-40, 5 mM EDTA, pH 8.0, 10%
glycerol) for 20 min at room temperature. After add-
ing 10x loading buffer (250 mM Tris-HCI, pH 7.5,
0.2% bromophenol blue, 0.2% xylene cyanol, 40%
glycerol), the samples were loaded onto a 5% poly-
acrylamide gel and run at 200 V of electronic voltage.
The gel was fixed in 7% acetic acid for 5 min, and
dried using BioRad drier at 90°C for 1 h. The dried
gel was exposed to X-ray film in a —80°C freezer.

Plaque Assay

The virus titer was determined by plaque assay as
described previously (19). Briefly, the virus sample
was serially diluted in 1 ml of OPTI-MEM. Conflu-
ent monolayer of CV1 cells in six-well plates was
washed with PBS and incubated with the diluted sus-
pension at 37°C, 5% CO, for 1.5 h. Then the media
were removed and cells were washed with PBS and
overlaid with 0.8% methyl cellulose. After 48 h, the
methyl cellulose was aspired and cells were stained
with 1% crystal violet (in 50% methanol).

Luciferase Assay

The IFN-o/B-responsive plasmid [termed p(9-
27)4tkA(=39)lucter] and the IFN-y-responsive plas-
mid [termed p(GAS)2tkA(-39)lucter] were kindly
supplied by Dr. Steve Goodbourn. Monolayers of
HeLa cells in 24-well plates at 50—70% confluence
were transfected with 0.3 pug DNA [0.1 ug of p(9-
27)4tkA(=39)lucter or p(GAS)2tkA(—39)lucter, 0.1
ug of pLR-TK, 0.1 pug of pcDNA3-C or its mutants]
and 2 ul lipofectin according to the manufacturer’s
instructions. At 48 h posttransfection, the cells were
induced with 1000 U/ml of either rHulFNo. A/D or
IFN-y. Four hours later, firefly- and renillar-lucifer-



ROLE OF HPIV3 C PROTEIN IN IFN SIGNALING

ase activities in cellular lysates were measured by
dual luciferase assay (Promega). The ratio of firefly
LUC/renilla LUC represents the activation of the
IFN-responsive promoter.

RESULTS

IFN-Induced Statl Phosphorylation and the
Formation of Transcription Complex in the
Presence of C Protein or its N-terminal Mutants

We used the C, CNA25, or CNASO cell lines to
study the effects of the overexpressed proteins in IFN
signaling. It is well established that after IFN-o or
INF-y treatment, the Statl is phosphorylated, dimer-
ized (Statl/Statl homodimer for IFN-y and Statl/
Stat2 heterodimer for IFN-o), and translocated into
the cell nucleus, forming the IFN-stimulated gene
factor (ISGF) 3 or GAF complex, which transcribes
the IFN-activated genes (22,23). Accordingly, we
treated cells with IFN-a (1000 U/ml) or IFN-y (1000
U/ml) for 30 min, then harvested the cell lysates and
immunoblotted to detect the [FN-induced p-Statl. As
shown in Figure 1A and B, during the 30 min of IFN
induction, the Statl synthesis was comparable in the
mock, IFN-a-, or IFN-y-treated HeLa/LC-6/CNA25/
CNAS5O cells. As expected, the IFN-induced p-Statl
(HeLa + IFN-o/IFN-vy; Fig. 1A, B) was greatly de-
creased in the LC-6 cells (LC-6 + IFN-o/IFN-y; Fig.
1A, 1B) (18). Interestingly, phosphorylation of Statl
was significantly (30—-50%) recovered in cells CNA25
and CNA50 (CNA25/CNAS50 + IFN-o/IFN-y; Fig.
1A, 1B), suggesting that the IFN signaling was par-
tially restored when the N-terminal 25 or 50 amino
acid residues were removed from the C protein.

The above cell lysates from HelLa and stable cell
lines were also used for the electrophoretic mobility
shift assay (EMSA) to detect the formation of the
GAF transcriptional complex induced by IFN-y (Fig.
1C). The GAF complex band in the Figure 1C was
discernible when 20-fold of cold probes were added,
and supershifted in the presence of the anti-Statl anti-
body (data not shown), indicating that the complex
was specific. As previously shown (18), the IFN-y-
induced GAF complex, the p-Statl homodimer, was
dramatically repressed in the LC-6 cells, but clearly
augmented to about 50% level in the CNA25 or
CNAS5O cells (Fig. 1C), suggesting that the IFN sig-
naling was effectively restored when the N-terminal
25 or 50 amino acid residues were removed.

IFN-Induced Antiviral Activity Against Vesicular
Stomatitis Virus (VSV) in the Presence of C Protein
or its Mutants

Next, we compared the IFN-induced antiviral state
in these stable cell lines. The HelLa, LC-6, CNA25,
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Figure 1. The effects of the C, CNA2S5, and CNA50 proteins on
the IFN-o. or IFN-y signaling pathway. (A) The HeLa, LC-6,
CNA25, and CNASO cells were treated with IFN-a0 (1000 U/ml)
for 30 min, then harvested for Western blot analyses using the
anti-p-Statl, anti-Statl, and anti-GAPDH antibodies, respectively.
Nontreated HeLa cells served as a control. GAPDH was used as a
loading control. (B) Cells were treated with IFN-y (1000 U/ml)
and harvested for Western blot analyses as described in (A). (C)
Cell lysates from (B), were incubated with the ¥?P-labeled GAS
probe for 20 min, and the reaction mixtures were subjected to 5%
polyacrylamidine gel to separate the radioactive GAF complex for
autoradiography.

and CNAS5Q cells were pretreated with IFN-a (1000
U/ml) or IFN-y (1000 U/ml) for 16 h and infected
with VSV at an MOI of 0.1. At 24 h postinfection,
the cells were stained with crystal violet to test the
cell viability, and the corresponding supernatants
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were harvested for plaque assay. As shown in Figure obliterated. Pretreatment with IFN-o or IFN-y, how-
2, although all uninfected cells grew well (mock), the ever, consistently rescued all the HeLa cells and 30—
infection of VSV caused 50% cell death in Hela 50% of CNA25/CNASO cells from VSV infection, but
cells, but 100% of LC-6/CNA25/CNAS5O cells were having no effect on LC-6 cells (IFN-o/IFN-y +

A HelLa LC-6 CNA25 CNASO

VSV

IFNa +VSV

IFNY +VSV

virus yield (log10 pfu/mil)
O = N W b U Y W

Hela LC-6 CNA25 CNAS0

m o+ VSV +IFN a+VSV +IFN y+VSV

Figure 2. The effects of the C, CNA25, and CNASO proteins on the IFN-o- or IFN-y-induced antiviral state. (A) The HeLa, LC-6, CNA2S,
and CNAS5O cells were pretreated with IFN-o (1000 U/ml) or IFN-y (1000 U/ml) for 16 h, then infected with VSV for 24 h. The cells were
stained with crystal violet to test the cell viability. (B) The supernatants corresponding to the differently treated cells in (A) were titered by
plaque assay. The plaque assay for each sample was performed three times. The average and SD of the viral yields are indicated.
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VSV). The virus yields were decreased by 2.5-3.5
log in the HeLa cells treated with IFN-o or IFN-y,
similar to the reduction of virus titers in the CNA25
and CNASO cells pretreated with IFNs (1-1.5 log).
As expected, no inhibitory effect was seen in the LC-
6 cells following IFN treatment. Combining the cell
viability and virus titer data, it seems that the C pro-
tein of HPIV3 abrogated the IFN-induced antiviral
state, whereas removal of the N-terminal 25 or 50
amino acid residues partially restored the IFN func-
tion. Note that the replication of VSV (+VSV; Fig.
2B), as well as the subsequent cytopathogenicity
(+VSV; Fig. 2A), was obviously potentiated in the C
protein-expressing cells compared to the HeLa cells,
suggesting the role of the C proteins in inhibiting
other host innate immune responses (e.g., the virus-
induced endogenous IFN synthesis) that are unrelated
to the IFN signaling.

The Inhibition of Upstream Signaling Molecule
p-Tyrosine Kinase 2 (p-Tyk2)

It has been previously established that after IFN-
o/B is bound to the receptor, the signaling cascade
begins with the phosphorylation of Tyk2, which can
then cross-phosphorylate Janus kinase 1 (Jakl). Acti-
vated Jakl and Tyk2 are responsible for the sequen-
tial phosphorylation of IFN-o/3 receptor alpha chain
(IFNAR1), Stat2, and Statl (22,23). To explore the
target of the C protein in the IFN signaling pathway,
we followed the appearance of p-Tyk2 using the
same cell extracts used in Figure 1. As shown in Fig-
ure 3A, p-Tyk2, the first activated molecule in the
pathway, was significantly inhibited in LC-6 cells. In
contrast, levels of p-Tyk2 in CNA25 and CNASO cells
were close to that in parent HeLa cells. These results
suggest strongly that the C protein negatively regu-
lates the phosphorylation of Tyk2 during IFN-o sig-
naling and its N-terminal domain is required for such
inhibition.

The Role of Charged Amino Acids Within
the N-terminal Domain of the C Protein
in IFN Signaling Inhibition

We have recently shown that the mutants CNA25
and CNASO essentially abrogate transcription of min-
igenome (19). Further mutational analyses revealed
that the charged amino acids within the N-terminal
domain regulate the transcriptional inhibitory activity
of the C protein. To test the role of charged amino
acids in the IFN response, we used the IFN-respon-
sive promoter (ISRE/GAS) luciferase assay to iden-
tify the role of residues K3, K6, K12, E16, and R24
within the N-terminal 25aa of the C protein. The
charged amino acid residues were substituted with al-
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anine separately, and the HeLa cells were transfected
with the IFN-responsive plasmid p(9-27)4tkA(-39)
lucter or p(GAS)2tkA(—39)lucter (27), the internal
control pRL-TK plasmid containing the renilla lucif-
erase gene and the plasmid expressing C protein (C,
CNA25, CNA50, CK3, CK6, CK12, CE16, or CR24).
At 36 h posttransfection, the cells were treated with
IFN-o or IFN-y for 4 h and harvested for the dual
luciferase assay. As shown in Figure 1A, as expected,
the C protein abolished the IFN-a-induced activation
of the ISRE promoter, represented by the firefly
LUC/renilla LUC ratio, whereas the CNA25 and
CNAS5O proteins only partially decreased the ISRE
activation. When the site-directed C mutants were
present, the IFN-induced ISRE activation increased
to different extents, particularly the mutant CK3,
which lost the inhibitory effect of the C protein, sug-
gesting the critical role of the charged amino acid
residues within the N-terminal region of the C protein
in inhibiting IFN signaling. Figure 4B shows a simi-
lar result for IFN-y-responsive GAS promoter lucifer-
ase assay, providing further evidence for the impor-
tance of the charged amino acid residues within
1-25aa of the C protein in antagonizing IFN sig-
naling.

DISCUSSION

It was previously reported that the N-terminal half
of the C protein of the SeV had no effect on the IFN
signaling inhibition, and the IFN antagonistic activi-
ties of the C, Y1, and Y2 proteins of SeV were com-
parable (12). In contrast, as shown in the present
study, the IFN antagonistic activities of the C,
CNA25, and CNASO proteins of HPIV3 are different
and the CNA25 and CNAS5O proteins lost half of the
IFN inhibitory effect of the C protein. Interestingly,
the CNA25 showed potent ability to inhibit the
HPIV3 growth by 5 log, whereas the C protein had
no effect on the viral growth (19). Thus, it seems
that CNA25 and CNASO proteins exert via different
pathways to inhibit IFN-mediated host immunity that
led to inhibition of viral replication.

To understand the inhibitory mechanism of the C
protein of HPIV3 to antagonize IFN signaling, we
also tested the IFN-o-induced p-Tyk?2, the phosphor-
ylated IFN receptor associated kinases, in the pres-
ence of the C protein of HPIV3. Similar to the pStatl
(Fig. 1), we found that the IFN-o-induced p-Tyk2
was decreased in the LC-6 cells, and partially recov-
ered in the CNA25 and CNASO cells (Fig. 3). Thus,
it seems that the C protein of HPIV3 possibly targets
Tyk2 in the IFN-a signaling pathway, directly or in-
directly. It was reported that the C protein of SeV
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physically associated with Statl and inhibited the
Stat2 and Tyk?2 activation (8,14,24). However, we did
not detect any interaction between the HPIV3 C pro-
tein and Tyk2, or Statl. Additionally, we found that

A IFNa/B
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the IFN-induced activation of JAK1, IFN-y receptor
associated kinase, was similar in all cell lines tested
(i.e., HeLa, LC-6, CNA25, and CNAS5O cells) (data
not shown), suggesting that JAKI is not the target of
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Figure 3. Inhibition of the upstream molecule p-Tyk2 in IFN signaling pathway. (A) The order of activation of molecules in the IFN-o0/f
signaling pathway. The HeLa, LC-6, CNA25, and CNASO cells were treated with IFN-a (1000 U/ml) for 30 min, then harvested for Western
blot analyses using the anti-p-Tyk2 antibody. Nontreated HeLa cells served as a control. GAPDH was used as a loading control.
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Figure 4. The effects of the charged amino acid residues within the N-terminal region of the C protein on the activation of the IFN-
responsive ISRE and GAS promoters. (A) The IFN-o-responsive ISRE promoter luciferase assay. The HeLa cells were transfected with the
firefly luciferase encoding plasmid pISRE, the renilla luciferase encoding plasmid pRL-TK and the C/site-directed C mutant-expressing
plasmid. At 36 h posttransfection, the cells were treated with IFN-o. for 4 h. The cells were lysed for the dual luciferase assay and the ratio
of the firefly LUC/renilla LUC was measured and standardized based on the ratio for the nontreated cells. (B) The IFN-y-responsive GAS

promoter luciferase assay, the same as described for IFN-o in (A).

the C protein of HPIV3 in the IFN-y signaling path-
way. Further studies along this line of investigation
will provide greater insight to understand the strate-
gies that paramyxovirus apply to combat the host inh-
nate immune responses.

In summary, we identified the functional domain
of the HPIV3 C protein in inhibiting IFN signaling,
and found that the N-terminal region of the C protein
and the charged amino acid residues within the region

are critical for the C protein to antagonize IFN sig-
naling.
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