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Pattern recognition receptors recognize RNA viruses and trigger type I and III interferon (IFN) production 
and apoptosis to limit viral replication and spread.  Some innate immune cells produce oxidants in response 
to viral infection to protect against invasion.  Recent studies have demonstrated the virucidal activity of 
hypothiocyanous acid (HOSCN), an oxidant generated by the peroxidase-catalyzed reaction of thiocyanate 
with hydrogen peroxide.  However, the effects of HOSCN on host antiviral responses are still unknown.  In 
this study, we aimed to clarify the role of HOSCN in host antiviral responses against RNA viruses in airway 
epithelial cells using polyinosinic-polycytidylic acid (polyI:C), a mimic of viral RNA.  Our results show that 
HOSCN repressed antiviral responses in NCI-H292 human airway epithelial cells.  HOSCN decreased 
polyI:C-induced apoptosis and the expression levels of IFNB1, IFNL1, IFNL2 and IFNL3 mRNAs.  In 
addition, the induction of other interferon regulatory factor 3 (IRF3)-dependent genes was also suppressed 
by HOSCN.  Further analyses focused on IRF3 revealed that HOSCN inhibited the phosphorylation of IRF3 
at Ser386 and Ser396 as well as its dimerization and nuclear translocation by inhibiting the phosphorylation 
of TANK-binding kinase 1 (TBK1).  Furthermore, HOSCN led to the phosphorylation of IRF3 at residues 
other than Ser386 and Ser396, implying that HOSCN may cause a conformational change in IRF3 to impair 
its function.  Collectively, these results suggest that HOSCN plays a novel signaling role in the antiviral 
response, acting as a negative regulator of apoptotic and TBK1-IRF3 signaling pathways and limiting IRF3-
dependent gene expression.
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Introduction
The innate immune response serves as the first line of 

host defense against microbial infection.  Pathogen-
associated molecular patterns (PAMPs), which are structur-
ally conserved microbial components, are recognized by 
pattern recognition receptors (PRRs), including Toll-like 
receptors (TLRs) and retinoic acid-inducible gene I (RIG-
I)-like receptors (RLRs) (Chattopadhyay and Sen 2014).  
During RNA virus infection, double-stranded RNA 
(dsRNA) is recognized by TLR3, RIG-I, and melanoma 
differentiation-associated gene 5 (MDA-5) to trigger appro-
priate antiviral responses, including the production of vari-
ous cytokines and inflammatory response factors (Akira et 
al. 2006).  In particular, the production of type I and III 
interferons (IFNs; IFN-α, Ι FN-β and IFN-λ) induced in the 
early phase after viral infection is important for limiting 

viral replication and spread (Kawai and Akira 2006; 
Syedbasha and Egli 2017).  In addition to type I and III IFN 
production, virus-infected cells undergo apoptosis in an 
attempt to limit the spread of the disease (Shen and Shenk 
1995).

The induction of IFN genes is triggered by the activa-
tion of interferon regulatory factor 3 (IRF3) via PRRs 
(Akira et al. 2006).  In uninfected cells, IRF3 exists as an 
inactive monomer in the cytoplasm.  Upon viral infection, 
IRF3 is activated by phosphorylation at Ser386 and Ser396 
by TANK-binding kinase 1 (TBK1) (Servant et al. 2003; 
Shu et al. 2013), leading to IRF3 dimerization and nuclear 
translocation and the subsequent transcription of its target 
genes (Shu et al. 2013; Zhao 2013).  Recently, it has been 
demonstrated that IRF3 also functions as a key cytosolic 
factor for virus-induced apoptosis, although the mechanism 
of IRF3 activation in apoptosis differs from that of tran-
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scriptional activation (Peters et al. 2008; Chattopadhyay et 
al. 2010).

Hypothiocyanous acid (HOSCN) is a microbicidal 
oxidant generated by the peroxidase-catalyzed reaction of 
thiocyanate (SCN–) with hydrogen peroxide (H2O2) (Fischer 
2009).  In the lumen of the airway, HOSCN is generated by 
lactoperoxidase (LPO) secreted from the submucosal glands 
and surface goblet cells to eliminate invading pathogens 
(Fischer 2009).  HOSCN is also generated by myeloperoxi-
dase (MPO) released from neutrophils, which are recruited 
and activated at infectious sites (van Dalen et al. 1997; 
Klebanoff 2005).  Some studies have demonstrated that 
HOSCN directly inactivates not only bacteria, but also sev-
eral kinds of viruses (Mikola et al. 1995; Cegolon et al. 
2014; Gingerich et al. 2016), suggesting that HOSCN has 
an important role against viral infection.  A growing body 
of evidence is accumulating to show that HOSCN affects 
host cellular functions (Rayner et al. 2014; Chandler and 
Day 2015); however, there are no reports regarding the 
impact of HOSCN on the immune response against RNA 
viral infection.

In this study, in order to clarify the role of HOSCN in 
host antiviral responses against RNA viruses in airway epi-
thelial cells, we examined the effect of HOSCN on the 
induction of apoptosis and the expression of type I and III 
IFNs in a human airway epithelial cell line (NCI-H292) 
pretreated with polyI:C, a mimic of viral RNA.

Materials and Methods
Materials

Rabbit monoclonal antibodies against IRF3, phospho-IRF3 
(Ser386), and TBK1 were acquired from Abcam (Cambridge, UK), 
and those against phospho-IRF3 (Ser396), phospho-TBK1 (Ser172), 
TATA-binding protein (TBP), and beta-actin were purchased from 
Cell Signaling Technology (Danvers, MA, USA).  Horseradish perox-
idase (HRP)-linked F(ab)2 fragment was purchased from GE 
Healthcare (Chicago, IL, USA).  Lambda phosphatase was acquired 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and polyino-
sinic-polycytidylic acid (polyI:C) was acquired from Sigma-Aldrich 
(St. Louis, MO, USA).  Glucose oxidase (GOX) was purchased from 
Wako (Tokyo, Japan), and LPO was purchased from Calzyme 
Laboratories (San Luis Obispo, CA, USA).

Cell culture
Human lung mucoepidermoid (NCI-H292) cells were cultured 

in RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, UT, 
USA) and 0.05 mg/ml gentamicin sulfate (Wako) at 37°C in a 5% 
CO2 incubator.

Exposure of polyI:C-pretreated NCI-H292 cells to HOSCN and H2O2

NCI-H292 cells (2 × 106 cells in a 6-well plate or 5 × 105 cells 
in a 24-well plate) were stimulated with or without 20 µg/ml polyI:C 
in phenol red-free RPMI 1640 medium (Gibco Life Technologies, 
Waltham, MA, USA) containing 50 mM HEPES (pH 6.9, Wako), 3 
mM NaSCN (Wako), and 5% FBS for 1 h at 37°C.  After 1 h of stim-
ulation, cells were exposed to HOSCN or H2O2 by adding both 16 

mU/ml GOX and 10 µg/ml LPO or 16 mU/ml GOX only to the cul-
ture medium, as described previously (Suzuki et al. 2016).  After 3-4 
h, 250-300 µM HOSCN or 500-600 µM H2O2 were produced in this 
in vitro system.  Cells were then collected for RNA isolation, protein 
extraction, and apoptosis assay.

Detection of apoptotic cells
NCI-H292 cells (5 × 105 cells per well in a 24-well plate) were 

stimulated with polyI:C for 1 h, followed by treatment with HOSCN 
or H2O2 for 4 h.  At this time point, the polyI:C-pretreated cells with-
out oxidant exposure began to show apoptotic morphological 
changes, but most cells were still attached to culture plates.  The cells 
were trypsinized, washed with phosphate-buffered saline, and stained 
with FITC-Annexin V (FITC-AV) and ethidium homodimer III 
(EthD-III) according to the protocol of the Apoptotic/Necrotic/
Healthy Cells Detection Kit (PromoKine, Heidelberg, Germany).  
Numbers of apoptotic cells were counted using the ec800TM fluores-
cence-activated cell sorting (FACS) system (Sony, Tokyo, Japan).  
Total cell number of each group was quantified by cell counting using 
a hemocytometer.

Isolation of RNA and quantification of mRNA expression
NCI-H292 cells (2 × 106 cells per well in a 6-well plate) were 

stimulated with polyI:C for 1 h, followed by treatment with HOSCN 
or H2O2 for 3 h, when polyI:C-pretreated cells showed maximal 
expression level of IFNB1 gene.  Total RNA was isolated from cells 
using RNA iso Plus (Takara, Shiga, Japan), chloroform extraction, 
and isopropanol precipitation.  cDNA was synthesized from total 
RNA using ReverTraAce® qPCR RT Master Mix with gDNA remover 
(Toyobo, Osaka, Japan).  For negative control, cDNAs were prepared 
by excluding reverse transcriptase enzyme from the reaction mixture.  
Gene expression was validated by real-time PCR (qPCR) using 10 µl 
2 × Power SYBR® Green PCR Master Mix (Applied Biosystems, 
Carlsbad, CA, USA), 5 µl cDNA (fivefold dilution), and 10 pmol spe-
cific primers for IFNB1, IFNL1, IFNL2, IFNL3, regulated on activa-
tion normal T cell expressed and secreted (RANTES), interferon 
gamma-induced protein 10 (IP10), interferon-stimulated gene 15 
(ISG15), interferon-stimulated gene 56 (ISG56), and β-actin (as a 
control) (Hokkaido System Science, Hokkaido, Japan), as follows: 
β-actin-F:CCAACCGCGAGAAGATGA, β-actin-R:CCAGAG 
GCGTACAGGGATAG; IFNB1-F:CGACACTGTTCGTGTTGTCA; 
IFNB1-R:GAAGCACAACAGGAGAGCAA; IFNL1-F:GGGACC 
TGAGGCTTCTCC; IFNL1-R:CCAGGACCTTCAGCGTCA; 
IFNL2-F:CCTGGTGGACGTCTTGGA; IFNL2-R:GTGGGC 
TGAGGCTGGATA; IFNL3-F:CACACCCTGCACCATATCC; 
IFNL3-R:GAGCCGGTACAGCCAATG; RANTES-F:ACACCA 
GTGGCAAGTGCTC; RANTES-R:ACACACTTGGCGGTT 
CTTTC; IP10-F:GAAAGCAGTTAGCAAGGAAAGGT; IP10-
R:GACATATACTCCATGTAGGGAAGTGA; ISG15-F:GCGAAC 
TCATCTTTGCCAGTA; ISG15-R:CCAGCATCTTCACCGTCAG; 
ISG56-F:AGAACGGCTGCCTAATTTACAG; and ISG56-
R:GCTCCAGACTATCCTTGACCTG.  The qPCR cycling conditions 
were as follows: 95°C for 20 s, followed by 40 cycles of 95°C for 3 s 
and 60°C for 30 s, followed by 95°C for 15 s and 60°C for 60 s.

Protein extraction, SDS-PAGE, and immunoblotting
Whole cell extractions were prepared in RIPA lysis buffer con-

taining 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA (pH 
8.0), 1% NP-40, 1% deoxycholate, and 1 × protease inhibitor (Roche, 
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Basel, Switzerland), 1 mM phenylmethylsulfonyl fluoride (PMSF) 
(Sigma-Aldrich), and 1 × phosphatase inhibitor cocktails 2 and 3 
(Sigma-Aldrich).  Extraction was conducted by scraping, vortexing, 
sonication, and centrifugation at 20,000 × g at 4°C for 5 min.  Cell 
lysates were used for SDS-PAGE and immunoblotting to detect pro-
tein expression.

Cytosolic and nuclear extracts were prepared as described pre-
viously (Schreiber et al. 1989), except that complete EDTA-free pro-
tease inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3 
were used in the buffers.

SDS-PAGE was performed on 7.5% acrylamide/bis gels (Bio-
Rad, Hercules, CA, USA) to separate protein bands.  A sample of 20 
µg protein diluted in sample buffer [50 mM Tris-HCl (pH 6.8), 2% 
SDS, 6% glycerol, 1% 2-mercaptoethanol (Sigma-Aldrich), and 
0.02% bromophenol blue] was applied to the gel and electrophoresed 
for 90 min at 100 V.  Protein bands were transferred to a 0.2-µm 
Immun-Blot PVDF membrane (Bio-Rad).  Blots were blocked in TBS 
plus 0.1% Tween-20 solution containing 3% BSA (Wako) and then 
incubated with 0.5 µg/ml primary antibodies, followed by incubation 
with HRP-linked secondary antibody.  Finally, blots were developed 
using Pierce ECL Plus Western Blotting Substrate (Thermo-Fisher 
Scientific) and band intensities were measured using an Amersham 
Imager 600UV system (GE Healthcare).

Detection of dimerized-IRF3
Whole cell extracts were prepared as previously described 

(Robitaille et al.  2016) with modifications.  In brief, cells were har-
vested by scraping.  Protein was extracted in lysis buffer containing 
50 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM EDTA (pH 8), 1% 
NP-40, 10% glycerol, 1 × protease inhibitor, 1 mM PMSF, and 1 × 
phosphatase inhibitors via freeze/thaw in a dry ice/ethanol bath, vor-
texing, and centrifugation at 16,000 × g at 4°C for 20 min.  Cell 
lysates were used for native PAGE, which was performed as 
described (Iwamura et al. 2001), except that 7.5% Mini-PROTEAN 
TGX precast gels (Bio-Rad) were used, and for immunoblotting with 
anti-IRF3 antibody to detect monomer and dimer forms of IRF3.

Treatment with phosphatase to assess IRF3 phosphorylation
Cell lysates were prepared using RIPA lysis buffer (without 

EDTA or phosphatase inhibitors) after 5 h of HOSCN exposure.  Total 
protein (10 g) was treated with 400 U lambda phosphatase in lambda 
phosphatase buffer containing 50 mM HEPES (pH 7.5), 0.1 mM 
EGTA, 5 mM dithiothreitol, 0.01% BRIJ 35 and 2 mM MnCl2 for 30 
min at 30°C.  Phosphorylation of IRF-3 was analyzed by immunob-
lotting with anti-IRF3 antibody

Statistical analysis
Data are presented as mean ± standard deviation (SD).  

Statistical analysis of results was performed using one-way ANOVA 
with Tukey’s multiple comparison test.  Differences with p-values  
< 0.05 were considered to be significant.  (GraphPad Prism 7.02 soft-
ware)

Results
HOSCN represses polyI:C-induced antiviral responses

First, we examined the effect of HOSCN on polyI:C-
induced apoptosis.  NCI-H292 cells were stimulated with 
polyI:C, followed by exposure to HOSCN or H2O2.  
Subsequently, the number of apoptotic cells was determined 

based on the cell population positive for annexin V and 
negative for EthD-III (upper left population in Fig. 1A-a).  
PolyI:C stimulation increased the cell population that was 
positive for Annexin V and negative for EthD-III by 25.0% 
(Fig. 1A-b), indicating the induction of apoptosis.  HOSCN 
exposure decreased the population of polyI:C-induced 
apoptotic cells by 9.3%, restoring levels observed in control 
cells (7.3%) (Fig. 1A-b).  In contrast, H2O2 treatment exhib-
ited no effect on the induction of apoptosis (Fig. 1A-b).  
The double positive cell population for Annexin V and 
EthD-III (necrosis or secondary necrosis) showed no signif-
icant difference (Fig. 1A-c).  The total number of recovered 
cells from each group showed no significant difference (Fig.  
1A-d).  These data strongly suggest that HOSCN attenuates 
polyI:C-induced apoptosis in NCI-H292 cells.

Next, the effect of HOSCN on the expression of 
IFNB1 and IFNL1-3 were analyzed.  PolyI:C remarkably 
induced the mRNA expression of IFNB1 (468-fold), IFNL 
(12847-fold), IFNL2 (555-fold), and IFNL3 (1281-fold) at 
4 h post-stimulation (Fig. 1B) in comparison to levels in 
control cells without polyI:C or oxidant stimulation.  After 
3 h of HOSCN exposure, the polyI:C-induced expression of 
these IFN genes drastically decreased, representing only a 
48-fold (IFNB1), 341-fold (IFNL1), 79-fold (IFNL2), and 
178-fold (IFNL3) increase over that in controls (Fig. 1B).  
In contrast, H2O2 did not decrease polyI:C-induced expres-
sion of IFNB1 (402-fold), IFNL1 (3302-fold), IFNL2 (774-
fold), and IFNL3 (1592-fold) at 3 h post-H2O2 exposure 
(Fig. 1B).  Thus, HOSCN attenuated the polyI:C-induced 
expression of the cytokine genes IFNB1, IFNL1, IFNL2, 
and IFNL3 in NCI-H292 cells.  These results strongly sug-
gest that HOSCN represses antiviral responses, including 
the induction of apoptosis and the expression of the IFNB1 
and IFNL1-3 mRNAs.

HOSCN represses polyI:C-induced expression of IRF3 tar-
get genes

In the antiviral response, both apoptosis and expres-
sion of IFNB1 and IFNL1-3 mRNA are reportedly regu-
lated by IRF3; therefore, we examined the impact of 
HOSCN on the expression of other IRF3-dependent genes 
in polyI:C-pretreated cells.  After 4 h of stimulation, 
polyI:C drastically induced the mRNA expression of 
RANTES (100-fold increase), IP10 (922-fold increase), 
ISG15 (35-fold increase), and ISG56 (36-fold increase) 
(Fig. 2).  HOSCN exposure markedly attenuated the 
polyI:C-induced upregulation of RANTES (25-fold), IP10 
(107-fold), ISG15 (11-fold), and ISG56 (9-fold), while 
H2O2 only slightly reduced the mRNA expression of 
RANTES (73-fold), IP10 (673-fold), ISG15 (31-fold), and 
ISG56 (28-fold) (Fig. 2).  Thus, HOSCN exposure attenu-
ated the polyI:C-induced expression of these IRF3-
regulated genes more effectively than H2O2.  We hypothe-
sized that the reductions in the expression of these genes 
were associated with the HOSCN-induced suppression of 
IRF3 activation.
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HOSCN inhibits the dimer formation of IRF3 by repressing 
its phosphorylation via TBK1

To determine the mechanism by which HOSCN atten-
uates the polyI:C-induced mRNA expression of IRF3-
regulated genes, we analyzed the effect of HOSCN on the 
dimerization of IRF3 using native-PAGE and immunoblot-
ting with an anti-IRF3 antibody.  As shown in Fig. 3A, 
polyI:C induced the dimer formation of IRF3.  In contrast, 

HOSCN attenuated the polyI:C-induced dimerization of 
IRF3, while the dimerization of IRF3 was not affected by 
H2O2 treatment (Fig. 3A).

The phosphorylation of IRF3 at Ser386 and Ser396 
has been shown to be an essential regulator of IRF3 dimer 
formation (Chen et al. 2008; Takahasi et al. 2010); there-
fore, we examined the effect of HOSCN on the phosphory-
lation of IRF3 at Ser386 and Ser396 by immunoblotting 

Fig. 1.  HOSCN attenuated polyI:C-induced antiviral responses.
 (A) HOSCN attenuated polyI:C-induced apoptosis.  NCI-H292 cells were stimulated with or without polyI:C for 1 h, 

followed by exposure to HOSCN or H2O2 for 4 h.  (a) Cells were stained with FITC-AV and EthD-III for FACS analysis 
to count the percentage of apoptotic cells (representative of four experiments).  The rates of FITC-AV (+) /EthD-III (–) 
cells and FITC-AV (+) /EthD-III (+) cells in each group was shown in (b) and (c), respectively.  (d) Cell number of each 
group were quantified using a hemocytometer.  (B) HOSCN attenuated polyI:C-induced expression of IFNB1, IFNL1, 
IFNL2, and IFNL3 mRNAs.  Cells were stimulated with polyI:C (striped) for 1 h or untreated, followed by exposure to 
HOSCN (black) or H2O2 (light grey) for 3 h.  RNA was extracted, and the expression levels of IFNB1, IFNL1, IFNL2, 
and IFNL3 mRNAs were analyzed by qRT-PCR.  Data were normalized with β-actin and are presented as mean ± SD of 
three independent experiments.  One-way ANOVA with Tukey’s multiple comparison test was used for statistical analy-
sis.

 ****p < 0.0001, *p < 0.05.
 ns, not significant.
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with p-IRF3 (Ser386) and p-IRF3 (Ser396).  We found that 
the polyI:C-induced phosphorylation of IRF3 at Ser386 and 
Ser396 was suppressed by HOSCN, but not by H2O2 (Fig. 
3B).

The effect of HOSCN on the translocation of IRF3 into 
the nucleus was next considered, as it is the dimerized-IRF3 
form that translocates into the nucleus and binds to the pro-
moters of IRF3 target genes.  The immunoblotting of 
nuclear extracts with anti-IRF3 antibody demonstrated that 
polyI:C stimulation increased the amount of nuclear IRF3 
(Fig. 3C).  HOSCN treatment reduced the amount of IRF3 
in the nucleus, whereas H2O2 had no effect on the transloca-
tion of IRF3.  Inversely, the amount of IRF3 in the cyto-
plasmic extract was considerably increased following 
HOSCN treatment (Fig. 3C).  These results indicate that 
HOSCN inhibits the translocation of IRF3 into the nucleus.

We next examined whether the inhibitory effect of 
HOSCN on IRF3 activation involves TBK1 phosphoryla-
tion, as IRF3 activation is mediated by the phosphorylation 
of TBK1.  As shown in Fig. 3D, polyI:C stimulation 
increased the phosphorylation of TBK1 at Ser172, but this 
polyI:C-induced increase in the phosphorylation of TBK1 
was attenuated after exposure to HOSCN and H2O2 for 3 h.  
Moreover, HOSCN attenuated the phosphorylation of 
TBK1 more strongly than H2O2.  These data suggest that 
HOSCN inhibits the phosphorylation of TBK1, resulting in 
the inhibition of IRF3 activation.

HOSCN phosphorylates IRF3 at amino acid residues other 
than Ser386 and Ser396

Finally, we used SDS-PAGE to examine whether 
HOSCN exposure without polyI:C pretreatment affects the 
phosphorylation status of IRF3, as a recent study suggested 
that the phosphorylation of IRF3 at the residues other than 
Ser386 and Ser396 impairs its activation (Meng et al. 
2016).

Compared to controls without polyI:C or oxidants, a 
more slowly migrating band was observed for IRF3 when 
cells were exposed to HOSCN, but this was not observed 
for H2O2 (Fig. 4A).  The slower band was not detected by 
phosphorylation-dependent antibodies of IRF3, suggesting 
that HOSCN may induce phosphorylation at amino acid 
residues other than Ser386 and Ser396.  We confirmed that 
the migration delay observed with SDS-PAGE was due to 

the phosphorylation of IRF3 using phosphatase (Fig. 4B).  
After phosphatase treatment, the IRF3 band migrated more 
rapidly than before phosphatase treatment.  This result 
clearly shows that HOSCN induces IRF3 phosphorylation 
at amino acid residues other than Ser386 and Ser396.  
HOSCN-induced phosphorylation was observed at 1 h post-
HOSCN exposure (Fig. 4C), indicating a rapid response to 
HOSCN.  These results suggest that the HOSCN-induced 
phosphorylation of IRF3 may be related to impairment of 
IRF3 activation following HOSCN treatment.

Discussion
In this study, we demonstrated that HOSCN attenuates 

polyI:C-induced apoptosis and expression of IFNΒ1 and 
IFNLs mRNAs in airway epithelial cells.  In addition, 
HOSCN down-regulates the expression levels of IRF3-
dependent genes, such as RANTES, IP10, ISG15, and 
ISG56, which are upregulated by polyI:C.  These results 
indicate that HOSCN suppresses the antiviral response in 
airway epithelial cells.  We also showed that HOSCN nega-
tively controls IRF3 activation by inhibiting TBK1 phos-
phorylation.  Regarding the inhibitory mechanisms of 
HOSCN, we speculate that TBK1 activity may be directly 
or indirectly repressed by a hypothetical factor that is acti-
vated in response to oxidative stress induced by HOSCN.  
One such candidate is protein kinase A (PKA).  A previous 
study has shown that HOSCN promotes PKA regulatory 
subunits to homodimerize via disulfide bonds, thus activat-
ing its catalytic subunits in a cyclic adenosine monophos-
phate-independent manner (Suzuki et al. 2016).  Recently, 
it has been found that PKA activation leads to the degrada-
tion of interferon-beta promoter stimulator-1 (Yan et al. 
2017), which is a key molecule in the RIG-I-TBK1-IRF3 
signaling axis involved in TBK1 activation.  Another candi-
date is mammalian sterile 20-like kinase 1 (MST1), which 
is known to be activated by cellular oxidative stress through 
distinct pathways involving thioredoxin-1 (Chae et al. 
2012) and peroxiredoxin-1 (Morinaka et al. 2011).  Recently, 
MST1 has been identified as a negative regulator of TBK1 
during viral infection (Meng et al. 2016).

We also observed that HOSCN exposure induces the 
phosphorylation of IRF3 at amino acid residues other than 
Ser386 and Ser396.  It is thus possible that IRF3 phosphor-
ylation at these residues inhibits dimer formation and the 

Fig. 3.  HOSCN inhibited the dimer formation of IRF3 by suppressing its phosphorylation via TBK1.
 (A) HOSCN inhibited polyI:C-induced dimerization of IRF3.  NCI-H292 cells were stimulated with polyI:C for 1 h or 

untreated, then exposed to HOSCN or H2O2 for 3 h.  Cell lysates were used to detect IRF3 dimerization using native 
PAGE and immunoblotting with anti-IRF3 antibody.  The thin arrow indicates the dimer form of IRF3, and the large ar-
row indicates the monomer form of IRF3.  (B) HOSCN inhibited the phosphorylation of IRF3 at Ser386 and Ser396.  
NCI-H292 cells were stimulated with polyI:C for 1 h or untreated, then exposed to HOSCN or H2O2 for 3 h.  Cell ly-
sates were prepared and analyzed by SDS-PAGE and immunoblotting with antibodies against IRF3, p-IRF3 (Ser386), 
and p-IRF3 (Ser396).  (C, D) HOSCN inhibited the translocation of IRF3 into the nucleus (C) and the phosphorylation 
of TBK1 (D).  Cells were stimulated with polyI:C for 1 h or untreated, then exposed to HOSCN or H2O2 for 3 h.  Cell 
lysates were prepared and analyzed by SDS-PAGE and immunoblotting with antibodies against IRF3, TBK1, and p-
TBK1 (Ser172).  The band intensities were measured and normalized with TBP or β-actin.  Data were expressed as per-
centage values relative to the level of polyI:C-stimulated cells without oxidant exposure set at 100.  All experiments 
were performed at least more than two times.
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Fig. 4.  HOSCN phosphorylated IRF3 at amino acid residues other than Ser386 and Ser396.
 (A) HOSCN induced phosphorylation of IRF3 at distinct residues.  NCI-H292 cells were stimulated with polyI:C for 1 

h or untreated, then exposed to HOSCN or H2O2 for 3 h.  Cell lysates were prepared and analyzed by SDS-PAGE and 
immunoblotting with antibodies against IRF3, p-IRF3 (Ser386), and p-IRF3 (Ser396).  (B) De-phosphorylated IRF3.  
Cells were exposed to HOSCN for 5 h or untreated.  Cell lysates were then treated with phosphatase or untreated at 
30°C for 30 min.  The phosphorylation of IRF3 was analyzed by immunoblotting with anti-IRF3 antibody.  The thin  
arrow indicates phosphorylated IRF3, and the large arrow indicates non-phosphorylated IRF3.  (C) Time course-depen-
dent phosphorylation of IRF3.  Cells were exposed to HOSCN for 1-5 h or untreated.  Cell lysates were analyzed with 
IRF3 activation assay using SDS-PAGE and immunoblotting with anti-IRF3 antibody.  All experiments were performed 
three times independently.
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DNA binding activity of IRF3.  In fact, it has been sug-
gested that the phosphorylation of IRF3 at the Thr75 and 
Thr253 residues leads to the inhibition of DNA binding and 
dimer formation, respectively (Meng et al. 2016).

We further observed that HOSCN suppresses polyI:C-
induced apoptosis, though the mechanisms by which this 
occurs are still unknown.  Recently, a new apoptosis path-
way mediated by IRF3 and activated during viral infection 
has been discovered.  In this pathway, IRF3 is activated by 
the linear ubiquitination of its lysine residues, which trig-
gers its interaction with B-cell lymphoma 2-associated X 
protein (BAX), leading to mitochondrial activation and 
apoptosis (Chattopadhyay et al. 2016).  It has been reported 
that lysine residues can be carbamylated with cyanate 
(Wang et al. 2007), a decomposition product of HOSCN 
(Kalmár et al. 2011).  Therefore, it is possible that HOSCN 
inhibits the interaction of IRF3 with BAX by blocking the 
ubiquitination of IRF3 lysine residues.  In addition, the new 
apoptosis pathway mediated by IRF3 is shown to be cas-
pase-dependent (Chattopadhyay et al. 2016).  HOSCN has 
been reported to inhibit caspase 3 activation via oxidation 
of its active site in human umbilical vein endothelial cells 
(Bozonet et al. 2010).  Therefore, it is possible that HOSCN 
suppresses polyI:C-induced apoptosis by inhibiting caspase 
3 activity in airway epithelial cells.

The next question is, what is the biological signifi-
cance of our finding that HOSCN represses antiviral 
responses?  In airway epithelial cells, the major sources of 
H2O2 are thought to be dual oxidase (DUOX) 1 and 2 
(Geiszt et al. 2003).  Recent studies have shown that 
DUOX2 is induced in cells in the late phase after virus 
infection (Fink et al. 2013), suggesting that higher levels of 
HOSCN may be generated by the DUOX/LPO system in 
the late phase.  If so, HOSCN may have an important role 
in terminating antiviral responses to avoid host damage.  
Even in the early phase after viral infection, HOSCN may 
be produced by the Nicotinamide adenine dinucleotide 
phosphate oxidase 2/MPO system in a SCN− concentration 
dependent manner in the case of viral infections associated 
with neutrophil infiltration.  In this situation, higher levels 
of HOSCN may accelerate viral replication and spread, 
resulting in severe disease outcomes.  Interestingly, SCN− 
concentrations in the plasma are 2-5 times higher in smok-
ers than in non-smokers (Spagnolo et al. 1988; Wang et al. 
2007), owing to the detoxification of hydrogen cyanide in 
cigarette smoke (Spagnolo et al. 1988).  This suggests that 
elevated levels of HOSCN may be generated in smokers.  
Therefore, our observations indicate that in smokers, 
HOSCN may accelerate viral replication and spread, lead-
ing to severe disease outcomes.  In fact, there are many 
reports that cigarette smoking exacerbates viral infectious 
diseases (Arcavi and Benowitz 2004).

In conclusion, our study results suggest that HOSCN 
plays a novel signaling role in the antiviral response, acting 
as a negative regulator of apoptotic and TBK1-IRF3 signal-
ing pathways and limiting IRF3-dependent gene expression.
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