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ISG56 is involved in CXCL10 expression induced by TLR3 signalling
in BEAS-2B bronchial epithelial cells

ABSTRACT

Purpose and Aim of the study: Bronchial epithelial cells play an important role in immune
response against viral infections. Toll-like receptor 3 (TLR3) is a pathogen recognition receptor
that recognizes viral double-stranded RNA (dsRNA). Activation of TLR3 induces the
expression of interferon (IFN)-f, and newly synthesized IFN-f3 exhibits anti-viral activity by
upregulating the expression of IFN-stimulated genes (ISGs). ISG56 encodes a multifunctional
protein with tetratricopeptide motifs and is involved in anti-viral reactions through various
mechanisms. Expression of chemokines such as CXCL10, which induces leukocyte
chemotaxis, is essential for defense against airway microbes. However, regulation of
chemokine expression by ISG56 in bronchial epithelial cells has not been fully investigated.
The aim of this study was to examine the expression of ISG56 and its role in CXCL10
production in BEAS-2B bronchial epithelial cells treated with dSRNA. Materials and
Methods: BEAS-2B bronchial epithelial cells were treated with polyinosinic-polycytidylic acid
(poly IC), a synthetic TLR3 ligand. The mRNA and protein expression levels of ISG 56 were
analysed by quantitative reverse transcription polymerase chain reaction and western blotting.
The effect of knocking down TLR3, IFN-f and ISG56 was examined using RNA interference.
The protein expression of CXCL10 in culture medium was measured using an enzyme-linked
immunosorbent assay. Results: Poly IC induced ISG56 expression in a concentration- and
time- dependent manner. RNA interference showed that ISG56 induction was inhibited by
knockdown of TLR3 or IFN-f and that ISG 56 knockdown decreased CXCL10 expression.
Conclusions: ISG56 was induced by poly IC through TLR3/IFN-f axis, and ISG56 may
positively regulated CXCL10 expression in BEAS-2B cells. ISG56 may modulate anti-viral
innate immunity, at least in part, by regulating the expression of CXCL10 in bronchial epithelial

cells.
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Introduction

The bronchial epithelium is constantly exposed to various microbes, and innate immune
reactions in bronchial epithelial cells are the first line prevention against infectious lung
diseases. A wide variety of factors produced by bronchial epithelial cells are involved
in host defense against microbial infections and inflammatory reactions.! When
microbial pathogens invade the airway, pattern recognition receptors in respiratory
epithelial cells recognize the pathogen-associated molecular patterns (PAMPs) derived
from infected microorganisms, and innate immune reactions are initiated. Toll-like
receptors (TLRs) function as pattern recognition receptors and are key molecules in the
initial step of innate immune system. Binding of PAMPs to TLRs triggers a cascade of
intracellular signaling pathways, leading to the induction of molecules that regulate
immune and inflammatory reactions.> TLR3 is a member of TLR family that
recognizes viral double-stranded RNA (ds RNA) as a PAMP. TLR3 is reportedly
expressed in human bronchial epithelial cells® and plays an essential role in anti-viral
innate immune reactions. Binding of viral dSRNA to TLR3 is followed by the induction
of type I interferons (IFNs), which are key cytokines in host defense against viral
infections. Type I IFNs exert antiviral effects by inducing IFN-stimulated genes (ISGs).
Among type I IFNs, IFN-f3 plays a critical role in reactions against viral infection in
bronchial epithelial cells. 4

ISG56, also known as IFN-induced protein with tetratricopeptide repeats 1, is a
member of ISG family.”> ISG56 exerts a wide variety of biological functions including
regulation of translation, inhibition of viral replication, cell migration, cell proliferation,
and cell death.> Expression of ISG56 is induced in airway epithelial cells by viral

infections such as influenza,® human metapneumovirus,” and HON2.® Reports have



suggested that ISG56 is involved in antiviral immune and inflammatory reactions in
bronchial epithelial cells. However, the mechanisms through which ISG56 exerts anti-
viral functions in respiratory tract are not fully investigated.

C-X-C motif chemokine ligand 10 (CXCL10) is a member of CXC chemokine
family. It was originally identified as an IFN-y-inducible protein, and is also a type of
ISGs. CXCR3 is the receptor for CXCL10, and binding of CXCL10 to CXCR3
induces chemotaxis of CXCR3" cells including T cells and NK cells.” CXCL10 is
involved in the protection against various viral infections and the pathogenesis of virus-
induced infectious diseases.!” We have previously reported that polyinosinic-
polycytidylic acid (poly IC), an authentic dsRNA ligand for TLR3, induces the
expression of CXCL10 in BEAS-2B cells, a cell line derived from normal human
bronchial epithelial cells.!! In the present study, we examined the expression of ISG56
in the downstream of TLR3 signalling in BEAS-2B cells, and investigated the role of

ISG56 in the induction of CXCL10 expression.

Materials and methods

Reagents

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), M-MLV
reverse transcriptase and Lipofectamine RNAIMAX were purchased from Invitrogen
(Frederick, MD, USA). Poly IC and rabbit anti-actin IgG were acquired from Sigma
(St. Louis, MO, USA). Molecular weight of this poly IC is heterogeneous, and
distributes in a wide range from low to high molecular weight. Small interfering RNAs
(siRNAs) against TLR3 (S102655156), ISG56 (S102660777) and non-silencing negative
control siRNA (1027281) were from Qiagen (Hilden, Germany). An siRNA against

IFN-B was described previously,'? and recombinant human (r(h)) IFN-B was obtained



from ProSpec-Tany Technogene (Rehovot, Israel). Rabbit antibody against ISG56
(N2C3) was from GeneTex (Irvine, CA, USA). The illustra RNAspin kit was from GE
Healthcare (Buckinghamshire, England), and dNTP mix was obtained from Thermo
Fisher Scientific (Asheville, MA, USA). SsoAdvanced Universal SYBR Green
Supermix was obtained from Bio-Rad (Hercules, CA, USA). Oligo (dT)s primer for
reverse transcription and oligonucleotide primers for polymerase chain reaction (PCR)
were synthesized by Greiner Japan (Atsugi, Japan). Horseradish peroxidase (HRP)-
conjugated anti-rabbit antibody was purchased from Rockland Immunochemicals
(Limerick, PA, USA). Polyvinylidene difluoride (PVDF) membranes and Luminata
Crescendo Western HRP Substrate were from Merck Millipore (Darmstadt, Germany).
Enzyme-linked immunosorbent assay (ELISA) kit for CXCL10 was obtained from

R&D systems (Minneapolis, MN, USA).

Cell culture

BEAS-2B is a cell line derived from human bronchial epithelial cells,'? and has been
used as a good model for the study of innate immune reactions in human bronchial
epithelial cells.>'* BEAS-2B cells were cultured in DMEM supplemented with 10%
FBS as previously described.!! The cells were treated with 10-50 pg/mL poly IC in the
initial experiment, and with 30 pg/mL poly IC for up to 24 h in the subsequent
experiments. The cells were also treated with 1 ng/mL r(h) IFN-3 for 16 h. For RNA
interference, the cells were cultured in medium without antibiotics for 24 h before the
transfection. The cells were then transfected with non-silencing control siRNA or
siRNAs against TLR3, IFN-f, or ISG56 using a Lipofectamine RNAIMAX reagent
according to the manufacture’s protocol. After 24 h incubation, the cells were treated

with 30 pg/mL poly IC for the indicated period of time.



Quantitative real-time reverse transcription (RT)-PCR analysis

Total RNA was extracted from cells using the illustra RNAspin kit. Single-strand
cDNA as a PCR template was synthesized from the RNA using oligo(dT)s primer and
M-MLYV reverse transcriptase. The mRNA expression of CXCL1, CXCL10,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IFN-3 and ISG56 were
examined with a quantitative real-time PCR system using SsoAdvanced Universal
SYBR Green Supermix. The following primers were used.

CXCLI-F: 5’- ATGGCCCGCGCTGCTCTCTCC -3°,

CXCLI-R: 5°- GTTGGATTTGTCACTGTTCAG -3,

CXCLI10-F: 5-TTCAAGGAGTACCTCTCTCTAG-3',

CXCLI10-R: 5'-CTGGATTCAGACATCTCTTCTC-3',

GAPDH-F: 5'-GCACCGTCAAGGCTGAGAAC-3,

GAPDH-R: 5'-ATGGTGGTGAAGACGCCAGT-3',

IFN-B-F: 5°- CCTGTGGCAATTGAATGGGAGGC -3’

IFN-B-R: 5’- CCAGGCACAGTGACTGTACTCCTT -3’

ISG56-F: 5'-GGTCTCTTCAGCATTTATTGGTG-3',

and ISG56-R: R: 5'-TGCCGTAGGCTGCTCTCCA-3'.

The mRNA expression of CXCL10, CXCL1, and GAPDH is expressed as fold increase
compared to that of unstimulated cells. The results of quantitative RT-PCR for IFN-f3

are shown as arbitrary units because it was not detected in unstimulated cells.

Western blotting
Western blotting was performed as previously described.'* The cells were washed

twice with phosphate-buffered saline (pH 7.4) and were lysed in Laemmli’s reducing



sample buffer. The lysate was subjected to electrophoresis on a 10% polyacrylamide
gel, and the proteins were transferred to a PVDF membrane. The membrane was
incubated with an antibody against ISG56 (1:2000) or actin (1:3000) and subsequently
with a HRP-labeled anti-rabbit [gG. Immunodetection was performed using Luminata

Crescendo substrate.

ELISA for CXCL10
Cell-conditioned medium was collected and centrifuged for 10 min. The concentration
of CXCL10 in the supernatant was determined using a sandwich ELISA kit according to

the manufacturer’s protocol.

Results

Poly IC induces ISG56expression in BEAS-2B bronchial epithelial cells Treatment of
BEAS-2B cells with poly IC induced the mRNA and protein expression of ISG56 in
concentration- (Figure 1) and time-dependent manners (Figure 2). The mRNA
expression of ISG56 was gradually increased after poly IC treatment, reaching its
maximum level at 16 h and decreasing until 24 h (Figure 2a). On the other hand, the
mRNA level of IFN-f increased quickly after treatment, reaching maximum level at 2 h
and decreased thereafter (Figure 2a). The increase in protein level of ISG56 lagged
behind the mRNA expression, peaking at 16 — 24 h after poly IC treatment (Figure 2b).

[Figure 1 and 2 near here]

TLR3 and IFN-p are involved in poly IC-induced expression of ISG56 and CXCL10



Transfection of BEAS-2B cells with specific siRNAs against TLR3 inhibited the
mRNA expression of ISG56 and CXCL10 (Figure 3a) and protein expression of ISG56
(Figure 3b) induced by poly IC. Knockdown of IFN- by RNA interfering also
decreased the induction of ISG56 and CXCL10 mRNA (Figure 3a) and ISG56 protein
(Figure 3b). Moreover, treatment with r(h) IFN-f also induced the mRNA (Figure 3c)
and protein (Figure 3d) expression of ISG56.

[Figure 3 near here]

ISG56 is involved in the expression of CXCL10 Transfection of specific siRNA
against ISG56 resulted in significant reduction in CXCL10 mRNA (Figure 4a) and
protein (Figure 4b) expression induced by poly IC. However, knockdown of ISG56 did
not affect the mRNA expression of CXCL1 and IFN-f. Effective silencing of ISG56
was confirmed by western blotting (Figure 4c).

[Figure 4 near here]

Discussion

TLR3 is one of the major pattern recognition receptors against viral dsSRNA, and plays
an important role in anti-viral innate immune reactions. Binding of viral dsSRNA or poly
IC to TLR3 triggers the activation of downstream signaling pathways in bronchial
epithelial cells, and induces the production of chemokines, cytokines and other various
molecules. These include C-C motif chemokine ligand 5 (CCL5),'® CCL2,!” CXCL1,®
CXCLS,"” CXCL10," IFN-B,% interleukin-6,2! CD161 ligand lectin-like transcript 1,%?
mucin SAC,* and Tenascin-C.?* These inducible molecules may cooperatively

promote anti-viral immune and inflammatory reactions.



It has been reported that TLR3 is expressed and located in endosomes in BEAS-
2B cells.”” Herein, we report that poly IC, an authentic dsSRNA widely used as a viral
mimic, induces the expression of ISG56 in BEAS-2B in concentration- and time-
dependent manners. Although the concentration of poly IC appears to be very high, it is
similar to that in previous studies using “non-immune cells” such as brain

%% and bile duct epithelial cells.””  We confirmed that

microvascular endothelial cells
TLR3 is involved in poly IC-induced ISG56 expression using RNA interference against
TLR3. TLR3 signaling induces the expression of various genes in IFN-dependent or -
independent manners. IFN-f is a major type I IFN produced by bronchial epithelial
cells,?® and knockdown of IFN-P almost completely inhibited poly IC- induced ISG56
expression in BEAS-2B cells. This finding suggests that ISG56 is induced by poly IC
in an IFN-B-dependent manner. The expression of IFN-3 mRNA was quickly increased
after the treatment with poly IC and reached maximum level at 2 h. The increase of
ISG56 mRNA was slower than that of [FN-f3 and reached a maximum level 16 h after
poly IC treatment. This time course is consistent with the results of IFN-f3 knockdown.
In addition, treatment of cells with r(h)IFN-3 induced the mRNA and protein expression
of ISG56. Taken together, poly IC induces the expression of IFN-f3, and in turn, newly
synthesized IFN-f is involved in ISG56 expression in BEAS-2B cells.

ISG56 functions as an anti-viral molecule through multiple mechanisms.® For
example, it inhibits replication of human papillomavirus by binding to viral E1
helicase,”® blocks replication of hepatitis C virus by interacting with the translation
initiation factor eIF3,% alters the patterns and levels of parainfluenza virus type 5
mRNA and protein synthesis,’” and inhibits viral mRNA translation.>! In the present
study, we found that ISG56 knockdown by RNA interference resulted in a decreased in

the expression of CXCL10 induced by poly IC, while the expression of another CXC



chemokine CXCL1 was not affected. This suggests that ISG56 is selectively involved
in the expression of CXCL10. CXCL10 is a member of CXC chemokine family that
plays an essential role in host defence against viral infections by stimulating
lymphocyte chemotaxis to the infected sites. Therefore, ISG56 may exert anti-viral
immune and inflammatory reactions in bronchial epithelial cells, at least partly, by
upregulating the expression of CXCL10. CXCL10 also plays diverse roles in the
pathogenesis of infectious and inflammatory diseases,*” and serum CXCL10
concentration is correlated with severity of acute respiratory viral infection.*’
Dysregulated expression of ISG56 may be associated with inflammatory lung diseases,
and this should be investigated in future studies.

The results of the present study agree with our previous observation in U373
astrocytoma cells,'® but may contradict a previous report which identified ISG56 as a
mediator of negative-feedback regulation of virus-triggered signaling in Hela cells,
A549 cells and macrophages.** Although the reason of this inconsistency was not
clarified in the present study, it is possible that ISG56 functions in a complex manner
under different conditions or in different cell types. The precise molecular mechanisms
through which ISG56 regulates CXCL10 expression were not cleared in the present
study and require further studies.

The present study was conducted in BEAS-2B cells. Although BEAS-2B cells
are cell line derived from human bronchial epithelial cells, these cells have a different
phenotype from primary human bronchial epithelial cells. The results of the present
study should be also confirmed in primary human bronchial epithelial cells in future

studies.

Conclusions



We report that TLR3/IFN-f signaling axis induces the expression of ISG56 in BEAS-
2B human bronchial epithelial cells. ISG56 increases the expression of CXCL10
induced by poly IC. These findings indicate that ISG56, which is expressed in
bronchial epithelial cells, may play an important role in anti-viral immune reactions and

in inflammatory diseases.
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Figure captions

Figure 1. Treatment of BEAS-2B cells with poly IC induced the expression of ISG56 in
a concentration-dependent manner. (a) BEAS-2B cells were cultured and treated with
various concentration of poly IC for 16 h. RNA was extracted from the cells, and
cDNA as a PCR template was synthesized from the RNA. Then, quantitative real-time
RT-PCR analyses for ISG 56 and GAPDH were performed. Data are presented as
means = SD (n=3). (b) The cells were cultured and treated with various concentration
of poly IC for 24 h. The cells were lysed and the lysates were subjected to western

blotting for ISG56 and actin.

Figure 2. Treatment of BEAS-2B cells with poly IC induced the expression of ISG56 in
a time-dependent manner. (a, b) The cells were treated with 30 pg/mL poly IC for up to
24 h. The mRNA expression of IFN-f3 and ISG56 was examined by real-time RT-PCR
(a), and the protein expression of ISG56 was evaluated using western blotting (b) as in

Figure 1. The data in (a) are presented as means + SD (n=3).

Figure 3. TLR3 and IFN-f are involved in poly IC-induced expression of ISG56. (a, b)
The cells were transfected with siRNA against TLR3, IFN-f3 or non-silencing negative
control siRNA and were incubated for 48 h. The cells were then treated with 30 pug/mL
poly IC. (a) After an additional 16 h incubation, RNA was extracted from the cells.
Real-time RT-PCR analysis was performed for ISG56, CXCL10 and GAPDH were
performed (n=3; *p< 0.05 and **p<0.01, by t-test). (b) The cells were lysed after an

additional 24 h incubation, and the expression of ISG56 protein was examined by



western blot analysis. (c, d) The cells were treated with 1 ng/mL r(h)IFN-f for 16 h

and subjected to real-time RT-PCR (c¢) and western blot (d) analyses.

Figure 4. ISG56 is involved in the poly IC-induced CXCL10 expression. The cells
were transfected with siRNA against ISG56 and incubated for 48 h. Then the cells were
treated with 30 pg/mL poly IC for an additional 2 h (for the mRNA analysis of [FN-f3),
16 h (for the mRNA analysis of CXCL10 and CXCL1) or 24 h (for the protein analysis
of CXCL10 and ISG56). (a) RNA was extracted from the cells, and the expression
level of mRNA for CXCL10, CXCL1 and IFN-f3 was examined by real-time RT-PCR
analysis (n=3; *p<0.01, by t-test). (b) Conditioned medium was collected from the cells
and the protein concentration of CXCL10 in the medium was examined by ELISA

(n=3; *p<0.01, by t-test). (c) The cells were lysed and western blotting was performed

for ISG56 and actin proteins.
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c. real-time RT-PCR
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b. ELISA
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Fig.4. Shiratori et al.



