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Abstract:

Background: The current study was carried out to identify the JAK molecule(s) that is involved in the IL-13-induced activation of

STAT6 in cultured human bronchial smooth muscle cells (hBSMCs).

Methods: Cultured hBSMCs were stimulated with IL-13 in the absence and presence of JAK inhibitor-I (a nonspecific JAKs inhibi-

tor), tyrphostin-AG490 (a specific JAK2 inhibitor), WHI-P131 (a specific JAK3 inhibitor), or tyrphostin-AG9 (a specific Tyk2

inhibitor), and levels of phosphorylated STAT6 were measured by immunoblot analyses.

Results: The IL-13-induced phosphorylation of STAT6 was abolished by JAK inhibitor-I, whereas the other inhibitors had no

significant effect.

Conclusion: These findings indicate that the STAT6 phosphorylation/activation induced by IL-13 is mediated by an activation of

JAK1 in cultured hBSMCs.
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Introduction

The signal transducer and activator of transcription 6

(STAT6) is a member of the STAT family of transcrip-

tion factors and is specifically activated by Th2 cytoki-

nes, such as interleukin-13 (IL-13). In allergic bron-

chial asthma, an importance of STAT6 in the develop-

ment of airway hyperresponsiveness has been

suggested. Human STAT6 gene is located on chromo-

some 12q13 and suggested as one of the asthma related

genes [12]. Data from murine models of allergic bron-

chial asthma revealed that STAT6 knockout mice do

not develop the airway hyperresponsiveness [1, 8,

19]. Inhibition of STAT6 in the airways of mice by de-

livering a cell-penetrating dominant-negative STAT6

peptide to airways diminished the airway hyperre-

sponsiveness induced by antigen challenge [13]. In ad-

dition, these strategies also ameliorated the antigen-

induced lung inflammation, pulmonary eosinophilia,

mucus production, and upregulation of Th2 cytokines

[1, 8, 13, 19]. STAT6 might thus be an excellent thera-

peutic target for allergic bronchial asthma.
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Increasing evidence also suggests that IL-13 has

an ability to cause STAT6 activation in airway smooth

muscle cells [2–4, 9, 14]. Our previous studies [2, 4]

revealed that IL-13 upregulates RhoA protein, a small

GTPase that contributes to the Ca2+ sensitization of

contraction, via an activation of STAT6 in bronchial

smooth muscle cells, resulting in an augmented bron-

chial smooth muscle contraction, which is one of the

causes of airway hyperresponsiveness in allergic asth-

matics. Thus, STAT6 in bronchial smooth muscle

cells might be a crucial target for treatment of airway

hyperresponsiveness in asthma [2, 4].

In hematopoietic cells, IL-13 signaling uses the

Janus kinase (JAK) family of tyrosine kinases, espe-

cially JAK1 and Tyk2, to phosphorylate and activate

STAT6 [5]. However, the accurate mechanism of

IL-13-mediated activation of STAT6 in bronchial

smooth muscle cell is still unclear. In the present

study, the effects of various JAK inhibitors on IL-13-

induced phosphorylation of STAT6 were determined

to identify the JAK molecule(s) that is involved in the

activation of STAT6 induced by IL-13 in bronchial

smooth muscle cells.

Materials and Methods

Cell culture

Normal human bronchial smooth muscle cells

(Cambrex Bio Science Walkersville, Inc., Walkers-

ville, MD, USA) were maintained in SmBM medium

(Cambrex) supplemented with 5% fetal bovine serum,

0.5 ng/ml human epidermal growth factor (hEGF),

5 µg/ml insulin, 2 ng/ml human fibroblast growth

factor-basic (hFGF-b), 50 µg/ml gentamicin and

50 ng/ml amphotericin B. Cells were maintained at

37°C in a humidified atmosphere (5% CO2), fed every

48–72 h, and passaged when cells reached 90–95%

confluence. Then, the cells (passages 7–9) were

seeded in 6-well plates (Becton Dickinson Labware,

Franklin Lakes, NJ, USA) and 8-well chamber slides

(Nalge Nunc International, Naperville, IL, USA) at

a density of 3,500 cells/cm2 and, when 80–85% con-

fluence was observed, cells were cultured without se-

rum for 24 h before addition of recombinant human

IL-13 (PeproTech EC, Ltd., London, UK). JAK

inhibitor-I (1 µM; a nonspecific JAKs inhibitor; Cal-

biochem, Gibbstown, NJ, USA), tyrphostin AG490

(50 µM; a specific JAK2 inhibitor; LC Laboratory,

Woburn, MA, USA), WHI-P131 (100 µM; a specific

JAK3 inhibitor; Calbiochem), tyrphostin AG9 (50 µM;

a specific Tyk2 inhibitor; Alexis Biochemicals, San

Diego, CA, USA), or their vehicle (0.3% DMSO) was

treated 30 min before the addition of IL-13 (100 ng/

ml). One hour after the IL-13 treatment, cells were

washed with PBS, immediately collected and dis-

rupted with 1x SDS sample buffer (150 µl/well), and

used for western blot analyses.

Western blot analyses

Protein samples were subjected to 7.5% SDS-PAGE

and the proteins were then electrophoretically trans-

ferred to a PVDF membrane. After blocking with 1%

BlockAceTM (Dainippon Sumitomo Pharma Co., Ltd.,

Osaka, Japan; for the others), the PVDF membrane

was incubated with the primary antibody. The primary

antibodies used in the present study were polyclonal

rabbit anti-STAT6 (1:1,000 dilution; Santa Cruz Bio-

technology, Inc., USA) and anti-phospho-STAT6

(1:1,000 dilution; Santa Cruz Biotechnology, Inc.) an-

tibodies. Then, the membrane was incubated with

horseradish peroxidase-conjugated donkey anti-rabbit

IgG (1:2,500 dilution; Amersham Biosciences, Co.,

Piscataway, NJ, USA), detected by an enhanced

chemiluminescent system (Amersham Biosciences

Co.) and analyzed by a densitometry system. Detec-

tion of house-keeping gene was also performed on the

same membrane by using monoclonal mouse anti-

GAPDH (1:10,000 dilution; Chemicon International

Inc., Temecula, CA, USA) and horseradish peroxi-

dase-conjugated sheep anti-mouse IgG (1:2,500 dilu-

tion; Amersham Biosciences, Co.) to confirm the

same amount of proteins loaded.

Statistical analyses

All the data were expressed as the mean with SE.

Statistical significance of difference was determined

by two-way analysis of variance (ANOVA) with post-

hoc Bonferroni/Dunn test (StatView for Macintosh

ver. 5.0, SAS Institute Inc., NC). A value of p < 0.05

was considered significant.
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Results

Effect of IL-13 on the phosphorylation level of

STAT6

As shown in Figure 1, treatment of the cultured hu-

man bronchial smooth muscle cells with IL-13

(10–100 ng/ml, for 1 h) caused a phosphorylation of

STAT6 in an IL-13 concentration-dependent manner.

In each concentration of IL-13, the peak of STAT6

phosphorylation was observed at 1 h after the addition

of IL-13 (data not shown).

Effects of JAK inhibitors on IL-13-induced

phosphorylation of STAT6

To identify the JAK molecule(s) that is involved in the

IL-13-induced phosphorylation of STAT6, the human

bronchial smooth muscle cells were also treated with
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Fig. 1. Phosphorylation of signal transducers and activators of transcription 6 (STAT6) by interleukin-13 (IL-13; 10�100 ng/ml, for 1 h) in cultured
human bronchial smooth muscle cells. (A) Typical blots of phosphorylated (pSTAT6; upper) and total STAT6 protein (lower). The bands were ana-
lyzed by a densitometer and the density ratios of pSTAT6/STAT6 were calculated. The data are summarized in B. (B) Each column represents the
mean ± SEM from 5�6 independent experiments. *** p < 0.001 vs. control (no IL-13) by Bonferroni/Dunn�s test
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Fig. 2. Effects of various pharmacological inhibitors on the interleukin-13 (IL-13)-induced phosphorylation of signal transducer and activator of
transcription 6 (STAT6) in cultured human bronchial smooth muscle cells. The cells were stimulated with IL-13 (100 ng/ml, for 1 h) in the ab-
sence or presence of various inhibitors. NT: no treatment, Cont: IL-13 alone, DMSO: dimethyl sulfoxide (0.1%, vehicle for the inhibitors), JAKs-I:
JAK inhibitor-I (1 µM, a non-selective JAKs inhibitor), AG490: tyrphostin AG490 (50 µM, a selective JAK2 inhibitor), WHI: WHI-P131 (100 µM,
a selective JAK3 inhibitor), and AG9: tyrphostin AG9 (50 µM, a selective Tyk2 inhibitor). (A) Typical blots of phosphorylated (pSTAT6; upper)
and total STAT6 protein (lower). The bands were analyzed by a densitometer and the density ratios of pSTAT6/STAT6 were calculated. The data
are summarized in B. (B) Each column represents the mean ± SEM from 5�6 independent experiments. *** p < 0.001 vs. NT and ### p < 0.001
vs. DMSO by Bonferroni/Dunn�s test



JAK inhibitor-I, tyrphostin AG490, WHI-P131, or

tyrphostin AG9 30 min before the addition of IL-13

(100 ng/ml). One hour after the IL-13 treatment, the lev-

els of phosphorylated STAT6 were measured. As shown

in Figure 2, JAK inhibitor-I abolished the IL-13-

mediated phosphorylation of STAT6 completely, while

the other inhibitors had no significant effect on it.

Discussion

Our previous study revealed that the IL-13 signaling

molecules such as IL13Ra1, IL4Ra and STAT6 were

expressed in cultured human bronchial smooth mus-

cle cells [4]. As shown in Figure 1, IL-13 caused

a concentration-dependent phosphorylation of STAT6

protein, indicating that IL-13 is capable of activating

signal transduction in bronchial smooth muscle cells

directly.

STAT6 is one of the major signal transducers acti-

vated by the IL13Ra1-IL4Ra receptor complex with

IL-13 [21]. The association of IL13Ra1 and IL4Ra

chains phosphorylates and activates JAKs, and then

the activated JAKs phosphorylate and activate

STAT6. In mammals, the four members of JAKs, i.e.,

JAK1, JAK2, JAK3, and Tyk2, are known to be asso-

ciated with specific cytokine receptors. However, lit-

tle is known about the major JAK activated by IL-13

in bronchial smooth muscle cells. We thus used four

inhibitors, tyrphostin-AG490, WHI-P131, and tyr-

phostin-AG9, which are specific to JAK2 [20], JAK3 [7,

11, 18], and Tyk2 [15], respectively, and JAK inhibi-

tor-I, which can inhibit all JAKs including JAK1 [10,

16, 17]. Because specific JAK1 inhibitor is currently not

available, JAK inhibitor-I (a non-specific JAKs inhibi-

tor) was used in the present study. As shown in Figure 2,

the IL-13-induced phosphorylation of STAT6 was

significantly inhibited by JAK inhibitor-I but not

by tyrphostin-AG490, WHI-P131, or tyrphostin-AG9.

These findings suggest that JAK1 is the major kinase

that intermediates IL-13-STAT6 signaling in cultured

human bronchial smooth muscle cells.

Kirken and colleagues [6] reported that tyrphostin-

AG490 also effectively inhibited JAK3, resulting in

an inhibition of phosphorylation of STAT5a/b, in hu-

man T lymphocytes stimulated with IL-2, IL-7, IL-9

or IL-15. However, as shown in Figure 2, tyrphostin-

AG490 had no significant effect on the IL-13-induced

phosphorylation of STAT6 in cultured human bron-

chial smooth muscle cells. In addition, a specific

JAK3 inhibitor, WHI-P131, also had no significant ef-

fect on the IL-13-induced phosphorylation of STAT6

(Fig. 2). We have previously reported the lack of ex-

pression of STAT5a/b mRNAs in cultured human

bronchial smooth muscle cells [9]. It is thus possible

that JAK1-STAT6 is the major signaling pathway ac-

tivated by IL-13 in bronchial smooth muscle cells.

In conclusion, the current study clearly showed that

the STAT6 phosphorylation/activation induced by

IL-13 is mediated by an activation of JAK1, but not

JAK2, JAK3, or Tyk2, in cultured human bronchial

smooth muscle cells.
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