
The proximal STAT6 and NF-κB sites are responsible for IL-13-
and TNF-α-induced RhoA transcriptions in human bronchial
smooth muscle cells

Kumiko Gotoa, Yoshihiko Chibaa,*, Kimihiko Matsusueb,d, Yoshiyuki Hattoric, Yoshie
Maitanic, Hiroyasu Sakaia, Shioko Kimurad, and Miwa Misawaa

aDepartment of Pharmacology, School of Pharmacy, Hoshi University, 2-4-41 Ebara, Shinagawa-
ku, Tokyo 142-8501, Japan
bFaculty of Pharmaceutical Science, Fukuoka University, 8-19-1 Nanakuma, Jonan-ku, Fukuoka
814-0180, Japan
cDepartment of Institute of Medicinal Chemistry, School of Pharmacy, Hoshi University, 2-4-41
Ebara, Shinagawa-ku, Tokyo 142-850, Japan
dLaboratory of Metabolism, National Cancer Institute, National Institutes of Health, Bethesda, MD
20892, USA

Abstract
RhoA protein is involved in the Ca2+ sensitization of bronchial smooth muscle (BSM) contraction,
and an upregulation of RhoA in BSMs has been suggested in allergic bronchial asthma. However,
the mechanism of upregulation of RhoA remains poorly understood. In the present study, the
transcriptional regulation of human RhoA gene was investigated in cultured human BSM cells
stimulated with IL-13 and TNF-α, both of which have an ability to upregulate RhoA protein.
Luciferase-based assay showed that the RhoA promoter activity was augmented by both IL-13 and
TNF-α. The deletion studies revealed a significant level of promoter activity between the 112 bp
upstream and the transcription start site, which contains the STAT6 (78–70 bp upstream) and NF-
κB (84–74 bp upstream) binding regions. The promoter activity was also decreased significantly
by the mutations of these regions. Thus, the current study for the first time characterized the
transcriptional regulation of the human RhoA gene. The findings also suggest that STAT6 and
NF-κB are important for the upregulation of RhoA in human BSM induced by IL-13 and TNF-α,
both of which are major cytokines in the pathogenesis of allergic bronchial asthma.
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1. Introduction
Airway hyperresponsiveness (AHR) associated with heightened airway resistance and
inflammation is an asthmatic characteristic feature. Although the importance of AHR in the
pathogenesis of asthma has been suggested by its relevance to the severity of this disease,
the pathophysiologic alterations leading to the hyperresponsiveness are unclear now. It has
been demonstrated that smooth muscle responsiveness to contractile agonists was
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significantly increased in bronchial preparations from repeatedly antigen challenged rats [1].
It is thus important to understand the changes in the contractile signaling of airway smooth
muscle cells associated with the disease for development of new types of asthma therapy.

Smooth muscle contraction is mainly regulated by an increase in cytosolic Ca2+

concentration in myocytes. Recently, additional mechanism, termed Ca2+ sensitization, has
also been suggested to be involved in the agonist-induced smooth muscle contraction. It has
been demonstrated that agonist stimulation increases myofilament Ca2+ sensitivity in
permeabilized smooth muscles of the rat coronary artery [2], guinea pig vas deferens [3],
canine trachea [4], and rat bronchus [5]. Although the detailed mechanism is not fully
revealed, the involvement of RhoA, a monomeric GTP-binding protein, in agonist-induced
Ca2+ sensitization has been suggested by many investigators [6]. Previously, we
demonstrated that the Ca2+ sensitization of the bronchial smooth muscle (BSM) contraction
was markedly augmented concomitantly with an increased expression of RhoA protein in
the AHR rats and mice [7,8]. Moreover, an augmented RhoA-mediated Ca2+ sensitization of
smooth muscle contraction has been reported in experimental animal models of diseases,
such as hypertension [9–11], and coronary [2,12,13] and cerebral vasospasms [14,15]. It is
thus possible that RhoA-mediated signaling is a crucial key for understanding the abnormal
contraction of diseased smooth muscles.

IL-13 is a Th2 cytokine that has emerged as a critical regulator of inflammatory immune
responses with key roles in asthma [16,17]. IL-13 can be detected in the bronchial tissue
[18], nasal lavage fluid [19], and induced sputum [18] of asthmatics. Following segmental
allergen challenge, bronchoalveolar lavage (BAL) fluid contains IL-13 mRNA [20] and
protein [21], indicating that the cytokine is generated in the lungs in response to respiratory
provocation. Transgene pulmonary overexpression of IL-13 in mice is associated with
several key pathological features of airway inflammation and remodeling, also observed in
patients with chronic severe asthma, including lymphocyte and eosinophil accumulation,
mucus cell metaplasia, subepithelial fibrosis and AHR [22]. Several studies indicate the
importance of direct effects on airway smooth muscle (ASM) and epithelial cells in causing
AHR [23,24]. ASM cells express functional IL-13 receptors, and IL-13 is also linked to an
augmented ASM contractility in rabbit tracheal strips [21].

On the other hand, TNF-α, one of the proinflammatory cytokines released from
inflammatory cells, is directly linked to the airway inflammation and hyperresponsiveness
[25]. TNF-α is elevated in the sputa and BAL fluids of patients with bronchial asthma
[26,27]. Increased levels of TNF-α have also been detected in the BALFs of sensitized
animals after challenge with antigen in mouse and guinea pig models of lung inflammation
[28,29]. In addition, incubation of airway smooth muscle tissues with TNF-α augments
contractile response to agonists in mice, guinea pigs and rats [30–32]. TNF-α blockade with
anti-TNF-α antibody resulted in a significant inhibition of AHR without affecting airway
eosinophilia and inflammation in mice [33].

Thus, both IL-13 and TNF-α might have an ability to cause BSM hyperresponsiveness.
However, the mechanisms of IL-13- and TNF-α-induced BSM hyperresponsiveness are not
clear. Here, we show that the associations of STAT6 and NF-κB with the proximal STAT6
site and NF-κB site in the RhoA promoter are required for RhoA upregulation induced by
IL-13 or TNF-α in hBSMCs.
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2. Materials and methods
2.1. Chemicals

All biochemicals were of analytical grade and were purchased from commercial suppliers:
recombinant human IL-13 (Peprotech, Paris, France), recombinant human TNF-α
(Peprotech), and BMS-345541 (Sigma–Aldrich, MO). AS1517499 were kindly provided
Astellas Pharma Inc. (Tokyo, Japan).

2.2. Cell culture and sample collection
Normal human BSM cells (hBSMCs; Cambrex Bio Science Walkersville, Inc., MD) were
maintained in SmBM medium (Cambrex) supplemented with 5% FBS, 2 ng/mL human
fibroblast growth factor-basic (hFGF-b), 0.5 ng/mL human epidermal growth factor (hEGF),
5 μg/mL insulin, 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 hBSMCs (passages 6–9) were seeded in
6-well plates (Becton Dickinson Labware, NJ) and at a density of 3500 cells/cm2 and, when
80–85% confluence was observed, cells were cultured without serum for 24 h before
addition of recombinant human IL-13 or recombinant human TNF-α. The culture technique
was used in experiments involving stimulation with 100 ng/mL IL-13 or 10 ng/mL TNF-α
or sterile PBS as its vehicle control for 24 h. AS1517499, a STAT6 inhibitor, or
BMS-345541, an IKK inhibitor, was co-incubated with IL-13 or TNF-α. Cells were washed
with PBS, immediately collected and disrupted with 1× SDS sample buffer (200 μL/well),
and used for Western blot analyses. For RNA extraction, TRI Reagent™ (1 mL/well; Sigma–
Aldrich) was added directly to the washed cells.

2.3. RNA interference
RNA interference was performed on hBSMCs using Lipofectamine 2000 (Invitrogen Life
Technologies, CA) according to the manufacturer’s instructions. For target gene silencing,
Silencer Select Validated small interference RNAs (siRNAs; Ambion, TX) targeting human
p65 (GenBank Accesion No. NM 021975), human STAT6 (GenBank Accesion No. NM
003153), and negative control were diluted and stored according to the manufacturer’s
instructions. The hBSMCs at 30–50% confluence were transfected with a final concentration
of 50 nM of target siRNA or negative control. Cells were cultured without serum for 24 h
before addition of recombinant human IL-13 or recombinant human TNF-α and analyzed 72
h after the transfection.

2.4. Real-time RT-PCR
The quantitative analyses of mRNA levels of RhoA were examined by real-time RT-PCR as
described previously [34]. Briefly, total RNA was extracted from hBSMCs with a one-step
guanidium–phenol–chloroform extraction procedure using TRI Reagent™. cDNAs were
prepared from the total RNA (1.0 μg) by using QuantiTect Reverse Transcriptase (Qiagen,
Germany) after incubation with gDNA wipeout buffer at 42 °C for 3 min to remove genomic
DNA contamination. The reaction mixture (2 μL) was subjected to PCR (50 nM forward
and reverse primers, iQ SYBR Green Supermix (BIO RAD, CA) in a final volume of 20 μL.
The PCR primer sets used were as follows: Hs RHOA 1 SG QuantiiTect Primer Assay
(Qiagen) for RhoA of human, 5′-GGAGCCAAAAGGGTCATCATCTC-3′ (sense) and 5′-
AGGGATGATGTTCTGGAGAGCC-3′ (antisense) for GAPDH of human, which were
designed from published sequences (GenBank Accesion No. NM 001664, NM 057132,
respectively). The thermal cycle profile used was 1) denaturing for 30 s at 95 °C, 2)
annealing primers for 30 s at 60 °C. The PCR amplification was performed at 40 cycles.
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Data are expressed as the relative expression to GAPDH mRNA as a house-keeping gene
using the 2−ΔΔCT method [34].

2.5. Western blot analyses
The samples (10 μg of total protein per lane) were subjected to 15% SDS-PAGE, and the
proteins were then electrophoretically transferred to a polyvinylidene fluoride (PVDF)
membrane. After blocking with 3% gelatin, the PVDF membrane was incubated with
polyclonal rabbit anti-RhoA (1:2500 dilution; Santa Cruz Biotechnology, Inc., CA)
overnight. Then the membrane was incubated with horseradish peroxidase-conjugated
donkey anti-rabbit IgG (1:2500 dilution; Amersham Biosciences, Co., NJ), detected by an
enhanced chemiluminescent system (Amersham Biosciences) and analyzed by a
densitometry system. Detection of house-keeping gene was also performed on the same
membrane by using polyclonal monoclonal mouse anti-β-actin (1:5000 dilution; Sigma–
Aldrich) samples to confirm the same amount of proteins loaded.

2.6. Construction of human RhoA-luciferase promoter plasmids
For the reporter assay, a human RhoA genomic fragment from nt-1248 to +21 was obtained
by PCR amplification using the human genomic DNA isolated from hBSMCs as a template.
The forward primer contained a KpnI restriction site and reverse primer contained a BglII
restriction site. The PCR primer sets used were as follows: 5′-
GACTCCGGGAGCTCAAAATAGC-3′ (sense) and 5′-
GCGCACTCACAGATCTTCCACTAT-3′ (antisense), which were designed from
published sequences (GenBank Accesion No. NC 000003). The PCR product was digested
by KpnI (−1241) and BglII (+8), and inserted into the pGL4.10 vector (Promega, WI). Five
5′-deletion constructs thus obtained (pGL4-1160, -564, -342, -197 and -112) were
sequenced to determine the exact sequences. Point mutations of putative STAT6 site and
putative NF-κB site within human RhoA promoter were made in the reporter construct,
pGL4-1241. The forward primer contained a KpnI restriction site and reverse primer
contained a BglII restriction site. The primers used to introduce point mutations are:
mSTAT6, 5′-
CCGGGAGCTCAAAATAGCAACCAGGTCTTTTATAGCCCCGGAGTTCCCCAGATG
CCC-3′ (sense); mNF-κB, 5′-
CCGGGAGCTCAAAATAGCAACCAGGTCTTTTATAGCCCGCGTGTTCCCGTGAT-3
′ (sense) and 5′-GCGCACTCACAGATCTTCCACTAT-3′ (antisense), which were
designed from published sequences (GenBank Accesion No. NC 000003). The PCR product
was digested by KpnI and BglII, and inserted into the pGL4.10 vector. The putative STAT6
site and NF-κB site are underlined; boldface indicates the mutation site.

2.7. Luciferase assay
The hBSMCs were seeded in 96-well tissue culture plates, grown to 80% confluence, and
transfected with pGL4 reporter plasmids containing various lengths of the human RhoA
gene promoter using Lipofectamine 2000 (Invitrogen Life Technologies) according to
manufacturer’s instructions. Cells were cultured without serum for 24 h before addition of
recombinant human IL-13 or recombinant human TNF-α. Luciferase assay was performed
using ONE-Glo™ Luciferase assay system (Promega) 72 h after transfection in accordance
with the manufacturer’s instructions. Luciferase activity was measured with a Wallac 1420
ARVOsx multilabel counter (PerkinElmer, MA).
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2.8. Statistical analyses
All the data were expressed as the mean with S.E.M. Statistical significance of difference
was determined by ANOVA with post hoc Bonferroni/Dunn (StatView for Macintosh ver.
5.0, SAS Institute, Inc., NC). A value of p < 0.05 was considered as significant.

3. Result
3.1. Involvement of STAT6 and NF-κB in the upregulation of RhoA in hBSMCs

IL-13 binds to cell surface receptor complexes, IL-13 receptor α1 (IL13Rα1) and IL-4
receptor α (IL-4 Rα), leading to the activation of STAT6 that is capable of binding to STAT
binding site in the promoters of various IL-13-responsive genes. The phosphorylation of
STAT6 was observed when the hBSMCs were treated with IL-13 (100 ng/mL) for 1 h [8].
To determine the role of STAT6 in the IL-13-induced upregulation of RhoA, the cells were
also treated with AS1517499, a STAT6 inhibitor [35], in hBSMCs (Fig. 1). The
phosphorylation of STAT6 induced by 100 ng/mL of IL-13 for 1 h was significantly
inhibited by AS1517499 in a concentration-dependent manner (data not shown). As shown
in Fig. 1, the increase in RhoA expression induced by IL-13 was partially inhibited by the
treatment with AS1517499. To further confirm the involvement of STAT6, we used RNA
interference to knock down the expression of STAT6, and examined the effect of its specific
knockdown on IL-13-induced RhoA upregulation in hBSMCs (Fig. 2C). Protein expression
was completely lost 3 days after transfection (Fig. 2A). As shown in Fig. 2C, the depletion
of STAT6 partially inhibited the IL-13-induced RhoA upregulation.

We previously reported that IL-13 also activates NF-κB via IKK activation in hBSMCs
[36]. Thus, the role of NF-κB in the IL-13-induced RhoA upregulation was examined using
BMS345541, an IKK inhibitor, and siRNA against p65. The effect of siRNA was confirmed
as shown in Fig. 2B. The increase in RhoA expression induced by IL-13 was partially
inhibited by the treatment with BMS345541 (Fig. 1) or transfection with p65 siRNA (Fig.
2C).

In addition, inhibition of both STAT6 and NF-κB completely abolished RhoA upregulation
induced by IL-13 in hBSMCs (Figs. 1 and 2C). Therefore, these observations indicate that
IL-13 upregulates RhoA via activation of both STAT6 and NF-κB.

3.2. Involvement of NF-κB in TNF-α-induced RhoA upregulation in hBSMCs
TNF-α binds to cell surface receptor, TNF-α receptor 1 (TNFR1), leading to the activation
of NF-κB that is capable of binding to NF-κB binding site in the promoters of various TNF-
α-responsive genes. In our previous study, the increase in the nuclear p65 was observed
when cells were stimulated with 10 ng/mL of TNF-α for 30 min, and the increase in nuclear
p65 induced by TNF-α was significantly inhibited by BMS-345541 in a concentration-
dependent manner in hBSMCs [37]. Furthermore, TNF-α-induced increase in RhoA protein
was inhibited by BMS-345541 [37]. In the present study, to further determine the role of
NF-κB in the TNF-α-induced upregulation of RhoA, we used RNA interference to knock
down the expression of NF-κB, and examined the effect of its specific knockdown on TNF-
α-induced RhoA upregulation in hBSMCs (Fig. 3). TNF-α had no effect on the
phosphorylation of STAT6 in hBSMCs (data not shown).

3.3. Identification of IL-13- and TNF-α-responsive elements in human RhoA gene promoter
To examine whether the expression of human RhoA is regulated by the activation of
transcription factors, STAT6 and NF-κB, we analyzed the promoter of the human RhoA
gene. Reporter constructs containing the sequence from −1241 to +8 were prepared and
transfected to hBSMCs. As shown Fig. 4A, luciferase activity was increased after IL-13 or
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TNF-α stimulation compared with nonstimulation. We then used TFSEARCH, a computer
program for searching transcription factor binding sites, to analyze the promoter region of
the RhoA gene from nt-1238 to the transcription start site. Four putative STAT6 binding
sites, at nt-518 to -510, nt-271 to -263, nt-191 to -183, and nt-78 to -70 and three putative
p65 binding sites, at nt-1202 to -1191, nt-1099 to -1090, and nt-84 to -74, were identified as
shown in Table 1. To determine which binding site is IL-13- or TNF-α-responsible for
RhoA promoter activity, we prepared a series of 5′-deletion mutations of RhoA promoter
(Fig. 4A). Deletion of nt-1241 to -112 had minimal effect on IL-13- or TNF-α-responsive
luciferase activity despite the lack of two p65 binding sites and three STAT6 binding sites.
However, deletion of nt-112 to +8 markedly decreased IL-13- or TNF-α-responsive
luciferase activity (Fig. 4A).

Next, we prepared mutants that had 2- or 3-nt mutations at putative proximal NF-κB site
(nt-84 to 74) and putative STAT6 site (nt-78 to 70). The promoter activities were markedly
reduced by these mutants (Fig. 4B): the IL-13-induced increase in promoter activity was
sensitive both to STAT6 and NF-κB mutants, whereas the TNF-α-induced activity was
sensitive only to NF-κB mutants. Similar results were also obtained when the pGL4-1241-
tranfected cells were treated with AS1517499 and/or BMS345541 (Fig. 5).

4. Discussion
Airway smooth muscle is an important effector tissue regulating bronchomotor tone. It has
been suggested that modulation of airway smooth muscle by inflammatory mediators such
as cytokines may play an important role in the development of airway hyperresponsiveness
[38], one of the characteristic features of patients with allergic bronchial asthma. In our
animal model of allergic bronchial asthma, an increased contractility of isolated bronchial
smooth muscle to contractile agonists has also been found [39,40]. The augmented bronchial
smooth muscle contraction induced by antigen challenge has reportedly been associated with
an upregulation of RhoA, a small GTPase that is involved in the agonist-induced Ca2+

sensitization of smooth muscle contraction [6,41]. An importance of RhoA and its
downstream Rho-kinases was also demonstrated in contraction of human bronchial smooth
muscle [42], and the RhoA/Rho-kinase pathway has now been proposed as a new target for
the treatment of AHR in asthma [43]. Therefore, understanding the regulation of RhoA
upregulation is even more crucial under clinical consideration.

The current study revealed that an upregulation of RhoA was observed by IL-13 via
activation of both STAT6 and NF-κB (Figs. 1 and 2). An upregulation of RhoA was also
observed by TNF-α via activation of NF-κB in hBSMCs (Fig. 3). The most proximal
STAT6 binding site and NF-κB binding site were indispensable to the induction of RhoA
transcription by stimulation of IL-13 and TNF-α (Fig. 4). The increased luciferase activity
by IL-13 or TNF-α was inhibited by STAT6 inhibitor and/or NF-κB inhibitor (Fig. 5).
These observations indicate that the association of STAT6 and NF-κB with the proximal
STAT6 site and NF-κB site in the RhoA promoter is required for induction of upregulation
of RhoA by IL-13 and TNF-α.

The upstream genomic DNA sequence of human RhoA contains several STAT6 binding
sites—nt-518 (from the transcription start site) to -510, nt-271 to -263, nt-191 to -183, and
nt-78 to -70 and p65 binding sites—nt-1202 to -1191, nt-1099 to -1090, and nt-84 to -74
(Table 1)—when analyzed using the TFSEARCH program (http://mbs.cbrc.jp/research/db/
TFSEARCH.html). Our data of luciferase assay indicate for the first time that the proximal
STAT6 binding site located at nt-78 to -70 and NF-κB binding site located at nt-84 to -74
are responsible for the transcription of RhoA gene by the stimulation of IL-13 or TNF-α
(Fig. 4). Matsukura et al. and Hoeck et al. demonstrated that a similar overlapping sequence
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regulated expression of eotaxin-1 by stimulation of IL-4 and TNF-α [44,45]. Sauzeau et al.
[46] reported that RhoA expression is augmented by NO through activation of cGMP/CRE
in rat vascular smooth muscle cells. Therefore, it would be interesting to clarify the
mechanism by which different stimuli induce different pathway of signal transduction and
distinct sets of transcription factors to induce the expression of RhoA gene.

As well as our previous findings that both the STAT6 phosphorylation and RhoA
upregulation induced by IL-13 were inhibited by leflunomide, tyrosine kinase inhibitor (250
μM) [8], the treatment of hBSMCs with a STAT6 siRNA (Fig. 2C) or a STAT6 inhibitor
AS1517499 (Fig. 1) partly inhibited the upregulation of RhoA induced by IL-13. Treatment
with a STAT6 inhibitor AS1517499 partly inhibited the promoter activity of RhoA induced
by IL-13 (Fig. 5). Because IL-13 activated not only STAT6 but also NF-κB in hBSMCs
[36], we currently examined the role of NF-κB in RhoA upregulation induced by IL-13.
Treatment of hBSMCs with a p65 siRNA (Fig. 2C) or an IKK inhibitor (Fig. 1) partly
inhibited the IL-13-induced RhoA upregulation. Treatment with an IKK inhibitor partly
inhibited the promoter activity of RhoA induced by IL-13 (Fig. 5). In addition, depletion of
both STAT6 and NF-κB using siRNAs (Fig. 2C) or inhibitors abolished RhoA upregulation
induced by IL-13. These findings indicate that the activation of STAT6 and NF-κB in
hBSMCs are involved in the IL-13-induced transcription of RhoA.

Our previous findings that both the NF-κB translocation to nuclei and RhoA upregulation
induced by TNF-α were inhibited by BMS-345541, an IKK inhibitor, concentration-
dependently [37]. In the present study, the treatment of hBSMCs with a p65 siRNA
completely inhibited RhoA upregulation induced by TNF-α (Fig. 3). The treatment of
hBSMCs with a BMS345541 completely inhibited RhoA promoter activity induced by TNF-
α (Fig. 5). These results indicate that the activation of NF-κB in hBSMCs is involved in the
TNF-α-induced RhoA transcription. However, a STAT6 siRNA or a p65 siRNA had no
effect on RhoA expression in nonstimulated hBSMCs (Figs. 2C and 3). These findings
indicate that STAT6 and NF-κB is involved in upregulation of RhoA induced by IL-13 or
TNF-α, but not involved in basal expression of RhoA in hBSMCs.

In conclusion, the current study clearly demonstrated the importance of STAT6 and NF-κB
activation in the RhoA transcription induced by IL-13 or TNF-α. Therefore, we suggest that
activated STAT6 and NF-κB by augmentation of IL-13 and TNF-α bind respective
proximal binding sites in RhoA promoter region to induce RhoA upregulation in bronchial
smooth muscle in allergic asthma.
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BSM bronchial smooth muscle

IL interleukin

TNF tumor necrosis factor

STAT signal transducer and activator of transcription

NF-κB nuclear factor κB

AHR airway hyperresponsiveness
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hBSMCs human bronchial smooth muscle cells

IKK IκB kinase

siRNA small interfering RNA

hFGF-b human fibroblast growth factor-basic

hEGF human epidermal growth factor

PVDF polyvinylidene fluoride

Tyk tyrosine kinase

ANOVA analysis of variance
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Fig. 1.
Inhibitory effects of AS1517499, a STAT6 inhibitor, and BMS-345541, an IκB kinase
inhibitor, on the upregulation of RhoA induced by IL-13 (100 ng/mL, for 24 h) in hBSMCs.
Proteins of hBSMCs were assayed for RhoA by immunoblotting. (Upper photos) Typical
blots for RhoA and β-actin. The expression levels of RhoA are summarized in lower panel.
Values are the means with S.E.M. from 5 independent experiments. ***p < 0.001 vs.
Cont, #p < 0.05, ##p < 0.01 and ###p < 0.001 vs. IL-13 alone by two-way ANOVA with post
hoc Bonferroni/Dunn’s test.
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Fig. 2.
Inhibitory effects of STAT6 siRNA and p65 siRNA on the upregulation of RhoA induced by
IL-13 (100 ng/mL, for 24 h) in hBSMCs. (A, B) The effects of siRNAs were assayed by
immunoblotting using the indicated antibodies after the transfection with siRNAs as
described in Section 2. (C) Proteins of hBSMCs were assayed for RhoA by immunoblotting.
(Upper photos) Typical blots for RhoA and β-actin. The expression levels of RhoA are
summarized in lower panel. Values are the means with S.E.M. from 3 independent
experiments. ***p < 0.001 vs. Cont siRNA, ##p < 0.01 and ###p < 0.001 vs. IL-13 + Cont
siRNA by two-way ANOVA with post hoc Bonferroni/Dunn’s test.
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Fig. 3.
Inhibitory effects of p65 siRNA on the upregulation of RhoA induced by TNF-α (10 ng/mL,
for 24 h) in hBSMCs. Proteins of hBSMCs were assayed for RhoA by immunoblotting.
(Upper photos) Typical blots for RhoA and β-actin. The expression levels of RhoA are
summarized in lower panel. Values are the means with S.E.M. from 3 independent
experiments. ***p < 0.001 vs. Cont siRNA, ##p < 0.01 and ###p < 0.001 vs. TNF-α+ Cont
siRNA by two-way ANOVA with post hoc Bonferroni/Dunn’s test.
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Fig. 4.
Determination of the IL-13- or TNF-α-responsive region in the human RhoA gene
promoter. (A) Human BSMCs were transfected with luciferase reporter plasmids containing
various lengths (−1241, −1160, −564, −342, −197 and −112/+ 8 bp) of the human RhoA
gene promoter. Putative STAT6 binding site and NF-κB binding site are indicated by the
illustration on the left. (B) Mutation analysis. The mutation of proximal STAT6 or NF-kB
site abrogates the RhoA promoter activities of pGL4-1241 construct. Luciferase assays were
performed in hBSMCs with no stimulation, IL-13 (100 ng/mL) or TNF-α (10 ng/mL) for 24
h. Values are the means with S.E.M. from 6 independent experiments.
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Fig. 5.
Inhibitory effects of AS1517499, a STAT6 inhibitor, and BMS-345541, an IκB kinase
inhibitor, on the promoter activity of RhoA induced by IL-13 (100 ng/mL, for 24 h) or TNF-
a (10 ng/mL, for 24 h) in hBSMCs. Promoter activity of pGL4-1241 construct were
measured by luciferase assay. Values are the means with S.E.M. from 5 independent
experiments. ***p < 0.001 vs. Cont, ++p < 0.01, +++p < 0.001 vs. IL-13 alone, and ###p <
0.001 vs. TNF-α alone by two-way ANOVA with post hoc Bonferroni/Dunn’s test.
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Table 1

Sequence and position of STAT6 and NF-kB binding sites in human RhoA promoter.

Transcription factor Position Sequence

NF-κB nt-1202 to -1191 ATGGACTGTCCA

NF-κB nt-1099 to -1090 GAGAACTCCC

STAT6 nt-518 to -510 TTCCCGTAG

STAT6 nt-271 to -263 TTCCGGGAC

STAT6 nt-191 to -183 TTCGGGGAG

NF-κB nt-84 to -74 CCGGAGTTCCC

STAT6 nt-78 to -70 TTCCCGTGA
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