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Abstract. The Runt‑related transcription factor (RUNX) gene 
family consists of three members, RUNX1, ‑2 and ‑3, which 
heterodimerize with a common protein, core‑binding factor β, 
and contain the highly conserved Runt‑homology domain. 
RUNX1 and ‑2 have essential roles in hematopoiesis and 
osteogenesis. Runx3 protein regulates cell lineage decisions in 
neurogenesis and thymopoiesis. The aim of the present study 
was to determine the expression features of the Runx3 protein 
in a murine asthma model. In vivo, Runx3 protein and mRNA 
were found to be almost equivalently expressed in the murine 
lung tissue of the control, ovalbumin (OVA) and genistein 
groups; however, the nuclear Runx3 protein was abated in lung 
tissue in OVA‑immunized and challenged mice. Following 
treatment with genistein, which is a flavonoid previously 
demonstrated to decrease airway inflammation in asthma, the 
allergic airway inflammation and airway hyper‑responsiveness 
were attenuated and the Runx3 protein tended to augment in 
the nucleus. These results were further determined in vitro. 
These results indicated that the mislocalization of Runx3 
protein is a molecular mechanism of allergic inflammation 
and airway hyper‑responsiveness in a murine asthma model.

Introduction

Asthma is a chronic allergic inflammatory disease of airways 
that lymphocytes, eosinophils, macrophages and mast cells 
are associated with. In the majority of patients with asthma, 
allergen‑specific T helper‑type (Th)2 cells have been previously 

reported to be present in the lungs  (1). Th2 cells produce 
cytokines that regulate allergen‑specific synthesis of immuno-
globulin E (IgE), eosinophil recruitment, mast cell growth and 
recruitment and airway hyper‑reactivity (AHR), which is the 
primary symptom of asthma.

The function and differentiation of each T‑cell subset are 
controlled by a subset‑specific master transcription factor. As is 
evidenced by previous in vitro experiments (2‑5), Runt‑related 
transcription factor 3 (Runx3) interplays with these regula-
tory factors in various aspects of T cell‑mediated immunity. 
Furthermore, previous studies have demonstrated that Runx3 
acts as a Th1/Th2 determinant that activates the Th1 and 
represses the Th2 pathway (2,3,6).

Previous findings have suggested that Runx3 may be asso-
ciated with the pathogenesis of asthma. Runx3 knockout mice 
have been demonstrated to develop spontaneous eosinophilic 
lung inflammation  (7) and physiological conditions typi-
cally associated with asthma, including hypersensitivity to 
inhaled lipopolysaccharide, increased levels of serum IgE and 
AHR (8). In humans, the gene encoding Runx3 is located in a 
region of chromosome 1p36 (9), which also contains genes that 
have been suggested to induce asthma and hypersensitivity to 
environmental antigens (10,11).

However, the molecular mechanism of Runx3 in asthma 
remains elusive. The regulation of Runx3 is dependent on its 
substrate level tyrosine phosphorylation (12). Inducible T‑cell 
kinase (ITK), a member of the Tec family of tyrosine kinases, 
is specifically expressed in T‑cells (13); therefore, Runx3 may 
be a downstream transcription factor of ITK in signaling 
pathways that mediate asthma. Genistein, which is an inter-
leukin‑2‑ITK inhibitor, has been previously demonstrated to 
decrease airway inflammation in allergic asthma (14), which 
was used to support the hypothesis that Runx3 is a downstream 
transcription of ITK signaling pathways.

Materials and methods

Mice. A total of 24 male Balb/c mice were purchased from 
Shanghai Laboratory Animal Centre (Shanghai, China). 
Mice (age, 6‑8 weeks old; weight, 20‑25 g) and were housed 
under specific pathogen‑free conditions (humidity, 50‑60%; 
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temperature, 18‑22˚C) and exposed to a 12 h light‑dark cycle. 
Mice had free access to food and water and all procedures 
were in accordance with the guidelines of the Animal Care 
Committee of Nanjing Medical University (Nanjing, China). 
The present study was approved by the Ethics Committee 
of Wuxi People's Hospital Affiliated to Nanjing Medical 
University.

Ovalbumin (OVA) sensitization, challenge and treatment. 
Balb/c mice were randomly divided into the control, asthmatic 
and genistein groups (n=8 in each) using a random number 
table. Mice in the asthmatic and genistein groups were sensi-
tized on days 0 and 7 by intraperitoneal injection of 100 µg 
OVA (grade  II; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) with 100  µl of 10% aluminum hydroxide gel. 
Two weeks post‑sensitization, mice were exposed to aero-
solized 1%  OVA for 30  min/day in an exposure chamber 
(15x20x15 cm) to sensitize the airways, for seven successive 
days. For inhalation, OVA was dissolved in saline and aero-
solized at 1 ml/min using an ultrasonic nebulizer (NE‑U11B; 
Omron Co., Kyoto, Japan). Mice in the genistein group were 
administered 40 mg/kg genistein (Rongli Pharmaceutical 
Research Institute; Shijiazhuang, China) by interperitoneal 
injection 30 min prior to OVA exposure. The control group 
received an intraperitoneal injection of 0.1 ml saline and 
inhaled aerosolized saline.

Assessment of airway responsiveness to methacholine. 
Whole‑body plethysmography was performed to measure 
airway hyper‑responsiveness 24 h following the final OVA 
exposure. Mice were anesthetized by intraperitoneal injection 
with 70 mg/kg pentobarbital sodium (Sigma‑Aldrich; Merck 
KGaA) and tracheostomized. Mice were subsequently placed 
in a whole‑body plethysmograph and mechanically ventilated 
using an animal ventilator (AniRes2003; Beijing SYNOL 
High‑Tech Co., Ltd., Beijing, China) at a rate of 120‑150 
breaths/min, with a tidal volume of 0.2 ml. Following detec-
tion of stable baseline lung resistance, increasing methacholine 
doses (3.125, 6.25, 12.5, 25 and 50 mg/ml) were administered 
by aerosol for 10 sec using an ultrasonic nebulizer, and lung 
resistance was recorded for 5 min. Maximum values of lung 
resistance were recorded.

Lung histology. The left lungs of mice were inflated with and 
fixed by immersion in 10% neutral buffered formalin. The 
tissue was routinely processed, embedded in paraffin and cut to 
5‑µm slices. The sections were stained with hematoxylin and 
eosin (H&E; Beyotime Institute of Biotechnology, Haimen, 
China) and observed under a microscope (Olympus‑IX71; 
Olympus, Tokyo, Japan).

Isolation of splenic mononuclear cells and culture conditions. 
Two weeks post‑immunization, mice were sacrificed via 
cervical dislocation and their spleens were aseptically excised 
and placed in RPMI 1640 medium (Thermo Fisher Scientific, 
Inc., Waltham MA, USA). The spleens were coarsely chopped 
and single‑cell suspensions were prepared by passing the tissue 
through a 75‑µm nylon tissue strainer. Cells were subsequently 
washed in RPMI 1640 medium and erythrocytes were lysed 
with ammonium chloride reagent (BD Pharmingen, San Diego, 

CA, USA). Cells were cultured in RPMI 1640 supplemented 
with 10% fetal calf serum, 2 mM L‑glutamine, 100 U/ml peni-
cillin, and 100 µg/ml streptomycin (all from Thermo Fisher 
Scientific, Inc.) at a density of 1x106/ml (6 ml/well) in 6‑well 
culture plates. Cells were cultured with 100 µg/ml OVA alone 
(OVA group), 100 µg/ml OVA and 1.2 µm 5‑aminomethyl-
benzimidazole (ITK inhibitor group; Boehringer Ingelheim 
International GmbH; Ingelheim, Germany) or not cultured 
with OVA or aminomethylbenzimidazole (Control group). 
Subsequently, all cells were incubated in a humidified atmo-
sphere containing 5% CO2 at 37˚C for 24 h. Supernatants and 
cell pellets were subsequently harvested and subject to assess-
ment of interleukin (IL)‑4 and interferon (IFN)‑γ release, 
and Runx3 protein and mRNA expression, respectively, as 
described below.

Reverse‑transcription quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the lung tissues 
from the three groups and cultured splenic mononuclear cells 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Equal 
amounts of total RNA (1 µg), as determined using an ultra-
violet spectrophotometer, were used in a 20‑µl complementary 
(c)DNA synthesis reaction system (Takara Bio, Inc., Otsu, 
Japan) that consisted of SYBR Premix Ex Taq II (2x, 10.0 µl), 
PCR forward primer (10 µM, 0.8 µl), PCR reverse primer 
(10 µM, 0.8 µl), ROX Reference Dye II (50x, 0.4 µl), DNA 
template (2.0 µl), dH2O (6.0 µl). PCR cycling conditions were 
as follows: 95.0˚C for 30 sec; 40 cycles of 95˚C (denaturation) 
for 5 sec, 60˚C (annealing) for 34 sec; and a dissociation stage 
of 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec. Control 
reactions without reverse transcriptase, were run in parallel. 
Prior to cDNA synthesis, residual genomic DNA was removed 
from total RNA using a DNA Eraser (Takara Bio, Inc.). qPCR 
was performed using a 7500 Real‑time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) with SYBR‑Green. 
PCR reactions were performed in triplicate, and the threshold 
cycle numbers were averaged. Gene expression levels were 
normalized to murine β‑actin (ACTB). The relative mRNA 
expression levels were calculated according to the comparative 
Cq method in which the relative expression equals 2‑ΔΔCq (15). 
PCR primers were designed and synthetized by Takara Bio, 
Inc., as follows: Murine Runx3 forward, 5'‑GAA​CGG​TGG​
TGA​CCG​TGA​TG‑3' and reverse, 5'‑TTG​GTG​AAC​ACG​GTG​
ATT​GTG​A‑3'; and murine ACTB forward, 5'‑CAT​CCG​TAA​
AGA​CCT​CTA​TGC​CAA​C‑3' and reverse, 5'‑ATG​GAG​CCA​
CCG​ATC​CAC​A‑3' as an internal control.

Western blot analysis. Lung tissues and splenic mononuclear 
cells were lysed in lysis buffer containing 1% Triton X‑100, 
50 mM Tris‑HCl (pH 7.4), 150 mM NaCl, 1% sodium deoxy-
cholate, 0.1% SDS, sodium orthovanadate, sodium fluoride, 
EDTA, leupeptin and 1 mM phenylmethylsulfonylfluoride 
for extraction of total protein. Nuclear protein was isolated 
from lung tissue and splenic mononuclear cells using a nuclei 
protein extraction kit (CW Biotech Co., Ltd., Beijing, China; 
cat. no. 07142011) according to the manufacturer's instructions. 
Protein concentration was determined using the bicinchoninic 
acid assay. A total of 40‑60 µg protein lysates were separated by 
10% SDS‑PAGE and transferred to polyvinylidenedifluoride 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  14:  2695-2701,  2017 2697

membranes (EMD Millipore, Billerica, MA, USA). Unspecific 
binding was blocked with 5% milk in Tris‑buffered saline and 
Tween (TBST), and membranes were subsequently incubated 
with a 1:5,000 dilution of mouse anti‑Runx3 (R 3‑1E10; cat. 
no. D236‑3; Medical and Biological Laboratories Co., Ltd., 
Nagoya, Japan), a 1:5,000 dilution of mouse anti‑actin (5A7; 
cat. no. M20010; Abmart Inc., Shanghai, China) or a 1:1,000 
dilution of rabbit anti‑histone H3 (D1H2; cat. no. 4499; Cell 
Signaling Technology, Inc., Danvers, MA, USA) in blocking 
buffer containing 5% milk in TBST overnight at 4˚C. The 
membranes were washed three times with TBST. Blots were 
developed with a 1:5,000 dilution of anti‑mouse (cat. no. 0102s; 
CW Biotech Co., Ltd.) or a 1:5,000 dilution of anti‑rabbit 
(cat. no.  0103s; CW Biotech Co., Ltd.) IgG horseradish 
peroxidase‑labeled monoclonal antibody at room temperature 
for 1.5 h. Following incubation, the blots were washed three 
times using TBST. Immune complexes were detected using an 
enhanced chemiluminescence system (EMD Millipore) and 
blots were analyzed using Image J v2.1.4.7 (National Institutes 
of Health, Bethesda, MA, USA).

ELISA. IL‑4 and IFN‑γ levels in the supernatant fluid of 
cultured cells were detected using Mouse IL‑4 ELISA kit 
and Mouse IFN‑γ ELISA kit according to the manufacturer's 
protocol (eBioscience, Inc., San Diego, CA, USA).

Statistical analysis. Experiments were performed at least 
three times and statistical analysis was conducted using 
SPSS software (version 19.0; IBM SPSS, Armonk, NY, USA). 
Values are presented in bar graphs as the mean with error bars 
indicating the standard error of the mean. The differences 
between means were tested for statistical significance using 
one‑way analysis of variance followed by a least‑significant 
difference test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Genistein attenuates allergic airway inflammation in mice. 
Lung specimens from the murine model of OVA‑induced 
asthma were stained with H&E and, compared with those 
from control mice (Fig. 1A), showed a marked infiltration of 

inflammatory cells, particularly eosinophils and lymphocytes, 
in the interstitium surrounding blood vessels and airways 
(Fig. 1B). In severe cases, the inflammatory cells filled the 
alveolar spaces. Hyperplasia, disorders of airway epithelium 
and shedding of cilia from the epithelial surface were also 
evident in asthmatic mice. In contrast to asthmatic mice, 
mice pre‑treated with genistein exhibited a marked reduction 
in the severity of allergic airway disease (Fig. 1C) and were 
histologically similar to the normal control mice (Fig. 1A). 
Detailed statistics have been previously provided by a previous 
study (16). These observations indicated that a murine model 
of asthma was successfully established and genistein was able 
to reduce the severity of allergic airway disease.

Genistein reduces airway hyper‑responsiveness in asthmatic 
mice. Anesthetized tracheotomized mice were exposed to 
nebulized methacholine and airway resistance was measured 
using invasive plethysmography. Methacholine‑induced 
airway hyper‑responsiveness was elevated in the OVA group 
compared with the normal control group, with statistical 
significance for methacholine doses of 3.125‑50  mg/ml 
(P<0.05; Fig. 2). Compared with the asthma group, the genis-
tein group showed a significant reduction (P<0.05) of airway 
hyper‑responsiveness at each dose of methacholine used. These 
results suggested that genistein treatment is able to suppress 
airway hyper‑responsiveness in mice with OVA‑induced 
asthma.

Runx3 mRNA and protein expression in the murine asthma 
model. Previous studies (2‑7,17) have identified Runx3 as a 
Th1/Th2 determinant that activates the Th1 and represses the 
Th2 pathway. To determine whether Runx3 has a role in the 
development of asthma, Runx3 mRNA levels in the lung tissue 
of OVA‑exposed mice were analyzed. Of note, no significant 
difference was observed in the expression of Runx3 mRNA 
in whole lung tissue between asthmatic and normal mice. 
Furthermore, Runx3 mRNA was expressed in asthmatic and 
genistein‑injected mice (Fig. 3A).

To evaluate Runx3 protein expression levels, western blot 
analysis was performed on lung tissue. Similar to the measured 
mRNA levels, Runx3 protein was equally expressed among 
the three groups (Fig. 3B).

Figure 1. Relief of allergic airway inflammation in mice treated with genistein. Hematoxylin and eosin staining of lung sections obtained from mice immu-
nized and exposed to OVA and mice administered with genistein or saline. (A) Normal lungs from mice of the control group demonstrating airways and blood 
vessels surrounded by alveoli. (B) Lungs from OVA‑induced mice. Infiltrating inflammatory cells, predominantly eosinophils, were accumulating in the 
interstitium surrounding the blood vessels and airways. Hyperplasia and disorders of the airway epithelium and shedding of cilia from the epithelial surface 
were also observed. (C) Lungs in mice that were injected with genistein, showing that damage was markedly reduced. Scale bars, 100 µm. OVA, ovalbumin. 
Magnification, x200.
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These findings suggested that the overall expression levels 
of Runx3 mRNA and protein do not contribute to the develop-
ment of OVA‑induced asthma in mice.

Genistein augments the nuclear expression of Runx3 in the 
murine asthma model. As nuclear expression of Runx3 is 
necessary for the expression of downstream target genes, it was 
reasoned that there may be a difference in the nuclear content 
Runx3 between groups. To evaluate this potential difference, the 
nuclear protein levels of Runx3 were measured in each group 
via western blotting. The results demonstrated that the nuclear 
Runx3 protein levels were significantly reduced in lung tissue in 
asthmatic mice compared with the controls (P=0.024), whereas 
the expression levels of Runx3 were significantly augmented 
in the lung tissues of mice pre‑treated with genistein (P=0.031; 
Fig. 3C). These results suggested that in asthmatic mice, an 
increased proportion of the Runx3 protein is exported from the 
nucleus into the cytoplasm, where it may be inactivated and that 
genistein may decrease cytoplasmic Runx3 protein levels. These 
data indicated that reduction in nuclear Runx3 expression may be 
an important factor in the development of OVA‑induced‑asthma 
and that genistein may reduce airway inflammation by inhibiting 
the translocation of Runx3 to the cytoplasm.

ITK inhibition augments the nuclear expression of Runx3 
in splenic mononuclear cells in  vitro. To further test the 
validity of the above results, splenic mononuclear cells from 
OVA‑immunized mice were harvested and cultured. Following 
exposure to OVA in  vitro, total mRNA and protein were 
extracted from splenic mononuclear cells for PCR and western 
blot analysis, respectively. As shown in Fig. 4A and B, Runx3 
mRNA and protein levels were consistent with those observed 
in vivo. No significant differences were observed between the 
control, OVA and ITK inhibition groups.

To further evaluate the results observed in  vivo, the 
Runx3 protein levels in OVA‑stimulated splenic mononuclear 
cells were measured (Fig. 4C). The OVA group exhibited a 
significant reduction of nuclear Runx3 protein compared with 
the control group (P=0.012). In cells cultured with 5‑(amino-
methyl)benzimidazole, a specific ITK inhibitor  (18), the 
nuclear expression of Runx3 protein was significantly higher 
than that in the OVA group (P=0.036). These results indicated 
that 5‑(aminomethyl)benzimidazole may augment the nuclear 
expression of Runx3 in vitro by suppressing the function of 
ITK.

ITK inhibition may activate IFN‑γ and silence IL‑4 expression 
in vitro. IFN‑γ and IL‑4 levels were measured in supernatant of 
the cultured cells. IL‑4 levels in cell supernatants in the OVA 
group were significantly increased compared with those in the 

Figure  2. Airway hyper‑responsiveness in response to methacholine 
administration in mice. Plethysmography was performed 24 h following 
the final treatment and nebulization. Increasing doses of methacholine 
were administered and maximal resistance values (cm H2O/ml/sec) were 
recorded after 1 min. The ovalbumin‑immunized mice exhibited elevated 
airway resistance with all methacholine doses compared with control 
and genistein mice (n=6/group). *P<0.05 vs. control and genistein groups. 
OVA, ovalbumin‑immunized group; genistein, genistein‑treated group; Re, 
responsiveness.

Figure 3. Expression levels of Runx3 mRNA and protein in ovalbumin‑immu-
nized and exposed mice. Relative mRNA expression was measured 
using real‑time polymerase chain reaction with SYBR‑Green. (A) Runx3 
mRNA relative to murine β-actin in lung tissue of ovalbumin‑immunized 
mice compared with that in normal controls and genistein‑injected mice 
(n=8/group). (B) Runx3 protein expression was measured in lung tissue from 
control, OVA and genistein‑injected mice (n=6/group). (C) Nuclear expression 
of Runx3 protein was determined in lung tissue from control, OVA and genis-
tein‑injected (n=6/group) mice. *P<0.05 vs. Control group; **P<0.05 vs. OVA 
group. Runx3, runt‑related transcription factor 3; OVA, ovalbumin‑immunized 
group; Genistein, genistein‑treated group.
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controls (P=0.0054; Fig. 5A). Conversely, IFN‑γ levels were 
significantly decreased in the OVA group compared with those 
in the controls (P=0.0072; Fig. 5B). These results suggested 
that OVA stimulation induces an increase in Th2 activity. 
However, administration of 5‑(aminomethyl)benzimidazole 
significantly suppressed the IL‑4 levels and increased IFN‑γ 
levels, indicating a reduction in the Th2 response (P=0.0038 
and 0.0028, respectively).

Discussion

The present study investigated the role of genistein in the 
Runx3‑regulated development of airway inflammation and 
airway hyper‑responsiveness. In vivo, genistein attenuated 
OVA‑induced airway inflammation and decreased airway 
hyper‑responsiveness. The results also revealed that the locus 
of Runx3 is important in asthma and genistein may attenuate 
airway inflammation by inhibiting the re‑localization of 

Runx3 from the nucleus to the cytoplasm. Furthermore, 
5‑(aminomethyl)benzimidazole activated IFN‑γ and silenced 
IL‑4 expression by inhibiting the re‑localization of Runx3 
in vitro.

Runx3 is a member of the runt domain family of tran-
scription factors, which regulate lineage‑specific gene 
expression (19). Runx3 is the smallest of the Runx genes and 
contains the fewest number of exons, all of which are highly 
conserved among the three Runx genes (20) and, when mutated, 
are associated with human diseases (19). Djuretic et al (2) 
previously demonstrated that Runx3 expression is upregulated 
during Th1 differentiation and functions in a positive feed 
forward manner. T cell‑specific Runx3‑deficient mice have 
been shown to spontaneously develop asthma‑associated 
symptoms, including elevated serum IgE, which is a hallmark 
of Th2 bias (6,7). Kohu et al (21) previously demonstrated 
that Runx3‑transgenic mice exhibit a Th1‑biased phenotype, 
including elevated titers of serum IgG2a and IgG2b following 
immunization. These results support the hypothesis that 
Runx3 is a critical regulator of Th1 and Th2 responses in vivo.

The findings of the present study demonstrated that the 
loci of Runx3 may have a role in the development of asthma. 
A body of evidence suggests that Runx3 may function as a 
tumor suppressor in various cancer types  (22‑24). Some 

Figure 4. Inhibition of ITK affects the expression of Runx3 mRNA and 
protein. (A) Runx3 mRNA in splenic mononuclear cells in the control, 
OVA and ITK inhibition groups (n=8/group). (B)  Total Runx3 protein 
expression was detected in the splenic mononuclear cells of the control, 
OVA, and ITK‑inhibition groups (n=6/group). (C) Nuclear expression of 
Runx3 was detected in the splenic mononuclear cells of the control, OVA 
and ITK‑inhibition groups (n=6/group). *P<0.05 vs. Control group; **P<0.05 
vs. OVA group. ITK, inducible T‑cell kinase; Runx3, runt‑related transcrip-
tion factor 3; OVA, ovalbumin‑immunized group.

Figure 5. 5‑Aminomethyl(benzimidazole) is able to activate IFN‑γ and 
silence IL‑4 expression in vitro. (A) An increase was observed in superna-
tant fluid IL‑4 in the OVA group compared with the control group and a 
decrease was observed in the ITK inhibition group compared with the OVA 
group. (B) A decrease was observed in supernatant fluid IFN‑γ in the OVA 
group compared with the control group and an increase was observed in the 
ITK inhibition group compared with the OVA group (n=5/group). *P<0.01 
vs. Control group; **P<0.05 vs. OVA group. IL, interleukin; IFN, interferon; 
OVA, ovalbumin‑immunized group.
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studies have indicated that inactivation of Runx3 protein by 
various chemical modifications may contribute to tumor 
pathogenesis, initiation and progression in specific micro-
environmental contexts. Cytoplasmic localization of Runx3 
has been reported in various types of cancer tissue, including 
colorectal (25), gastric (26), oral squamous (27), and breast 
cancer (28). In the present study, total Runx3 protein levels 
were almost equal between the asthmatic and control mice, 
whereas nuclear Runx3 protein levels were significantly 
reduced in asthmatic mice. As nuclear expression of Runx3 is 
necessary for the expression of target genes, it can be inferred 
that the cytoplasmic localization will lead to inactivation of 
the Runx3 protein and attenuate or augment the expression of 
its down‑stream target genes, such as IFN‑γ and IL‑4, respec-
tively. In accordance with studies by the authors of the present 
study (29) and others (2,30), the present findings suggest that 
the decrease in IFN‑γ levels and increase in IL‑4 levels may be 
related to the inactivation of Runx3 protein.

IL‑2‑ITK, which is predominantly expressed in T cells, is 
a major kinase belonging to the TEC family of non‑receptor 
tyrosine kinases. Mueller and August (31) have previously 
demonstrated that ITK has a role in regulating the develop-
ment of airway inflammation in a murine model of allergic 
asthma. Lin et al (32) reported that a selective ITK inhibitor 
is able to alleviate lung inflammation in a mouse model of 
OVA‑induced asthma and other studies have indicated that 
phosphorylation of the Runx3 protein is a major cause of cyto-
plasmic sequestration (33‑35). These findings suggested that 
Runx3 may be phosphorylated by ITK, resulting in the exclu-
sion of Runx3 from the nucleus. Therefore, in the present study 
ITK was inhibited in vitro by using a selective ITK inhibitor, 
5‑(aminomethyl)benzimidazole (14), which consequently reac-
tivated the Runx3 protein by increasing the nuclear expression 
of Runx3. Following the administration of 5‑(aminomethyl) 
benzimidazole, IL‑4 and IFN‑γ release in response to OVA 
was restored to that in the control group, exhibiting a balance 
of Th1/Th2 phenotypes.

Genistein, a non‑selective ITK inhibitor, is one of the soy 
isoflavones (IF). IFs act as phytoestrogens and prevent tumori-
genesis in rodent models via various bioactivities. IFs have 
been previously demonstrated to target all major epigenetic 
mechanisms regulating gene expression in in vitro and in vivo 
studies (36‑43). Greathouse et al (44) have recently reported 
that genistein‑mediated phosphorylation of zeste homolog 2 
was able to inhibit its activity and promote benign uterine 
cancers in Eker rats. These results suggest that epigenetic gene 
regulation may be an important novel mechanism of action 
of genistein, which may therefore be a potential therapeutic 
agent for the treatment of asthma. In the present study, mice 
treated with genistein exhibited an increase in nuclear Runx3 
protein and, of note, reduced lung allergic inflammation and 
airway hyper‑responsiveness. These findings suggest that 
genistein may diminish allergic inflammation and airway 
hyper‑responsiveness via changing the subcellular localization 
of the Runx3 protein.

One limitation of the present study is that, due to the lack 
of commercially available anti‑phospho‑Runx3 antibodies, it 
could not be elucidated whether Runx3 protein phosphoryla-
tion was modulated in the present murine model of asthma. 
Furthermore, it could not be determined whether Runx3 

protein is a substrate for ITK. Future studies will address these 
issues.

In conclusion, the findings of the present study suggested 
that the mislocalization of Runx3 transcription factor induces 
airway inflammation and hyper‑responsiveness in a murine 
asthma model. Furthermore, genistein is able to diminish the 
allergic inflammation and airway hyper‑responsiveness by 
altering the subcellular localization of Runx3 protein.
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