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Abstract
Background: Integrin β4 (ITGB4) is a hemi-desmosome protein which is downregu-
lated in the airway epithelial cells of asthma patients. The proximal promoters and 
exons of ITGB4 contain CpG islands or multiple CpG sites both in human and mice, 
which indicated the possible methylation regulation of ITGB4 in airway epithelial 
cells.
Objective: We sought to unveil that DNA methylation regulates the decreased ITGB4 
during the pathogenesis of asthma.
Methods: Mice were exposed to house dust mite (HDM) extracts to construct an 
asthma model. 5-Aza-2'-deoxycytidine (5-AZA) or dexamethasone (DEX) were added 
in the last two weeks. Besides, the primary human bronchial epithelial (HBE) cells 
were incubated for the detection of ITGB4 expression and methylation status after 
HDM stress. Furthermore, DNA methylation of ITGB4 in peripheral blood was meas-
ured in asthma patients. Logistic regression was employed to evaluate the association 
between methylation sites and asthma patients’ ages in the control of potential con-
founders. Moreover, the correlations between differentially methylated sites (DMSs) 
and clinical parameters in asthma patients were assessed. Finally, the ability of can-
didate DMSs to predict asthma was evaluated by receiver operating characteristic 
(ROC) analysis and principal component analysis (PCA).
Results: We found that in HDM-stressed asthma model, DNA methylation regulated 
the reduced ITGB4 expression in airway epithelial cells. Moreover, alteration in the 
specific CpG sites (chr17:73717720 and chr17:73717636) of ITGB4 may regulate 
ITGB4 expression and further may be associated with the clinically phenotypic of 
asthma. The specific DMSs of ITGB4 in peripheral blood can distinguish asthma pa-
tients from healthy controls (HCs) effectively.
Conclusions and Clinical Relevance: This study confirmed that DNA methylation reg-
ulates the decreased expression of ITGB4 in the airway epithelial cells of asthma pa-
tients. These results supply some useful insights to the mechanism of the decreased 
ITGB4 in asthmatic airway epithelial and provide possible targets for early prediction 
and screening of asthma.
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1  | INTRODUC TION

Asthma is a common chronic airway inflammatory disease char-
acterized by epithelial shedding, bronchial hyperresponsiveness, 
chronic lung inflammation and airway remodelling.1,2 Airway epi-
thelial cells act as the first barrier to contact the outside world, and 
also the target to various external stimuli. It has been verified that 
the structural and functional disruption of airway epithelial cells are 
critical to immune responses and airway remodelling in the patho-
genesis of asthma.3-5 Integrins are a kind of adhesion molecules 
which play an important role in the structural adhesion, tissue re-
pair and functional homeostasis of airway epithelial cells.6 Among 
these molecules, ITGB4 has been known to regulate the adhesion 
of airway epithelial cells on basal membrane through hemi-desmo-
some structure. Notably, ITGB4 is implicated in the pathogenesis of 
allergic asthma,7 and its level is significantly decreased in the air-
way epithelial cells of allergic asthma patients.8,9 The exacerbation 
of airway inflammation may be related to the reduced expression of 
ITGB4 in the airway epithelium as TSLP expression is up-regulated 
when airway epithelial barrier integrity is compromised.10 However, 
little is known about the mechanism of decreased ITGB4 expression 
in the airway epithelial cell of asthma patients.

Our previous work also demonstrated that both oxidative stress 
and inflammatory stimuli could induce a significant reduction of 
ITGB4 expression in airway epithelial cells in a time and dose-de-
pendent manner.11 In addition, the expression of ITGB4 decreased 
significantly after ozone challenge, which could gradually recover 
after ozone challenge retreat.12 This sensitive regulation of ITGB4 
expression after external environmental stimulation suggested the 
possible epigenetic regulation of ITGB4 expression in airway epi-
thelia during the pathogenesis of asthma. Epigenetic modifications, 
including DNA methylation and histone modifications, are emerg-
ing as a dynamic and efficacious mechanism that regulates gene 
expression during disease pathogenesis.13 DNA methylation is the 
most embedded study of epigenetic phenomenon in asthma-related 
researches.14,15 Differential methylation not only plays an import-
ant role in gene regulation, but also is related to the clinical pheno-
type changes of asthma patients.16,17 Furthermore, previous studies 
have shown that DNA methylation can promote the pathogenesis of 
asthma through well-known pathways such as T cell differentiation 
and cytokine production.18,19 Analysis of ITGB4 promoter (including 
TSS) and exons revealed that the proximal promoter and exons of 
ITGB4 contained CpG islands or multiple CpG sites both in human 
and mice, which are targets of methylation. Moreover, the regula-
tion of ITGB4 expression by DNA methylation has been confirmed 
in mammary epithelial cells.20 However, whether DNA methyla-
tion modifies the decreased expression of epithelial ITGB4 in the 
pathogenesis of asthma is still unclear. In this study, we detected 
the expression and DNA methylation of ITGB4 in airway epithelial 

cells from HDM-stressed mice model. Then, the inhibitor of DNA 
methylation 5-AZA was used to verify the methylation regulation 
of ITGB4 expression in the HBE cells. Moreover, the correlation be-
tween differentially methylated sites and lung function was analysed 
in asthma patients. Finally, we evaluated the possible feasibility of 
ITGB4 methylation as blood biomarker of asthma.

2  | METHODS

2.1 | Animal

This animal research was carried out with the approval No.2017JJ2402 
of Xiangya Animal Protection and Utilization Committee of Central 
South University. All methods are implemented in accordance with 
relevant clauses. The mice were placed under the condition of an 
air-filtered temperature control unit, where the light and dark cycled 
alternately for 12 hours, with sufficient food and water supply. The 
construction of ITGB4 conditional knockout mice was based on our 
previous publications.10 Briefly, the Dox treatment was continued 
throughout the whole experimental sysytem. The CCSP–rtTAtg/−/
TetO-Cretg/−/ITGB4fl/fl mice were used as ITGB4-/- mice by Dox in-
duction. The Dox-treated ITGB4fl/fl male littermates lacking either 
CCSP-rtTA, TetO-Cre or both were used as ITGB4+/+ mice.

2.2 | Sensitization and challenge protocols

The construction of HDM-induced asthma model was on the basis 
of previous publications.21 In the last two weeks, within 1 hour be-
fore HDM challenge 5-AZA (Sigma-Aldrich) (1 mg/kg body weight) 
or DEX (Sigma-Aldrich) (2 mg/kg body weight) were injected intra-
peritoneally, respectively. All mice were killed 48 hours after the last 
challenge.

2.3 | Immunohistochemical staining

Fresh lungs were fixed by 4% paraformaldehyde, and then they were 
embedded in paraffin according to routine histochemical procedure. 
HE staining of five micron sections was conducted as mentioned 
before.22 Quantitative analysis of lung inflammation was performed 
blindly.23 Immunofluorescent staining was performed with differ-
ent antibodies: CC10 (sc-365992, Santa Cruze). ITGB4 (Ab182120, 
Abcam). We employed Zeiss Discovery.V8 Stereo or Zeiss Axio 
Scope.A1 microscopes (Carl Zeiss MicroImaging GmbH) integrated 
with an Axio-Cam ICc3 camera (Spectra Service) for microscopy. 
Images were obtained from Zeiss through the axoview rel.4.7 
software.

K E Y W O R D S

airway epithelial cells, asthma, DNA methylation, epigenetic modification, Integrin β4



     |  3WU et al.

2.4 | BAL fluid and phenotyping

Bronchoalveolar lavage fluid (BALF) was collected for cells counting 
as previously described.24

2.5 | Primary airway epithelial cells

Mouse primary airway epithelial cells were extracted according to 
previously existing procedures.25,26 Mice were killed by use of ex-
cessive sodium pentobarbital, then immersed in 75% ethanol solu-
tion for 5 minutes, and placed on a sterile workbench. Under sterile 
conditions, the trachea was cut from the main trachea to the bron-
chus bifurcation. Then, the trachea was placed in a cold sterile PBS 
solution, and other tissues attached to the trachea were carefully 
removed. In the cold sterile collection medium (Ham's F-12 medium, 
penicillin 100 μL/mL, streptomycin 100 μL/mL), the trachea was cut 
open longitudinally, gently moved to a test tube of freshly config-
ured digestion medium (collection medium, 10 μL/mL Streptomycin, 
0.01  mol/L CaCl2, 0.5  mg/mL crude pancreatic DNAaseⅠ, 10  mg/
mL bovine serum albumin), and digested at 4°C for 12 hours. The 
digested trachea was ground and filtered. The filtered liquid was 
centrifuged at 500 g, 4°C for 10 minutes. The supernatant was dis-
carded, and the bottom cell mass was resuspended and incubated in 
2 mL incubation medium (Ham's F-12 medium, penicillin 100 μL/mL, 
streptomycin 100 μL/mL, 10% FBS) for 5 hours. Collected the super-
natant in a new test tube, centrifuged at 500 g, 4°C for 10 minutes, 

removed the supernatant, resuspended the bottom cell mass in 2 mL 
basal medium (Ham's F-12 medium, penicillin 100  μL/mL, strepto-
mycin 100 μL/mL, 5%FBS), and cultured in a 6 cm tissue culture dish 
at 37°C, 5% CO2.

Primer genus Gene Primer sequence

Mouse ITGB4 Forward: 5′ - CCGCTTCCAAGTCCAACTCA - 3′
Reverse: 5′ - TGAGACTCCTGTCCGTTTCA - 3′

Mouse IL-4 Forward 5′ - CCAAACGTCCTCACAGCAAC - 3′
Reverse 5′ - AGGCATCGAAAAGCCCGAA - 3′

Mouse IL-5 Forward 5′ - AAGCAATGAGACGATGAGGCT - 3′
Reverse 5′ - CCCCACGGACAGTTTGATTCT - 3′

Mouse IL-13 Forward 5′ - CTTGCTTGCCTTGGTGGTCT - 3′
Reverse 5′ - TCCATACCATGCTGCCGTTG - 3′

Mouse IL-17A Forward 5′ - TACCTCAACCGTTCCACGTC - 3′
Reverse 5′ - TTTCCCTCCGCATTGACACA - 3′

Mouse IL-1β Forward 5′ - GCAACTGTTCCTGAACTCAACT - 3′
Reverse 5′ - ATCTTTTGGGGTCCGTCAACT - 3′

Mouse TNF-α Forward 5′ - CCCTCACACTCAGATCATCTTCT - 3′
Reverse 5′ - GCTACGACGTGGGCTACAG - 3′

Mouse β-actin Forward 5′ - TTGCAGCTCCTTCGTTGCC - 3′
Reverse 5′ - GACCCATTCCCACCATCACA - 3′

Human ITGB4 Forward: 5′ - CACCTCCGTCTCCTCCCAC - 3′
Reverse: 5′ - GTTGGGGATGTTGAGCCGA - 3′

Human ITGB5 Forward: 5′ - GCCTTTCTGTGAGTGCGACAAC - 3′
Reverse: 5′ - CCGATGTAACCTGCATGGCACT - 3′

Human ITGB8 Forward: 5′ - CTGTTTGCAGTGGTCGAGGAGT - 3′
Reverse: 5′ - TGCCTGCTTCACACTCTCCATG - 3′

Human β-actin Forward 5′ - TTCCAGCCTTCCTTCCTGGG - 3′
Reverse 5′ - TTGCGCTCAGGAGGAGCAAT - 3′

TA B L E  1   Primer sequence for target 
genes

TA B L E  2   Demographic characteristics of asthma patients and 
HCs

HCs
Asthma 
patients

Number of subjects 20 19

Age 50.50 ± 5.95 47 ± 10.77

FEV1 / 2.02 ± 0.53

FEV1% / 0.76 ± 0.20

FVC / 3.05 ± 0.80

FEV1/FVC / 0.67 ± 0.09

PEF / 5.34 ± 1.66

FEF75 / 0.54 ± 0.18

FEF50 / 0.42 ± 0.16

FEF25 / 0.31 ± 0.12

FEF75/25 / 0.37 ± 0.14

Note: Data are presented as Mean ± SD.
Abbreviations: FEF, forced expiratory flow; FEV1, forced expiratory 
volume in one second; FVC, forced vital capacity; HCs, healthy controls; 
PEF, maximum expiratory flow.
*P < .05 was considered statistically significant, asthma patients vs HCs.
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2.6 | Quantitative RT-PCR

We used Trizol (Invitrogen) to lyse primary airway epithelial cells to ob-
tain total RNA.12 1 mg RNA was reverse transcribed into cDNA at 40°C 
for 50 minutes, and then heated at 90°C for 5 minutes. Then, 1 µL of 
reverse transcriptase was added to 30 µL of the PCR mixture for 40 cy-
cles, and each cycle consisted of two sessions: 93°C for 30 seconds and 
54°C for 60 seconds. By comparing the copy number of the target gene 
with the copy number of β-actin, the standardized mRNA expression 
data were realized for RNA input, RNA quality and reverse transcrip-
tion efficiency. The sequences of the primers are listed in the Table 1.

2.7 | Cell culture and treatment

The HBE cells from healthy smokeless donors were purchased from 
Lifeline Cell Technology. Cells were incubated in humidified 5% CO2/ 

95% air at 37°C, and the culture medium was changed every two days. 
HBE cells were inoculated in a 6-well tissue culture dish and cultured 
in a conditioned medium to sub-confluence. When the cell density 
reached 50%, DMEM containing 10% FBS was used to replace the 
previous medium. After 48 hours, HDM was used to stimulate HBE 
cells (100 μg/mL) for 24 hours. In the 5-AZA intervention group, the 
culture system was treated with 5-AZA (10 μmol/L) for 72 hours.27

2.8 | Western blot analysis

In the presence of protease inhibitors and phosphatase inhibitors, 
RIPA lysis buffer was used to collect protein from HBE cells. The pro-
tein concentration was determined by BCA protein assay (Beyotime). 
Then, Western blot analysis was conducted in accordance with pre-
viously procedures.28 Briefly, 10% SDS-PAGE isolated 50 μg protein 
in HBE cells, which was transferred to a polyvinylidene difluoride 

F I G U R E  1   Decreased expression and hypermethylation modification of ITGB4 in airway epithelial cells of HDM-stressed asthma model. 
A, Mice were sensitized to HDM on days 0, 7, 14 or 21. Control non-sensitized mice were treated with PBS. B, HE-stained lung sections for 
analysis of pulmonary inflammatory infiltration (magnification, 100×; scale bar, 50 μm). C, Lung inflammation was assessed. ***P < .001. D, 
BALF inflammatory cell was counted. ***P < .001. E, 48 h after the final challenge, the levels of IL-4, IL-5, IL-13, IL-17A, TNF-α and IL-1β in 
lung tissue (n = 6) were examined by qPCR. *P < .05 and **P < .01. F, Airway epithelial cells were isolated from lung. The mRNA expression 
of ITGB4 was quantified with qPCR. *P < .05. G, Immunofluorescent staining for ITGB4 in lung sections (magnification, 40×; scale bar, 
50 μm). H, Statistical analysis of the mean percentage of methylation of ITGB4 CpG sites in primary airway epithelial cells. ***P < .001
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F I G U R E  2   DNA demethylation suppressed pulmonary inflammation and restored ITGB4 expression in HDM-stressed asthmatic mice. 
A, Mice were sensitized to HDM on days 0, 7, 14 or 21. Some group were treated with 5-AZA to block DNA methylation. Control non-
sensitized mice were treated with PBS. B, HE-stained lung sections for analysis of pulmonary inflammatory infiltration (magnification, 
100×; scale bar, 50 μm). C, Lung inflammation was assessed. **P < .01 and ***P < .001. D, BALF inflammatory cell was counted. *P < .05 
and ***P < .001. E, 48 h after final challenge, the levels of IL-4, IL-5, IL-13, IL-17A, TNF-α and IL-1β in lung tissue (n = 6) were examined with 
qPCR. *P < .05 and **P < .01. F, The mRNA expression of ITGB4 was quantified with qPCR in primary airway epithelial cells. *P < .05 and 
**P < .01. G, Immunofluorescent staining for ITGB4 in lung sections (magnification, 40×; scale bar, 50 μm). H, Statistical analysis of the mean 
percentage of methylation of ITGB4 CpG sites in primary airway epithelial cells. ***P < .001
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(PVDF) membrane. Primary antibody incubated PVDF membrane 
overnight at 4°C, then, it was incubated with secondary antibody 
combined with HRP. ITGB4 antibody (Ab182120, Abcam) and β-actin 
antibody (Ab6301, Abcam) were used in Western blot analysis.

2.9 | Recruitment of participants and data collection

From June 2018 to August 2019, we selected 19 asthma patients and 
20 HCS from the Respiratory Department and physical examination 
centre of Xiangya Hospital. Questionnaire survey was conducted 
on the volunteers, including general situation, clinical symptoms 
of asthma, other respiratory diseases and pulmonary function test 
results. In addition, peripheral blood samples were collected from 
39 volunteers. The inclusion criteria of the case group were 27- to 
60-year-old men or women, who were diagnosed with asthma for 
the first time and had no other diseases (such as diabetes, other res-
piratory or cardiovascular diseases). The control group was without 
asthma or other acute or chronic diseases, and there was no differ-
ence in gender or age compared to the asthma group. The demo-
graphic characteristics of the asthma patients and HCs were shown 
in Table  2. In the collected data, pulmonary function phenotypes 
included forced expiratory volume in one second (FEV1), forced ex-
piratory volume in one second as a percentage of predicted volume 
(FEV1%), forced vital capacity (FVC), ratio of FEV1 to FVC, maxi-
mum expiratory flow (PEF), forced expiratory flow (FEF) 75, FEF50, 
FEF25 and FEF75/25. The scheme was authorized by approval No. 
20180308 of Ethics Review Committee of Xiangya Hospital, and 
every subject signed a written consent.

2.10 | DNA extraction, bisulphite treatment, 
methylation Array methods

Bisulphite sequencing PCR (BSP) was performed in Genesky 
Biotechnologies Inc Shanghai, including DNA extraction and quality 
control, bisulphite treatment, primer design, and cloning and sequenc-
ing.29 In short, genomic DNA was extracted from whole blood with 
commercial kits (TIANGEN Biotech).30,31 The extracted DNA was 
modified with EZ DNA Methylation-Gold Kit (ZYMO). After DNA 
purification, primer 3 (http://prime​r3.ut.ee/) was used to design the 
primer sequence of PCR. CpG islands or dense CpG sites located in 
the promoter and exons proximal to the target gene were selected for 
measurement in the following conditions: (a) 200 bp minimum length; 
(b) 50% or higher GC content; (c) 0.60 or higher ratio of observed/ ex-
pected dinucleotides CpG. The Illumina MiSeq Benchtop Sequencer 

sequenced the product. There is one CpG island in the proximal pro-
moter and the first exon of human ITGB4. A total of 50 CpG sites from 
ITGB4 were detected by methylation detection. The original data with 
a sequencing quality value Q > 40 (basic sequencing error rate < 0.1%) 
were kept and the methylation percentage of each CpG site was re-
corded. For mouse samples, ITGB4 proximal promoter and the first 
exon contain 74 CpG sites; we have also adopted the same method for 
multiple targeted bisulphite enrichment sequencing.

2.11 | Data analysis and statistics

Statistical analyses were conducted with SPSS version 22.0 (IBM 
Corporation). The characteristic data of recruited asthma patients 
and controls were presented as Mean ± SD and analysed with un-
paired t test. t Test and non-parametric test (Mann-Whitney U test) 
were used to analyse the methylation sequence of ITGB4. We em-
ployed Benjamin Hochberg method to control the false discovery 
rate (FDR). In order to exclude the potential of age and gender from 
affecting the data, logistic regression analysis was carried out on the 
CpG sites of the selected differential expression.32 As for the cor-
relation between CpG methylation rate and continuous variables, 
we used Pearson's correlation or Spearman's correlation to evalu-
ate. Continuous variables refer to FEV1, FEV1% predicted, FVC, the 
ratio of FEV1 to the FVC, PEF, FEF75, FEF50, FEF25 and FEF75/25. 
ROC curves were acquired to elucidate the veracity of differentially 
expressed CpG sites in calculating asthma. The methylation percent-
age of candidate CpG sites were used in PCA to identify asthma. 
Differences were considered statistically significant for *P  <  .05, 
**P < .01 and ***P < .001.

3  | RESULTS

3.1 | The expression of ITGB4 in airway 
epithelial cells decreased significantly along with 
hypermethylation in HDM-stressed asthma model

The construction of HDM-stressed asthma model was displayed on a 
graph timeline (Figure 1A). The pulmonary inflammation was assessed 
by HE staining and BALF phenotyping, respectively. Compared to con-
trol mice, the infiltration of inflammation cells was obviously increased 
after HDM stress (Figure 1B,C). The infiltration of inflammatory cells 
such as lymphocytes and eosinophils in BALF of HDM-induced mice 
was increased, which was consistent with the enhanced inflammation 
in lung tissue (Figure  1D). Likewise, the transcription levels of IL-4, 

F I G U R E  3   Effects of ITGB4 deficiency on pulmonary inflammation in 5-AZA-treated mice. A, Mice were sensitized to HDM on days 
0, 7, 14 or 21. Some group were treated with 5-AZA to block DNA methylation. Control non-sensitized mice were treated with PBS. B, 
HE-stained lung sections for analysis of pulmonary inflammatory infiltration (magnification, 100×; scale bar, 50 μm). C, Lung inflammation 
was assessed. **P < .01 and ***P < .001. D, BALF inflammatory cell was counted. *P < .05, **P < .01 and ***P < .001. E, 48 hours after 
final challenge, the levels of IL-4, IL-5, IL-13, IL-17A, TNF-α and IL-1β in lung tissue (n = 6) were examined with qPCR. *P < .05, **P < .01 
and ***P < .001. F, The mRNA expression of ITGB4 quantified with qPCR in primary airway epithelial cells *P < .05 and **P < .01. G, 
Immunofluorescent staining for ITGB4 in lung sections (magnification, 40×; scale bar, 50 μm)

http://primer3.ut.ee/
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IL-5, IL-13 and IL-17A were significantly elevated as demonstrated in 
the lung after HDM stress (Figure 1E). Meanwhile, mRNA expression 
of ITGB4 in primary airway epithelial cells was also found to be signifi-
cantly decreased after HDM stress (Figure 1F). Immunofluorescence 
staining showed the specific localization of ITGB4 expression in air-
way epithelial cells (Figure  1G). To further investigate the aberrant 
CpG island methylation of ITGB4 after HDM stress, bisulphite conver-
sion of genomic DNA and PCR-based MiSeq analysis were performed. 
Compared to control mice, the percentage of ITGB4 methylation in-
creased significantly after HDM stress (Figure 1H).

3.2 | DNA demethylation suppress pulmonary 
inflammation and restored ITGB4 expression in HDM-
stressed asthmatic mice

To estimate whether a representative DNA-demethylating agent (5-
AZA) could suppress HDM-induced pulmonary inflammation based 
on restoration of ITGB4 expression, we processed HDM-stressed 
mouse model with 5-AZA and used DEX as positive control. The 
treatment timeline of 5-AZA or DEX was shown in Figure  2A. 
Compared to HDM-stressed model, the administration of 5-AZA 
inhibited pulmonary inflammation (Figure 2B,C) and decreased total 
inflammatory cells in BALF which were mainly eosinophils, neu-
trophils and lymphocytes (Figure  2D). Likewise, the transcription 
levels of IL-4, IL-5, IL-13 and IL-17A were also reduced significantly 
after 5-AZA treatment (Figure  2E). QPCR detection and immuno-
fluorescence staining demonstrated that 5-AZA treatment could 
restore ITGB4 expression, which is consistent with the DEX group 
(Figure 2F,G). The PCR-based MiSeq analysis also showed that the 
5-AZA treatment induced demethylation of ITGB4 (Figure 2H).

3.3 | Effects of ITGB4 deficiency on pulmonary 
inflammation in 5-AZA-treated mice

To further verify the significant role of epithelial ITGB4 in 5-AZA-
treated mice, we assessed whether ITGB4 deficiency in airway 

epithelial cells could abolish the effect of 5-AZA on lung inflamma-
tion. Specifically, we knocked out ITGB4 in airway epithelium via Dox 
induction after 5-AZA treatment. The specific Dox-induced timeline 
was shown in Figure 3A. The results revealed that the remissive pul-
monary inflammation in 5-AZA-treated mice was reversed by Dox 
induction (Figure 3B-E). Also, the knock-out efficiency of ITGB4 in 
airway epithelia was detected by qPCR and immunofluorescence 
staining (Figure 3F,G). These results further support the above ob-
servation that the restoration of ITGB4 expression by 5-AZA could 
suppress lung inflammation after HDM stress. These results strongly 
indicate the involvement of decreased ITGB4 by hypermethylation 
regulation in the occurrence and development of airway inflamma-
tion after HDM stress.

3.4 | Involvement of DNA methylation in the 
regulation of ITGB4 expression in HDM-stressed 
HBE cells

We next evaluated the effect of HDM on the methylation of ITGB4 
in primary normal HBE cells. Compared to control group, both 
the mRNA and protein expression of ITGB4 in HDM-stimulated 
HBE cells were reduced, which was partially restored by 5-AZA 
treatment (Figure  4A,B). In addition, we also observed that the 
methylation level of HBE cells was increased after HDM stimula-
tion (Figure 4C). Meanwhile, the increased methylation of ITGB4 
in HDM-stimulated HBE cells was partially restored after 5-AZA 
treatment. These results strongly indicated the involvement of 
DNA methylation in the regulation of ITGB4 expression in HDM-
stressed HBE cells.

To further prove the specificity of the ITGB4 methylation after 
HDM stimulation, we tested the mRNA expression and methylation 
levels of integrin β5（ITGB5）and integrin β8（ITGB8）under the 
same conditions in HBE cells. Compared to control group, there was 
no significant change in the mRNA expression of ITGB5 and ITGB8 in 
HDM-stimulated HBE cells. Meanwhile, no statistical changes have 
been detected in the mRNA expression levels of ITGB5 and ITGB8 
in HBE cells after 5-AZA treatment (Figure S1A,B). In addition, no 

F I G U R E  4   Involvement of DNA methylation in the regulation of decreased ITGB4 expression in HDM-stressed HBE cells. A, The mRNA 
expression of ITGB4 was quantified with qPCR in HBE cells. *P < .05 and ***P < .001. B, Western blot staining for ITGB4 in HBE cells and 
the density quantification of ITGB4 was expressed as a ratio relative to β-actin. ***P < .001. C, Statistical analysis of the mean percentage of 
methylation of ITGB4 CpG sites in HBE cells. ***P < .001
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matter after HDM stress or 5-AZA treatment, no significant changes 
have been found in the methylation levels of ITGB5 and ITGB8 in 
HBE cells (Figure S1C,D).

3.5 | DNA methylation of ITGB4 in the peripheral 
blood of asthma patients

To further determine the relationship between ITGB4 methylation and 
asthma, we collected peripheral blood from asthma patients and HCs 
to detect the methylation level of ITGB4 CpG island by PCR-based 
MiSeq analysis. Bounded by P-value < .05 of logistic regression analy-
sis, 26 DMSs in asthma patients were screened compared with HCs 
(Figure 5A). In addition, by comparing between the methylation level of 
asthma patients and HCs, the normalization of methylation level data 
for HCs was achieved. We selected the top 10 of the 26 CpG sites as 
the main methylation analysis objects based on methylation difference 
(Figure 5B). Of note, the methylation of ITGB4's CpG islands in HCs was 
very low, whereas dense methylation was detected in asthma patients.

3.6 | Correlation analysis between DMSs of 
ITGB4 and clinical indicators of asthma patients

To further verify the involvement of DNA methylation of ITGB4 in 
the development of asthma, we analysed the correlation between 
26 DMSs of ITGB4 and lung function indicators of asthma pa-
tients. Screening was based on P-value <  .05, 10 methylation sites 
of ITGB4 were associated with asthmatic lung function (Table  3). 
The absolute value of the methylation difference of the 10 DMSs 
was between 0.3% and 9.1% (Table 4). Notably, 2 of the 10 DMSs 
were closely related to asthma. Specifically, the methylation level 
of chr17:73717720 was negatively related to FEV1%, FEV1, FVC%, 
PEF, FEF25 and FEF75/25 (Figure 6A). And the methylation level of 
chr17:73717636 was also negatively correlated with FEV1/FVC%, 
FEF50, FEF25 and FEF75/25 (Figure 6B).

3.7 | DNA methylation levels of 
chr17:73717720 and chr17:73717636 as a possible 
biomarker of asthma

As the two DMSs (chr17:73717720 and chr17:73717636) were re-
lated to lung function indicators, we further analysed whether the 
methylation level of the two DMSs could predict asthma. Analysis 
of the ROC curve showed that the area under curve (AUC) of 
chr17:73717720 and chr17:73717636 were 0.937 and 0.913, respec-
tively (Figure 7A and Table 4). In the ROC analysis of chr17:73717720 
and chr17:73717636, the AUC value increased to 0.955 (Figure 7B). 
A PCA analysis composed of the two DMSs showed that methyla-
tion levels of chr17:73717720 and chr17:73717636 could distinguish 
asthma patients from HCs effectively (Figure 7C).

4  | DISCUSSION

Asthma is a common irreversible chronic lung disease which is associ-
ated with increasing global health burden.33 Our previous researches 

F I G U R E  5   DNA methylation of ITGB4 in peripheral blood 
of asthma patients and HCs. A, Volcano plot of differential 
methylation CpG sites between asthma patients and HCs. 
Black dots refer to genes that have difference between asthma 
patients and HCs, and grey dots are points where there is 
no difference between asthma patients and HCs. P < .05. B, 
Schematic representation of the location of the CpG island in the 
transcriptional region of human ITGB4 genes. CpG dinucleotides 
(CpG sites) are indicated by vertical lines, and the grey box 
shows the CpG island. The black horizontal line under the grey 
box indicates the region examined by bisulphite next-generation 
sequencing. Methylation status of specific ITGB4 CpG sites in 
healthy controls and asthma patients are represented by circles, 
and the mean percentage of methylation at each CpG site is 
represented by the fraction of dark shading inside
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TA B L E  3   Correlation between clinical parameters and DNA methylation levels of asthma patients

CpG site

P-value

FEV1 FEV1%
FEV1/
FVC FVC PEF FEF75 FEF50 FEF25 FEF75/25

Chr17:73717024 .026* .117 .896 .044* .056 .744 .612 .069 .212

Chr17:73717193 .574 .166 .126 .283 .909 .322 .037* .185 .104

Chr17:73717189 .077 .034* .884 .066 .080 .646 .532 .421 .363

Chr17:73717282 .649 .040* .630 .657 .888 .963 .420 .771 .476

Chr17:73717808 .076 .683 .568 .025* .130 .279 .211 .139 .238

Chr17:73717793 .039* .216 .966 .004* .057 .498 .380 .301 .358

Chr17:73717722 .016* .059 .593 .018* .061 .555 .272 .110 .137

Chr17:73717720 .011* .001* .177 .030* .114 .469 .054 .007* .011*

Chr17:73717661 .084 .069 .067 .111 .619 .096 .162 .006* .030*

Chr17:73717636 .111 .613 .008* .059 .759 .104 .004* .002* .006*

Abbreviations: FEF, forced expiratory flow; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; PEF, maximum expiratory flow.
*P < .05 was considered statistically significant. 

CpG site
Mean difference 
methylation

FDR adjusted 
P-value

P-value 
(logit) AUC

P-value 
(AUC)

Chr17:73717024 0.031 .000* .005* 0.842 .029*

Chr17:73717193 −0.031 .000* .021* 0.966 .000*

Chr17:73717189 −0.011 .005* .014* 0.797 .002*

Chr17:73717282 0.003 .054 .019* 0.713 .023*

Chr17:73717808 0.031 .057 .047* 0.679 .056

Chr17:73717793 0.046 .016* .018* 0.779 .003*

Chr17:73717722 0.059 .000* .004* 0.858 .000*

Chr17:73717720 0.091 .000* .007* 0.937 .000*

Chr17:73717661 0.036 .000* .003* 0.863 .000*

Chr17:73717636 0.034 .000* .001* 0.913 .001*

Note: Differential methylation analysis was conducted between asthma patients and controls in 
blood samples. The method of Benjamin Hochberg was used to control the FDR.
Abbreviations: AUC, area under curve; ITGB4, Integrin β4.
*P < .05 was considered statistically significant. 

TA B L E  4   Differentially methylated 
sites of ITGB4 associated with asthma

F I G U R E  6   Correlation analysis between chr17:73717720, chr17:73717636 and clinical lung function, respectively. A, The methylation 
level of chr17:73717720 was negatively correlated with FEV1%, FEV1, FVC%, PEF, FEF25and FEF75/25. B, The methylation level of 
chr17:73717636 was negatively correlated with FEV1/FVC%, FEF50, FEF25 and FEF75/25
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have shown that ITGB4 defect in airway epithelial cells leads to ele-
vated Th2 airway inflammatory response and exaggerated AHR.8,9,12 
In this study, we further demonstrated that the expression of ITGB4 
in airway epithelial cells was downregulated significantly in HDM-
stressed asthma mice model along with hypermethylation of ITGB4. 
5-AZA reversed the decreased expression of ITGB4 and alleviated 
the airway inflammation after HDM stress. Meanwhile, ITGB5 and 
ITGB8 were also used to further elucidate the specificity of ITGB4 
methylation after HDM stress in HBE cells. And there were 10 CpG 
sites associated with asthma in the CpG islands of human ITGB4. 
Among them, chr17:73717720 and chr17:73717636 were closely re-
lated to the clinical indicators of asthma. Moreover, the ROC curve 
analysis and PCA suggested that the DNA methylation levels of 
chr17:73717720 and chr17:73717636 in the peripheral blood can ef-
fectively distinguish asthma patients from HCs. This result indicates 
that the methylation levels of chr17:73717720 and chr17:73717636 
are highly correlated to asthma, which may help the investigation of 
blood biomarkers for asthma in the future.

ITGB4 has multiple functions in normal epithelial homeosta-
sis,34-36 and certain effects on cancer cell function.37,38 However, 
there are only a few researches involved in the regulation mecha-
nism of ITGB4 expression. ITGB4 proximal promoter and the first 
exon have a high GC content,39 and it was illustrated that ITGB4 ex-
pression in breast epithelial cells is regulated by complex epigenetic 
modifications.20,40 Epigenetic modification, such as DNA methyla-
tion, histone modification and non-coding RNA, involves alterations 
of genome information and interpretation, without alterations of 
nucleotide sequence. Under the stimulation of TGF-β, the expres-
sion of ITGB4 is decreased which is also regulated by DNA methyla-
tion during EMT in breast epithelial cells. When TGF-β is withdrawn, 
it promotes the occurrence of MET, and ITGB4 is up-regulated by 

histone modification. In addition, the low expression of ITGB4 by 
hypermethylation has been also reported in leukaemia.41 Moreover, 
the expression changes of ITGB4 caused by methylation in angio-
genesis transformation have been explored.42 These studies above 
suggest that the expression of epithelial ITGB4 is sensitive to ex-
ternal stimulation which can be regulated by DNA methylation or 
histone modifications.43

The methylation regulatory region of ITGB4 gene was detected 
in some related literatures of ITGB4.44,45 Consistent with these pre-
vious findings, our results further verified the methylation regulation 
of epithelial ITGB4 during the pathogenesis of asthma. In addition, 
previous study also found that some drugs such as glucocorti-
coids have an effect on DNA methylation during the treatment of 
asthma.46 However, the relationship between oral or inhaled gluco-
corticoids and DNA methylation still need further work to verify.47-49

Additionally, this study further explored that there were 2 criti-
cal differential methylation sites of ITGB4 in asthma patients which 
had a strong correlation with clinical lung function indicators. The 
ROC curve and PCA indicate that these two sites can distinguish 
asthma patients from HCs. Current traditional methods for diag-
nosing asthma, such as methacholine challenge tests, have sig-
nificant false positives and negative results.50-52 Therefore, many 
studies are devoted to breaking through the routine diagnosis of 
asthma. Chatkin and Deykin et al demonstrated that the measure-
ment of FeNO can distinguish between asthmatics and healthy sub-
jects.53,54 In addition, studies have also shown extracting periostin 
from serum and extracting certain differential genes from sputum 
as new biomarkers for diagnosis of asthma.55,56 Compared with the 
traditional diagnostic methods, DNA methylation detection from 
peripheral blood is more convenient and cost-effective, which is 
an ideal choice for early asthma screening. Moreover, our AUC of 

F I G U R E  7   The accuracy of chr17:73717720 and chr17:73717636 in predicting asthma. A, ROC curve of chr17:73717720 and 
chr17:73717636, respectively. The red dotted line indicates chr17:73717720, and the blue dotted line indicates chr17:73717636. B, ROC 
curve of chr17:73717720 and chr17:73717636 together. C, A PCA plot consisting of the chr17:73717720 and chr17:73717636, red origin 
indicates asthma patients, blue triangle indicates HCs
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ROC curve reaches 0.955, indicating that the ITGB4 gene has the 
potential to be a biomarker of early risk prediction of asthma than 
other measures.

Although our results have demonstrated the DNA  methyla-
tion  regulation of ITGB4 expression in asthmatic airway epithelial 
cells may provide new possible blood biomarker to predict and 
screen asthma, there are also some limitations. The first one is the 
relatively small number of samples. More samples are still needed 
to further explore the key CpG methylation sites of ITGB4. Besides, 
there may be differences of methylation level between whole blood 
and lung as DNA methylation is tissue specific.57 Moreover, the po-
tential regulation mechanism of ITGB4 expression by DNA meth-
ylation is still obscure. At last, primary airway epithelial cells from 
asthma patients would provide a more convincing result. We will 
consider to collect primary airway epithelial cells to detect the DNA 
methylation of ITGB4 in our future work.

5  | CONCLUSIONS

In summary, this study confirmed the effect of DNA methylation 
on the decreased expression of ITGB4 for the first time in airway 
epithelial cells of asthma patients. Besides, alteration in the specific 
CpG sites of ITGB4 may regulate ITGB4 expression and may be re-
lated to the change of clinical phenotype of asthma. The specific 
DMSs of ITGB4 in peripheral blood may be used as effective blood 
biomarkers of asthma. This study offers some serviceable insights 
for the molecular mechanism of the decrease of ITGB4 expression in 
asthmatic airway epithelia which may also provide a useful target for 
early prediction and screening of asthma.
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