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Abstract 

Asthma is a polygenic disease that may onset during childhood. Inhaled corticosteroids (ICS) are the main therapy 
in asthma, although their efficacy varies among individuals. Nuclear factor κB (NF-κB) is an important target of ICS 
treatment of asthma. Recent research has reported that GRB2 associated binding protein 1 (GAB1) gene may 
participate in the pathogenesis of asthma by regulating the NF-κB pathway. Therefore, we used the technique 
of an improved multiplex ligation detection reaction to sequence GAB1 gene and investigated the involvement 
of Single-nucleotide variants (SNVs) in GAB1 gene in asthma and ICS efficacy in asthmatic children. We found no dif-
ferences between asthma cases and controls in allele or genotype frequencies of GAB1. Haplotype analysis showed 
an increased tendency for AGG​AGC​ frequency in asthma patients compared with controls (OR = 2.69, p = 0.018). 
The percentage of EOS and genotype distribution of rs1397527 were associated (p = 0.007). The EOS percentage 
was higher in GT genotype when compared to the GG genotype (5.50 vs 3.00, Bonferroni adjusted p = 0.005). After 
12-weeks ICS treatment, GAB1 rs1397527 TT and GT genotype carriers had a smaller change in forced expiratory 
volume in 1 second/forced vital capacity (FEV1/FVC) than GG carriers (p = 0.009), and rs3805236 GG and AG geno-
type carriers also had a smaller change in FEV1/FVC than AA carriers (p = 0.025). For ICS response, the frequency 
of GG genotype of rs1397527 was significantly higher in good responders (p = 0.038). The generalized multifactor 
dimensionality reduction (GMDR) analysis showed a best significant four-order model (rs1397527, allergen exposure, 
environmental tobacco smoke exposure, and pet exposure) involving gene-environment interactions (p = 0.001). In 
summary, we found that GAB1 SNVs were not associated with asthma susceptibility. Haplotype AGG​AGC​ was a risk 
factor for asthma. GAB1 variants were associated with eosinophils and ICS response in asthmatics. Furthermore, gene-
environment interaction was observed.
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Introduction
Asthma is the most common chronic respiratory dis-
ease, characterized by chronic airway inflammation and 
hyper-responsiveness, implicating various inflamma-
tory cells and cytokines [1]. Asthma symptoms typically 
first occur in childhood, mainly represented as wheeze, 
shortness of breath, chest tightness and cough that vary 
over time and intensity. The severity of childhood asthma 
strongly affects lung function and prognosis in adult life 
[2]. Recent years have witnessed a growing number of 
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patients with asthma. According to the Global Burden 
of Disease Collaboration in 2019, as many as 262 mil-
lion people worldwide suffer from asthma [3], which 
has become a heavy burden on families and society. It 
is generally accepted that asthma is a polygenic disease 
[4]. Studies on twins and families with asthma cases 
have revealed that genetic variation also plays a crucial 
role in the pathogenesis of childhood asthma. According 
to a meta-analysis of 71 twin studies, the heritability of 
asthma can be as high as 0.54 [5]. Furthermore, environ-
mental factors can influence the frequency and severity 
of asthma attacks via epigenetic mechanisms [6]. A study 
has found that environmental exposures (e.g., allergens, 
air pollutants, specific dietary components) can induce 
changes in DNA methylation and histone post-transla-
tional modifications (e.g., acetylation, or phosphoryla-
tion) that may modify regulatory mechanisms that affect 
asthma-related gene expression [7].

Inhaled corticosteroids (ICS), the first-line drug rec-
ommended by the Global Initiative for Asthma (GINA), 
can alleviate bronchial mucosal congestion, edema, and 
inflammatory exudation. They are currently the most 
widely used and effective medication for asthma and play 
a crucial role in improving children’s pulmonary func-
tion and preventing disease progression. They bind to 
and interact with glucocorticoid receptors, regulate mul-
tiple signaling pathways and affect the expression and 
transcription of numerous genes involved in the inflam-
matory process, including lowering proinflammatory 
gene expression and increasing anti-inflammatory gene 
expression. However, clinical practice and research have 
discovered that the efficacy of ICS for asthma patients 
varies from person to person [8], and this heterogeneity 
has a genetic basis [9], which may be related to variants 
in the sequence of effector genes. Pharmacogenomics has 
discovered a link between multiple gene SNVs and the 
efficacy of ICS [10]. Identifying variants that contribute 
to asthma treatment response would allow genetic infor-
mation to be used to pick the most appropriate asthma 
therapy for individuals [11].

Among the numerous inflammatory factors and path-
ways involved in the pathogenesis of asthma, nuclear fac-
tor kappa B (NF-κB) is considered as one of the essential 
transcription factors [12] because of its role in regulating 
the transcription of cytokines, adhesion molecules, and 
chemokines in allergic inflammation. In addition, it is 
one of the main targets of treatment with ICS in asthma 
[13]. The upregulation of its expression is related to the 
poor efficacy of ICS and asthma exacerbating or worsen-
ing [14]. Recent studies have confirmed that the expres-
sion of the GRB2 associated binding protein 1 (GAB1) 
gene may be related to the pathogenesis of asthma. 
GAB1 is expressed in alveolar type II cells (AT-IIs) and 

can promote the production of inflammatory cytokines 
in macrophages by the NF-κB pathway activation [15]. 
Only one study reported that the LD block region includ-
ing rs1397527 contained the GAB1 gene and was locus 
susceptible to asthma in adults [16]. In consideration of 
the limited number of studies on relationship between 
GAB1 gene variants and asthma, the current study aimed 
to illustrate the association of genetic variation in GAB1 
gene with the risk for asthma and the ICS response in 
asthmatic children, and to assess the modulatory effect 
of interactions in SNV-SNV and gene-environment 
between these variants on disease risk.

Methods
Patients
Between October 2021 to October 2022, 109 children 
with acute asthma attacks were continuously enrolled 
as the asthma group from the pediatric outpatient 
department of General Hospital of Northern Theater 
Command, with no repeated visits in the cohort. The 
inclusion criteria were the following: (1) met the diagnos-
tic requirements outlined in the “Guideline for the diag-
nosis and optimal management of asthma in children” 
[17], which closely followed the GINA (2015); (2) had 
no history of systemic or local hormone and ICS medi-
cation within 4 weeks prior to enrollment, and no bron-
chodilator was used within 24 hours. Exclusion criteria: 
(1) patients with congenital lung malformations, airway 
obstruction or extraluminal oppression, active tubercu-
losis, bronchiectasis, congenital heart disease, or liver 
and kidney dysfunction; (2) children who had a history of 
allergy or intolerance to ICS (budesonide, for example). 
In addition, 158 healthy children who attended the hos-
pital’s pediatric outpatient clinic during the same period 
were chosen as the control group, all with no history of 
asthma diseases.

All participants’ clinical information was obtained, 
including biological sex, age, body mass index (BMI), 
feeding patterns, allergen exposure, pet exposure, envi-
ronmental tobacco smoke (ETS) exposure, and residence. 
BMI was calculated as weight/height2 (kg/m2). The vari-
able feeding patterns during the first 6 months of an 
infant’s life was categorized into breastfeeding and arti-
ficial/mixed feeding. Allergen exposure referred to the 
result level of an allergen test being one or greater than 
one, defined as allergen positive. Pet exposure referred 
to keeping a dog/cat/rodent indoors. ETS exposure 
was defined as any smoking in the child’s home. The 
type of residence was categorized into urban and rural. 
This study was performed in line with the principles of 
the Declaration of Helsinki. The ethics committee of 
the General Hospital of Northern Theater Command 
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approved the study. All selected minors’ parents or legal 
guardians completed an informed consent form.

DNA extraction and genotyping
Three ml of peripheral venous blood from each child was 
collected, placed in an EDTA-Na anticoagulant tube, and 
kept at − 80 °C. DNA was extracted from blood samples 
using a DNA extraction kit (Genesky Biotechnologies 
Inc., Shanghai, 201,315) according to the manufacturer’s 
instructions. First, protease K solution was added to the 
test tube, next blood samples was added. Then, genomic 
DNA was prepared from peripheral blood leukocytes 
according to standard procedures with the Nucleic Acid 
Extraction System (magnetic-bead method). PCR prim-
ers were designed by online Primer3 software and pro-
vided by Shanghai Sheng Gong Company, and used 
to expand gene loci; primers information is listed in 
Table  1. Improved multiplex ligation detection reaction 
(iMLDR™) was used to genotype GAB1 SNVs (rs1397527, 
rs17017425, rs1866756, rs3805236, rs3805246, and 
rs3805254) and identify variants in the gene fragment 
from the gene reference sequence.

Determination of eosinophils and immunoglobulin E (IgE) 
in peripheral blood
Two milliliters of venous blood were collected from chil-
dren in the asthma group, and the percentage of periph-
eral blood eosinophils (EOS) was measured using an 
LH780 blood cell analyzer; IgE was determined using an 
enzyme immunofluorescence assay by the UniCAP100 
fully automated fluorescence detection system.

Pulmonary function test
For children aged 5 and above with asthma, we deter-
mined pulmonary function by the JAEGER Master 
Screen spirometry system before and after 12-weeks of 
ICS treatment, including the percentage of predicted 
forced vital capacity (FVC% pred), percentage of pre-
dicted forced expiratory volume in 1 s (FEV1% pred), 
the Tiffenau index (FEV1/FVC), percentage of pre-
dicted peak expiratory flow (PEF% pred), percentage of 

predicted forced expiratory flow at 25% of forced vital 
capacity (FEF25% pred), FEF50% pred, FEF75% pred, 
percentage of predicted maximal mid-expiratory flow 
(MMEF% pred). Repeated the measurement three times, 
and took the best one among the patient’s cooperation, 
pulmonary function images, and data.

Evaluation of ICS efficacy
ICS efficacy was evaluated as the change in FEV1/FVC, 
calculated as FEV1/FVCtreatment – FEV1/FVCbaseline, 
and the percent change in FEV1 (Δ FEV1), calculated as 
(FEV1treatment – FEV1baseline)/ FEV1baseline × 100%, 
after 12-weeks of ICS treatment. Participants were cate-
gorized as ICS responders (Δ FEV1 ≥ 8%) or nonrespond-
ers (Δ FEV1 < 8%) based on an 8% FEV1 improvement 
threshold, which has been demonstrated to be a good 
predictor of asthma treatment response in children 
[18–20].

Statistical analysis
Statistical analyses were conducted by using SPSS (ver-
sion 25.0). The Hardy-Weinberg equilibrium (HWE) 
was used to estimate allele frequencies and deviations 
of the genotype. Using mean ± standard deviation (SD) 
or median and interquartile range (IQR) to describe 
continuous variables based on their normality or non-
normality distribution. Parametric statistics (t-tests and 
analysis of variance) were used on normally distributed 
data to test for differences in baseline pulmonary func-
tion, the change in FEV1/FVC, and IgE between the two 
groups. And non-parametric statistics (the Mann-Whit-
ney, and Kruskal-Wallis tests) were used if the distribu-
tion deviated from normal to identify the influence of 
genotypes on EOS and Δ FEV1. Bonferroni correction 
was used for pairwise comparisons. The count data were 
expressed using case number and constituent ratio (%) 
and the groups’ comparison using the Chi-Square test. 
Fisher’s exact test and Pearson’s chi-square test were used 
to test the significant correlation between SNVs and ICS 
response. Genotypic distribution, allelic frequencies, 
and haplotypes were compared by unconditional logistic 

Table 1  Primers information

SNVs Major allele > 
Minor allele

Position F-seq (5′-3′) R-seq (5′-3′) Length

rs1397527 G > T Chr4:144326385 CCC​TCT​GAG​AGA​CTG​GGA​AGTCA​ TGG​GAC​TGA​AAC​CGT​GCC​AATA​ 207

rs17017425 C > T Chr4:144165951 CCT​GGC​TCA​GCT​TCT​TCC​TTTC​ GCC​AAT​CCT​CTT​CCA​TAT​TCA​GTT​TC 304

rs1866756 G > A Chr4:144300064 TGC​AGC​TGA​CCC​TTT​GTA​TCTCC​ GTA​GTC​CCC​AGC​AAC​CCC​TACC​ 298

rs3805236 A > G Chr4:144357737 GGG​CCC​TTA​CTA​GGT​TTT​TCT​CTT​GA GGC​ACC​GAG​CCC​TTC​TTC​TTAG​ 242

rs3805246 G > A Chr4:144304108 TGA​CTC​TGT​TCC​CTA​ATC​GTG​AGG​A TGG​GCC​AGA​GTC​ATT​ACA​ACACA​ 316

rs3805254 A > G Chr4:144285683 GCA​TGG​GCT​TGT​GAA​ATC​TCCT​ GGA​CAC​CTA​GCC​CCA​CAA​ACAT​ 288
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regression with a priori adjustments for biological sex, 
age, BMI, ETS exposure, and residence. Afterward, odds 
ratios (ORs), and 95% confidence intervals (CIs) were cal-
culated, and association p-values estimated. The interac-
tion between the GAB1 gene and the environment was 
analysed using the generalized multifactor dimensional-
ity reduction (GMDR) method. A statistically significant 
difference was defined as p<0.05.

Results
Baseline characteristics
Table  2 summarizes the baseline characteristics of par-
ticipants. The asthma group included 109 children, 
77 boys and 32 girls, aged 2 to 15 years. The control 
group included 158 children, 99 boys and 59 girls, 2 to 
15 years. The distribution of biological sex, age, feeding 
behaviors, and pet exposure did not differ significantly 
between the two groups (p  > 0.05); the BMI was higher 
in the asthma group than in the control group (16.07 vs 
15.74, p = 0.015). Significant differences existed between 
groups in allergen exposure, ETS exposure, and resi-
dence (p < 0.05). Specifically, asthma patients presented a 
greater percentage of exposure to allergens and ETS, as 
well as living more frequently in urban areas. All asthmat-
ics received ICS treatment. Among 74 asthmatics aged at 
least 5, 71 completed the 12-week follow-up, whereas the 
others did not or received substandard treatment.

Analysis of genotype and allele distribution
The genotype distribution of all GAB1 SNVs in the 
control group (rs1397527, rs17017425, rs1866756, 
rs3805236, rs3805246, and rs3805254) was in HWE 
(p > 0.05). There was no significant difference in the dis-
tribution of GAB1 genotypes and alleles between asthma 
and control groups (p > 0.05). Details of these results are 
shown in Table 3.

Analysis of haplotypes and linkage disequilibrium (LD)
Haploview software was used to examine haplotype and 
LD analyses. Based on Fig.  1, all of the SNVs were in 
high LD except rs17017425 which was physically distant 
from the rest of the SNVs. Meanwhile, haplotype analysis 
revealed that the GAB1 six loci (rs3805236-rs3805246-
rs1397527-rs3805254-rs1866756-rs17017425) composed 
five haplotypes. AGG​AGT​ was the most frequent haplo-
type in the asthma control group (65.19%) (Table 4). Fol-
lowing statistical analysis, the asthma group had a greater 
frequency of haplotype AGG​AGC​ in comparison to the 
control group using haplotype AGG​AGT​ as the reference 
(p = 0.030). Using a logistic regression model adjusted by 
several confounders, those results were mimicked, being 
the haplotype AGG​AGC​ associated with a statistically 

increased risk for asthma susceptibility (OR = 2.69, 
p = 0.018).

Association between the GAB1 gene variants and EOS 
and IgE
The Kruskal-Wallis H test revealed that percentage of 
EOS and genotype distribution of rs1397527 were associ-
ated (p = 0.007). Pairwise comparisons showed that GG 
and GT genotypes were statistically different in terms of 
EOS percentage, with the EOS percentage lower in GG 
genotype in comparison with GT genotype (3.00 vs 5.50, 

Table 2  Baseline characteristics of the subjects

Comparison of biological sex and exposure factors between two groups used 
χ2 test, while age and BMI used Mann-Whitney test. The values p < 0.05 were in 
bold

Abbreviations: ETS environmental tobacco smoke, BMI body mass index
a Baseline pulmonary function of asthmatic children aged ≥5 years

Description Asthmatics Controls p

Anthropometry

Biological sex, n (%)

  Males 77(70.64) 99(62.66) 0.176

  Females 32(29.36) 59(37.34)

Age, median (IQR),year 6(4,8) 6(4,8) 0.383

BMI, median (IQR), kg/m2 16.07(15.17,18.53) 15.74(12.13,16.66) 0.015

Exposure factors

Feeding patterns, n (%)

  Artificial/mixed feeding 86(78.90) 129(81.65) 0.578

  Breastfeeding 23(21.10) 29(18.35)

Allergen exposure, n (%)

  Yes 75(68.81) 15(9.49) < 0.001

  No 34(31.19) 143(90.51)

ETS exposure, n (%)

  Yes 29(26.61) 9(5.70) < 0.001

  No 80(73.39) 149(94.30)

Pet exposure, n (%)

  Yes 27(24.77) 34(21.52) 0.534

  No 82(75.23) 124(78.48)

Residence, n (%)

  Urban 75(68.81) 83(52.53) 0.008

  Rural 34(31.19) 75(47.47)

Laboratory indices

  EOS(%) 5.00 ± 5.52 NA

  IgE(IU/ml) 256.86 ± 390.27 NA

Spirometry

  FVC% preda 92.12 ± 22.30 NA

  FEV1 (%)a 83.90 ± 17.59 NA

  FEV1/FVCa 78.87 ± 12.28 NA

  PEF% preda 68.11 ± 18.41 NA

  FEF25% preda 66.36 ± 20.94 NA

  FEF50% preda 61.44 ± 24.49 NA

  FEF75% preda 52.46 ± 26.90 NA

  MMEF% preda 58.50 ± 24.55 NA
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Bonferroni-adjusted p  = 0.005). No statistically signifi-
cant differences were observed for EOS percentage or IgE 
levels between the other genotypes or alleles (Table 5).

Relationship between SNVs and baseline pulmonary 
function
We analysed the relationship between variants in GAB1 
gene and pulmonary function indices before ICS treat-
ment including FVC% pred, FEV1% pred, FEV1/FVC, 
PEF% pred, FEF25% pred, FEF50% pred, FEF75% pred, 

MMEF% pred, and we found no significant association 
with the GAB1 SNVs before the 12-week ICS treatment. 
Baseline pulmonary function indices of the genotypes are 
revealed in the supplementary file (Table S1).

Analysis of the changes in FEV1/FVC and Δ FEV1 after ICS 
treatment
We analysed the association between GAB1 SNVs and 
changes in FEV1/FVC after 12-weeks of ICS treatment 

Table 3  Association between GAB1 gene variants and asthma risk

Abbreviations: OR odds ratio, CI confidence interval, a χ2 test for genotype and allele distributions between the asthma group and the control group; b binary logistic 
regression for genotype distributions between the asthma group and the control group, adjusted for biological sex, age, BMI, ETS exposure and residence

SNVs Genotypes/
Alleles

Asthma
(n = 109)

Control
(n = 158)

pa OR (95%CI) pb

rs1396527

G/G 47(43.1) 85(53.8) 0.102 – –

G/T 55(50.5) 59(37.3) 1.57(0.88–2.79) 0.125

T/T 7(6.4) 14(8.9) 0.78(0.27–2.31) 0.658

G 149(68.4) 229(72.5) 0.304 – –

T 69(31.7) 87(27.5) 1.41(0.81–2.45) 0.222

rs17017425

T/T 55(50.5) 89(56.3) 0.573 – –

T/C 47(43.1) 58(36.7) 1.08(0.61–1.92) 0.782

C/C 7(6.4) 11(7.0) 1.18(0.41–3.45) 0.760

T 157(72.0) 236(74.7) 0.492 – –

C 61(28.0) 80(25.3) 1.10(0.64–1.89) 0.736

rs1866756

G/G 57(52.3) 92(58.2) 0.287 – –

G/A 48(44.0) 56(35.4) 1.32(0.74–2.33) 0.346

A/A 4(3.7) 10(6.3) 0.64(0.17–2.35) 0.501

G 162(74.3) 240(76.0) 0.666 – –

A 56(25.7) 76(24.1) 1.21(0.70–2.10) 0.503

rs3805236

A/A 54(49.5) 90(57.0) 0.248 – –

A/G 48(44.0) 54(34.2) 1.42(0.79–2.54) 0.241

G/G 7(6.4) 14(8.9) 0.85(0.30–2.43) 0.761

A 156(71.6) 234(74.1) 0.524 – –

G 62(28.4) 82(26.0) 1.30(0.75–2.26) 0.359

rs3805246

G/G 58(53.2) 92(58.2) 0.342 – –

G/A 47(43.1) 56(35.4) 1.28(0.72–2.26) 0.401

A/A 4(3.7) 10(6.3) 0.63(0.17–2.32) 0.488

G 163(74.8) 240(76.0) 0.756 – –

A 55(25.2) 76(24.1) 1.17(0.68–2.04) 0.568

rs3805254

A/A 58(53.2) 92(58.2) 0.342 – –

A/G 47(43.1) 56(35.4) 1.28(0.72–2.26) 0.401

G/G 4(3.7) 10(6.3) 0.63(0.17–2.32) 0.488

A 163(74.8) 240(76.0) 0.756 – –

G 55(25.2) 76(24.1) 1.17(0.68–2.04) 0.568
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(Table 6). We found significant differences in the distri-
bution of the FEV1/FVC change at rs1397527 (p = 0.032). 
Figure 2 demonstrates the change in FEV1/FVC of each 
genotype at rs1397527. Further comparisons revealed 
that the ratio was higher in the GG genotype group than 
GT genotype group, precisely 14.84% vs 7.93% (adjusted 
p < 0.05). Furthermore, we explored each genotype’s 
dominant and recessive models (Table  6). The domi-
nant model showed that the change in FEV1/FVC of 
rs1397527 minor homozygotes (TT) and heterozygotes 
(GT) was lower than that in reference homozygotes (GG) 
after ICS treatment (p = 0.009). Moreover, children with 

rs3805236 reference homozygous (AA) showed higher 
percentage change in FEV1/FVC compared with the 
minor genotype (GG/AG) (p = 0.025). However, this phe-
nomenon was not repeated in the other gene loci.

We also analysed the association between GAB1 SNVs 
and Δ FEV1. Whereas, this analysis failed to show an 
association, which is provided in the supplementary file 
(Table S2).

Analysis of ICS response
The general characteristics of ICS responders and non-
responders are shown in the supplementary file (Table 
S3). There was no significant difference between the two 
groups in age, gender, BMI, or baseline pulmonary func-
tion. The dominant model of rs1397527 was associated 
with ICS response after 12-weeks treatment (p = 0.038). 
Specifically, asthmatics carrying the GG genotype had 
better treatment responses than patients carrying the GT 
or TT genotype (Table 7).

SNV‑SNV interaction
GMDR analysis was performed to assess the effect of 
SNV-SNV interactions on asthma risk. The results exhib-
ited that rs1397527 was an important SNV in all mod-
els. The three-order model (rs1397527, rs17017425, and 
rs3805236) was the best model after permutation testing. 

Fig. 1  Linkage disequilibrium diagram. (A) coefficient of LD (D′). The D′ value is displayed in gradients from red (strong linkage) to green (weak 
linkage). (B) correlation coefficient (r2). The r2 value is displayed in gradients from black (strong linkage) to gray (weak linkage)

Table 4  Haplotype analysis for blocks in GAB1 gene

n refers to the number of haplotypes (frequency > 3%)

The values p < 0.05 were in bold
a calculated with χ2 test; b calculated with logistic regression test adjusted for 
biological sex, age, BMI, ETS exposure, and residence

Haplotype Asthma
(n = 197)

Control
(n = 296)

Pa OR (95%CI) Pb

AGG​AGC​ 18(8.26) 12(3.80) 0.030 2.69(1.19–6.07) 0.018
AGG​AGT​ 123(56.42) 206(65.19) 0.458 – –

GAT​GAC​ 25(11.47) 44(13.92) 0.553 0.88(0.48–1.59) 0.669

GAT​GAT​ 25(11.47) 24(7.59) 0.133 1.74(0.90–3.36) 0.101

GGG​AGC​ 6(2.75) 10(3.16) 0.843 1.05(0.35–3.19) 0.930
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The three-order model had the best cross-validation 
consistency of 10/10 and the highest testing accuracy of 
0.564, after adjusting for biological sex, age, and BMI, 
there was a trend that the model was associated with 
asthma (p = 0.055, Table 8). As shown in Fig. 3, when the 
genotype of rs1397527 was GT, rs3805236 was AG, and 
rs17017425 was TT, the risk of asthma was highest in the 
three-order model.

Gene‑environment interaction
In this study, the rs1397527 locus of the GAB1 gene was 
associated with EOS and ICS efficacy and was more 
strongly associated with asthma than the other loci. 
Therefore, the GMDR method was used to analyze the 
interaction between rs1397527 locus and feeding pat-
terns, allergen exposure, ETS exposure, pet exposure, 
and residence. As shown in Fig. 4, a significant four-order 
model revealed a potential gene-environment interaction 
among rs1397527, allergen exposure, ETS exposure, and 

pet exposure with the best cross-validation consistency 
(10/10) and testing accuracy of 0.821 (p = 0.001, Table 9).

Discussion
Asthma is a chronic heterogeneous airway disorder 
with a major genetic component. With the advance-
ment of genetic and molecular biology research, genes 
have been increasingly identified as directly associated 
with asthma [4]. Therefore, genetic susceptibility is 
critical for diagnosing and screening asthma. GAB1 is 
the most highly expressed and broadly expressed mem-
ber of the growth factor receptor-related binding pro-
tein (Gab) family and is found on chromosome 4q31.21. 
It can mediate cell signaling through tyrosine phos-
phatase SHP2 or phosphatidylinositol-3 kinase (PI3K) 
in response to various extracellular stimuli [21]. Wang 
et al. [22] discovered that GAB1 was expressed in AT-
IIs and that the depletion of GAB1 in AT-IIs caused an 
imbalance in surfactant protein synthesis, the appear-
ance of disorganized lamellar bodies and predisposed 

Table 5  Association results between genetic variants in GAB1 
gene, and percentage of EOS and IgE levels

The values p < 0.05 were in bold

Abbreviations: a Kruskal-Wallis H test for EOS distribution between genotypes in 
the asthma group; b ANOVA for lg (lgE) distribution between genotypes in the 
asthma group

SNVs Genotypes EOS (%) pa IgE(IU/ml) pb

rs1396527

G/G 3.00(1.30–5.60) 0.007 2.08 ± 0.60 0.848

G/T 5.50(2.50–7.70) 2.14 ± 0.51

T/T 3.70(2.20–6.70) 2.18 ± 0.46

rs17017425

T/T 3.10(1.60–6.40) 0.102 2.04 ± 0.50 0.390

C/T 4.80(2.20–7.60) 2.20 ± 0.58

C/C 6.80(3.90–8.30) 2.12 ± 0.59

rs1866756

G/G 3.30(1.60–6.20) 0.136 2.09 ± 0.58 0. 846

G/A 4.80(2.60–7.18) 2.14 ± 0.50

A/A 2.40(0.63–11.53) 2.22 ± 0.58

rs3805236

A/A 3.50(1.60–6.15) 0.309 2.09 ± 0.58 0.877

A/G 4.45(2.40–7.18) 2.15 ± 0.52

G/G 4.80(2.50–14.50) 2.10 ± 0.41

rs3805246

G/G 3.50(1.60–6.48) 0.240 2.10 ± 0.58 0. 064

G/A 4.80(2.50–6.80) 2.13 ± 0.50

A/A 2.40(0.63–11.53) 2.22 ± 0.58

rs3805254

A/A 3.50(1.60–6.48) 0.240 2.10 ± 0.58 0. 064

A/G 4.80(2.50–6.80) 2.13 ± 0.50

G/G 2.40(0.63–11.53) 2.22 ± 0.58

Table 6  Association between GAB1gene SNVs and change in 
FEV1/FVC after ICS treatment

The values p < 0.05 were in bold
a  dominant model; b recessive model

SNVs Genotypes Change in FEVI/
FVC (%)

p pa pb

rs1396527

G/G 14.84 ± 12.13 0.032 0.009 0.593

G/T 7.93 ± 9.49

T/T 8.31 ± 8.31

rs17017425

T/T 12.26 ± 8.94 0.366 0.220 0.270

C/T 9.71 ± 14.08

C/C 6.10 ± 10.13

rs1866756

G/G 12.89 ± 12.14 0.273 0.109 0.585

G/A 8.80 ± 9.50

A/A 7.44 ± 9.50

rs3805236

A/A 13.75 ± 11.51 0.061 0.025 0.262

A/G 8.26 ± 9.99

G/G 2.21 ± 4.05

rs3805246

G/G 12.89 ± 12.14 0.273 0.109 0.585

G/A 8.80 ± 9.50

A/A 7.44 ± 9.50

rs3805254

A/A 12.89 ± 12.14 0.273 0.109 0.585

A/G 8.80 ± 9.50

G/G 7.44 ± 9.50
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Fig. 2  Changes in FEV1/FVC for the rs1397527 genotypes after treatment. The letters a and b appear separately to indicate differences 
between groups and there is no difference between groups with same letter

Table 7  Association between GAB1 gene SNVs and ICS response

The values p < 0.05 were in bold
a  dominant model; b recessive model

SNVs Genotypes ICS responders ICS nonresponders p pa pb

rs1396527

G/G 22(52.4) 8(27.6) 0.036 0.038 0.642

G/T 16(38.1) 20(69.0)

T/T 4(9.5) 1(3.4)

rs17017425

T/T 25(59.5) 16(55.2) 0.760 0.715 > 0.999

T/C 13(31.0) 11(37.9)

C/C 4(9.5) 2(6.9)

rs1866756

G/G 23(54.8) 14(48.3) 0.283 0.591 0.265

G/A 16(38.1) 15(51.7)

A/A 3(7.1) 0(0.0)

rs3805236

A/A 22(52.4) 14(48.3) 0.542 0.734 0.510

A/G 18(42.9) 15(51.7)

G/G 2(4.8) 0(0.0)

rs3805246

G/G 23(54.8) 14(48.3) 0.230 0.591 0.265

G/A 16(38.1) 15(51.7)

A/A 3(7.1) 0(0.0)

rs3805254

A/A 23(54.8) 14(48.3) 0.230 0.591 0.265

A/G 16(38.1) 15(51.7)

G/G 3(7.1) 0(0.0)
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susceptibility to lung injury. This suggests that GAB1 
is critical in preserving the homeostasis and func-
tional integrity of AT-IIs in the alveoli. Asthma is an 

inflammatory illness of the airways primarily mediated 
by T helper type-2 (Th2) inflammation cells. Dendritic 
cells (DCs) play an essential role in the development of 

Table 8  GMDR analysis of GAB1 SNVs

Adjusted for biological sex, age, and BMI

Model Testing accuracy Cross-validation 
consistency

p

rs1397527/rs17017425 0.552 7/10 0.055

rs1397527/rs17017425/rs3805236 0.564 10/10 0.055

rs1397527/rs17017425/ rs3805236/rs3805246 0.536 8/10 0.377

rs1397527/rs17017425/rs1866756/rs3805236/rs3805246 0.537 8/10 0.377

rs1397527/rs17017425/rs1866756/rs3805236/rs3805246/rs3805254 0.537 10/10 0.377

Fig. 3  Analysis of the three-order model. Each cell represents an interaction combination; highrisk cells are denoted by a dark color, lowrisk cells are 
denoted by a light tint. The more positive the score in the cell, the higher the risk of asthma in the combo

Fig. 4  Analysis of the four-order model. Each cell represents an interaction combination; high-risk cells are denoted by a dark color, low-risk cells 
are denoted by a light tint. The more positive the score in the cell, the higher the risk of asthma in the combo
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primary immune and allergic reactions by presenting 
antigens to Th2 cells. Zhang et al. [23] reported the sig-
nificance of GAB1 in regulating DC migration in aller-
gic asthma. They observed an elevation of GAB1 level 
in peripheral blood mononuclear cells from asthmatic 
patients during acute exacerbation, and further experi-
ments found that GAB1 can regulate DC migration in 
allergic asthma by affecting CCL19/CCR7 signaling. 
Therefore, GAB1 may be involved in the pathogenesis 
of asthma.

According to the currently reported genome-wide 
association studies (GWAS), the LD block region includ-
ing rs1397527 and containing the USP38/GAB1 genes 
has been identified as a susceptibility locus for adult 
asthma in the Japanese population [16]. However, there 
was no association between GAB1 rs1397527 and sus-
ceptibility to childhood asthma in our study. We specu-
late that the unexpected results are attributable to not 
considering all the variants that correlated by LD within 
the region. Besides, the relatively small sample size of this 
study results in lower statistical power. A study targeting 
childhood asthma in Europeans found that the variant 
of the GAB1 rs3805236 was associated with susceptibil-
ity to childhood asthma [24]. By contrast, in the current 
study no difference in the distribution of genotypes and 
alleles of rs3805236 between asthma and control groups 
were discovered, implying that rs3805236 may not repre-
sent a susceptibility locus for asthma in Chinese children, 
and we consider that it might be affected by regional eth-
nicity. Previous studies have validated the association of 
rs3805246 with meningioma, cholangiocarcinoma, and 
gastritis [25–27]. However, there is currently no corre-
lation study between this locus and childhood asthma, 
and our study revealed no link between this locus and 
childhood asthma susceptibility. In addition, for the 
rs17017425, rs1866756, and rs3805254, we did not find 
any association with increased susceptibility and risk of 
childhood asthma.

Following the rationale that combining alleles into 
haplotypes according to LD could depict the genuine 
link between genes and diseases compared to individual 
SNV analysis [28], we carried out haplotype association 

analyses. Although no link was observed between asthma 
and any of the GAB1 SNVs studied, haplotype analysis 
revealed that haplotype AGG​AGC​ was linked to child-
hood asthma susceptibility and was a risk factor for 
asthma.

Our study found an association between GAB1 
rs1397527 and EOS. The results showed that the EOS 
levels were higher in asthmatic children carrying GT 
genotype than GG genotype, indicating that the increase 
in EOS may be connected to the presence of the minor 
allele T in rs1397527. GAB1 can mediate cell signal-
ing through tyrosine phosphatase SHP2. Accumulating 
evidence indicates that SHP2 plays a crucial regulatory 
role in the differentiation of eosinophils. Mice with bone 
marrow SHP2 deficiency have been demonstrated to be 
unable to induce eosinophilia and airway hyperrespon-
siveness [29]. It could be hypothesized that indirectly 
activated SHP2 because of the presence of the minor 
allele T results in eosinophilia.

ICS is the most effective treatment for childhood 
asthma, which can improve asthma symptoms, pulmo-
nary function, airway hyperresponsiveness, and the fre-
quency of acute attacks. Nevertheless, there is significant 
heterogeneity in ICS therapeutic effects and adverse 
reactions [30]. Under standardized use, some children’s 
symptoms may be unable to be alleviated or even worsen 
despite an increasing dosage [31]. Glucocorticoid (GC) 
pharmacogenomics research and GWAS have confirmed 
that genetic variation is associated with steroid treatment 
response [32]. Sharma et  al. [15] observed that GAB1 
levels in BEAS-2B bronchial epithelial cells increased 
after GC treatment, and siRNA knockdown of GAB1 in 
BEAS-2B cells decreased the expression of NF-κB. This 
finding demonstrated that GAB1 could positively regu-
late the presentation of the pro-inflammatory factor 
NF-κB in asthma through certain pathways. The NF-κB 
signaling pathway, as is well known, can be transcribed 
through TNF- α, IL-6, IL-12, and other cytokines [33], 
which mediate the immunological response and par-
ticipate in the signaling pathways that GC affects [34]. 
Therefore, we speculate that GAB1 is a response gene 
for GC therapy of asthma. To verify this hypothesis, we 

Table 9  GMDR analysis of GAB1 rs1397527 and environmental variables

Adjusted for biological sex, age and BMI

Model Testing accuracy Cross-validation 
consistency

p

rs1397527/Allergen exposure/ETS exposure 0.818 10/10 0.001

rs1397527/Allergen exposure/ETS exposure/Pet exposure 0.821 10/10 0.001

rs1397527/Allergen exposure/ETS exposure/Pet exposure/Residence 0.819 10/10 0.001

rs1397527/Feeding patterns/Allergen exposure/ETS exposure/Pet exposure /
Residence

0.810 10/10 0.001
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evaluated the change in pulmonary function after ICS 
treatment among different genotypes of GAB1 SNVs, 
and variants of rs1397527 and rs3805236 were found to 
be associated with the change in FEV1/FVC after ther-
apy. In particular, we discovered that minor alleles for 
GAB1 rs1397527 and rs3805236 had less improvement in 
FEV1/FVC compared with reference homozygotes. Like-
wise, for ICS response, asthmatics with rs1397527 minor 
alleles (GT or TT genotypes) had a worse therapeutic 
response than subjects carrying the GG genotype. These 
pieces of evidence could be inferred that minor alleles of 
rs1397527 and rs3805236 may boost GAB1 expression, 
hence increasing the activity of NF-κB and antagonizing 
the anti-inflammatory effect of ICS, although there was 
no relevant functional data. It was also confirmed by the 
GTEx portal and PhenoScanner databases that the minor 
alleles at rs1397527 and rs3805236 were effect alleles 
and were associated with the expression of GAB1 gene, 
USP38 gene, and GUSBP5 gene. Interestingly, NF-κB is 
the central inflammatory factor in severe eosinophilic 
asthma [34, 35]. Blood eosinophilia can be used as one 
of the indicators to evaluate the poor efficacy of ICS anti-
inflammatory treatment [36], which is consistent with 
the discovery in this study that carrying the minor allele 
T at rs1397527 can cause eosinophilia.

Asthma is a multifactorial disease impacted by various 
environmental factors, polygenes, and their interactions. 
Interaction is the combination of multiple factors, lead-
ing to a certain outcome. Particular gene variants deter-
mine disease risk following environmental exposure, 
known as gene-environment interactions [37]. Particu-
lar combinations of SNVs determine disease risk, known 
as SNV-SNV interactions. The complexities of asthma 
necessitate investigating how genes are expressed or sup-
pressed in specific settings. Previously, feeding patterns, 
allergen exposure, ETS exposure, pet exposure, and resi-
dence have been confirmed to be important risk factors 
for asthma [38–42]. In this study, the GMDR was used 
for interaction detection, and the results showed the 
interaction of rs1397527, allergen, ETS, and Pet expo-
sure, suggesting that SNV and specific environments 
could interact and improve the prediction of asthma. 
Furthermore, we also found a trend that interaction of 
rs1397527, rs17017425, and rs3805236.

To our knowledge, this is the first study to report 
the relationship between GAB1 gene SNVs and 
asthma and ICS efficacy. However, our study has sev-
eral limitations. First of all, limited number of SNVs 
in the GAB1 gene were included in the current study, 
and more SNVs should be included in the analysis in 

Fig. 5  Main findings of the current study
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the future. Second, the diagnosis of asthma in chil-
dren under 5 years mainly depended on symptoms and 
signs, and the lack of spirometry could cause a bias in 
the diagnosis of asthma in the very early years of life. 
Furthermore, the basic characteristics of the control 
group and the asthma group populations were dif-
ferent, and the potential impact of these factors on 
the results could not be completely eliminated after 
adjusting for statistical analysis. Third, for the study 
of ICS efficacy, we only used Δ FEV1 and the change 
in FEV1/FVC as the primary outcomes, but other 
indexes, such as PEF, should be included in further 
studies. Moreover, we notice that baseline pulmonary 
function indexes may be imbalanced between ICS 
responders and nonresponders, and the improvement 
in spirometry in ICS nonresponders after treatment 
may be restricted by their higher baseline level. For 
the true relationship between the expression of GABI 
gene and the activity of NF-κB, further functional val-
idation should be conducted to better understand its 
role in ICS treatment of asthma. Finally, the number 
of children in the study is small, so our results should 
be interpreted with caution, and larger sample sizes 
are needed to confirm our findings.

Conclusions
Collectively, this study analysed the genetic variant of 
the GAB1 gene and found that no SNVs were individu-
ally associated with asthma susceptibility, but when ana-
lyzing haplotypes of variants located in GAB1 gene there 
were positive results that haplotype AGG​AGC​ was a risk 
factor for asthma. And GAB1 SNVs were associated with 
EOS and ICS efficacy. In addition, we also observed gene-
environment interaction, providing a theoretical basis for 
studying genetic-related pathogenesis and predicting ICS 
efficacy and individualized treatment in Chinese children 
with asthma. Figure  5 highlights the study’s main find-
ings. In addition, other than asthma, our research also 
provides a new direction of gene-target therapy for the 
diagnosis and treatment of other GC-treated diseases. In 
the future, relevant functional verification and research 
on larger sample sizes, different regions, and ethnic 
groups should be carried out to validate our results.
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