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Four-Locus Gene Interaction Between IL13, IL4, FCER1B,
and ADRB2 for Asthma in Chinese Han Children
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Summary. Rationale: IL13, IL4, IL4RA, FCER1B, and ADRB2 are important inflammatory

genes associated with immunoglobulin E levels. This study attempts to determine whether

there are gene–gene interactions in the five genes among asthmatic children of Chinese Han

nationality. Methods: Nine single-nucleotide polymorphisms (SNPs) in the five genes were

genotyped in 1,000 asthmatic children and 1,000 healthy controls using TaqMan real-time

quantitative polymerase chain reaction. Multifactor–dimensionality reduction method was

applied for the analysis. Results: A four-way gene–gene interaction model consisting of IL13

rs20541, IL4 rs2243250, ADRB2 rs1042713, and FCER1B rs569108 was chosen as the

optimal one for determining asthma susceptibility (testing balanced accuracy¼0.6089, cross-

validation consistency¼10/10, P¼6.98E�05). Each of the four SNPs was identified to have an

independent association with childhood asthma (G allele of rs20541, odds ratio (OR)¼1.24,

P¼1.23E�03; T allele of rs2243250, OR¼1.25, P¼3.81E-03; A allele of rs1042713,

OR¼1.29, P¼6.75E-05; G allele of rs569108, OR¼1.27, P¼3.86E�03). Individuals

homozygous for the risk alleles at all the four loci (rs20541 GG, rs2243250 TT, rs1042713

AA, and rs569108 GG) had a significantly higher risk of asthma compared with those without

any risk homozygotes (OR¼13.55, P¼4.28E�03), and also greater than those with less than

four risk homozygotes (OR¼10.09, P¼6.51E�03). Conclusions: Our results suggest that IL13

rs20541, IL4 rs2243250, ADRB2 rs1042713, and FCER1B rs569108, four SNPs with

significant sole effect on asthma, interact to confer a higher risk for the disease in Chinese

Han children. Pediatr Pulmonol. 2016;51:364–371. � 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Asthma is a common chronic inflammatory disease of
the airways, characterized by airway hyper-responsiveness
and intermittent airflow obstruction. Its incidence is on
the rise among children, which brings heavy burden to the
whole society and results in huge medical expenditure
around the world. Accumulating evidence has shown that
asthma is caused by a complex interaction of genetic and
environmental factors.1,2 The overall genetic contribution
is suggested to be around 50–60%.3 Numerous genes may
control the development of asthma, each having a small
and possibly synergistic effect on the phenotype.
Ober andHoffjan4 reviewed 118 genes with association

to asthma or atopy, among which 54 genes have been
replicated in 2–5 independent samples, 15 genes in 6–10
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independent samples, and 10 genes in >10 independent
samples. The 25 genes associated with asthma- or atopy-
related phenotypes in six or more independent samples
are considered to be true susceptibility genes. The elite
group of genes replicated in >10 studies include IL13,
IL4, IL4RA, FCER1B, and ADRB2. The majority of
asthma is associated with atopy, characterized by
enhanced T-cell secretion of T helper 2 (Th2) cytokines.
IL13, IL4, and IL4RA genes encode the cytokines which
play a crucial role in the widely used immunological
model with an altered balance between Th1 and Th2
immune responses.5 A number of single-nucleotide
polymorphisms (SNPs) in the IL13, IL4, and IL4RA
genes have been shown to be associated with elevated
immunoglobulin E (IgE) levels,6–8 as well as the
development of atopy and asthma.9–11 FCER1B gene
codes high-affinity IgE receptor-beta chain (FCER1B).
IgE-dependent activation of mast cells and basophils
through FCER1 is involved in the pathogenesis of
allergen-induced immune responses in atopic diseases
and FCER1B is thought to function as an amplifier of
FCER1 expression and signaling.12 Variants of the
FCER1B gene have been reported to be correlated with
atopic asthma13 and high total serum IgE levels.14 Beta2-
adrenergic receptor (ADRB2) mediates the actions of
catechol amines which modulate the smooth muscle of
the respiratory tree to keep airway patent. The ADRB2
gene contains several common genetic variations which
were associated with asthmatic symptoms15 and bron-
chodilator response.16 All these five genes, IL13, IL4,
IL4RA, FCER1B, and ADRB2, are important inflamma-
tory genes associated with IgE levels.
Our study attempts to determine whether there are

gene–gene interactions between genetic variants in the
aforementioned five genes among asthmatic children of
Chinese Han nationality. Multifactor-dimensionality
reduction (MDR), which has been introduced by Ritchie
et al. as a nonparametric and genetically model-free
alternative to logistic regression, is a powerful tool for
detecting high-order gene–gene interactions in a small
population.17,18 In this study, nine loci in the five genes
proved to be related with asthma were genotyped in
Chinese Han population, and gene–gene interactions
were examined with MDR.

MATERIALS AND METHODS

Study Participants

A total of 2,000 unrelated Chinese Han individuals
were enrolled in the study: 1,000 asthmatic children and
an equal number of healthy controls. Table 1 shows
demographic characteristics of the study subjects.
Written informed consent was obtained from all the
adult participants and the parents of each minor
participant. The study was approved by the Ethics

Committee of Xin Hua Hospital Affiliated to Shanghai
Jiao Tong University School of Medicine (Ethics
Approval Number: XHEC-D-2008-012) and conducted
according to the principles in the Declaration of
Helsinki. All patients were recruited from the Asthma
Clinic of Xin Hua Hospital. Each of them had at least
one active asthma symptom. Asthma was defined by the
following two criteria: two or more episodes of
wheezing and shortness of breath during the past
year; reversibility of wheezing and dyspnea, either
spontaneously or by bronchodilator treatment as defined
by the guidelines of the American Thoracic Society.19

The diagnosis of asthma in participants was confirmed
clinically by a pediatrician who had treated the child
for more than two years. Because wheezing is often
associated with viral respiratory infection in young
children, we excluded children younger than three years
of age. Among the patients, 80.70% had positive allergy
skin prick tests. The control participants were healthy
students from several universities at Shanghai. The
inclusion criteria for the control group were as follows:
no symptoms or history of asthma, no symptoms or
history of other pulmonary diseases, no symptoms or
history of allergy, and no first-degree relatives with a
history of asthma or atopy.

Selection of Genes and SNPs

Ober reviewed 118 genes with association to asthma or
atopy, among which 25 have been replicated in six ormore
studies and thus are believed to be the susceptible genes
most likely associatedwith asthma and atopy.4 From the 25
genes, we selected five key inflammatory genes associated
with IgE levels,which have been replicated inmore than10
studies. These included genes for (i) cytokines: interleukin
13 (IL13), IL4, IL4 receptor-alpha chain (IL4RA);
(ii) mediators of atopy and airway inflammation:
ADRB2, FCER1B. Within these genes, nine functional
SNPs6–11,13–16,20–25 were chosen for analysis, which had
minor allele frequencies greater than 10%. Table 2 shows
the list of SNPs analyzed in this study.

TABLE 1—Demographic Characteristics of the Study
Participants

Asthmatics Controls

Number 1000 1000

Male (%) 503 (50.30%) 503 (50.30%)

Female (%) 497 (49.70%) 497 (49.70%)

Mean (range) age (years) 4.90 (3–12)1 23.32 (18–25)1

Atopy (%)2 807 (80.70%) NA

NA, not available.
1Controls were older than asthmatics, which allowed a longer period for

exclusion of asthma.
2Positive allergy skin prick tests.
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Genotyping

Genomic DNA was isolated from an oral mucosal
swab using TIANamp Swab DNA Kit (TIANGEN
Biotech, Beijing, China). TaqMan real-time quantitative
polymerase chain reaction26,27 (ABI 9,700, Applied
Biosystems, Foster City, CA) was applied to detect the
genotypes of the nine SNP loci (IL13 rs1800925,
rs1295686, rs20541, IL4 rs2243250, ADRB2 rs1042713,
FCER1B rs1441586, rs569108, IL4RA rs1805010, and
rs1801275). The reaction was performed in a 384-well
plate format. Each well contained FAM-labeled and
VIC-labeled probes. The total volume of 10mL included
10 ng of genomic DNA, 5mL of TaqMan1 Universal
Master Mix (Applied Biosystems, Foster City, CA), and
0.2mL of TaqMan1 SNP Genotyping Assay Mix.
Cycling conditions included one cycle at 958C for
10min, 40 cycles at 958C for 15 sec, and at 608C for
60 sec. To avoid contamination, negative controls were
included in each PCR reaction. After PCR, the results
from each sample were automatically determined by
measuring allele-specific final fluorescence in an ABI
Prism 9700HT detection system, using the SDS 2.2
software for allele discrimination (Applied Biosystem).
Typings were validated by blind retesting of 10% of the
total samples, and the concordance rate reached 99.5%.
The call rate for each SNP was greater than 99%.

Statistical Analysis

All SNPs were examined for Hardy–Weinberg equi-
librium in control subjects using the x2 test. Association
between asthma and each of the nine loci was made with
the Pearson’s x2 statistics. In addition to the allelic test of
association, the genetic models (additive model, domi-
nant model, and recessive model) were tested for the
SNPs using logistic regression analysis, controlled for
age, and gender. The association P value, odds ratio (OR),
and 95% confidence intervals (95% CIs) were estimated
with PLINK 1.07 (http://pngu.mgh.harvard.edu/~purcell/
plink/). Two-tailed P values of 0.0055 or less after

Bonferroni Multiple Testing correction were considered
statistically significant.
Gene–gene interactions were analyzed with MDR

(V2.0 Beta 2), which can reduce high dimensional data to
one dimension with two classes. First, the sample dataset
is divided into 10 parts of equal size for 10-fold cross-
validation (nine parts for training and one part for testing).
Secondly, an exhaustive search of a set of n SNPs is
performed. For example, for three loci with three
genotypes each, there are 27 possible combinations.
Finally, the case/control ratio is calculated for each
combination, which is assigned as “high risk” (>1) or
“low risk” (<1).MDRmodels are evaluated on the testing
balanced accuracy (TBA), the cross-validation consisten-
cy (CVC) and the statistical significance. TBA assesses
how often the subjects are correctly classified with respect
to their case or control status, while CVC indicates the
consistency with which individuals are classified.
Heuristically, a satisfactory TBA score is above 0.55.
The best model should be the combination of loci that
maximizes CVC and TBA. The statistical significance of
the final best model was determined using 10,000
permutation testing. In addition, results from MDR
analysis were confirmed by x2 tests. The statistically
significant level is a P value of less than 0.05. For the
SNPs located within a 20 kb region, linkage disequilibri-
um (LD) statistics D0 and r2 were calculated among
controls. The detection power of the sample in this study
was 0.81 for asthma, if the minor allele frequency was
0.25 and its OR for asthma reached 1.20.

RESULTS

Association Between Childhood Asthma and
Individual SNPs

All nine SNPs examined were in Hardy–Weinberg
equilibrium (P> 0.05). As shown in Table 3, SNPs IL13
rs20541, IL4 rs2243250, ADRB2 rs1042713n, and
FCER1B rs569108 were solely associated with asthma.
The G allele of rs20541 (OR¼ 1.24, P¼ 1.23E�03),

TABLE 2—Candidate Genes and Single-Nucleotide Polymorphisms Analyzed in This Study

Gene SNP rs Number Chromosome position Location Association

IL13 �1112C>T rs1800925 5:132657117 Promoter Asthma6,9, atopy10

IL13 þ1923C>T rs1295686 5:132660151 Intron 3 Asthma20

IL13 R110Q rs20541 5:132660272 Exon 4 Asthma7,9, atopy10, IgE6–8

IL4 �590C>T rs2243250 5:132673462 Promoter Asthma11,21, IgE and atopy22

ADRB2 R16G rs1042713 5:148826877 Exon1 Asthma15, bronchodilator response16

FCER1B �109C>T rs1441586 11:60088555 Promoter Asthma23, IgE14

FCER1B E237G rs569108 11:60095631 Exon7 Asthma13,23,24, IgE24

IL4RA I75V rs1805010 16:27344882 Exon 5 Asthma10

IL4RA Q551R rs1801275 16:27363079 Exon 12 Atopic asthma25

SNP, single-nucleotide polymorphism; rs, reference SNP.
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T allele of rs2243250 (OR¼ 1.25, P¼ 3.81E�03), A
allele of rs1042713 (OR¼ 1.29, P¼ 6.75E� 05), and G
allele of rs569108 (OR¼ 1.27, P¼ 3.86E�03) were
significantly increased in asthmatic compared with non-
asthmatic subjects. The most significant association with
asthma was found under dominant model for SNPs
rs20541 (P¼ 3.07E�04) and rs1042713 (P¼ 3.92
E�05), while under recessive model for rs569108
(P¼ 1.16E�05). Significant differences between asthma
and control groups were not found among the other five
loci (P> 0.0055, after Bonferroni Multiple Testing
correction).

High-Order Gene–Gene Interactions Using MDR
Approach

Results of gene–gene interactions explored among all
nine investigated SNPs were summarized in Table 4.
Totally, there were three models exhibiting a maximum
CVC of 10/10. Based on the TBA and permutation P
values, significant multi-loci interactions were found in
the three models: ADRB2 rs1042713 and FCER1B
rs569108 (P¼ 9.34E�04); IL13 rs20541, IL4
rs2243250, and ADRB2 rs1042713 (P¼ 3.12E�04);
IL13 rs20541, IL4 rs2243250, ADRB2 rs1042713, and
FCER1B rs569108 (P¼ 6.98E�05). Among them, the
four-way interaction model, which showed the highest
TBA and lowest 10,000 permutations P value, was
regarded as the optimal model. As SNPs R110Q in the
IL13 gene and �590C>T in the IL4 gene are located
within a 20 kb region, LD was measured (D0 ¼ 0.1934,
r2¼ 0.0069), indicating a low LD between the two SNPs.

Interactions Between IL13 rs20541, IL4 rs2243250,
ADRB2 rs1042713, and FCER1B rs569108
Genotypes for Asthma

Table 5 shows a significant interaction between
rs20541, rs2243250, rs1042713, and rs569108 on the
risk of asthma. Individuals homozygous for the risk
alleles at all the four SNP loci (IL13 rs20541 GG, IL4
rs2243250 TT, ADRB2 rs1042713 AA, and FCER1B
rs569108 GG) had a significantly higher risk of asthma
compared with those without any risk homozygotes
(OR (95% CI)¼ 13.55 (1.71–107.38), P¼ 4.28E�03),
and also greater than those with less than four risk
homozygotes (OR (95% CI)¼ 10.09 (1.29� 78.98),
P¼ 6.51E�03).

DISCUSSION

Asthma is a chronic inflammatory condition of the lung
airways resulting in episodic airflow obstruction. Airways
inflammation has been widely demonstrated in all forms
of asthma and is of great importance in the pathogenesis
of this disease. Since the majority of childhood asthma is

associated with atopy, we selected IL13, IL4, IL4RA,
FCER1B, and ADRB2, five key allergic inflammatory
genes, which have been replicated in more than ten
studies,4 to elucidate potential interactions between them
on childhood asthma. Of the models tested using anMDR
approach, the four-way gene–gene interaction model
consisting of IL13 rs20541, IL4 rs2243250, ADRB2
rs1042713, and FCER1B rs569108 was chosen as the
optimal one for determining asthma susceptibility based
on its TBA, CVC and 10,000 permutations P value. Each
of the four SNPs was identified to have an independent
association with childhood asthma. Carriers of all four
risk homozygotes (IL13 rs20541 GG, IL4 rs2243250 TT,
ADRB2 rs1042713AA, and FCER1B rs569108GG) were
estimated to be at more than 10-fold higher risk for
asthma. This four-way interaction model is reported for
the first time in Chinese Han population.
Development of IgE-mediated inflammatory responses

is the central component of allergic asthma. The switch-
ing of immunoglobulin production from immunoglobulin
class M to E in activated B lymphocytes, the key
biological feature of atopic diseases, is largely influenced
by the activation of the IL4/IL13 pathway.28 IL4 and IL13
are immuno-regulatory cytokines produced by activated
Th2 cells and have many structural and functional
similarities. They share a common signaling pathway in
binding to a heterodimeric receptor of IL4RA and
IL13RA1, and both can switch B cells to produce
IgE.29 Asthma-associated IgE mechanisms are regulated
byADRB2 on humanB cells. Stimulation of ADRB2 on a
B cell responding to allergen results in an increase in IgE
by a unique signaling pathway, independently of class
switch recombination. IgE is secreted from B cells into
circulation, where it binds to FCER1 on the surfaces of
effector cells of allergic reactions, such as mast cells and
basophils.30 FCER1B combines with an IgE-binding
alpha-subunit and a gamma-subunit dimer to compose an
FCER1 tetramer complex, which is essential for IgE-
mediated allergic responses. FCER1B functions as an
amplifier of FCER1 expression and signaling, which
enhances mast cell and basophil activation and up-
regulates IgE-mediated inflammatory responses.12 Con-
sidering those biological functions, the IL4, IL13,
ADRB2, and FCER1B genes are all involved in IgE-
mediated inflammatory pathway from different aspects.
Interestingly, significant interactions between these four
genes were observed in our study. Four SNPs IL13
rs20541, IL4 rs2243250, ADRB2 rs1042713, and
FCER1B rs569108 constituted the best statistical interac-
tion model. Each of the polymorphisms has been
associated with differences in expression of the corre-
sponding gene,31–35 as well as increased IgE levels.6,22,24

We supposed that these SNPs interact with each other
through IgE-mediated inflammatory pathway in the
pathogenesis of asthma. Further studies are needed to
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establish biological interaction between the variants in
functional assays in vitro and in vivo.
Our study confirmed the independent role of rs20541,

rs2243250, rs1042713, and rs569108 on risk of asthma,
consistent with previous reports.9,15,21,23 Each of these
SNPs has been reported as being related to raised IgE
levels6,22,24 and ADRB2 rs1042713 has been identified as
being associated with bronchodilator response in asth-
matic children.16 Using MDR, T. F. Leung et al. found
significant interactions among IL13 rs20541, ADRB2
rs1042713, and one SNP in gene STAT for influencing
lung function change in Chinese asthmatic children.36 A
three-way gene–gene interaction has been elucidated
between three genes GSTP1, INSIG2, and IL4RA on the
risk of lifetime asthma in Chinese schoolchidren, with a
TBA of 57.83% and CVC 10/10.37 In this study, we found
four-locus genetic interactions among IL13 rs20541, IL4
rs2243250, ADRB2 rs1042713, and FCER1B rs569108,
which conferred a significantly higher risk for childhood
asthma than any single genetic polymorphism. Themodel
showed a higher TBA of 60.89%with an equal CVC of 10
out of 10. These four SNPs may be associated with key
clinical parameters of asthma, such as IgE levels and lung
function, which should be tested in our future studies.
Another limitation of this study is lack of replication.

Further validation studies of the four-locus model in other
Chinese Han populations or other races are required.
Our study showed that the combination ofhomozygosity

in the four SNPswas associatedwith amuch higher risk for
asthma, however it only occurred in 1% of asthmatics
versus 0.1% of controls. The total asthma incidence of
childhood asthma aged 0–14 year old in cities inChinawas

3.02% and prevalence in 2009 and 2010 was 2.32%.38 The
overall risk for asthma is influenced by numerous genes in
different biological pathways that interact with environ-
mental exposures.37 Therefore, when we move forward to
identify constellations of interacting genes that convey risk
for asthma, environmental context should also be taken
into account as much as possible.
The four-way statistical interaction model in this study

may be useful for identifying children who are genetically
at high risk of developing asthma. After the future
biological studies, as well as validation studies and gene-
environment investigations, it could be applied and
translated into specific prevention and management
strategies for childhood asthma.
In addition, further studies are needed to investigate

whether this gene model is useful in predicting adult
asthma, or allergic versusnon-allergic asthma.A limitation
of this study is that allergy was not tested in the control
group. Although skin prick tests were conducted in the
asthmatics and 80.70% had positive results, we can not
determine whether this four-way gene model is useful for
identifying atopic asthma by investigating the atopic
asthmatics versus the controls. Allergy skin prick tests
need be conducted among the controls in the future studies.
Based on this, we can examine whether this gene
combination could be used to identify allergic subjects
with or without asthma.
In conclusion, the data presented in our study provide

evidence for a four-locus genetic interaction model in
determining the risk of childhood asthma in Chinese Han
population. Each of the four loci has an independent effect
on the development of asthma, and the combined effects

TABLE 4—Summary of Gene–Gene Interaction for Asthma by MDR Analysis

Interacting SNPs TBA CVC 10,000 permutations P value

ADRB2 rs1042713 � FCER1B rs569108 0.5865 10/10 9.34E�04

IL13 rs20541 � IL4 rs2243250 � ADRB2 rs1042713 0.5936 10/10 3.12E�04

IL13 rs20541 � IL4 rs2243250 � ADRB2 rs1042713 � FCER1B rs569108 0.6089 10/10 6.98E�05

MDR, multifactor-dimensionality reduction; SNP, single-nucleotide polymorphism; TBA, Testing-balanced accuracy; CVC, Cross-validation

consistency.

TABLE 5— Interactions Between IL13 rs20541, IL4 rs2243250, ADRB2 rs1042713, and FCER1B rs569108 Genotypes for
Asthma

Phenotype

Number of homozygotes for the risk alleles of the four SNPs Asthma, n (%) Control, n (%) P value1 OR (95%CI)

0 110 (11.00%) 149 (14.90%) 1

1 352 (35.20%) 457 (45.70%) 7.69E�01 1.04 (0.79–1.38)

2 395 (39.50%) 329 (32.90%) 8.38E�04 1.62 (1.22–2.17)

3 133 (13.30%) 64 (6.40%) 1.10E�07 2.82 (1.91–4.14)

4 10 (1.00%) 1 (0.10%) 4.28E�03 13.55 (1.71–107.38)

OR, odds ratio.
1P values for x2 tests.
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are significantly stronger. The multi-loci interaction may
indicate biological interaction between the four SNPs in
the IgE-mediated inflammatory pathway involved in the
pathogenesis of asthma. Although biological studies, as
well as validation studies and gene–environment inves-
tigations, are needed in future, this four-locus model may
be translated into a specific tool for predicting and
screening childhood asthma.
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