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Abstract
Background: Reduced extracellular epinephrine level often associates with asthma-
related symptoms; however, the correlation between asthma and genetic variants in 
genes participating in the epinephrine signalling pathway remains unclear.
Objective: To characterize the functions of single nucleotide polymorphisms (SNPs) 
in phenylethanolamine N-methyltransferase (PNMT) and β2-adrenergic receptor 
(ADRB2), and to study the effects, including both direct and epistatic, of these SNPs 
on serum epinephrine level and asthma susceptibility.
Methods: Single nucleotide polymorphisms functions were characterized through in 
vitro luciferase assay. ADRB2 gene expression level in peripheral blood mononuclear 
cell (PBMC) was measured by transcriptome sequencing and expression microarray 
on two separate Asian cohorts (NUS-UTAR, n = 278 and NUS-TA, n = 58). Serum epi-
nephrine level was assessed on a Singapore Chinese cohort (NUS-SH, n = 314) with 
155 asthmatic and 159 non-asthmatic subjects. A separate Singapore Chinese cohort 
(NUS-G, n = 3009) was genotyped to show disease association (direct and epistatic 
effect) of functional SNPs in PNMT and ADRB2.
Results: Reduced serum epinephrine level was associated with increased asthma risk 
in Singapore Chinese. The minor allele of rs876493 was shown to increase PNMT 
promoter activity and reduce asthma risk. Multiple SNPs in ADRB2 forms a haplo-
type that was associated with the differential promoter activity of this gene. In this 
haplotype, rs11168070 was associated directly with ADRB2 expression in PBMCs. 
Both minor alleles from rs876493 and rs11168070 contribute synergistically to re-
duce asthma risk and increase serum epinephrine level.
Conclusion and Clinical Relevance: Epistatic interaction between genetic variants 
from PNMT (rs876493) and ADRB2 (rs11168070) is associated with serum epineph-
rine level and the susceptibility of asthma. Our findings improved the current under-
standing of the genetic basis of this disease, while genotypic states of these SNPs 
may serve as potential biomarkers to predict susceptibility to the disease.
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1  | INTRODUC TION

Asthma is a syndrome of complex aetiology, characterized by re-
versible obstruction in the pulmonary airway. The administration 
of β2-adrenergic receptor (ADRB2) agonists, such as epinephrine, 
is considered the most effective bronchodilator to alleviate the 
symptoms during an acute asthma attack.1-3 In this process, ADRB2 
would be activated and subsequent relaxation of bronchial smooth 
muscle would take place (Figure S1).4,5 The effectiveness of this 
agonist for treating the bronchospasms during asthma exacerba-
tion may imply asthmatic patients having intrinsically low extracel-
lular epinephrine levels. Indeed, the failure of plasma epinephrine 
level to increase during acute asthmatics attacks was observed in 
severe asthmatic patients.6 Decreased plasma epinephrine level 
during exercise was also found in asthmatic patients compared to 
normal subjects.7 These observations suggested the association 
between epinephrine signalling pathway dysfunction and asthma 
disease.

Phenylethanolamine N-methyltransferase (PNMT) is expressed 
mainly in the adrenal gland and catalyses the rate-limiting step of 
converting norepinephrine to epinephrine (Figure S1). It has been 
previously shown that partial removal of the adrenal gland in asth-
matic rats would result in reduced endogenous PNMT and epineph-
rine level; at the same time also lead to more severe pathological 
changes, such as increased airway wall thickness.8 Nevertheless, de-
spite the importance of PNMT in epinephrine synthesis and asthma 
pathogenesis, no study has thus far associated genetic polymor-
phisms in PNMT with asthma.

As downstream effectors of the epinephrine signalling path-
way, ADRB2 is expressed on almost all cell types, including bron-
chial epithelial cells. Several genetic variants in ADRB2 have 
been frequently shown to associate with asthma. Two of the 
most reported single nucleotide polymorphisms (SNPs) Arg16Gly 
(rs1042713) and Gln27Glu (rs1042714) have been significantly as-
sociated with asthma risk, nocturnal asthma and airway hyperre-
sponsiveness in Chinese populations.9-12 A recent meta-analysis 
conducted for the Chinese population has also shown associations 
between SNP rs1042714 with childhood asthma.13 However, it 
was also suggested that the association reported may be incon-
sistent as some other meta-analyses failed to show rs1042713 and 
rs1042714 would directly affect asthma risk.14-16 On the other 
hand, several in vitro studies have demonstrated multiple SNPs 
located upstream of the ADRB2 gene could form a functional hap-
lotype that affects ADRB2 promoter activity, which may lead to 
differential gene expression.17,18

Although prior reports have associated extracellular epineph-
rine level with asthma-related symptoms, these findings are limited 
to the non-Asian cohort. Besides, for genes involved in the epi-
nephrine signalling pathway such as PNMT and ADRB2, the asso-
ciation between asthma and SNPs in these genes remains unclear. 
Here, we report epistatic interaction between SNPs rs876493 and 
rs11168070 from PNMT and ADRB2 genes that influence the epi-
nephrine signalling pathway and contribute to the risk of asthma. 

Functional characterizations of these SNPs were performed inde-
pendently and linked with the risk of asthma in our study population. 
The epistatic effect between PNMT and ADRB2 SNPs contributing 
to disease susceptibility will be examined as well. This allows further 
understanding of the epinephrine signalling pathway as part of the 
asthma pathogenesis process and providing potential biomarkers for 
disease prediction.

2  | METHODS

2.1 | Study design and subjects recruitment

Subjects were recruited across two different countries (Singapore/
Malaysia) in this current study. Recruitment was carried out at the 
National University of Singapore (NUS), multiple local hospitals 
within Singapore and the University of Tunku Abdul Rahman (UTAR), 
Malaysia. Based on the type of sample provided and measurement 
performed on each sample, all recruited subjects were separated 
into five cohorts. These are as follows: (a) Singapore Chinese indi-
viduals recruited from NUS for large scale genotyping study (NUS-G, 
n = 3009), (b) Singapore Chinese individuals recruited from NUS for 
the ADRB2 gene sequencing study (NUS-S, n  =  40), (c) Singapore 
Chinese individuals recruited from NUS for transcriptome array 
measurement of the ADRB2 gene expression (NUS-TA, n = 58), (d) 
subjects recruited from NUS and local hospitals within Singapore 
(NUS-SH, n = 314) for serum epinephrine measurement and (e) sub-
jects recruited from both NUS and the University of Tunku Abdul 
Rahman (UTAR), Malaysia (NUS-UTAR) for transcriptome sequenc-
ing measurement of the ADRB2 gene expression. Details on the 
characteristics of each cohort, including the asthma status of re-
cruited subjects, type of sample provided and assay conducted for 
each sample are included in Table S1.

For recruitment of individuals who reside in Singapore (NUS-G, 
NUS-S, NUS-TA, NUS-SH and part of the NUS-UTAR cohorts), the 
recruitment study belongs to a part of an ongoing cross-sectional 
epidemiology and genetics study. Recruitment of participants 
was approved by Institutional Review Board (IRB) in National 
University of Singapore (NUS, NUS-IRB Ref-Code: B-10-343 for 
blood samples collection, B-14-150, 07-023, 09-256, 10-445 and 
13-075, for the large scale epidemiology and genetics study; and 
the Institutional Review Board of the National Healthcare Group 
Domain Specific Review Board—B/04/055). Written and informed 
consent was obtained from every individual participated, with 
parental or guardian consent obtained additionally for individu-
als less than 21 years old. Participants with asthma disease were 
defined as those who had the disease ever diagnosed by physi-
cians in local clinics or hospitals. The ethnicity of participants was 
confirmed through survey questionnaires and also confirmed pre-
viously through principal component analysis.19 Only Chinese indi-
viduals who reside in Singapore and unrelated to each other were 
included in the NUS-G, NUS-S, NUS-TA and NUS-SH cohorts. The 
NUS-G, NUS-S and NUS-TA cohorts were recruited from NUS 
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only, while the NUS-SH cohort was recruited from NUS and multi-
ple venues in Singapore including local hospitals.

For recruitment of individuals who reside in Malaysia (NUS-
UTAR cohort), peripheral blood mononuclear cell (PBMC) samples 
were collected from human participants at the University of Tunku 
Abdul Rahman (UTAR), Malaysia. The recruitment study in UTAR 
was approved by the UTAR Scientific and Ethical Review Committee 
(SERC, Ref-code: U/SERC/03/2016), while the recruitment process 
is the same as that carried out in Singapore.

2.2 | Measurement of serum content

Serum samples for epinephrine level analysis were collected from 
the NUS-SH cohort (n = 314). The measurement of serum epineph-
rine concentrations was performed using ELISA. In brief, the human 
epinephrine ELISA Kit was purchased from Cusabio Biotech Co., 
Ltd., with assay conducted according to manufacturer's instructions. 
All samples were diluted in 1xPBS before measurement for interpo-
lation within the assay standard curve range. All measurements were 
done in triplicates.

2.3 | Cell culture and promoter-luciferase assay

Human embryonic kidney cells (HEK293T) and human bronchial 
epithelial cell lines HBE135-E6E7 (HBE) were both purchased from 
the American Type Culture Collection (ATCC). The HEK293T cell 
line was used for the promoter-luciferase study of both PNMT and 
ADBR2 genes, due to its high transfection efficiency and its frequent 
application in various in vitro transfection experiment. The HBE 
cell line was used for the promoter-luciferase study of the ADRB2 
gene, as this gene was known to have a direct influence on bronchial 
smooth muscle relaxation. HEK293T cells were grown in RPMI-1640 
medium (Sigma-Aldrich Co.) supplemented with 10% foetal bovine 
serum, 2 g/L sodium bicarbonate and 2 mmol/L L-glutamine. HBE 
cells were grown in keratinocyte serum-free medium supplemented 
with 5 ng/mL human recombinant EGF, 0.05 mg/mL bovine pituitary 
extract, 0.005 mg/mL insulin and 500 ng/mL hydrocortisone. Both 
cell lines were incubated in 37°C humidified incubator with a 5% CO2 
environment.

For the assessment of PNMT promoter activity, gene region 
spanning −978bp to +522bp was cloned into plasmid pGL4.10 
(Promega) that contains a promoterless luciferase gene. For the 
ADRB2 promoter assay, the gene region from −1562bp to + 332bp 
was cloned into pGL4.10.

For promoter assay of both genes, transient transfection of plas-
mid construct was performed using Lipofectamine 2000 (Invitrogen) 
with condition optimized according to the manufacturer's protocol. 
Renilla luciferase control plasmid pGL4.74 was also co-transfected 
for assay normalization purposes. Luciferase activity was measured 
by the Dual-Luciferase® Reporter Assay System (Promega). Relative 
luciferase unit (RLU) was calculated by dividing firefly luciferase 

activity reading by that of Renilla Luciferase. All transfection ex-
periments were performed in triplicates with cells harvested 24 or 
48 hours post-transfection separately.

2.4 | Genotyping and Sanger sequencing

Genomic DNA (gDNA) samples for the genotyping or sequencing 
assay were obtained by DNA extraction of mouthwash samples 
(from NUS-G, NUS-S, NUS-TA, and NUS-SH cohorts) or PBMC sam-
ples (from the NUS-UTAR cohorts). Extraction was performed using 
Axygen® AxyPrep™ Multisource Genomic Miniprep DNA kit, ac-
cording to the manufacturer's protocol.

Before the genotyping assay, quantification of gDNA concentra-
tion was done in triplicates using NanoDrop 2000 spectrophotome-
ter (Thermo Scientific). Genotyping was performed using PCR-based 
KASP genotyping assay (LGC Biosearch Technologies), according 
to the manufacturer's protocols. For the sequencing of ADRB2, 
including 2 kb upstream and 1 kb downstream of the gene region, 
the process was done via Sanger sequencing according to published 
methodology.20 Sequencing assay was conducted on the NUS-S co-
hort (n = 40).

2.5 | Next-generation sequencing

For the measurement of ADRB2 transcript level by transcriptome 
sequencing, peripheral blood mononuclear cell (PBMC) samples 
were collected from human participants of the NUS-UTAR cohort 
(n = 278). Approximately 24ml of blood was collected from each sub-
ject, with PBMCs extracted using Ficoll-Hypaque density gradient 
centrifugation. Total RNA was extracted subsequently using EZNA® 
Total RNA Kit from Omega Bio-tek Inc, according to the manufac-
turer's protocol. For library construction, mRNA was first enriched 
using oligo(dT) beads, and NEBNext Ultra RNA Library Prep Kit was 
used according to the manufacturer's protocols. Sequencing was 
then performed using Illumina NovaSeq 6000 system. Mapping 
of raw sequence to human genomic sequence (NCBI GRCh38 
Assembly) was done using TopHat version 2.1.1. Fragments per 
Kilobase of transcript per Million mapped reads (FPKM) for ADRB2 
transcript (NM000024.5) were calculated using Cufflinks version 
2.2.1. All samples were sequenced at the same time to avoid batch 
variation in the sequencing results.

2.6 | Expression microarray

For the measurement of the ADRB2 gene expression level by 
expression microarray, PBMC samples were collected from the 
NUS-TA cohort (n = 58). Extraction procedure for PBMC and total 
RNA was performed with the same approaches as mentioned 
above. Total RNA samples were sent for downstream gene expres-
sion level analysis using Affymetrix Human Exon 1.0 ST Array. The 
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assay was done in a facility provided by Origen Labs, Singapore. 
Affymetrix Power Tools was used for data extraction and quantile 
normalization, according to reported methodology.21 Array probe 
with transcript cluster ID 2834743 was used for ADRB2 transcript 
analysis.

2.7 | Statistical analysis

The r-squared value between SNPs, linkage disequilibrium patterns 
and haplotype frequencies was calculated and drawn using software 
Haploview® vers4.2 [http://www.broad​insti​tute.org/haplo​view]. The 
exact test for Hardy-Weinberg equilibrium (HWE) was calculated in 
the PLINK program version 1.06, with a significant deviation from the 
HWE cut-off at P < .001. We performed the additive logistic regres-
sion analysis to test for SNP to disease association using R program 
version 3.6.1, with adjustment to characteristics significantly different 

between asthmatic cases and non-asthmatic controls (Table 1). These 
include the test subject's age, gender, and received treatments for 
asthma (bronchodilators, inhaled corticosteroids and oral corticoster-
oids). Subject's BMI was not adjusted for the logistic regression test as 
11.3% of the test cohort (NUS-G, Table 1) did not provide this informa-
tion. P-value and the odds ratio for the disease association were all 
evaluated using the same program. P < .05 is considered a significant 
association with the disease tested. Disease or genotype association 
analysis with normally distributed continuous variables was con-
ducted using the independent sample t test or ANOVA test in the R 
program version 3.6.1. These variables include relative luciferase units 
measured from the promoter-luciferase assay, test subject's serum 
epinephrine level and both ADRB2 gene expression level measured 
by transcriptome array and next-generation sequencing. The serum 
epinephrine level was represented as a log-transformed scale in the 
dot plot figure for the ease of data representation. All dot plot figures 
included in this report were drawn in the same R program using R 

  Total Allergic asthma Non-asthma P-valuea

Total, n 3009 1450 1559 -

Gender

Male (n, %) 1248 (41.48) 794 (54.76) 454 (29.12) ref

Female (n, %) 1756 (58.36) 655 (45.17) 1101 (70.62) P < .0001*

Age (y, mean ± 1SD)b 21.54 ± 4.80 20.68 ± 4.72 22.34 ± 4.73 P < .0001*

BMI (kg/m2, 
mean ± 1SD)b

20.64 ± 2.99 20.85 ± 3.28 20.46 ± 2.67 P < .001*

Smoking status

Never-smoker (n, %) 2606 (86.61) 1152 (79.45) 1454 (93.26) ref

Current smoker (n, %) 23 (0.76) 15 (1.03) 8 (0.51) ns

Ex-smoker (n, %) 35 (1.16) 19 (1.31) 16 (1.03) ns

Hospital admission due 
to asthma (past 12 mo 
of study. n, %)

- 14 (0.97) - -

A & E admission due to 
asthma (past 12 mo of 
study. n, %)

- 49 (3.38) - -

Medical specialist visits 
due to asthma (past 
12 mo of study. n, %)

- 199 (13.72) - -

Bronchodilator usage 
(n, %)

- 283 (19.52) - -

Inhaled corticosteroids 
usage (n, %)

- 200 (13.79) - -

Oral corticosteroids 
usage (n, %)

- 81 (5.59) - -

Abbreviations: A & E, accident and emergency department of a hospital; BMI, body mass index; 
ELISA, enzyme-linked immunosorbent assay; gDNA, genomic DNA; PBMC, peripheral blood 
mononuclear cell; Ref, reference group for the chi-squared test; SD, standard deviation.
aFisher's exact test was used for testing categorical variables (gender and smoking status) 
association with disease status, while the independent samples t test was used for continuous 
variables (age and BMI). 
bThe mean and SD of BMI were estimated based on 88.7% of total participated subjects (n = 2670), 
while age was estimated based on 99.8% of total participated subjects (n = 3002). 
*P-value <.05 is considered significant disease association. 

TA B L E  1   Demographics of the NUS-G 
cohort (n = 3009) used for large scale 
genotyping study

http://www.broadinstitute.org/haploview


356  |     SIO et al.

package ggplot2.22 Synergy factor analysis was performed according 
to previously reported approach.23 Coefficient of variation percentage 
(CV %) was calculated by dividing the standard deviation by mean of 
the same dataset and then multiplying the divided value by 100.

3  | RESULTS

3.1 | Serum epinephrine level correlates with the 
presence of asthma

Based on prior findings that have associated extracellular epineph-
rine level with asthma-related symptoms in European cohorts, we 
sought to further validate this correlation in Singapore Chinese in-
dividuals. Measurement of serum epinephrine concentration was 
performed on 155 allergic asthmatic and 159 non-asthmatic indi-
viduals (NUS-SH cohort, total n = 314). This revealed a significantly 
lower serum epinephrine level in allergic asthma affected individuals 
(14.45 ± 27.75 pg/mL), as compared to that of non-asthmatic control 
individuals (63.89 ± 97.98 pg/mL, P < .0001, Figure 1).

3.2 | SNP rs876493 influences the promoter 
activity of the PNMT gene

As PNMT catalyses the production of epinephrine, we next assessed 
whether functional SNP exists in PNMT that would influence the 
expression of this gene and downstream epinephrine synthesis. 
The only PNMT common SNP (minor allele frequency, MAF > 5%) 
rs876493 was identified from the HapMap CHB database.24-27 

It has 43% MAF for allele “A” and is located at + 39bp of the gene 
(Figure 2A). We generated constructs for promoter-luciferase assay 
containing major allele “G” and minor allele “A” of rs876493, using 
the PNMT gene region spanning −978bp to +522bp (Figure 2A). 
These constructs were transfected into HEK293T cells where PNMT 
promoter activity can be measured by the amount of luciferase 
expressed. As shown in Figure 2B, relative luciferase units (RLU) 
measured at 24 and 48  hours post-transfection were consistently 
higher in cells transfected with gene construct carrying allele “A” of 
rs876493 than that of allele “G” (P < .0001 and P < .01, respectively).

Having identified the functional influence of rs876493 on PNMT 
promoter activity, the correlation between the genotypes of this 
SNP and serum epinephrine level was subsequently evaluated. We 
genotyped 180 human subjects (145 asthmatics and 35 non-asth-
matics) from the NUS-SH cohort used for serum epinephrine level 
study. As shown in Figure 2C, no direct association was observed 
between rs876493 genotype and serum epinephrine level.

3.3 | SNP rs876493 associates with asthma 
susceptibility

Phenylethanolamine N-methyltransferase SNP rs876493 was geno-
typed in the NUS-G cohort comprises 3009 Singapore Chinese indi-
viduals to show its association with allergic asthma. A total of 1450 
asthmatic and 1559 non-asthmatic individuals were recruited and gen-
otyped for rs876493. The genotyping result was tested for and passed 
the Hardy-Weinberg equilibrium (HWE) test. PNMT SNP rs876493 was 
shown significantly associated with allergic asthma disease, using logis-
tic regression test with adjustment to test subject's age, gender and 
treatments received for asthma (P = 8.39 x 10−7, Table 2). The presence 
of minor allele “A” of rs876493 was shown to confer a protective effect 
against the disease (odds ratio, OR = 0.729 and 0.719 for heterozygous 
“AG” and homozygous minor “AA” genotype, respectively, both using 
homozygous major “GG” genotype as the reference, Table 2).

3.4 | ADRB2 haplotype affects promoter 
activity of the gene

Given ADRB2 acts as one of the downstream receptors in the epi-
nephrine signalling pathway, we next investigated whether there is 
any SNP influencing the function of this gene. The ADRB2 gene re-
gion, including 2 kb upstream and 1 kb downstream of the gene, was 
sequenced on 40 Singapore Chinese individuals from the recruited 
NUS-S cohort. A total of 17 common SNPs (MAF > 5%) were identi-
fied in this region, with nine SNPs located upstream, two SNPs in 
5'-UTR and four SNPs in exon 1 of the gene (Figure 3A).

Prior studies have already shown multiple SNPs within the up-
stream region of the ADRB2 gene could influence its promoter ac-
tivity.17,18 To validate this, we assessed the promoter activity of the 
ADRB2 gene region spanning −1562bp to +332bp, which contains 
12 common SNPs identified through sequencing assay on the NUS-S 

F I G U R E  1   Serum epinephrine level correlates with asthma 
conditions among Singapore Chinese individuals (NUS-SH cohort, 
n = 314). Epinephrine level is represented in the figure as pg/mL, 
log10 transformed. Independent samples t test was conducted for 
the calculation of statistical significance between case and control 
group (using data before log10 transformation). ****T test P-value 
<.0001



     |  357SIO et al.

cohort. A total of five common haplotypes (haplotype frequency 
>5%), namely Hap1, Hap2, Hap3, Hap4 and Hap5, were formed by 
these SNPs (Figure 3A). Plasmid constructs were then generated 
for all five haplotypes in the promoter region of interest and linked 
to a luciferase reporter gene. These constructs were transfected 
into HEK293T and HBE cells separately, and RLUs were assessed 
24 hours post-transfection. In transfected HBE cells, RLU was sig-
nificantly reduced in Hap2 as compared to that of Hap3, Hap4 and 
Hap5, while RLU for Hap1 construct was not significantly different 
from the RLUs measured from these four haplotypes. Besides, in 
transfected HEK293T cells, Hap4 has resulted in lower RLU than that 
of Hap1, Hap2 and Hap3. The RLU of Hap5 was not significantly dif-
ferent from RLUs of all four other haplotype constructs (Figure 4A). 
Taken together, our data have indicated ADRB2 haplotype differ-
ences would result in differential ADRB2 promoter activity in both 
of the cell lines assayed.

3.5 | SNP rs11168070 correlates with ADRB2 gene 
expression and asthma susceptibility

To determine which SNP in ADRB2 haplotype is influencing ADRB2 
gene expression directly, we next assessed ADRB2 transcript level 
with genotypes of each tag-SNP within the haplotype. Using the 

sequencing data obtained from the NUS-S cohort, we identified six 
tag-SNPs in the ADRB2 promoter region (Figure 3A). PBMC sam-
ples from our recruited Asian cohort of 278 individuals (Malaysia/
Singapore, the NUS-UTAR cohort) were genotyped for these tag-
SNPs and underwent transcriptome sequencing for the expression 
level of ADRB2 transcript (NM_000024.5). Five tag-SNPs were suc-
cessfully genotyped, and a significant expression quantitative trait 
loci (eQTL) effect was observed for SNP rs11168070. The presence 
of minor allele “G” of this SNP was found correlated with increased 
ADRB2 transcript expression (ANOVA P = .0439, Figure 4B).

We next recruited a separate cohort of Singapore Chinese in-
dividuals (the NUS-TA cohort, n = 58) to validate this current eQTL 
finding and further correlate ADRB2 gene expression level with 
asthma disease. All recruited participants are with well-defined 
asthma or non-asthma characteristics, for which asthmatics pa-
tients have disease positively diagnosed by a physician. Based on 
these criteria, we validated the eQTL effect between rs11168070 
and ADRB2 gene expression. Increased expression of the ADRB2 
gene was found in subjects with the “G” allele of SNP rs11168070 
(P =  .0279, Figure 4C). Besides, we also observed a marginally sig-
nificant increment in ADRB2 gene expression among non-asthmatic 
subjects (P = .06785, Figure 4C). An increase in ADRB2 gene expres-
sion is thus correlated with both the presence of minor allele “G” of 
SNP rs11168070 and protection against asthma in this study cohort.

F I G U R E  2   SNP rs876493 influences 
the promoter activity of the PNMT gene. 
A, Gene structure of the PNMT gene with 
the relative position of SNP rs876493, 
and cloned PNMT gene construct (−978bp 
to + 522bp) for promoter-luciferase assay. 
B, Relative luciferase units of PNMT 
construct with either “C” or “T” allele of 
rs876493 were compared. Promoterless 
luciferase plasmid (pGL4.10) was also 
included as background control. The 
activity of luciferase expressed in human 
embryonic kidney (HEK293T) cell line was 
measured 24 or 48 h post-transfection 
(hpt). C, Serum epinephrine level of 180 
Chinese ethnicity volunteers (NUS-SH 
cohort) sorted according to rs876493 
genotype. Independent samples t test was 
conducted for the calculation of statistical 
significance. **T test P-value <.01, ****t 
test P-value <.0001
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The SNP rs11168070 was then genotyped in the same NUS-G co-
hort (n = 3009) used in the genotyping study of rs876493. We used 
the logistic regression model to test for direct association of this SNP 
with the risk of asthma, with adjustment to test subject's age, gender 
and received treatments due to asthma (bronchodilator usage, inhaled 
and oral corticosteroids usage). As summarized in Table 2, rs11168070 
was found to be in HWE, and its association with allergic asthma was 
marginally significant (P = .0689). The genotype “CG” of this SNP con-
fers a protective effect against the disease (adjusted OR = 0.789, 95% 
CI = 0.653-0.997), as compared to the reference genotype “CC.”

3.6 | SNPs rs876493 and rs11168070 influence 
asthma risk and extracellular epinephrine level via 
epistatic interaction

Given both PNMT and ADRB2 are involved in the epinephrine sig-
nalling pathway, we explored possible epistatic interaction between 

rs876493 and rs11168070 contributing to the risk of asthma. 
Synergy factor (SF) analysis was performed on individuals from 
the Singapore Chinese cohort (n = 3009) that were genotyped for 
these 2 SNPs. This revealed a significant synergistic effect between 
rs876493 and rs11168070 that associates with the asthma disease 
(SF = 0.673, P-value = .0434, Figure 5A). In subjects carrying minor 
alleles for both SNPs of interest, 95% confidence interval of the OR 
was found to range from 0.393 to 0.669, suggesting a combined pro-
tective effect against allergic asthma (Figure 5A).

To further investigate the functional relevance of this epistatic 
effect in the epinephrine signalling pathway, we reanalysed the 
Singapore Chinese cohort (n = 314) used in serum epinephrine level 
study. A total of 180 subjects from this cohort were successfully 
genotyped for both rs876493 and rs11168070. Measured serum 
epinephrine levels in the genotyped cohort were categorized into 4 
groups, according to the presence or absence of minor alleles from 
these SNPs. The highest serum epinephrine level was observed in 
the group of subjects carrying both minor alleles “A” and “G” for 

TA B L E  2   Association of tag-SNPs in PNMT and ADRB2 genes with allergic asthma in the Singapore Chinese population

SNP Minor/Major Allele MAF (Ca/Co)

No. of 
subjects (Ca/
Co) P-valuea  ORhet (95% CI) ORhom (95% CI) PHWE

rs876493 A/G 0.260/0.320 1450/1559 8.39e-07* 0.729 (0.614-0.865) 0.719 (0.615-0.838) 0.038

rs11168070 G/C 0.0837/0.102 1450/1559 .0689 0.808 (0.653-0.997) 1.007 (0.576-1.696) 0.370

Note: All data were evaluated based on a Singapore Chinese cohort (NUS-G cohort, n = 3009).
Abbreviations: Ca, cases; CI, confidence interval; Co, controls; MAF, minor allele frequencies for asthma cases and non-asthma controls; OR, odds 
ratio for individuals carrying heterozygous (ORhet) or homozygous minor (ORhom) genotype, both using homozygous major genotype individuals as 
reference, with adjustment to covariates same as that in the logistic regression test; SNP, single nucleotide polymorphism.
PHWE: P-value of Exact Test for Hardy-Weinberg Equilibrium, significant cut-off at P < .001. 
aP-value for the additive logistic regression test of SNP to disease association, with adjustment to the test subject's age, gender, and received 
treatments for asthma (bronchodilators, inhaled corticosteroids and oral corticosteroids). 
*P-value <.05 is considered significant disease association and also indicated in bold. 

F I G U R E  3   Gene structure of ADRB2 and linkage disequilibrium (LD) pattern of common SNPs in Singapore Chinese Population. A, 
Graphical illustration of the ADRB2 gene region, along with the relative position of common SNPs, cloned region for promoter-luciferase 
assay, and five common haplotypes (haplotype frequency >5%) formed by 12 SNPs in the cloned region. The frequency for each haplotype 
was also indicated. Tag-SNPs within the cloned region are also indicated with an asterisk (*). The frequencies of all common SNPs and 
haplotypes were assayed by Sanger sequencing on the NUS-S cohort (n = 40). B, LD pattern for 17 common ADRB2 SNPs identified in the 
NUS-S cohort
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SNPs rs876493 and rs11168070 separately, as well as those with at 
least one minor allele in rs11168070 and no minor allele in rs876493 
(Figure 5B). Besides, for subjects with at least one minor allele in 
rs876493 and no minor allele in rs11168070, the serum epinephrine 
level was found slightly lower as compared to these 2 groups, while 
the lowest serum epinephrine level was found in the group of sub-
jects without minor allele for both SNPs (Figure 5B).

4  | DISCUSSION

In this study, we demonstrate epistatic interaction between SNPs 
from PNMT and ADRB2 can influence extracellular epinephrine level 
and contribute to the risk of asthma. Our study revealed that SNP 
rs876493 is correlated with differential PNMT promoter activity, 
while SNP rs11168070 is influencing the expression of the ADRB2 

F I G U R E  4   SNP rs11168070 influences promoter activity and PBMC expression of the ADRB2 gene. A, Relative luciferase unit of ADRB2 
constructs compared across five different haplotypes (Hap1, Hap2, Hap3, Hap4 and Hap5) and assayed using human embryonic kidney 
(HEK293T) or human bronchial epithelial HBE135-E6E7 (HBE) cell lines, both on 24 h post-transfection. Independent samples t test was 
conducted for the calculation of statistical significance between each treatment group. *T test P-value <.05, **t test P-value <.01, ***t test 
P-value <.001. B, Fragments Per Kilobase of transcript per Million mapped reads (FPKMs) of ADRB2 transcript expression in PBMC were 
compared against genotypes of five tag-SNPs located within the ADRB2 promoter region, with ANOVA P-value indicated below each 
figures. An Asian cohort of 278 test subjects (Singapore/Malaysia, NUS-UTAR cohort) was studied. C, Measured relative ADRB2 transcript 
expressions, using Affymetrix Human Exon 1.0 ST Array, were sorted according to test subject's (left) asthma condition or (right) rs11168070 
genotype. A cohort of 58 Singapore Chinese individuals was studied (NUS-TA cohort). Independent samples t test was conducted for 
calculation of statistical significance in all assays
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gene. The PNMT SNP rs876493 is directly associated with asthma in 
our Singapore Chinese study cohort, with its minor allele conferring 
protective effects against this disease (OR = 0.729 and 0.719 for het-
erozygous and homozygous minor genotype, respectively). Besides, 
by synergy factor analysis, we have shown a significant epistatic 
interaction between SNPs rs876493 and rs11168070 that results 
in a higher protective effect against asthma (OR  = 0.512, 95% CI: 
0.392-0.668) than the disease protective effect conferred from SNP 
rs876493 individually. Subjects carry minor alleles from rs876493 
and rs11168070 have also shown increased serum epinephrine level 
as compared to those without any minor alleles from these SNPs.

The role of epinephrine as a β2-adrenergic receptor agonist 
to improve pulmonary function has been widely exploited in the 
treatment of bronchospasms during asthma exacerbation.1,2 The 
effectiveness of epinephrine in asthma treatment is attributed 
to prior findings that associated reduced epinephrine level with 
asthma-related symptoms.6,7 In concordance with these findings, 
we have correlated low serum epinephrine level with increased 
asthma risk in a Singapore Chinese cohort (NUS-SH cohort, 
n = 314). The serum epinephrine concentrations in asthmatic cases 
and non-asthmatic controls in this cohort were 14.45 ± 27.75 and 

63.89 ± 97.98 pg/mL, respectively. On average, this observed epi-
nephrine level in the controls is higher than reported plasma epi-
nephrine concentration of 20 to 55 pg/mL for adults under resting 
state,28-30 which suggests our study cohort may consist of indi-
viduals of various physiological states. This is also reflected by a 
high coefficient of variation (CV) percentage for both asthma and 
non-asthma group of 192% and 153%, respectively. As a limitation 
of this study, we were unable to determine the physiological state 
of each participated individuals. Despite this, when all individuals 
in this cohort were collectively analysed, the difference in serum 
epinephrine concentration between asthmatic case and non-asth-
matic control group was still significant.

Phenylethanolamine N-methyltransferase is an enzyme local-
ized in the adrenal medulla that catalyses the endogenous con-
version of norepinephrine to epinephrine. Knocking out of the 
PNMT gene in a mouse model has been shown to completely 
remove the presence of endogenous epinephrine in serum, ad-
renal gland and urine, showing it as the essential enzyme to 
synthesize epinephrine.31 This present study focused on char-
acterizing the only PNMT common SNP rs876493 identified in 
the HapMap CHB population. The transferability of SNP data 

F I G U R E  5   Epistatic interaction 
between SNPs rs876493 (PNMT) 
and rs11168070 (ADRB2) influences 
both asthma susceptibility and serum 
epinephrine level. A, Synergy factor 
(SF) analysis for allergic asthma 
association between rs876493 (PNMT) 
and rs11168070 (ADRB2), using the 
NUS-G cohort (n = 3009). CI, confidence 
interval; OR, odds ratio; +, presence of 
minor allele; −, absence of minor allele. 
B, Serum epinephrine level of 180 
Singapore Chinese individuals (NUS-SH 
cohort) sorted according to rs876493 
and rs11168070 genotypes. Independent 
samples t test was conducted for the 
calculation of statistical significance. *T 
test P-value <.05, **t test P-value <.01
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from CHB to our Singapore Chinese study cohort has been pre-
viously demonstrated and confirmed with a high MAF correla-
tion between these two populations.19 Besides, our recruited 
cohort comprises Chinese individuals resided in the relatively 
uniform tropical environment of Singapore, resulting in the aller-
gic responses observed in this population to be affected mostly 
by house dust mite allergen.32 This has effectively reduced the 
possibility of environmental factors that may confound the ge-
netic association analysis. In this present study, the minor allele 
“A” of rs876493 was shown to increase PNMT gene promoter ac-
tivity, while also correlated with reduced risk of asthma in our 
study population. These findings are in concordance with a prior 
study that showed a decrease in PNMT protein level has resulted 
in pathological changes towards asthma.8 Besides, given PNMT 
participates in the synthesis of epinephrine, we speculated this 
allele “A” of rs876493 may also upregulate endogenous epineph-
rine levels in human subjects. However, serum epinephrine level 
was not significantly correlated with rs876493 genotype in our 
study. This indicates the extracellular epinephrine level may also 
be regulated by other factors, thus masking the regulatory effect 
contributed by the PNMT protein.

β2-adrenergic receptor is a cell surface beta-adrenergic re-
ceptor that interacts with epinephrine.5 SNP rs1042714 located 
in the ADRB2 gene was correlated with asthma risk in multiple 
studies using the Chinese cohort,9-11,13 although some other me-
ta-analyses have failed to replicate these results.14-16 In our work, 
we focused on characterizing 5 common ADRB2 haplotypes (fre-
quency >5%) found in Singapore Chinese (NUS-S cohort), which 
consists of rs1042714 and 11 other common SNPs in the ADRB2 
gene promoter region. By performing transfections assays for 
both HEK293T and HBE135-E6E7 cell lines, we showed these 
five haplotypes resulted in differential ADRB2 gene promoter 
activity. This finding is in concordance with previous in vitro 

promoter-luciferase and gene expression assays that showed 
multiple SNPs in ADRB2 correlates with differential promoter 
activity of this gene.17,18 Besides, given different trends of RLUs 
were observed in the transfection assays between HEK293T and 
HBE135-E6E7 cell lines, we speculated that the ADRB2 promoter 
activity may be influenced by more than one SNP from the hap-
lotype and this influence may be tissue-specific. We then pro-
ceed to examine ADRB2 transcript expression with genotypes of 
each SNP within the ADRB2 haplotypes, using PBMC samples of 
subjects from the NUS-UTAR and NUS-TA cohorts (4,4). In the 
haplotype used in this present study, we showed rs11168070 
that tags for rs1042714 as the only tag-SNP directly associated 
with ADRB2 gene expression in PBMCs. The minor allele “G” of 
rs11168070 was correlated with increased expression of ADRB2 
transcript. As a functional consequence to this, increased ADRB2 
signalling in immune cells may lead to suppressed inflammatory 
response and decreased cytokine secretions in both innate and 
adaptive T cells, as revealed in prior studies.33-36 This supports 
our subsequent finding that associated allele “G” of rs11168070 
with reduced asthma risk.

In this current study, we also explored the statistical perspec-
tive of epistasis, which refers to a significant deviation from the 
additive relationship between multilocus genotypes and pheno-
typic variation in a population.37 The synergy factor (SF) analysis 
was used for the detection of statistical epistasis, as it calculates 
the synergistic relationship between two binary factors; in our 
study, these factors refer to the presence or absence of minor al-
lele in both SNPs rs876493 and rs11168070.23 Using the SF anal-
ysis, we revealed significant epistatic interaction between SNPs 
rs876493 and rs11168070, suggesting PNMT and ADRB2 may act 
synergistically to affect the risk of asthma. Also, stratified analysis 
of serum epinephrine level with genotypes of these two SNPs indi-
cated PNMT and ADRB2 may involve in regulating the extracellular 

F I G U R E  6   Graphical Illustration of epistatic interaction between SNPs rs876493 (PNMT) and rs11168070 (ADRB2). The promoter SNP 
rs876493 influences PNMT gene expression in the adrenal medulla, while its protein product catalyses the conversion of norepinephrine 
into epinephrine. The epinephrine is secreted into the extracellular compartment and acts as an agonist for the ADRB2 receptor. A 
hypothesized feedback mechanism is suggested for ADRB2 regulation of epinephrine level (indicated by a dashed arrow), while expression 
of the ADRB2 gene is in turn regulated by rs11168070. Taken together, both rs876493 and rs11168070 co-regulates the extracellular 
epinephrine level, which provided a functional explanation for epistatic interaction between these SNPs on asthma susceptibility
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level of epinephrine. Based on these findings, we proposed a novel 
epistasis mechanism between genes in the epinephrine signalling 
pathway that influence asthma susceptibility. As demonstrated in 
Figure 6, extracellular epinephrine is synthesized in adrenal me-
dulla cells as catalysed by PNMT, while rs876493 regulates PNMT 
expression in adrenal medulla cells. The epinephrine also acts as 
a ligand for ADRB2, at the same time a feedback mechanism may 
exist for this receptor to regulate the extracellular epinephrine 
level. The expression of ADRB2 in PBMCs is in turn regulated by 
rs11168070. Collectively, our findings suggested that both SNPs 
rs876493 and rs11168070 co-regulate the level of extracellular 
epinephrine, for which the epinephrine may interact with ADRB2 
receptors in immune cells to activate downstream anti-inflamma-
tory pathways and reduce susceptibility to asthma. To our knowl-
edge, this is the first report that links asthma with intercellular 
epistasis between genes involved in the epinephrine signalling 
pathway. Our present study has improved current insights on the 
genetic basis of asthma and identified potential biomarkers for 
better estimation of asthma susceptibility. Further research is 
required to discover how ADRB2 regulates extracellular epineph-
rine level and whether this epinephrine signalling pathway is as-
sociated with specific asthma endotype to better understand the 
asthma pathogenesis process and allow improvement of current 
therapeutic approaches.
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Supplementary Table S1: Study design and detailed demographics for 5 cohorts used in current
study.

NUS-G NUS-S NUS-TA NUS-SH NUS-
UTAR

Total (n) 3009 40 58 314 278

Gender: Male      (n, %) 1248 (41.48) 18 (45) 32 (55.17) 130 (41.40) 86 (30.93)

Female   (n, %) 1756 (58.36) 22 (55) 26 (44.83) 69 (21.97) 74 (26.62)

Age (Year, Mean ± 1SD) 21.54 ± 4.80 19.9
±1.69

21.19
±3.47

13.10
±5.85

20.96
±3.47

BMI (kg·m−2, Mean ± 1SD) 20.46 ± 2.67 20.51
±2.67

20.77
±3.03

19.23
±4.18

23.37
±4.18

Smoking Status

Never-Smoker (n, %) 2606 (86.61) - 56 (96.55) - 151 (54.32)

Current Smoker (n, %) 23 (0.76) - 2 (3.45) - 1 (0.36)

Ex-Smoker (n, %) 35 (1.16) - 0 - 5 (1.80)

Non-asthmatic (n, %) 1559 (51.81) 20 (50) 29 (50) 159 (50.64) 137 (49.28)

Asthmatic (n, %) 1450 (48.19) 20 (50) 29 (50) 155 (49.36) 22 (7.91)

Hospital admission due to
asthma (past 12 months of
study. n, % of asthmatics)

14 (0.97) 0 0 9 (5.81) 0

A&E admission due to
asthma (past 12 months of
study. n, % of asthmatics)

49 (3.38) 0 1 (1.72) 36 (23.23) 0

Medical Specialist visits
due to asthma (past 12
months of study. n, % of
asthmatics)

199 (13.72) 2 (10) 1 (1.72) 98 (63.23) 0

Bronchodilator Usage (n,
% of asthmatics)

283 (19.52) - - 128 (82.58) 2 (9.09)

Inhaled Corticosteroids
Usage (n, % of asthmatics)

200 (13.79) - - 142 (91.61) 0

Oral Corticosteroids Usage
(n, % of asthmatics)

81 (5.59) - - 24 (15.48) 0

Type of samples (n)

Serum - - - 314 -

Mouthwash (gDNA) 3009 40 58 180 -

PBMC (gDNA) - - - - 278



PBMC (RNA) - - 58 - 278

Measurements (n)

Genotyping 3009 - 58 180 278

Sequencing (ADRB2) - 40 - - -

Transcriptome Array - - 58 - -

Transcriptome Sequencing - - - - 278

ELISA (epinephrine) - - - 314 -

*A&E: accident and emergency department of a hospital, ADRB2: β2-adrenergic receptor, BMI:
body mass index, ELISA: enzyme-linked immunosorbent assay, gDNA: genomic DNA, PBMC:
peripheral blood mononuclear cell, SD: standard deviation.



Legend to supplementary figure

Supplementary Fig. S1. Graphical Illustration of the Epinephrine Signaling Pathway. In the
adrenal medulla chromaffin cells, phenylethanolamine N-methyltransferase (PNMT) catalyzes
the conversion of norepinephrine into epinephrine. The epinephrine is secreted into the
extracellular compartment and interacts with the β2-adrenergic receptor (ADRB2) to result in
bronchial smooth muscle relaxation.
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