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Abstract

(74.4% vs. 55.2%, P=0.004, Pcorr=10.038).

be vulnerable to asthma exacerbations.

Background: Asthma exacerbation threatens patient’s life. Several genetic studies have been conducted to deter-
mine the risk factors for asthma exacerbation, but this information is still lacking. We aimed to determine whether
genetic variants of Oxidative Stress Responsive Kinase 1 (OXSR1), a gene with functions of salt transport, immune
response, and oxidative stress, are associated with exacerbation of asthma.

Methods: Clinical data were obtained from 1454 asthmatics and single nucleotide polymorphisms (SNPs) of OXSR1
were genotyped. Genetic associations with annual exacerbation rate were analyzed depending on smoking status.

Results: Eleven SNPs were selected using Asian data in the International HapMap database. The common allele of
rs1384006 C>T of OXSR1 showed a significantly higher annual exacerbation rate than the rare allele in non-smoking
asthmatics (CCvs. CTvs. TT: 043 40.04 vs. 0.28 +0.03 vs. 0.31 £ 0.09, P=0.004, Pcorr =0.039). The frequent exacerba-
tors had a significantly higher frequency of the common allele of rs71384006 C >T than did the infrequent exacerbators

Conclusion: The common allele of rs7384006 C>T of OXSRT was associated with the asthma exacerbation rate and a
higher risk of being a frequent exacerbator, indicating that non-smoking asthmatics who carry common alleles may
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Introduction

Asthma is a heterogeneous disease of chronic air-
way obstruction with a wide variety of symptoms,
which develops in response to genetic and environ-
mental influences [1, 2]. Recent cluster analyses have
demonstrated an exacerbation-prone phenotype in a
certain number of asthmatics [3, 4]. Because asthma

*Correspondence: newstart1221@naver.com

Min-Hye Kim and Hun Soo Chang contributed equally as the first author
3 Division of Allergy and Respiratory Medicine, Department of Internal
Medicine, Soonchunhyang University Bucheon Hospital, 1174,
Jung-Dong, Wonmi-Ku, Bucheon, Gyeonggi-Do 420-020, South Korea
Full list of author information is available at the end of the article

B BMC

exacerbation is a potentially life-threatening condition,
risk factors for exacerbation-prone asthma have been
under intense research to assist in early diagnosis and
the development of new treatment strategies. During
the past decade, hypothesis-driven and hypothesis-free
approaches about genetic factors and gene-environ-
ment interactions have been applied and many possibly
associated genetic variants have been identified, includ-
ing several single nucleotide polymorphisms (SNPs) [1,
2]. For example, a mutant allele of rs1800925 on IL13
was associated with emergency room (ER) visits or
hospitalizations of Costa Rican children with asthma
[5], and those of rs1805011 and rsi1801275 on IL4RA
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were associated with intensive care unit (ICU) care,
ER visits or hospitalizations in two cohorts of US adult
asthma patients [6]. The mutant allele of rs4950928 on
CHI3L1 was also associated with asthma-related hos-
pital admissions in adult and pediatric asthmatics [7].
The SNP rs7216389 of ORMDL3 was associated with
exacerbation of asthma of children between the ages
of 1-6 years [8]. Variants of CD14 SNP rs2915863 and
LY96 SNP rs17226566 were also related to the risk of
acute severe exacerbations induced by environmental
endotoxin exposure [9]. However, additional genetic
factors associated with asthma exacerbation should be
elucidated for in-depth understanding of the genetic
pathogenesis and the improvement of diagnostic
accuracy.

Patients with severe asthma, including exacerbation-
prone asthma, have current unmet needs in terms of a
lack of effective treatments, such as corticosteroids [10].
Corticosteroid insensitivity is a clinical feature of severe
asthma and COPD, as characterized by the reduced effect
of dexamethasone in inhibiting the release of proinflam-
matory cytokines from monocytes and macrophages
[11]. Activation of p38 mitogen activated protein kinase
(MAPK) may alter corticosteroid responsiveness in
response to oxidative stress and enhanced oxidative
stress is one of the main triggers inducing chronic air-
way inflammation [12]. Excessive generation of reac-
tive oxygen species (ROS) has been shown to activate
multiple protein kinases, such as extracellular signal-
regulated kinase (ERK)1/2, protein kinase B (PKB), and
protein tyrosine kinases (PTKs) [13, 14]. Oxidants-
induced mucin production from epithelial cells was
accompanied by p38 MAPK activation resulting from
a decrease in function of the tyrosine phosphatase Src
homology region 2 domain-containing phosphatase-1
(SHP-1) [15].

One of the important clinical manifestations of exacer-
bation is an increase in the production of and alterations
of the nature of mucus. A recent quantitative pathology
analysis of fatal asthmatics found that more than 98% of
their airways were occluded to some extent by mucus
[16]. In addition, acute exacerbation with airway obstruc-
tion is usually caused by a mucus plug in the large and
medium-sized bronchi, and even in the small airways
[17]. The nature of mucus is regulated by the dilution of
bronchial epithelial lining fluids. The transport of anions
such as Cl- and HCO;- in the airway epithelium is rec-
ognized as one of the most important factors to regulate
airway surface hydration and mucociliary clearance [18].
ROS induces lipid peroxidation of cell membranes and
the oxidation of amino acids to inactivate membrane-
bound receptors [19, 20]. This damage may modify the
functions of membrane molecules, such as cystic fibrosis
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transmembrane conductance regulator (CFTR) and sol-
ute carrier family 26 member 4 (Slc26a4) [21].

The WNK-SPAK/OXSR1 kinase complex is com-
posed of the kinases WNK (with no lysine) and SPAK
(SPS1-related proline/alanine-rich kinase) or the SPAK
homolog OXSR1 (oxidative stress—responsive kinase 1).
The WNK family senses changes in intracellular CI™ con-
centration, extracellular osmolarity, and cell volume and
transduces this information to Na*, K*, and CI~ cotrans-
porters (collectively referred to as CCCs [cation-chloride
cotransporters)] and ion channels to maintain cellular
and organismal homeostasis. WNK1 phosphorylates and
activates two related kinases, OXSR1 and STK39, which
in turn phosphorylate and activate the Nat-K*-CI~
co-transporters: SLC12A2 (NKCC1) and SLCI2A1,
SLC26A3, SLC26A6, SLC26A9 [22], CFTR [23], and the
Cl™ and/or HCO,™ transporters NBCel-B [24, 25].

OXSR1 is ubiquitously expressed in most tissues, with
high levels in the lung, especially the bronchial epithe-
lium (https://www.proteinatlas.org/). In addition, OXSRI
is also thought to play an important role in regulation
of immune response and oxidative stress [26, 27]. These
data prompted us to study the association of genetic vari-
ants of OXSR1 with the risk of asthma exacerbation.

Materials and methods

Study subjects

The study subjects were Korean asthma patients who
met the following diagnostic criteria: physician-diag-
nosed asthma with airway reversibility (more than 12%
and 200 mL increase in forced expiratory volume in one
second (FEV1), more than 20% change in peak expira-
tory flow rate), 20% or more of FEV1 improvement after
asthma treatment for 2 weeks, or provocative concentra-
tion 20 (PC20)<10 mg/mL on methacholine bronchial
provocation test. They were followed up to for longer
than 1 year after enrollment at 3 tertiary hospitals.

DNA from 1454 asthmatic patients who met these
conditions were obtained from the biobank of Soon-
chunhyang University Bucheon Hospital, Korea and
written informed consent was obtained at the time
of DNA collection. The number of exacerbations was
measured for the initial 1 year after enrollment, and
asthma exacerbation was defined as the definition used
by the American Thoracic Society/European Respira-
tory Society, which includes both severe and moderate
exacerbation [28]. Severe exacerbation was defined as a
condition that needs the addition of systemic corticos-
teroids (>0.5 mg of prednisolone/kg of body weight for
more than 3 days) and consideration of a hospitalization
or emergency room (ER) visit, and moderate exacerba-
tion was defined as an exacerbation that is improved by
increasing other asthma medications, such as inhaled
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corticosteroids (ICS), or by adding a rescue bronchodila-
tor without using systemic corticosteroids [28]. Pulmo-
nary function was measured at baseline and then every
three months, and the ICS and systemic corticosteroids
used were expressed as fluticasone equivalent dose (mcg/
day) and prednisone equivalent dose (mg/year) as previ-
ously described [29]. The protocol was approved by the
Ethics Committee of Soonchunhyang Bucheon Hospital
(SCHBC_2014_07_028).

Selection of single nucleotide polymorphisms

and genotyping

Single nucleotide polymorphisms (SNPs) in OXSRI were
selected using the Asian population database from the
International HapMap Project (http://hapmap.ncbi.nlm.
nih.gov/) and NCBI (http://www.ncbi.nlm.nih.gov/snp)
databases as follows: first, candidate SNPs were extracted
from the intragenic region including 2 kb of the 5’ region
of the gene using Asian population data in the Interna-
tional HapMap database, and then linkage disequilibrium
structures of each gene were analyzed using SNPs with
>5% minor allele frequencies (MAF). A representative
SNP was selected in the case of absolute LD (|D’|=1
and r2>0.95) between the SNPs. Finally, 11 SNPs were
selected and genotyped using the GoldenGate assay with
VeraCode microbeads (Illumina, San Diego, CA, USA) as
previously described [30]. These were scanned using the
BeadXpress® system (Illumina).

Table 1 Clinical characteristics of the study subjects
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Statistics

Fisher’s exact test was used to compare the observed
number of each genotype with those expected for a pop-
ulation in Hardy—Weinberg equilibrium (HWE). Haplo-
types of each individual were inferred using the PHASE
algorithm (ver. 2.1) [31]. A type III univariate general lin-
ear model was applied to the continuous variables (num-
ber of exacerbations) and multiple logistic regression to
the discrete variables (presence of frequent exacerba-
tion). In the logistic regression analysis, the odds ratios
(ORs) and 95% confidence interval were calculated for
each genotype and haplotype. The data were analyzed
using SAS ver. 9.1 (SAS, Cary, NC, USA) and SPSS ver.
12.0 (SPSS, Chicago, IL, USA). To correct the P-values
for multiple comparisons, the effective number of inde-
pendent SNPs (M_g) of OXSRI was calculated using SNP
spectral decomposition (http://genepi.qimr.edu.au/gener
al/daleN/SNPSpD) [32]. The calculated M4 value for the
11 SNPs of OXSR1 was 10.035. Corrected P (Pcorr) val-
ues < 0.05 were considered significant. Statistical power of
the genetic association was calculated using the Genetic
Association Study (GAS) Power Calculator (http://csg.
sph.umich.edu/abecasis/cats/gas_power_calculator/)
based on CaTS power calculator [33].

Results

Clinical characteristics of the study subjects

A total of 1,454 asthma patients were enrolled (Table 1).
Their clinical characteristics were compared depending

Infrequent exacerbator Frequent exacerbator* P
Number 1328 126 -
Age (years) 4627 £043 51241.16 1.05E—04
Sex (male %) 38.10% 41.30% 0.503
Number of exacerbation in the first year 0.25+0.02 20340.11 1.21E—-32
Smoking status (non-smokers/ex-smokers/smokers, %) 66.3/18.5/15.1% 58.7%/22.2%/19.1% 0.086
Smoking amount (pack-year) 5864036 8474146 0.084
Atopy (%) 48.80% 39.70% 0.05
Duration of asthma (years) 3.06+£0.2 5954094 0.003
Duration of follow-up (years) 6.174+0.12 7294037 0.007
Serum total IgE (IU/ml) 356.3+18.87 453.17+£62.05 0.131
Body mass index (kg/mz) 2387+0.12 23961047 0.859
Baseline FVC%, predicted 83.02+£048 6765+14 145E-20
Baseline FEV1%, predicted 82.58+06 5844159 3.06E—30
Baseline FEV1/FVC 75644034 64.81+£1.15 6.96E—20
PC20, methacholine (mg/ml) (No. of study subjects) 76+0.29(1,218) 5.52+£0.83(109) 0.037
Total ICS dosage used in the 1st year (Fluticasone eqv./day) 211.36+7.25 571.34443.82 3.16E-13
Systemic prednisolone dose in the 1st year (mg/year) 80.314+9.55 564.14495.39 1.51E-06

Data are expressed as mean =+ standard error

*Frequent exacerbator is defined as a subject experiencing an exacerbation 2 or more times in the first year of follow-up
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on their exacerbation frequency: frequent exacerbators
(FE) were defined as subjects experiencing exacerbations
2 or more times in the first year of follow-up.

When compared with non-frequent exacerba-
tors (non-FE), the FE had an older age (51.24+1.2 vs.
46.3+£0.4 years, P=1.05E—04), higher smoking amount
(8.5£1.5 vs. 59+0.4 pack year, P=0.041), and lower
rate of atopy (39.7 vs. 48.8%, P=0.05). Durations of
asthma and follow-up were longer in the FE (6.0£0.9
vs. 3.1£0.2 years, P=0.003, 7.3£0. vs. 6.2£0.1 years,
respectively, P=0.007).

In the FE group, forced vital capacity (FVC), FEV1,
and FEV1/FVC were all significantly lower (67.7 +1.4vs.
83.0£0.5% predicted, P=145E—-20, 58.4+1.6vs.
82.6+0.6% predicted, P=3.06E—30, 64.8+t1.2vs.
75.6+0.3%, respectively, P=6.96E—20), and the PC20
of the methacholine challenge test was also lower
(5.5£0.8 mg/mL vs. 7.6+0.3 mg/mL, P=0.037) than
those of the non-FE.

Doses of ICS and systemic corticosteroids used
for the first year were higher in the FE (571.3+£43.8
vs. 211.447.3 pg/day of fluticasone equivalents,
P=3.16E—13, 564.1+95.4 mg/year vs. 80.3£9.6 mg/
year of prednisolone equivalents, P=1.51E—06). Asthma
medications except glucocorticosteroids of the study sub-
jects were presented in Additional file 1: Table S1. Age,
sex, serum total IgE level, predicted FEV1% at the first
visit, and total ICS and systemic steroid dose in the 1st
year of visit were considered covariates in the analyses of
genetic associations.

Frequencies, heterozygosity, and Hardy-Weinberg
equilibrium (HWE) of SNPs of OXSR1

Genotype frequencies of the 11 SNPs are demonstrated
in Additional file 1: Table S2 and their HWEs were > 0.05.
Two haplotype blocks were generated on the basis of LD
among the 11 SNPs (Fig. 1A). HapBlock 1 included four
haplotypes (frequency>0.05), and HapBlock 2 included
six haplotypes (Fig. 1B). Haplotypes (4t) 3, and ht4 in
block 1 and htl, ht3, ht4, htS, and ht6 in block 2 were
excluded from further statistical analysis because of their
equivalences to rs1392283, rs61005484, rs74919163,
rs2011, rs2298417, rs156260 and rs9880223, respectively.

Association of SNPs and haplotypes on OXSR1 with annual
number of exacerbations during the first year

In the total study subjects, patients with the com-
mon allele of rs1392283 A>G showed a significantly
higher annual number of exacerbations (0.43£0.03 vs.
0.32+£0.04 vs. 0.14£0.08 in dominant models, P=0.043,
Additional file 1: Table S3). Conversely, patients with
minor alleles of rs2298417 C>T showed a higher annual
number of exacerbations (0.38+£0.02 vs. 0.47 £0.05 vs.
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0.5+0.12 in dominant models, P=0.020, Additional
file 1: Table S3). However, these differences disappeared
after correction for multiple comparisons.

In non-smokers, we performed analyses on each group
of never-smokers (NS=955) and current and ex-smokers
(n=499), because smoking itself is a confounding vari-
able affecting asthma exacerbations [34]. Clinical param-
eters of the two groups are presented in Additional file 1:
Table S4. In the analysis using the univariate general lin-
ear model, r$s9839010, rs1392283, rs74919163, rs1384006,
rs2011, htlc, ht4dc, and ht2 in blockl showed differences
(P<0.05) in the annual number of exacerbations depend-
ing on the genotypes in the non-smoker group (Table 2).
Even after correction for multiple comparisons, patients
with the common allele of rs1384006 C>T persistently
showed higher annual exacerbation numbers (0.43 +0.04
vs. 0.284+0.03 vs. 0.31£0.09 in the dominant mode,
Pcorr=0.039, Table 2). In the smoker group, there was no
significant association between SNP variants and number
of asthma exacerbations (Additional file 1: Table S5).

Association of SNPs and haplotypes of OXSR1 with risk

of frequent exacerbation

SNPs associated with the risk of frequent exacerba-
tions were analyzed by logistic regression (Additional
file 1: Table S6). In the non-smoker group, the common
allele homozygotes of rs1384006 C>T had significantly
increased numbers of frequent exacerbators (CC vs.
CR vs. RR: 74.3% vs. 20.3% vs. 5.4%, P=0.004, OR: 0.36
[0.18-0.72], Fig. 2 and Table 3). This risk was significant
even after correction for multiple comparisons (Pcorr:
0.038, Table 3). However, this SNP was not associated
with the risk of frequent exacerbator in smokers (OR:0.93
[0.48-1.79], P=0.825). In the analysis of all patients,
common allele variants of 751392283, rs1384006, and
rs2011 were found to be associated with an increased risk
of frequent exacerbators. However, these differences lost
their significance after correction for multiple compari-
sons (Additional file 1: Table S6).

Discussion

In this study, we were the first to demonstrate that the
common allele homozygotes of rs1384006 C>T of the
OXSRI gene were significantly associated with a higher
exacerbation rate and the risk of FE in the nonsmoking
asthmatics. OXSRI has rarely been studied with regard
to respiratory diseases, although it plays a role as a salt
transportation, and cell volume control through ionic
mechanisms [35, 36] and ion transport by bronchial epi-
thelial cells is essential for healthy airways. Imbalance of
the transport system is closely related to the pathophysi-
ology of asthma such as dysfunction of epithelial cells
and smooth muscles [37, 38].
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Fig. 1 Map, SNP location and linkage disequilibrium (A) and haplotypes of each HapBlock (B) of the eleven SNPs in OXSR1 gene
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Table 2 Association of SNPs and haplotypes of OXSRT with the number of exacerbations during the 1st year of follow up in non-

smoker subjects
Locus No. of exacerbations, Mean =+ SE (N) Codomiant Dominant Recessive

CcC CR RR P* Pcorr P* Pcorr P* Pcorr
59839010 0.41£0.03 (600) 0.28+0.03 (308) 034+£0.11(47) 0.038 0.383 0011 0.114 0.268 1.000
rs61005484 0.38£0.03 (845) 0.25+0.06 (108) 054+0.5(2) 0.445 1.000 0218 1.000 0.881 1.000
154955408 0.31£0.04 (342) 044+£0.04 (462) 0.28£0.05 (150) 0.081 0811 0.090 0.905 0411 1.000
rs1392283 0.3940.03 (758) 0.27 £0.04 (183) 0.15£0.1 (13) 0.045 0453 0.013 0.128 0.597 1.000
rs112221585 0.37£0.03(817) 0.33£0.07 (131) 0.33+£033(3) 0.846 1.000 0.566 1.000 0.875 1.000
1574919163 0.31£0.03 (487) 046+0.04 (389) 0.21£0.07 (66) 0.041 0413 0031 0.307 0.532 1.000
151384006 043£0.04 (541) 0.28£0.03 (356) 0.31£0.09 (58) 0.015 0.153 0.004 0.039 0476 1.000
5156260 0.37£0.03 (736) 0.36£0.06 (206) 0+0(13) 0.635 1.000 0928 1.000 0.344 1.000
rs9880223 0.3840.03 (845) 0.25+0.06 (108) 05£05(2) 0.445 1.000 0.218 1.000 0.881 1.000
152298417 0.35+0.03 (683) 04+0.05(247) 0.58+0.15 (24) 0.120 1.000 0.131 1.000 0.080 0.802
rs2011 04+£0.03 (634) 0.34+0.04 (284) 0.24+0.09 (37) 0.067 0673 0.020 0.201 0490 1.000
Block1_ht1 0.34£0.05(216) 0.42+£0.04 (506) 0.28£0.04 (233) 0.120 0.360 0.077 0.231 0.646 1.000
Block1_ht2 0.3£0.06 (108) 044 £0.04 (435) 03£0.03(412) 0.029 0.087 0.025 0.075 0513 1.000
Block2_ht2 047+£0.14 (34) 0.37£0.05 (309) 0.36+0.03(612) 0.768 1.000 0814 1.000 0469 1.000

The italic, underlined P values indicate statistical significance (P < 0.05)

CC common allele homozygote, CR heterozygote, RR minor allele homozygote, SE standard error of mean, Pcorr corrected P value for multiple comparisons

Pcorr corrected P values using the effective number of independent marker loci (M¢,;) calculated by SNPSpD for each SNP (M. ;= 10.03501), and using the number

of haplotypes (n=3) for each haplotypes

*Adjusted for age, sex, serum total IgE level, predicted FEV1% at the first visit, and total ICS and systemic steroid dose in the 1st year of visit as covariates
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Fig. 2 Comparison of annual number of exacerbations according to the genotypes of rs71384006 on OXSR1

To the best of our knowledge, this is the first study to
suggest that OXSR1 may play a role in asthma exacerba-
tion under interaction with smoking conditions. Accord-
ing to Reducing Associations by Linking Genes And
omics Results (REALGAR, https://realgar.org/) database
[39, 40], a tissue-specific, disease-focused resource for

integrating omics results, the expression of the OXSR1
gene in various cells was not only affected by smoking,
but also by treatment of glucocorticoid (Additional file 2:
Fig. S1). In cell-based transcriptome studies, the expres-
sion of OXSR1 was significantly increased in the bron-
chial epithelial cell by cigarette and e-cig smoking (effect


https://realgar.org/

Page 7 of 11

(2022) 22:3

Kim et al. BMC Pulmonary Medicine

S911IEAOD SE 1ISIA JO JBDA 1S | DY) Ul 9SOP PI0JS]S JIWDISAS pue S| [B10} PUEB “USIA 151 91 1@ 9% L AT paIdIpald ‘|9A3] 36| [L101 WSS ‘X3S ‘9be 10} paisnipy.

sadAjo|dey yoea 1oy (¢ =u) sadAjojdey jo Jaquinu ay3 buisn pue (105001 ="’) INS Yoea 10 AdSANS Aq paiendjed ("Hopy) 120] a3 ew Juspuadapul JO JaquNU A1 Y} BUISN SaN|eA 4 Pa3III0D LI0dd

suostiedwod adinwW 10§ AN[EA 4 PID34I0D 1034 ‘UBSW JO 101D piepuels 3§ ‘D10BAzowoy 3[3)[e Joulw Yy ‘9106£z01319Y ¥ ‘91064Z0Wwoy 3|3||e uowwod 3D

%00L) v2 (679 8y  (%hTE) T %L T 7<exg
000l 1990 [689-¢c0l i/l /980 6870 [99C7-S/0ll¥l 1680 /6C0  [€7-8/01%€L  (%00L) 188 (%¥9) ¥9S5  (%ETE) 58T (%9°¢) te ¢>ex3 QY oPog
00L) L (6'LY) LE  (%LYS) OF %ly) € z<exg
%00L) v/ (%82/€)8T  (%/TS)6E (%56) £ 7<exg
000l 8L/0  [8€E-E€FOlLTL 000l 0790 [8S1-9%°0]1980 000l /€80  [LS1-901G60 (%O00L) 188  (%9E€h) #8€  (%6Y) 96€  (%S'L1) LOL ¢>ex3 Ay ppog
©@00L) v2 (9L EL  (%S6S) i (%£0) £1 z<exg
000l 0990  [¢/1-€¥01S80 000l /¥€0 [6V'1-C€01690 0001 06€0 [8T1-€501780  (%00L) 188 (%S 02T (%¥'TS) T9F  (%9°C2) 661 7>ex3 11y~ 120/9
(9001) ¥2  (%8/8) S9 %CCl) 6 (%60) 0 z<ex
(%001) 7/ %¥'1) L %68L) ¥l (%L64)65 7<ex3
000l 76l0  [SOT-€001#C0 CELO €L00 [L80-/L018€0 LEL'0  €L00 [#80-TC0l €70  (%001) 188 %LlY)9¢  (%90€) 04T (%E'S9) S/S 7>ex3 L1ozsi
(9%6001) ¥£ (%89)S  (WwL60)TC  (%S€9) L¥ z<exg
0950 9500 [LOTL-/60] LF'E  €S€0  SE00 [99€-S0'L]96'L  SSL'0  GLOO  [60€—€L'L]/81  (%001) 088 WCD) 6L (%950 ST (%ETL) 9€9 >ex3 /1¥862C5!
(9%001) £ (%0) 0 (%S6) L  (%S06) L9 z<exg
000l 6660 [0-010 000l 6/£0 [€€7-C€01/80 000l 65/0 [£TC-T€01980  (%00L) 188 %C0) T (%S'LL) L0l (%£'88) 8L 7>exg £2208865/
(9%001) ¥/ %00 (/S0 6L  (%EWL) SS 7<exg
000l 6660 [0-010 000l 6220 [86C—£/011SL 000l €LF0  [e¥Z-6901 €1  (%001) 188 @S €L LD /8L (%ELL) 189 7>ex3 09295154
(%001) ¥/ @WrS) vy (€00 Sl (%EVL) SS 7<ex3
000l SE¥0  [9T°T-SL018S0O  8€00 #0000 [2/0-8L0J9€0  +600 6000 [€80-0] Z#0O  (%001) 188 %19 ¥S  (%L8E) L¥E  (%T'SS) 98% 7>ex3 900¥8€ 154
(%001) ¢/ TP € (%8TS)8E  (%l'ey) LE 7<exj
000l  TL60  [€6¥-FC0l60L 000l  CTkO  [/€T-/0l6CL 000l L9¥O [Soz-0lzCL  (%00L) 98 (%E2) €9 (%90F) LSE  (%1°TS) 0S¥ ¢>ex3  £91616b/S!
(9%001) ¥£ ©0)0  (zol L (%8€8) 9 z<exg
000l 6660 [0-010 000l 9050 [S6C-650lCEL 000l  L¥SO [187-018C'L  (%00L) //8 %€0) € (%oel)6LL  (9%1°98) SG/ ¢>ex3  §85izeClls
(9%001) ¥£ ©t'1) | (%801)8  (%8/8) 59 z<exg
000l /¥SO0  [¥F0z-C0l€0C  +¥840 8/00  [L'L=ZL0J€¥0 0001 OFLO [€TL-€C01 €S0 (%00L) 088 @) Tl (661)S/L  (%8'84) €69 7>exg €8CT6€1S
(%001) ¥/ ezl 6 (%899 Ty (%lLE) €T z<ex3
000l 20/0  [SOT-¥E0I¥80 000l 0C/0 [ElZ-6501CL'L 000l /560 [651-G901 LOL  (%001) 088 991) LPL  (%L1) 0Ty (%E9E) 61E 7>ex3 80 5S6tSI
(%001) ¥/ (%0) 0 (%S6) L (%S06) L9 7<ex3
000l 6660 [0-010 000l 6/£0 [€€C-CE01/80 000l 6540 [/TT-7€01980  (%00L) 188 (%C0)T  (%SLL) L0l (%£88) 8/L ¢>ex3  p8rs0019s!
(%001) ¥£ @l¥) e (0D Sl (%/'S/) 95 z<exg
000l 9€L0  [/F1-90016C0 LSO SLOO  [#80-TOlLFO  LELO €100 [980-01 870  (%00L) 88 %S ¥r  (%E€E) €6T (%L 'L9) ¥7S 7>ex3 0106£8654
110> d 40 Modd d 4O  Modd d HO lesol 4y D D
DAISSIY jueuiwoq jueulwopod (% ‘N) @dfyouan uoljeqadexy SNd07

dnoib Jsxows-uou ay1 Ul [ SO Jo sadAiojdey pue sdNS U1 Ylim Jo1eqladexa 1uanbalj e jo sy € ajqer



Kim et al. BMC Pulmonary Medicine (2022) 22:3

size-based meta-FDR q value =4.54 x 1078, Additional
file 2: Fig. S1A), as well as in airway smooth muscle and
BEAS-2B cells by dexamethasone and budesonide treat-
ment (meta-FDR q value=0.032, Additional file 2: Fig.
S1B). However, there was no significant association with
the risk of mild to moderate asthma, severe asthma,
and fetal asthma (meta-FDR q=0.371, Additional file 2:
Fig. S2). These transcriptome-based search results indi-
cate that the OXSR1 gene is associated with smoking
and glucocorticoid treatment responses, which may
affect asthma exacerbation, and can provide biological
bases for our observations, where the genetic associa-
tion of OXSR1 with asthma exacerbation was limited to
non-smokers.

Epithelial cells serve to protect airways from inhaled
toxic substances and microorganisms. Airway secretory
cells secrete mucin as the core glycoproteins of mucus,
and cilia on the top of ciliated cells export mucus outside
the lung to protect the lung from particles and pathogens
[41]. This mucociliary clearance is an important innate
defense mechanism that cleans up inhaled allergens and
other harmful stimuli [42]. The mucus gel is placed on
a fluid layer called an airway-surface liquid (ASL), and
the efficacy of mucociliary clearance depends on the ion
transport pathways to maintain the depth of ASL [37, 41].

Previous studies found that asthma is associated with
reduced mucociliary clearance, especially during exac-
erbation [38, 42]. In B-epithelial Na* channel (Scnnlb)
transgenic mice, mucociliary clearance is reduced due
to dehydration and thickened mucus [43]. In addition,
the Scnnlb transgenic juvenile mice exhibit type 2 air-
way inflammation such as IL-13, airway eosinophilia, and
alternative macrophage activation with reduced muco-
ciliary clearance [44, 45]. In chronic lung diseases includ-
ing asthma, epithelial Na® channel blockers, amiloride,
or hypertonic saline can restore mucociliary clearance by
improving hydration of the airway surfaces. These facts
support that there is a close association between the Na™
channel, mucociliary clearance, and asthma [46, 47].
Therefore, the OXSR1 gene, which plays a role in regulat-
ing salt, water and cell volume by an ionic mechanism, is
likely to play an important role in the mucus concentra-
tion, ASL fluid layer, and mucociliary clearance, suggest-
ing that genetic variants of OXSRI are presumed to be
related to frequent exacerbation of asthma through these
mechanism.

Recently, oxidative stress and its pathways have been
thought to contribute significantly to severe asthma and
asthma exacerbations [48, 49]. However, the relation-
ship between OXSRI, a gene related to oxidative stress,
and asthma exacerbation has never been studied. OXSRI
is also involved in the regulation of immune responses
by interacting with TNF receptor protein kinase C-0
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(PKCB), which is expressed by lymphoid tissues [26, 36].
OXSR1 and WNK1 kinase, an upstream activator of
OXSR1, are hardly detectable at basal activity, which may
mean that WNK-OXSR1 signaling is regulated tightly in
normal physiological conditions [36].

Interestingly, this genetic effect of rs1384006 C> T was
not found in the smoker asthmatics. This indicates that
there was an interaction effect between rs1384006 and
smoking status, which was confirmed by including the
SNP x smoking interaction term when analyzing genetic
association for total subjects. The interaction terms
were statistically significant in both general linear model
(F=5.42, P=0.020 (in GLM) and logistic regression
analysis (OR=2.63 [95% CI 1.02-6.83], P=0.046). The
reason for this finding could be explained by smoking
itself being a strong inducer to exacerbate asthma [34].
Cigarette smoking is associated with accelerated decline
of lung function in asthmatics [50], resulting in wors-
ening of asthma severity [51], reduction of responsive-
ness to glucocorticoids [52], poor asthma control, and a
higher hospital admissions [53].

The most important mechanism that may explain
the relative corticosteroid resistance in smokers with
asthma and COPD is a reduction in the expression of the
enzyme histone deacetylase 2 (HDAC2). A reduction in
HDAC activity and HDAC2 expression may account for
the amplified inflammation and resistance to the actions
of corticosteroids. The p38 mitogen-activated protein
kinase (MAPK) pathway is also thought to play a role in
corticosteroid insensitivity [54]. Thus, rs1384006 C> T of
OXSR1 might not exert any genetic effect in the enhanced
MAPK- and reduced HDAC-induced airway inflamma-
tion in smokers.

There are some limitations to this study. First, the
authors included current smokers as study subjects,
which may raise the question of whether smoking
asthma patients are truly pure asthmatics. However, 25%
of asthma patients are still current smokers in the real
world and smoking and asthma are very closely related
and affect each other [55]. Pathophysiologically, smoking
affects inflammatory condition of asthma patients, which
also affects the responsiveness of treatments such as glu-
cocorticoid [55, 56]. Therefore, smoking in asthma has
long been recognized as an important factor that must
be considered in reality. Second, there is still little infor-
mation about the function of the OXSRI gene in asthma.
According to functional estimation of the SNPs linked
with rs1384006 in Asian populations (SNPinfo Web
Server, https://snpinfo.niehs.nih.gov/), rs1384006 did not
affect transcription factor binding, splicing sites, splicing
regulation, or miRNA molecular functions. We also esti-
mated the functional role of rs1384006 using QTLbase
(http://mulinlab.org/qtlbase). The search showed that
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rs1384006 was associated with the mRNA expression
of OXSRI in blood CD14 -+ monocyte, CD4+ native T
cell, and neutrophil (FDR q<0.01); C allele of rs1384006
seemed to be associated with higher expression of
OXSRI compared with T allele (beta value; 0.17-0.32
for C vs -0.03 for T allele). Rs1384006 also showed sig-
nificant association with the expression levels of XYLB
and ACVR2B, genes located downstream of OXSRI,
in blood CD4+naive T cells (FDR q=1.87x1077,
beta=0.17-0.30). Additionally, rs1384006 was likely
to be associated with methylation of cg00930230 on
XYLB gene (97.7 Kb downstream from rs1384006) of
blood neutrophils (P=0.00065, beta=-0.438) and of
cg10548708 at 31 kb upstream of OXSR1 gene (85.6 kb
upstream of rs1384006) in monocytes (p=0.00023,
beta value=-0.379). These QTL data suggest that the C
allele 751384006 could be associated with high OXSRI
expression via epigenomic changes of the region around
OXSR1, which should be evaluated in an additional func-
tional study. Since little is known about it, it is worthy as
an original discovery to be the subject of future genetic
studies about asthma exacerbations. Third, we could
not confirm the causal relationship between the com-
mon allele variant of rs1384006 in the OXSRI gene and
asthma exacerbations in this study because we had no
replication data using other independent cohort subjects.
The statistical power of our main finding on rs1384006
at a given sample size was 0.995 and it is not clear what
the appropriate sample size is when studying gene-envi-
ronmental interactions in terms of asthma exacerba-
tion, but further studies on larger samples are needed
to achieve more reliable results. When searching sev-
eral publicly available GWASs for asthma alternatively,
rs1384006 was associated with hospital admissions due
to asthma (P=0.043), as well as asthma-related anxiety
(P=0.002), bacterial pneumonia (P=0.010), and the risk
of asthma (P=0.044) in FinnGen data (Additional file 1:
Table S7), although no associations with asthma-related
phenotypes was observed in other data sets (Michi-
gan Genomics Initiative, UKBioBank, NHGRI-EBI, and
GABRIEL Consortium). This discrepancy may be possi-
bly due to ethnic difference and particularly the lack of
consideration for smoking behavior in these public data.
Fourth, because normal subjects were not included in the
study, we cannot compare the SNP frequency with those
of non-asthmatic controls. Therefore, further functional
experiments are needed to identify its pathophysiology in
asthma compared to normal controls.

Conclusions

We have newly discovered that variants of the OXSRI
gene, which is involved in the regulation of salt and cell
volume, immune response, and oxidative stress, may
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affect asthma exacerbation. This will provide an oppor-
tunity to highlight a new genetic mechanism related to
asthma exacerbation.
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