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OPEN A genome-wide by PM,, exposure

interaction study for blood pressure
in Korean adults

Hyun-Jin Kim¥8, Ho-young Son?8, Philiip Park?, Jae Moon Yun3, Hyuktae Kwon?3,
Belong Cho®*, Jong-Il Kim2%567:5*/ & Jin-Ho Park3*°*

Blood pressure (BP) is a typical complex trait, and the genetic susceptibility of individuals to changes
in BP induced by air pollution exposure is different. Although interactions of exposure to air pollutants
with several candidate genes have been identified, genome-wide interaction studies (GWISs) are
needed to understand the association between them with BP. Therefore, we aimed to discover the
unique genetic loci for BP that interact with exposure to air pollutants in Korean adults. We ultimately
included 1868 participants in the discovery step and classified them into groups of those with low-to-
moderate exposure and high exposure to average annual concentration of particulate matter with an
aerodynamic diameter <10 pm (PM,,). Because none of the single nucleotide polymorphisms (SNPs)
achieved a genome-wide level of significance of p;,. <5 x 10~ for either systolic BP (SBP) or diastolic BP
(DBP), we considered the top 10 ranking SNPs for each BP trait. To validate these suggestive SNPs,
we finally selected six genetic variants for SBP and five variants for DBP, respectively. In a replication
result for SBP, only one SNP (rs12914147) located in an intergenic region of the NR2F2 showed a
significant interaction. We also identified several genetic susceptibility loci (e.g., CHST11, TEK, and
ITGA1) implicated in candidate mechanisms such as inflammation and oxidative stress in the discovery
step, although their interaction effects were not replicated. Our study reports the first GWIS finding

to our knowledge, and the association between exposure to PM;, and BP levels may be determined in
part by several newly discovered genetic suggestive loci, including NR2F2.

Over the past decades, genome-wide association studies have led to remarkable achievements in understanding
the genetic architecture of blood pressure (BP) regulation in humans"? However, BP is a classic complex trait that
is influenced by multiple genetic and environmental factors, and it is also important to consider environmental
factors®. In particular, exposure to ambient air pollution, including particulate matter (PM), is well known to be
linked to increased BP in several epidemiological studies*”. However, even if exposed to the same concentra-
tion of ambient air pollution, genetic susceptibility to BP increments varies between individuals, which may be
explained by interactions between genetic and environment components, at least in part.

The biological pathology underlying the relationship between air pollution and BP level is not yet elucidated,
but several candidate hypotheses have been proposed, such as inflammatory and oxidative stress responses®’.
Previous studies of genetic interaction with air pollution have been mostly conducted with limited numbers of
candidate genes (e.g., GSTM1, GSTT1, and GSTP1I) involved in the mechanisms'®!!. Recently, our research team
conducted an interactive genetic study focusing on the interesting relationship between obesity, air pollution, and
elevated BP. We discovered new biological evidence that the genetic variants of CDH13, known as a susceptibility
locus for adiponectin levels, enhance the association of exposure to PM with an aerodynamic diameter <10 pm
(PM,,) with increased BP'2. In this context, it is important to elucidate additional evidence for an individual’s
genetic susceptibility to changes in BP due to air pollution.
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Genome-wide interaction studies (GWISs), which test genetic variants across the entire genome simultane-
ously, without any prior hypothesis such as biological theory, are a useful approach for discovering interactive
genetic loci. New findings might help us to understand better the genetic background of key mechanisms that
explain the association of increased BP with air pollution. However, to our knowledge, the interaction between
air pollution and BP has not been studied on a genome-wide scale. Therefore, we conducted a GWIS of the
association of PM,, exposure with BP traits in Korean adults and report the results across the entire genome.

Results

Population characteristics. Descriptive characteristics of the participants included in the discovery and
replication steps are shown in Table 1. In the discovery step, all participants were adult men aged 21-68 years
(n for recruitment A =1355 and n for recruitment B =513, respectively). The mean BMI, DBP, and use of anti-
hypertensive medication were similar between the Health Promotion Center of Seoul National University Hos-
pital (north of Seoul, site A) and Healthcare System Gangnam Center (south of Seoul, site B). The mean SBP
and exposure to PM,, were different between the sites. In the replication step, a total of 1281 samples from
adult participants were used. The proportion of women was 44.18% (n=327) and their mean age was 54.36
(20-83 years). In the case of men in the replication step, the mean (SD) BMI was 24.31 (3.03) kg/m?, SBP was
126.87 (14.65) mmHg, and DBP was 77.28 (9.68) mmHg, and were similar to those values at discovery site A
(data not shown).

Genome-wide interaction study. The results of the genome-wide interaction analysis of the associa-
tion of exposure to PM,, with SBP and DBP are shown in Fig. 1 and Table 2. Figure 1 depicts quantile-quantile
(Q-Q) and Manbhattan plots of p;, from the GWIS using 196,963 SNPs. A Q-Q plot showed little evidence for
genomic statistic inflation. The top 10 genome-wide interaction results for the association of PM,, exposure with
each BP parameter are summarized in Table 2. For SBP, the top SNP (rs13402716, p;,,= 1.20 x 10-°) was observed
near SPHKAP on chromosome 2. The second associated SNP (rs1795849, p;,,=1.99x 107°) and two other SNPs
(rs10861229, p;, =2.78x107%, and rs10778338, p,,=5.42%x 107°) were located in the intron of CHSTII and
shared a high LD (r*>0.8). We also identified two SNPs (rs2273717 and rs1555454) located in the intron region
of TEK, and the correlation between them was strong (r*>0.8). In addition, an interaction of rs12914147, which
was located 98 kb away from NR2F2, with PM,, exposure associated with SBP was observed (p;,,=5.44 x 107°).
The SNP most associated with DBP (rs9686276, p;,=1.29 x 10~°) was located in an intron of ITGAI on chromo-

Discovery step Replication step
Characteristics n (%) or mean (SD) n (%) or mean (SD)
Year of sample recruitment | ‘09-13 ‘14-15
Site A B A
N 1355 513 1281
Age years 49.06 (7.13) 48.51 (6.52) 54.36 (11.43)
Sex
Men 1355 (100%) | 513 (100%) 715 (55.82%)
Women - - 566 (44.18%)
BMI (kg/m?) 24.62 (2.78) 24.72 (2.77) 23.47 (3.15)
Blood pressure
SBP (mmHg) 126.90 (13.91) | 118.07 (12.94) | 123.83 (15.63)
DBP (mmHg) 78.04 (10.44) 79.16 (10.71) 75.06 (10.08)
Antihypertensive medication
Yes 255(18.92%) | 88 (17.15%) | 338 (26.38%)
No 1099 (81.11%) | 425 (82.85%) 942 (73.54%)
Missing 1 (0.07%) - 1 (0.08%)
Glucose (mg/dL) 93.96 (18.59) 97.13 (17.55) 96.94 (20.96)
eGFR (mL/min per 1.73 m?) 81.21 (12.80) 77.95 (10.32) 93.11 (16.40)
Uric-acid (mg/dL) 6.38 (1.33) 6.41 (1.26) 5.65 (1.39)
Total cholesterol (mg/dL) 200.12 (35.16) | 201.80 (36.65) | 198.77 (39.53)
PM,, (ug/m?)
Mean 47.96 (7.23) 52.71 (6.70) 47.79 (5.79)
25th percentile 42.94 48.86 44.43
50th percentile (median) 47.43 52.36 46.90
75th percentile 52.15 54.74 50.65

Table 1. Basic characteristics of study subjects. BMI body mass index, SBP systolic blood pressure, DBP
diastolic blood pressure, eGFR estimated glomerular filtration rate, PM,, particulate matter with aerodynamic
diameter <10 um, SD standard deviation.
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Figure. 1. Genome-wide interaction plots for blood pressure. Quantile-quantile plots and Manhattan plots for
(a) systolic blood pressure and (b) diastolic blood pressure.
d e
Nearest genes (distance Model 1 Model 2
Trait | Chr | SNP Position® | Major/minor allele | MAF | Type B (SE) P, B (SE) P,
2 1513402716 | 229331340 | A/G 0.108 | Intergenic | SPHKAP (284.9) 0.026 (0.006) | 1.20E-05 | 0.023 (0.006) | 5.27E~05
12 | rs1795849° | 104911246 | T/C 0.332 | Intron CHST11 (0) 0.016 (0.004) | 1.99E-05 | 0.015(0.004) | 4.50E-05
9 152273717 | 27228022 | G/A 0.266 | Intron TEK (0) 0.017 (0.004) | 2.40E-05 | 0.017 (0.004) | 2.17E-05
21 | rs2838433 | 45333865 | A/G 0.216 | Intron AGPAT3 (0) ~0.019(0.005) | 2.46E-05 | -0.019 (0.005) |4.63E-05
- 9 151555454 | 27228754 | T/C 0.270 | Intron TEK (0) 0.017 (0.004) | 2.68E-05 | 0.017 (0.004) | 2.60E-05
13 |rs12585154 | 25204157 | G/T 0.214 | Intergenic | TPTE2P6 (32.3) ~0.019(0.004) |2.76E-05 |- 0.018 (0.004) |4.16E-05
12 |rs10861229* | 104906745 | G/T 0.342 | Intron CHST11 (0) 0.016 (0.004) | 2.78E-05 | 0.015(0.004) | 7.05E-05
12 |rs10778338" | 104894402 | A/G 0.342 | Intron CHST11 (0) 0.016 (0.004) | 5.42E-05 | 0.015(0.004) | 1.32E-04
15 [rs12914147 | 96981538 | T/C 0.339 | Intergenic | NR2F2 (98.0) ~0.016 (0.004) | 5.44E-05 | -0.015(0.004) |8.60E-05
19 |rs317913 11510314 | A/G 0.276 | Intron RGL3 (0) -0.017(0.004) |7.97E-05 | -0.018(0.004) | 1.69E-05
5 159686276 | 52226067 | C/A 0.339 | Intron ITGAI (0) 0.203 (0.046) | 1.29E-05 |0.192(0.046) | 3.29E-05
15 | rs8033729 | 48270609 | A/G 0.419 | Intergenic | LINC01491 (132.2) 0.197 (0.046) | 1.54E-05 | 0.195(0.045) | 1.65E-05
14 |rs12437363 | 20694079 | A/G 0.173 | Intergenic | ORI1H6 (1.2) 0.252 (0.060) | 2.57E-05 | 0.252(0.059) | 2.01E-05
4 1510856831 | 37427661 | G/A 0.200 | Intron NWD2 (0) 0.231(0.056) | 3.21E-05 |0.221(0.055) |6.32E~05
N 152965318 | 48264495 | G/T 0.411 | Intergenic | LINC01491 (126.1) ~0.190 (0.046) | 3.24E-05 | —0.189 (0.045) | 3.04E-05
5 157714315 | 2818295 C/T 0.241 | Intergenic | C50rf38 (62.8) -0217(0.052) |3.25E-05 |-0.21(0.052) |4.69E-05
7 15258723 81772396 | A/G 0.471 | Intron CACNA2DI (0) ~0.194(0.047) |3.51E-05 |- 0.186 (0.046) | 6.38E-05
2 15841470 129370246 | T/C 0.105 | Intergenic | LOC101927881 (251.9) -0.310(0.076) |5.17E-05 | —0.293 (0.076) |1.13E-04
7 151235304 | 38979827 | C/T 0.480 | Intergenic | VPS4I (31.0) 0.186 (0.046) | 5.34E-05 | 0.179(0.045) | 8.89E-05
12 |rs1882492° | 104888494 | G/A 0.392 | Intron CHST11 (0) 0.182(0.045) | 5.59E-05 |0.169(0.045) | 1.58E-04

Table 2. Genome-wide interaction results with PM,, exposure (exposed and non-exposed groups) for blood
pressure (Top 10 SNPs). SBP systolic blood pressure, DBP diastolic blood pressure, Chr chromosome, SNP
single nucleotide polymorphism, MAF minor allele frequency. *SNP positions are based on Human GRCh37/
hg19 from UCSC Genome Browser. > These SNPs were in the strong linkage disequilibrium (LD) relationship
(r*>0.8; D'=1). 9Model 1: Adjusted for age, center, BMI. °Model 2: Further adjusted for glucose, eGFR, uric-
acid, total cholesterol.
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some 5. The SNP second most associated with DBP (rs8033729, p;,,=1.54x 10~°) and another SNP (rs2965318,
Pine=3.24 % 107%) were located nearby LINC01491 and shared a weak LD (r*=0.46).

We conducted additional interaction test with another adjustment models (model 1: original adjustment,
model 2: further adjusted for glucose, estimated glomerular filtration rate (¢GFR), uric-acid, total cholesterol,
Table 2). We observed that interaction P-value and effect were not significantly different according to each
adjustment models.

Replication study. To validate the GWIS result from the discovery step, we conducted a replication study
with another 1,281 Korean adult participants (Table 1). Among the top 10 candidate SNPs for each BP interac-
tion result, six SNPs for SBP and five SNPs for DBP were selected for the replication study, based on the priority
of gene function and LD. Table 3 presents the interaction results from the replication sample. We identified
that only one SNP (rs12914147) near NR2F2 for SBP was replicated at a significance level of 0.05 (p;,;=0.034).
We also conducted an association analysis for two groups stratified with non- or one minor allele (TT or TC
genotype) and the homozygous carriers of minor allele (CC genotype) (Table 3). The PM,, exposure in the
homozygous carriers of minor allele of rs12914147 was significantly associated with a decreased level of SBP
(Passoc =0.019). By contrast, PM,, exposure in the group with no minor allele or one minor allele (TT or TC
genotype) of rs12914147 did not show any significant association with SBP (p,..=0.664). Detailed regional
information near NR2F2 and the interaction of the rs12914147 and PM,, exposure in modulating BP levels is
shown in Fig. 2.

We also conducted additional interaction test with another adjustment models in replication step (Table 3).
Similar to the discovery step, we observed that the interaction was not significantly different.

Discussion

The present study aimed to identify genetic susceptibility loci that are associated with increased BP levels through
their interaction with PM,, exposure in an Asian population. We performed a GWIS of the association of expo-
sure to PM,, with BP traits, such as SBP and DBP, in Korean adults. For both BP traits, none of the SNPs reached
a stringent threshold for genome-wide significance (p;, <5 x 107%). Therefore, we present the top 10 candidate
SNPs for each trait. Of these SNPs, six suggestive SNPs for SBP and five for DBP were ultimately included in
the replication analysis step, considering the distance with nearest genes and the LD relationship between the
SNPs. Only one SNP (rs12914147) for SBP was replicated at a nominal significance level of 0.05. This variant,
located near NR2F2, was associated with a decreased level of SBP through its interaction with PM,, exposure. It
remains "curious” to observe how exposure to PM,, is associated with lower systolic blood pressure values in CC
homozygotes, while exposure to PM,, is usually considered a risk factor for hypertension. Nevertheless, this find-
ing may emphasize the different genetic susceptibility to PM,, exposure and the related genetic-environmental
interactions. At the discovery step, we also observed several suggestive genetic loci involved in biologically
plausible mechanisms, such as inflammatory responses, even though their interaction effects were not replicated.
Our findings highlight the importance of a genome-wide approach to discover genetic loci as well as considering
genetic components to understand better the link between exposure to air pollution and BP levels.

Nuclear receptor subfamily 2 group F member 2 (NR2F2), also known as COUP-TF II, is a member of the
nuclear orphan receptor superfamily. It is widely expressed in multiple tissues, including the lung, kidney; liver,
spleen, and skeletal muscle. In 1999, Pereira et al. demonstrated that NR2F2 plays an important role in angiogen-
esis and heart development'’. NR2F2 is also related to the regeneration of the pulmonary vascular endothelium
after injury from influenza'. In addition, Lin et al. reported that the expression of NR2F2 is mediated by pro-
inflammatory cytokines including TNF-a, IL-1f, and TGF-B1'. Moreover, the gene for NR2F2 is expressed in

Non or one minor allele | Homozygous carriers of
group minor allele group Model 1* | Model 2°
Trait | Chr | SNP Gene Bassoc (SE) Pooc | Bassoc (SE) Pooc | Pint P
9 152273717 TEK —0.156 (0.235) | 0.506 | 1.284 (1.088) 0.242 |0.276 0.281
12 151795849 CHST11 —-0.123 (0.241) | 0.610 | 0.045(0.777) 0.954 |0.791 0.723
SBP 13 rs12585154 | TPTE2P6 —-0.098 (0.237) |0.679 |0.723(1.119) 0.521 | 0.424 0.362
15 rs12914147 | NR2F2 0.104 (0.240) 0.664 | —1.813(0.762) |0.019 |0.034 0.048
19 rs317913 RGL3 —-0.127 (0.239) |0.593 | 0.612 (0.728) 0.403 | 0.386 0.378
21 rs2838433 AGPAT3 —-0.112 (0.237) |0.636 | 0.762 (1.038) 0.466 | 0.401 0.383
4 rs10856831 | NWD2 —-0.011 (0.022) |0.613 |-0.100(0.120) |0.410 |0.562 0.281
5 157714315 C5o0rf38 —0.008 (0.022) |0.721 |-0.057 (0.096) |0.556 |0.604 0.516
DBP 5 159686276 ITGA1 —-0.013(0.023) |0.573 | —0.055(0.063) |0.389 |0.683 0.732
7 15258723 CACNA2D1 | 0.000 (0.024) 0.984 | -0.047 (0.045) |0.302 |0.381 0.364
14 rs12437363 | OR11H6 —0.016 (0.022) |0.468 |0.063(0.141) 0.659 | 0.609 0.686

Table 3. Interaction results with PM,, exposure (exposed and non-exposed groups) for blood pressure in
replication sample (n=1281). SBP systolic blood pressure, DBP diastolic blood pressure, Chr chromosome,
SNP single nucleotide polymorphism, SE standard error. Nominal association is marked in bold (P, <0.05).
*Model 1: Adjusted for age, sex, BMI. bModel 2: Further adjusted for glucose, eGFR, uric-acid, total cholesterol.

Scientific Reports|  (2023) 13:13060 | https://doi.org/10.1038/s41598-023-40155-z nature portfolio



www.nature.com/scientificreports/

(a) (b) Systolic blood pressure
Plotted SNPs || | [T [0 TT THET N mr I L 150.0
s [ 2 - 100 Low to moderate exposure
- I High exposure
iy 0 140.0
] 02 8
3
(- | 5 .
— rs12914147 - 60 g e
< ° 5 £ 1300
= 3 IS
g : £
| ’g -
= 3 1200
= =
110.0
«NR2F2-AS1 - SPAES—AS 1
NR2MF'2~> SPA'I:A&»
MIR1I469-—
\ ‘ 100.0
96.6 96.8 97 97.2 cc CcT TT
Position on chr15 (Mb) rs12914147 genotype

Figure. 2. Regional association and interaction plots in NR2F2 locus. (a) Regional association plots for NR2F2
gene and (b) the interaction of rs12914147 genotype and PM,, exposure in modulating systolic blood pressure
level (*p<0.05).

adipose tissue in vivo and is a potent suppressor in the regulation of adipogenesis'®. Similarly, NR2F2 is implicated
in various mechanisms closely related to BP. In 2014, an exome-sequencing study identified that several rare
variants within the coding region of NR2F2 contribute to congenital heart defects in humans'”. The possibility
that NR2F2 is linked to BP levels has also been shown in several genome-wide linkage studies of humans'®*.
Furthermore, BP levels in Nr2f2™% rats were significantly lower than in controls®. Interestingly, the biological
functions of NR2F2 mentioned above, such as its role in the inflammatory response, are also involved in the key
mechanisms linking air pollution and BP levels; the interaction between NR2F2 and PM,, exposure may be due
to a mechanism shared between them.

In addition to NR2F2, we identified several other potentially interacting loci (e.g., CHST11, TEK, and ITGA1)
involved in plausibly associated biological pathways such as oxidative stress and inflammation responses,
although their signals were not replicated in independent samples. CHST11 belongs to the sulfotransferase 2
family and is associated with TGF-f1-induced production of reactive oxygen species (ROS) in human vascular
smooth muscle cells?'. The oxidative stress caused by inducing ROS production plays an important role in the
pathogenesis of elevated BP?2. We also found TEK as a locus potentially interacting with PM,, exposure. TEK, a
member of the tyrosine kinase Tie2 family, not only regulates angiogenesis but also promotes anti-inflammatory
responses®. Tie2 signaling is a crucial angiogenic mediator between the proinflammatory cytokine TNF-a and
pathological angiogenesis in rheumatoid arthritis®*. Finally, ITGAI, which encodes the al subunit of integrin
receptors, plays a role in macrophage exit from peripheral inflammatory lesions®. ITGA1 is upregulated in lung
tissue of patients with pulmonary hypertension®. CHST11, TEK, and ITGA1 and prolonged exposure to air
pollution are associated with inflammatory or ROS responses, thereby leading to increased BP.

To date, gene-by-air pollution interactions with BP have been only identified in specific genes involved in
miRNA processing, oxidative stress pathways, or etiology of the disease!*'2?25, Wilker et al. found that the
PM, s-associated BP change is modified by candidate genes related to chronic obstructive pulmonary disease
and asthma. They also observed an interaction of 7-day black carbon exposure and genetic variants in miRNA
processing genes with BP?%. Levinsson et al. investigated whether genetic polymorphisms in genes related to
oxidative stress, such as GSTT1, GSTPI, and GSTCD, modify the association between long-term exposure to
traffic-related air pollution and hypertension. They found that three GSTP1 SNPs showed a significant associa-
tion with hypertension, but no obvious interaction effect with air pollution exposure was observed''. However,
a study of elderly Koreans identified that air pollution exposure associated with BP was modified by genetic risk
scores generated using SNPs in a gene related to oxidative stress and suggested that an oxidative stress pathway
may be an important link between air pollution and BP'. In addition, Kim et al. conducted a study of interac-
tions of CDH13 polymorphisms-by-PM,, exposure and reported that the variants increased susceptibility of BP
increase to PM,, exposure'? Despite the discovery of these candidate genes, additional research on the entire
genome without any prior information or hypothesis is needed to identify new candidate genetic loci that interact
with air pollution.

To our knowledge, the present study is the first GWIS of the interaction of SNPs with PM,, exposure in
relation to BP. Our new findings of several suggestive genes (e.g., NR2F2, CHST11, TEK, and ITGA]1) that
interact with air pollutant exposure may be important to understand better additional genetic and biological
background for the association between air pollution and BP in the general adult population. Nevertheless,
our study has some limitations that need to be considered. First, we could not accurately estimate air pollution
exposure at an individual level because of missing relevant information such as the level of exposure indoors or
at the workplace and how close participant’s houses are to major roads. Thus, the method of estimation using zip
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codes alone may misclassify individual exposure levels. Second, no SNPs reached a genome-wide significance
for interaction (p;, <5 x 1078). This cut-off corresponds to the Bonferroni correction that assumes independ-
ence among 1 million SNP markers, which may be too conservative given the relationship between correlated
SNPs. Thus, we considered the top 10 ranking SNPs for each BP trait. Similarly, because none of the candidate
SNPs for replication achieved a stringent significance level of [p;, <0.05/11 (#SNP tested) =0.0045], we applied
a nominal threshold of p; <0.05. This may be due to the small sample size of men (n="715) in the replicate set.
Anyway, it should be taken into account that these modified and less stringent threshold values could lead to a
substantial risk of false discovery rate. Third, BP was evaluated with a single measurement. It is known that it’s
better to measure the average of two or more BP measurements, and the one times measurement tends to be
rather high result®. Nevertheless, we strictly followed the main requirements for BP measurement® and tried to
control other factors that could lead to exaggerated BP measurements (e.g., resting relaxed state, fasting state-no
caffein/smoking with empty bladder-comfortable environment in the examination center, not in front of a doc-
tor). Thus, we believe the overall overestimation probability is not large and it will not affect the result. Fourth,
the sample in the discovery group was comprised entirely of adult male participants, and we may not be able to
generalize findings to women and girls. Finally, exposure to PM, 5 could not be adjusted for in our interaction
analysis, due to the lack of relevant data.

We evaluated the genome-wide interaction of SNPs with PM,, exposure associated with BP and found a sug-
gestive genetic variant near NR2F2. We identified several possible loci (e.g., CHST11, TEK, and ITGA1I) that play
roles in plausible biological mechanisms such as inflammation or oxidative stress. These findings provide a new
basis to understand better the additional genetic background beyond previously known genes in the association
between air pollution and BP levels. Not only are replication studies needed to validate these candidate loci in
a large sample and other populations, but further research at the genome-wide level is needed to discover more
candidate loci.

Methods

Study participants. We conducted a cross-sectional study designed to evaluate the association between
genetic variants and health outcomes such as anthropometric measurement, visceral fat, and metabolic traits.
The participants in the present study visited the Health Promotion Center and Healthcare System Gangnam
Center at Seoul National University Hospital from December 2009 to December 2013. The detailed recruitment
methods have been described in our previous study®’. Briefly, we enrolled 2102 participants and excluded 276
individuals for whom required information, such as BP-related phenotypes, a qualified DNA sample, and zip-
code data to estimate the level of exposure to ambient PM,, concentration, was missing. We ultimately included
1868 adult men in the present genetic analysis. The Institutional Review Board of the Seoul National University
Hospital Biomedical Research Institute and the National Cancer Center approved the study. Informed consent
was obtained from all participants. All of the clinical investigations were conducted accordance with the Decla-
ration of Helsinki.

Assessment of phenotype measurement. BP was measured with participants sitting at rest for at least
5 min. For individuals who were taking antihypertensive drugs, we added 10 mmHg to the observed SBP and
5 mmHg to the DBP values®. Body weight and height were measured with the participants in light clothing
without shoes. Body mass index (BMI) was calculated as body weight divided by the square of height (kg/m?).
Blood sample was taken in the morning with at least 12 h of fasting state. All blood samples were taken on the
same day. The eGFR (estimated glomerular filtration rate) was calculated according to the MDRD (Modification
of Diet in Renal Disease) equation.

Assessment of PM,, exposure. To estimate the exposure of participants to PM,,, we used real-time
atmospheric monitoring data from the Ministry of the Environment of Korea (https://www.airkorea.or.kr). We
obtained atmospheric monitoring data for PM,, concentrations for every 24 h from January 1, 2009, to Decem-
ber 31, 2013, at approximately 300 national monitoring stations. We calculated the annual average concentra-
tions of ambient PM, at each monitoring site. We used each participant’s residential postal zip-code data and
the nearest monitoring station to each participant’s residence. The maps regarding PM,, concentration and the
distribution of the study participants were shown in Fig. 3. The maps were generated by Python software, version
3.8.8 (https://www.python.org). The PM,, exposure was classified into quartiles, and we used groups of those
with low-to-moderate exposure (quartiles 1-3) and high exposure (quartile 4) for the genome-wide interaction
analysis.

Discovery step SNP genotyping. We extracted genomic DNA from the peripheral blood leukocytes of
all participants using a QuickGene-610L device (Fujifilm, Tokyo, Japan) according to a standard protocol. For
the discovery stage, samples were genotyped using a Human Core Bead-Chip kit (Illumina, San Diego, CA,
USA). To minimize the possible genotyping errors, the single nucleotide polymorphisms (SNPs) were excluded
by the criteria defined by Hardy-Weinberg equilibrium (p <0.0005), with a call rate (<99%) and the minor allele
frequencies < 1%. After evaluating quality, a total of 196,963 SNPs were used in our GWIS.

Replication step SNP selection and genotyping. To validate the candidate loci in the discovery step,
we conducted a replication study using independent samples. We used 1281 participants enrolled from 2014 to
2015 at the same Health Promotion Center of Seoul National University Hospital in a replication analysis. The
phenotypic information and genomic DNA were collected in the same manner as described for the discovery
step. We selected 11 independent SNPs for the replication test considering their linkage disequilibrium (LD)
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Figure 3. The annual average concentrations of ambient PM,, at each monitoring site and the distribution of
the study participants in (a) Discovery step and (b) Replication step, respectively. The maps were generated by
Python software, version 3.8.8 (https://www.python.org).

relationship and the distance with nearest genes. Among the top 10 SNPs for SBP, rs1555454 exhibited a very
strong LD relationship (r*=0.99) with the rs2273717 of the TEK gene, and therefore, one (rs2273717) of the
two variants was selected for a replication. Three SNPs (rs1795849, rs10861229, and rs10778338) located in
the intron of the CHST11 gene were also in the strong LD relationship (r*>0.8), of which SNP rs1795849 was
finally included in the replication phase. In addition, SNP rs13402716 was not selected based on priority of
gene distance (more than 100kB away from the nearest genes). In case of DBP, the SNP 151882492 was excluded
for a replication because it showed a strong LD relationship (r?=0.82) with the rs1795849 in the CHST11. The
three SNP (rs8033729, rs2965318, and rs841470) was not selected based on priority of gene distance (more than
100kB away from the nearest genes). In addition, rs1235304 was initially included for the replication, but it was

excluded due to the failure to produce TagMan probe. Therefore, among the top 10 suggestive SNPs from each
Scientific Reports |

genome-wide interaction analysis, we finally included six representative SNPs for SBP and five SNPs for DBP.
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The SNPs selected were genotyped using a TagMan SNP Genotyping Assay (Applied Biosystems, Carlsbad, CA,
USA) with a ViiA7 instrument at the Genomic Medicine Institute Research Service Center.

Statistical analysis. We conducted a genome-wide SNP by PM,, exposure interaction study for BP-related
traits, such as SBP and DBP, in Korean adults. SNPs were tested using a multiple linear regression method via
additive genetic models using PLINK software, version 1.9 (http://pngu.mgh.harvard.edu/Bpurcell/plink/). The
distribution of BP traits did not follow a normal distribution (Kolmogorov-Smirnov, p <0.05), and so we applied
a log transformation to SBP and a square root transformation to DBP. The results of the discovery stage were
adjusted for site of recruitment, BMI, and age. A regional plot was created using LocusZoom software (http://
locuszoom.sph.umich.edu/locuszoom/). In a replication step, similar to the discovery step, we performed multi-
ple linear regression analyses to determine the candidate SNPs for the interaction with exposure to PM,, for BP
traits with the adjustment for BMI, sex, and age. In addition, we used the t-test to identify the difference in BP
level between low to moderate and high exposure groups according to each genotype of the suggestive SNP. A
threshold p of 0.05 was used to assess the significance of replication. IBM SPSS Statistics for Windows, version
25 (IBM Corp., Armonk, NY, USA) was used for the statistical analyses.

Data availability
The datasets generated and/or analyzed during the current study are deposited in K-BDS (Korea BioData Station,
https://kbds.re.kr) with the accession ID (PRJKA507860).

Received: 22 February 2023; Accepted: 5 August 2023
Published online: 11 August 2023

References

1. Franceschini, N. ef al. Genome-wide association analysis of blood-pressure traits in African-ancestry individuals reveals common
associated genes in African and non-African populations. Am. J. Hum. Genet. 93, 545-554. https://doi.org/10.1016/j.ajhg.2013.
07.010 (2013).

2. Warren, H. R. et al. Genome-wide association analysis identifies novel blood pressure loci and offers biological insights into
cardiovascular risk. Nat. Genet. 49, 403-415. https://doi.org/10.1038/ng.3768 (2017).

3. Ehret, G. B. & Caulfield, M. J. Genes for blood pressure: An opportunity to understand hypertension. Eur. Heart J. 34, 951-961.
https://doi.org/10.1093/eurheartj/ehs455 (2013).

4. Choi, Y.]. et al. Short-term effects of air pollution on blood pressure. Sci. Rep. 9, 20298. https://doi.org/10.1038/s41598-019-56413-y
(2019).

5. Giorgini, P. et al. Air pollution exposure and blood pressure: An updated review of the literature. Curr. Pharm. Des. 22, 28-51.
https://doi.org/10.2174/1381612822666151109111712 (2016).

6. Prabhakaran, D. et al. Exposure to particulate matter is associated with elevated blood pressure and incident hypertension in urban
India. Hypertension 76, 1289-1298. https://doi.org/10.1161/HYPERTENSIONAHA.120.15373 (2020).

7. Kim, H.J., Kwon, H., Jeong, S. M., Hwang, S. E. & Park, J. H. Effects of abdominal visceral fat compared with those of subcutaneous
fat on the association between PM10 and hypertension in Korean men: A cross-sectional study. Sci. Rep. 9, 5951. https://doi.org/
10.1038/s41598-019-42398-1 (2019).

8. Lederer, A. M. et al. Cardiovascular effects of air pollution: current evidence from animal and human studies. Am. J. Physiol. Heart
Circ. Physiol. 320, H1417-H1439. https://doi.org/10.1152/ajpheart.00706.2020 (2021).

9. Miller, M. R. Oxidative stress and the cardiovascular effects of air pollution. Free Radic. Biol. Med. 151, 69-87. https://doi.org/10.
1016/j.freeradbiomed.2020.01.004 (2020).

10. Kim, K. N., Kim, J. H., Jung, K. & Hong, Y. C. Associations of air pollution exposure with blood pressure and heart rate variability
are modified by oxidative stress genes: A repeated-measures panel among elderly urban residents. Environ. Health 15, 47. https://
doi.org/10.1186/s12940-016-0130-3 (2016).

11. Levinsson, A. et al. Interaction effects of long-term air pollution exposure and variants in the GSTP1, GSTT1 and GSTCD genes
on risk of acute myocardial infarction and hypertension: A case-control study. PLoS ONE 9, €99043. https://doi.org/10.1371/journ
al.pone.0099043 (2014).

12. Kim, H.J. et al. Interactions of CDH13 gene polymorphisms and ambient PM10 air pollution exposure with blood pressure and
hypertension in Korean men. Chemosphere 218, 292-298. https://doi.org/10.1016/j.chemosphere.2018.11.125 (2019).

13. Pereira, F. A, Qiu, Y., Zhou, G., Tsai, M. J. & Tsai, S. Y. The orphan nuclear receptor COUP-TFII is required for angiogenesis and
heart development. Genes Dev. 13, 1037-1049. https://doi.org/10.1101/gad.13.8.1037 (1999).

14. Zhao, G. et al. Regeneration of the pulmonary vascular endothelium after viral pneumonia requires COUP-TF2. Sci. Adv. https://
doi.org/10.1126/sciadv.abc4493 (2020).

15. Lin, S. C. et al. Suppression of COUP-TFII by proinflammatory cytokines contributes to the pathogenesis of endometriosis. J. Clin.
Endocrinol. Metab. 99, E427-437. https://doi.org/10.1210/jc.2013-3717 (2014).

16. Xu, Z., Yu, S., Hsu, C. H., Eguchi, J. & Rosen, E. D. The orphan nuclear receptor chicken ovalbumin upstream promoter-transcrip-
tion factor IT is a critical regulator of adipogenesis. Proc. Natl. Acad. Sci. USA 105, 2421-2426. https://doi.org/10.1073/pnas.07070
82105 (2008).

17. Al Turki, S. et al. Rare variants in NR2F2 cause congenital heart defects in humans. Am. J. Hum. Genet. 94, 574-585. https://doi.
org/10.1016/j.ajhg.2014.03.007 (2014).

18. Krushkal, J. et al. Genome-wide linkage analyses of systolic blood pressure using highly discordant siblings. Circulation 99,
1407-1410. https://doi.org/10.1161/01.¢ir.99.11.1407 (1999).

19. Xu, X. et al. An extreme-sib-pair genome scan for genes regulating blood pressure. Am. J. Hum. Genet. 64, 1694-1701. https://doi.
0rg/10.1086/302405 (1999).

20. Kumarasamy, S. et al. Mutation within the hinge region of the transcription factor Nr2f2 attenuates salt-sensitive hypertension.
Nat. Commun. 6, 6252. https://doi.org/10.1038/ncomms7252 (2015).

21. Mohamed, R. et al. Transforming growth factor-betal mediated CHST11 and CHSY1 mRNA expression is ROS dependent in
vascular smooth muscle cells. J. Cell Commun. Signal 13, 225-233. https://doi.org/10.1007/s12079-018-0495-x (2019).

22. Rodrigo, R., Gonzalez, J. & Paoletto, F. The role of oxidative stress in the pathophysiology of hypertension. Hypertens. Res. 34,
431-440. https://doi.org/10.1038/hr.2010.264 (2011).

23. Khan, A. A. et al. Signaling network map of endothelial TEK tyrosine kinase. J Signal Transduct. 2014, 173026. https://doi.org/10.
1155/2014/173026 (2014).

Scientific Reports |

(2023) 13:13060 | https://doi.org/10.1038/s41598-023-40155-z nature portfolio


http://pngu.mgh.harvard.edu/Bpurcell/plink/
http://locuszoom.sph.umich.edu/locuszoom/
http://locuszoom.sph.umich.edu/locuszoom/
https://kbds.re.kr
https://doi.org/10.1016/j.ajhg.2013.07.010
https://doi.org/10.1016/j.ajhg.2013.07.010
https://doi.org/10.1038/ng.3768
https://doi.org/10.1093/eurheartj/ehs455
https://doi.org/10.1038/s41598-019-56413-y
https://doi.org/10.2174/1381612822666151109111712
https://doi.org/10.1161/HYPERTENSIONAHA.120.15373
https://doi.org/10.1038/s41598-019-42398-1
https://doi.org/10.1038/s41598-019-42398-1
https://doi.org/10.1152/ajpheart.00706.2020
https://doi.org/10.1016/j.freeradbiomed.2020.01.004
https://doi.org/10.1016/j.freeradbiomed.2020.01.004
https://doi.org/10.1186/s12940-016-0130-3
https://doi.org/10.1186/s12940-016-0130-3
https://doi.org/10.1371/journal.pone.0099043
https://doi.org/10.1371/journal.pone.0099043
https://doi.org/10.1016/j.chemosphere.2018.11.125
https://doi.org/10.1101/gad.13.8.1037
https://doi.org/10.1126/sciadv.abc4493
https://doi.org/10.1126/sciadv.abc4493
https://doi.org/10.1210/jc.2013-3717
https://doi.org/10.1073/pnas.0707082105
https://doi.org/10.1073/pnas.0707082105
https://doi.org/10.1016/j.ajhg.2014.03.007
https://doi.org/10.1016/j.ajhg.2014.03.007
https://doi.org/10.1161/01.cir.99.11.1407
https://doi.org/10.1086/302405
https://doi.org/10.1086/302405
https://doi.org/10.1038/ncomms7252
https://doi.org/10.1007/s12079-018-0495-x
https://doi.org/10.1038/hr.2010.264
https://doi.org/10.1155/2014/173026
https://doi.org/10.1155/2014/173026

www.nature.com/scientificreports/

24. DeBusk, L. M. et al. Tie2 receptor tyrosine kinase, a major mediator of tumor necrosis factor alpha-induced angiogenesis in
rheumatoid arthritis. Arthritis Rheum. 48, 2461-2471. https://doi.org/10.1002/art.11213 (2003).

25. Becker, H. M. et al. Alphalbetal integrin-mediated adhesion inhibits macrophage exit from a peripheral inflammatory lesion. J.
Immunol. 190, 4305-4314. https://doi.org/10.4049/jimmunol.1202097 (2013).

26. Fukushima, K. et al. Tumor necrosis factor and vascular endothelial growth factor induce endothelial integrin repertories, regulat-
ing endovascular differentiation and apoptosis in a human extravillous trophoblast cell line. Biol. Reprod. 73, 172-179. https://doi.
0rg/10.1095/biolreprod.104.039479 (2005).

27. Wilker, E. et al. Postural changes in blood pressure associated with interactions between candidate genes for chronic respiratory
diseases and exposure to particulate matter. Environ. Health Perspect. 117, 935-940. https://doi.org/10.1289/ehp.0800279 (2009).

28. Wilker, E. H. et al. Black carbon exposures, blood pressure, and interactions with single nucleotide polymorphisms in MicroRNA
processing genes. Environ. Health Perspect. 118, 943-948. https://doi.org/10.1289/ehp.0901440 (2010).

29. Muntner, P. et al. Measurement of blood pressure in humans: A scientific statement from the American Heart Association. Hyper-
tension 73, e35-e66. https://doi.org/10.1161/HYP.0000000000000087 (2019).

30. Williams, B. et al. 2018 ESC/ESH guidelines for the management of arterial hypertension. Eur. Heart J. 39, 3021-3104. https://doi.
org/10.1093/eurheartj/ehy339 (2018).

31. Kim, H.J. et al. A Genome-wide association study on abdominal adiposity-related traits in adult Korean men. Obes. Facts https://
doi.org/10.1159/000524670 (2022).

32. Cui, J. S., Hopper, J. L. & Harrap, S. B. Antihypertensive treatments obscure familial contributions to blood pressure variation.
Hypertension 41, 207-210. https://doi.org/10.1161/01.hyp.0000044938.94050.3 (2003).

Acknowledgements

This research was supported by a Basic Science Research Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science and Technology (Grant Nos. 2018R1D1A1A09083190,
2020R111A1A01074772 and 2020R1A6A1A03047972 and 2021R1F1A1060847).

Author contributions

H.-J.K, J.-LK,, and J.-H.P. conceived and designed the study. H.-Y.S. performed the experiments. P.P, H.-].K.,
H.-Y.S.,J.M.Y,, HK,, and B.C. analyzed and interpreted the data. H.-].K. and H.-Y.S. wrote this paper and J.-L.K,,
and J.-H.P. reviewed the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.-1.K. or J.-H.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:13060 | https://doi.org/10.1038/s41598-023-40155-z nature portfolio


https://doi.org/10.1002/art.11213
https://doi.org/10.4049/jimmunol.1202097
https://doi.org/10.1095/biolreprod.104.039479
https://doi.org/10.1095/biolreprod.104.039479
https://doi.org/10.1289/ehp.0800279
https://doi.org/10.1289/ehp.0901440
https://doi.org/10.1161/HYP.0000000000000087
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1159/000524670
https://doi.org/10.1159/000524670
https://doi.org/10.1161/01.hyp.0000044938.94050.e3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A genome-wide by PM10 exposure interaction study for blood pressure in Korean adults
	Results
	Population characteristics. 
	Genome-wide interaction study. 
	Replication study. 

	Discussion
	Methods
	Study participants. 
	Assessment of phenotype measurement. 
	Assessment of PM10 exposure. 
	Discovery step SNP genotyping. 
	Replication step SNP selection and genotyping. 
	Statistical analysis. 

	References
	Acknowledgements


