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Abstract: Increased ventilation during exercise in polluted areas could trigger airway inflammation.
We evaluated blood DNA methylation of the SOX2-promoter region in relation to exercise and PM2.5 in
Taiwanese adults. Data of 948 participants aged 30–70 years were retrieved from the Taiwan Biobank
Database (2008–2015) and the Air Quality Monitoring Database (2006–2011). PM2.5 was positively
associated with SOX2-promoter methylation (β = 0.000216; p < 0.0001). The interaction between
PM2.5 and exercise on SOX2-promoter methylation was significant (p = 0.0146). After stratification
by exercise habits, PM2.5 was positively associated with SOX2 methylation in only individuals who
did regular exercise (β = 0.0003490; p < 0.0001). After stratification by exercise habits and residential
areas, SOX2-promoter methylation levels in those who lived in the southern area were higher for
both the regular exercise (β = 0.00272; p = 0.0172) and no regular exercise groups (β = 0.002610 and
p = 0.0162). SOX2-promoter methylation levels in those who lived in the northern area and did
regular exercise were lower; β = -0.00314 (p = 0.0036). In conclusion, PM2.5 was positively associated
with SOX2-promoter methylation in participants who did regular exercise. Living in the southern
area was positively associated with SOX2-promoter methylation regardless of exercise habits.
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1. Introduction

Exercise may improve lung function and quality of life [1]. It is associated with a lower risk of
cancer [2–4] and cancer-specific, as well as all-cause mortality [5,6]. A well designed and ideal exercise
regimen could serve as a low-cost supplementary therapy that could relieve symptoms and improve
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outcomes in chronic lung disease and cancer, particularly lung cancer [3,4,7,8]. However, in polluted
areas, increased ventilation during exercise could ease the deposition of air pollutants in the lungs [9–11],
resulting in an increased risk of airway inflammation and reduced lung function [12,13]. For instance,
the risks associated with short-term exposure to traffic pollution outweighed the cardiopulmonary
benefits associated with exercise in individuals with ischemic heart disease and chronic obstructive
pulmonary disease (COPD) [14].

Air pollutants, particularly particulate matter (PM), are classified as group 1 carcinogens [15] and
are a great threat to global environmental health [16,17]. Some adverse effects of exposure to PM are
inflammation, cytotoxicity due to oxidative stress, genotoxicity, and subsequent DNA damage and
carcinogenicity [18,19]. Fine PM, that is, PM whose diameter is less than 2.5 µm (PM2.5) is one of the
well-established risk factors for lung cancer [20–25]. It accounted for 7.6% of global deaths in 2015 and
was the fifth leading cause of death [26].

Epigenetic changes could explain the mechanism behind the health impacts of air pollution
and have been proposed as tools that could determine the systemic effects of air pollution [27,28].
For instance, toxic components of PM2.5 like arsenic, polycyclic aromatic hydrocarbon (PAH), chromium,
cadmium, lead, and mercury cause DNA methylation, the most studied and well-understood epigenetic
process [29–33]. The modulation of promoter DNA methylation by PM2.5 is an essential mechanism
that alters the expression of genes [19]. DNA methylation changes, alongside inflammation, apoptosis,
autophagy, oxidative stress, among others, are some of the main mechanisms underlying the role of
PM2.5 in lung cancer development [34].

The SOX2 gene is an embryonic stem cell transcription factor located on chromosome 3 [35,36].
SOX2 plays a crucial role in induced cellular reprogramming and regulates pluripotency or self-renewal
in embryonic stem cells [35–39]. It is associated with cancer-promoting processes like proliferation,
evasion of apoptosis, cell invasion, and metastasis [35,40]. It is considered to be a molecular marker for
the diagnosis of cancer especially lung squamous cell carcinoma [41,42].

Endurance exercise helps in the expansion of developmentally early stem cells including SOX2 [43].
However, to our knowledge, studies on SOX2 methylation and exercise are limited. Even though both air
pollution [29–33] and exercise [44,45] are associated with DNA methylation, the relationship of exercise
and PM2.5 with SOX2-promoter methylation has not been extensively explored. To date, only our
previous study assessed the association between PM2.5 and SOX2 methylation in Taiwanese adults [46].
Moreover, the relationship between exercise and exposure to air pollution is still controversial.
While some studies have reported that the benefits of exercising outweigh the risks associated with air
pollution during exercise [47,48], others have reported the opposite [12–14]. In addition, the mechanism
behind the relationship between exercise and PM2.5 exposure and their associated epigenetic outcomes
are yet to be elucidated. Given the crucial role of PM2.5 and exercise in DNA methylation and
cancer, we conducted this study to assess the association of exercise and PM2.5 with SOX2-promoter
methylation in Taiwanese adults aged 30–70 years.

2. Results

There were 948 participants, including 488 men and 460 women. Among these participants,
414 (43.67%) did regular exercise while 534 (56.32%) did not do regular exercise. The mean (± SE)
SOX2-promoter methylation level in those who did regular exercise was 0.1635 ± 0.000657. This mean
methylation level was significantly different (p < 0.0001) from that (0.1596 ± 0.00055600) in those who
did not do regular exercise (Table 1). The mean annual concentrations of PM2.5 were 26.557, 30.055,
36.907, and 40.683 µg/m3 in the northern, north-central, central, and southern areas, respectively
(Table 1).
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Table 1. Basic characteristics of the study participants stratified by exercise habits.

Variable No Exercise Exercise p-Value

(n = 534) (n = 414)

SOX2-promoter methylation (beta-value) 0.159600 ± 0.000556 0.163500 ± 0.000657 <0.0001 *
Residential area/mean PM2.5 in µg/m3 (%) 0.7951

Northern/26.557 186(34.83) 144(34.78)
North-Central/30.055 92(17.23) 69(16.67)

Central/36.907 111(20.79) 78(18.84)
Southern/40.683 145(27.15) 123(29.71)

Sex (%) 0.6106
Women 263(49.25) 197(47.58)

Men 271(50.75) 217(52.42)
Age (years) 46.1105 ± 0.4613 54.4010 ± 0.4969 <0.0001 *

BMI (Kg/m2) 24.3257 ± 0.1673 24.3130 ± 0.1549 0.9557
Cigarette smoking status (%) 0.0143

Never 397(74.34) 311(75.12)
Former 66(12.36) 69(16.67)
Current 71(13.30) 34(8.21)

Second-hand smoke exposure (%) 0.0032 *
No 457(85.58) 380(91.79)
Yes 77(14.42) 34(8.21)

Alcohol drinking status (%) 0.4811
Never 479(89.70) 369(89.13)

Former 17(3.18) 19(4.59)
Current 38(7.12) 26(6.28)

Categorical data are presented as percentages (%) and continuous data are presented as mean±standard error (SE). *
Significant at p < 0.00625 (Bonferroni adjustment).

Exercise was not significantly associated with SOX2-promoter methylation. However, PM2.5 was
significantly associated with higher levels of SOX2-promoter methylation (β = 0.000216; p < 0.0001).
The interaction between exercise and PM2.5 on SOX2-promoter methylation was significant (p = 0.0146),
as shown in Table 2.

Table 2. Association of exercise and PM2.5 with SOX2-promoter methylation in participants.

Variable β p-Value

Exercise (Ref: No)
Yes −0.000538 0.4181

PM2.5 0.000216 <0.0001
Sex (Ref: Women)

Men 0.004940 <0.0001
Age 0.000208 <0.0001
BMI 0.000004 0.9651

Cigarette smoking status (Ref: Never)
Former 0.001090 0.2553
Current −0.000789 0.4668

Second-hand smoke exposure (Ref: No)
Yes 0.000853 0.3847

Alcohol drinking status (ref: Never)
Former −0.002490 0.1355
Current −0.003010 0.0192

Exercise*PM2.5 p-value = 0.0146

After stratification by exercise habits (Table 3), PM2.5 was significantly associated with higher SOX2
methylation levels only in individuals who did regular exercise (β= 0.0003490; p < 0.0001). After further
stratification by exercise habits and residential area (Table 4), SOX2-promoter methylation levels in
those who lived in the southern area were higher in both the regular exercise (β = 0.00272; p = 0.0172)
and no regular exercise groups (β = 0.002610 and p = 0.0162). On the other hand, SOX2-promoter
methylation levels in those who lived in the northern area and did regular exercise were lower;
β = −0.00314 and p = 0.0036 (Table 4).
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Table 3. Association between PM2.5 and SOX2-promoter methylation in participants stratified by
exercise habits.

Variable
No Exercise Exercise

β p-Value β p-Value

PM2.5 0.000106 0.1576 0.000349 <0.0001
Sex (Ref: Women)

Men 0.005010 <0.0001 0.004840 <0.0001
Age 0.000203 <0.0001 0.000220 <0.0001
BMI −0.000006 0.9577 0.000060 0.6793

Cigarette smoking status
(Ref: Never)

Former 0.002440 0.0737 0.000052 0.9694
Current 0.000160 0.9078 −0.002450 0.1678

Second-hand smoke
exposure (Ref: No)

Yes 0.000604 0.6232 0.001100 0.5107
Alcohol drinking status (ref:

Never)
Former −0.006370 0.0091 0.001220 0.5906
Current −0.003700 0.0310 −0.002030 0.2932

Table 4. Association of exercise habits and residential area with SOX2-promoter methylation
in participants.

Variable β p-Value

Exercise and PM2.5 area (Ref: No exercise in the Northern area)
No exercise in the North-Central area 0.001100 0.3663

No exercise in the Central area −0.000913 0.4208
No exercise in the Southern area 0.002610 0.0162

Exercise in the Northern area −0.003140 0.0036
Exercise in the North-Central area 0.001530 0.2678

Exercise in the Central area 0.001190 0.3595
Exercise in the Southern area 0.002720 0.0172

Sex (Ref: Women)
Men 0.005050 <0.0001
Age 0.000209 <0.0001
BMI −0.000034 0.6980

Cigarette smoking status (Ref: Never)
Former 0.001390 0.1470
Current −0.000829 0.4415

Second-hand smoke exposure (Ref: No)
Yes 0.000743 0.4466

Alcohol drinking status (Ref: Never)
Former −0.002160 0.1917
Current −0.003280 0.0104

3. Discussion

In this study using DNA extracted from blood of men and women aged 30–70 years, PM2.5 was
positively associated with SOX2-promoter methylation. However, exercise was not significantly
associated with SOX2-promoter methylation. The interaction between PM2.5 and exercise on
SOX2-promoter methylation was significant. After stratifying the participants by exercise habits,
PM2.5 was positively associated with SOX2-promoter methylation. However, the association was
significant only in those who did regular exercise. After further stratification of participants based
on exercise habits and residential areas, living in the southern area was positively associated with
SOX2-promoter methylation, irrespective of exercise habits. This implies that the influence of PM2.5

on SOX2 might be greater than that of exercise. However, the underlying mechanism cannot be
clearly stated. Pollution affects DNA methylation by disrupting DNA methyltransferase (DNMT)
activities and altering DNA methylation substrates like S-adenosine methionine [49,50]. For instance,
air pollutants could alter the efficiency of DNMTs or decrease their expression levels [29,50,51].
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It is worth stating that the relationship between air pollution and exercise is not consistent.
For instance, the benefits of exercise on asthma and COPD outweighed the adverse effects of pollution
exposure during exercise [47]. In addition, at a lower concentration (22 µg/m3) of PM2.5, the health
benefits of physical activity were greater than the risks of exposure to PM2.5. However, at a higher
concentration (100 µg/m3) of PM2.5, the harm exceeded the health benefits [48]. In the same manner,
the risks of exposure to traffic pollution outweighed the health benefits associated with exercise in
individuals with ischemic heart disease and COPD [14]. In addition, exposure to higher levels of air
pollution was associated with more adverse effects in susceptible individuals [9]. In our previous
study, PM2.5 was positively associated with SOX2-promoter methylation in non-smoking Taiwanese
adults [46]. In this study, SOX2 methylation levels were higher in individuals who resided in the
southern area of Taiwan (which have higher levels of PM2.5), regardless of exercise habits. Since it is
important to adjust each predictor’s p-value, we also analyzed our data using the penalized linear
regression model. The beta coefficients obtained by penalized linear regression were similar to those
obtained by general linear regression. However, BMI was not retained in the penalized regression
analysis (Tables S1–S3). To our knowledge, the association between exercise and SOX2-promoter
methylation has not been widely explored.

Endurance exercise was associated with the expansion of developmentally early stem cell genes
including SOX2 [43]. Moreover, cancer stem cell markers like SOX2 and OCT4 and related levels
of microRNAs are believed to be potential biomarkers for predicting carcinogenicity resulting from
exposure to PM2.5 [25]. PM2.5 exposure was associated with the induction of cancer stem cell properties,
marked by upregulation of mRNA levels of pluripotency-maintaining genes including SOX2 and
OCT4 and subsequent increase in the risk of lung cancer [25,52]. The activation of the Notch pathway
is believed to be one of the mechanisms underlying the PM2.5-induced cancer stem cell properties [52].

SOX2 methylation is associated with several types of cancer, including small-cell lung cancer
(SCLC), squamous cell carcinoma (SCC), glioblastoma, endometrial, and breast cancer [35–39,42].
Moreover, SOX2 levels influence cell fate decisions and are crucial determining factors in the proliferation
of both normal and cancer cells [53]. For example, anomalous levels (either too much or too
little) are believed to adversely influence cell fate decisions during the process of development in
normal cells [53]. SOX2 overexpression is thought of as a major contributor in maintaining the
antiapoptotic and tumorigenic properties of cancer stem cells [54,55]. In glioblastoma, SOX2 promoter
hypomethylation was associated with SOX2 overexpression [56]. In non-small cell lung cancer (NSCLC),
the amplification and subsequent overexpression of the SOX2 gene were common in both squamous
cell carcinomas and adenocarcinomas (with higher expressions in squamous cell carcinomas compared
to adenocarcinomas) [42,57,58].

SOX2 amplification and overexpression have also been reported as independent poor prognostic
predictors of stage I lung adenocarcinoma [59]. Notwithstanding, in non-small cell lung
carcinoma (NSCLC), SOX2 overexpression was associated with a better prognostic course in only
squamous cell carcinoma [58,60] and both squamous cell carcinoma and adenocarcinoma [42,57].
Furthermore, the absence of SOX2 expression was associated with poor esophageal and hypopharyngeal
cancer prognosis [39,61]. Since SOX2 overexpression could stimulate cancer enhancing processes [54,55],
it remains unclear why the loss of SOX2 expression is associated with malignant clinical phenotypes.
It has been suggested that SOX2-silenced cancer cells have the potential to escape cell-cycle arrest and
become resistant to apoptosis, thereby enhancing carcinogenesis [39].

Even though SOX2 methylation influences gene expression [39,62], we did not evaluate the
correlation between SOX2-promoter methylation and SOX2 gene expression. This serves as the
limitation of our study.
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4. Materials and Methods

4.1. Study Participants

A total of 948 individuals (488 men and 460 women) between 30 and 70 years were included in
the current study. Self-reported data, including age, sex, residential address, exposure to second-hand
smoke (SHS), exercise, cigarette smoking, and alcohol drinking, as well as measured data, including body
mass index (BMI) and SOX2 methylation levels, were retrieved from the Taiwan biobank database
(2008–2015). This data source has been previously described [46,63,64]. The Taiwan Biobank
participants are strictly Taiwanese who have never been clinically diagnosed with cancer [46,63,64].
Informed consents were obtained from participants during the recruitment phase of the biobank
project. This study was approved by the Chung Shan Medical University Institutional Review Board
(CS2-17070).

4.2. Variable Assessments

4.2.1. DNA Methylation

Pure DNA samples from whole blood DNA were treated with sodium bisulfite using the EZ
DNA Methylation Kit (Zymo Research, CA, USA) and DNA methylation was determined using the
Infinium® MethylationEPIC BeadChipEPIC array (Illumina Inc, San Diego, CA, USA). The Infinium®

MethylationEPIC BeadChipEPIC array measures methylation at more than 850,000 CpG sites and
contains about 90% of the sites that are covered by the HumanMethylation450 BeadChip [65,66].
Quality control measures included (1) subtraction of background signals; (2) removal of probes with
bead counts < 3 and probes with poor detection (p-value > 0.05); (3) removal of outliers using the
median absolute deviation method; and (4) correction for dye-bias across batches by normalization.
Methylation levels were calculated and expressed as beta-values (β). The beta-values range between 0
and 1 and are calculated as β = M/M + U. M represents the methylated intensity while U represents
the unmethylated intensity.

In the current study, the mean beta-values from 24 CpG sites located in the promoter region of
the SOX2 gene were used in our final analysis. The sites include cg00666105, cg01023203, cg01340005,
cg02573703, cg04948892, cg05664581, cg07747133, cg08062338, cg08464053, cg09530873, cg11129008,
cg11142406, cg12930100, cg14783675, cg15106134, cg17051733, cg18148179, cg19258425, cg20106776,
cg22530053, cg24513480, cg24782772, cg25933341, and cg27331851.

4.2.2. PM2.5 Pollution

Personal exposure to PM2.5 was estimated based on participants’ residential addresses. That is,
PM2.5 concentrations from air monitoring stations where participants lived for at least three months
were used as a proxy for personal exposure to PM2.5. The areas where participants lived were grouped
into 4: the northern area (Taipei and New Taipei City), the north-central area (Hsinchu City, Taoyuan,
Hsinchu, and Miaoli County), the central area (Taichung City, Changhua, Nantou, and Yunlin County),
and southern area (Chiayi City, Chiayi, and Tainan County). The average PM2.5 concentrations
(2006–2011) from these areas were retrieved from the Air Quality Monitoring Database (AQMD) of the
Environmental Protection Administration, Taiwan.

4.2.3. Exercise and Other Variables

Participants were categorized into two groups (regular and non-regular exercise) based on
self-reported weekly exercise frequency. Activities considered as exercise included swimming,
rope jumping, gymnastics, weight training, biking, jogging, hiking, yoga, aerobic dance, strolling,
Chinese martial arts, “Qigong”, “Taijiquan”, hula hoop, table tennis, basketball, tennis, golf, soccer,
badminton, and other ball games. Regular exercise was defined as engaging in one or more of the
above activities over 30 minutes at least three times per week.
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Cigarette smoking and alcohol drinking habits were categorized into three groups (never, former,
and current) and exposure to second-hand smoke was grouped into two (yes and no). The definition
of smoking and drinking habits, as well as exposure to second-hand smoke, have been previously
provided [46,63].

4.2.4. Statistical Analysis

Data were managed and analyzed with the SAS software, version 9.4 (SAS Institute, Cary, NC,
USA). Categorical variables like sex, smoking, and drinking habits between the two exercise groups
were compared using the Chi-squared test while continuous variables like SOX2 beta values, age,
and BMI were compared using the t-Test. Categorical and continuous variables were presented in
percentages (%) and mean ± standard error (SE), respectively. Multivariate linear regression models
were used to determine the association of PM2.5 and exercise with SOX2-promoter methylation.
Adjustments were made for covariates including sex, age, BMI, cigarette smoking, alcohol drinking,
and exposure to second-hand smoke. Potential confounding due to cell-type heterogeneity was
corrected using the Reference-Free Adjustment for Cell-Type composition (ReFACTor) method [67].

5. Conclusions

In conclusion, PM2.5 was positively associated with SOX2-promoter methylation and the interaction
between PM2.5 and exercise on SOX2-promoter methylation was significant. After stratification by
exercise habits, PM2.5 was positively associated with SOX2-promoter methylation in participants
who did regular exercise. Based on exercise habits and residential areas, living in the southern area
was associated with higher levels of SOX2-promoter methylation in participants regardless of the
exercise habits. Even though the underlying mechanisms cannot be clearly stated, the findings imply
that PM2.5 might influence SOX2 methylation more than exercise. Since SOX2 hypermethylation
is associated with cancer development, taking exercise in heavily polluted areas may not be very
helpful and therefore should be minimized. However, exercise is associated with several health
benefits. Therefore, the air quality in the heavily polluted areas should be improved. Further studies,
especially on mice, are recommended to support our findings.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/504/s1,
Table S1: Penalized linear regression (LASSO) showing the association of exercise and PM2.5 with SOX2 promoter
methylation in participants., Table S2: Penalized linear regression (LASSO) showing the association between
PM2.5 and SOX2 promoter methylation in participants stratified by exercise habits., Table S3: Penalized linear
regression (LASSO) showing the association of exercise habits and residential area with SOX2 promoter methylation
in participants.
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