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Abstract

Smoking-associated epigenetic changes have been linked to lung cancer (LC) risk;
however, the role of epigenetic alterations independent of smoking is yet to be fully
understood. This study aimed to validate 16 previously reported CpG sites that are
independent of smoking yet associated with LC risk within a population-based pro-
spective cohort. Using the Infinium Methylation EPIC BeadChip kit or the Infinium
HumanMethylation450K BeadChip Assay, DNA methylation (DNAm) in whole blood
was assessed in four subsets (=736, 1027, 997, and 312) of a population-based co-
hort from Germany. The DNAm levels of the 16 smoking-independent CpG sites were
analyzed. Hazard ratios (HRs) and their 95% confidence intervals (5% Cls) were cal-
culated to assess associations of DNAm at the 16 CpG sites with LC risk, adjusting for
multiple covariates, including smoking habits and a smoking-associated DNAm score.
Over 17 years of follow-up, a total of 199 LCs were observed. Among the 16 CpGs,
cg02211449 showed a negative association with LC risk (HR [25% CI] per SD increase,
=0.70 [0.63-0.78]), while cg11385536 (1.04 [1.01-1.07]), cg09736286 (1.64 [1.10-
2.44]), cg19907023 (1.64 [1.01-2.66]), and cg22032485 (1.52 [1.04-2.21]) displayed
positive associations with LC risk. Five of the 16 suggested smoking-independent
CpGs could be externally validated as predictors of LC risk. Further research should

address their potential contribution to enhanced LC risk stratification.
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DNA methylation, epigenome-wide association study (EWAS), external validation, lung cancer
risk
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1 | INTRODUCTION

Lung cancer (LC) is the most frequently diagnosed cancer and the
leading cause of cancer death worldwide, accounting for approxi-
mately 2.5 million new cancer cases and 1.8 million deaths in 20221
Smoking is a major risk factor for LC.? Smoking-associated epigene-
tic alterations, such as hypomethylation at cg05575921 in the AHRR
gene and cg03636183 in the F2RL3 gene, have been reported to be
associated with LC risk and partially mediate the effect of smoking
on LC development.®®

Despite the overwhelming role of smoking in LC etiology, there is
also substantial LC incidence among never-smokers, with LC among
never-smokers ranking as the seventh most common cancer world-
wide.®? For example, in Taiwan, over 50% of participants with LC
had never smoked.'® This underscores the necessity to broaden our
understanding of LC etiology and pathogenesis beyond smoking-
associated factors. However, there is a noticeable gap in research
regarding smoking-independent DNA methylation (DNAm) changes
and LC incidence risk.

In light of this, Zhao et al.™* reported on methylation changes in
prediagnostic blood samples that are associated with LC risk indepen-
dent of smoking in a nested case-control study from the United States
including 208 LC cases and 222 matched controls. Controlling for self-
reported smoking and smoking-relevant alterations including a smok-
ing methylation poly-epigenetic score (SmPEGS, consisting of 2623
smoking-associated CpG sites),’? Zhao et al. identified 16 smoking-
independent CpG sites that were significantly associated with LC risk
and might offer potential for enhanced LC risk stratification.

However, given the limited sample size of the study and lack of
independent validation of the results,'! further external validation
is warranted. We aimed to carry out such external validation in a
population-based prospective cohort from Germany.

2 | METHODS
2.1 | Study design and study population

Participants for the analyses were chosen from the Epidemiologische
Studie zu Chancen der Verhtitung, Friherkennung und optimierten
Therapie chronischer Erkrankungen in der &dlteren Bevdlkerung
(ESTHER) study, an ongoing statewide cohort study conducted in
Germany. Details of the ESTHER study have been described previ-
ously.>¢ In brief, 9940 participants (aged 50-75years at baseline)
were enrolled by their general practitioners (GPs) during a routine
health examination between July 2000 and December 2002, and
then followed up every 2-3years. Biospecimens (blood, urine, and
stool) were collected at the baseline examination and then stored
at -80°C. Information on sociodemographic characteristics, lifestyle
factors, and health status was collected through standardized self-
administered questionnaires at recruitment and each follow-up visit.
Comprehensive medical data were collected from GPs' standardized

health examination forms.

Prevalent and incident LC cases (ICD-10 code C34) during
17 years of follow-up (between 2000 and 2018) were determined by
record linkage with the Saarland Cancer Registry (https://krebsregis
ter.saarland.de/). The study was approved by the Ethics Committees
of the Heidelberg Medical Faculty of Heidelberg University and the
State Medical Board of Saarland. Written informed consent was ob-
tained from each participant.

For the current analysis, we utilized four independent subsets,
previously selected for genome-wide DNAmM assessments across
various projectsls'17 (Figure S1). Subset | comprises 741 subjects
randomly sampled from a subcohort within the ESTHER study.
Subset Il comprises 1030 subjects randomly selected from partic-
ipants whose DNAm data were available by 2017 in the ESTHER
study. Subset Il consists of the first 500 men and 500 women con-
secutively enrolled during the first 6 months of recruitment. Subset
IV employs a nested case-control design for cancer-related meth-
ylation signatures, including 266 participants with incident cancers
(116 LC cases, 23 prostate cancer cases, and 129 colorectal cancer
cases) and 205 randomly selected participants among those free
of cancers. For subset IV, only participants with incident LC and
participants free of cancers were included in the current analysis.
Participants in each subset were independent and did not overlap.

Participants with missing values on the 16 CpG sites or LC inci-
dent information were excluded. Ultimately, 736, 1027, 997, and 312
participants of subsets I, Il, lll, and IV were included in our current
study.

2.2 | Methylation assessment and data processing

Details of the DNAm assessment and data processing have been
described previously.*>'8-20 Briefly, DNAm levels of subsets | and
Il were measured using the Infinium Methylation EPIC BeadChip kit
(EPIC, lllumina Inc.), and subset Il and IV were analyzed with the
Infinium Human Methylation450K BeadChip Assay (450K, lllumina.
Inc.). The laboratory work was carried out in accordance with the
manufacturer's instructions. During data preprocessing, probes with
detection p-value >0.01, missing values >10%, and those targeting
the X and Y chromosomes were excluded. Beta values, ranging from
0 (completely unmethylated) to 1 (completely methylated), were
used to evaluate the level of methylation. Leukocyte composition

was estimated using Houseman's algorithms.21

2.3 | Statistical analysis

Standard descriptive methods were used to characterize the demo-
graphic features of the study participants at baseline.

Cox proportional hazard models were employed to estimate the
associations of each CpG site with LC risk in subsets |, Il, and Ill.
In subset IV, the associations were calculated using weighted Cox
regression models that accounted for the case-control sampling de-

sign. Model 1 included each CpG site only; model 2 was adjusted
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for age at blood drawing, sex, batch effect, smoking status (never-,
former, and current smoker), body mass index (BMI, kg/m?), and leu-
kocyte composition (estimated by the Houseman approach?!); and
model 3 was additionally controlled for a SmPEGS score (model 3).
The SmPEGS score was derived from a DNAm-based algorithm12
which comprised 2623 CpG sites differentially expressed between
current and never-smokers.??

Hazard ratios (HRs) with corresponding 95% confidence interval
(95% Cl) per standard deviation (SD) increase in methylation level at
single CpG sites were computed for LC risk. The ability of methyl-
ation at the single CpGs to predict LC incidence during 17 years of
follow-up was evaluated using areas under the receiver-operating
characteristic curves (AUCs) and their 95% Cl. Due to variations in
DNAm profiles across the four subsets, assessed at different times
by different batches of DNAm assessment chips, HRs and corre-
sponding 95% Cls were calculated separately and then combined by
random-effects meta-analysis.

Statistical significance was defined by p-values <0.05 in two-
sided testing. All statistical analyses were performed with R (version
4.1.2) and MedCalc (version 20.216) software.

3 | RESULTS

Table 1 presents the sociodemographic characteristics of par-
ticipants in each subset at baseline. The mean ages of participants
across subsets ranged from 61 to 64years. In subsets Il, lll, and 1V,
a majority of participants who developed LC were men and had a
history of smoking. The mean BMIs ranged from 27.1 to 28.1 kg/m2
across all subsets. Over a 17-year follow-up period, a total of 26,
31, 35, and 107 participants developed LC in subsets I, I, lll, and IV,
respectively.

Table 2 shows the mean DNAm levels for 16 CpG sites among
participants across the subsets. Among all 16 CpG sites, which were
determined according to EPIC array,11 only six CpGs could be de-
tected by both EPIC and 450k arrays. Therefore, in subsets Ill and
IV, we only evaluated these six CpG levels through 450K arrays. In
Zhao et al. ‘s study, all CpG sites—except for cg02211449, which was
reported to be hypomethylated in LC—exhibited hypermethylation.
In our research, only cg09736286 showed consistent and significant
hypermethylation in LC participants in subset I, and cg11385536
showed significant but inconsistent hypomethylation in LC partici-
pants in subset Ill.

Table 3 shows the association between each CpG site and LC
incidence. In Zhao et al.'s study, all CpGs showed positive association
with LC risk, except for cg02211449, which was negatively associ-
ated with LC risk (odds ratio [OR]=0.40). In our study, after adjust-
ing for all variables mentioned above (model 3), five CpG sites were
validated with significant association with LC risk. The findings were
consistent with those reported in Zhao et al.'s study. However, it is
notable that cg11385536 showed inverse associations with LC risk
before (model 2: 0.95 [0.92-0.98]) and after (model 3: 1.04 [1.01-
1.07]) adjusting for the SmPEGS score. Cg02211449 (model 2: 0.79
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[0.68-0.92]; model 3: 0.70 [0.63-0.78]) and cg09736286 (model
2: 1.54 [1.03-2.30]; model 3: 1.64 [1.10-2.44]) showed significant
associations with LC risk regardless of adjustment for the SmPEGS
score. Cg19907023 (model 3: 1.64 [1.01-2.66]) and cg22032485
(model 3: 1.52 [1.04-2.21]) were significantly associated with LC risk
only after adjustment for the SmPEGS score.

Table 4 shows the predictive performance of five CpG sites for
LC risk, with AUCs ranging from 0.55 to 0.57.

4 | DISCUSSION

In this prospective cohort study, we validated the association be-
tween methylation at 16 smoking-independent CpG sites and LC
risk. After adjusting for multiple covariates including smoking habits
and the SmPEGS score, five CpG sites (cg02211449, cg11385536,
cg09736286, cg19907023, and cg22032485) demonstrated a con-
sistent and significant association with LC risk. The directions of ef-
fects of the five CpGs are the same as those reported by Zhao et al.*!
Nevertheless, these five CpG sites showed limited predictive ability
for LC risk.

Although there are currently few studies examining the direct
biological functions of the five CpG sites, we have explored the ge-
nomic regions of these identified CpG sites and the functions of their
associated genes using GeneCards (https://www.genecards.org/)*
(Table S1). For instance, cg11385536 is located in the CABC1 gene
(COQ8/ADCK3), cg09736286 in the DIABLO gene, cg19907023
in the ASTL gene, and cg22032485 in the SSBP4 gene. The path-
ways associated with these genes include metabolism for CABC1,
apoptosis for DIABLO, maturation arrest for ASTL, and DNA binding
for SSBP4. Further research on the roles of these CpG sites in LC is
warranted.

Despite smoking being the major cause of LC, LC is also one of
the more common forms of cancer among never-smokers.®? The
identification of smoking-independent DNAm alterations may prove
to be instrumental in understanding the biological mechanisms in-
volved in lung carcinogenesis that are not directly related to smok-
ing. However, few studies so far have systematically compared
DNAm profiles in never-smokers who did or did not get LC, likely
due to the limited sample sizes of never-smokers with LC. One study
revealed DNAm alterations in individuals with lung dysfunction
(chronic obstructive pulmonary disease [COPD]) who have never
smoked.?* These DNAm patterns might be shaped by exposures to
risk factors other than smoking. Exploring DNAm alterations that
are independent of smoking among LC patients might likewise open
new windows to enhance LC risk stratification.

Petrovic et al.?’ also explored smoking-independent CpG sites,
but their analysis was limited to controlling for participants’ smoking
behaviors, without considering known smoking-related epigenetic
alterations. They identified 49 smoking-independent CpG sites by
adjusting for the comprehensive smoking index (CSl), which incorpo-
rates various metrics of cigarette-smoking history.?® Notably, these
49 CpGs did not overlap with the 16 CpGs reported in Zhao et al.'s
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TABLE 1 Population characteristics of participants at baseline from the ESTHER study.

Subset | (N=736) Subset Il (N=1027) Subset 11l (N=997) Subset IV (N=312)
Not developing Developing LC Not developing LC Developing LC Not developing LC Developing LC Not developing LC Developing LC
Characteristics LC (N=710) (N=26) (N=996) (N=31) (N=962) (N=35) (N=205) (N=107)
Age (years; mean, 61.6 (6.5) 63.3(7.2) 62.1(6.73) 61.1(5.4) 62.0(6.5) 64.0(5.9) 62.2 (6.4) 63.7 (5.8)
SD)
Sex (N, %)
Female 400 (56.3%) 14 (53.8%) 566 (56.8%) 12 (38.7%) 491 (51.0%) 8(22.9%) 122 (59.5%) 32 (29.9%)
Male 310 (43.7%) 12 (46.2%) 430 (43.2%) 19 (61.3%) 471 (49.0%) 27 (77.1%) 83 (40.5%) 75 (70.1%)
Smoking status
(N, %)
Never 350 (49.3%) 3(11.5%) 519 (52.1%) 6 (19.4%) 466 (48.4%) 2(5.71%) 95 (46.3%) 15 (14.0%)
Former 224 (31.5%) 6(23.1%) 308 (30.9%) 11 (35.5%) 314 (32.6%) 13 (37.1%) 60 (29.3%) 41 (38.3%)
Current 114 (16.1%) 16 (61.5%) 148 (14.9%) 14 (45.2%) 160 (16.6%) 20 (57.1%) 41 (20.0%) 49 (45.8%)
Body mass index 27.8 (4.4) 27.1(5.3) 27.7 (4.2) 28.1(4.5) 27.8 (4.3) 27.6 (3.9) 27.2 (4.2) 27.1(4.6)

(kg/m?, SD)°

Abbreviations: ESTHER, Epidemiologische Studie zu Chancen der Verhiitung, Friiherkennung und optimierten Therapie chronischer Erkrankungen in der alteren Bevdlkerung; LC, lung cancer; N, number;
SD, standard deviation.

@Data missing for 77 participants of the total cohort.

bData missing for 7 participants of the total cohort.
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TABLE 2 The mean methylation beta values of each CpG site among participants in each subset.
Subset | (N=736) Subset Il (N=1027) Subset Il (N=997) Subset IV (N=312)
Not developing Developing Not developing Developing Not developing Developing Not developing Developing

CpGs LC (N=710) LC (N=26) p? LC (N=996) LC(N=31) p? LC (N=962) LC (N=35) p? LC (N=205) LC(N=107) p®
Cg19907023 0.67 (0.04) 0.68 (0.03) 0.10 0.69 (0.04) 0.70(0.04) 0.20 - - - - - -
Cg08739693 0.61 (0.03) 0.60 (0.03) 0.50 0.61 (0.03) 0.61 (0.04) 0.60 = = = - = =
Cg21432334 0.64 (0.03) 0.64 (0.03) 0.96 0.65 (0.02) 0.65 (0.03) 0.53 - - - - - -
Cg12483301 0.53(0.04) 0.53(0.03) 0.87 0.55(0.04) 0.55(0.03) 0.26 = = = = = =
Cg12796320 0.37 (0.04) 0.36 (0.02) 0.36 0.38 (0.04) 0.38(0.03) 0.69 - - - - - -
Cg15979932 0.64 (0.04) 0.63(0.03) 0.61 0.63(0.03) 0.63(0.04) 0.81 0.72(0.03) 0.72 (0.04) 0.77 0.66(0.04) 0.66 (0.03) 0.22
Cg06581459 0.45 (0.05) 0.46 (0.04) 0.21 0.46 (0.05) 0.45 (0.05) 0.18 - - - - - -
Cg09447640 0.49 (0.03) 0.49 (0.03) 0.78 0.50 (0.03) 0.50(0.04) 0.52 = = - = - =
Cg11343375 0.50(0.03) 0.50(0.03) 0.65 0.51(0.03) 0.52(0.03) 0.25 - - - - - -
Cg09736286 0.70 (0.05) 0.72(0.04) 0.02 0.71 (0.05) 0.72(0.05) 0.16 0.80 (0.04) 0.79 (0.04) 0.29 0.76 (0.04) 0.77 (0.04) 0.05
Cg02211449 0.12 (0.03) 0.12(0.02) 0.67 0.12(0.03) 0.11(0.03) 0.63 0.16 (0.03) 0.17 (0.04) 0.09 0.14 (0.03) 0.14 (0.03) 0.07
Cg11385536 0.54 (0.04) 0.54 (0.04) 0.32 0.53(0.03) 0.53(0.04) 0.92 0.59 (0.04) 0.58 (0.04) 0.03 0.55(0.04) 0.56 (0.04) 0.86
Cg22032485 0.48 (0.04) 0.48 (0.04) 0.84 0.50 (0.04) 0.50 (0.04) 0.34 - - - - - -
Cgl1744966 0.80(0.02) 0.80(0.02) 0.10 0.81(0.02) 0.81(0.02) 0.22 0.91(0.01) 0.91(0.01) 0.11 0.87(0.02) 0.87(0.01) 0.49
Cg00237904  0.42(0.04) 0.41(0.04) 0.36 0.44(0.04) 0.43(0.05) 0.76 0.49 (0.04) 0.50(0.04) 0.30 0.43(0.04) 0.43(0.03) 0.55
Cg18332677 0.65 (0.05) 0.66 (0.04) 0.63 0.66 (0.05) 0.67 (0.06) 0.86 = = = = = =

Note: Bold values indicate statistical significance at p<0.05.
Abbreviations: LC, lung cancer; N, number; SD, standard deviation.
?Generated from Student's t-test.
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TABLE 3 Association of methylation at each CpG site (per 1 SD increase) with lung cancer risk: results of random-effects meta-analysis
across four subsets and comparison with previously reported ORs.*!

Model 1 Model 2

CpGs HR (95% ClI) p-Value HR (95% CI)

Cg11385536° 0.94 (0.76-1.17) 0.596 0.95(0.92-0.98)
Cg02211449° 0.96 (0.76-1.21) 0.725 0.79 (0.68-0.92)
Cg00237904° 0.94 (0.91-0.97) <0.001 1.09 (0.96-1.24)
Cg09736286° 1.20 (0.94-1.52) 0.144 1.54 (1.03-2.30)
Cg15979932° 1.10(0.96-1.26) 0.179 1.00(0.83-1.22)
Cgl11744966° 1.12(0.88-1.44) 0.355 1.17 (0.89-1.53)
Cg19907023° 1.33(0.98-1.80) 0.070 1.54 (0.94-2.52)
Cg08739693" 0.87 (0.67-1.12) 0.273 0.91 (0.68-1.20)
Cg21432334° 0.93(0.73-1.19) 0.578 0.85(0.61-1.17)
Cg12483301° 1.13 (0.86-1.49) 0.379 0.94 (0.62-1.43)
Cg12796320° 0.91(0.71-1.18) 0.483 0.91(0.62-1.34)
Cg06581459° 0.99 (0.62-1.58) 0.962 0.83(0.44-1.57)
Cg09447640° 1.10(0.84-1.43) 0.499 1.10(0.75-1.61)
Cg11343375b 1.18 (0.90-1.55) 0.239 1.15(0.77-1.73)
Cg22032485° 1.13(0.86-1.49) 0.381 1.23(0.85-1.78)
Cg18332677° 1.07 (0.82-1.39) 0.632 1.10 (0.60-2.04)

Model 3 Zhao et al.™
p-Value HR (95% Cl) p-Value OR (95% Cl)
0.001 1.04(1.01-1.07) 0.018 2.10(1.57,2.80)
0.002 0.70 (0.63-0.78) <0.001 0.40(0.28, 0.58)
0.167 1.10 (0.96-1.25) 0.172 1.94(1.50, 2.51)
0.034 1.64 (1.10-2.44) 0.015 2.99 (1.95, 4.59)
0.969 1.12(0.91-1.37) 0.277 2.01(1.53, 2.66)
0.257 1.10(0.85-1.43) 0.461 1.87 (1.47,2.37)
0.084 1.64(1.01-2.66) 0.046 2.10(1.56, 2.81)
0.497 0.95(0.72-1.26) 0.732 2.17 (1.62,2.92)
0.307 0.85(0.62-1.17) 0.318 2.28(1.69, 3.07)
0.783 1.08 (0.71-1.64) 0.733 2.81(1.88,4.19)
0.628 1.04 (0.69-1.56) 0.849 2.20(1.60, 3.01)
0.564 0.85(0.48-1.52) 0.592 2.26(1.70, 3.01)
0.618 1.27 (0.85-1.88) 0.240 2.37 (1.69, 3.34)
0.491 1.27 (0.86-1.88) 0.236 2.42(1.74, 3.36)
0.279 1.52(1.04-2.21) 0.030 2.47 (1.73,3.52)
0.752 1.23(0.61-2.49) 0.562 2.77 (1.86,4.13)

Note: Model 1 included only each CpG site. Model 2 additionally adjusted for age at blood drawing, sex, batches, smoking status (never-, former, and
current smoker), body mass index (kg/m?), and leukocyte composition. Model 3 additionally adjusted for the SmPEGS score. The SmPEGS score was
composed of 2623 CpG sites. In our study, six and 182 CpGs were removed from 450K data and EPIC data at data preprocessing, respectively. HR

and 95% Cl were generated from the Cox regression model.

Abbreviations: Cl, confidence interval; HR, hazard ratio; OR, odds ratio; SD, standard deviation.

#Meta-analysis of subsets I, I, I, and IV.

bMeta-analysis of subsets | and II.

TABLE 4 Performance of the CpGs for lung cancer incidence
prediction.

CpG AUC (95% Cl)

Cg11385536" 0.55(0.50-0.60)
Cg02211449° 0.54 (0.50-0.59)
Cg09736286° 0.57 (0.52-0.62)
Cg19907023° 0.57 (0.49-0.65)
Cg22032485° 0.55(0.47-0.63)

Abbreviations: AUC, area under the receiver-operating characteristic
curve; Cl, confidence interval.

#Meta-analysis of subsets I, I, I, and IV.

PMeta-analysis of subsets | and II.

study, indicating the complexity in identifying smoking-independent
DNAm alterations. Petrovic et al.'s approach, exclusively focusing
on participants' self-reported active tobacco smoking, might not
account for alternative smoking exposure pathways, such as occu-
pational exposure,?” second-hand smoke exposure, and other such
factors. In our study, among the five validated CpGs, cg19907023
and cg22032485 revealed their significant associations with LC risk
only after adjusting for the SmPEGS score. This result highlights

the importance of adjusting for comprehensive smoking-related

effects when analyzing DNAm data. The use of the SmPEGS score
to account for these effects can unmask significant associations that
might otherwise be overlooked.

To our knowledge, our study is the first to provide a compre-
hensive external validation of the smoking-independent CpG sites
identified by Zhao et al. The primary strength of this validation
study is the utilization of a large, well-designed population-based
cohort, with extensive follow-up records and minimal missing data.
Nevertheless, this study still has limitations. It was conducted ex-
clusively among participants recruited in Germany, which may re-
strict its generalizability. Also, population differences between Zhao
et al.'s study, which was conducted in the United States, and our
study may be one of the reasons for partial inconsistencies of the
findings. Additionally, DNAm levels in subsets Ill and IV were ana-
lyzed with the Infinium Human Methylation450K BeadChip Assay,
which prevented the validation of 10 EPIC-only CpGs. Finally, most
(8 out of 11) of the “nonsignificant associations” observed in our
analysis were in the same direction as the associations reported
by Zhao et al. for the respective CpG sites. Lack of confirmation
of these associations may be due to the limited power of our study
rather than the absence of such associations.

A further limitation of our study is that subgroup analyses by

LC histological subtypes, which could have provided insights into
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the differential roles of CpG sites, were not performed due to miss-
ing histological data and insufficient subgroup sample sizes. Future
research with larger cohorts and complete histological information
is needed to explore these epigenetic associations in a subtype-
specific manner, potentially improving risk stratification and person-
alized prevention strategies.

In summary, our findings, along with the original EWAS results
by Zhao et al., may offer valuable implications for researchers
seeking novel DNAm biomarkers for LC that are not confounded
by smoking and provide further insight into LC carcinogenesis; this
study could potentially serve as a vital reference for future investi-
gations in this field. Further research should address the potential
implications of the confirmed associations with LC risk for LC risk
stratification.
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