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Dear Editor,

Small-cell lung cancer (SCLC), one of the most-deadly malignant
tumors, accounts for ~15% of all lung cancers.? Although highly
responsive to the standard chemoradiotherapy, the recurrence
rate of SCLC is nearly unity, with median survival time ranging
from 2-6 months. Almost all SCLC patients are inoperable, lead-
ing to the difficulty in obtaining adequate biopsy tissue for re-
search.®> Consequently, there is an urgent need to find noninva-
sive biomarkers to predict the risk and provide early diagnosis
of SCLC. We aimed to identify potential epigenomic markers for
SCLC development in blood DNA and reveal differentially methy-
lated genes through a multi-omics approach, from genome-wide
DNA methylation profiling, followed by pathway enrichment anal-
yses and target gene validation utilizing Gene Expression Om-
nibus (GEO) and Oncomine microarray databases, to TCGA Pan-
Cancer cohorts. It is known that virtually all patients with SCLC
are victims of tobacco smoking,? but it is unknown whether stop-
ping smoking before SCLC diagnosis would influence the epige-
netic biomarkers under investigation. We here report a study that
identified aberrantly methylated genes between current and for-
mer smokers among SCLC patients, revealing a set of candidate
biomarkers in peripheral blood DNA for better stratifying patients
with high risk.

Specifically, we analyzed 47 paired SCLC cases and controls
with a pathological diagnosis of primary tumor at the Mayo Clinic
(USA), under an Institution Review Board (IRB) approved proto-
col (225-99). Enrolment, diagnosis, and data collection processes
are provided in the online supplementary material. By a matching
design, no difference in age, sex or pack-year was found between
cases and controls (Table S1, see online supplementary material).
A total of 27 patients (57.4%) had limited-stage and 20 (42.6%)
had extensive-stage SCLC. All subjects smoked cigarettes; >50%
of cases (59.6%) and controls (53.2%) being current smokers at the
time of diagnosis, with mean pack-years of 44.6 and 44.3, respec-
tively.

Differentially methylated CpG sites in SCLC. The magnitude of
methylation of 25 550 CpG were analyzed between cases and con-
trols (Fig. 1A), resulting in 46 differential CpG sites between cases
and controls (37 hyper- and 9 hypo-methylated). The distribution
of differentially methylated CpGs showed that >60% were located
outside of CpG islands (CGIs) [Fig. S1 (see online supplementary
material), 16 inside and 30 outside of CGIs]. For the 16 In-CGIs,
the overall methylation status was significantly higher in cases
than in controls (8 = 0.58 £ 0.19 vs 0.53 £ 0.18, P < 0.001). For
the 30 Out-CGlIs, the overall methylation status remained higher
in cases than in controls (8 = 0.52 £ 0.18 vs 0.50 + 0.17, P < 0.001).
The Manhattan plot indicates that the 46 SCLC CpGs are spread
across all autosomes (Fig. S2, see online supplementary material).

Differentially methylated CpGs stratified by smoking status. To
further classify the differentially methylated CpGs stratified by
smoking status, we conducted four comparisons (Fig. 1B): all sub-
jects (G1), controls (G2), former smokers (G3), and current smok-
ers (G4). As a result, 154 CpGs showed significant differences in all
subjects, 141 CpGs showed significant differences in the controls,
550 CpGs showed significant differences in former smokers, and
93 CpGs showed significant differences in current smoker. All 46
CpGs in the overall analysis were identified as significantly differ-
entially methylated CpGs in the subgroup analysis. As shown in
Fig. 1B, the distribution of the 46 SCLC CpGs among the 4 compar-
isons was: 6 CpGs (4 hyper- and 2 hypo-) were found in all sub-
jects (G1), 9 CpGs (8 hyper- and 1 hypo-) in former smokers (G3),
16 CpGs (12 hyper- and 4 hypo-) in current smokers (G4), 14 CpGs
(13 hyper- and 1 hypo-) in both former and current smokers (G3
and G4), and 1 CpG with hypermethylation was identified in all
groups (G1-G4).

Pathway analysis of genes with differentially methylated CpGs.
These 46 differential CpGs were mapped to 43 genes (Table S2,
see online supplementary material). A total of 16 genes with
aberrantly methylated CpGs indicated a high risk for SCLC in
current smokers, while 9 aberrantly methylated genes indicated a
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Figure 1. [dentifying differential methylation sites in SCLC. (A) Volcano plot of the different methylation levels. The red points in the plot represent the

upregulated deffrecially expressed genes (DEGs). The blue points in the p

lot represent the downregulated DEGs. In total, 94 of the sites showed false

discovery rate (FDR) < 0.1, and 46 of these CpGs showed a different DNA methylation 8 value (>0.03) between the SCLC and control groups. (B) Venn

diagram of the 46 differentially methylated CpGs stratified by smoking st

atus. G1: all subjects group: comparing all cases and all controls; G2: control

group: comparing current smokers and former smokers in controls; G3: former smoker group: comparing cases and controls who were former

smokers; G4: current smoker group: comparing cases and controls who a
negatively correlated with candidate cis-regulatory elements (cCRE, inclu

re current smokers. (C) List of CpGs for which the methylation level is
ding all putative promoters and enhancers) accessibility. For each gene, the

heatmap shows the correlation coefficient between the methylation of an individual CpG and cCRE accessibility. CpGs identified in this study are
labeled with arrows. (D) List of CpGs for which the methylation is positively correlated with cCRE accessibility.

high risk in former smokers. Fourteen methylated genes were de-
termined to increase the risk of SCLC in both former and current
smokers. Six methylated genes being identified only in the SCLC
group suggested that they were hazardous to SCLC regardless of
smoking status. One methylated gene was observed in all four
comparison groups, indicating that it is a risk factor for smokers

independent of SCLC. KEGG pathway analysis (Fig. S3, see online
supplementary material) showed that the 43 genes were involved
in apoptosis, inflammatory bowel disease, and hypoxia-inducible
factor (HIF)-1 signaling. The 16 differentially expressed genes
related to SCLC in current smokers were related to inflammatory
bowel disease, adipocytokine signaling, and hematopoietic cell



lineage. The 9 genes related to SCLC in former smokers were
mainly enriched in drug metabolism. The 14 genes associated
with SCLC in both former and current smokers were mainly en-
riched in transcriptional misregulation in cancer and apoptosis.

Validation of genes indicated by differentially methylated CpGs
using GEO datasets. To evaluate the reproducibility, we analyzed
the methylation profile in 28 SCLC tissue samples and 13 non-
cancerous lung tissues from GSE50412. Of the significantly dif-
ferentially methylated CpGs found in our study, only one aber-
rant methylation (cg04992673) of the HEPACAM?2 gene showed a
significant difference between SCLC and adjacent normal tissues
in GSE50412. To further examine the biological relevance, we ex-
amined the gene expression using GSE43346. Eight differentially
methylated genes showed differential expression (FDR < 0.01) in
lung cancer: (up: SOD3, CBX7, RORC, ABHD14A, NDUFV1, LGALS,
and PLD4; down: MPHOSPHY). In the subgroup analyses, SOD3,
CBX7,and RORC genes were associated with susceptibility of SCLC
in current smokers, while the ABHD14A gene was associated with
susceptibility in former smokers; MPHOSPH9 and NDUFV1 genes
were strongly associated with SCLC risk in both current and for-
mer smokers; and LGALS and PLD4 genes showed a high risk to
the development of SCLC but independent of smoking status.

Oncomine analysis. To further confirm these findings, we iden-
tified 5 genes with significant dysregulation in lung cancer
based on Oncomine microarray databases. The MPHOSPHY gene
showed significant upregulation in SCLC.>-® The PLD4,” ABHD14A,’
NDUFV1,~° and RORC® genes showed significant upregulation in
non-SCLC rather than SCLC.

Correlation between differentially methylated CpGs and chro-
matin accessibility in the PanCancer cohort. To interrogate whether
the methylation of CpGs identified in this study is dynamically
regulated in human cancer and correlates with cancer-specific
changes of chromatin accessibility, we utilized the Pan-Cancer
cohort, which contains 404 samples with both genome-wide DNA
methylation and chromatin accessibility profiles.’® We found
that cg07363637 (SLC44A4), cg07897701/cg13603551 (ABP1),
cg04881903 (CAPG), cg03875678 (GZMB), cgl6301617(TMC6),
cg11849692 (LDB1), cg13997435 (S100A2), cg25112191 (RORC),
€g07705835 (IL7RC), and cg09432154 (GPR87) were negatively
correlated, while cg1249760 (KCNQ1), cg05779272 (B4GATLT1),
and ¢g24019564 (RUNX3) were positively correlated with the
accessibility of promoters and/or enhancers (Fig. 1C,D).

In summary, our findings indicate that methylation and
genome profiles are significantly different between SCLC patients
who continue smoking and those who have quitted before di-
agnosis, suggesting that the blood-based DNA methylated CpGs
could be a potential marker for the early detection of SCLC, with
differing candidates based on patients’ smoking status.A poten-
tial mechanism of genes discovered in our study is the rele-
vance to immune response in SCLC; particularly, some of the en-
riched Gene Ontology (GO) categories point to inflammation and
even hematopoietic lineages. Therefore, we speculate that the
changes in DNA methylation may correlate to, and/or be a result
of changes in the immune component. Delineation of this mecha-
nistic link will be the focus of future studies to investigate whether
the differential methylation and methylation-indicated genes be-
fore vs. after smoking cessation constitute feasibly testable mark-
ers for early diagnosis of SCLC.
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Supplementary data is available at PCMEDI Journal online.
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