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Abstract

Background The present study aimed to clarify the clinical significance of the cell-free DNA (cfDNA) methylation
profile of patients with non-small cell lung cancer (NSCLC) showing the epidermal growth factor receptor (EGFR) gene
mutation.

Methods In 103 patients, genome-wide DNA methylation analysis using Infinium Methylation EPIC array was per-
formed using samples of pre-tyrosine kinase inhibitor afatinib-treatment plasma cfDNA (n=101) and post-afatinib
cfDNA (n=84).

Results Principal component analysis indicated that the cfDNA methylation profile was altered after afatinib treat-
ment. Hierarchical clustering using the pre-afatinib cfDNA methylation profile revealed that cases with a fatal out-
come were accumulated in specific clusters. Moreover, Kaplan—Meier analysis showed that the pre-afatinib cfDNA
methylation profile was significantly associated with both progression-free survival (PFS) and overall survival (OS),
whereas the post-afatinib profile was not. The genes for which pre-afatinib cfDNA methylation levels were associated
with PFS were accumulated in the cadherin, Wnt, and EGFR signaling pathways. Activation of EGFR-related signaling
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due to DNA methylation alterations might overturn the effect of afatinib. Pre-afatinib levels of CEP170 and CHCHD6
cfDNA methylation were associated with both PFS and OS. Both pre- and post-afatinib cfDNA methylation levels

of SLC9A3R2 and INTST were associated with bone metastasis. Using the cfDNA methylation levels at two CpG sites,
€g12721600 and cg05905155, patients showing an overall response were predicted with a sensitivity of 96% or more.

Conclusions The non-invasively measurable cfDNA methylation profile may reflect the corresponding profile in can-
cer cells, and that pre-treatment measurement may provide clinically useful information on EGFR mutation-positive

NSCLC.

Keywords Cell-free DNA, DNA methylation, Lung adenocarcinoma, Epidermal growth factor receptor, Afatinib

Background

It is widely acknowledged that epigenomic alterations
are pivotal in the process of carcinogenesis in multi-
ple human organs [1, 2]. Aberrant DNA methylation is
considered to be one of the most significant epigenomic
changes, contributing to chromosomal instability and
expression alteration of cancer-related genes [3]. In the
context of non-small cell lung cancer (NSCLC), many
groups have reported the results of genome-wide DNA
methylation analysis using clinical tissue samples [4—6].
For instance, we have demonstrated that DNA methyla-
tion profiles corresponding to background factors of car-
cinogenesis, e.g. smoking and chronic obstructive lung
disease, are already established in the precancer stage
[7-10]. As is also the case in cancers of other organs [11-
13], DNA methylation profiles at the precancer stage are
inherited by or strengthened in pathological specimens
of NSCLC itself, thus determining the clinicopathologi-
cal aggressiveness and patient outcome [7-9]. Therefore,
monitoring of DNA methylation profiles non-invasively
and repeatedly using blood samples would offer many
clinical advantages.

Cell-free DNA (cfDNA) is defined as a mixture of
nucleic acids released into the bloodstream primarily
through the processes of apoptosis and necrosis of cir-
culating cells [14]. While the concentration of cfDNA
in healthy adults is typically negligible, levels in cancer
patients have been documented to reach up to 50 times
higher [15]. Consequently, a proportion of the cfDNA
may be attributable to the apoptosis and necrosis of cir-
culating tumour cells. It is acknowledged that genetic
and epigenetic status obtained from cfDNA molecules
can be considered as a reflection of such status of the
tumor cells [16, 17]. Although DNA methylation sta-
tus based on cfDNA samples has already been assessed
in NSCLC patients [18-21], the correlation between the
cfDNA methylation profile and the clinicopathological
diversity of NSCLCs has not yet been fully examined in
a large number of patients. In the present study, to clarify

the clinical significance of c¢fDNA methylation profiles,
genome-wide analysis was performed using cfDNA sam-
ples from pre- and post-treatment pair blood samples of
103 NSCLC patients after collection of detailed clinical
information.

Methods

Patients and methods

A total of 103 patients, with a median age of 70 years
(ranging from 42 to 88 years), histopathologically diag-
nosed with metastatic or locally advanced NSCLC, were
collected between February 2017 and March 2018 at 21
hospitals in Japan [22]. The majority of patients (90%)
exhibited common EGFR mutations, i.e. exon 19 dele-
tions and exon 21 L858R substitutions, while the remain-
ing 10% demonstrated rare EGFR mutations. All patients
had an Eastern Cooperative Oncology Group perfor-
mance status [23] of 0 or 1, indicating adequate bone
marrow, renal, and liver functions, and being chemo-
therapy-naive. The patients were divided into an initial
cohort (n=60) and a validation cohort (n=43) depend-
ing on whether they were enrolled in the first or second
half of the study period. Characteristics of patients in
both cohorts are summarized in Table 1.

Patients who had been enrolled were initially treated
with 40 mg/day afatinib, a second-generation irreversible
tyrosine kinase inhibitor [24], and the dose was adjusted
according to observed toxicities [22]. According to the
Response Evaluation Criteria in Solid Tumors, version
1.1 [25], tumor response was assessed until progressive
disease (PD), treatment discontinuation, withdrawal
of consent, or death. The overall response rate and dis-
ease control rate were 60.2% (95% confidence interval
[CI]: 50.1-69.7) and 87.4% (95% CI: 79.4-93.1), respec-
tively. The median progression-free survival (PFS) was
18.4 months, while the median overall survival (OS) was
not reached. This study complied with the Declaration of
Helsinki and was approved by the Ethics Committees at
Keio University School of Medicine (Approval No. 2021—
0147) and at Teikyo University (Approval No. 16-066).
All enrolled patients provided written informed consent.
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Table 1 Clinicopathological characteristics of the initial and
validation cohorts of the patients with non-small cell lung cancer

Clinicopathological Number of patients or median pd
parameters (range)
Initial cohort (n=60) Second

cohort

(n=43)
Age (years) 70 (42-86) 73 (50-88)  0.145
Less than 70 29 21 1.00
70 or more 31 22
Sex
Male 12 15 0.164
Female 48 28
Histological type
Adenocarcinoma 60 43
EGFR mutation
Exon 19 deletion 34 18 0315
Exon 21 L858R 21 20
Others 5 5
Exon 18 2 1
Exon 20 insertion 1 2
Exon 20 T790M 0 1
Exon 21 1861Q 1 0
Exon 20 S768I+Exon 18 1 1
G719X
Performance status®
0 26 26 0111
1 34 17
Lymph node metastasis®
Negative 51 38 0.351
Positive 9 3
Bone metastasis®
Negative 57 37 0437
Positive 3 4
Stage
llland IV 44 31 1.00
Post-surgical recurrence 16 12
positive
Response©
Complete response 3 1 0.812
Partial response 34 24
Stable disease 16 11
Progressive disease 2 0
Not applicable 5 5

2 According to the eastern cooperative oncology group performance status [23]

b Only patients for whom a diagnosis regarding metastasis to each organ has
been made are described

€ According to the response evaluation criteria in solid tumors, version 1.1 [25]
dWelch's t-test for age (years) and Fisher’s exact-test for all other parameters

Infinium assay
Pre-afatinib blood samples were collected from 101
patients immediately prior to oral administration, while
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post-afatinib blood samples were obtained from 84
patients 8 weeks+7 days after the commencement of
administration. Five milliliters of plasma was subjected to
cfDNA extraction using a QIAamp Circulating Nucleic
Acid Kit (Qiagen, Hilden, Germany). We performed
bisulfite conversion using the total amount of extracted
cfDNA minus that required for genomic analysis with an
EZ DNA Methylation-Gold Kit (Zymo Research, Irvine,
CA, USA). The DNA methylation status at 865,918 probe
loci was examined using the Infinium MethylationEPIC
BeadChip (Illumina, San Diego, CA, USA) [26]. Follow-
ing hybridization, the hybridized DNA was fluorescence-
labeled by a single-base extension reaction and then
detected by an iScan Reader (Illumina). GenomeStudio
Methylation software (Illumina) was used for the initial
quality control. At each CpG site, p-values were com-
puted as DNA methylation levels (0.00 to 1.00) defined as
the signal intensity of the methylated probe relative to the
summed signal intensity of the methylated and unmeth-
ylated probes.

The call proportions (detection P values<0.01) for
29,065 probes in all 185 samples were less than 90%.
Given that such a low proportion may have been attribut-
able to polymorphism in these participants, these probes
were filtered out, as previously described [27, 28]. Fur-
thermore, 17,274 probes containing more than 10% miss-
ing B-values were excluded. Consequently, 2932 probes
designed for non-CpG loci and 59 designed for detection
of single-nucleotide polymorphisms were also excluded.
In order to avoid any gender-specific methylation bias,
the 19,627 probes on chromosomes X and Y were also fil-
tered out, leaving a final total of 815,746 probe CpG sites
for further analysis.

Statistics

DNA methylation profiles of pre- and post-afatinib
cfDNA samples were subjected to principal component
analysis. Hierarchical clustering (Manhattan distances,
Ward’s method) was performed using the cfDNA meth-
ylation profiles. Kaplan—Meier curves were generated for
DNA hyper- and hypo-methylation groups at each CpG
site. Differences of PFS and OS between the DNA hyper-
and hypo-methylation groups were examined by log-rank
test. Pathway analysis using genes showing significant
correlations with PFS and OS was performed using the
protein analysis through evolutionary relationships
(PANTHER) database (version 18.0, https://www.panth
erdb.org). Correlations between cfDNA methylation
profiles and metastasis were examined by Welch’s t-test.
Correlations between DNA methylation and transcrip-
tion levels were examined using the Clinical Proteomic
Tumor Analysis Consortium (CPTAC) database (dbGaP
Study Accession: phs001287, https://proteomics.cancer.
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gov/programs/cptac). For each CpG site, a receiver oper-
ating characteristic (ROC) curve was generated to dis-
criminate patients showing overall response (OR) to
afatinib. The Youden index was defined as a cutoff value
for OR prediction. P<0.05 was considered to indicate
statistical significance, and multiple testing correction
was performed by calculating g-values. All statistical
analyses were performed using the R software package
(R Foundation for Statistical Computing) (https://www.r-
project.org).

Results

DNA methylation profile of cfDNA samples from NSCLC
patients

To overview the DNA methylation profiles of 101 pre-
afatinib ¢fDNA samples and 84 post-afatinib cfDNA
samples from among the 103 patients (both the initial
and validation cohorts), principal component analy-
sis was performed using the DNA methylation levels at
the 815,746 probe CpG sites (Fig. 1A). The pre-afatinib
samples are scattered over a wide area on the scatterplot,
whereas the post-afatinib samples showed clustering in
a smaller area of the plot, suggesting that afatinib treat-
ment had altered the cfDNA methylation profile. The
wide dispersal of the pre-afatinib samples on the scat-
terplot (Fig. 1A) may have reflected the clinicopathologi-
cal diversity of the tumors prior to modification by the
treatment.

To further clarify the clinical impact of the pre-afatinib
cfDNA methylation profile, hierarchical clustering (Man-
hattan distances, Ward’s method) was performed for the
101 patients from whom pre-afatinib blood samples were
obtained (both cohorts) (Fig. 1B). Fatal outcomes were
accumulated in Clusters I and IIA (43 in total; 62.8%)
relative to Cluster IIB (58 in total; 24.1%) (P=1.85x107%,
Fisher’s exact test), suggesting that the pre-afatinib
cfDNA methylation profile was associated with patient
outcome after treatment. Hierarchical clustering using
the post-afatinib ¢fDNA methylation levels revealed no
such accumulation of fatal cases into certain clusters.

Correlation between pre-afatinib cfDNA methylation
profile and PFS

For all the 815,746 probe CpG sites, median values of
the pre-afatinib ¢fDNA methylation levels in the initial
cohort (n=60) were defined as the cutoff values divid-
ing the DNA hypermethylation and hypomethylation
groups. Kaplan—Meier curves for PFS were generated for
these sites and examined using Log-rank test. At 1785
CpG sites, significant differences of PFS were observed
between the DNA hypermethylation and hypometh-
ylation groups in the initial cohort (P<0.05, q<0.3):
DNA hypermethylation at 1212 CpG sites and DNA
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hypomethylation at 573 CpG sites were associated with
unfavorable PFS. Kaplan—Meier curves for PES in the ini-
tial cohort for the top 5 CpG sites with the smallest P-val-
ues are shown in Fig. 2A.

Similarly, patients in the validation cohort (n=41) were
divided into DNA hypermethylation and hypomethyla-
tion groups using the same cutoff values defined in the
initial cohort. At 251 of the 1785 CpG sites, significant
differences of PFS between these groups were validated in
the validation cohort (P<0.05, q<0.3) and the direction
of alteration (DNA hypermethylation or hypomethylation
in the unfavorable group relative to the favorable group)
was also matched in both cohorts: DNA hypermethyla-
tion at 186 CpG sites and DNA hypomethylation at 65
CpG sites were associated with unfavorable PFS. Sup-
plemental Table S1 summarizes chromosomal position,
gene names, annotation and CpG types for all of the 251
CpG sites. Annotation refers to the distinction between
TSS1500 (from 200 bp upstream of the transcription
start site [TSS] to 1500 bp upstream of it), TSS200 (from
the TSS to 200 bp upstream of it), the 5 untranslated
region (UTR), 1st exon, gene body (1st intron and down-
stream), the 3'UTR and the intergenic region, identified
using the RefSeq database (http://www.ncbi.nlm.nih.
gov/refseq/). CpG types refer to the distinction between
CpG islands, island shores and island shelves, identified
using the University of California, Santa Cruz database
(https://genome.ucsc.edu/). Kaplan—Meier curves in
the validation cohort are shown in Fig. 2B. On the other
hand, using the post-afatinib cfDNA methylation levels,
no CpG site showed significant correlations with PES in
either of the cohorts.

Using the 232 genes for which the 251 probes were
designed, pathway over-representation analysis was per-
formed on pathways with 50—-500 component genes from
the PANTHER database. Over-representation of the 232
genes was observed in 7 pathways (P<0.05 and false dis-
covery rate [FDR]<0.1), including the cadherin signal-
ing pathway (P=2.06x10~* and FDR=2.43x107%), Wnt
signaling pathway (P=2.21x10"* and FDR=2.43x107%)
and EGFR signaling pathway (P=2.05x10" and
FDR=1.51x10"?) (Table 2).

Since over-representation was observed in the EGFR
signaling pathway, we examined correlations between
EGFR mutation patterns (exon 19 deletion, exon 21
L858R and others [exon 18, exon 20 insertion, exon
20 T790M, exon 21 L861Q, exon 20 S768I+exon 18
G719X]) and pre- and post-afatinib ¢fDNA methylation
status. Hierarchical clustering (Manhattan distances,
Ward’s method) for the 101 patients from whom pre-
afatinib blood samples were obtained and that for the 84
patients from whom post-afatinib blood samples were
obtained revealed no significant accumulation of specific
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Fig. 1 Cell-free DNA (cfDNA) methylation profiles of non-small cell lung cancer patients. A Principal component (PC) analysis of 101 pre-afatinib
cfDNA samples (black circles) and 84 post-afatinib cfDNA samples (blue triangles) from among 103 patients using the DNA methylation levels

of all of the 815,746 probe CpG sites. The pre-afatinib samples are scattered over a wide area on the scatterplot, whereas the post-afatinib samples
appear clustered in a smaller area, suggesting that the cfDNA methylation profile tended to be altered by afatinib treatment. B Hierarchical
clustering (Manhattan distances, Ward's method) in the 101 patients from whom pre-afatinib blood samples were obtained. Patients who survived
and who died are shown in blue and red, respectively, at the bottom of the dendrogram. Fatal cases are accumulated in Clusters | and llA (n=43;
62.8%) relative to Cluster 1B (n=58; 24.1%) (P=1.85x 107% Fisher's exact test)

(See figure on next page.)

Fig. 2 Correlations between pre-afatinib cell-free DNA (cfDNA) methylation profile and progression-free survival (PFS) in patients with non-small
cell lung cancer. Patients belonging to the initial cohort (n=60) A and the validation cohort (n=41) B are divided into a DNA hypermethylation
group (Hyper) and a DNA hypomethylation group (Hypo) using the median values of the pre-afatinib cfDNA methylation levels in the initial cohort
as the cutoff values (CV). Kaplan—-Meier curves for PFS at 5 CpG sites showing the smallest P-values in the initial cohort using Log-rank test are
shown. The Infinium assay probe ID for each CpG site and gene symbol are shown on the left side of each Kaplan-Meier curve
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Table 2 Pathway over-representation analysis using the 232 genes for which the 251 probes showing pre-afatinib cell-free DNA
(cfDNA) methylation profiles correlated with progression-free survival (PFS) are designed, based on the protein analysis using the
evolutionary relationships database (version 18.0, https://www.pantherdb.org) (P<0.05 and false discovery rate [FDR] <0.1)

ID Description P FDR Genes for which cfDNA methylation status was correlated
with PFS and are involved in the pathway

P00012  Cadherin signaling pathway 206x107% 243x10°  PCDHGA2, PCDHGB2, PCDHGAT, PCDHGB1, CDH6, CTNNA2,
PCDHGAS, PCDHGA3

P00057  Wnt signaling pathway 221x10™* 243x107°  PCDHGA2, PCDHGB2, PCDHGAT, PCDHGB1, CDH6, NKD2, CTNNA2,
SMARCA2, PLCB4, PCDHGA5, PCDHGA3

PO0018  EGF receptor signaling pathway 205x1072  151x1072  PIK3C2A, PIK3R6, CCM2, PLCB4, TGFA, PHLDB2

P00019  Endothelin signaling pathway 105107 576x107  PRKGI, PIK3C2A, PIK3R6, PLCBA4

P00060  Ubiquitin proteasome pathway 191x107 7.33x1072  PSMD6, WWPI1, UBE2H

P04391  Oxytocin receptor mediated signaling pathway ~ 2.00x 1072 7.33x 1072  PLCB4, CACNA1C, CACNAID

P04374  5HT2 type receptor mediated signaling pathway  2.78x 1072 8.75x1072  PLCB4, CACNATC, CACNATD

mutation pattern into certain clusters (data not shown).
In addition, correlations between EGFR mutation pat-
terns and pre- and post-afatinib cfDNA methylation
levels of the genes — PIK3C2A, PIK3R6, CCM?2, PLCB4,
TGFA and PHLDB2 - involved in the EGFR signaling
pathway in Table 2 are shown in Supplemental Fig. S1.
Although NSCLCs with “others” (n=10) showed lower
cfDNA methylation levels of the PIK3C2A gene in their
pre-afatinib samples and lower cfDNA methylation lev-
els of the PIK3R6 and PLCB4 genes in their post-afatinib
samples, in general, no clear correlations between EGFR
mutation patterns and cfDNA methylation profiles were
observed before and after treatment (Supplemental Fig.
S1).

Correlation between pre-afatinib cfDNA methylation
profile and OS

For all 815,746 probe CpG sites, Kaplan—Meier curves
for OS were generated for the DNA hypermethylation
and hypomethylation groups based on the median pre-
afatinib cfDNA methylation levels in the initial cohort as
the cutoff values. At 60 CpG sites, significant differences
of OS between the two groups were observed in both
the initial and validation cohorts (P<0.05, q<0.3) and
the direction of alteration (DNA hypermethylation or
hypomethylation in the unfavorable group relative to the
favorable group) was also matched in both cohorts: DNA
hypermethylation at 51 CpG sites and DNA hypometh-
ylation at 9 CpG sites were associated with unfavorable

(See figure on next page.)

OS. Chromosomal position, gene names, annotation and
CpG types for all of the 60 CpG sites are summarized in
Supplemental Table S2. Kaplan—Meier curves for both
cohorts are shown in Fig. 3. On the other hand, using
the post-afatinib cfDNA methylation levels, no CpG site
showed significant correlations with OS in either cohort.

Although pathway over-representation analysis was
performed using the PANTHER database using the 72
genes for which the 60 probes were designed, no sig-
nificant over-representation was observed in any path-
way (P<0.05 and FDR<0.1). On the other hand, DNA
hypermethylation of the CEP170, CHCHD6, HELLPAR,
PMCH, AC079921.1, KLHLS, TYW1B, LAMA4 and TRH
genes was revealed to be significantly correlated with
both poorer PFS and OS (P<0.05, q<0.3) in both cohorts
(Supplemental Table S3).

Correlation between cfDNA methylation profile

and metastasis of NSCLCs

Next, we speculated that even the post-afatinib cfDNA
methylation profile might be associated with metas-
tases after treatment. On the other hand, as afatinib
was also administered to patients who had already
developed metastases, correlations between both post-
afatinib and pre-afatinib ¢fDNA methylation profiles
and metastases were examined. Significant differ-
ences of post-afatinib DNA methylation levels at the
361 CpG sites were observed between patients positive
(n=7) and negative (n=44) for lymph node metastasis

Fig. 3 Correlation between the pre-afatinib cell-free DNA (cfDNA) methylation profile and overall survival (OS) in patients with non-small cell
lung cancer. Patients belonging to the initial cohort (n=60) A and the validation cohort (n=41) B are divided into a DNA hypermethylation group
(Hyper) and a DNA hypomethylation group (Hypo) using the median values of the pre-afatinib cfDNA methylation levels in the initial cohort

as the cutoff values (CV). Kaplan-Meier curves for OS at 5 CpG sites showing the smallest P-values in the initial cohort using Log-rank test are
shown. The Infinium assay probe ID for each CpG site and gene symbol are shown on the left side of each Kaplan-Meier curve
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in the initial cohort (P<0.05, q<0.3 and AB,qgive-
negative > 0-1 0r<-0.1). At 23 of the 361 CpG sites,
significant differences between lymph node metasta-
sis-positive (n=3) and -negative (n=30) patients were
validated in the validation cohort. Similarly, significant
differences of pre-afatinib DNA methylation levels at
the 8 CpG sites were observed between lymph node
metastasis-positive and -negative patients in both
the initial and validation cohorts (P<0.05, <0.3 and
ABpositive-negative > 0.1 0r<-0.1). Both post-afatinib and
pre-afatinib cfDNA methylation levels at one CpG site
were significantly correlated with lymph node metas-
tasis in both cohorts (Supplemental Table S4A).
Similarly, both post-afatinib and pre-afatinib ¢fDNA
methylation levels at the 16 CpG sites were sig-
nificantly correlated (P<0.05, q<0.3 and AP,oive-
negative > 0-1 0r <—0.1) with bone metastasis in both the
initial cohort (n=3 and n=57 in positive and negative
patients, respectively) and the validation cohort (n=4
and n=37, respectively) (Supplemental Table S4B).

Correlations between DNA methylation and transcription
levels of genes whose cfDNA methylation levels had
clinical impacts on NSCLC patients

DNA methylation alterations of cancer cells may con-
tribute to clinicopathological characteristics such as
PES, OS and metastasis, presumably via stable altera-
tions in transcription levels. Therefore, correlations
between DNA methylation levels and transcription
levels of 47 genes, i.e. the 22 genes in Table 2 (cor-
related with PFS and accumulated in cancer-related
signaling pathways), 8 genes in Supplemental Table S3
(correlated with both PFS and OS) and 17 genes in
Supplemental Table S4 (correlated with lymph node
or bone metastasis), were examined using data for 482
samples of human tissue from various organs depos-
ited in the CPTAC database. Data for the PMCH gene
in Supplemental Table S3 were not deposited in the
CPTAC database. For 14 of the 47 genes, i.e. the NKD2,
CCM2, PIK3R6, SMARCA2, PCDHGBI1, PLCB4,
PIK3C2A and CACNAI1D genes in Table 2, the CEP170
and CHCHDGé genes in Supplemental Table S3, and the
SLCY9A3R2, INTS1, PRXL2A and AC008073.3 genes
in Supplemental Table S4, significant inverse or posi-
tive correlations between DNA methylation and tran-
scription levels were confirmed (P<0.05 and r>0.2
or <—0.2) (Supplemental Fig. S2).

Prediction of response to afatinib in NSCLC patients based
on their cfDNA methylation profiles

In an attempt to give some clinical relevance to our
data, for all of the 815,746 probe CpG sites, ROC curves
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were generated for OR (complete response and partial
response) using the pre-afatinib cfDNA methylation lev-
els for the 60 patients in the initial cohort, 53 of whom
showed OR. AUC values of more than 0.9 were observed
at 114 CpG sites, for which the Youden index was defined
as the cutoff value. For 2 of the 114 CpG sites, both sensi-
tivity and specificity for discrimination of patients show-
ing OR were more than 70% in both cohorts (Table 3).
For example, the sensitivity and specificity for OR pre-
diction of cg12721600 were 79% and 100% in the initial
cohort and 72% and 80% in the validation cohort, respec-
tively. For prediction of OR when one or two of the CpG
sites of cg12721600 and cg05905155 met those criteria,
the sensitivity was 96% and 97% in the initial and valida-
tion cohorts, respectively (Table 3).

Discussion

The fact that the pre-afatinib samples were widely dis-
persed on the PCA scatterplot (Fig. 1A) may at least
partly reflect the diversity of the clinicopathological char-
acteristics of the patients prior to modification result-
ing from treatment. In fact, hierarchical clustering using
the pre-afatinib cfDNA methylation data yielded specific
clusters of fatal cases. Moreover, pre-afatinib cfDNA
methylation levels at specific CpG sites were signifi-
cantly correlated with both PFS and OS. No such clus-
tering or correlation was observed in the post-afatinib
cfDNA methylation data, suggesting that cfDNA meth-
ylation profiles can be altered by treatment. It is plausi-
ble that response to treatment is to some extent defined
by the DNA methylation profile of cancer cells before
treatment. Furthermore, it would be of clinical value
if the behavior of cancer cells after treatment could be
predicted by assessment of cfDNA methylation profiles
before treatment.

The marked differences in survival between the DNA
hyper- and hypo-methylation groups, divided simply
on the basis of the median cfDNA methylation levels
as the cutoff, were surprising. In particular, the genes
whose cfDNA methylation levels were correlated with
PES were accumulated in the cadherin and Wnt molec-
ular pathways. The cadherin pathway is an important
tumor-suppressive pathway involved in cell adhesion,
and hence cell proliferation, invasion and metastasis
[29], while the Wnt pathway is an important oncogenic
pathway [30]. In addition, transmembrane cadherins
interact with the Wnt system by tethering p-catenin
molecules to the plasma membrane [29]. We can con-
sider that DNA methylation alterations of the genes
involved in these two pathways lead to clinically recog-
nizable disease progression through crosstalk between
the cadherin and Wnt pathways.



Page 10 of 14

(2025) 17:63

Fujimoto et al. Clinical Epigenetics

4O Buimoys jou syuaized o JaqINU 12BX3 3Y3 03 3AI3R|S. LSO INO UO PIseq qiulieje 0} puodsai 03 pa3d1paid Jou sjuslied JO Jaquinu 3y} 4O o3RI U3 se pauyap s AdYdads,

4O Buimoys sjuaijed Jo JagINU 1Bx3 3Y3 0} SAIRE|3] BLISHID INO UO Paseq glulieje 0} puodsal 0} pa3dIpaid sjusiied JO JaqUINU Y3 4O Ol3el Y} Se PaUYSP S| AYAIISUSS

140402 uoneplijeA ayy ul yO pamoys syuaned | Jo AUyl g

30Y0d [eijiul 3y} Ul YO pamoys sjuaiied 09 40 21Yy3-Ayl4 ,

san|eA Joind ayj ueyy Jaybiy aq 03 paydadxa ase YO Buimoys syuaned Jo sjpas| uonejAylaw YNQG2 49dAH ‘sanjea Joind ayi ueyl Jamo| 39 01 pa1dadxa ale O buimoys syusied Jo sjpAs| uolejAyiaw yYNQJ2 ‘0dAH
SN[eA JOIND 3Y} SE PAUYSP SEM XIPUI USPNOA YL

K|9A1302dsa1 ‘spue|s| WOy Wea1sumop pue weassdn 33ed|pul s pue N ‘(10ys puejsi ue 0} jJuadefpe suoibal
dg-0002) SaA|2Ys puelsi pue (puejsi Hd) e 0} Juddefpe suoibal dg-000z) S240Ys puels ‘spuejsi Dd) :(NPardsdn-awouab//:sd1y) aseqelep zni) BIURS LIUIO)I|RD JO AYSIDAIUN 3Y] JO SISeq SY} UO PayIUapP! 1am sadAy od) ,

uolbaJ d1uabiaiul pue Y1 n,£ ‘(Weasysumop pue uosiulis|) Apog auab ‘uoxa Is| ‘(Y1N) uoibal pajejsuesun
.G “(SSL @Y1 Jo weansdn saseq 00Z-0) 00ZSSL (SS.L 2y Jo weansdn saseq 005 L-002) 00S L (SSL) s 1els uondudsuely :(/basyai/nob yiurwiuigoummm//:sdiiy) aseqelep bagjay syl uo paseq payluspl 219m suoljejouuy q

(uewny/216/A06"Y1u WU IgIUMMM//:SA1Y) 8EYDYD A|quiasse awouab a3 Uo paseq dJe s9)eUIPJO0D [BWOSOWOIY)D) ,

a|qedijdde Jou ‘YN ‘DAIND By} JSpUN BAIE ‘DNY DUOSOWOIYD 1Y)

09 L6 00l 9% elaIId 3rode BulAjsies $S 15065002 pue 009122162 jo omiio suQ
08 8/ 00l 7/ 0060 19dAH 7490 HBYS N uoibai diusbisu| VYN €087080¢ 9LIYD §5150650062
08 144 001 6/ V160 OdAH €¥80  JIPUSNARRUSS  uoibaidlusbiaiul YN 98L'798%€  LIYD 00912/216>
(%) (%) (%)
Apypads  Luanisuas (%) LZadypads  Auanisuas
! ! Jsniels
s(Ly=u) uonejAyow
11040> uoirepijep ,(09=u)uoyod lenu]  dNY VNQ p@njeayoind ,2dAy ody quonelouuy joquiAs susn  uonisod  J4yd  dlaqoid wnjuyuyl

$1J0Y0D UOIIBPI[BA PUR [BIIUI 94} Ul 960/ J9AO
40 A1dYDads pue ANAISUSS B PaMOYS A|[eNPIAIPUL DB 1Byl SaUS HAD) 193Ul 0M] 1. S|9A] UONRIAYIaW YN UO Paseq glulieje 01 (YO) 9suodsal ||eJan0 JO UONDIPAd € d]qeL


https://www.ncbi.nlm.nih.gov/grc/human
https://www.ncbi.nlm.nih.gov/refseq/
https://genome.ucsc.edu

Fujimoto et al. Clinical Epigenetics (2025) 17:63

Interestingly, the genes whose c¢fDNA methylation
levels correlated with PFS are also accumulated in the
EGFR molecular pathway. Among the 4 genes involved
in the EGFR pathway in Table 2 and Supplemental Fig.
S2 (CCM2, PIK3R6, PLCB4 and PIK3C2A), in particu-
lar, an inverse correlation between DNA methylation
and transcription levels for CCM2 and PIK3R6 was
clear on the scatterplots (Supplemental Fig. S2). CCM2
acts as a scaffold for assembly of the RAC GTPase and
the MAPK kinase kinase MEKK3, and CCM2 silenc-
ing reportedly activates MAPK activity [31, 32]. It is
understandable that when CCM2 expression is reduced
in the DNA hypermethylation group, MAPK would
be activated, resulting in increased cancer cell growth
and disease progression. On the other hand, PIK3R6
is a regulatory subunit of PI3Ky, and PIK3R6 silenc-
ing induces apoptosis and reduces human cancer cell
invasion [33]. Indeed, overexpression of PIK3R6 has
been reported in ovarian cancer [33] and renal cell car-
cinoma [34]. It is also understandable that NSCLCs in
the DNA hypomethylation group would have shown
disease progression, possibly via overexpression of
PIK3R6. Activation of EGFR-related signaling due
to DNA methylation alterations might overturn the
EGER inhibitory effect of afatinib. It may make sense
to monitor the DNA methylation levels of EGFR signal-
related molecules using cfDNA samples to estimate the
response to afatinib in patients showing EGFR muta-
tions. In general, since clear correlations were not
observed between EGFR mutation patterns, exon 19
deletion, exon 21 L858R and others, and cfDNA meth-
ylation profiles (Supplemental Fig. S1), reduction of the
effect of afatinib through DNA methylation abnormali-
ties may not depend on the specific mutation pattern.

Furthermore, CEP170 and CHCHD6 were identified as
genes for which c¢fDNA methylation levels were consist-
ently correlated with PES to OS. In the unfavorable PFS
and OS groups, cfDNA hypermethylation of CEP170 may
have reflected its reduced expression in cancer cells. The
centrosomal component CEP170 plays a role in microtu-
bule formation and reportedly contributes to the devel-
opment of cancers with copy number alterations [35].
Overexpression of CEP170 has been reported in patients
with pancreatic cancers showing poor prognosis [36]. On
the other hand, CEP170 is important for activating the
DNA damage response [37], and cancers showing low
levels of CEP170 may be responsive to DNA-damaging
agents. Therefore, administration of such agents might be
applicable to PD cases after afatinib treatment.

In the unfavorable PFS and OS groups, cfDNA hyper-
methylation of CHCHD6 may have reflected its overex-
pression, since a positive correlation between the DNA
methylation level at the CpG site and its transcription
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level was confirmed in a database (Supplemental Fig. S2).
CHCHDE participates in the maintenance of cristae, and
indispensable for mitochondrial function [38]. Although
the relationship between CHCHD6 and cancer has not
been well studied to date, CHCHD6 deficiency report-
edly impairs cell proliferation [39]. Therefore, it is not
surprising that CHCHDG is highly expressed in cancers
with poorer PFS and OS.

Among the genes that were associated with lymph node
and bone metastases, inverse or positive correlations
between DNA methylation and transcription levels for
SLC9A3R2, INTS1, PRXL2A and AC008073.3 were con-
firmed using the CPTAC database. Moreover, the scat-
tergrams in Supplemental Fig. S2 suggested that PRXL2A
and AC008073.3 might also be regulated by mechanisms
other than DNA methylation, whereas an inverse cor-
relation between DNA methylation and the transcrip-
tion level of SLC9A3R2 and a positive correlation for
INTS1 were clear on the scattergrams. SLC9A3R2 regu-
lates SLC9A3, a sodium/hydrogen exchanger in the
brush-border membrane participating in transepithelial
sodium absorption [40]. cfDNA hypermethylation of the
SLC9A3R2 gene has been reported in a previous study of
lung cancer patients [20], being consistent with the pre-
sent results. More interestingly, DNA hypermethylation
and reduced expression have been reported in samples
of portal vein tumor thrombi from patients with hepa-
tocellular carcinoma relative to both primary hepatocel-
lular carcinoma tissue and non-cancerous liver tissue
samples [41]. NSCLC generally metastasizes to bone via
vascular invasion. By analogy with the findings for por-
tal vein thrombi [41], NSCLCs may acquire DNA hyper-
methylation in the vasculature, resulting in decreased
expression in bone metastasis-positive cases. On the
other hand, INTS1 is one of the subunits of the integra-
tor complex and plays an important role in the regulation
of RNA polymerase II-dependent genes [42]. Overex-
pression of INTSI has been reported in hepatocellular
[42] and gastric [43] carcinomas. It is not surprising that
DNA hypermethylation of INTS1, possibly resulting in
its overexpression, was found in NSCLC patients with
metastases.

Finally, we attempted to create a diagnostic criterion to
predict the responsiveness of cancer cells to afatinib prior
to treatment. Combination of cfDNA methylation levels
at two marker CpG sites that each individually showed
a sensitivity and specificity of over 70% in both cohorts
was able to predict OR with a sensitivity of 96% or more.
The CpG sites under scrutiny were found to be located
within intergenic regions, rather than in the vicinity of
the TSS of specific genes. This finding is consistent with
the results of our previous studies showing that altera-
tions in DNA methylation at CpG sites not involved in
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regulating the expression of functionally important genes
can serve as effective surrogate markers for diagnostic
purposes [44, 45]. Even though it is desirable to improve
specificity by screening of a larger cohort, the present
results suggest that cfDNA methylation levels can be a
biomarker for prediction of response to molecular target-
ing therapies.

Conclusions

DNA methylation abnormalities in the cadherin- and
Wnt-signaling pathways may play a role in unfavorable
PES. DNA methylation abnormalities in the EGFR path-
way-related genes might reduce the effect of afatinib.
Pretreatment cfDNA methylation abnormalities of
CEP170 and CHCHD6 were correlated with both PFS
and OS, and pre- and post-treatment cfDNA methylation
abnormalities of SLC9A3R2 and INTS1 were correlated
with metastasis of NSCLC. cfDNA methylation levels of
specific CpG sites before treatment may be applicable
for use as markers to predict response to afatinib. These
findings suggest that evaluation of cfDNA methylation
profiles in patients with EGFR mutation-positive NSCLC
may be useful for understanding tumor aggressiveness
and patient outcome.
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