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Abstract. Bronchoscopy is a frequently used initial diag‑
nostic procedure for patients with suspected lung cancer 
(LC). Cytological examinations of bronchial washing (BW) 
samples obtained during bronchoscopy often yield inconclu‑
sive results regarding LC diagnosis. The present study aimed 
to identify molecular biomarkers as a non‑invasive method for 
LC diagnosis. Aberrant DNA methylation is used as a useful 
biomarker for LC. Therefore, microarray‑based methyla‑
tion profiling analyses on 13 patient‑matched tumor tissues 
at stages I‑III vs. non‑tumor tissues were performed, and a 
group of highly differentially methylated genes was identi‑
fied. A subsequent analysis using bisulfite‑pyrosequencing 
with additional tissues and cell lines revealed six methylated 
genes [ADAM metallopeptidase with thrombospondin type 1 
motif 20, forkhead box C2 (mesenchyme forkhead 1), NK2 
transcription factor related, locus 5 (Drosophila), oligoden‑
drocyte transcription factor 3, protocadherin γ subfamily A 
12 (PCDHGA12) and paired related homeobox 1 (PRRX1)] 
associated with LC. Next, a highly sensitive and accurate 
detection method, linear target enrichment‑quantitative 
methylation‑specific PCR in a single closed tube, was applied 
for clinical validation using BW samples from patients with 
LC (n=68) and individuals with benign diseases (n=33). 

PCDHGA12 and PRRX1 methylation were identified as the 
best‑performing biomarkers to detect LC. The two‑marker 
combination showed a sensitivity of 82.4% and a specificity 
of 87.9%, with an area under the curve of 0.891. Notably, 
the sensitivity for small cell LC was 100%. The two‑marker 
combination had a positive predictive value of 93.3% and a 
negative predictive value of 70.7%. The sensitivity was higher 
than that of cytology, which only had a sensitivity of 50%. The 
methylation status of the two‑marker combination showed no 
association with sex, age or stage, but was associated with 
tumor location and histology. In conclusion, the present 
study showed that the regulatory regions of PCDHGA12 and 
PRRX1 are highly methylated in LC and can be used to detect 
LC in BW specimens as a diagnostic adjunct to cytology in 
clinical practice.

Introduction

Lung cancer (LC) is the leading cause of cancer‑related 
mortality and morbidity, with 1.8 million deaths accounting 
for 18% of the global cancer‑associated mortality rate (1,2). 
The estimated 5‑year survival rate of patients with LC is 
68‑92% when diagnosed at an early stage. However, if detected 
at late stages, this drops to 10% (3). Patients with LC have a 
poor prognosis because the disease is frequently detected at 
advanced stages without curative treatment options. One of the 
key reasons for such a poor prognosis is the lack of efficient 
diagnostic tools for early detection (4).

Screening with low‑dose computed tomography (CT) 
scans of the chest has been introduced as a potential tool for 
early detection of LC (5). Although low‑dose CT allows the 
detection of early‑stage LC with a high sensitivity, which can 
reduce LC‑associated mortality, it has numerous drawbacks 
including radiation exposure, a high false positive rate and 
a low diagnostic accuracy (6‑8). Furthermore, LC screening 
by chest x‑ray and sputum cytology has failed to overcome 
early detection and risk assessment limitations, thus failing 
to improve overall survival (9). Because there is currently 
no early detection method in clinical practice, a patient with 
suspected LC is typically subjected to a full clinical workup 
that includes CT scanning followed by bronchoscopy (7).
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Bronchoscopy is the most common invasive procedure 
used to diagnose LC. However, the diagnostic yield of bron‑
choscopy is unsatisfactory, with ambiguous results in half 
of patients suspected of having LC, especially for peripheral 
tumors (10,11). If bronchoscopy fails to detect LC, further 
invasive diagnostic procedures, such as transthoracic needle 
aspiration or surgical lung biopsy, may be required, posing 
a significant risk of complications, such as pneumothorax, 
bleeding and infection (12). Bronchoscopy is the preferred 
method for confirming suspected lung lesions through patho‑
logical assessment of a tissue biopsy or cytological specimen 
obtained during bronchoscopy (11,13). Cytology examinations 
include bronchial brushing, bronchial washing (BW) and 
bronchoalveolar lavage samples (14). Cytology often results 
in an equivocal or inconclusive result, even when performed 
by experienced professionals. In addition, the sensitivity 
range of cytology is low (23.5‑32.1%) (15). Nevertheless, 
cytological sampling is a minimally invasive, safe and 
well‑tolerated method performed during bronchoscopy for 
LC diagnosis (10,11,14). Biomarkers may also be used as a 
diagnostic adjunct to resolve equivocal cytology results (16). 
Therefore, development of molecular biomarker tests with 
higher sensitivity for routine cytology specimens represents 
an effective approach to improving the diagnostic yield of 
bronchoscopy (17).

DNA methylation, a key epigenetic phenomenon, plays a 
fundamental role in various biological processes, including 
development, cell differentiation, aging, tumorigenesis and 
other disease (18). Abnormal DNA methylation is involved in 
tumor development; it is one of the earliest and most frequent 
genomic alterations during carcinogenesis (9,19). The analysis 
of DNA methylation biomarkers provides potential for early 
detection of LC (10,14,20,21). A number of genes, such as 
adenomatous polyposis coli, ras‑association (RalGDS/AF‑6) 
domain family member 1 (RASSF1A), p16, short‑stature 
homeobox 2 (SHOX2) and various homeobox genes, have been 
extensively investigated to diagnose LC (22,23). Nonetheless, 
no established biomarker test with clinical application for LC 
detection exists.

In the present study, CpG methylation microarray analysis 
was performed to investigate a subset of differentially hyper‑
methylated genes in primary lung tumors compared with 
paired adjacent non‑tumor tissues. The aim of the study was to 
identify methylation biomarkers for the early detection of LC 
and to validate them clinically using BW samples.

Materials and methods

Cell lines and clinical samples. The human LC cell lines A549 
(cat. no. CCL‑185), NCI‑H358 (cat. no. CRL‑5807), SK‑MES‑1 
(cat. no. HTB‑58) and NCI‑H146 (cat. no. HTB‑173) were 
obtained from the American Type Culture Collection and 
cultured in RPMI‑1640 (cat. no. LM011‑06; Welgene, Inc.) in a 
humidified 5% CO2 incubator at 37˚C, supplemented with 10% 
fetal bovine serum (cat. no. S001‑04, Welgene, Inc.). Normal 
human bronchial epithelial (NHBE) cells were purchased 
from Cambrex Bio Science Rockland, Ltd. (cat. no. CC2540) 
and cultured in BEBM (cat. no. cc‑3171; Cambrex Bio Science 
Rockland, Ltd.) in a humidified 5% CO2 incubator at 37˚C. 
The cultured cells were tested for mycoplasma every month 

to ensure that they were not contaminated using a MycoStrip 
kit (cat. no. rep‑mys‑20; InvivoGen). Cells were authenticated 
by short tandem repeat analysis using GenePrint® 10 System 
(cat. no. B9510; Promega Corporation).

Fresh‑frozen primary tumors and paired adjacent non‑
tumor tissue from 13 patients with non‑small cell LC (NSCLC) 
at various stages (I, n=5; II, n=5; III, n=3) were obtained from 
the Biobank of Chungnam National University Hospital 
(Daejeon, South Korea), which participates in the Korea 
Biobank Project (KBP). Tissue specimens were collected at 
the time of surgery between February 2014 and December 
2019. Every tumor specimen was histologically verified by a 
board‑certified pathologist.

All BW samples were provided by Konyang University 
Hospital (Daejeon, South Korea). All individuals donating BW 
samples for the present study were investi gated for suspected 
LC. All BW samples were collected during flexible fiberoptic 
bronchoscopy (Olympus Corporation) by aspiration with a 
flexible bronchoscope from the region of the suspicious lesion 
between April 2022 and March 2023. Cytological diagnos‑
tics was performed by a board‑certified pathologist. Briefly, 
5‑10 ml sterile normal saline was instilled two or three times. 
Fluid (≥10 ml) was then retrieved into a preservative buffer 
(Genomictree, Inc.). A total of 101 BW samples were obtained 
from 68 patients with LC (49 NSCLC and 19 SCLC) and 33 
individuals with benign diseases and were used for methylation 
analysis. The patient clinicopathological and demographical 
information is shown in Table I.

The present study adhered to local ethics guidelines 
and was approved by the Institutional Review Board of 
the Chungnam National University Hospital (approval 
no. 2022‑02‑061‑002, Dajeon, South Korea) and Konyang 
University Hospital (approval no. 2022‑03‑025, Dajeon, South 
Korea). Written informed consent was obtained from all 
patients.

CpG methylation microarray analysis. To identify differen‑
tially methylated genes in primary lung tumors and paired 
adjacent non‑tumor tissues, CpG methylation microarray 
analyses were conducted using 0.5 µg genomic DNA isolated 
from 13 patients with LC. CpG methylation microarray anal‑
ysis was performed as described previously (24) using human 
CpG island microarray kit, 244k (Agilent Technologies, 
Inc.) according to the manufacturer's instructions. Raw 
CpG methylation microarray data were submitted to Gene 
Expression Omnibus (accession no. GSE246510; ncbi.nlm.nih.
gov/geo). The hybridized images were analyzed and quanti‑
fied using Agilent Feature Extraction (version 9.3.2.1; Agilent 
Technologies, Inc.) and GeneSpring (version 7.3.1; Agilent 
Technologies, Inc.).

To determine differentially hypermethylated candidate 
genes in primary tumor compared with paired adjacent 
non‑tumor tissue samples, statistical analysis was performed 
using a parametric ANOVA test with Benjamini and Hochberg 
multiple testing correction (P<0.05), followed by fold‑change 
analysis. Mean fold change was calculated by dividing mean 
methylation levels in tumor tissue by mean methylation levels 
in non‑tumor tissue. Multiple‑probe enriched genes were 
selected as methylation candidate genes if their probes yielded 
a positive call for methylation in the lung primary tumor 
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compared with non‑tumor tissue with at least two adjacent 
probes, allowing for a one‑gap probe within CpG islands.

DNA isolation and bisulfite treatment. Genomic DNA was 
isolated from cell lines and tissues using the QIAmp DNA 
Mini kit (cat. no. 51304; Qiagen GmbH) according to the 
manufacturer's instructions. Genomic DNA was isolated from 
BW samples using a solid phase magnetic bead‑based GT 
NUCLEIC ACID PREP kit (cat. no. GT‑PREP‑1; Genomictree, 
Inc.) according to the manufacturer's instructions. Genomic 
DNA was chemically modified with sodium bisulfite using 
an EZ DNA Methylation Gold kit (cat. no. D5006; Zymo 
Research Corp.) according to the manufacturer's instructions. 
Bisulfite‑converted DNA was purified and eluted with an 
elution buffer using a Zymo‑Spin IC column (Zymo Research 
Corp.).

Methylation analysis by bisulfite‑pyrosequencing. Candidate 
methylation targets were analyzed for methylation levels using 
bisulfite‑pyrosequencing, as previously described, with slight 
modifications (24). Bisulfite‑treated genomic DNA underwent 
PCR amplification targeting the region of interest, employing 

a specific primer set. Either the forward or reverse primer 
was biotinylated, facilitating generation of a single‑stranded 
DNA template for subsequent pyrosequencing on a PyroMark 
Q48 Autoprep (Qiagen GmbH). Pyrosequencing primers were 
designed to detect methylated cytosine by analyzing CpG dinu‑
cleotide sites within the target sequences of bisulfite‑treated 
DNA. To facilitate primer design, nucleotide sequences of 
the candidate genes were retrieved from the NCBI Reference 
Sequence database (ncbi.nlm.nih.gov/refseq/) and converted 
into bisulfite‑treated sequences. Both PCR primers and 
sequencing primers were designed to complementarily bind 
to the bisulfite‑converted sequences within the regions of the 
interest, while avoiding CpGs within the primer sequences, 
using PyroMark Assay Design Software V 2.0 (Qiagen 
GmbH). Primer sequences are listed in Table SI. Briefly, 20 ng 
bisulfite‑modified DNA was amplified in a 20 µl reaction with 
a gene‑specific primer set and TOPsimple PCR DryMix‑HOT 
(cat. no. P581H; Enzynomics, Inc.). PCR amplification was 
conducted under the following thermocycling conditions: 95˚C 
for 10 min, followed by 40 cycles of 95˚C for 45 sec, optimal 
annealing temperature for 45 sec, and 70˚C for 45 sec for each 
target. Pyrosequencing was performed using a PyroMark 
Gold Q48 reagent cartridge and a PyroMark Q48 instrument 
(Qiagen GmbH) according to the manufacturer's instructions.

The methylation index (MtI) of every gene in every sample 
was calculated as the mean value of methylated cytosine/(meth‑
ylated cytosine + unmethylated cytosine) for all examined 
CpGs in target regions. All pyrosequencing reactions included 
a negative control without DNA template. Methylation‑positive 
was considered if the MtI of the primary tumor was greater 
than that of the corresponding non‑tumor tissue.

Assessment of methylation status in BW samples using linear 
target enrichment (LTE)‑quantitative methylation‑specific 
PCR (qMSP) assay. A 3‑plex LTE‑qMSP assay was devel‑
oped, integrating two methylation targets from candidate 
genes, and the control gene collagen type II α1 (COL2A1) 
within a closed single‑tube system to assess the methylation 
status of candidate targets in BW‑derived DNA samples. This 
method involves two sequential rounds of PCR. LTE first 
employs one‑direction PCR targeting to linearly enrich DNA 
of methylation candidates, followed by qMSP for exponential 
amplification of both the methylated target and the control 
gene.

In the first round of PCR, high annealing temperature 
(70˚C) was applied to facilitate unidirectional DNA synthesis 
while preventing other primers with regular melting tempera‑
tures from initiating DNA synthesis. Two specific primers with 
a universal tag sequence (UTS) at the 5' end were designed to 
anneal to two distinct methylation target genes. The template 
DNA synthesis occurred in one direction only, replicating with 
each cycle of PCR.

In the subsequent PCR, the reaction was conducted at a 
reduced temperature (60˚C). A total of three sets of primers 
and probes were utilized targeting amplification of the two 
methylation targets and the control gene. The forward primers 
for the methylation targets were designed to bind specifically 
to the respective methylation target sites and UTS was used as 
reverse primer. The control target utilized a primer set specific 
to a DNA region of COL2A1 gene lacking CpG dinucleotides, 

Table I. Clinicopathological features of tissue and bronchial 
washing samples.

Characteristic Tissue Bronchial washing

Sex (%)  
Non‑LC (benign) ‑ 33 (100.0)
  Male ‑ 16 (48.5)
  Female ‑ 17 (51.5)
LC 13 68 (100.0)
  Male 12 (77.8) 53 (77.9)
  Female 1 (22.2) 15 (22.1)
Mean age (range), years  
  Non‑LC (benign) ‑ 67.0 (47‑87)
  LC 52.4 (58‑81) 71.7 (49‑93)
Pathological stage (%)  
  Ⅰ 5 (38.5) 13 (19.1)
  Ⅱ 5 (38.5) 6 (8.8)
  Ⅲ 3 (23.1) 14 (20.6)
  Ⅳ ‑ 35 (51.5)
Histology (%)  
  NSCLC  49 (72.1)
  ADC 6 (46.2) 27 (39.7)
  SCC 7 (53.8) 20 (29.4)
  Othera ‑ 2 (2.9)
  SCLC ‑ 19 (27.9)
Tumor location (%)  
  Central ‑ 34 (50.0)
  Peripheral ‑ 34 (50.0)

aPhleomorphic carcinoma and neuroendocrine carcinoma. ADC, 
adenocarcinoma; SCC, squamous cell carcinoma; NSCLC, non‑small 
cell lung cancer.
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with annealing at 60˚C. Probes were designed to bind internal 
sites of each PCR product, thereby generating signals indicated 
of PCR product formation.

To design primers and probes for LTE‑qMSP, nucleotide 
sequences corresponding to the genes of interest were obtained 
from the NCBI Reference Sequence database (ncbi.nlm.nih.
gov/refseq/). The primer and probe sequences were designed 
to bind complementarily to the bisulfite‑converted sequences 
of the methylation target regions using MethPrimer program 
(version 2.0; urogene.org/cgi‑bin/methprimer/methprimer.cgi). 
The primer and probe sequences are provided in Table SII.

For every reaction, 20 ng BW‑derived DNA underwent 
bisulfite conversion. The bisulfite‑converted DNA was puri‑
fied and eluted with 12 µl elution buffer, serving as input for 
the LTE‑qMSP assay. The reaction mixture (25 µl) comprised 
10 µl input DNA and 15 µl reagent containing two methyla‑
tion target methylation‑specific reverse primer with a 5' UTS, 
two methylation‑specific forward primers, UTS as reverse 
primer, two probes for specific methylation sites of targets, 
COL2A1‑specific forward and reverse primers, COL2A1 
probe and 5 µl of the master mix, TOPreal™ Fast qPCR 
5X PreMIX TaqMan‑Probe (Enzynomics, Inc.). LTE‑qMSP 
reaction was performed on an AB7500 FAST Real‑Time PCR 
system (Thermo Fisher Scientific, Inc.) under the following 
thermocycling conditions: 95˚C for 5 min, 5 cycles of 95˚C for 
15 sec and 70˚C for 45 sec, followed by 35 cycles of 95˚C for 
15 sec and 60˚C for 45 sec.

The relative methylation in each sample was calculated as 
35‑ΔCT [CT of the amplified target gene‑CT of COL2A1 (human 
reference gene)] (25). A higher value indicates a greater level 
of methylation. If the CT of the target gene was undetectable, 
the value was set to 25, the closest value to the lowest 35‑ΔCT 
among all test results. The assay was conducted by trained 
personnel blinded to the bronchoscopy or the histopathology 
results.

Statistical analysis. All statistical analyses were performed 
using MedCalc (version 9.3.2.0, medcalc.org/). Receiver oper‑
ating characteristic (ROC) curves were constructed to evaluate 
the test performance, with calculation of the area under ROC 
(AUC) and 95% confidence intervals (CIs). Methylation 
tests were performed once for each sample, and the data are 
presented as the mean and standard deviations of all test 
results for the samples. P<0.05 was considered to indicate a 
statistically significant difference.

To calculate sensitivity and specificity in BW samples, test 
results were categorized as follows: Methylation‑positive as ‘1’ 
and methylation‑negative as ‘0’. A binary logistic regression 
analysis was used to determine the best performing marker 
combination for detecting LC in BW samples. To describe 
demographic and other clinical characteristics, frequency and 
percent were used. The negative predictive value (NPV) and 
positive predictive value (PPV) were also calculated.

The paired t test was conducted to compare differences 
in methylation levels of each gene between tumor and paired 
adjacent non‑tumor tissue. The Kruskal Wallis test was used 
to analyze differences in methylation levels between patients 
with LC and individuals with benign diseases in BW samples. 
Spearman's correlation analysis was performed to investigate 
the correlation between methylation levels of genes in BW 

specimens. The difference in the sensitivity and specificity 
between the methylation testing and cytology examination 
for LC diagnosis was analyzed using McNemar test. Fisher's 
exact test was utilized to examine the relationship between 
clinicopathological parameters and methylation status in BW 
samples.

Results

Identif ication of candidate genes hypermethylated in 
primary lung tumor tissue. To investigate a subset of 
hypermethylated candidate genes for detecting LC, CpG 
methylation patterns were compared between primary lung 
tumors and corresponding adjacent non‑tumor tissues using 
CpG methylation microarray analyses (Fig. S1). The initial 
hypothesis was that candidate genes should be unmethyl‑
ated in non‑tumor tissues and frequently hypermethylated in 
tumor tissues. A total of 18,585 unmethylated CpG probes 
across all 13 non‑tumor tissues were selected. Subsequent 
statistical analysis (ANOVA) identified 2,844 CpG probes 
differentially hypermethylated in primary tumor tissue. 
Methylation candidate numbers were then narrowed to 516 
CpG probes representing 65 annotated genes that showed 
consistent hypermethylation in at least two adjacent CpG 
probes (Table SIII). Among the 65 candidate genes, the 
analysis focused on 10 hypermethylated genes, apoptosis 
antagonizing transcription factor, ATP‑binding cassette 
subfamily C member 9, ADAM metallopeptidase with 
thrombospondin type 1 motif 20 (ADAMTS20), forkhead 
box C2 (mesenchyme forkhead 1) (FOXC2), hey‑like tran‑
scriptional repressor, NK2 transcription factor‑related locus 
5 (Drosophila) (NKX2‑5), oligodendrocyte transcription 
factor 3 (OLIG3), one cut domain family member 1, proto‑
cadherin γ subfamily A 12 (PCDHGA12) and paired‑related 
homeobox 1 (PRRX1), exhibiting a positive call for methyla‑
tion in their 5' regulatory regions (promoter or 5' untranslated 
region) and had not been previously reported as aberrantly 
hypermethylated in primary lung tumor tissue.

Verification of methylation candidate genes in LC cell lines 
and tissues using bisulfite‑pyrosequencing. To verify the meth‑
ylation status of 10 candidate genes, a pyrosequencing‑based 
methylation assessment was performed in four representative 
LC cell lines, A549, NCI‑H358, SK‑MES‑1 and NCI‑H146, 
and their status was compared with that of NHBE cells. 
Results revealed that all 10 genes were hypermethylated in 
LC cell lines but methylated at a low level in NHBE cells 
(Fig. 1). In verification analysis using a pyrosequencing 
assay to confirm whether these candidate genes were aber‑
rantly hypermethylated in primary lung tumors examined in 
CpG microarray analysis, all candidate genes except HELT 
exhibited a significantly high level of methylation in primary 
tumor tissues compared with their corresponding non‑tumor 
tissues (Fig. 2). The mean MtIs of all candidate genes were 
high in lung tumors (range, 25.1‑60.4%), but relatively low 
in non‑tumor tissues (range, 5.6‑40.7%; Table II). Among 
these genes, six (ADAMTS20, FOXC2, NKX2‑5, OLIG3, 
PCDHGA12 and PRRX1) were chosen for further validation 
because of their consistently high (100%) methylation posi‑
tivity across all tumor tissues.
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Clinical validation of six methylated genes for detecting LC 
using BW specimens. A highly sensitive and accurate 3‑plex 
LTE‑qMSP in a single closed tube was developed to measure 
the methylation of target genes in BW samples. Methylation 
levels were determined using DNA from 68 patients with LC 
and 33 individuals with benign diseases. Results of the 3‑plex 

LTE‑qMSP showed that the methylation levels of all six genes 
were significantly higher in patients with LC than in indi‑
viduals with benign diseases (Fig. 3). To determine sensitivity 
and specificity of individual genes for LC detection, ROC 
analysis was performed (Fig. 4). Given the optimal cut‑off 
values, the sensitivity range of each gene was 52.9‑80.9% and 

Figure 1. Bisulfite‑pyrosequencing results of 10 candidate genes in cell lines. The methylation levels were calculated for all examined CpG dinucleotides in 
target regions. MtI values for each gene were plotted in four LC cell lines A549, NCI‑H358, SK‑MES‑1 and NCI‑H146 and in NHBE cells. MtI, methyla‑
tion index; NHBE, normal human bronchial epithelial cell; AATF, apoptosis antagonizing transcription factor; ABCC9, ATP‑binding cassette subfamily C 
member 9; ADAMTS20, ADAM metallopeptidase with thrombospondin type 1 motif 20; FOXC2, forkhead box C2 (mesenchyme forkhead 1); HELT, hey‑like 
transcriptional repressor; NKX2‑5, NK2 transcription factor‑related, locus 5 (Drosophila); OLIG3, oligodendrocyte transcription factor 3; ONECUT1, one cut 
domain family member 1; PCDHGA12, protocadherin γ subfamily A, 12; PRRX1, paired‑related homeobox 1.

Table II. Methylation status of 10 candidate genes in 13 paired lung tissues used in CpG methylation microarray analysis.

 Mean MtI, %
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
 Paired adjacent non‑ Primary tumor Methylation positivity, % (positive 
Gene tumor tissue tissue samples/total samples) P‑value

AATF 14.4±2.8 45.9±15.3 92.3 (12/13) <0.001
ABCC9 5.6±1.2 39.0±25.3 92.3 (12/13) <0.001
ADAMTS20 8.0±1.9 31.5±13.9 100 (13/13) <0.001
FOXC2 11.5±1.2 33.4±12.5 100 (13/13) <0.001
HELT 11.6±1.0 25.1±18.2 76.9 (10/13) 0.081
NKX2‑5 40.7±4.9 64.6±11.0 100 (13/13) <0.001
OLIG3 8.7±2.2 39.1±15.5 100 (13/13) <0.001
ONECUT1 29.8±4.8 49.8±11.7 76.9 (10/13) <0.001
PCDHGA12 34.0±4.2 60.4±8.2 100 (13/13) <0.001
PRRX1 10.6±0.7 43.8±12.6 100 (13/13) <0.001

Methylation positivity was defined as MtI of primary tumor was greater than that of the corresponding non‑tumor tissue. P‑value was calculated 
by paired t‑test. MtI, methylation index; AATF, apoptosis antagonizing transcription factor; ABCC9, ATP‑binding cassette subfamily C member 
9; ADAMTS20, ADAM metallopeptidase with thrombospondin type 1 motif 20; FOXC2, forkhead box C2 (mesenchyme forkhead 1); HELT, 
hey‑like transcriptional repressor; NKX2‑5, NK2 transcription factor‑related locus 5 (Drosophila); OLIG3, oligodendrocyte transcription 
factor 3; ONECUT1, one cut domain, family member 1; PCDHGA12, protocadherin γ subfamily A 12; PRRX1, paired‑related homeobox 1.
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the specificity range was 81.8‑97.0% for LC; AUC range was 
0.696‑0.859. The PPV range was 86.7‑97.9% and NPV range 

was 48.2‑69.8%. Cytology results of BW specimens showed 
a sensitivity of 50.0%, with a specificity of 100% (Table III).

Figure 2. Assessment of methylation levels of 10 candidate genes in paired lung tissue by bisulfite‑pyrosequencing. MtI for each gene was determined in 
primary lung tumor and paired adjacent NT tissue used for the CpG methylation microarray analysis. Samples from the same patients are linked with a 
straight line. **P<0.01 vs. NT. NT, non‑tumor, T, tumor. MtI, methylation index; NHBE, normal human bronchial epithelial cell; AATF, apoptosis antagonizing 
transcription factor; ABCC9, ATP‑binding cassette subfamily C member 9; ADAMTS20, ADAM metallopeptidase with thrombospondin type 1 motif 20; 
FOXC2, forkhead box C2 (MFH‑1, mesenchyme forkhead 1); HELT, Hey‑like transcriptional repressor; NKX2‑5, NK2 transcription factor‑related, locus 5 
(Drosophila); OLIG3, oligodendrocyte transcription factor 3; ONECUT1, one cut domain family member 1; PCDHGA12, protocadherin γ subfamily A, 12; 
PRRX1, paired‑related homeobox 1.
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In single marker analysis, PCDHGA12 showed the highest 
sensitivity of 80.9% (55/68 patients with LC) and PRRX1 
achieved the highest specificity of 97.0% (32/33 individuals 
with benign diseases). PCDHGA12 and PRRX1 had rela‑
tively high diagnostic accuracies with AUCs of 0.859 and 
0.830, respectively (Table III). A binary logistic regression 
analysis was conducted using all six markers to identify the 
best‑performing biomarker combination in 36 splits (6 genes 
by 6 genes) of the dataset. PCDHGA12 and PRRX1 biomarkers 
were significantly associated with LC. These genes were 

highly co‑methylated according to the correlation analysis 
(Spearman's correlation coefficient, 0.74). The overall sensi‑
tivity of the two‑marker combination was 82.4% (56/68 patients 
with LC; 95% CI, 71.2‑90.2%) with a specificity of 87.9% 
(29/33 individuals with benign diseases; 95% CI, 71.8‑96.6%) 
and AUC of 0.891 (95% CI, 0.813‑0.944; Table III). PPV was 
93.3% (95% CI, 84.7‑97.2%) and NPV was 70.7% (95% CI, 
58.7‑80.4%). The sensitivities for stage I, II, III and IV LC were 
61.5% (8/13), 83.3% (5/6), 92.9% (13/14) and 85.7% (30/35), 
respectively (Table IV). For detecting LC, sensitivity of this 

Table III. Clinical performance of 6 genes and cytology in detecting lung cancer using bronchial washing samples.

 Cut‑off  Sensitivity, % Specificity, % PPV, % NPV, %
Test (35‑ΔCT) AUC (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

ADAMTS20 31.5 0.749 (0.653‑0.830) 55.9 (43.3‑67.9) 94.0 (79.8‑99.3) 95.0 (83.0‑98.7) 50.8 (43.8‑57.8)
FOXC2 31.0 0.734 (0.637‑0.817) 52.9 (40.4‑65.2) 93.9 (79.8‑99.3) 94.7 (82.2‑98.6) 49.2 (42.6‑55.8)
NKX2‑5 31.0 0.696 (0.596‑0.783) 57.4 (44.8‑69.3) 81.8 (64.5‑93.0) 86.7 (75.4‑93.2) 48.2 (40.4‑56.2)
OLIG3 28.5 0.793 (0.701‑0.867) 67.6 (55.2‑78.5) 90.9 (75.7‑98.1) 93.9 (93.7‑97.9) 57.7 (48.7‑66.2)
PCDHGA12 30.5 0.859 (0.776‑0.920) 80.9 (69.5‑89.4) 90.9 (75.7‑98.1) 94.8 (86.1‑98.2) 69.8 (58.3‑79.2)
PRRX1 25.0 0.830 (0.743‑0.898) 69.1 (56.7‑79.8) 97.0 (84.2‑99.9) 97.9 (87.1‑99.7) 60.4 (51.5‑68.6)
Cytology ‑ 0.750 (0.654‑0.831) 50.0 (37.6‑62.4) 100.0 (89.4‑100.0) 100.0  49.3 (43.4‑55.2)
PCDHGA12 ‑ 0.891 (0.813‑0.944) 82.4 (71.2‑90.2) 87.9 (71.8‑96.6) 93.3 (84.7‑97.2) 70.7 (58.7‑80.4)
or PRRX1
PCDHGA12 ‑ 0.866 (0.784‑0.926) 85.3 (74.6‑92.7) 87.9 (71.8‑96.6) 93.6 (85.2‑97.3) 74.4 (61.7‑83.9)
or PRRX1 or
cytology

ADAMTS20, ADAM metallopeptidase with thrombospondin type 1 motif 20; FOXC2, forkhead box C2 (mesenchyme forkhead 1); NKX2‑5, 
NK2 transcription factor‑related, locus 5 (Drosophila); OLIG3, oligodendrocyte transcription factor 3; PCDHGA12, protocadherin γ subfamily 
A, 12; PRRX1, paired‑related homeobox 1; AUC, area under ROC; PPV, positive predictive value; NPV, negative predictive value.

Figure 3. Clinical validation of six genes in bronchial washing samples using linear target enrichment‑quantitative methylation‑specific PCR. The distribu‑
tion of methylation for every gene is depicted as scatter plots of 35‑ΔCT value. The differences in methylation levels between patients with lung cancer 
and individuals with benign diseases are statistically compared. **P<0.01. Non‑LC, individuals with benign diseases, NSCLC, non‑small cell lung cancer; 
ADAMTS20, ADAM metallopeptidase with thrombospondin type 1 motif 20; FOXC2, forkhead box C2 (mesenchyme forkhead 1); NKX2‑5, NK2 transcription 
factor‑related, locus 5 (Drosophila); OLIG3, oligodendrocyte transcription factor 3; PCDHGA12, protocadherin γ subfamily A, 12; PRRX1, paired‑related 
homeobox 1.
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two‑marker combination outperformed cytology (McNemar 
test). When combined with cytology results, its sensitivity was 
slightly increased to 85.3% (58/68 patients with LC; 95% CI, 
74.6‑92.7%), maintaining specificity, showing an AUC of 0.866 
(95% CI, 0.784‑0.926). PPV was 93.6% (95% CI, 85.2‑97.3%) 
and the NPV was 74.4% (95% CI, 61.7‑83.9%; Table III).

Subgroup analysis revealed that the methylation status of 
the two‑marker combination was not associated with sex, age 
or stage (Fisher's exact test). However, it was associated with 
tumor location and histology (Fisher's exact test) (Table IV). 
Notably, the sensitivity for SCLC was 100% (19/19 patients with 
SCLC; Table IV). Specificity was not significantly affected by 
sex or age (Fisher's exact test).

Discussion

To the best of our knowledge, the present study is the 
first to demonstrate that the novel combination of meth‑
ylation biomarkers PCDHGA12 and PRRX1 effectively detects 
early‑stage LC. This test may identify patients with nodules 
who may not require invasive procedures. A large‑scale 
prospective clinical study is warranted to validate its perfor‑
mance for clinical use.

For diagnosing LC, cytology examinations using BW 
specimens remain a preferred method due to their minimally 
invasive nature and safety profile during bronchoscopy, but 
often yield inconclusive results, even when performed by 
experienced professionals (11,14,15). Despite widespread use, 
the sensitivity of cytology remains relatively low, with a range 
of 23.5‑32.1% (15). Specific biomarkers for LC are promising 
diagnostic adjuncts to confirm equivocal cytology findings. 
Development of molecular biomarker tests using BW speci‑
mens presents a promising strategy for enhancing diagnostic 
accuracy of bronchoscopy (16,17).

Aberrant DNA methylation is considered one of the most 
influential epigenetic biomarkers in various types of cancer, 
including LC (9,10,14). In the present study, a genome‑wide 
search using CpG methylation microarray analysis was 
conducted to identify genes hypermethylated in LC. A total of 
10 candidate genes consistently hypermethylated in primary 
lung tumors compared with paired adjacent non‑tumor tissues 
were selected. A stepwise validation process using bisul‑
fite‑pyrosequencing assay identified six potential methylation 
biomarker candidates for diagnosing LC. Subsequent verifica‑
tion of those biomarkers using LTE‑qMSP assay demonstrated 
that two methylation biomarkers, PCDHGA12 and PRRX1, 

Table IV. Association between clinicopathological parameters, methylation of two‑marker model, and cytology in bronchial 
washing specimens from 68 patients with LC.

 Methylation‑positive (%)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter Samples Two‑marker Cytology Combined

Sex    
  Male 53 46 (86.8) 28 (52.8) 48 (90.6)
  Female 15 10 (66.7) 6 (40.0) 10 (66.7)
P‑value  0.119 0.560 0.035
Age, years    
  <65 11 9 (81.8) 6 (54.5) 10 (90.9)
  ≥65 57 47 (82.5) 28 (49.1) 48 (84.8)
P‑value  >0.999 >0.999 >0.999
Tumor location    
  Central 34 33 (97.1) 21 (61.8) 33 (97.1)
  Peripheral 34 23 (67.6) 13 (38.2) 25 (73.5)
P‑value  0.003 0.089 0.013
Histology    
  NSCLC 49 37 (75.5) 24 (49.0) 39 (79.6)
  SCLC 19 19 (100.0) 10 (52.6) 19 (100.0)
P‑value  0.015 0.795 0.052
Stage    
  I 13 8 (61.5) 1 (7.7) 8 (61.5)
  II 6 5 (83.3) 4 (66.7) 5 (83.3)
  III 14 13 (92.9) 8 (57.1) 13 (92.9)
  IV 35 30 (85.7) 21 (60.0) 32 (91.4)
P‑valuea  0.080 0.029 0.027

aMethylation positivity is compared between stages I‑II and stages III‑IV. P‑value was calculated by Fisher's exact test. NSCLC, non‑small cell 
lung cancer.
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had a high potential for detecting LC in BW specimens as a 
diagnostic adjunct to cytology.

Several studies have reported multiple methylation biomarkers 
for diagnosing LC using BW specimens (10,16,26‑28). 
Combining cyclin‑dependent kinase inhibitor 2A and reti‑
noic acid receptor β2 methylation yields sensitivity of 69% 
and specificity of 87% (26). SHOX2 had a sensitivity range 
of 68.0‑75% and a specificity range of 94.0‑95.0% (10,27). 
Roncarati et al (28) reported that a four‑gene methylation panel 
[RASSF1A, cadherin 1, type 1, E‑cadherin (epithelial), DLC1 
ρGTPase activating protein and peripherin] has high sensitivity 
of 97.0% and a moderate specificity of 74.0%. Recently, a 
prospective study was conducted using methylated homeobox 
A9 in bronchial lavage among patients with suspected LC; 
results of the study showed a sensitivity range of 73.1‑80.0% 
and a specificity range of 85.3‑75.6%, with a PPV range of 
90.7‑78.4% and an NPV range of 61.7‑77.3% (16), which are 
comparable with those in the present study. Another study 
showed that the 23‑gene expression classifier has the potential 
to detect LC in bronchial epithelial cells collected during 
bronchoscopy in two multicenter prospective studies with a 
high sensitivity range of 88.0‑89.0% and a low specificity of 
47.0% (29,30).

In the case of BW samples from patients with LC at an early 
stage, a few malignant cells may be present among the larger 
number of normal cells (10,28). A highly sensitive and accu‑
rate detection method should be used to measure neoplastic 
cell‑specific biomarkers in BW specimens. In the present study, 
LTE‑qMSP test was optimized for the 3‑plex system in a closed 
single‑tube to measure candidate methylation biomarkers. The 
clinical performance of six methylation biomarker candi‑
dates was evaluated using DNA from BW samples. Logistic 
regression analysis was used to build a two‑biomarker combi‑
nation model, comprising PCDHGA12 and PRRX1, as the best 
performing biomarker for diagnosing LC. This two‑biomarker 
combination model test achieved a high sensitivity of 82.4% 
and a specificity of 87.9%, with a PPV of 93.3% and an NPV 
of 70.7%.

The present study has several limitations including a 
small sample size that leads to insufficient statistical power, 
lack of information on smoking history, an imbalance 
of the male‑to‑female ratio of patients with LC (3.5:1.0), 
and the retrospective case‑control study design. Additionally, 
the two‑biomarker combination model test outperformed 
cytology in sensitivity. However, combining the test with 
cytology did not significantly improve diagnostic sensitivity. 
These data indicated that the two‑biomarker combination 
model has a high potential to aid in diagnosing LC as an adjunct 
value to cytology using BW samples.

The two‑biomarker model exhibited lower sensitivity for 
early‑stage LC (I, II) than for late‑stage LC (III, IV), which 
may be attributed to a smaller number of the neoplastic cells 
in BW samples (10). Notably, the results of the present study 
indicate markedly higher sensitivity of the two‑biomarker 
model for patients with SCLC compared with that for patients 
with NSCLC, comparable with research by Jeong et al (31), 
which observed higher sensitivity of PCDHGA12 for SCLC 
compared with that for NSCLC. The reasons for this differ‑
ence warrant further investigation. In addition, the sensitivity 
for patients with squamous cell carcinoma reached 90.0% but 
decreased to 66.7% for patients with adenocarcinoma (ADC) in 
the present study. This decline may be attributed to decreased 
shedding of ADC cells into the airway (32).

The sensitivity of the two‑biomarker model for peripheral 
LC was significantly lower than that for LC in the central 
region. At present, to overcome the limitations of standard flex‑
ible bronchoscopy in its ability to detect small lung nodules or 
peripheral lesions, radial‑endobronchial ultrasound (R‑EBUS) 
and electromagnetic navigation bronchoscopy (ENB) have 
been introduced. The American College of Chest Physicians 
guidelines for diagnosing and managing LC recommend 
ENB or R‑EBUS to evaluate peripheral lung lesions that 
cannot be accessed with conventional flexible bronchos‑
copy (33). Therefore, it is worthwhile to investigate whether 
a two‑biomarker test in BW specimens in conjunction with 
R‑EBUS or ENB can improve diagnostic efficacy for patients 
with peripheral LC.

The present results underscore the potential use of two aber‑
rantly methylated genes, PCDHGA12 and PRRX1, as effective 
biomarkers for non‑invasive diagnostic tests aimed at enhancing 
LC detection when used adjunctively with cytology in BW 
specimens. In clinical practice, inconclusive bronchoscopy 
results often require invasive procedures, potentially resulting 

Figure 4. ROC analysis of six genes using BW samples. ROC curves for six 
genes were analyzed for differentiating LC from non‑LC using BW samples. 
ROC, receiver operating characteristic; BW, bronchial washing; LC, lung 
cancer; AUC, area under ROC; ADAMTS20, ADAM metallopeptidase with 
thrombospondin type 1 motif 20; FOXC2, forkhead box C2 (mesenchyme 
forkhead 1); NKX2‑5, NK2 transcription factor‑related, locus 5 (Drosophila); 
OLIG3, oligodendrocyte transcription factor 3; PCDHGA12, protocadherin 
γ subfamily A, 12; PRRX1, paired‑related homeobox 1.
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in benign diagnoses in a considerable number of cases, thus 
leading to cost inefficiency. The proposed application of the 
methylation biomarker test at an optimal cut‑off value, coupled 
with cytology using BW samples, demonstrates promising 
sensitivity. This test facilitates identification of patients with a 
higher likelihood of harboring malignancies, thereby guiding 
selection of candidates for invasive bronchoscopy procedures. 
Moreover, the potential clinical benefits of a two‑biomarker 
test are evident in cases classified as inconclusive, where a 
definitive cytological or histological diagnosis of malignancy 
is lacking. If the test using two methylation biomarkers is cali‑
brated to optimal cut‑off values, resulting in high NPV, it could 
provide evidence that patients with negative results may avoid 
unnecessary invasive procedures, thus conferring benefits to 
patients in a cost‑effective manner. However, integrating the 
two‑methylation biomarker model into routine clinical practice 
requires rigorous validation through large‑scale prospective 
clinical trials.
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