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Genome-wide methylation profiling identified methylated KCNA3 and
OTOPZ2 as promising diagnostic markers for esophageal squamous cell
carcinoma
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Abstract \

Background: Early detection of esophageal squamous cell carcinoma (ESCC) can considerably improve the prognosis of
patients. Aberrant cell-free DNA (cfDNA) methylation signatures are a promising tool for detecting ESCC. However, available
markers based on cell-free DNA methylation are still inadequate. This study aimed to identify ESCC-specific cfDNA
methylation markers and evaluate the diagnostic performance in the early detection of ESCC.

Methods: We performed whole-genome bisulfite sequencing (WGBS) for 24 ESCC tissues and their normal adjacent tissues.
Based on the WGBS data, we identified 21,469,837 eligible CpG sites (CpGs). By integrating several methylation datasets, we
identified several promising ESCC-specific cell-free DNA methylation markers. Finally, we developed a dual-marker panel based
on methylated KCNA3 and OTOP2, and then, we evaluated its performance in our training and validation cohorts.

Results: The ESCC diagnostic model constructed based on KCNA3 and OTOP2 had an AUC of 0.91 [95% CI: 0.85-0.95], and
an optimal sensitivity and specificity of 84.91% and 94.32%, respectively, in the training cohort. In the independent validation
cohort, the AUC was 0.88 [95% CI: 0.83-0.92], along with an optimal sensitivity of 81.5% and specificity of 92.9%. The
model sensitivity for stage I-Il ESCC was 78.4%, which was slightly lower than the sensitivity of the model (85.7%) for stage
HI-IV ESCC.

Conclusion: The dual-target panel based on c¢fDNA showed excellent performance for detecting ESCC and might be an
alternative strategy for screening ESCC.
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researchers found that performing Lugol’s Chromoen-
doscopy for high-risk populations in China significantly
improved the early detection rate and decreased the inci-
dence and mortality of ESCC.I'!2l However, consid-
ering that ESCC is prevalent in economically underdevel-
oped and medically under-resourced areas, endoscopic
screening may not be feasible. Additionally, endoscopy is
an expensive procedure for screening ESCC, considering
that only one suitable case can be detected for curative
resection for more than 100 endoscopic screenings, even
in endemic areas.['"'3-15] Therefore, a robust, inexpen-
sive, and highly accurate approach needs to be devel-
oped for screening ESCC.[10:16:17]

Liquid biopsy technology based on cell-free DNA (cfDNA)
is an effective non-invasive tool for detecting tumors.!'5!!
Aberrant DNA methylation is a hallmark of ESCC. It
strongly influences the initiation and development of
this disease.[?°2?! The methylation pattern of cfDNA is
usually the same as their originating cells or tissues, which
suggests that detecting the ESCC-specific DNA methyla-
tion load on cfDNA might be an effective strategy.[>*~2°]
Qiao et al*®l developed a diagnostic panel with 921
differentially methylated regions (DMRs) by analyzing
methylation microarray data from public databases.
This method had a sensitivity of 76.2% for detecting
ESCA. However, too many markers used in this panel
limited its application in clinical practice. The whole-
genome bisulfite sequencing (WGBS) technology can be
used to accurately determine the changes in methylation
pattern at a single-nucleotide resolution across the whole
genome.?”?8) Only a few studies have used WGBS data
to identify ESCC methylation markers, although several
promising markers have been reported.[?$-31]

In this study, we performed WGBS for 24 paired tumors
and normal adjacent tissues (NATs) obtained from
Chinese patients with ESCC to elucidate the methylation
patterns in ESCC at a genome-wide level. By integrating
the methylation profiles from multiple datasets, we
aimed to identify potential methylation markers that
might be used for detecting ESCC. Finally, we developed
and tested a blood-based diagnostic model for ESCC
based on polymerase chain reaction (PCR) platform. We
further evaluated the diagnostic performance of this clas-
sifier in an independent validation cohort.

Methods

Ethical approval

The protocols for this study were approved by the
Ethics Committee of Shanghai Changhai Hospital (No.
CHEC2023-018). All participants provided informed
consent.

Sample collection

In this study, we collected 24 ESCC tissues and their
NATs for WGBS. The clinical characteristics of the 24
patients are shown in Supplementary Table 1, http://links.
Iww.com/CM9/B701. Sanger sequencing was performed
using 42 healthy plasma samples, 50 NATs, and 24 ESCC
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tissues to evaluate the methylation status of candidate
markers. In total, 449 plasma samples consisting of the
training set (z = 229) and validation set (7 = 220) were
collected from 118 individuals with ESCC, 105 healthy
individuals, and 226 individuals with other diseases,
respectively. The inclusion criteria for ESCC patients
were as follows: (1) individuals were above 18 years;
(2) the disease status was confirmed by endoscopy,
imaging examination, or pathological biopsy. All tissue
samples and plasma samples were collected from
Changhai Hospital in Shanghai, China.

The samples from non-ESCC diseases were defined as
the interfering group, and the inclusion criteria were as
follows: (1) patients with benign diseases of the digestive
system who underwent endoscopy (including esopha-
gitis, gastritis, enteritis, appendicitis, gastric polyps,
colorectal polyps, etc.); (2) untreated patients with other
digestive system malignancies (including gastric cancer,
colorectal cancer, liver cancer, pancreatic cancer, bile
duct cancer, etc.); (3) patients with non-digestive system
malignancies (including thyroid cancer, lung squamous
cell carcinoma, cervical cancer, endometrial cancer,
breast cancer, prostate cancer, etc.).

The following individuals or samples were excluded:
(1) individuals with maligancies who showed signs of
distant metastasis; (2) plasma samples that were not
preserved in the required environment; and (3) the
sample amount available was insufficient. The clinical
features of the plasma samples are shown in Supplemen-
tary Table 2, http://links.lww.com/CM9/B701.

Whole-genome bisulfite sequencing and data preprocessing

About 200 ng of genomic DNA mixed with 1%
unmethylated 2 DNA was ultrasonically interrupted by
Covaris LE220, and then, adapters were added to both
ends of the fragmented DNA. The DNA fragments were
treated with bisulfite using the DNA Methylation-Gold kit
(Zymo, Genesee Scientific, San Diego, CA, USA). The
bisulfite (BS)-treated single-stranded DNA was amplified
by the KAPA HiFi Hot Start Uracil + Ready Mix (KAPA)
and universal PCR primer reagents to prepare complete
library.3?) The concentration and length of the DNA
fragment were measured using a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, Waltham, USA) and an
Agilent 2200 Bioanalyzer device (Agilent, Santa Clara,
CA, USA), respectively. Then, PE150 sequencing was
performed using an Illumina NovaSeq6000 S4 chip
(Illumina, San Diego, CA, USA), and the sequencing depth
was set at 30x.

Raw reads in the fastq format were generated using the
BCL Convert (v3.10.5) software (https://support. illumina.
com/sequencing/sequencing_software/bcl-convert. html). The
base quality was first evaluated using FastQC v0.11.9
(https://www.bioinformatics. babraham. ac. uk/projects/fastqc/),
and then, the adapter sequences were removed using the
Cutadapt (v4.1) software (https://cutadapt. readthedocs.
io/en/v4.1/). Low-quality reads and bases, which are
defined with more than 50% “N” base, or the length is
less than 50 bp or with more than 50% low-quality
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bases (<Q20), were removed by the fastp®}l tool
(v0.20.1, https://github.com/OpenGene/fastp/releases). The
clean reads were aligned to the hg38 (p16) reference
genome using the bowtie2 software (v2.4.4) (parameter
default,https://bowtie-bio.sourceforge.net/bowtie2/index.
shtml). The methylation levels of CpGs, defined as the
proportion of methylated reads in the total number of
reads (ranging from O to 1), were calculated by the
bismark_methylation_extractor tool in BisMark (v0.22.3)
(parameters: —paired-end-no_overlap-report—ignore 5-—
ignore_r2 S-comprehensive-bedGraph—counts—cyto-
sine_report, https://www.bioinformatics.babraham.ac.uk/
projects/bismark/). The BS-converted efficiency was esti-
mated using A DNA. The raw reads were submitted to the
NCBI Sequence Read Archive (accession ID:
PRJNA917325).

The quality control results of the WGBS data for 24
paired samples are shown in Supplementary Table 3, http://
links.lww.com/CM9/B701. We found that the mapping
rates of all samples were over 80%, the average effective
sequencing depth was around 20x, and the average base
quality was above Q30; these findings suggested that the
WGBS data was acceptable. In the subsequent analysis,
we retained only those CpGs that had at least five reads
covered. If the methylation values were missing in more
than 50% of the samples, the site was removed. The rest
of the missing values were then filled in using the k-
nearest neighbor algorithm (R package “bnstruct”,
https://github.com/sambofra/bnstruct).

Differential methylation analysis

We performed the non-parametric rank sum test to iden-
tify the differentially methylated CpGs (DMCs) between
ESCC and NAT samples.®* Significant DMCs were
defined as fold change >1.5 and P-value <0.0S. Differen-
tially methylated regions (DMRs) were identified using
the previously reported sliding window method,!*S! with
the following parameters— (1) the length of the DMR:
between 50 bp and 300 bp, (2) DMCs required: at least
two, and (3) distance between two adjacent DMCs: less
than 50 bp. Based on the methylation status of DMCs
on ESCC and NAT samples, we defined the DMR that
was hypermethylated in ESCC as hyper-DMR and the
hypermethylated DMR in NATs as hypo-DMR. The
differentially methylated genes (DMGs) were deter-
mined based on the relative position of the DMRs and
genes on the genome. We defined the genes that over-
lapped with hyper-DMRs as hyper-DMGs and over-
lapped with hypo-DMRs as hypo-DMGs. The DMRs
were further divided into four categories based on their
genomic locations on the genome, downstream (within
200 bp downstream of the gene), innergenic, intergenic,
and upstream (within 2 kb upstream of the gene)
regions. The DMGs that encoded proteins in the
“upstream” and “downstream” groups were selected for
the KEGG pathway enrichment analysis.

Preparation of public datasets

The WGBS dataset GSE149608 was downloaded from
the Gene Expression Omnibus (GEO) database, which
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included 10 pairs of ESCC and NAT samples [Supple-
mentary Table 4, http:/links.lww.com/CM9/B701]. The
methylation data of the other 33 types of cancer in The
Cancer Genome Atlas (TCGA) were also retrieved from
the NCI Genomic Data Commons (https:/portal.gdc.
cancer.gov/). The methylation data of the 33 types of
cancer were first preprocessed, which yielded a total of
8968 samples, of which 710 were NATs and 8258 were
primary cancer tissues. For the probes whose methyla-
tion values were missing data, K-nearest neighbor algo-
rithm “bnstruct”®¢! was used to fill in them.

Cell-free DNA in blood can be released from multiple
tissues or organs, besides the ESCA tissue. Therefore, we
further evaluated the methylation levels of the candidate
markers in 32 cancer samples from TCGA (excluding 95
ESCC samples) to obtain ESCC-specific methylation
markers. For each CpG probe, their average B values
were calculated for each type of cancer.

Most c¢fDNA is released from blood cells. To exclude the
interference of blood cell DNA, we evaluated the meth-
ylation levels of candidate markers in healthy blood
samples using the GSE40279 dataset,3”! consisting of
656 whole blood samples of healthy individuals; the
DNA methylation levels were assessed using the 450k
platform. The average B values of the candidate probes
for the 656 samples were calculated, and then the
probes were sorted from smallest to largest according to
this value. A smaller B value indicated a lower level of
background methylation in blood cells.

DNA extraction and bisulfite conversion

The whole blood samples were centrifuged at 3000 r/min
for 10 min. Only the plasma was collected from patients
with ESCC, whereas the plasma and white blood cells
were collected separately from healthy individuals. The
genomic DNA of tissue samples, plasma, and white
blood cells were extracted using the Nucleic Acid Extrac-
tion and Purification Kit (Wuhan Ammunition Life
Science and Technology Co., Ltd, Wuhan, China) following
the manufacturer’s instructions.

Sodium bisulfite treatment of the purified DNA was
performed using the Bisulfite Conversion Kit (Wuhan
Ammunition Life Science and Technology Co., Ltd.,
Wuhan, China) following the protocols. For tissue and
white blood samples, 1 ug of DNA was converted. For
plasma samples, 50 uL of purified DNA was converted.
After bisulfite treatment, 25 pL of the eluted DNA was
either used immediately for PCR analysis or stored at
—-80°C until further use. The amplified products of BS-
DNA were then sequenced by Sanger sequencing using
specific primers (same as the PCR primers).

Cell lines and plasmids

The TE-181 and KLEP?! cell lines, obtained from Tongji
Medical College, Huazhong University of Science and
Technology, were used in this study. The cells were
cultured in DMEM supplemented with 10% fetal bovine
serum. Because the four candidate genes, including
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ZNF582, KCNA3, RAPGEFL1, and OTOP2, were
hypermethylated and hypomethylated in TE-1 cells and
KLE cells, as determined by Sanger sequencing, the two
cells were selected as positive and negative controls,
respectively. The fully methylated amplicon sequences of
the four targets and the ACTB amplicon region after
bisulfite conversion were artificially synthesized and
cloned into the vector pUCS57. The recombinant vectors
were then inserted into Escherichia coli for the preserva-
tion and amplification. The recombinant plasmids
extracted from E. coli were serially diluted to 10° copies/uL,
10* copies/uL, 10° copies/uL, and 10?> copies/uL as
templates for the standard curve analysis.

Methylation-specific PGR

We designed forward and reverse PCR primers for four
candidate targets according to their genome sequences.
The designed primers and minor groove binder (MGB)
probes*’l are shown in Supplementary Table S, http://
links.lww.com/CM9/B701.The ACTB gene was used as
an internal control to check whether each run was
normal. Using synthetic recombinant plasmids, we esti-
mated the parameters of these primers, including the
amplification efficiency and primer specificity.

We prepared 50 uL of PCR solution with High-Affinity
Hotstart Taq Polymerase (TIANGEN, Beijing, China).
Then, 10 pL of template DNA, non-template control,
and positive and negative controls were mixed together
in every plate. PCR was performed using an ABI 7500
instrument (Thermo Fisher Scientific, Waltham, USA)
under the following cycling conditions: 95°C for 10
min, followed by 50 cycles of 95°C for 15 s and 60°C
for 30's.

Statistical analysis

All statistical analyses and figures were made using the R
software (version 4.0.5, www. r-project.org). The receiver
operating characteristic (ROC) curve was plotted using
the R package “pROC”!*! to assess the performance of
candidate targets. Briefly, the cycle threshold (Ct) values
of each target for all samples were used as the predictor
variable, and the sample type was used as the response
variable. They were then input to the “roc” method
with a boot parameter equaling 100. The area under the
ROC curve (AUC) and 95% confidence interval (CI)
were calculated simultaneously. Each point on the ROC
curve represented a sensitivity/specificity pair corre-
sponding to a specific threshold. P-value less than 0.05
was selected as the significant threshold. We calculated
the Youden index for each sensitivity/specificity pair. We
selected the sensitivity/specificity corresponding to
maximum value of this index as the optimal value for a
given assay and the threshold as the optimal positive cut-
off. The exact cut-off Ct value for each single target and
the exact cut-off probability value for the logistic regres-
sion model are presented in Supplementary Table 6, http:
/Minks.lww.com/CM9/B701.The models for the combina-
tion of multiple targets were developed using logistic
regression, implemented in the R software “glm”
method. The probability of each sample predicted by the

WWW.Cmj.org

2

regression model was used as the input of the “roc
method to estimate the AUC values and the optimal
sensitivity and specificity of the model.

Results

Flowchart of the test development

The ESCC detection test was developed based on four
steps [Figure 1]. First, we performed WGBS for 24 pairs
of ESCC tissues and their NATs to identify DMCs and
DMRs across the whole genome. Then, we validated the
identified DMCs and DMRs in an independent WGBS
dataset and the TCGA-ESCC cohort. In the second step,
we identified potential plasma methylation markers. The
methylation levels of the DMCs shared by the three
datasets were evaluated for 32 types of cancer in TCGA
database to obtain ESCC-specific DMCs. For plasma
markers, the level of methylation of ESCC-specific
DMCs in blood cells was assessed using data from
whole blood cells (WBC) of healthy individuals to
exclude those with high methylation background in
blood cells. In the third step, we performed Sanger
sequencing for the most promising targets obtained in
the second step to confirm their methylation status in
ESCC tissues. In the final step, we established a panel
based on two candidate markers and its performance,
including the indicators of AUC, sensitivity, and speci-
ficity, was evaluated in plasma samples from the training
and validation sets.

Identification of DMRs across the whole genome

We obtained 21,469,837 eligible CpGs, with an average
of 17,762,493 per sample, by pretreating the WGBS
data. Overall, abnormally methylated regions were not
present at the chromosome level, such as large hypo-
methylated or hypermethylated blocks [Figure 2A].
Chr1 and chr2 had the most CpGs, and the number of
CpGs in each chromosome was proportional to the chro-
mosome size [Supplementary Figure 1, http://links.Ilww.
com/CM9/B702]. Additionally, no significant differences
in the number of CpGs were observed between the
tumor and normal samples (P = 0.24). However, further
analysis indicated that the DMCs in the normal samples
exhibited higher methylation levels than those in tumor
samples. The methylation values of DMCs in ESCC
followed a bimodal distribution, one around 0.80 and
the other around 0.65 [Supplementary Figure 2A, http://
links.lww.com/CM9/B702].

The differential methylation analysis yielded 1,554,374
DMCs [Supplementary Table 7, http:/links.lww.com/
CM9/B701], of which 1,455,679 (93.65%) DMCs were
hypomethylated and 98,695 (6.35%) DMCs were hyper-
methylated. Based on the criteria described in this
method, we obtained 14,530 hyper-DMRs and 158,978
hypo-DMRs, and more than half of the DMRs contained
only two DMCs [Supplementary Table 8, http:/links.lww.
com/CM9/B701]. Hyper-DMRs were significantly more
prevalent in the innergenic regions than in the hypo-
DMRs (Supplementary Figure 2B, http://links.lww.com/
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Figure 1: The flowchart of this study. DMC: Differentially methylated CpG; DMG: Differentially methylated genes; DMR: Differentially methylated region; ESCC: Esophageal squamous
cell carcinoma; PCR: Polymerase chain reaction; WBC: Whole blood cell; WGBS: Whole-genome bisulfite sequencing.

CM9/B702). The differences between hyper-DMRs and
hypo-DMRs in the distribution of chromosomes were
not significant (P = 0.24, Supplementary Table 9, http://
links.lww.com/CM9/B701). The average length of hyper-
DMR was greater than that of hypo-DMR [Supplemen-
tary Figure 2C, http:/links.lww.com/CM9/B702], and
the average number of DMCs in hyper-DMR was higher
than that in hypo-DMR [Supplementary Figure 2D, http://
links.lww.com/CM9/B702].

All DMRs overlapped with 5083 genes, including 3590
hypo-DMGs and 1493 hyper-DMGs, of which the
protein-coding and long non-coding (IncRNA) genes
accounted for the largest proportions with 96.32% and
92.28%, respectively [Supplementary Table 10, http://
links.lww.com/CM9/B701]. Since methylation occurred
in gene bodies and the regulatory regions had an incon-
sistent effect on gene expression, we performed pathway
enrichment analysis for the upstream/downstream types
of DMGs and the innergenic DMGs separately. The
results showed that hyper-DMGs of the two types were
enriched in different pathways [Figure 2B], whereas

hypo-DMGs shared some pathways between the types,
such as the calcium signaling and oxygen signaling path-
ways [Figure 2C].

Identification of candidate markers for detecting ESCC

We obtained 1,554,374 DMCs from the in-house dataset
[Figure 3A]. These DMCs were validated using the
GSE149608 dataset. Using the same method, we identi-
fied 1,337,237 DMCs (57,632 hypo-DMCs and 1,279,
605 hypo-DMGCs) in this dataset [Figure 3B]; 775,008
DMCs were shared by both datasets. The results of the
correlation analysis showed that the methylation levels
of these shared DMCs were similar between the datasets
[Supplementary Figure 3A-D, http://links. lww.com/CM9/
B702]. Based on further analysis, we identified 118,675
DMRs in the GSE149608 dataset involving 5663 genes,
including 2697 (53.06%) DMGs identified in the in-
house dataset.

The previously mentioned 2697 DMGs were then vali-
dated based on the TCGA-ESCC cohort. Using the same
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Figure 2: Differential methylation analysis for ESCC and their NATS. (A) A circos plot showing hyper and hypo-events on different chromosomes. The circles from outer to inner indicate
hyper-DMCs and hypo-DMCs, DMRs, and DMGs. Red and blue dots represent the methylation level of DMCs on ESCC and normal controls, respectively. Red and blue areas indicate the
distribution density of DMRs on different chromosomes between ESCC and normal controls, respectively. Red and blue rectangles indicate the location of DMGs on different
chromosomes between ESCC and normal controls, respectively. (B) The top 15 significantly enriched KEGG pathways associated with the upstream/downstream types of hyper-DMGs
and hypo-DMGs. (C) The top 15 significantly enriched KEGG pathways associated with the innergenic hyper-DMGs and hypo-DMGs. DMC: Differentially methylated CpG; DMG:
Differentially methylated genes; DMR: Differentially methylated region; ESCC: Esophageal squamous cell carcinoma; NATs: Normal adjacent tissues.
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Figure 3: Identification of candidate methylation markers for ESCC. (A—C): A heat map of the top 100 most significant hyper-DMCs and hypo-DMCs identified in the in-house dataset
(A), the GSE149608 dataset (B), and the TCGA-ESCC dataset (C). (D): The DMCs, DMRs and DMGs were compared among the three datasets. (E) The methylation levels of candidate
probes in stage |-l and stage lll-IV ESCC. (F) The frequency of the probes in 100 time of the LASSO regressions (only 26 probes with non-zero coefficients are shown). (G) The
methylation levels of 17 candidate probes in healthy WBC, 710 NATSs, and 32 other types of cancer. DMC: Differentially methylated CpG; DMG: Differentially methylated genes; DMR:
Differentially methylated region; ESCC: Esophageal squamous cell carcinoma; NATs: Normal adjacent tissues; TCGA: The Cancer Genome Atlas; WBC: Whole blood cells; WGBS: Whole-

genome bisulfite sequencing.

approach, we identified 52,587 DMCs [Figure 3C] (36,685  involving 1318 DMGs. By integrating the three datasets,
hyper-DMCs and 15,902 hypo-DMCs) between ESCC  we obtained 2374 overlapped DMCs (711 DMGs)
tissues and their NATs, which consisted of 17,529 DMRs  [Figure 3D]. To filter the DMCs that did not show
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different methylation levels at different stages of ESCC,
we compared the methylation values of the 2374 DMCs
between stage I-1I and III-IV ESCC. We selected the top
50% of the probes, corresponding to 1118 probes (573
DMGs), with the smallest delta B values between stages
I-II and III-IV, for the next analysis [Figure 3E]. Next,
we identified the ESCC-specific hyper-DMCs using the
data on the other 32 types of cancer in TCGA database.
Using 710 NATs and the 32 types of cancer tissues (7 =
8163) as controls, we compressed the 1118 probes using
LASSO algorithm. We found that 17 probes (15 genes)
appeared in all 100 times of LASSO regression. These
probes were selected for the subsequent analysis [Figure 3F].

We expected these 17 probes to have the lowest methyla-
tion levels in blood cells, considering that they were
plasma cfDNA methylation markers. Therefore, the
methylation levels of the 17 candidate probes were
evaluated in healthy blood cells. The top five probes
with minimal methylation values in blood cells were
cg06750832 (KCNA3), cg09568464 (ZNF582), cg00129651
(RAPGEFL1), cg20792735 (CTNNA2), and cg09461395
(OTOP2) [Figure 3G], and thus, they were considered
to be the most promising markers.

Validating the methylation status of candidate genes by
Sanger sequencing

We found that four of the five DMCs, including
cg06750832 (KCNA3), cg09568464 (ZNF582), cg00129651
(RAPGEFL1), and ¢g09461395 (OTOP2), met the
requirements of methylation specific PCR (MSP) primer
design. Therefore, we performed Sanger sequencing for
the four targets to verify their methylation status in
healthy blood cells (z = 42), NATs (n = 50), and ESCC
tissues (n = 24). The four genes were prevalently hyper-
methylated in ESCC samples but hypomethylated in
NATs and healthy blood cells [Supplementary Table 11,
http://links.lww.com/CM9/B701]. Compared to the
other three genes, OTOP2 showed lower methylation
levels in healthy individuals and NATs [Supplementary
Figure 4A-D, http:/links.lww.com/CM9/B702], which
matched the results obtained by analyzing the
TCGA-ESCC dataset. Similar findings were also
observed for KCNA3, as demonstrated by the higher
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proportion of methylated CpGs in ESCC tissues
compared to that in the other three genes. Additionally,
more than 90% of the CpGs in the four genes exhibited
hypermethylation in the ESCC samples [Supplementary
Figure 5A-D, http:/links.lww.com/CM9/B702].

Performance of four candidate genes for detecting ESCC in
the training set

The preliminary results suggested that ZNF582, KCNA3,
RAPGEFL1, and OTOP2 might be the most promising
plasma cfDNA methylation markers for ESCC. There-
fore, we performed PCR-based assays using the four
genes. In the standard curve experiments, we found that
the amplification efficiency of the primers designed for
these four targets was 102.44, 103.39, 111.02, and
100.11, respectively. As these values were high [Supple-
mentary Figure 6A-D, http://links.lww.com/CM9/B702],
the performance of the four assays was considered to be
satisfactory.

The training set for this study included plasma samples
from 52 healthy individuals, 124 individuals with non-
esophageal lesions (interfering disease), and 53 patients
with ESCC. The ROC curves suggested that KCNA3
had the highest AUC value (0.84 [95% CI: 0.77-0.90]),
followed by ZNF582 (0.79 [95% CI: 0.73-0.86]),
RAPGEFL1 (0.71 [95% CI: 0.65-0.77]), and OTOP2
(0.68 [95% CI: 0.61-0.74]) [Figure 4A]. The optimal
specificity for KCNA3, RAPGEFL1, and OTOP2 was
100% at the maximum value of the Youden index, but
it was slightly lower for ZNF582 (98.1%). The optimal
sensitivities of the four targets were 67.9%, 60.4%,
41.5%, and 35.8%, respectively. When the interfering
disease was used as a control, the AUC values for all
targets and the optimal specificities decreased [Figure 4B].
When the healthy condition and interfering disease
together were used as the control, the AUC values of the
four markers were lower than those for the healthy
control but higher than those for the interfering disease
used as a control [Figure 4C]. No single target had a
sensitivity value exceeding 70% for detecting ESCC,
although they all showed high specificity. Therefore, we
improved the sensitivity of ESCC detection by combining
the four markers. When the healthy condition and inter-
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Figure 4: The ROC curve analysis was conducted to evaluate the performance of the four targets in the training set. (A) ROC curves for the four targets when the healthy condition was
used as the control. (B) ROC curves for the four targets when the interfering disease was used as the control. (C) ROC curves for the four targets when the healthy condition and
interfering disease were used as the control. (D) ROC curves for the six combinations of the four targets. AUC: Area under the curve; ROC curves: Receiver operating characteristic curves.
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fering disease together were used as the control, we
obtained higher AUC values for all combinations of any
two targets than that for any single target [Figure 4D].
Among the six combinations (any two of the four
targets), the panel of OTOP2 and KCNA3 had the
highest AUC value, with optimal sensitivity and speci-
ficity of 84.91% and 94.32%, respectively. Thus, the
performance of this panel was further assessed using the
validation set.

Performance of KCNA3 and OTOP2 for detecting ESCC in the
validation set

The validation set consisted of 220 plasma samples
collected from 53 healthy individuals, 102 non-esophageal
cancer patients, and 65 patients with ESCC. The results
of the PCR in the validation set are presented in Supple-
mentary Table 12, http:/links.lww.com/CM9/B701. We
first evaluated the Ct values of KCNA3 and OTOP2 at
different stages of ESCC. The Ct values of both targets
were not significantly different between the data on
healthy individuals and interfering diseases, but they were
significantly lower in all stages of ESCC [Figure 5A, B].
The results of the ROC curve analysis showed that the
combination of KCNA3 and OTOP2 had an AUC of
0.89 (95% CI: 0.83-0.94) for the difference between
patients with ESCC and healthy individuals. The optimal
sensitivity was 81.5% and the specificity was 94.3%
[Figure 5C]. When the interfering disease was used as
the control, the AUC for KCNA3/OTOP2 was 0.89
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(95% CI: 0.83-0.93), and the optimal specificity decreased
to 92.2% [Figure 5D]. When the healthy condition and
interfering disease were used together as the control, the
AUC for KCNA3/OTOP2 was 0.88 (0.83-0.92), with
the optimal specificity of 92.9% |[Figure S5E]. The
optimal sensitivity was 78.4% [Figure SF] for stage I-II
ESCC, whereas, it was 85.7% for stage II-IV ESCC
[Figure 5G], which was higher than the sensitivity for
early-stage ESCC, although the difference was not statis-
tically significant (P >0.05). Additionally, the differences
in KCNA3/OTOP2 for the detection of ESCC stratified
by age and gender [Supplementary Table 13, http:/links.
lww.com/CM9/B701] were not significant.

Discussion

The lack of appropriate screening methods or tools is
the main problem in areas with a high prevalence of
ESCC." Endoscopy is the gold standard for the diag-
nosis of ESCC, but its usage has limitations of invasive-
ness, inconvenience, and less cost-effectiveness.[*?! As
endoscopy is invasive and extremely uncomfortable for
the patient, it would reduce the compliance of high-risk
populations. In addition, the effectiveness of endoscopy
highly depends on the experience of the endoscopists
and the infrastructure of endoscopy units, which is not
applicable in mass screening, especially for resource-
limited areas. Hence, blood-based liquid biopsy assays
need to be developed as an alternative approach. In this
study, we identified five novel promising markers by
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Figure 5: The performance of methylated KCNA3 and OTOPZ2 for detecting ESCC in the validation set. (A) The Ct values of KCNA3 in different types of plasma samples. (B) The Ct
values of OTOPZ2 in different types of plasma samples. (C) The ROC curve shows the performance of methylated KCNA3/0TOP2, indicating the difference between ESCC and the
healthy condition. (D) The ROC curve shows the performance of methylated KCNA3/0TOPZ, indicating the difference between ESCC and interfering diseases. (E) The ROC curve shows
the performance of methylated KCNA3/0TOP2, indicating the difference between ESCC and healthy condition/interfering diseases. (F) The ROC curve shows the performance of
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carcinoma.
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integrating multiple datasets, including WGBS-48 data
(in-house data), GSE149608, methylation data in TCGA,
and GSE40279. Based on further analysis, we found that
a panel consisting of methylated KCNA3 and OTOP2
showed excellent performance for the detection of ESCC
in the training and independent plasma validation
cohorts. Our results indicated that the dual-target panel
might be an effective tool for detecting ESCC.

We aimed to develop one panel with the best detection
capacity using the fewest targets. In this study, we incor-
porated three datasets to ensure that the biomarkers
could adequately account for the tumor heterogeneity
linked to ESCC. First, we performed WGBS for 24
ESCC tissues and their NATs, which allowed us to iden-
tify more candidate DMCs. Then, we validated the
candidate DMCs in two independent datasets, GSE149608
and TCGA-ESCC, and obtained 2374 DMCs shared by
the three datasets. To obtain the stage-insensitive CpGs,
we only retained those DMCs that did not show signifi-
cant differences between stage I-II and III-IV ESCCs.
The ESCC-specific hyper-DMCs were identified using
the other 32 types of cancer in TCGA datasets via
LASSO regression. Finally, we evaluated the methylation
levels of ESCC-specific hyper-DMCs in 656 healthy
blood cell samples to eliminate the CpGs that showed
high methylation levels in blood cells. Based on this
method, we obtained the top five DMCs with the lowest
blood cell methylation for the subsequent analysis.

In the biological validation stage, the candidate marker
CTNNA2 was excluded due to the inaccessible primers
and probes. The methylation status of the other four
candidate targets was confirmed by Sanger sequencing.
The ESCC tissues showed the highest methylated CpG
ratios, and healthy individuals showed the lowest meth-
ylated CpG ratios. Although all single markers could be
used to differentiate between ESCC and healthy
controls, their sensitivity did not exceed 70%. Therefore,
we developed a diagnostic panel combining multiple
markers to enhance their performance for detecting
ESCC. Based on the amount of plasma used and the
ease of interpreting the results of MSP in clinical prac-
tice, we focused on analyzing the two-by-two combina-
tion of the four candidate markers to obtain the optimal
combination and their optimal cut-off value in the
training set. We simultaneously evaluated the perfor-
mance of the three-marker panels and the four-marker
panel, and they all had higher AUC and sensitivity than
the two-marker panels but exhibited lower specificities.
Therefore, in a trade-off between sensitivity and speci-
ficity, we selected the two-marker panel consisting of
KCNA3 and OTOP2, which had the highest AUC and
sensitivity, as the best dual-marker combination and
evaluated its diagnostic performance using an indepen-
dent validation set. To minimize bias, the analysts
conducting the sequencing and classification analysis
were unaware of the clinical information.

Although several blood-based markers are widely used
in clinical practice, including squamous cell carcinoma
antigen (SCC-Ag), carcinoembryonic antigen (CEA), and
cytokeratin-19 fragment (CYFRA21-1), they do not
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serve as independent diagnostic markers for ESCC.1*!

The sensitivity of our panel for detecting ESCC was
81.5%, which was higher than the sensitivity of the
three traditional serum biomarkers.**! Our findings
showed that ESCC can be effectively detected with fewer
DNA methylation markers. Early detection of ESCC can
significantly improve the prognosis of patients. There-
fore, strategies to diagnose ESCC in the early stage are
clinically valuable. In this study, the panel of KCNA3
and OTOP2 showed a sensitivity of 78.4% in the valida-
tion cohort for stage I-II ESCC and a high specificity of
92.9%; these values were better than those of the panels
reported in other studies. For example, the panel of 921
DMRs proposed by Qiao et all?®! showed a sensitivity of
66.7% for stage I-II ESCC. Another panel with five
DNA methylation markers could detect stage I-II ESCC
detection with a sensitivity of 53.6%.144

The better diagnostic performance of the dual-target
panel suggested that it can be used for screening large-
scale populations. Individuals diagnosis with a positive
condition need to be further confirmed by endoscopy.
To simulate real-world scenarios, we included several
interfering samples as benign lesions and various other
malignancies in this study. The dual-target panel showed
a specificity of 92.2% for interfering samples in the inde-
pendent validation set. Additionally, compared to endos-
copy, the panel was cheaper, minimally invasive, less
dependent on operator expertise, and more reproduc-
ible. Thus, the two methylation markers are more suit-
able for routine clinical assessments and population
studies.

In this study, we also identified the markers that could
be used to specifically detect ESCC, as reflected in the
process of the identification candidate makers and the
inclusion of interfering diseases in the training and vali-
dation sets. However, the two markers showed high
methylation levels in TCGA-EACs. Although ESCC and
EAC have biological differences, we found a significant
overlap in their DNA methylation signatures. We also
showed that DNA methylation sites were more indica-
tive of the host organ epithelium than the biology of the
underlying tumor,* as reported in several other
studies.!?®*! This epigenetic similarity suggested that
our dual-marker panel might also have excellent diag-
nostic performance for EAC. However, further studies
are needed to confirm this speculation.

Our study had certain limitations. First, the sample sizes
of the training and validation cohorts in this study were
small. Thus, the dual-target panel needs to be evaluated
in a larger clinical study. To address this issue, a national
multicenter  clinical ~ trial  has  been initiated
(NCT05680077). Second, the ability of this panel to
diagnose asymptomatic ESCC patients should be
assessed more extensively because the patients included
in this study exhibited symptoms that are inconsistent
with the situation that more asymptomatic patients are
present in the population. Third, multiple datasets from
different sources were used in this study, which might
have introduced bias while identifying methylation
markers. Specifically, we verified the candidate DMCs
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obtained from the WGBS data in the TCGA-ESCC
dataset. This strategy caused us to miss many promising
DMCs, especially those DMCs associated with WGBS
that were not covered by the Illumina 450K BeadChip.

To summarize, genome-wide methylation profiling of
ESCC provides valuable epigenetic information that can
be used for developing novel methylation markers. Our
findings suggested that cfDNA methylation signatures
can be used for accurately diagnosing ESCC, and they
might be used for screening high-risk populations. The
dual-target diagnostic model constructed in this study
also showed that liquid biopsy techniques based on
c¢fDNA methylation might be further developed for
application in the clinical setting.
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