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Background: While the widespread use of endoscopic submucosal dissection (ESD) has significantly 
reduced the incidence of early esophageal cancer (ESCA), the limited ability of ESD to strip deep infiltrating 
esophageal lesions results in a considerable risk of intraoperative perforation. Circulating-free DNA (cfDNA) 
is widely used in modern tumor screening due to its non-invasive detection capabilities. A methylation 
analysis offers vital insights into the condition and advancement of malignancies due to its unique 
positioning, such as a marker of cancer. This study investigated the potential of combining a non-invasive 
liquid biopsy technique, along with a methylation analysis, to assess the surgical perforation risk of ESCA 
patients.
Methods: In this study, we conducted an analysis of gene expression differences between stage I esophageal 
squamous carcinoma samples and healthy tissue samples using data from The Cancer Genome Atlas 
(TCGA) database. We also identified the genes associated with progression-free survival (PFS) in esophageal 
squamous carcinoma. Integrating the framework of the methylation analysis, we explored the methylated 
sites of these distinct genes. To refine this process, we used the Shiny Methylation Analysis Resource 
Tool (SMART) to conduct a comprehensive analysis of these sites. We then confirmed the stability of the 
methylation sites in different lesion conditions using methylation-specific quantitative polymerase chain 
reaction (MS-qPCR) with paraffin tissue samples collected after ESD.
Results: We analyzed RNA-sequencing data from 42 early stage ESCA patients and 17 controls, identifying 
1,263 up-regulated and 460 down-regulated genes. Functional analyses revealed involvement in key 
pathways such as cell cycle regulation and immune responses. Furthermore, we identified 38 differentially 
expressed genes associated with PFS. Using SMART analysis, we found 217 hyper-methylated regions in 
38 genes, suggesting potential early markers for ESCA. Validation experiments confirmed the reliability of 
29 hyper-methylated regions in FFPE tissue samples and 6 regions in cfDNA. A LunaCAM model showed 
high accuracy [area under the curve (AUC) =0.89] in discriminating early ESCA. Integrated assessment 
of six highly methylated regions significantly improved predictive performance, with 90.56% sensitivity, 
highlighting the importance of combinatorial biomarker evaluation for early cancer detection.
Conclusions: This study established a novel approach that integrates non-invasive testing with a 
methylation analysis to assess the surgical risk of early ESCA patients. The significance of changes in 
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Introduction

Esophageal cancer (ESCA) is a widespread malignant 
neoplasm worldwide, with a particularly high prevalence 
in East Asia, notably in regions such as Henan and Fujian 
in China, where esophageal squamous cell carcinoma is 
common (1-3). Despite notable advancements in human 
epidermal growth factor receptor 2-targeted therapy and 
immune checkpoint inhibitors, which have substantially 
extended the lifespan of certain esophageal squamous cell 
carcinoma patients, whereas ESCA patients continue to 
have poorer overall survival (OS) due to the fact that the 
majority of patients are invariably diagnosed at an advanced 
stage (4,5).

In China, a comprehensive strategy of early screening for 
ESCA, coupled with the widespread adoption of endoscopic 

submucosal dissection (ESD), has yielded a significant 
reduction in the incidence of ESCA (6,7). However, ESD 
has limited ability to strip deeply infiltrating esophageal 
lesions, which leads to a considerable risk of intraoperative 
perforation. Consequently, there is an urgent need to 
establish a new method to assess the surgical risk of ESD in 
patients before surgery (8,9).

Circulating-free DNA (cfDNA), originating from 
apoptotic cells, includes circulating tumor DNA released 
by tumor cells. cfDNA is extensively used in liquid biopsies, 
and plays a pivotal role in the screening, drug selection, 
and prognosis prediction of patients with various cancers, 
particularly lung and colorectal cancer. DNA methylation, 
a fundamental mechanism in gene expression regulation 
and genomic stability maintenance, also plays a critical 
role in gene expression regulation and genomic stability 
maintenance (10-12). Research suggests that alterations 
in genomic methylation patterns, including the increased 
methylation of tumor suppressor gene expression and the 
decreased methylation of oncogenes, manifest early in the 
carcinogenic process. Alterations in genomic methylation 
patterns promotes the expression of oncogenes, leading to 
genomic instability (13,14).

Circulation-free DNA (cfDNA) methylation testing has 
been widely used in the early screening of cancers such as 
lung, colorectal, and breast cancers, and has been proven 
to be reliable and effective (15-17). The aim of this study 
was to assess the extent of tumor infiltration by identifying 
specific cfDNA methylation markers and thus to establish a 
systematic framework for assessing the risk of preoperative 
perforation in ESD. These markers could provide valuable 
insights into the risks associated with ESD surgery. Any 
such approach would significantly enhance the assessment 
of patient risks before they undergo ESD procedures. 
We present this article in accordance with the TRIPOD 
reporting checklist (available at https://tcr.amegroups.com/
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Methods

Analyzing genes for progression-free survival (PFS) in 
ESCA using The Cancer Genome Atlas (TCGA) database

To investigate the genes related to PFS in ESCA, we 
obtained RNA-sequencing data (level 3) for 42 stage I to 
IIA tumors from TCGA database (available at https://portal.
gdc.cancer.gov/). The data set included corresponding 
clinical information. We conducted an extensive analysis 
of messenger RNA (mRNA) differential expression using 
the Limma package (version: 3.40.2, Lucent Technologies, 
USA) in R software. During the analysis, we made 
adjustments to TCGA or Genotype-Tissue Expression 
(GTEx) data sets and applied adjusted P values to correct 
for potential false-positive results. Specifically, we selected 
genes using the following criteria: adjusted P<0.05, and log2 
(fold change) >1 or log2 (fold change) <−1.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analysis of the potential 
target genes

To gain further insights into the biological functions of 
the potential target genes, we performed a functional 
enrichment analysis. We used the GO tool to annotate 
the functional attributes of genes, including their 
molecular functions, biological processes (BPs), and 
cellular components. Additionally, we conducted a KEGG 
enrichment analysis to elucidate the functions of the genes 
and obtain advanced genomic functional information. 
When exploring the oncogenic roles of these target genes, 
we employed the ClusterProfiler package in R (Lucent 
Technologies) to perform the GO functional and KEGG 
pathways enrichment analysis of potential mRNAs (18-20).

For the Kaplan-Meier survival analysis of 182 ESCA 
patients from TCGA data set, we conducted log-rank 
tests and a univariate Cox proportional hazards regression 
analysis. This analysis provided the hazard ratios along with 
the P values and 95% confidence intervals (CIs). These 
analytical methods were executed using R software version 
4.0.3 (R Foundation for Statistical Computing, 2020). A 
significance threshold of P<0.05 was considered statistically 
significant (18).

Analyzing methylation site differences in ESCA genes 
using Shiny Methylation Analysis Resource Tool (SMART)

To analyze the differences in the methylation sites, we 
conducted an analysis to identify differentially expressed 
genes (DEGs) by intersecting those significantly associated 
with PFS and those displaying either up-regulation or 
down-regulation compared to normal genes (sub G1 
phase/normal). Subsequently, we employed the SMART 
to examine these genes, examining the interactions among 
cytosine-phosphate-guanine (CpG) island methylation 
levels, transcript expression, and survival duration. This 
investigative effort improved our understanding of the 
mechanisms underlying ESCA development. It may also 
lead to the development of tailored therapeutic approaches 
and more precise survival predictions (21-23).

Sample collection and ethical considerations

This study was approved by the Ethics Committee of Henan 
Province Hospital of Traditional Chinese Medicine, which 
is the Second Affiliated Hospital of Henan University of 
Chinese Medicine (ethics number: HNSZYY20210108). 
A total of 73 formalin-fixed paraffin-embedded (FFPE) 
samples used for validation were provided by the Pathology 
Department and Clinical Sample Repository of Henan 
Province Hospital of Traditional Chinese Medicine. These 
samples were collected post-ESD surgery and informed 
consent was obtained from the patients prior to surgery. All 
the patients who participated in the study signed informed 
consent forms. Blood samples were obtained from all patients 
undergoing ESD before the procedure, and plasma was 
separated and stored. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013).

The study collected a total of 169 plasma samples, 
comprising 163 blood samples from ESD patients and six 
control samples from asymptomatic individuals. Blood  
(3 mL) was collected 12 hours before surgery and stored at 
room temperature in cfDNA blood collection tubes (BCTs) 
(Cat#218962, Streck, USA). Plasma (with no apparent 
hemolysis) was separated from the blood within 48 hours 
of collection and stored at −80 ℃ until DNA isolation. For 
asymptomatic normal participants, 3–5 mL of blood was 
drawn using BD Vacutainer ethylenediaminetetraacetic 
acid (EDTA) tubes (SKU/REF368661, Becton Dickinson, 
USA). Plasma was immediately separated within 2 hours of 
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blood collection and stored at −80 ℃.

Methylation-specific quantitative polymerase chain 
reaction (MS-qPCR)

DNA extraction and bisulfite treatment: DNA from the 
FFPE samples was extracted using the TianGen FFPE 
sample DNA extraction kit (DP340, TianGen, China), 
while cfDNA from the plasma was isolated using the 
Qiagen Circulating Nucleic Acid Kit (Cat#55114, Qiagen, 

Germany). The bisulfite conversion was performed using 
the TianGen bisulfite conversion kit (DP215-02, TianGen).

Around 130 μL of the lightning conversion reagent was 
added to 20 μL of the DNA sample and incubated in a 
thermal cycler as follows: incubation at 98 ℃ for 8 minutes, 
followed by incubation for 60 minutes at 54 ℃, and a final 
incubation at 4 ℃ for 20 hours. Subsequently, the bisulfite-
converted DNA was mixed with M-binding buffer, and 
desulfurization, washing, and elution were carried out using 
the Zymo-Spin column (Cat#C1003-250, Zymo Research, 
USA) with 17 μL of M-elution buffer (24,25).

Fluorescence quantitative PCR detection: for cfDNA 
samples ranging from 10 to 20 ng, an amplification phase 
was carried out using a primer pool, starting with 3-minute 
incubation at 95 ℃, followed by 8 cycles of 30 seconds at 
95 ℃ and 60 seconds at 56 ℃. The ProFlexTM PCR System 
from Thermo Fisher (ProFlexTM 2 × 96 well, Thermo 
Fisher, USA) was employed for this process. The amplified 
products were then divided for quantitative PCR using the 
standard procedure with Luna® Universal Probe qPCR 
Master Mix (M3004L, NEB, USA) in an ABI 7500 Real-
Time PCR thermal cycler (Thermo Fisher, USA). The 
reference gene ACTB was used as the experimental quality 
control gene (26,27). The primers used in the study are 
listed in Table 1.

Development of the LunaCAM classifier

To construct the LunaCAM classifier, a stepwise approach 
was employed to test and rank markers using the area 
under the curve (AUC) as the criterion. This process was 
conducted using the logistic regression method in Python 
(version 3.8.5, open-source machine) and the scikit-learn 
package (version 0.23.2, open-source machine). The marker 
with the highest AUC was selected as the anchor marker, 
and combinations with the remaining markers were assessed 
using 10×4-fold cross-validations for each addition. The 
final model with the most optimized combination was 
determined based on the highest AUC observed during the 
cross-validation process (27).

Statistical analysis

The survival analysis was performed using the Kaplan-
Meier method, including the log-rank test, with the aid of 
GraphPad Prism (version 9.0, GraphPad Software, USA). 
Fisher’s least significant difference procedure was used 
to compare methylation levels across the various sample 

Table 1 Primer list

Oligo name Oligo sequence (5'–3')

cg01691856

Fwd primer GCCAGAGGTTGGAGACTC

Rev primer CTGCCCTTAGTGACAAAGC

Probe FAM-AGGACACTTCCCTGGGCTCCGGAT-
BHQ1

cg01725199

Fwd primer GATGCAAGTCTCAGCCAGC

Rev primer ACTGCAGCCAGCGATCTG

Probe FAM-TGAAGACCCTGCCGAAATGAGCCAC-
BHQ1

cg08104146

Fwd primer CCACGGCTATGAGAAATG

Rev primer GCTCCAGAATTGCTATCC

Probe FAM-CCACAGATTGTTAATGTTTACAGGA-
BHQ1

cg11871280

Fwd primer GAAGCACATAGCTGGAATG

Rev primer GCCATACACTTCCTACCA

Probe FAM-CAAGTGACCATGAGGAAAGCC-BHQ1

cg25742394

Fwd primer CAGGGTTTCACCATGTTG

Rev primer GTGCTAATTTGTTGTCATTCAA

Probe FAM-AACTCGTGACCTCAAGTGATCCA-BHQ1

cg26090940

Fwd primer CCACTTTAGGACCCTATC

Rev primer GCTAGAAAGAGATGAAGAAC

Probe FAM-TGACCAGCCTTGTTGGAACT-BHQ1

Fwd, forward; Rev, reverse.
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groups. Fisher’s exact test was then employed to compare 
the sensitivity between the MS-qPCR and Single-Entity 
Profiling by Transcriptional (SEPT) assays. Additionally, 
a Spearman’s rank correlation analysis was conducted to 
compare the median variant allele frequency as quantified 
using TCGA clinical data and MS-qPCR values. All the 
analysis methods and R packages were implemented by R 
(version 4.0.3, Foundation for Statistical Computing 2020, 
Lucent Technologies). A P value <0.05 (two-sided) was 
considered statistically significant (28,29).

Results

DEGs and PFS-related genes in early stage ESCA

We conducted a comprehensive analysis of TCGA data 
from 42 patients diagnosed with early stage ESCA (stage 
I–IIA) and 17 control samples (Figure 1). The primary 
objective of the study was to identify the molecular 
mechanisms and potential therapeutic targets associated 
with early stage ESCA. The analysis of the expression 
profiles of these squamous ESCA patients revealed that 

1,263 genes were up-regulated, while 460 genes were down-
regulated. This differential genomic landscape provided 
valuable insights into the molecular characteristics of early 
stage ESCA (Figure 2A,2B).

To obtain a deeper understanding of the functional 
roles of these DEGs, we conducted GO and KEGG 
pathway analyses (Figure 2C,2D). The results of the GO 
analysis highlighted that the up-regulated genes primarily 
participated in crucial BPs, such as cell cycle regulation, 
DNA repair, and apoptosis, all of which play pivotal roles in 
tumor development and progression. Conversely, the down-
regulated genes were significantly enriched in metabolic 
pathways, immune responses, and signaling pathways. 
Additionally, the results of the KEGG pathway analysis 
indicated that up-regulated genes were predominantly 
associated with the pathways related to tumor genesis, 
including the p53 signaling pathway, cell cycle pathway, and 
cancer pathway, which highlights their central role in the 
pathophysiological process of early ESCA. Conversely, the 
down-regulated genes were implicated in various immune 
and metabolic pathways, revealing that they may play a role 

TCGA date
(I & II A cancer 42 cases, 

Ctrl 17 cases)

Training set
27 cases of HGIE + 9 cases 
of ESCA + 6 cases healthy 

controls 217 HMAs

Testing set
(81 cases of EIN + 46 cases of 

ESCA)

Sensitivity: 90.56%
Idiosyncrasy: 81.77%

Peripheral blood 
samples

Wilcoxon rank-sum test
(29 MeLoci))

6 high-methylation biomarkers 
(6 HMB):

Trough LASSO

Logistic Reg Model 

DEGs vs. PFS 
related genes 

11 cases ESCA + 26 cases of 
EIN FFPE samples

Figure 1 A flow-sheet diagram of sample processing and treatment. TCGA, The Cancer Genome Atlas; I, stage I tumors; IIA, stage IIA 
tumors; DEG, differentially expressed gene; PFS, progression-free survival; ESCA, esophageal cancer; EIN, endometrial intraepithelial 
neoplasia; FFPE, formalin-fixed paraffin-embedded; HGIE, high grade intraepithelial neoplasia; HMA, hyper-methylated area; MeLoci, 
methylated loci; HMB, high-methylation biomarker; LASSO, least absolute shrinkage and selection operator.
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Figure 2 Analysis of the differential genes in ESCA in TCGA. (A) Differential gene volcano plot. (B) Differential gene cluster analysis. (C) 
KEGG analysis of differential genes; and (D) GO analysis of differential genes. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, 
Gene Ontology; TNF, tumor necrosis factor; IL, interleukin; ECM, extracellular matrix; PPAR, peroxisome proliferator-activated receptor; 
ESCA, esophageal cancer; TCGA, The Cancer Genome Atlas. 
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in tumor immune evasion and metabolic abnormalities.
Our study also explored the genes associated with PFS 

among ESCA patients in TCGA database. The preliminary 
findings indicated that a total of 216 genes were correlated 
with PFS (Figure 3). Subsequently, we cross-referenced 
these genes with the previously identified up-regulated and 
down-regulated genes, and ultimately identified 38 DEGs 
linked to PFS (Figure 4A).

Screening early methylation markers in ESCA

The identification of these 38 DEGs provided valuable 
insights into the disease progression of ESCA patients. 
To gain a more comprehensive understanding of the 
characteristics of these DEGs, we used the SMART to 
conduct an in-depth investigation with a primary focus on 
the differential levels of the methylation sites in these genes. 
Encouragingly, our SMART analysis results revealed that 
the levels of hyper-methylated blocks (HMBs) were inversely 
correlated with the expression levels of both the genes 
themselves and the associated transcripts (Figure 4B-4D).  
This discovery underscores the pivotal role of methylation 
in gene expression regulation, particularly in the context 
of PFS and OS among ESCA patients. These differentially 
methylated sites may ultimately affect patient survival by 
suppressing or silencing the expression of these genes.

Using the SMART analysis method, we successfully 
identified 217 HMB regions in 38 genes. These regions 
can serve as potential early markers for ESCA occurrence. 
To validate the reliability of these potential markers, we 
conducted validation experiments using 73 FFPE tissue 
samples that had undergone prior validation. The results 
indicated that only 29 HMBs were detected in accordance 
with our predictions (for further details, see Table 2). This 
suggests a correlation between the methylation levels 
of these 29 loci and the early occurrence of ESCA in 
these samples. Further, to assess the potential utility of 
these markers in diverse clinical scenarios, we performed 
validation tests on cfDNA from 42 serum samples. Due 
to considerations related to sensitivity and the sample 
characteristics, only six of the HMBs passed the validation 
test (Table 3).

Prediction using cfDNA for early ESCA detection

Given that different clinical applications have distinct criteria 
for sensitivity and specificity, we selected a population in 
which LunaCAM was used for the early detection of ESCA 

lesions. Our study encompassed several critical phases, 
including model construction, robustness assessment, 
and estimation. These steps were executed with the help 
of a highly reliable 10-fold, four-fold cross-validation 
methodology, and we meticulously recorded and calculated 
the average scores for each cross-validation. The outcomes 
were indeed promising, providing support for our study 
hypothesis. Specifically, the LunaCAM model exhibited 
outstanding performance in discriminating between early 
ESCA and early intra-esophageal intraepithelial neoplasia 
(EIN). According to our data, the model achieved a notably 
high AUC of 0.89, which indicates its exceptional diagnostic 
potential and accuracy.

To further substantiate our findings, we applied these 
classifiers to an additional, independent validation set  
(Figure 5). We performed this validation to confirm the 
robustness and reproducibility of the LunaCAM model across 
various data sets and cases. This meticulous validation process 
was pivotal in ensuring the reliability of the study results and 
offers robust support for future clinical applications.

Using the SMART analysis method, we conducted a 
comprehensive investigation into the relationship between 
these six HMBs and their prognostic relevance in ESCA 
(Figure 5A). Subsequently, we used a validation set that 
included 127 serum samples to validate the accuracy of the 
evaluation system. The evaluation method for the validation 
set included preoperative blood collection for the initial 
assessment, with pathology reports from postoperative 
samples obtained from ESD serving as the gold standard for 
determination.

Comprehensive assessment and performance improvement 
of HMBs in early ESCA detection

Initially, we assessed the performance of each HMB 
individually to investigate the independent contribution 
of each highly methylated site to early cancer detection. 
However, the results revealed that the independent 
predictive ability of individual HMBs while valuable, did 
not have a high level of accuracy (Figure 5B).

To address this issue, we conducted another integrated 
assessment of these six HMBs, considering them as a 
collective rating system. This integrated assessment method 
was designed to ascertain whether their combination could 
complement each other, thereby enhancing their overall 
performance. Within this rating system, we obtained 
encouraging results. This combined strategy significantly 
improved the predictive performance of the model, 
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Figure 3 Analysis of PFS-related genes in ESCA TCGA data. (A) Forest diagram displaying genes related to PFS. (B) Kaplan-Meier analysis 
of genes related to PFS in ESCA. HR, hazard ratio; CI, confidence interval; PFS, progression-free survival; ESCA, esophageal cancer; 
TCGA, The Cancer Genome Atlas. 
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Figure 4 Association analysis of DEGs and PFS-related genes. (A) Correlation analysis Venn diagram. (B) The differences in the 
methylation levels of related gene methylation sites. (C) The methylation levels of the relevant site in TCGA data were negatively correlated 
with the transcript level of the gene; and (D) the methylation levels of the sites in TCGA data was negatively correlated with the expression 
levels of the transcripts and genes. PFS, progression-free survival; TPM, transcripts per kilobase of exonmodel per million mapped reads; 
DEGs, differentially expressed genes; TCGA, The Cancer Genome Atlas.

positioning it as a key component in the diagnosis and 
prediction of early cancerous lesions. Notably, using a 
combination of these six HMBs for prediction, we achieved 
excellent sensitivity of 90.56% (Figure 5C). This discovery 
highlights the significance of a combinatorial assessment, 
particularly when multiple biomarkers are involved, as their 
synergy can significantly enhance the overall performance.

Discussion

In modern tumor screening, non-invasive liquid biopsy 

techniques, particularly cfDNA non-invasive testing, 
have gained widespread application (30). Additionally, a 
methylation analysis is a unique approach that provides 
critical insights into tumor status and progression through 
the examination of DNA methylation status (31). The 
primary objective of this study was to explore the potential 
of combining these two methodologies to assess the risk of 
patients with early stage ESCA prior to ESD (32).

This study used data from TCGA database to analyze 
gene expression disparities between stage I squamous ESCA 
samples and healthy samples to identify the genes associated 
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Table 2 Results of HMB loci validation

HMBs locus
FFPE cfDNA

SA (%) Δct (mean ± SEM) SA (%) Δct (mean ± SEM)

cg00153693 100.00 9.59±4.31 76 15.52±3.44

cg00178984 100.00 12.11±3.17 62 10.05±4.15

cg00260201 100.00 6.58±3.84 55 15.05±3.78

cg00293940 100.00 8.46±3.55 79 14.74±5.02

cg00424800 100.00 6.94±2.69 60 13.94±3.19

cg01691856 100.00 8.16±2.83 100.00 15.84±4.23

cg01725199 100.00 7.15±3.04 100.00 11.11±3.72

cg04468551 100.00 7.3±2.98 64 10.41±2.46

cg04511702 100.00 7.53±4.08 83 14.15±2.89

cg04747517 100.00 7.07±2.36 71 12.84±3.79

cg05099221 100.00 8.07±2.97 60 13.33±2.65

cg06233073 100.00 12.67±3.13 76 12.45±3.81

cg08104146 100.00 9.9±4.12 100.00 15.51±4.58

cg08936516 100.00 6.83±3.29 74 11.91±4.17

cg10812247 100.00 11.68±3.43 67 12.23±4.26

cg11871280 100.00 10.71±2.91 98 10.34±3.93

cg13480157 100.00 9.16±3.76 60 12.79±4.35

cg14168790 100.00 11.75±3.62 57 13.33±5.17

cg14352586 100.00 8.97±3.41 50 15.11±3.82

cg14372792 100.00 7.69±4.13 74 12.17±3.98

cg14400354 100.00 8.3±2.09 62 15.22±5.42

cg16101148 100.00 9.33±2.85 81 13.76±3.31

cg16532606 100.00 12.27±3.57 62 11.13±4.42

cg21826946 100.00 10.74±4.43 88 12.45±4.74

cg22447839 100.00 6.69±3.05 83 11.24±3.54

cg22680075 100.00 8.44±2.49 62 12.36±2.99

cg22684443 100.00 7.01±2.57 69 13.15±5.34

cg25742394 100.00 12.57±3.93 100.00 14.56±4.92

cg26090940 100.00 11.11±4.18 98 15.32±4.33

HMBs, hyper-methylated blocks; FFPE, formalin-fixed paraffin-embedded; SA, successful amplification; Δct, Δcycle threshold; SEM, 
standard error of the mean; cfDNA, circulating-free DNA. 
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Table 3 Results of validation of different indicators

HMBs locus
Pathology cfDNA

EIN ESCA EIN ESCA False positives False negatives

cg01691856 81 46 57 38 9 23

cg01725199 81 46 71 29 13 14

cg08104146 81 46 65 46 15 1

cg11871280 81 46 58 38 11 20

cg25742394 81 46 69 41 8 9

cg26090940 81 46 73 38 3 13

6 in 1 81 46 78 44 3 2

HMBs, hyper-methylated blocks; EIN, esophageal intraepithelial neoplasia; ESCA, early esophageal cancer; cfDNA, circulating-free DNA.
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Figure 5 Evaluation efficacy of CPGs sites. (A) The CPGs obtained through screening were directly related to the poor prognosis of ESCA 
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with ESCA. Additionally, the genes linked with PFS in 
ESCA patients were identified, which laid the foundation 
for the subsequent methylation analysis. A methylation 
analysis of the methylation sites of these genes was also 
conducted, employing sophisticated analytical tools like 
the SMART. The inverse correlation between the HMBs 
and both gene expression levels and associated transcripts 
highlights the potential effect of methylation on PFS and 
OS as shown in other studies (33,34). The identification 
of 217 HMB regions associated with 38 genes offers a 
promising set of early markers for ESCA occurrence, DNA 
methylation potentially influencing patient survival by 
modulating gene expression. The results of the validation 
experiments, particularly those that used FFPE tissue 
samples and cfDNA from serum samples, support the 
reliability of these methylation markers as reported in 
another study (35). It is essential, however, to underscore 
the importance of scrutinizing sensitivity and sample 
characteristics during the validation process to ensure the 
practical applicability of these findings in a clinical setting. 

The stability of these methylation sites under different 
lesion conditions was confirmed through MS-qPCR, 
which ensured the reliability of the methylation analysis  
results (36). Subsequently, the study also examined 
peripheral blood samples from 42 additional cases to identify 
gene combinations characterized by heightened sensitivity. 
Subsequently, the investigation expanded to include an 
analysis of 137 more peripheral blood samples, and the 
obtained results underwent validation against postoperative 
pathology results. This comprehensive validation process 
substantiated the practicality of methylation analysis in 
evaluating surgical risk for early ESCA (37). The exceptional 
performance of the LunaCAM model, which had a high 
AUC of 0.89, highlights its potential as a diagnostic tool (27).  
The ability of the model to discriminate between early 
ESCA and intra-EIN demonstrates its versatility and 
accuracy. The validation of the LunaCAM model across 
diverse data sets further supports its robustness and 
reliability. The investigation into the prognostic relevance 
of the identified HMBs adds an additional layer of 
understanding, strengthening the diagnostic potential of the 
LunaCAM model in clinical applications.

This study introduced a novel approach that combines 
non-invasive liquid biopsy techniques with a methylation 
analysis to assess the risk of early stage ESCA patients 
before ESD. The correlation observed between changes 
in the methylation sites and lesion status provides crucial 
insights for risk assessment prior to surgical intervention 

(38-40). Further extensive large-scale studies and clinical 
validation studies need to be conducted to ascertain the 
effectiveness of this method in clinical practice. This 
approach holds particular significance in regions such 
as China, where ESCA is prevalent and early screening 
and ESD are pivotal tools in reducing the risk of ESCA 
development (41).

The integration of a differential gene expression analysis, 
methylation patterns, and the LunaCAM model offers 
a comprehensive approach for assessing surgical risk for 
early ESCA (42). These findings have significant clinical 
implications, and could be used to inform personalized 
treatment strategies and facilitate proactive risk assessments 
before surgery. The identified HMBs stand out as promising 
markers, warranting further investigation in larger cohorts 
and diverse clinical scenarios. The practical utility of the 
LunaCAM model in discriminating between early ESCA 
and intra-esophageal intraepithelial lesions positions it as 
a valuable tool for clinicians seeking accurate and non-
invasive diagnostic options (27).

The assessment of individual HMBs for early cancer 
detection highlights the significance of a combinatorial 
assessment, particularly when dealing with multiple 
biomarkers, and showcases the potential clinical utility 
of our findings in enhancing the accuracy of early cancer 
detection. Acknowledging the limitations of our study is 
crucial for a balanced interpretation of the results. Factors 
such as the sample size, heterogeneity, and retrospective 
nature of the analysis might affect the generalizability 
of our findings and represent limitation. Additionally, 
the sensitivity considerations in the validation of the 
methylation markers emphasize the need for cautious 
interpretation, especially in diverse clinical scenarios. 
The insufficient consideration of potentially important 
methylation markers and the necessity of ongoing 
improvement in the analysis to reduce the false-positive rate 
is another limitation. In short, this study presents a valuable 
exploration of the application of non-invasive liquid biopsy 
techniques combined with a methylation analysis for early 
ESCA risk assessment. However, further in-depth research 
and refinements are essential to facilitate the translation of 
this method into clinical practice and provide more precise 
and personalized diagnostic and treatment guidelines for 
ESCA patients.

Future research should seek to refine and expand on our 
findings by considering factors such as sample heterogeneity 
and integrating multi-omics approaches. Additionally, 
prospective clinical studies should be conducted to validate 
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the utility of the identified markers and the LunaCAM 
model in real-world scenarios, bringing us closer to 
practical and impactful applications in the field of ESCA 
management.

Conclusions

This study emphasized the potential of combining non-
invasive liquid biopsy techniques and a methylation 
analysis for early ESCA risk assessment. By analyzing 
gene expression disparities, identifying PFS-related 
genes and examining methylation sites, our research has 
laid a foundation for robust risk assessment. The strong 
correlation between methylation changes and lesion 
status provides key insights that the synergistic analysis of 
methylation loci addressed in this paper enables a highly 
sensitive diagnosis of early ESCA. While further research 
and clinical validation are essential, this approach may offer 
the potential for more accurate and personalized diagnosis 
and treatment, enhancing early detection and interventions 
for ESCA patients.
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