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Abstract
Esophageal cancer (EC) is the seventh most common cancer worldwide, and 
esophageal squamous cell carcinoma (ESCC) accounts for the majority of cases of 
EC. To effectively diagnose and treat ESCC and improve patient prognosis, timely 
diagnosis in the initial phase of the illness is necessary. This article offers a 
detailed summary of the latest advancements and emerging technologies in the 
timely identification of ECs. Molecular biology and epigenetics approaches 
involve the use of molecular mechanisms combined with fluorescence quanti-
tative polymerase chain reaction (qPCR), high-throughput sequencing technology 
(next-generation sequencing), and digital PCR technology to study endogenous or 
exogenous biomolecular changes in the human body and provide a decision-
making basis for the diagnosis, treatment, and prognosis of diseases. The invest-
igation of the microbiome is a swiftly progressing area in human cancer research, 
and microorganisms with complex functions are potential components of the 
tumor microenvironment. The intratumoral microbiota was also found to be 
connected to tumor progression. The application of endoscopy as a crucial 
technique for the early identification of ESCC has been essential, and with 
ongoing advancements in technology, endoscopy has continuously improved. 
With the advancement of artificial intelligence (AI) technology, the utilization of 
AI in the detection of gastrointestinal tumors has become increasingly prevalent. 
The implementation of AI can effectively resolve the discrepancies among 
observers, improve the detection rate, assist in predicting the depth of invasion 
and differentiation status, guide the pericancerous margins, and aid in a more 
accurate diagnosis of ESCC.
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Core Tip: The incidence of esophageal cancer is high worldwide, with and esophageal squamous cell carcinoma (ESCC) is 
the predominant histological subtype. With in-depth research and the development of technology, various methods have 
been employed to promptly identify early-stage ESCC. This review will help to elucidate new advances and applications of 
diagnostic methods for early ESCC, including molecular biology, epigenetics, microbiology, endoscopy, and artificial 
intelligence approaches.
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INTRODUCTION
Esophageal cancer (EC) was identified as the seventh most common type of carcinomatosis worldwide and accounted for 
the sixth highest number of cancer-related deaths in 2020. The classification of EC at the histological level primarily 
comprises two categories: Adenocarcinoma of the esophagus (EAC) and esophageal squamous cell carcinoma (ESCC)[1]. 
ESCC is widely prevalent worldwide, particularly in East Asia and certain regions of Africa[2,3]. Despite exceeding 
advancements in the diagnostic modalities and treatment strategies available for ESCC, effectively managing this 
condition remains a formidable challenge due to the absence of specific early-stage symptoms, the substantial potential 
for metastasis and recurrence, and resistance to traditional therapeutic approaches. The likelihood of patients with 
advanced-stage ESCC surviving is merely 10%-20% over a span of 5 years[4]. The timely identification and diagnosis of 
ESCC are of paramount importance for increasing the likelihood of eligibility for curative surgical resection[5].

The etiology of ESCC is believed to be closely associated with factors such as tobacco use, consumption of alcoholic 
beverages, excessive intake of hot beverages, and inadequate nutrition. The potential for genetic and epigenetic changes 
within cells can be increased by prolonged exposure of the squamous epithelium in the upper gastrointestinal tract to 
different carcinogens, thus promoting tumorigenesis[6] (Figure 1). To explore the molecular abnormalities responsible for 
the progression of ESCC, a team of researchers has conducted comprehensive investigations via genomics, epigenomics, 
and transcriptomics to identify distinctive characteristics associated with this disease. The alterations frequently observed 
in tumors include amplification of genes that promote tumor growth and those that regulate the cell cycle and 
programmed cell death, and a high frequency of mutations is observed in tumors[7]. Together, mechanisms such as DNA 
methylation, histone modification, noncoding RNA regulation, chromatin remodeling, and nucleosome localization 
constitute epigenetic modifications. Studies have substantiated the impact of aberrant epigenetic processes on the 
transcription of genes associated with cellular growth, differentiation, programmed cell death, malignant transformation, 
and tumor progression. These findings have significant implications for clinical diagnosis, treatment strategies, and 
tumor prevention[8].

The human microbiota is a complex ecosystem of microorganisms. The nutrition, immunity, and metabolism of hosts 
are significantly influenced by the active participation of microbial communities, specifically bacteria, during coevolution
[9]. Recently, the involvement of microorganisms has been found to be crucial in the pathogenesis and progression of 
gastrointestinal disorders. An accumulating body of evidence suggests that dysregulation of specific species contributes 
to the onset and progression of neoplasms through mechanisms such as the production of carcinogenic toxins, sup-
pression of immune function, and disruption of DNA structure[10]. Timely identification of advanced ESCC can 
significantly improve patient prognosis, considering the poor outlook. The possibility of the microbiota being a valuable 
indicator for early cancer detection and prognosis evaluation is highly anticipated[11,12]. The specific composition of the 
microbiota or the presence of particular bacteria can serve as predictive indicators for the early development of ESCC[13].

Esophageal endoscopic biopsy combined with histological analysis is widely regarded as the most reliable method for 
early detection and diagnosis. Advanced endoscopic imaging techniques, such as chromoendoscopy, virtual chromoen-
doscopy, and magnifying endoscopy, can significantly enhance the sensitivity of detecting early-stage cancer[14]. 
Minimally invasive endoscope-guided treatment offers effective management for the majority of ESCCs and precancerous 
lesions, leading to a 90% chance of survival for up to 5 years[15]. However, due to the varying levels of expertise among 
endoscopists, there are still numerous cases in which the disease was not detected, resulting in missed diagnoses. 
Numerous studies have demonstrated the significant enhancement of diagnostic accuracy for lesions, particularly in the 
domain of computer-assisted detection for timely recognition of ESCC, due to the rapid advancement of artificial 
intelligence (AI)[16].

In summary, this review comprehensively examines recent advancements in the early diagnosis of ESCC. We 
prioritized the exploration and utilization of biomarkers, technological improvements in endoscopic examinations, and 
the potential role of AI in diagnosing ESCC. Hopefully, through these discussions, the enhancement of the precision and 
efficiency of early detection for this type of cancer can be facilitated by offering important perspectives.

https://www.wjgnet.com/1948-5204/full/v16/i4/1104.htm
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Figure 1 Incidence and progression of esophageal squamous cell carcinoma. The progression of esophageal squamous cell carcinoma in tissues and 
the corresponding TNM T stage refer to the condition of the primary tumor lesion, with increasing tumor volume, increasing depth of invasion and extent of 
involvement of adjacent tissues. TIS: High-grade dysplasia; T1: Cancer invading the lamina propria mucosae, muscularis mucosa, or submucosa and divided into T1a 
(cancer invading the lamina propria mucosae or muscularis mucosa) and T1b (cancer invading the submucosa); T2: Cancer invading the muscularis propria; T3: 
Cancer invading the adventitia; T4: Cancer invading local structures and classified as T4a (cancer invading adjacent structures such as the pleura) and T4b (cancer 
invading major adjacent structures such as the aorta). N stage refers to regional lymph node involvement. N0: No regional lymph node metastases, N1: 1-2 regional 
lymph node metastases, N2: 3-6 regional lymph node metastases, and N3: 7 or more regional lymph node metastases. M stage refers to distant metastases. M0: No 
distant metastases, M1: Distant metastasis. Citation: The figure was created by author using MedPeer. The authors have obtained the permission for figure using 
from the medpeer.cn (Supplementary material).

EPIDEMIOLOGY AND RISK FACTORS
The major histological subtypes of EC can be categorized into two groups. In Western developed countries, the 
prevalence of EAC surpasses that of ESCC, whereas in developing countries, the predominance of ESCC is greater, 
accounting for approximately 90% of all cancer cases[17,18]. ESCC cells mainly infiltrate the middle of the esophagus and 
have a high tendency for local and lymphatic spread[19]. EC diagnosis often occurs during the intermediate to advanced 
stages of disease, underscoring the crucial significance of timely detection and intervention for improving the prognosis 
of individuals afflicted with this disease.

Research has presented evidence of correlations between a wide range of environmental and genetic factors and risk 
factors for ESCC, including excessive alcohol consumption, hot food or beverages, a monotonous diet, nutritional 
deficiencies, micronutrient deficiencies, excessive consumption of red meat, processed meats, and pickled vegetables. 
Factors that have been recognized to reinforce the progression of malignant neoplasms include exposure to chemical 
carcinogens such as nitrosamines and polycyclic aromatic hydrocarbons, Human papillomavirus, a family history of 
cancer, and genetic alterations[20-22].

MOLECULAR BIOLOGY APPROACHES
Molecular biology research techniques and laboratory diagnostic tools are designed to study targets or molecular markers 
of diseases through the acquisition, identification, and analysis of genetic material. In the field of cancer research, 
molecular biomarkers are substances detected within the body that serve as indicators of the presence of cancer. Typical 
indicators include variances in genetic makeup, disparities in mRNA and protein expression patterns, posttranslational 
alterations of proteins, and alterations in the levels of metabolites[23]. The alteration of molecules occurring during tumor 
progression over an extended period enables the utilization of fundamental molecular biology techniques for cancer 
diagnosis, prognosis determination, and disease progression monitoring (Figure 2).

Genomics
Alterations in the genomic DNA sequence of cancer cells are a primary contributor to the development of carcinomas. 
With the emergence of novel technologies, it has become feasible to acquire a substantial quantity of comprehensive DNA 
sequences from cancer genomes for the purpose of detecting alterations in both normal and cancerous genomes. 
Furthermore, analysis of the genome revealed changes in the DNA sequences found within tumor DNA samples, 
including insertions and deletions, copy number variations, structural rearrangements, and a reduction in heterozygosity

https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
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Figure 2 Molecular biology and epigenetics in early esophageal squamous cell carcinoma. MiRNA: MicroRNA; LncRNA: Long-chain ncRNA. 
Citation: The figure was created by author using MedPeer. The authors have obtained the permission for figure using from the medpeer.cn (Supplementary material).

[24].
The widespread utilization of whole-exome sequencing (WES) as a prominent technical method has been facilitated by 

continuous progress in next-generation sequencing within the realm of human genomics. Urabe et al[25] used WES to 
analyze DNA from tumor tissue and paired healthy tissue from ESCC patients and identified mutated somatic genes. 
TP53 exhibited the highest mutation frequency (76.9%) in T1 ESCC, and this gene was followed by NOTCH, MUC19, 
ZNF750, and FLG (mutation rates of 34.6%, 23.1%, 19.2%, and 15.3%, respectively). The recurrent focal copy number 
variants (CNVs) in tumor samples and paired noncancer samples from ESCC patients were analyzed by the SureCall 
copy number method after collecting comparative results of T1 ESCC vs CNVs from tumor tissues and paired noncancer 
tissues. Compared to that in noncancerous areas, the incidence of CNVs was significantly increased in the T1 ESCC 
region. In addition, the occurrence of CDKN2A deletion and CCND1 amplification was notably greater in the T1 ESCC 
region than in the noncancerous region (P < 0.001). Therefore, CNVs arise in the initial phases of cancer development, 
with CCND1 amplification and CDKN2A deletion playing pivotal roles in the initiation and advancement of ESCC.

The AJCC 8th edition is commonly used as a staging criterion for classifying ESCC into IA IB, IIA, IIB, IIIA, IIIB, IVA, 
and IVB. However, Li et al[26] divided samples collected from ESCC patients into three distinct phases, namely, 
nontumor, intraepithelial neoplasia (IEN), and advanced-stage ESCC (A-ESCC), to explore key mutational events in 
early-stage EC. The genes that were shown to be mutated in the IEN phase included PCDHB16, BOC, SYNE2, BCL9L, and 
STAG2. Analysis of somatic copy number alterations in the entire exome revealed that within the ESCC cohort of the 
TCGA database, chromosome 3q (chr3) exhibited the most significant amplification event, particularly during the IEN 
phase. Furthermore, during the early stages of IEN, there was a notable presence of important genes located at chr3, such 
as TP53, PIK3CA, and SOX2.

Transcriptomics
Transcriptomics refers to the examination of all RNA transcripts within a group of cells by high-throughput methodo-
logies[27]. The transcriptome serves as a crucial bridge connecting the phenotypic characteristics of cells with the genetic 
aspects of tumor biology, encompassing all the information encoded by RNA transcripts derived from DNA. Thus, 
transcriptome adjustments reflect different cellular states, developmental stages, and regulatory mechanisms[28].

Tumor and paired noncancer tissues obtained from patients with ESCC in Iran were statistically analyzed by real-time 
fluorescence quantification and reverse transcription-PCR (RT-PCR). The majority of tumors overexpressing MAEL were 
stage I or stage II (P < 0.001), indicating that the level of MAEL was greater in primary stage (I/II) tumors. Therefore, 
early ESCC progression primarily triggers the activation of MAEL, while the expression level of MAEL decreases in 
advanced tumors. Furthermore, MAEL could serve as a reliable indicator for identifying patients with early ESCC in Iran
[29].

https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
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Previous studies have shown that MEIS1, a constituent of the three-amino acid loop extension (TALE) HOX gene 
family, plays a negative regulatory role in early ESCC progression by inhibiting the cell cycle and cell proliferation, and 
its dysregulation may lead to functional alterations in different cell signaling pathways[30-32]. RT-PCR was used to 
explore the potential association between MEIS1 and crucial genes implicated in various cell signaling pathways during 
the progression of ESCC. The mRNA expression levels of MEIS1 and various marker genes (SIZN1, SALL4, and HEY1) 
were measured using quantitative real-time PCR (qRT-PCR) to investigate the correlation between genes and MEIS1 
involved in different cell signaling pathways in ESCC. Additionally, pairwise correspondence was examined to identify 
any potential correlations. A notable association was observed between HEY1 and MEIS1 (P < 0.05) and between SIZN1 
and MEIS1 (P < 0.05) in the initial stages of ESCC (stage I/II) compared with the later stages (III/IV)[33].

Metabolomics
Alterations in metabolic processes and metabolic reprogramming are widely recognized as distinctive characteristics in 
the development of malignant tumors and represent revolutionary hallmarks of cancer[34]. Metabolomics is an omics 
approach that simultaneously quantifies an extensive number of chemical compounds present in biological organisms, 
employing corresponding technical methods to analyze extracts from urine, plasma, or tissue.

Therefore, metabolomics could generate clear biochemical information on disease mechanisms, thereby offering novel 
insights into cell signaling pathways affected by diseases and presenting new opportunities for the advancement of 
diagnostic indicators and therapeutics[35].

Blood samples were collected from healthy controls (HCs) individuals, patients with ESCC, and patients with 
esophageal squamous cell dysplasia (ESCD). Stages 0 and I were classified as early stage, stages II and III were considered 
intermediate stage, and stage IV was categorized as advanced stage. The plasma metabolic profiles were obtained by gas 
chromatography-mass spectrometry (GC/MS), and the potential diagnostic value of the various methods was evaluated 
by calculating receiver operating characteristic (ROC) curves and adjusted odds ratios (ORs). The HCs, ESCD, and ESCC 
groups exhibited 35, 46, and 9 distinct metabolites, respectively. Additionally, the early, intermediate, and late stages 
were characterized by 3, 6, and 4 unique metabolites, respectively. As ESCC progresses, the levels of cysteine and α-
tocopherol increase gradually, and the level of aminomalonic acid increases. Therefore, α-tocopherol, cysteine, and 
aminomalonic acid may serve as markers for the early diagnosis of ESCC[36].

Previous studies have not only identified a single metabolite via metabolomics as an early marker for diagnosing ESCC 
but also established a diagnostic model of multiple metabolites to diagnose ESCC. Zhu et al[37] examined the plasma 
metabolomic profiles of patients with ESCC and HCs individuals via ultra-performance liquid chromatography-tandem 
quadruple time-of-flight mass spectrometry (UPLC-QTOF/MS) and identified 8 metabolic markers. A model for ESCC 
diagnosis based on 8 metabolic markers hypoxanthine, proline betaine, indole acrylic acid, inosine, 9-decanoylcarnitine, 
docosahexaenoic acid, lysophosphatidylethanolamine (LPE) (20:4) and lysophosphatidylcholine (LPC) (20:5), was 
constructed by machine learning. The area under the curve (AUC) of the ROC curve for this model was 0.991 [95% 
confidence interval (95%CI): 0.981-1.000]. Moreover, the sensitivity (SE) and specificity (SP) were 98.8% and 94.9%, 
respectively. In the validation set, an AUC of 0.965 (95%CI: 0.936-0.993) was observed, while the SE and SP were 88.3% 
and 88.9%, respectively. Further investigation revealed a correlation between the progression of ESCC and three 
biomarkers, namely, indole acrylic acid, LPE (20:4), and LPC (20:5).

EPIGENETICS
Epigenetic modifications are thought to influence gene expression and cell phenotype rather than DNA sequence. Many 
known determinants of DNA methylation, histone tail modifications, and noncoding RNA expression constitute 
epigenetic modifications. Within the field of cancer, the disruption of epigenetic programming results in dysregulated cell 
division, impaired differentiation, and increased resistance to apoptosis[38]. Numerous studies have confirmed that 
alterations in the epigenome affect almost every step of tumor occurrence, progression, and treatment. Therefore, 
epigenetics has important implications for tumor exploration, diagnosis, delamination, and therapeutic intervention.

DNA methylation
DNA methylation, a form of epigenetic modification, is indispensable for maintaining genome structure and controlling 
gene expression, and approximately 80% of CpG sequences in the human genome exhibit detectable DNA methylation
[39]. Aberrant DNA methylation can contribute to the pathogenesis of malignancies. DNA hypermethylation can result in 
transcriptional repression and decreased gene expression, while DNA hypomethylation impacts chromosome stability 
and promotes aneuploidy[40,41]. Methylation of gene promoters that deviate from the norm may result in the inhibition 
of tumor suppressor genes, consequently impacting related transcriptional pathways and promoting tumor growth[42].

By analyzing the pathogenicity of DNA methylation in ESCC, it was found that the DNA methylation pattern 
gradually changes in the development and progression of EC, suggesting that it serves as an initial event during the 
progression of ESCC. The occurrence of methylation in the NKD2 gene is a common phenomenon observed in ESCC, and 
the methylation patterns of both the NKD2 and DACT2 genes are correlated with the classification of tumors according to 
TNM staging and lymph node metastasis. These results indicate that abnormal methylation patterns of DACT2 and NKD2 
can be utilized as indicators for the timely identification and treatment of ESCC[43].
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Histone modifications
The amino terminal tail of histones is subject to a range of enzymatic modifications that induce diverse posttranslational 
alterations. The targeting of histone-modifying enzymes (HMEs) is responsible for chemical modifications of histones 
through covalent bonding, including methylation, acetylation, phosphorylation, and ubiquitination. These enzymes are 
pivotal for regulating both physiological and pathological biological processes[44]. The control of transcriptional 
activation and repression is suggested to involve the interaction of various HMEs, in addition to other epigenetic 
mechanisms, which collectively influence chromatin organization and subsequent gene expression[45].

Although there are many ways to modify histones, methylation and acetylation are the most common modifications. 
Chen et al[46] measured the quantities of the acetylated protein H3/H4 and the methylated protein H3K4/H3K27. This 
study revealed that the acetylation levels of histones H3 and H4 gradually decreased in tumor tissues. In addition, H3 
exhibited reduced acetylation, while H3K27 methylation was significantly associated with tumor severity. In addition, 
hypoacetylation of H3 and excessive methylation of H3K4 and H3K27 were associated with the differentiation of tumor 
tissues. Therefore, we determined that tumor severity and tumor tissue differentiation were correlated with both H3K27 
hypermethylation and H3 hypoacetylation. Additionally, the differentiation of tumor tissue was linked to H3K4 
hypermethylation.

The acetylation/deacetylation of histones results from the regulatory oversight of two opposing enzymatic activities, 
namely, histone acetyltransferases (HATs) and histone deacetylases (HDACs)[47]. Since HDACs were first isolated, at 
least eight HDACs have been identified, and in the course of cancer development, HATs and HDACs play a role in 
modulating chromatin structure[48]. The acetylation status of histone H4 and the expression level of HDAC1 in human 
ESCC tissue were analyzed by Yasushitoh using immunohistochemistry. Histone H4 is exceedingly hyperacetylated in 
early ESCC, after which the protein is converted to a hypoacetylated state depending on the extent of carcinoma 
progression. This finding suggested that HAT activity is suppressed in advanced EC cells. The extent of acetylation on 
histone H4 and HDAC1 decreases correspondingly as cancer infiltrates the more profound strata of the esophageal wall. 
Moreover, it was observed that there is spatial similarity between high histone H4 acetylation and high HDAC1 
expression within the same tumor[49]. Therefore, it can be speculated that the level of histone H4 acetylation and HDAC1 
expression are important for early ESCC detection.

Noncoding RNAs
Noncoding RNAs (ncRNAs) play pivotal roles in human tumor formation and the pathogenesis and progression of 
malignant neoplasms. They function as regulators, either promoting or inhibiting the development and progression of 
carcinomas. NcRNAs are categorized according to their length, shape, and various locations. MicroRNAs (miRNAs), 
long-chain ncRNAs (lncRNAs), PIWI-interacting RNAs (piRNAs) and circular RNAs (circRNAs) constitute the primary 
categories of ncRNAs that perform different functions in cancer[50].

MiRNAs, which are small ncRNAs, are closely associated with the progression of carcinoma[51]. The identification of 
distinct miRNA profiles in human malignancies may aid in tumor diagnosis and cancer treatment[52-54]. A recent study 
showed that researchers have discovered a substantial presence of stable miRNAs in human serum, and the distribution 
of miRNA concentrations is altered in cancer patients[55].

It is convenient to obtain miRNAs from serum, plasma, and other body fluids, and these materials have good stability. 
Zhang et al[56] utilized Solexa sequencing analysis to identify the significant upregulation of 25 serum miRNAs in 
patients with ESCC compared with those in the normal group. The identification of seven serum miRNAs as biomarkers 
for ESCC was achieved through RT-qPCR analysis. To assess the effectiveness of the seven-member miRNA diagnostic 
model, researchers calculated the risk scoring function (RSF) for ESCC and control samples using a risk scoring formula. 
An RSF cutoff of 8.10 was used to correctly predict stage I or II disease in 85 of 106 patients (80.2%) and stage III or IV 
disease in 32 of 43 patients (74.4%). This study revealed that the serum miR-10b-3p concentration can serve as a novel 
diagnostic marker for ESCC. Hypomethylation of the miR-10b-3p promoter leads to overexpression of miR-10b-3p, 
thereby inhibiting FOXO3 expression and promoting the proliferation and metastasis of ESCC[57].

MiRNAs can be obtained not only from body fluids but also from tissues. Fujihara et al[58] obtained matched sets of 
primary ESCC tissue samples and corresponding neighboring healthy tissues from patients with a pathological diagnosis 
of stage I ESCC. Then, unsupervised hierarchical cluster analysis was used to determine the variation in gene expression 
patterns between ESCC tissues and neighboring healthy tissues, and 48 differentially expressed miRNAs were revealed. 
To confirm the findings of the miRNA analysis, scientists conducted qRT-PCR analysis of sets of tissues and both ESCC 
and normal esophageal cell lines. For this analysis, they selected the most differentially expressed miRNAs, miR-21-5p, 
miR-146b-5p, and miR-210-3p, from among the paired tissues. Further analysis revealed that miR-146b-5p and miR-21-5p 
were upregulated in tumors, while miR-210-3p expression levels were decreased compared to those in adjacent healthy 
tissues. In superficial ESCC tissues and neighboring healthy tissues, certain miRNA expression levels exhibited noticeable 
differences, indicating the significant diagnostic value of differentially expressed miRNAs for early ESCC.

NcRNAs have been widely studied, and lncRNAs have also received increased amounts of attention in recent years. 
Zhou et al[59] conducted a genome-wide screen of ESCC patients to identify potential biomarkers of lncRNAs. Then, they 
incorporated 6 LncRNA biomarkers to develop a diagnostic model called the MLMRP score. To assess the diagnostic 
accuracy of the model under these conditions, the expression levels of six lncRNAs were measured using an RT-qPCR 
assay and evaluated in different center databases and platform cohorts. Finally, 5 lncRNAs (LINC01082, PGM5-AS1, 
LINC03016, AP003548.1, and ADAMTS9-AS1) were considerably downregulated, and 1 lncRNA (MIR503HG) was 
considerably upregulated. The study further classified the samples into early-stage (stage I/II) and late-stage (stage III/
IV) patients and then examined the diagnostic effectiveness of the model in the early stage. The model differentiated 
between early phase I and phase II ESCC patients in the different cohorts, with an AUC, SE, and SP above 0.90 in each 
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cohort, revealing the possible significance of the model as a promising instrument for timely detection. A study showed 
that the lncRNA KLF3-AS1 can regulate KLF3 by binding to miR-185-5p and acting as a ceRNA of miR-185-5p. This 
results in the upregulation of KLF3 mRNA and protein expression and ultimately inhibits ESCC migration and invasion
[60].

CircRNAs are novel ncRNAs that often serve as miRNA sponges to further regulate host gene expression and protein 
transport processes[61]. Li et al[62] reported that cir-ITCH can act as a miRNA sponge, leading to increased expression 
levels of ITCH and ubiquitin-mediated Dvl2 degradation. These effects thereby inhibit classical Wnt signaling and further 
inhibit the expression of the oncogene c-Myc, thereby preventing ESCC tumor development. Sang et al[63] demonstrated 
that ciRS-7, a miR-876-5p sponge, led to increased expression of the MAGE-A family and promoted the progression of 
ESCC.

Emerging bioinformatics has significantly contributed to contemporary medical research, with numerous databases 
containing a large number of samples, and machine learning is gradually being applied to clinical research. Yu et al[64] 
integrated ESCC patient information from the TCGA and GEO databases and divided the samples into early and late 
ESCC samples according to the patient's pathological disease stage. Then, 9 optimal lncRNA biomarkers were identified 
by machine learning, and a support vector machine (SVM) classifier was further constructed to differentiate between 
samples from patients with early-stage and advanced-stage ESCC. The SVM classifier successfully differentiated the 
progression stages of 160 ESCC patients in 179 samples, achieving a comprehensive precision rate of 89.39%. The SE, SP, 
negative predictive value (NPV) and positive predictive value (PPV) were 88.51%, 90.22%, 89.53%, and 89.25%, 
respectively, and the AUC was 0.91. Using samples from the TCGA database to verify the diagnostic ability of the 9 
identified lncRNAs for predicting ESCC progression, the SVM classifier was able to accurately distinguish the stages of 
ESCC with a comprehensive precision of 90.14%. Similarly, the SP, SE, NPV, and PPV of the SVM classifier were 100.00%, 
73.08%, 86.54% and 100.00%, respectively, and the AUC was 0.915. Thus, the SVM classifier based on 9 lncRNAs was 
demonstrated to have the potential to diagnose early ESCC.

MICROBIOLOGY APPROACHES
Research into the microbiome is a dramatically progressing field in human cancer[65]. The microbiome composition 
varies across different types of tumors[66]. The oral and esophageal microbiomes have recently emerged as significant 
contributors to the progression of ESCC[67]. Chinese individuals with reduced microbial richness in the lower esophagus 
and decreased diversity of saliva microbes may exhibit greater likelihoods of developing esophageal squamous dysplasia 
and ESCC, respectively[68]. The researchers collected esophageal biopsy and swab samples from healthy people and 
patients with esophageal disease using healthy mean relative abundance (ARA%) as a baseline. They identified 109 
microorganisms in the samples based on sequencing data and found 12 microorganisms with differential abundances 
between the normal samples and the ESCC samples. Of these, the ARA% of 8 microorganisms showed an upward trend, 
while the ARA% of the other 4 microorganisms showed a downward trend[69].

Fusobacterium nucleatum
Fusobacterium nucleatum (F. nucleatum) is a bacterium that thrives in oxygen-deprived environments that was found to 
exist inside cells under certain conditions[70]. This microorganism is typically present intraorally, as well as in the 
urogenital and gastrointestinal tracts, including both the intestines and upper digestive system. Previous studies have 
provided evidence that F. nucleatum has a significant impact on promoting the proliferation and metastasis of diverse 
forms of carcinomas, including oral squamous cell carcinoma, pharyngeal squamous cell carcinoma, pancreatic cancer, 
colorectal cancer, and breast cancer[71-74]. Zhang et al[75] demonstrated an appreciably greater abundance of F. 
nucleatum in malignant tissues than in neighboring healthy tissues. Notably, predominant clustering of F. nucleatum 
within cancerous tissues was observed. Additionally, the expression of F. nucleatum in TNM stage III/IV ESCC tissues 
was significantly greater than that in TNM stage I/ II tissues.

The association between F. nucleatum and ESCC has been established; however, the underlying pathogenesis of this 
disease has not been determined. The promotion of ESCC cell proliferation by F. nucleatum might be mediated through 
the AHR/CYP1A1/AKT signaling pathway[76]. F. nucleatum infiltration into ESCC cells was demonstrated by Nomoto et 
al[77]; these authors also revealed that tumor advancement is facilitated by the activation of the NF-κB pathway, which is 
mediated through receptor-interacting protein kinase 2 (RIPK2) and nucleotide oligomerization domain 1. Research 
revealed a direct association between METTL3 expression and the abundance of F. nucleatum in ESCC tissues. In addition, 
overexpression of METTL3 enhanced the growth and motility of ESCC cells. One of the reasons for the increase in 
METTL3 transcription is infection by intracellular F. nucleatum. F. nucleatum infection leads to the activation of METTL3-
associated m6A modifications that upregulate c-Myc expression. YTHDF1 recognizes methylated c-Myc mRNA and 
enhances its mRNA stability, ultimately leading to the upregulation of c-Myc expression to promote ESCC invasion and 
metastasis[78]. Ding et al[79] observed a greater abundance of F. nucleatum in ESCC tissues than in neighboring healthy 
tissues, and this elevated level of F. nucleatum was linked to a decreased rate of survival. Moreover, experiments have 
shown that F. nucleatum can invade ESCC cells by increasing putrescine production, disrupting the metabolism of 
polyamines, and facilitating the uncontrolled growth of malignant ESCC cells.

The term “early-stage esophageal cancer (EEC)” refers to mucosal (T1a) and submucosal (T1b) cancers, regardless of 
the presence of lymph node metastasis[80]. Lei et al[81] verified that the expression of F. nucleatum was greater in EEC 
tissues than in noncancerous tissues, and that F. nucleatum levels were increased with the development of EC, as 
determined by fluorescence in situ hybridization and RT-PCR. F. nucleatum accelerated the initial progression of ESCC by 
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increasing the level of the interleukin IL-32/ PRTN3 complex, which in turn activated the PI3K/AKT signaling pathway 
(Figure 3). The DNA extracted from saliva samples by Wei et al[82] demonstrated that the predictive accuracy of Strepto-
coccus salivarius (S. salivarius), F. nucleatum, and Porphyromonas gingivalis (P. gingivalis) individually and in combination for 
ESCC patients was 69.0%, 56.5%, 61.8%, and 76.4%, respectively. The corresponding sensitivity values at the critical 
threshold were 69.3%, 22.7%, 35.2%, and 86.4%, respectively. Similarly, the respective specificities were -78.4% for S. 
salivarius, -96.1% for F. nucleatum, and -90.2% for P. gingivalis, and for the combination of the three bacteria, it was -58.8%. 
These results suggest that microbes, whether alone or in combination, can function as prognostic indicators for ESCC.

A deeper understanding of the molecular mechanism underlying F. nucleatum expression in the initial stages of ESCC 
could lead to the discovery of new screening markers for early detection and therapeutic targets.

P. gingivalis
P. gingivalis is a prevalent gram-negative anaerobic bacterium closely related to periodontal disease. In addition to 
invading parts of the upper digestive tract, P. gingivalis infection also occurs in EC tissue. The infection of P. gingivalis in 
EC is considered a priority[83].

Although there is mounting evidence supporting the protumor properties of P. gingivalis in mouth and gastrointestinal 
system cancers, the molecular mechanisms underlying its role in ESCC have largely been elusive[84]. Therefore, 
elucidating the key molecular targets of P. gingivalis during the initiation and progression of ESCC will provide valuable 
insights for early diagnosis. Targeted therapy studies have demonstrated that colonization by P. gingivalis suppresses the 
expression of programmed cell death factor 4, resulting in the accumulation of cancer stem cells within ESCC cells and 
facilitating malignant progression[85]. Moreover, prolonged colonization by P. gingivalis results in the upregulation of the 
inflammatory cytokine glycogen synthetase kinase 3β, which facilitates mitochondrial oxidative phosphorylation 
(mtOXPHOS) and fosters malignant progression in ESCC[86]. Similarly, Gao et al[87] presented novel findings indicating 
that P. gingivalis enhances the expression of glycoprotein A repeat dominance (GARP), thereby activating the TGF-β/
Smad signaling pathway. Additionally, the upregulated expression of GARP and activation of TGF-β were found to be 
partially reliant on P. gingivalis fimbriae (FimA) (Figure 3). The phosphorylation of Smad2/3 by P. gingivalis and the 
upregulation of GARP lead to unfavorable prognoses in patients with ESCC.

Among the serum antibodies against P. gingivalis, IgG and IgA showed potential as serum biomarkers for ESCC, with a 
sensitivity/specificity of 29.17%/96.90% and 52.10%/70.81%, respectively. Furthermore, the diagnostic efficacy of serum 
IgA antibodies against P. gingivalis surpassed that of IgG for detecting early-stage ESCC (54.54% vs 20.45%)[88]. The 
presence of P. gingivalis in saliva can serve as an indicator of ESCC. Chen et al[89] revealed that the concentration of P. 
gingivalis in the saliva of individuals diagnosed with ESCC was significantly increased compared to that in the saliva of 
healthy individuals in the control group (P < 0.05). When utilizing P. gingivalis as a diagnostic tool for ESCC, the 
calculated AUC was 0.599, with an SE of 62.2% and an SP of 70%. Patients diagnosed with early-stage ESCC can achieve 
curative outcomes through endoscopic resection (ER), including methods such as endoscopic mucosal removal, and 
endoscopic submucosal dissection (ESD)[90]. However, it should be noted that a subset of patients may experience 
metastasis or relapse following ER, regardless of the depth of tumor infiltration[91]. Research findings indicated that the 
abundance of P. gingivalis in tumors infiltrating the mucosal myometria and submucosa was greater than in lesions 
limited exclusively to the epithelium or lamina propria. Moreover, there were positive correlations between the presence 
of excessive P. gingivalis and invasion depth, post-ESD stenosis, and disease recurrence in the same area. Cox regression 
analyses with a single variable and multiple factors demonstrated that P. gingivalis independently predicted post-ESD 
recurrence and exhibited strong predictive capabilities for post-ESD local recurrence[92].

The development of more precise and efficient detection methods is expected through further research on the 
correlation between P. gingivalis and ESCC, and these methods are anticipated to have a crucial impact on the early 
screening and diagnosis of this malignancy.

ENDOSCOPY AND AI
The utilization of AI in digestive endoscopy can offer supplementary diagnosis, intelligent navigation, and precise 
treatment, thereby enhancing the efficiency and accuracy of medical interventions and improving patient outcomes.

Endoscopy
The major pathogenic factors of EC have not been fully elucidated, leading to a dearth of effective interventions for this 
disease. Secondary prevention aims to achieve early diagnosis and treatment through screening and has emerged as a 
practical approach to mitigate the risk of advanced EC and its associated mortality[93]. The utilization of biomarker-
based disease detection enhances recent advancements in nonendoscopic screening, thereby increasing the potential for 
improved accuracy and accessibility in detecting early ESCC. However, endoscopy remains the preferred screening 
method for ESCC[94].

The current presentations of early ESCC are distinguished by noticeable alterations observed during endoscopy, such 
as delicate mucosal conditions, localized erythema, erosions, patches, and nodules[95]. Conventional white-light imaging 
(WLI) has high accuracy in detecting ESCC, but it lacks sensitivity in identifying squamous cell dysplasia due to the 
subtle vascular changes that are only slightly different from those of normal squamous mucosa[96]. The use of innovative 
endoscopic methods, such as dye spray pigment endoscopy, virtual pigment endoscopy, confocal laser endoscopy, and 
volume laser endoscopy, can significantly enhance the diagnostic accuracy of white light endoscopy[97]. Texture with 
color-enhanced imaging is an innovative form of endoscopy with improved image quality that improves dark areas in 
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Figure 3 Tumorigenic properties of Fusobacterium nucleatum and Porphyromonas gingivalis in early esophageal squamous cell 
carcinoma. Microorganisms play an important role in early esophageal squamous cell carcinoma (ESCC), and people with low esophageal microbial richness and 
salivary microbial diversity may be more likely to progress to esophageal squamous dysplasia (a precursor to ESCC) and ESCC. Fusobacterium nucleatum promoted 
the early progression of ESCC by upregulating the expression of IL-32/PRTN3 and activating the PI3K/AKT signaling pathway. Porphyromonas gingivalis fimbriae 
upregulates TLR4/MyD88 expression, which in turn activates GARP-mediated TGFβ/Smad signaling, thereby promoting the occurrence and development of ESCC. 
Fn: Fusobacterium nucleatum; Pg: Porphyromonas gingivalis; FimA: Fimbriae. Citation: The figure was created by author using MedPeer. The authors have obtained 
the permission for figure using from the medpeer.cn (Supplementary material).

WLI images, improves texture by highlighting subtle surface changes, and increases the contrast between the mucosa 
surrounding gastrointestinal lesions. This technique can aid in detecting ESCC based on color differences[98]. The Lugol 
iodine staining method remains the gold standard for detecting severe early ESCC. Lugol, an essential stain containing 
iodine, is effectively taken up by glycogen in typical esophageal squamous cells. However, tumor cells in the esophagus 
exhibit low glycogen content, resulting in decreased uptake of iodine from Lugol dye. This phenomenon is observed as 
areas devoid of Lugol staining and is commonly referred to as the “pink sign”[99]. Fluorescence molecular endoscopy 
enables the specific targeting and fluorescence highlighting of protein targets that are overexpressed in dysplasia and 
cancer. Zhao et al[100] recognized and confirmed GLUT1 as a potential target for imaging at the molecular level. 
Additionally, fluorescence imaging following the local application of 2-DG 800 CW has been demonstrated to effectively 
distinguish high-grade dysplasia and ESCC from low-grade dysplasia and normal esophageal tissue.

The minimally invasive therapeutic option for early ESCC is ER. The identification of tumor invasion depth can 
contribute to more informed decisions regarding ESCC treatment. The utilization of narrow band imaging (NBI) to 
magnify endoscopy results has been demonstrated to enhance the accuracy of invasion depth diagnosis in individuals 
suffering from superficial ESCC[101]. Previous studies have indicated that the accuracy and specificity of endoscopic 
ultrasound (EUS) surpasses those of NBI magnifying endoscopy (ME-NBI) in terms of accurately identifying the infilt-
ration depth of ESCC[102]. However, Ishihara et al[103] reported that supplementing EUS with nonmagnification 
endoscopy (non-ME) or ME did not improve diagnostic accuracy in determining T1 ESCC invasion depth. Kobayashi et al
[104] discovered that the utilization of linked color imaging combined with a light-emitting diode light source improves 
endoscopic assessment for determining the extent of invasion in ESCC through the observation and analysis of vessel 
diameter and vessel angle within inner capillary loops.

With advancements in medical imaging and biomarker technology, the application of endoscopy for diagnosing early 
ESCC is likely to increase. Moreover, the integration of molecular biology-based biomarker detection techniques with 
endoscopy holds promise for providing more comprehensive diagnostic information for early ESCC.

https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/f0e1ec32-459f-479c-943a-8443e8b25dc7/WJGO-16-1104-supplementary-material.pdf
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AI
AI was first proposed in 1956 and can be defined as the capacity of machines to acquire knowledge and discern patterns 
and relationships from a sufficient number of representative examples. Thereafter, these data were used to make efficient 
informed decisions[105]. With the advancement of AI, its application in the diagnosis of gastrointestinal tumors has 
become increasingly prevalent[15,106-108]. Due to the varying levels of expertise among endoscopists, numerous cases 
have gone undetected. The implementation of AI can effectively address interobserver discrepancies and significantly 
improve the detection rate of ESCC[15].

Upper gastrointestinal endoscopy has a significant impact on the early detection of ESCC. However, achieving 
proficiency in identifying superficial lesions requires extensive and ongoing training for endoscopists. The deep learning 
computer-aided diagnosis (CAD) system for WLI and NBI modes, derived from the YOLO v5 algorithm, was configured 
by Meng et al[109]. The CAD system demonstrated excellent performance, with an AUC of 0.982 (95%CI: 0.969-0.994), an 
accuracy of 92.9% (95%CI: 89.5%-95.2%), an SE of 91.9% (95%CI: 87.4%-94.9%), and an SP of 94.7% (95%CI: 89.0%-97.0%). 
Furthermore, compared with their independent assessments alone, the CAD results significantly improved the precision 
exhibited by individuals without specialized expertise in endoscopy (88% vs 78%, P < 0.001). The AI diagnostic method 
by Shiroma et al[110] achieved a 100% correct diagnosis rate for ESCC (64/64) while also accurately detecting 85% of T1 
ESCC patients (17/20). In comparison, WLI and NBI detected 75% (15/20) and 55% (11/22) of T1 ESCC patients, 
respectively. A study conducted by Wei et al[82] utilized a dataset of tens of thousands WLI images obtained from 1239 
patients for the purpose of training and assessing an AI model based on a deep convolutional neural network. This model 
demonstrated high accuracy in identifying and outlining the boundaries of early ESCC lesions in datasets for both 
internal and external validation. A comparative analysis of WLI and nonmagnetic endoscopic narrowband imaging (NM-
NBI) with a CAD system revealed that CAD-NBI exhibited greater specificity and accuracy than did CAD-WLI, while the 
sensitivity of CAD-WLI surpassed that of CAD-NBI. By utilizing a CAD system, endoscopists can enhance the diagnostic 
ability of these devices to achieve optimal levels of disease[111].

The ME-NBI technique is crucial for predicting the extent of invasion in ESCC patients due to its association with 
morphological changes observed in the intrapapillary capillary loop (IPCL) pattern[112]. After training and validation by 
Yuan et al[113] using a dataset of 685 ME-NBI images comprising 7094 patients, the internal and external validation 
cohorts yielded combined accuracies of 91.3% and 89.8%, respectively, as demonstrated by the AI system for diagnosing 
IPCL subtypes. With the aid of the AI system, leading endoscopists more accurately diagnosed both IPCL subtypes and 
depth of invasion. Zhang et al[114] developed an AI-based invasion depth prediction system (AI-IDPS) for ESCC utilizing 
invasion depth-related features. In terms of image verification, the AI-IDPS demonstrated a sensitivity, specificity, and 
accuracy of 85.7%, 86.3%, and 86.2%, respectively, in diagnosing SM2-3 lesions. For continuous video acquisition, the 
corresponding values were 87.5%, 84.0%, and 84.9%, respectively.

The utility of an AI system for real-time diagnosis of ESCC in a medical environment was assessed in a study involving 
237 lesions. The accuracy, sensitivity and specificity of the AI systems were 80.6%, 68.2%, and 83.4%, respectively. In 
contrast, endoscopic physicians exhibited increased accuracy (85.7%) but decreased sensitivity (61.4%) and specificity 
(91.2%)[115]. Although there are still several limitations in the early detection of ESCC using AI, such as issues related to 
data quality, unreliable results, and the need for verification by professional doctors, significant improvements can be 
achieved by establishing comprehensive databases, enhancing model interpretability, integrating multimodal 
information, and strengthening self-learning capabilities. These advancements will further enhance the accuracy and 
reliability of AI in this field and provide better support for early diagnosis and treatment.

Endoscopy and AI technology each possess advantages in the early detection of ESCC. The combination of these two 
modalities can complement one another, enhancing diagnostic accuracy and efficiency.

NEW DIRECTIONS AND PERSPECTIVES
With the deepening of research, multi-omics analysis has become an indispensable part of the study of disease 
progression. Through the combined analysis of multiple omics, the possible mechanisms, and therapeutic targets of ESCC 
were more fully revealed[57,62,63]. In the future, as endoscopic technology and AI continue to advance, there is vast 
potential for their integration in diagnosing early ESCC. Endoscopy provides visual lesion information[101,104], while AI 
technology offers more precise diagnostic results through extensive data analysis[88,111]. This amalgamation will 
provide a more accurate and convenient approach for diagnosing early ESCC.

CONCLUSION
The field of early detection of ESCC has undergone significant scientific advancements in recent years. Novel discoveries 
in biomarkers, molecular biology, epigenetics, microbiome research, endoscopy, and AI offer novel insights and method-
ologies for the timely identification of ESCC. Future studies should further explore these areas to improve the prognosis 
and quality of life of individuals diagnosed with ESCC.
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