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ABSTRACT
Background: Esophageal squamous cell carcinoma (ESCC) is a predominant and highly lethal form of esophageal cancer, with 
a five-year survival rate below 20%. Despite advancements, most patients are diagnosed at advanced stages, limiting effective 
treatment options. Multi-omics integration, encompassing somatic genomic alterations, inherited genetic mutations, transcrip-
tomics, proteomics, metabolomics, and single-cell sequencing, has enabled the identification of distinct molecular subtypes of 
ESCC.
Method: This article systematically reviewed the current status of molecular subtyping of ESCC based on big data, summarized 
unique subtypes with differing treatment responses and prognostic outcomes.
Result: Key findings included subtype-specific genetic mutations, signaling pathway alterations, and metabolomic profiles, 
which offer novel biomarkers and therapeutic targets. Furthermore, this review discusses the link between molecular subtypes 
and immunotherapy efficacy, chemotherapy response, and drug development.
Conclusion: These insights highlight the potential of omics-based molecular typing to transform ESCC management and facil-
itate personalized treatment strategies.

1   |   Introduction

Over the years, improvements in living standards and shifts in 
dietary habits have coincided with a gradual increase in the inci-
dence and mortality rates of esophageal cancer. Globally, esoph-
ageal cancer ranks seventh in incidence and sixth in mortality 
[1], with a 5-year survival rate of only 20% [2]. The subtle nature 
of esophageal cancer symptoms underscores the critical need for 
timely diagnosis and screening. Esophageal squamous cell carci-
noma (ESCC) is the predominant histologic form of esophageal 
cancer, with incidence and death rates in China being higher 
than in other Asian and worldwide areas. Tumor heterogeneity 

[3], driven by genetic mutations, hereditary traits, and epigene-
tic alterations, complicates molecular classification, contributes 
to variable clinical outcomes, and hampers the identification of 
reliable prognostic biomarkers [4].

As biological science enters the era of genome-wide big data, 
numerous innovative methods and concepts have emerged in 
treating contemporary tumors. Traditional clinicopathologic 
typing methods (e.g., histologic type and depth of infiltra-
tion) cannot meet the needs of modern precision medicine. 
In 1991, the National Cancer Institute (NCI) introduced the 
concept of molecular typing of tumors [5]. Molecular typing 
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can reveal the heterogeneity of tumors by analyzing gene ex-
pression profiles, mutation profiles, and other biomolecular 
data of esophageal squamous carcinoma (ESCC) cells, which 
can help understand the complexity and diversity of tumors 
and provide patients with more precise diagnostic recommen-
dations and treatment plans. Molecular typing of esophageal 
cancer provides a powerful resource for discovering potential 
diagnostic markers and therapeutic targets for future esopha-
geal cancer treatment.

This study focused on molecular typing models developed 
using diverse technical approaches, algorithms, and co-
horts. Recent research has identified molecular subtypes of 
esophageal cancer corresponding to various stages of disease 
progression. These subtypes, defined by distinct molecular 
characteristics, provide insights into tumorigenesis, growth, 
and their effects on patient survival. These findings represent 
significant advancements in understanding the molecular 
biology of esophageal cancer and establish a foundation for 
more precise therapeutic strategies.

2   |   Subtyping of ESCC Based on Bulk Omics Data

2.1   |   Genomics of ESCC

Despite extensive research on the esophageal cancer genome 
in China, most studies involve sample sizes ranging from tens 
to just over a hundred cases, concentrating primarily on exon 
sequencing of DNA coding regions. Thus, it is infeasible to at-
tain a comprehensive picture of the genetic profile of esopha-
geal cancer, and it is even more challenging to precisely describe 
how genes influence the disease progression of a patient and the 
confirmation of the diagnosis. However, solid tumors frequently 
include DNA copy number aberrations (CNA) in their genome, 
which are closely related to the initiation and progression of 
these tumors [6]. This variability spans the entire chromosome 
length down to regions shorter than 100 kb. The heterogeneity of 
tumor genomic CNA has been demonstrated through molecular 
cytogenetic studies [7].

Song et  al. [8] carried out in-depth exploratory research in 
March 2014 by integrating genomic and clinical data from 
Chinese patients with ESCC. They succeeded in identifying 
eight specific genetic variations that may contribute to the 
development of the disease. Six of these genetic variations 
have been shown to be associated with key cancer-associated 
genes, including both oncogenes and tumor suppressor genes, 
TP53, RB1, CDKN2A, PIK3CA, NOTCH1, NFE2L2, and two 
additional genes not mentioned in previous reports, ADAM29 
[9] and FAM135B. Notably, FAM135B is the first identified spe-
cifically in this study to be potentially implicated in ESCC. 
In addition, data on copy number variations were obtained, 
demonstrating that MIR548K, located in the amplified re-
gion of chromosome 11q13.3–13.4 [8, 10, 11], is associated 
with attributes of disease progression. These mutations and 
copy number variations are closely related to esophageal can-
cer, which marks a breakthrough in the development of new 
drugs specific to this disease. Key protein regulatory genes 
implicated in lesion formation have also shown new insights 

in this trial. Specifically, MLL2, ASH1L, MLL3, SETD1B, and 
CREBBP/EP300 showed a high frequency of non-silent muta-
tions [8, 12]. After further exploration of some molecules that 
may become new targets for future anticancer therapies, it 
was found that there is a very high probability of mutation 
in the PI3K pathway, and PSMD2, RARRES1, SRC, GSK3β, 
and SGK3 are also considered potential drug targets [13, 14]. 
Scientists have summarized and analyzed a series of data on 
mutations and copy number changes of genes related to the 
pathogenesis of ESCC, which led to the clarification of some 
key signaling pathways, such as Wnt, cell cycle, Notch, RTK-
Ras, and AKT [15], which may greatly improve the therapeutic 
strategies for ESCC. In addition, in October 2020, Cui et  al. 
[16] revealed some important genetic features by comparing 
adjacent normal tissue samples from 508 ESCC patients from 
Shanxi and Xinjiang with their clinical follow-up records. 
Using genomic data, esophageal cancers were classified into 
distinct subtypes. Patients with mutations in the NFE2L2 
(NRF2) pathway [17, 18] or expansions in the RTK-RAS-MYC 
pathway demonstrated poorer prognoses [19, 20]. This was 
particularly evident in cases with NRF2 mutations. However, 
patients lacking these specific mutations or pathway ampli-
fications tended to have better survival outcomes. These 
findings also offer valuable insights for the development of 
novel therapeutic strategies. Furthermore, immunotherapy 
has ushered in a transformative era in cancer treatment [21]. 
Immune checkpoint inhibitors (ICIs) have demonstrated ef-
ficacy in advanced ESCC patients who are resistant to che-
motherapy, offering a promising alternative for improved 
patient outcomes [22–27]. In April 2023, Chen et al. [28] per-
formed whole exome sequencing of tumor samples from 486 
patients in the JUPITER-06 study [29], identifying several 
other favorable immunogenic features (e.g., HLA-I/II diver-
sity [30, 31]) and risky oncogenic alterations associated with 
the efficacy of chemotherapy + anti-PD-1 (e.g., PIK3CA [32] 
and TET2 mutations [33]). The esophageal cancer genomic 
immuno-oncology classification (EGIC) scheme was devel-
oped by integrating immunogenic features with oncogenic 
alterations. This classification stratifies patients into three 
subgroups: EGIC1 (favorable immunogenic features and ab-
sence of oncogenic alterations), EGIC2 (either favorable im-
munogenic features or absence of oncogenic alterations), and 
EGIC3 (unfavorable immunogenic features with the presence 
of oncogenic alterations). Clinical outcomes demonstrated 
that the combination of chemotherapy and anti-PD-1 therapy 
significantly improved survival in the EGIC1 and EGIC2 sub-
groups. However, this therapeutic approach did not yield sur-
vival benefits in the EGIC3 subgroup. Thus, EGIC may guide 
future individualized treatment strategies and inform mecha-
nistic biomarker studies of chemotherapy + anti-PD-1 therapy 
in patients with advanced ESCC. Several randomized clinical 
trials have further demonstrated that chemotherapy + PD-1 
blockade (chemotherapy + anti-PD-1) combination therapy 
significantly improves overall survival (OS) in patients with 
untreated advanced ESCC [29, 34–37], thus establishing che-
motherapy + anti-PD-1 as the new standard first-line treat-
ment for advanced ESCC. However, not all patients respond 
equally to chemotherapy + anti-PD-1, highlighting the need to 
identify predictive markers to guide patient selection and dis-
cover new therapeutic targets.
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Genomics studies have provided a rich data resource for the 
molecular typing of ESCC. By examining mutations, chromo-
somal alterations, and gene expression profiles, numerous key 
genes and signaling pathways associated with the initiation and 
progression of ESCC can be identified. However, genomics has 
its limitations. While gene sequences can be identified, there 
remains a lack of comprehensive understanding regarding the 
functions and regulatory mechanisms of many of these genes.

2.2   |   Transcriptomics of ESCC

In addition to genomic sequencing, transcriptomic-based re-
search in esophageal cancer tissues revealed the changes and 
regulatory mechanisms of esophageal cancer cells at the molec-
ular level. This RNA-Seq technology can help us understand the 
developmental process of esophageal cancer, molecular typing, 
prognostic assessment, and discovery of new therapeutic tar-
gets. In July 2023, Liu et  al. [38] applied digital spatial analy-
sis (DSP) to perform spatial whole transcriptome analysis on 
19 patient specimens with low-grade intraepithelial neoplasia 
(LGIN), high-grade intraepithelial neoplasia (HGIN), or ESCC. 
Spatial transcriptome mapping of epithelial cells, immune 
cells, and their nuclei was performed using PanCK, CD45, and 
Syto13, respectively. This analysis targeted specific regions 
of tissue samples at different stages of ESCC progression: NE 
(normal), LGIN, HGIN, and ESCC. A study has demonstrated 
that the aberrant expression of squamous epithelial heat shock 
protein 58 (Cornulin, CRNN) [39] and transgelin 2 (TAGLN2) 
is associated with the progression of esophageal precancerous 
lesions to esophageal cancer. These proteins show potential 
as early intervention markers for esophageal cancer. Spatial 
whole-transcriptome mapping has been employed to identify 
indicators predictive of ESCC risk at the esophageal squamous 
precancerous lesion (ESPL) stage and to explore the pathogen-
esis underlying the transition from ESPL to ESCC. The find-
ings suggest that TAGLN2 promotes ESCC progression, while 
CRNN inhibits ESCC progression by regulating cell prolifer-
ation. These results provide valuable insights into the patho-
logical processes driving ESCC development and offer a basis 
for early warning of ESCC and contribute to the prevention, 
detection, and intervention strategies for esophageal cancer. 
Yang et al. [40] performed single-cell transcriptome sequencing 
in the same year on a cohort of esophageal squamous cancer 
patients with a poor response to neoadjuvant therapy and an-
alyzed individuals receiving surgery-only treatment for ESCC. 
Through these analyses, the researchers identified 13 tumor cell 
subpopulations distributed across different neoadjuvant ther-
apy samples that may have resistance characteristics. The team 
identified a subpopulation of Ep-C2 tumor cells with strong 
antioxidant characteristics in samples from patients treated 
with radiotherapy combined with immunotherapy. This subset 
showed significantly activated antioxidant-related transcription 
factors MAFG and NFE2L2 and antioxidant-related genes, in-
cluding OSGIN1 and CYP4F3. This suggests that the antioxidant 
response may have a potential role in tolerance to radiotherapy 
combined with immunotherapy. Subsequently, multiple immu-
nohistochemistry experiments confirmed that the activation of 
antioxidant-related markers and proteins was also present in an 
independent cohort of patients receiving radiotherapy combined 
with immunotherapy. Based on the genetic characterization of 

Ep-C2, the team further explored potential drugs that might 
inhibit Ep-C2 cell activity to improve the efficacy of radiother-
apy combined with immunotherapy. In addition, they analyzed 
the detailed characteristics of T cells, myeloid cells, endothelial 
cells, and fibroblasts under different neoadjuvant regimens and 
found that the activation and effector functions of T cells were 
suppressed during neoadjuvant therapy and proposed the possi-
bility of using IL15 agonists as a combination therapy to boost 
immunological effects.

The developmental mechanisms of esophageal cancer can be 
thoroughly understood by transcriptomics. A thorough analy-
sis of the variations in gene expression between cancerous and 
normal tissues can reveal the key molecular pathways of disease 
progression and provide potential targets and protocols for pre-
cision therapy. Transcriptomics, however, primarily focuses on 
the transcriptional level, with a limited understanding of pro-
cesses such as post-transcriptional modification, protein trans-
lation, and degradation. The tumor microenvironment (TME) of 
esophageal cancer is very complex, and a single transcriptomic 
analysis may not fully reveal the interactions between the tumor 
and the host.

2.3   |   Proteomics and Metabolomics of ESCC

Genomic alterations often manifest as protein expression 
changes, further regulated by post-translational modifications 
(PTMs). Thus, proteomics and phosphorylated proteomics anal-
yses may provide additional insights into tumor biology that ge-
nomic analyses cannot decipher, and proteomics is emerging as 
a hot topic in esophageal cancer research.

In August 2021, Liu et al. [41] conducted a comprehensive study 
involving 124 pairs of ESCC tumor tissues and adjacent non-
tumor tissues, analyzed using TMT-tagged quantitative pro-
teomics. Moreover, phosphorylated proteomics without tagging 
was applied to 31 of these sample pairs, revealing dysregulated 
proteins and pathways in ESCC tumor tissues. Two molecular 
subtypes were identified through consensus clustering of the 
proteomic data, which may have prognostic significance for pa-
tient survival outcomes. These subtypes were classified as the 
lower-risk S1 and higher-risk S2 groups based on large-scale pro-
teomic and phosphoproteomic analyses of the molecular charac-
teristics of esophageal cancer. Based on ELOA [42] and SCAF4 
[43, 44], a model for confirming the diagnosis and evaluating 
progression was developed. Next, 295 immunohistochemical 
samples from tumor tissues were applied to the model for val-
idation. Three potentially effective drugs for patients with type 
S2, including menadione, GW8510, and sulconazole, were also 
predicted, and a series of biological function tests confirmed 
their significant inhibitory effects on esophageal cancer cells. 
In November 2021, Li et al. [45] selected 94 surgically resected 
primary tumor tissue samples (T) and 24 non-tumor esophageal 
tissue control samples (N) from 94 patients with moderately ad-
vanced (TNM stage II-IV) ESCC and performed extensive pro-
teomic and phosphoproteomic characterization using iTRAQ 
technology, which identified a total of 9042 proteins as well 
as 26,892 phospho-sites. A total of 556 differentially expressed 
proteins (DEPs) were found, of which 227 were upregulated and 
329 downregulated. Moreover, 1691 differentially expressed 
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phosphorylation sites (DEPSs) were identified, of which 695 
were upregulated and 996 downregulated. The study defined 
three key protein group isoforms in the ESCC tumor cohort: S-I, 
S-II, and S-III. The S-III isoform was shown to have the high-
est proportion of patients with lymph node metastases and the 
significantly lowest disease-free survival (DFS). Furthermore, 
in this phenotype, there were higher levels of proteins and 
phosphorylated proteins in the spliceosome pathway. The PP1 
inhibitors CD2BP2 and WBP11 [46, 47], acting as CLK1 kinase 
enhancers, were upregulated in S-III fractional ESCC and func-
tioned in spliceosome assembly and pre-mRNA splicing, and 
knockdown of CD2BP2 and WBP11 significantly inhibited the 
proliferation of ESCC cells. These findings provide important 
evidence for CLK1 as a potential and therapeutically promising 
target, which may help us to develop new therapeutic regimens 
to improve the prognosis of ESCC patients.

Proteomic analysis, proteomic subtype definition, diagnostic 
and prognostic model construction, drug prediction, and valida-
tion analyses were used to define the subtypes of ESCC and their 
characteristics, highlighting the important value of proteomic 
data for disease research and providing a molecular basis for 
finding potential therapeutic approaches for ESCC. The pres-
ence of multiple PTMs and splice variants complicates the iden-
tification and quantification of proteins.

2.4   |   Metabolomics of ESCC

Metabolic reprogramming is a significant hallmark of cancer 
and plays a role in both the development and progression of can-
cer [48]. Metabolomics studies of esophageal cancer analyzed 
metabolite changes in tumor tissues and body fluids, providing 
insights into disease mechanisms and new avenues for early di-
agnosis and treatment. Assessment of cancer metabolism will 
help improve understanding of cancer biology and support the 
identification of cancer biomarkers and the discovery of new 
cancer targets [49, 50]. Significant changes in the amounts of 
metabolites, including amino acids, lipids, glucose, and nucle-
otides, have been shown in ESCC by several tissue-based me-
tabolomics investigations [51–54]. These results suggest that 
metabolic pathways may provide the basis for biomarker dis-
covery in ESCC [55–58]. In January 2021, Chen et al. [59] per-
formed the metabolomic analysis of 141 ESCC cancer tissue 
samples and 70 non-cancer tissue samples by ultra-performance 
liquid chromatography combined with high-resolution mass 
spectrometry (UPLC/MS). A total of 41 differential metabo-
lites were identified, and 37 were validated in the test dataset. 
Kaplan–Meier survival analysis and Cox proportional risk re-
gression analysis demonstrated that specific metabolites (e.g., 
2-hydroxymyristoylcarnitine, 3-hydroxyhexadecanoylcarnitine, 
and 2,3-Dinor-TXB1) were significantly associated with over-
all survival (OS). Amino acid transporters, such as SLC7A5/
LAT1 [60], SLC1A5/ASCT2 [61], and SLC16A10/MCT10 [62], 
were upregulated in ESCC tissues. These amino acid trans-
porters were expressed at higher levels in malignant tissues 
than in non-cancerous tissues, according to immunohisto-
chemical (IHC) staining. This study not only identified several 
metabolites of diagnostic and prognostic value but also pro-
vided an accurate metabolite-based predictive model for ESCC 

tissue classification and identified three upregulated amino acid 
transporters [63–66] as potential therapeutic targets for ESCC, 
especially SLC1A5. Lv et al. [67] concentrated on the metabo-
lomic characterization of ESCC and the establishment of early 
screening models. In partnership with the Chinese Academy of 
Sciences' Shanghai Laboratory of Organic Chemistry and the 
Shandong Cancer Prevention Center, an experimental platform 
covering the whole disease process tracking has been success-
fully built—“National Demonstration Base for Early Diagnosis 
and Treatment of Esophageal Cancer (Feicheng City, Shandong 
Province).” An article published in the May 2021 issue of 
Clinical and Translational Medicine detailed the analysis of a 
dataset comprising 1104 samples with complete pathology and 
metabolomic profiles. The study identified metabolic markers 
that hold potential for esophageal cancer screening and the 
early detection of high-risk groups. This strategy offers a prom-
ising approach for esophageal cancer screening in China's high-
incidence regions. Its effectiveness has been evaluated using an 
independent validation set and actual esophageal cancer cases. 
The model demonstrated a high area under the curve (AUC) of 
0.81 in the validation set, surpassing the AUC of 0.64 achieved 
by traditional risk factor assessment models, with a positive pre-
dictive value reaching 20%. These findings highlight the high 
accuracy and predictive value of metabolomic markers in early 
esophageal cancer screening. Furthermore, the research team 
analyzed 653 samples with comprehensive baseline data and 
metabolomic profiles, identifying 15 metabolites, including his-
tidine and tryptophan, associated with ESCC progression and 
showing a monotonic trend with disease progression.

Several metabolites are structurally complex, and there are diffi-
culties in identification and quantification. The changing trends 
of these metabolites provide new perspectives for understand-
ing esophageal cancer's biological properties and pathological 
mechanisms. The quality of life and survival rate of patients 
with esophageal cancer are anticipated to be considerably en-
hanced by in-depth metabolomics studies.

2.5   |   Multi-Omics Studies of ESCC

In the study of esophageal cancer, multi-omics methods, includ-
ing transcriptomics, proteomics, and phosphoproteomics, have 
been extensively used. Multi-omics analysis has uncovered the 
molecular heterogeneity of esophageal cancer, developed a mo-
lecular classification system for ESCC, and facilitated the dis-
covery of novel therapeutic targets.

In December 2022, Liu et  al. [68] conducted comprehensive 
whole-genome sequencing (WGS), whole-genome bisulfite se-
quencing (WGBS), RNA sequencing (RNA-Seq), small RNA se-
quencing (sRNA-Seq), and proteomics analysis on samples from 
155 patients with ESCC and adjacent normal tissues. Through 
a cluster of cluster assignments (COCA) analysis [69], ESCC 
was classified into four distinct molecular subtypes: cell cycle 
signaling activation (CCA) subtype, NRF2 oncogenic activation 
(NRFA) subtype, immunosuppression (IS) subtype, and immu-
nomodulation (IM) subtype. Scientists identified each ESCC 
molecular subtype's traits and potential treatment targets during 
the analytical process. For example, 84.6% of the CCA subtype 
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samples had mutations at the gene level directly related to cell 
cycle regulation [8], including 11q13.3/CCND1 amplification and 
CDKN2A/B homozygous deletion. Follow-up studies revealed 
that patients with genetic variants associated with cell cycle con-
trol responded more strongly to palbociclib (a drug targeting cy-
clin D kinase 4 and 6 inhibitors). Using multi-omics techniques 
to dig deeper into the key factors, they found that in addition to 
changes, such as overexpression or deletion of NFE2L2, a key 
protein of the NRF2 pathway, hypermethylation of KEAP1 and 
amplification of SOX2 [70], both of which also lead to activa-
tion of the pathway, are also important mechanisms. The other 
two important types are IS and IM, which show high levels of 
immune cell infiltration, suggesting that treatment could be 
with immunotherapy. The IS subtype is characterized by highly 
active B cells and NK CD56 bright cells, with its regulatory 
region located in the “CD4 + T cm − Tem.” This suggests that 
combining immunotherapy with targeted HER2 therapy en-
hances the probability of a favorable outcome. Another import-
ant observation was the infiltration of abundant macrophages 
and CD8+ T cells in the IM subtype, with the primary immune 
microenvironment module being “CD8+ T-Macrophage.” Most 
patients who responded well to PD1 treatment belonged to the 
IM subtype, with only a few cases demonstrating deterioration 
after PD1 therapy. The majority of patients who responded ef-
fectively to PD1 treatment were of the IM subtype, with only 
a small number experiencing deterioration following therapy. 
This outcome provides a fresh perspective for devising tailored 
treatment strategies for this patient group and catalyzes further 
drug development. In April 2024, Zhao et  al. [71] sequenced 
the tumor tissues of 60 patients with preoperative untreated 
ESCC by transcriptomics, proteomics, and phosphoproteom-
ics. Based on different molecular features, ESCC can be classi-
fied into three subtypes with different clinical characteristics, 
among which type S-III has the worst prognosis and in which 
pathways, such as glycolytic pathway and DNA repair are sig-
nificantly enriched. Furthermore, TIMMDC1, an assembly fac-
tor for mitochondrial complex 1, may be a potential prognostic 
molecule for ESCC. Kinase-substrate network analysis obtained 
based on phosphorylated proteomic data predicted candidate ki-
nases, in vitro and in vivo experiments further confirmed that 
casein kinase II subunit alpha (CSNK2A1) could serve as a po-
tential kinase target in ESCC. This study offers novel molecular 
typing and therapeutic targets for ESCC, advancing understand-
ing of the biological characteristics and intervention targets of 
this disease.

The analysis highlights that single-cell studies, combined with 
genomics, transcriptomics, proteomics, metabolomics, and 
multi-omics approaches, have significantly advanced the under-
standing of the molecular mechanisms underlying esophageal 
cancer. These methodologies have identified key biomarkers 
and therapeutic targets, contributing to the development of pre-
cision medicine. Such advancements facilitate the formulation 
of more effective treatment strategies, enhancing therapeutic 
outcomes and improving patient prognoses (Table  1). Despite 
these achievements, technical and analytical challenges remain. 
Continued research and technological innovation are expected 
to progressively overcome these limitations, paving the way for 
personalized treatment plans tailored to specific molecular sub-
types. This progress has the potential for the realization of pre-
cision treatment in esophageal cancer.

3   |   Single-Cell Studies of ESCC

In recent years, single-cell technology has continuously evolved, 
providing unprecedented opportunities to decipher the biologi-
cal characteristics of individual cells. This technology effectively 
addresses the challenge of cellular heterogeneity and elevates 
the precision and accuracy of research to new heights with its 
robust technical advantages, thereby facilitating the precise 
identification of molecular subtypes of ESCC.

In September 2021, Zhang et al. [72] collaborated to study the 
composition of ESCC tumors using 208,659 single-cell tran-
scriptomes from 60 individuals. Their analysis identified eight 
common expression programs in malignant epithelial cells 
and 42 distinct cell types, comprising 26 immune cell subtypes 
and 16 non-immune stromal cell subtypes within the TME. 
Interactions between cancer cells and other cellular populations 
and interactions among various cell types within the TME were 
systematically analyzed [73–75]. In addition, the study associ-
ated the cancer cell transcriptome with somatic mutations and 
identified several markers significantly associated with patient 
survival, which may be relevant to the precise treatment of ESCC 
patients. A comprehensive picture of the ESCC tumor ecosystem 
was provided by single-cell transcriptome analysis, offering new 
perspectives and potential targets for future research and ther-
apy. In March 2023, Chen et al. [76] investigated the activation 
of fibroblasts by epithelial cells to promote the development of 
esophageal cancer. The study performed single-cell RNA se-
quencing (scRNA-Seq) and spatial transcriptome analysis on 
79 samples from 29 ESCC patients, including samples of tumors 
and their adjacent normal tissues (NOR), LGIN and HGIN [77]. 
The study revealed compositional and transcriptional changes 
in various cell types (e.g., epithelial cells, fibroblasts, endothelial 
cells, T-cells, B-cells, myeloid cells, and mast cells) in different 
disease stages. ANXA1 expression in epithelial cells was found 
to be progressively and significantly lost during lesion progres-
sion due to inhibition of the transcription factor KLF4 [78]. 
ANXA1 [79] deficiency resulted in the uncontrolled transfor-
mation of normal fibroblasts into cancer-associated fibroblasts 
(CAFs), which could be augmented by TGF-β secreted [80, 81] by 
malignant epithelial cells. With ESCC progression, the expres-
sion level of ANXA1 in epithelial cells gradually reduced, re-
vealing a novel mechanism of CAF activation in the ESCC TME. 
In October 2023, Liu et al. [82] collaborated in their single-cell 
RNA sequencing of tumors from ESCC patients undergoing neo-
adjuvant immune checkpoint blockade (ICB), which revealed 
a subpopulation of depleted CD8+ T cells expressing SPRY1, 
which exhibited a progenitor-depleted T-cell (Tpex) phenotype 
and were associated with a response to ICB complete response 
[83]. Progenitor-like depleted SPRY1+CD8+ T cells enhanced 
ESCC responsiveness to neoadjuvant PD-1 blockade. The find-
ings of the research provided a new direction for the future of 
tailored immunotherapy by systematically analyzing the cel-
lular and molecular characteristics of the population with dif-
ferential immunotherapy efficacy in ESCC, revealing the key 
molecular mechanism of depleted precursor T cells in ESCC as a 
response to immunotherapy and proposing it as a biomarker for 
predicting the efficacy of immunotherapy.

Single-cell studies deepen understanding of the complex mech-
anisms underlying tumor formation and drive the advancement 
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of tailored medicine and precision treatment strategies, facilitat-
ing the design of more effective therapeutic regimens for various 
subtypes of ESCC. However, they are constrained by challenges 
in integrating diverse biological data and translating findings 
into clinical applications.

4   |   Combined Single-Cell Multi-Omics Studies of 
ESCC

Single-cell studies can reveal the gene expression and func-
tional status of individual cells, describe in detail the TME 
[84, 85], including the interactions of immune cells and stromal 
cells, and discover rare cellular subpopulations and functional 
states, and have unique advantages in gaining insight into cel-
lular information [86]. Genome, transcriptome, proteome, and 
metabolome are commonly studied molecular profiles  [87]. 
Researchers have attempted to integrate multi-omics data to 
achieve a more comprehensive understanding of the patho-
genesis of esophageal cancer. Multi-omics encompasses a di-
verse collection of heterogeneous data, highlighting temporal 
changes in various biomolecules, including proteins, metabo-
lites, and genes, across multiple biological levels. According to 
the research results, there are about 20,000–22,000 protein-
coding genes [88], 20,000 proteins [89], and more than 114,100 
metabolites [90] in the human body. This vast and complex 
biological repertoire exemplifies the defining characteristics 
of “big” data, which cannot be overlooked. To better address 
research demands, multi-omics databases such as the Cancer 
Genome Atlas (TCGA) and the International Cancer Genome 
Consortium (ICGC) are continuously expanding, integrating 
additional components and samples to improve their utility 
and comprehensiveness.

Multi-omics data demonstrate the complexity of many cancer 
developments, and building such models across multi-omics 
data has become an urgent problem. The combined use of 
single-cell and multi-omics data can provide in-depth infor-
mation for the systematic understanding of tumor biological 
processes, and with the all-encompassing information it pro-
vides, it is possible to improve the accuracy of tumor prognosis, 
thus facilitating more effective tumor diagnosis and treatment 
[91]. Therefore, researchers at home and abroad have begun to 
use single-cell and multi-omics data to carry out work on mo-
lecular typing of cancer, determination of markers, and so on, 
and have developed a series of methods. However, the current 
direct use of multi-omics data for molecular typing of esoph-
ageal cancer is still relatively understudied, which prevents 
us from deeply understanding the molecular typing principle 
of ESCC.

5   |   Clinical Relevance of Molecular Typing in the 
Chinese Population

The molecular typing of esophageal cancer in the Chinese pop-
ulation is significantly different from that of the Western pop-
ulation, which is mainly manifested in gene mutations, gene 
expression profiles, and copy number variations. These dif-
ferences reflect how populations differ regarding their genetic 
background, way of life, and environmental exposure.

Genomic studies have significantly advanced the understand-
ing of molecular mechanisms in ESCC by analyzing genetic 
variations and molecular signatures. Complementary omics 
approaches, including transcriptomics, proteomics, and me-
tabolomics, provide key insights into the biology of ESCC. 
Transcriptomics focuses on gene expression levels and regu-
latory mechanisms, proteomics investigates protein expres-
sion and function, and metabolomics uncovers biochemical 
changes associated with tumor progression. Moreover, single-
cell analysis allows the identification of distinct tumor cell 
subsets and states, including rare cell populations, increasing 
the understanding of their roles in tumor development, me-
tastasis, and treatment responses. These integrated studies 
offer a comprehensive view of ESCC's molecular landscape 
and facilitate the discovery of disease-related biomarkers and 
therapeutic targets.

In terms of clinical application, molecular typing based on big 
data can provide more precise treatment options for patients with 
ESCC, especially in a country with a high incidence of esopha-
geal cancer, such as China. Evaluating the molecular typing of 
patients allows for more precise predictions of their responses to 
various treatments, enabling the selection of the most appropriate 
treatment plan. This approach also reduces the likelihood of side 
effects and drug resistance, further enhancing treatment efficacy.

6   |   Computational Improvement for the Subtyping

Data preprocessing is a critical step in esophageal cancer mo-
lecular typing studies to reduce noise and errors in the data. 
This includes processing missing values, normalizing data, 
and providing high-quality input data for subsequent analy-
sis. Molecular feature screening is usually based on the coef-
ficient of variation (CV), absolute median difference (MAD), 
standard deviation (SD), and other computational indicators 
to select features with significant expression kurtosis fluctua-
tions between different samples to improve the computational 
efficiency of downstream typing algorithms. As molecular 
typing is unsupervised, the algorithm needs to be run multiple 
times to assess the clustering stability of different class num-
bers. This typically involves generating a clustering consis-
tency matrix and utilizing tools, such as heat maps, consensus 
cumulative distribution functions, and so on, to help deter-
mine the optimal number of subtypes. The ConsensusCluster 
algorithm facilitates consistent clustering by allowing users 
to specify parameters, including the maximum number of 
clusters and the number of resamples. The non-negative ma-
trix factorization (NMF) algorithm is employed to extract key 
features and predict the isotype of samples. Visualization 
tools, such as heatmaps, are used to display molecular typing 
results, providing insights into the relationships between dif-
ferent subtypes and their associations with clinical features. 
Following molecular typing, clinical characteristics, patho-
logical stages, and survival statuses of various subtypes can 
be analyzed. Moreover, differential gene expression analysis 
and survival analysis can be conducted to further explore the 
biological and clinical implications of the identified subtypes.

With the development of high-throughput sequencing technol-
ogy, a large amount of omics data related to esophageal cancer 
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has been accumulated. Researchers have developed new com-
putational models to analyze molecular data from esophageal 
cancer, including machine learning and bioinformatics tools 
that can reveal molecular subtypes of esophageal cancer and as-
sess prognosis. Computational methods for molecular typing are 
constantly improving, providing powerful tools and methods for 
achieving precision treatment.

7   |   Challenges and Future Directions

7.1   |   Challenges

Firstly, the volume and complexity of the data present a signif-
icant challenge. Multi-omics technologies, such as genomics, 
transcriptomics, proteomics, and metabolomics, generate vast 
amounts of biological data, necessitating robust computational 
power and advanced bioinformatics tools for storage, process-
ing, and analysis. This demands highly developed technical ca-
pabilities and extensive experience in data processing. Secondly, 
integrating data from various histological levels poses a chal-
lenge. These data possess distinct characteristics and scales, 
and effectively integrating these datasets to extract valuable 
insights remains a key technical hurdle. Moreover, ensuring 
data standardization and comparability across different studies 
is an ongoing concern. Finally, translating research findings 
into clinical practice presents another challenge. The ultimate 
goal of multi-omics research is to guide clinical decisions and 
improve treatment strategies. How to effectively bridge the gap 
between basic research and clinical application, particularly in 
molecular typing and personalized treatment, remains a pivotal 
area of focus.

7.2   |   Future Directions

Future research should prioritize the integration of multi-omics 
techniques to achieve a more comprehensive understanding 
of the molecular mechanisms underlying esophageal cancer. 
Interdisciplinary approaches will play a pivotal role in advanc-
ing efforts in molecular typing. Innovative approaches to data 
analysis are essential, and advancements in machine learning 
and artificial intelligence technologies promise to make future 
methods more intelligent and automated. Leveraging these 
technologies is anticipated to improve the efficiency and accu-
racy of data analysis while enabling the extraction of valuable 
insights from complex datasets. Future studies should prioritize 
clinical samples and prospective clinical trials to establish the 
clinical relevance of molecular typing. A deeper understanding 
of the molecular mechanisms driving esophageal cancer will 
pave the way for the development of targeted therapeutic agents 
and treatment regimens tailored to specific molecular subtypes, 
ultimately achieving precision medicine. In addition, research 
into the molecular staging of esophageal cancer must involve 
global collaboration and data sharing. International cooperation 
will be crucial for integrating diverse samples and data, thereby 
enhancing the statistical power of studies and the broader appli-
cability of results.

In summary, while multi-omics research holds immense prom-
ise for advancing molecular typing in esophageal cancer, several 

challenges remain. Future efforts should concentrate on techno-
logical innovation, clinical translation, and international collab-
oration to provide more precise and effective treatment options 
for esophageal cancer patients.

8   |   Summary and Prospects

Future advancements in gene sequencing, molecular typing, 
multimodal imaging, and the comprehensive analysis of clini-
cal data through artificial intelligence will enable more precise 
evaluations and the development of tailored treatment plans 
and prognoses for esophageal cancer patients. With the con-
tinuous deepening of research and technological advances, it is 
reasonable to believe that molecular typing will play a crucial 
role in the diagnosis and treatment of ESCC. These research re-
sults promote the development of esophageal cancer treatment 
toward precision and individualization. For patients with ad-
vanced esophageal cancer, it is crucial to develop personalized 
treatment strategies based on their specific symptomatic pre-
sentation, histological type, and genomic characteristics. The 
ideal molecular typing approach in the future should be able to 
effectively deal with the heterogeneity of cancer cells, improve 
the accuracy of predicting disease progression, and optimize 
treatment planning. Therefore, we anticipate that the treatment 
of esophageal cancer will gradually evolve into individually tai-
lored therapies based on molecular typing.

In the molecular typing study of esophageal cancer, the achieve-
ment of multi-omics is outstanding. Advancements in multi-
omics have significantly contributed to molecular typing studies 
of esophageal cancer, offering novel perspectives and innovative 
methodologies for basic research while instilling renewed hope 
for clinical treatment. With ongoing research and technological 
advancements, future treatments for esophageal cancer are ex-
pected to be more precise and effective, leading to improved sur-
vival rates and quality of life for patients. Big data-driven studies 
on the molecular typing of ESCC have introduced a transforma-
tive approach to precise treatment and the prediction of disease 
progression. Nonetheless, significant advancements are still re-
quired to achieve fully “customized” treatment plans tailored to 
individual patient needs.

Author Contributions

Yue Du: conceptualization, methodology, formal analysis, writing – 
original draft, writing – review and editing. Bianli Gu: formal analysis, 
funding acquisition, writing – review and editing. Linlin Shi: method-
ology, writing – review and editing. Yong She: methodology, writing 
– review and editing. Qi Zhao: conceptualization, funding acquisition, 
project administration, writing – original draft, writing – review and 
editing. Shegan Gao: conceptualization, funding acquisition, project 
administration, writing – review and editing.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created 
or analyzed in this study.



10 of 12 Cancer Medicine, 2025

References

1. H. Sung, J. Ferlay, R. L. Siegel, et al., “Global Cancer Statistics 2020: 
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 
36 Cancers in 185 Countries,” CA: A Cancer Journal for Clinicians 71 
(2021): 209–249, https://​doi.​org/​10.​3322/​caac.​21660​.

2. J. Huang, A. Koulaouzidis, W. Marlicz, et al., “Global Burden, Risk 
Factors, and Trends of Esophageal Cancer: An Analysis of Cancer Reg-
istries From 48 Countries,” Cancers 13 (2021): 141, https://​doi.​org/​10.​
3390/​cance​rs130​10141​.

3. D. C. Lin, H. Q. Dinh, J. J. Xie, et al., “Identification of Distinct Muta-
tional Patterns and New Driver Genes in Oesophageal Squamous Cell 
Carcinomas and Adenocarcinomas,” Gut 67 (2017): 1769–1779.

4. D. C. Lin, M. R. Wang, and H. P. Koeffler, “Genomic and Epigenomic 
Aberrations in Esophageal Squamous Cell Carcinoma and Implications 
for Patients,” Gastroenterology 154, no. 2 (2018): 374–389, https://​doi.​
org/​10.​1053/j.​gastro.​2017.​06.​066.

5. S. M. Willems, W. Engelsman-Theelen, and J. L. Blaauwgeers, “Mo-
lecular Pathology in Tumour Classification: The Present and Future 
Molecular Revolution,” Nederlands Tijdschrift voor Geneeskunde 158 
(2014): A7364.

6. D. G. Albertson, C. Collins, F. Mccormick, and J. W. Gray, “Chromo-
some Aberrations in Solid Tumors,” Nature Genetics 34 (2003): 369–376.

7. R. Beroukhim, C. H. Mermel, D. Porter, et al., “The Landscape of So-
matic Copy-Number Alteration Across Human Cancers,” Nature 463 
(2010): 899–905, https://​doi.​org/​10.​1038/​natur​e08822.

8. Y. Song, L. Li, Y. Ou, Z. Gao, and Q. Zhan, “Identification of Genomic 
Alterations in Oesophageal Squamous Cell Cancer,” Nature 509, no. 
7498 (2014): 91–95, https://​doi.​org/​10.​1038/​natur​e13176.

9. X. Wei, A. Moncada-Pazos, S. Cal, et al., “Analysis of the Disintegrin-
Metalloproteinases Family Reveals ADAM29 and ADAM7 Are Often 
Mutated in Melanoma,” Human Mutation 32 (2011): E2148–E2175.

10. J. Ying, L. Shan, J. Li, et al., “Genome-Wide Screening for Genetic 
Alterations in Esophageal Cancer by aCGH Identifies 11q13 Amplifica-
tion Oncogenes Associated With Nodal Metastasis,” PLoS One 7 (2012): 
e39797.

11. Y. Komatsu, K. Hibi, Y. Kodera, S. Akiyama, and A. Nakao, “TAOS1, 
a Novel Marker for Advanced Esophageal Squamous Cell Carcinoma,” 
Anticancer Research 26 (2006): 2029–2032.

12. J. Hu, R. Li, H. Miao, and Z. Wen, “Identification of Key Genes for 
Esophageal Squamous Cell Carcinoma via Integrated Bioinformatics 
Analysis and Experimental Confirmation,” Journal of Thoracic Disease 
12 (2020): 3188–3199.

13. P. M. Forde and R. J. Kelly, “Kelly Genomic Alterations in Advanced 
Esophageal Cancer May Lead to Subtype-Specific Therapies,” Oncologist 
18, no. 7 (2013): 823–832, https://​doi.​org/​10.​1634/​theon​colog​ist.​2013-​0130.

14. M. J. Garnett, E. J. Edelman, S. J. Heidorn, et al., “Systematic Iden-
tification of Genomic Markers of Drug Sensitivity in Cancer Cells,” Na-
ture 483, no. 7391 (2012): 570–575.

15. L. Zhang, Y. Zhou, C. Cheng, H. Cui, and Y. Cui, “Genomic Analyses 
Reveal Mutational Signatures and Frequently Altered Genes in Esopha-
geal Squamous Cell Carcinoma,” American Journal of Human Genetics 
96 (2015): 597–611.

16. Y. Cui, H. Chen, R. Xi, H. Cui, and Z. Liu, “Whole-Genome Sequenc-
ing of 508 Patients Identifies Key Molecular Features Associated With 
Poor Prognosis in Esophageal Squamous Cell Carcinoma,” Cell Re-
search 30 (2020): 902–913, https://​doi.​org/​10.​1038/​s4142​2-​020-​0333-​6.

17. T. Shibata, T. Ohta, K. I. Tong, et al., “Cancer Related Mutations in 
NRF2 Impair Its Recognition by Keap1-Cul3 E3 Ligase and Promote 
Malignancy,” Proceedings of the National Academy of Sciences of the 
United States of America 105 (2008): 13568–13573.

18. T. Shibata, A. Kokubu, S. Saito, et  al., “NRF2 Mutation Confers 
Malignant Potential and Resistance to Chemoradiation Therapy in Ad-
vanced Esophageal Squamous Cancer,” Neoplasia 13 (2011): 864.

19. F. Sanchez-Vega, M. Mina, J. Armenia, W. K. Chatila, and A. Mari-
amidze, “Oncogenic Signaling Pathways in The Cancer Genome Atlas,” 
Cell 173 (2018): 321–337.

20. N. Deng, L. K. Goh, H. Wang, et al., “A Comprehensive Survey of 
Genomic Alterations in Gastric Cancer Reveals Systematic Patterns of 
Molecular Exclusivity and Co-Occurrence Among Distinct Therapeu-
tic Targets,” Gut 61, no. 5 (2012): 673–684, https://​doi.​org/​10.​1136/​gutjn​
l-​2011-​301839.

21. Y. Wang, M. Wang, H. i. Wu, and R. Xu, “Advancing to the Era of 
Cancer Immunotherapy,” Cancer Communications 41, no. 9 (2021): 
803–829, https://​doi.​org/​10.​1002/​cac2.​12178​.

22. T. Kojima, M. A. Shah, K. Muro, E. Francois, and J. P. Metges, “Ran-
domized Phase III KEYNOTE-181 Study of Pembrolizumab Versus 
Chemotherapy in Advanced Esophageal Cancer,” Journal of Clinical 
Oncology 38 (2020): JCO2001888.

23. K. Kato, B. C. Cho, and M. Takahashi, “Nivolumab Versus Che-
motherapy in Patients With Advanced Oesophageal Squamous Cell 
Carcinoma Refractory or Intolerant to Previous Chemotherapy (AT-
TRACTION-3): A Multicentre, Randomised, Open-Label, Phase 3 
Trial,” Lancet Oncology 20 (2019): 1506–1517.

24. J. Huang, J. Xu, Y. Chen, et al., “Camrelizumab Versus Investiga-
tor's Choice of Chemotherapy as Second-Line Therapy for Advanced 
or Metastatic Oesophageal Squamous Cell Carcinoma (ESCORT): A 
Multicentre, Randomised, Open-Label, Phase 3 Study,” Lancet On-
cology 21 (2020): 832–842, https://​doi.​org/​10.​1016/​s1470​-​2045(20)​
30110​-​8.

25. L. Shen, K. Kato, S.-B. Kim, et al., “Tislelizumab Versus Chemother-
apy as Second-Line Treatment for Advanced or Metastatic Esophageal 
Squamous Cell Carcinoma (RATIONALE-302): A Randomized Phase 
III Study,” Journal of Clinical Oncology 40, no. 26 (2022): 3065–3076, 
https://​doi.​org/​10.​1200/​jco.​21.​01926​.

26. F. Wang, C. Ren, Q. Zhao, N. Xu, and R. H. Xu, “Association of Fre-
quent Amplification of Chromosome 11q13 in Esophageal Squamous 
Cell Cancer With Clinical Benefit to Immune Check Point Blockade,” 
Journal of Clinical Oncology 37 (2019): 4036.

27. J. Xu, Y. Li, Q. Fan, Y. Shu, and Y. Wang, “Sintilimab in Patients 
With Advanced Esophageal Squamous Cell Carcinoma Refractory to 
Previous Chemotherapy: A Randomized, Open-Label Phase II Trial 
(ORIENT-2),” Journal of Clinical Oncology 38 (2020): 4511.

28. Y. X. Chen, Z. X. Wang, Y. Jin, et al., “An Immunogenic and On-
cogenic Feature-Based Classification for Chemotherapy Plus PD-1 
Blockade in Advanced Esophageal Squamous Cell Carcinoma,” Can-
cer Cell 41, no. 5 (2023): 919–932.e5, https://​doi.​org/​10.​1016/j.​ccell.​
2023.​03.​016.

29. Z.-X. Wang, C. Cui, J. Yao, et al., “Toripalimab Plus Chemotherapy 
in Treatment-Naïve, Advanced Esophageal Squamous Cell Carcinoma 
(JUPITER-06): A Multi-Center Phase 3 Trial,” Cancer Cell 40 (2022): 
277–288.e273, https://​doi.​org/​10.​1016/j.​ccell.​2022.​02.​007.

30. D. Chowell, L. G. Morris, C. M. Grigg, et al., “Patient HLA Class I 
Genotype Influences Cancer Response to Checkpoint Blockade Immu-
notherapy,” Science 359 (2017): eaao4572.

31. V. Naranbhai, M. Viard, M. Dean, et al., “HLA-A*03 and Response 
to Immune Checkpoint Blockade in Cancer: An Epidemiological Bio-
marker Study,” Lancet Oncology 23, no. 1 (2022): 172–184, https://​doi.​
org/​10.​1016/​s1470​-​2045(21)​00582​-​9.

32. N. Sivaram, P. A. McLaughlin, H. V. Han, et al., “Tumor-Intrinsic 
PIK3CA Represses Tumor Immunogenicity in a Model of Pancreatic 
Cancer,” Journal of Clinical Investigation 129 (2019): 3264–3276, https://​
doi.​org/​10.​1172/​jci12​3540.

https://doi.org/10.3322/caac.21660
https://doi.org/10.3390/cancers13010141
https://doi.org/10.3390/cancers13010141
https://doi.org/10.1053/j.gastro.2017.06.066
https://doi.org/10.1053/j.gastro.2017.06.066
https://doi.org/10.1038/nature08822
https://doi.org/10.1038/nature13176
https://doi.org/10.1634/theoncologist.2013-0130
https://doi.org/10.1038/s41422-020-0333-6
https://doi.org/10.1136/gutjnl-2011-301839
https://doi.org/10.1136/gutjnl-2011-301839
https://doi.org/10.1002/cac2.12178
https://doi.org/10.1016/s1470-2045(20)30110-8
https://doi.org/10.1016/s1470-2045(20)30110-8
https://doi.org/10.1200/jco.21.01926
https://doi.org/10.1016/j.ccell.2023.03.016
https://doi.org/10.1016/j.ccell.2023.03.016
https://doi.org/10.1016/j.ccell.2022.02.007
https://doi.org/10.1016/s1470-2045(21)00582-9
https://doi.org/10.1016/s1470-2045(21)00582-9
https://doi.org/10.1172/jci123540
https://doi.org/10.1172/jci123540


11 of 12

33. Y. P. Xu, L. Lv, Y. Liu, M. D. Smith, and Y. Xiong, “Tumor Suppressor 
TET2 Promotes Cancer Immunity and Immunotherapy Efficacy,” Jour-
nal of Clinical Investigation 129 (2019): 4316–4331.

34. J.-M. Sun, L. Shen, M. A. Shah, et al., “Pembrolizumab Plus Che-
motherapy Versus Chemotherapy Alone for First-Line Treatment of 
Advanced Oesophageal Cancer (KEYNOTE-590): A Randomised, 
Placebo-Controlled, Phase 3 Study,” Lancet 398, no. 10302 (2021): 759–
771, https://​doi.​org/​10.​1016/​s0140​-​6736(21)​01234​-​4.

35. Y. Doki, J. A. Ajani, K. Kato, et al., “Nivolumab Combination Ther-
apy in Advanced Esophageal Squamous-Cell Carcinoma,” New En-
gland Journal of Medicine 386 (2022): 449–462, https://​doi.​org/​10.​1056/​
NEJMo​a2111380.

36. H. Luo, J. Lu, Y. Bai, et  al., “Effect of Camrelizumab vs Placebo 
Added to Chemotherapy on Survival and Progression-Free Survival 
in Patients With Advanced or Metastatic Esophageal Squamous Cell 
Carcinoma,” Journal of the American Medical Association 326, no. 10 
(2021): 916, https://​doi.​org/​10.​1001/​jama.​2021.​12836​.

37. Z. Lu, J. Wang, Y. Shu, et al., “Sintilimab Versus Placebo in Combina-
tion With Chemotherapy as First Line Treatment for Locally Advanced 
or Metastatic Oesophageal Squamous Cell Carcinoma (ORIENT-15): 
Multicentre, Randomised, Double Blind, Phase 3 Trial,” British Medical 
Journal 377 (2022): e068714.

38. X. Liu, S. Zhao, K. Wang, et al., “Spatial Transcriptomics Analysis 
of Esophageal Squamous Precancerous Lesions and Their Progression 
to Esophageal Cancer,” Nature Communications 14 (2023): 4779, https://​
doi.​org/​10.​1038/​s4146​7-​023-​40343​-​5.

39. C. Kai, K. Chen, Y. Li, et al., “Characterization of Tumor Suppres-
sive Function of Cornulin in Esophageal Squamous Cell Carcinoma,” 
PLoS One 8, no. 7 (2013): e68838, https://​doi.​org/​10.​1371/​journ​al.​pone.​
0068838.

40. Y. Yang, Y. Li, H. Yu, et al., “Comprehensive Landscape of Resistance 
Mechanisms for Neoadjuvant Therapy in Esophageal Squamous Cell Car-
cinoma by Single-Cell Transcriptomics,” Signal Transduction and Tar-
geted Therapy 8 (2023): 298, https://​doi.​org/​10.​1038/​s4139​2-​023-​01518​-​0.

41. W. Liu, L. Xie, Y. H. He, et al., Large-Scale and High-Resolution Mass 
Spectrometry-Based Proteomics Profiling Defines Molecular Subtypes of 
Esophageal Cancer for Therapeutic Targeting (Nature Publishing Group, 
2021).

42. T. Aso, W. S. Lane, J. W. Conaway, and R. C. Conaway, “Elongin 
(SIII): A Multisubunit Regulator of Elongation by RNA Polymerase II,” 
Science 269 (1995): 1439–1443, https://​doi.​org/​10.​1126/​scien​ce.​7660129.

43. L. H. Gregersen, R. Mitter, A. P. Ugalde, et al., “SCAF4 and SCAF8, 
mRNA Anti-Terminator Proteins,” Cell 177, no. 7 (2019): 1797–1813.e18, 
https://​doi.​org/​10.​1016/j.​cell.​2019.​04.​038.

44. A. Fliedner, P. Kirchner, A. Wiesener, I. V. D. Beek, and F. Quintero-
Rivera, “Variants in SCAF4 Cause a Neurodevelopmental Disorder and 
Are Associated With Impaired mRNA Processing,” American Journal 
of Human Genetics 107, no. 3 (2020): 544–554, https://​doi.​org/​10.​1016/j.​
ajhg.​2020.​06.​019.

45. Y. Li, B. Yang, Y. Ma, et al., “Phosphoproteomics Reveals Therapeu-
tic Targets of Esophageal Squamous Cell Carcinoma,” Signal Transduc-
tion and Targeted Therapy 6 (2021): 381, https://​doi.​org/​10.​1038/​s4139​
2-​021-​00682​-​5.

46. A. Hendrickx, M. Beullens, H. Ceulemans, et al., “Docking Motif-
Guided Mapping of the Interactome of Protein Phosphatase-1,” Chemis-
try & Biology 16 (2009): 365–371.

47. M. Llorian, M. Beullens, I. AndrÉS, J.-M. Ortiz, and M. Bollen, 
“SIPP1, a Novel Pre-mRNA Splicing Factor and Interactor of Protein 
Phosphatase-1,” Biochemical Journal 378 (2004): 229–238, https://​doi.​
org/​10.​1042/​bj200​30950​.

48. N. Pavlova and C. Thompson, “The Emerging Hallmarks of Cancer 
Metabolism,” Cell Metabolism 23 (2016): 27–47.

49. D. Zhang, J. Li, F. Wang, J. Hu, and Y. Sun, “2-Deoxy-D-Glucose Tar-
geting of Glucose Metabolism in Cancer Cells as a Potential Therapy,” 
Cancer Letters 355 (2014): 176–183.

50. S. R. Singh, M. Tan, and P. Rameshwar, “Cancer Metabolism: Tar-
geting Metabolic Pathways in Cancer Therapy,” Cancer Letters 356 
(2015): 147–148.

51. J. Cheng, H. Jin, X. Hou, J. Lv, X. Gao, and G. Zheng, “Disturbed 
Tryptophan Metabolism Correlating to Progression and Metastasis of 
Esophageal Squamous Cell Carcinoma,” Biochemical and Biophysical 
Research Communications 486 (2017): 781–787.

52. W. Zheng, A. L. Goodman, J. E. Vega, F. Yin, K. M. Fung, and A. O. 
Osunkoya, “Metastatic Renal Cell Carcinoma to the Brain: A Contem-
porary Clinicopathologic Analysis With Comparison of Immunohisto-
chemical Profiles to Selected Primary Brain Tumors With Clear Cell 
Features,” Applied Immunohistochemistry and Molecular Morphology 
28 (2020): 395–402.

53. J. Xu, Y. Chen, R. Zhang, et al., “Global Metabolomics Reveals Po-
tential Urinary Biomarkers of Esophageal Squamous Cell Carcinoma 
for Diagnosis and Staging,” Scientific Reports 6 (2016): 35010.

54. Y. Miyagi, M. Higashiyama, A. Gochi, et al., “Plasma Free Amino 
Acid Profiling of Five Types of Cancer Patients and Its Application for 
Early Detection,” PLoS One 6 (2011): e24143.

55. L. Wang, J. Chen, L. Chen, et  al., “1H-NMR Based Metabonomic 
Profiling of Human Esophageal Cancer Tissue,” Molecular Cancer 12 
(2013): 25.

56. H. Wu, R. Xue, C. Lu, et  al., “Metabolomic Study for Diagnostic 
Model of Oesophageal Cancer Using Gas Chromatography/Mass Spec-
trometry,” Journal of Chromatography. B, Analytical Technologies in the 
Biomedical and Life Sciences 877, no. 27 (2009): 3111–3117, https://​doi.​
org/​10.​1016/j.​jchro​mb.​2009.​07.​039.

57. M. Tokunaga, K. Kami, S. Ozawa, et al., “Metabolome Analysis of 
Esophageal Cancer Tissues Using Capillary Electrophoresis-Time-of-
Flight Mass Spectrometry,” International Journal of Oncology 52 (2018): 
1947–1958, https://​doi.​org/​10.​3892/​ijo.​2018.​4340.

58. C. Sun, T. Li, X. Song, et al., Spatially Resolved Metabolomics to Dis-
cover Tumor-Associated Metabolic Alterations (National Academy of 
Sciences, 2019).

59. Z. Chen, Y. Gao, X. Huang, et  al., “Tissue-Based Metabolomics 
Reveals Metabolic Biomarkers and Potential Therapeutic Targets for 
Esophageal Squamous Cell Carcinoma,” Journal of Pharmaceutical and 
Biomedical Analysis 197 (2021): 113937, https://​doi.​org/​10.​1016/j.​jpba.​
2021.​113937.

60. S. Mariafrancesca, G. Michele, C. Lara, P. Lorena, and I. Cesare, 
“The Human SLC7A5 (LAT1): The Intriguing Histidine/Large Neutral 
Amino Acid Transporter and Its Relevance to Human Health,” Fron-
tiers in Chemistry 6 (2018): 243.

61. M. Scalise, L. Pochini, L. Console, M. A. Losso, and C. Indiveri, “The 
Human SLC1A5 (ASCT2) Amino Acid Transporter: From Function to 
Structure and Role in Cell Biology,” Frontiers in Cell and Developmental 
Biology 6 (2018): 96, https://​doi.​org/​10.​3389/​fcell.​2018.​00096​.

62. L. Mariotta, T. Ramadan, D. Singer, et  al., “T-Type Amino Acid 
Transporter TAT1 (Slc16a10) is Essential for Extracellular Aromatic 
Amino Acid Homeostasis Control,” Journal of Physiology 590, no. 24 
(2012): 6413–6424, https://​doi.​org/​10.​1113/​jphys​iol.​2012.​239574.

63. S. Brer, “Amino Acid Transporters as Targets for Cancer Therapy: 
Why, Where, When, and How,” International Journal of Molecular Sci-
ences 21 (2020): 6156.

64. X. Lu, “The Role of Large Neutral Amino Acid Transporter (LAT1) 
in Cancer,” Current Cancer Drug Targets 19 (2019): 863–876.

65. H. Honjo, K. Kaira, T. Miyazaki, et  al., “Clinicopathological Sig-
nificance of LAT1 and ASCT2 in Patients With Surgically Resected 

https://doi.org/10.1016/s0140-6736(21)01234-4
https://doi.org/10.1056/NEJMoa2111380
https://doi.org/10.1056/NEJMoa2111380
https://doi.org/10.1001/jama.2021.12836
https://doi.org/10.1038/s41467-023-40343-5
https://doi.org/10.1038/s41467-023-40343-5
https://doi.org/10.1371/journal.pone.0068838
https://doi.org/10.1371/journal.pone.0068838
https://doi.org/10.1038/s41392-023-01518-0
https://doi.org/10.1126/science.7660129
https://doi.org/10.1016/j.cell.2019.04.038
https://doi.org/10.1016/j.ajhg.2020.06.019
https://doi.org/10.1016/j.ajhg.2020.06.019
https://doi.org/10.1038/s41392-021-00682-5
https://doi.org/10.1038/s41392-021-00682-5
https://doi.org/10.1042/bj20030950
https://doi.org/10.1042/bj20030950
https://doi.org/10.1016/j.jchromb.2009.07.039
https://doi.org/10.1016/j.jchromb.2009.07.039
https://doi.org/10.3892/ijo.2018.4340
https://doi.org/10.1016/j.jpba.2021.113937
https://doi.org/10.1016/j.jpba.2021.113937
https://doi.org/10.3389/fcell.2018.00096
https://doi.org/10.1113/jphysiol.2012.239574


12 of 12 Cancer Medicine, 2025

Esophageal Squamous Cell Carcinoma,” Journal of Surgical Oncology 
113 (2016): 381–389.

66. M. Ohkawa, Y. Ohno, K. Masuko, et  al., “Oncogenicity of L-Type 
Amino-Acid Transporter 1 (LAT1) Revealed by Targeted Gene Disrup-
tion in Chicken DT40 Cells: LAT1 Is a Promising Molecular Target for 
Human Cancer Therapy,” Biochemical and Biophysical Research Com-
munications 406 (2011): 649–655, https://​doi.​org/​10.​1016/j.​bbrc.​2011.​
02.​135.

67. J. Lv, J. Wang, X. Shen, et al., “A Serum Metabolomics Analysis Re-
veals a Panel of Screening Metabolic Biomarkers for Esophageal Squa-
mous Cell Carcinoma,” Clinical and Translational Medicine 11 (2021): 
e419.

68. Z. Liu, Y. Zhao, P. Kong, et al., “Integrated Multi-Omics Profiling 
Yields a Clinically Relevant Molecular Classification for Esophageal 
Squamous Cell Carcinoma,” Cancer Cell 41, no. 1 (2023): 181–195, 
https://​doi.​org/​10.​1016/j.​ccell.​2022.​12.​004.

69. K. A. Hoadley, C. Yau, D. M. Wolf, et al., “Multiplatform Analysis of 
12 Cancer Types Reveals Molecular Classification Within and Across 
Tissues of Origin,” Cell 158 (2014): 929–944, https://​doi.​org/​10.​1016/j.​
cell.​2014.​06.​049.

70. H. Watanabe, Q. Ma, S. Peng, et al., “SOX2 and p63 Colocalize at 
Genetic Loci in Squamous Cell Carcinomas,” Journal of Clinical Investi-
gation 124 (2014): 1636–1645.

71. D. Zhao, Y. Guo, H. Wei, et  al., “Multi-Omics Characterization of 
Esophageal Squamous Cell Carcinoma Identifies Molecular Subtypes 
and Therapeutic Targets,” JCI Insight 9 (2024): e171916, https://​doi.​org/​
10.​1172/​jci.​insig​ht.​171916.

72. X. Zhang, L. Peng, Y. Luo, et al., “Dissecting Esophageal Squamous-
Cell Carcinoma Ecosystem by Single-Cell Transcriptomic Analysis,” 
Nature Communications 12 (2021): 5291, https://​doi.​org/​10.​1038/​s4146​
7-​021-​25539​-​x.

73. M. R. Junttila and F. J. D. Sauvage, “Influence of Tumour Micro-
Environment Heterogeneity on Therapeutic Response,” Nature 501 
(2013): 346–354.

74. K. Polyak, I. Haviv, and I. G. Campbell, “Co-Evolution of Tumor 
Cells and Their Microenvironment,” Trends in Genetics 25 (2009): 
30–38.

75. D. F. Quail and J. A. Joyce, “Microenvironmental Regulation 
of Tumor Progression and Metastasis,” Nature Medicine 19 (2013): 
1423–1437.

76. Y. Chen, S. Zhu, T. Liu, et al., “Epithelial Cells Activate Fibroblasts 
to Promote Esophageal Cancer Development,” Cancer Cell 41 (2023): 
903–918.e908, https://​doi.​org/​10.​1016/j.​ccell.​2023.​03.​001.

77. I. D. Nagtegaal, R. D. Odze, D. Klimstra, et  al., “The 2019 WHO 
Classification of Tumours of the Digestive System,” Histopathology 76, 
no. 2 (2019): 182–188, https://​doi.​org/​10.​1111/​his.​13975​.

78. M. Q. Ma, H. D. Zhang, P. Tang, H. J. Jiang, and C. G. Chen, “As-
sociation of Kruppel-Like Factor 4 Expression With the Prognosis of 
Esophageal Squamous Cell Carcinoma Patients,” International Journal 
of Clinical and Experimental Pathology 7 (2014): 6679–6685.

79. J. Ansari, E. Y. Senchenkova, S. A. Vital, et  al., “Targeting the 
AnxA1/Fpr2/ALX Pathway Regulates Neutrophil Function, Promoting 
Thromboinflammation Resolution in Sickle Cell Disease,” Blood 137, 
no. 11 (2021): 1538–1549, https://​doi.​org/​10.​1182/​blood.​20200​09166​.

80. J. Massagué, “TGFbeta in Cancer,” Cell 134 (2008): 215–230.

81. L. Fang, Y. Che, C. Zhang, et al., “LAMC1 Upregulation via TGFβ 
Induces Inflammatory Cancer-Associated Fibroblasts in Esophageal 
Squamous Cell Carcinoma via NF-κB–CXCL1–STAT3,” Molecular On-
cology 15 (2021): 3125–3146, https://​doi.​org/​10.​1002/​1878-​0261.​13053​.

82. Z. Liu, Y. Zhang, N. Ma, et  al., “Progenitor-Like Exhausted 
SPRY1+CD8+ T Cells Potentiate Responsiveness to Neoadjuvant PD-1 

Blockade in Esophageal Squamous Cell Carcinoma,” Cancer Cell 41 
(2023): 1852–1870.e1859, https://​doi.​org/​10.​1016/j.​ccell.​2023.​09.​011.

83. B. C. Miller, D. R. Sen, R. Al Abosy, et al., “Subsets of Exhausted 
CD8+ T Cells Differentially Mediate Tumor Control and Respond to 
Checkpoint Blockade,” Nature Immunology 20, no. 3 (2019): 326–336, 
https://​doi.​org/​10.​1038/​s4159​0-​019-​0312-​6.

84. T. F. Gajewski, H. Schreiber, and Y. X. Fu, “Innate and Adaptive Im-
mune Cells in the Tumor Microenvironment,” Nature Immunology 14 
(2013): 1014–1022.

85. D. Hanahan and L. M. Coussens, “Accessories to the Crime: Func-
tions of Cells Recruited to the Tumor Microenvironment,” Cancer Cell 
21 (2012): 309–322.

86. H. Q. Dinh, F. Pan, G. Wang, et al., “Integrated Single-Cell Tran-
scriptome Analysis Reveals Heterogeneity of Esophageal Squamous 
Cell Carcinoma Microenvironment,” Nature Communications 12 
(2021): 7335, https://​doi.​org/​10.​1038/​s4146​7-​021-​27599​-​5.

87. I. Subramanian, S. Verma, S. Kumar, A. Jere, and K. Anamika, 
“Multi-Omics Data Integration, Interpretation, and Its Application,” 
Bioinformatics and Biology Insights 14 (2020): 117793221989905.

88. S. L. Salzberg, “Open Questions: How Many Genes Do We Have?,” 
BMC Biology 16 (2018): 94.

89. E. A. Ponomarenko, E. V. Poverennaya, E. V. Ilgisonis, et al., “The 
Size of the Human Proteome: The Width and Depth,” International 
Journal of Analytical Chemistry 2016 (2016): 1–6, https://​doi.​org/​10.​
1155/​2016/​7436849.

90. D. S. Wishart, Y. D. Feunang, A. Marcu, et  al., “HMDB 4.0: The 
Human Metabolome Database for 2018,” Nucleic Acids Research 46 
(2018): D608–D617, https://​doi.​org/​10.​1093/​nar/​gkx1089.

91. J. Yan, S. L. Risacher, L. Shen, and A. J. Saykin, “Network Ap-
proaches to Systems Biology Analysis of Complex Disease: Integrative 
Methods for Multi-Omics Data,” Briefings in Bioinformatics 6 (2018): 
1370–1381.

https://doi.org/10.1016/j.bbrc.2011.02.135
https://doi.org/10.1016/j.bbrc.2011.02.135
https://doi.org/10.1016/j.ccell.2022.12.004
https://doi.org/10.1016/j.cell.2014.06.049
https://doi.org/10.1016/j.cell.2014.06.049
https://doi.org/10.1172/jci.insight.171916
https://doi.org/10.1172/jci.insight.171916
https://doi.org/10.1038/s41467-021-25539-x
https://doi.org/10.1038/s41467-021-25539-x
https://doi.org/10.1016/j.ccell.2023.03.001
https://doi.org/10.1111/his.13975
https://doi.org/10.1182/blood.2020009166
https://doi.org/10.1002/1878-0261.13053
https://doi.org/10.1016/j.ccell.2023.09.011
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41467-021-27599-5
https://doi.org/10.1155/2016/7436849
https://doi.org/10.1155/2016/7436849
https://doi.org/10.1093/nar/gkx1089

	Data-Driven Molecular Typing: A New Frontier in Esophageal Cancer Management
	ABSTRACT
	1   |   Introduction
	2   |   Subtyping of ESCC Based on Bulk Omics Data
	2.1   |   Genomics of ESCC
	2.2   |   Transcriptomics of ESCC
	2.3   |   Proteomics and Metabolomics of ESCC
	2.4   |   Metabolomics of ESCC
	2.5   |   Multi-Omics Studies of ESCC

	3   |   Single-Cell Studies of ESCC
	4   |   Combined Single-Cell Multi-Omics Studies of ESCC
	5   |   Clinical Relevance of Molecular Typing in the Chinese Population
	6   |   Computational Improvement for the Subtyping
	7   |   Challenges and Future Directions
	7.1   |   Challenges
	7.2   |   Future Directions

	8   |   Summary and Prospects
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


