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Abstract

sophageal cancer is associated with high mortality rates and is one of the cancers with the worst

prognosis. Its incidence has significant regional specificity, particularly in China where it is much

higher than in other countries. Moreover, effective diagnostic markers, therapeutic targets, and
molecular subtyping biomarkers are currently lacking for esophageal cancer. Nevertheless, large-scale omics
studies have identified dozens of robust genetic risk loci and prognosis-related loci, drawn genomic,
epigenomic, and transcriptomic maps of esophageal cancer at multiple molecular levels, and described
significant differences between esophageal squamous cell carcinoma and adenocarcinoma. These studies are
of great significance for exploring the occurrence and development mechanism of esophageal cancer, guiding
clinical treatment, and improving patient prognosis. This review, from the perspective of multi-omics,
discusses the analytical strategies employed in these studies and summarizes their core findings. It
emphasizes that the integration and analysis of multi-omics data is a key focus and development trend in the
precise medical research of esophageal cancer, and has broad research and application prospects.
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Introduction

Esophageal cancer has a high incidence and mortality
rate, and exhibits significant regional variation.
Although the incidence of esophageal cancer in China
has been declining, it remains significantly higher than
in other countries [1-4]. Currently, effective
therapeutic targets for esophageal cancer are lacking,
making it one of the deadliest cancers in China [1].
Esophageal cancer is primarily categorized as
squamous cell carcinoma (ESCC) or adenocarcinoma
(EAC), with squamous cell carcinoma being more
prevalent. Squamous cell carcinoma of the esophagus is
characterized by invasiveness and has a significantly
worse prognosis than adenocarcinoma. These two
cancers differ significantly in histopathology,
incidence, patient population, and prognosis, leading
some to suggest that they should be regarded as two
distinct diseases [5]. The pathogenesis of esophageal
cancer remains incompletely understood, and there is a
dearth of therapeutic targets and biomarkers with
clinical applicability.

In recent years, significant advancements have been
made in second-generation sequencing and gene chip
technology. Correspondingly, precision medicine
research has become a hot area of investigation that
utilizes omics analysis techniques to aid in the more
refined treatment of complex human diseases such as
cancer. This article reviews various omics analysis
studies conducted on esophageal cancer in recent
years. These studies have identified many molecular
targets highly associated with esophageal cancer at
various molecular levels. These results are significant
in identifying susceptible loci and carcinogenic genes
for esophageal cancer, providing potential targets for
clinical treatment, and improving patient prognosis.
However, there is still a lack of comprehensive research
that integrates multiple omics results to systematically
explain the pathogenesis of esophageal cancer. In
conclusion, second-generation sequencing and gene
chip technology have broad prospects for the research
and clinical treatment of esophageal cancer.

Methods

Literature Search Strategy and Selection Criteria

This article summarizes recent studies on omics
analysis related to esophageal cancer. It highlights the
identification of numerous molecular targets strongly
linked to the disease across different molecular layers,
including rs1050631, which shows a strong correlation
with patient outcomes, and mutations in genes like
TP53, CDKN2A, PIK3CA, detected in esophageal cancer
samples (Table 1). These findings are crucial for
pinpointing risk loci and oncogenes in esophageal

cancer, offering possible avenues for therapy and
enhancing the prognosis for patients.

Discussion

Genetic Risk Research of Esophageal Cancer Based on
GWAS

Esophageal cancer is a complex, multi-gene phenotype
that can be heritable, with a heritability estimate
ranging from 19% to 35% [6—12]. GWAS is an effective
method for discovering specific genetic risk loci. These
studies typically use the whole-genome genotyping
data of a large cohort of esophageal cancer patients and
healthy controls to test the correlation of numerous
genetic loci with the risk or prognosis of the disease.
This enables the identification of candidate loci and
genes.

Currently, there are many reports on large-scale
GWAS studies of esophageal cancer in the Chinese
population, which can be explained by the high
incidence of esophageal cancer in this population
[13,14]. To date, dozens of robust ESCC-associated
genetic regions and candidate genes have been
discovered, such as rs2274223, rs3765524, rs3781264,
and rs11187842 (Table 1). The earliest GWAS study
collected 2,115 ESCC patients and 3,302 healthy
Chinese controls and identified multiple genetic
susceptibility loci on PLCE1 located on chromosome
10923 [15]. This finding was further validated by
another independent study [16]. Subsequently, seven
risk loci for ESCC were identified on chromosomes
5q11, 6p21, 10g23, 12924, and 2122 [17].

In a GWAS study including 2,031 ESCC patients and
2,044 healthy Chinese controls, Wu et al. identified six
new ESCC susceptibility loci, four of which were
associated with ESCC risk, and the other two loci were
only associated with ESCC risk when considering gene-
alcohol interactions [18]. Later, Wu et al. found that
rs1050631 on SLC39A6 was significantly associated
with the survival of ESCC patients [19]. Wu et al. then
attempted to merge and analyze several large ESCC
cohorts and discovered two new ESCC risk loci,
187447927 and rs1642764, which were not found in
previous independent cohorts [15-17, 20].

Finally, Wang et al. compiled a list of the 24 most
significant Chinese ESCC risk SNPs identified in
previous studies and further validated them [21].
Interestingly, Yan et al. found that the genetic variant
rs11789015 on 9q22 may be associated with the risk of
both EAC/BE and ESCC, and this correlation may be
achieved by regulating the function of BARXI,
indicating that there may be a certain degree of shared
genetic risk loci between EAC and ESCC [22].

Post-GWAS analysis and interpretation were mainly
conducted based on epigenetic modification-associated
loci identified by GWAS analysis.
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NCBI dbSNP identifier Chromosome Position (GRch38.p13) Gene P value Odds Ratio Reference ID
152274223 10 94306584 PLCE1 3.85x 107 1.34(1.22-1.48) 14
1$3765524 10 94298541 PLCE1 1.74 x 10 1.35(1.22-1.49) 14
13781264 10 94310618 PLCE1 7.30 x 10 1.38 (1.23-1.53) 14
1511187842 10 94292754 PLCE1 1.20 x 108 1.37 (1.23-1.53) 14
15753724 10 94291660 PLCE1 1.15x10® 1.38 (1.23-1.54) 14
15738722 22 28734024 CHEK2 1.41 x 10 1.30(1.19-1.43) 14
110052657 5 59111944 PDE4D 3.10 x 10°'° 0.33 (0.25-0.43) 16
1511066015 12 111730205 ACADI0 5.07 x 102 1.33(1.18-1.50) 16
152014300 21 34985564 RUNX1 1.17 x 101 0.62 (0.55-0.70) 16
1510484761 6 40834522 UNCS5CL 4.05 x 101 1.77 (1.52-2.07) 16
1s11066280 12 112379979 RPL6 6.45 x 10 1.22(1.09-1.37) 16
152074356 12 112207597 C12orf51 6.21 x 1010 1.58 (1.39-1.80) 16
152274223 10 94306584 PLCE1 1.77 x 10® 1.36 (1.22-1.51) 16
154785204 16 50069823 HEATR3 3.05x 107 1.3 (1.17-1.43) 17
157206735 16 50114597 HEATR3 3.49 x 107 1.29(1.17-1.42) 17
152239815 22 28796682 XBP1 1.72 x 107 1.28 (1.16-1.40) 17
152239612 3 187075454 ST6GALI 3.27x 107 1.35 (1.20-1.51) 17
154822983 22 28719078 CHEK2 1.02 x 10 1.46 (1.31-1.62) 17
151033667 22 28734312 CHEK2 1.91 x 10 1.33(1.20-1.46) 17
1s1042026 4 99307309 ADHIB 1.51 x 107 1.29(1.17-1.42) 17
1s3805322 4 99135847 ADH4 1.89 x 107 0.79 (0.73-0.86) 17
1517033 4 99307788 ADHIB 2.80 x 107 1.40 (1.23-1.59) 17
117028973 4 99401629 ADH7 4.61 x 107 1.26 (1.15-1.38) 17
151614972 4 99336998 ADHIC 1.34 x 10 1.27 (1.15-1.40) 17
11229977 4 99281257 ADHIA 3.22x10° 1.37 (1.20-1.57) 17
11789903 4 99340884 ADHIC 3.35x 10 1.41 (1.22-1.62) 17
151893883 4 99203559 ADH6 1.23 x 10 1.31(1.16-1.48) 17
151050631 18 36114157 SLC39A6 7.78 x 107 Hazard Ratio: 1.34 (1.17-1.53) 18
157447927 5 139481561 STINGI 7.72 x 10% 0.85(0.82-0.88) 19
151642764 17 7654516 ATPI1B2 3.10x 108 0.88 (0.85-0.91) 19
1$35597309 6 32621489 HLA class II region 1.99 x 10-1° 1.33(1.22-1.46) 19
1511789015 9 93953746 BARX1 1.38 x 10 0.77 (0.65-0.90) 21
152242259 12 121827200 SETDIB 0.006 1.14 (1.04-1.24) 22
154889898 17 79824605 CBX4 0.003 1.15(1.05-1.27) 22
1s1151500 11 65713695 KATS 0.006 1.21 (1.06-1.39) 22
1s8957 20 63742354 ZGPAT 0.104 0.93 (0.84-1.02) 22
152455823 3 15625349 BTD 0.005 1.14 (1.04-1.24) 22
110898459 11 86261897 EED 0.005 0.88 (0.81-0.96) 22
1s836178 12 50104356 SMARCDI1 0.013 0.86 (0.76-0.97) 22
18177812 9 113389247 POLE3 0.005 1.17 (1.05-1.30) 22
156983924 8 140590120 AGO2 0.001 1.16 (1.06-1.27) 22
15213194 6 33227827 RING1 0.051 1.18 (1.00-1.40) 22
110412487 19 8862541 MBD3L1 0.008 0.88 (0.80-0.97) 22
152416282 5 113513070 YTHDC2 2.81x10* 0.84 (0.77-0.92) 23

Table 1: Summary of identified esophageal cancer risk loci by GWAS.

Sung et al. utilized GWAS to identify genetic loci on

meQTL and pQTL has only recently begun to emerge.
To perform post-GWAS analysis, which uses eQTL as

epigenetic modification-associated genes (particularly
chromatin remodeling) that were associated with ESCC
risk [23]. In addition, Yang et al. found that rs2416282
led to ESCC risk by regulating the expression of
YTHDC2, which controls RNA m6A modification. This
study provided us with a new idea that genetic risk loci

a representative, researchers typically establish large
cohorts of both esophageal cancer patients and healthy
individuals, collect peripheral blood samples, and
identify germline mutation sites associated with the
phenotype.
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They then often conduct gene expression and other
multi-omics level analyses and identifications in public
databases or a small number of tissue samples.
Ultimately, they obtain eQTL sites that are relevant to
the occurrence and development of esophageal cancer,
thereby explaining the functional role of the SNPs
identified in GWAS analysis or identifying eQTL sites
associated with the risk or prognosis of esophageal
cancer.

Currently, researchers investigating esophageal
cancer typically identify eQTL sites on genes associated
with esophageal squamous cell carcinoma or
adenocarcinoma (such as CUL3, CFDP1, SLC22A3)
using SNPs identified in GWAS analysis. These eQTL
sites are then validated in vitro experiments or normal
esophageal tissues, or through the use of public
databases such as GTEx [23,25,26]. Additionally, Shao
et al. identified SNPs related to the miR-15 family and
found that the miR-15b SNP rs1451761T>G was
significantly associated with a reduced risk of ESCC,
with this association being influenced by smoking
status [27].

Cui et al. used GWAS and eQTL analysis to identify a
gene variant, rs1154402C>G, that inhibits alcohol
dehydrogenase gene ADHIA expression, leading to
susceptibility to esophageal squamous cell carcinoma
[28].

Both studies once again confirm the impact of
smoking and alcohol consumption on the occurrence
and development of esophageal cancer, which is
consistent with previous research findings.

It is worth noting that Peng et al. have developed the
Chinese Cancer Genome Database for Esophageal
Squamous Cell Carcinoma (CCGD-ESCQ)
(http://db.cbi.pku.edu.cn/ccgd/ESCCdb). The database
contains 69,593 SNPs, including risk SNPs identified
from 2,022 cases of cancer and 2,039 controls, survival-
related SNPs identified from 1,006 cases of esophageal
squamous cell carcinoma (survival GWAS), and eQTLs
identified from the expression profiles of 94 cases of
esophageal squamous cell carcinoma. Additionally, the
database provides information on the relationship
between 8,833 somatic mutations and survival time in
675 patients with esophageal squamous cell carcinoma
[29].

To summarize, multi-omics studies on large-scale
cohorts of esophageal cancer represent an emerging
field. Currently, the primary focus is on the combined
analysis of GWAS and eQTL data. These studies have
uncovered new loci from a novel perspective while
remaining consistent with the primary findings of
conventional GWAS analyses. However, there are no
reported post-GWAS functional annotations of other
omics data. Therefore, further exploration in this area
is necessary, including meQTL and pQTL, as well as

SNP-CpG and SNP-protein interaction maps of large-
scale cohorts of esophageal cancer.

Single-Omics-Based Studies of Cancer and Adjacent
Tissues:

In addition to genetic mutations, somatic mutations
unique to cancer tissue often receive significant
attention compared to healthy tissue. From a non-
genetic perspective, a typical experimental approach
involves collecting a specific number of cancer and
adjacent tissue samples and studying the differential
omics profiles of esophageal cancer and adjacent
tissue. This approach aims to identify driver genes,
abnormally expressed genes in cancer tissue, and
aberrantly regulated pathways. Ultimately, mutated or
differentially expressed genes related to tumor
occurrence and development, molecular subtypes, or
patient prognosis are identified and considered
potential therapeutic targets or tumor biomarkers. In
2012, Agrawal et al. conducted the first whole-genome
mutation study of esophageal cancer by comparing
esophageal squamous cell carcinoma (ESCC) and
adenocarcinoma. The study showed that NOTCHI1
mutations were unique to ESCC and were not found in
EAC. Furthermore, most EAC mutations could also be
found in the paired normal Barrett's esophagus, which
has the potential to develop adenocarcinoma [30]. In
2014, Gao et al. published their study on the exome
landscape of ESCC, revealing numerous somatic
mutations involving genes that regulate cell cycle and
apoptosis (TP53, CCND1, CDKN2A, NFE2L2, RB1), as
well as multiple mutations in genes associated with
histone modification (KMT2D, KMT2C, KDM6A, EP300,
CREBBP) (Figure 1). Additionally, the study found that
mutations in FAT1, FAT2, FAT3, FAT4, and AJUBA led
to abnormal regulation of the Hippo pathway, while
mutations in NOTCH1, NOTCH2, NOTCH3, and FBXW7
resulted in aberrant regulation of the Notch pathway in
ESCC [31]. In the same year, Yongmei Song et al.
identified eight significantly mutated genes in ESCC
through whole-genome and whole-exome sequencing,
including six well-known tumor-related genes (TP53,
RB1, CDKN2A, PIK3CA, NOTCH1, NFE2L2) and two
tumor-related genes specific to ESCC (ADAM29 and
FAM135B). Functional experiments confirmed that
FAM135B promoted ESCC deterioration, while
MIR548K was identified to promote the same.
Mutations in several genes associated with histone
modification (KMT2D, ASHIL, KMT2C, SETDIB,
CREBBP, and EP300) were also found, along with
abnormalities in the Wnt, cell cycle, and Notch
pathways. The study also established a significant
correlation between alcohol consumption and the
development of ESCC [32].
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Sampl Sample size Sequencing technology Verification Research target R
Tumor tissue 2115 ESCC patients, 3302 healthy SNP microarray (Illumina None (But it was verified by identification of 14
individuals 660W Quad) another independent research) esophageal cancer risk
loci by GWAS
Peripheral discovery dataset: 1077 ESCC SNP microarray (Illumina independent replication dataset identification of 15
blood patients, 1733 healthy individuals; 610-Quad) esophageal cancer risk
replication dataset 1: 7673 ESCC, loci by GWAS
11013 healthy individuals; replication
dataset 2: 303 ESCC patients, 537
healthy individuals
Peripheral discovery dataset: 2031 ESCC SNP (microarray independent replication dataset identification of 16
blood patients, 2044 healthy individuals; Affymetrix GeneChip esophageal cancer risk
replication dataset: 6276 ESCC, 6165 Human Mapping 6.0 set) loci by GWAS
healthy individuals
Peripheral discovery dataset: 2031 ESCC SNP microarray independent replication dataset identification of 17
blood patients, 2044 healthy individuals; (Affymetrix GeneChip esophageal cancer risk
replication dataset: 8092 ESCC, 8620 Human Mapping 6.0 set) loci by GWAS
healthy individuals
Peripheral discovery dataset: 1331 ESCC SNP microarray independent replication dataset identification of 18
blood patients, replication dataset: 1962 (Affymetrix GeneChip esophageal cancer
ESCC patients Human Mapping 6.0 set) patients prognosis loci by
GWAS
Cancer and 113 ESCC and adjacent tissues WGS PCR, Sanger sequencing, exploring landscape and 31
adjacent tissue Western blotting screening for genes that
influence esophageal
cancer
Tumor tissues 158 ESCC tissues and peripheral WGS and WES PCR, mass-spectrometric exploring landscape and 32
and peripheral blood samples genotyping, Sanger sequencing, screening for genes that
blood from the cell proliferation, migration or influence esophageal
same patient invasion assays cancer
Cancer and discovery dataset: 10 ESCC and WGS, WGBS, RNA-seq, methylation specific PCR, cell exploring the regulation 35
adjacent tissue adjacent tissues; replication dataset: iTRAQ proteomic assay, transfection, transwell migration | effects of epigenetic
93 ESCC and adjacent tissues ChIP-seq and invasion assays, mouse modification on ESCC
xenograft experiment, ChIP- from the perspective of
PCR, Western blotting, multiomics
immunohistochemical assay
Tumor tissue, 90 ESCC, 72 EAC WES, WGS (low depth), None exploring landscape and 36
and adjacent SNP microarray, RNA-seq, screening for genes and
tissue or microRNA-seq, DNA epigenomics
peripheral blood methylation microarray modification that
from the same (HM450K) influence esophageal
patient cancer
Tumor tissue, 94 ESCC WGS, RNA-seq siRNA, RT-PCR, cell identification of ESCC 46
adjacent tissue proliferation, migration or related eQTL
and peripheral invasion assays
blood from the
same patient

Table 2: Summary of representative esophageal cancer study by omics analysis.

In 2016, Sawada et al. conducted a study on a Japanese
population of patients with ESCC and arrived at similar
conclusions [33]. In 2020, Cui et al. determined the
whole-genome of 508 ESCC tumor tissues, identifying
five novel esophageal cancer-related mutation genes
(KRT5, CDHI10, LILRB3, YEATS2, and CASPS).
Additionally, they found that NFE2L2 may be a tumor
suppressor gene for ESCC, and its mutations were
significantly associated with the poorest prognosis for
ESCC. Furthermore, since the range of detection for
whole-genome sequencing is much greater than that of
previous exome sequencing, this study also found that
non-coding mutations in the SLC35E2 gene promoter
region were significantly associated with poor
prognosis in ESCC [34]. The aforementioned studies
have mapped the genomic profiles of esophageal
squamous cell carcinoma and adenocarcinoma,
identifying subtype-specific gene mutations and
abnormal signaling pathways. These results provide the
groundwork for subsequent omics analysis of
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esophageal cancer and targeted therapy in clinical
settings.
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At the single omics level, differential genes often fail to
exhibit differences at other omics levels. However, with
advancements in sequencing technologies and cost
reduction, integrated omics analysis has become more
prevalent. By utilizing multi-omics techniques to
generate multi-omics differential profiles of cancer and
adjacent tissues and conducting integrated analysis,
more reliable multi-omics differential genes can be
obtained that are related to tumor occurrence and
development, molecular subtypes, or patient prognosis
compared to single-omics results. These genes have a
stronger functional interpretation, and their
mechanisms of action are better understood, making
them more reliable potential therapeutic targets or
tumor markers.

Multi-omics analysis of esophageal cancer is
currently focused on integrating differentially
expressed genes, DNA methylation, and histone
modification data to explore the epigenetic regulatory
mechanisms  underlying the occurrence and
development of esophageal cancer [35]. Typical
abnormal genes identified include SOX2, CCND1, TP53,
PIK3CA, and NOTCHI1, while common abnormal
regulatory pathways include the Hedgehog signaling
and PI3K pathways. In 2017, the TCGA research team
conducted a comprehensive analysis of 164 esophageal
cancer samples from Eastern and Western populations,
which included copy number variations, mRNA,
microRNA, and DNA methylation. The four omics were
subjected to unsupervised learning clustering, and the
clustering results were consistent and matched the
histopathological  classification = of  esophageal
squamous cell carcinoma and adenocarcinoma. In
esophageal squamous cell carcinoma, the genes
CCND1, SOX2, and/or TP63 are frequently amplified,
while ERBB2, VEGFA, GATA4, and GATA6 are more
commonly amplified in adenocarcinoma. Compared to
esophageal adenocarcinoma, the molecular patterns of
esophageal squamous cell carcinoma are more similar
to those of squamous cell carcinoma in other organs.
These results suggest that different treatment
approaches should be adopted clinically for esophageal
squamous cell carcinoma and adenocarcinoma [36].

Ping et al. has conducted a series of studies to
identified the large number of somatic structural
variations (SV) and gene mutations (APOBEC, PIK3CA,
ERBB4, BRCA1/2, etc.) in esophageal squamous cell
carcinoma [37-39]. In around 60% of cases, hedgehog
signaling and the PI3K pathway are highly active,
suggesting that targeting these pathways could be a
promising strategy for treating ESCC [37]. Furthermore,
in a small number of patients, amplification of CD274
leads to high expression of PD-L1, indicating the
potential for immune therapy in these patients [38].
Using a multi-region whole-exome sequencing

approach, Chen et al. conducted a study on the
progression from esophageal squamous epithelial
hyperplasia precursor lesions to ESCC and found that
complete inactivation of TP53 plays a significant
promoting role in ESCC development [40]. Similarly,
Lin et al. identified a large number of somatic copy
number variations in ESCC, including FATI1, FAT2,
ZNF750, KMT2D, and previously identified TP53,
PIK3CA, and NOTCH1, and found that multiple
molecular mechanisms regulating the PI3K pathway are
disrupted in ESCC. They also observed gene mutation
and protein-level overexpression of XPO1l in ESCC,
indicating that XPO1 has high potential for targeted
therapy [41]. In addition, they compared the molecular
characteristics of esophageal squamous cell carcinoma
and adenocarcinoma in detail using exome sequencing,
whole-genome methylation sequencing, and ChIP-seq,
and identified two nearly independent driver gene sets
in ESCC and EAC, respectively. This suggests that they
follow independent developmental pathways,
consistent with the results of previous studies.
Moreover, the study identified two ESCC-specific
tumor suppressor genes, CUL3 and ZFP36L2 [42].

Qin et al. conducted a study using whole-genome and
whole-exome sequencing and identified mutations in
the VANGLI1 gene. Furthermore, they found that this
gene can promote cell growth in vitro. Additionally, the
study revealed five genes with somatic copy number
alterations (SCNA) or structural variations (SV),
including three coding genes (SHANK2, MYBL2, FADD)
and two non-coding genes (miR-4707-5p, PCAT1).
Based on the expression profiles of 321 ESCC
individuals, survival analysis showed a significant
correlation between these genes and a poor survival
rate. Subsequent functional experiments validated the
results of the bioinformatics analysis and demonstrated
that miR-4707-5p and MYBL2 promote tumor
proliferation and metastasis [43]. The studies
mentioned above (Table 2) provide a systematic
exploration of the mechanisms underlying the
occurrence and development of esophageal cancer by
integrating data from multiple omics levels. They
identify several genes that are significantly associated
with patient prognosis, which can serve as candidate
genes for targeted therapy.

Exploring Factors that Influence the Occurrence and
Development of Esophageal Cancer:

Studies on mutation clones in normal esophageal
epithelium at different ages have identified NOTCH1
and TP53 mutations that accumulate with increasing
age. Moreover, smoking and alcohol consumption can
significantly accelerate this accumulation, indicating
that lifestyle may play a role in the onset and
progression of esophageal cancer [44,45]. In addition,
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Chang et al's whole-genome sequencing and
transcriptome sequencing studies have revealed that
ESCC is linked to genetic variations in alcohol intake
and metabolism enzymes. They also identified
abnormal cell cycle and PI3K-Akt pathway in ESCC,
which are consistent with previous research findings
[46]. The incidence of esophageal adenocarcinoma
(EAC) and its precursor lesion, Barrett's esophagus
(BE), is significantly higher in men than in women.
Dong et al. screened over 9 million genetic variations
and found that 1rs112894788 was significantly
associated with the risk of BE/EAC only in male
individuals, while rs13259457 was only significantly
associated with the risk of BE/EAC in female
individuals [47]. Esophageal cancer is known for its
high incidence rates and specific racial and regional
patterns, highlighting the need for a thorough
comparison of incidence rates and survival patterns
between different races. Deng et al. conducted whole-
exome and targeted sequencing on samples from 316
Chinese patients with esophageal squamous cell
carcinoma and compared their findings to data from
European patients in TCGA. The study revealed that
Asian patients with CSMD3 mutations had a better
prognosis, and TP53, EP300, and NFE2L2 had higher
mutation frequencies in Asian patients. This research
sheds light on the molecular mechanisms that underlie
the racial differences in esophageal cancer incidence
rates [48].

Hao et al.'s study on spatial heterogeneity and clonal
evolution in ESCC revealed that around 35.8% of
somatic mutation heterogeneity in ESCC originated
from spatial heterogeneity. Half of the driver mutations
on the branches of the esophageal cancer phylogenetic
tree targeted oncogenes such as PIK3CA, NFE2L2, and
MTOR, among others. In contrast, the majority of
truncal and clonal driver mutations were observed in
tumor suppressor genes such as TP53, KMT2D, and
ZNF750, among others [49].

The studies mentioned above demonstrate that
various factors such as age, smoking, alcohol
consumption, racial specificity, and spatial
heterogeneity can impact the sequencing data results
of the esophageal cancer genome. Therefore, when
conducting in-depth large-scale esophageal cancer
omics data analyses in the future, it is crucial to
consider including these factors as covariates to ensure
the accuracy of subsequent data analysis results.

Conclusion

Esophageal cancer is characterized by a high incidence
and mortality rate, and limited treatment options,
which are even more evident in China. It is influenced
by various environmental factors such as age, smoking,
and alcohol consumption, and exhibits racial

specificity. The subtypes of esophageal cancer have
distinct molecular patterns, necessitating personalized
targeted therapies for each subtype. Current second-
generation sequencing studies, based on single-omics
or multi-omics data analysis, have identified numerous
unique genetic or non-genetic variant genes and
abnormal pathways specific to esophageal cancer,
providing a crucial foundation for subsequent
treatment and improved patient prognosis. However,
post-GWAS multi-omics analyses of esophageal cancer,
especially in QTL research, are limited to the eQTL
field, and other multi-omics integrated research based
on large-scale individual data is relatively rare. Such
research can demonstrate multidimensional molecular
level interactions in the whole genome, thereby
building causal regulatory networks from genes,
epigenetic modifications to expression, and translation
of proteins, and showing the association of
multidimensional sites with the incidence and
prognosis of esophageal cancer. In summary, cohort-
based multi-omics analysis is the future trend of
precision medicine research on esophageal cancer and
is worthy of further exploration.
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