Front. Biosci. (Landmark Ed) 2025; 30(10): 41107
Landmark https://doi.org/10.31083/FBL41107
Original Research

Genomic Instability is Widespread in Esophageal Squamous Dysplasia
and Increases During the Progression to Cancer

Haiyin An'2®, Xian Cheng!®, Liyan Xue?, Guiqi Wang?, Xiuli Zhu®, Junyi Li',
Ting Xiao'*®, Shujun Cheng!:*

IState Key Laboratory of Molecular Oncology, Department of Etiology and Carcinogenesis, National Cancer Center/National Clinical Research Center
for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, 100021 Beijing, China
2Department of Medical Oncology, Beijing Chest Hospital, Capital Medical University, Beijing Tuberculosis and Thoracic Tumor Research Institute,
101149 Beijing, China
3Department of Pathology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, 100021 Beijing, China
4Department of Endoscopy, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, 100021 Beijing, China
5Geneplus-Beijing Institute, 102206 Beijing, China
*Correspondence: xiaot@cicams.ac.cn (Ting Xiao); chengshj@cicams.ac.cn (Shujun Cheng)

Academic Editor: Sung Eun Kim

Submitted: 13 May 2025 Revised: 7 September 2025  Accepted: 18 September 2025  Published: 31 October 2025

Abstract

Background: Research on the molecular progression of esophageal squamous dysplasia to cancer remains limited. The majority of
prior studies have focused on morphological precancerous lesions sampled adjacent to tumors, and have relied primarily on the analysis
of data from whole-exome sequencing. Methods: To investigate the development of esophageal squamous cell carcinoma (ESCC),
whole genome analysis was conducted on 13 precancerous tissues and 15 ESCC tissues. Field effects were avoided by using biopsies
of squamous dysplasia from patients without concurrent tumor, thereby allowing study of molecular alterations associated with the true
precancerous state. Results: Our results revealed frequent copy number alterations (CNAs) and structural variants (SVs) in esophageal
squamous dysplasia. These changes were also detected in ESCC, indicating that genomic instability markers such as CNAs and SVs
occur at an early stage and persist throughout ESCC evolution. The detection of 7P53 mutations and CASPS deletions in both pre-
malignant lesions and ESCC suggests they may be early driving events during esophageal carcinogenesis. Mutations in MUC5B were
observed in 7.7% of precancerous lesions and 6.7% of ESCC. Moreover, these mutations were associated with a higher tumor mutational
burden (TMB) and an immune “hot” tumor microenvironment. Apolipoprotein B mRNA-editing catalytic polypeptide-like (APOBEC)
enzyme-associated mutational signatures were exclusively identified in ESCC and may further exacerbate genomic instability in the
more advanced stages of tumorigenesis. Significantly higher ploidy alterations levels were detected in ESCC compared to squamous
dysplasia. Moreover, the cohort that underwent local recurrence of dysplasia within two years had significantly elevated ploidy alter-
ations levels compared to those with no long-term recurrence. These results indicate that elevated levels of aneuploidy and genomic
instability were associated with tumor progression and local recurrence of dysplasia. Conclusions: Mutations in 7P53 and MUC5B, as
well as deletion of CASPS, may be early driver events in carcinogenesis and could precede the emergence of the APOBEC mutation
signature. Moreover, ploidy alterations confer a selective advantage to genomically unstable cells, thereby promoting their progression
toward malignant transformation. Collectively, our results demonstrate that genomic instability is prevalent in precancerous lesions and
intensifies during the late stages of tumor progression. Cells with a certain level of genomic instability appear to possess a competitive
advantage for malignant transformation.
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1. Introduction EAC is more common in Western countries [3,4]. ESCC
is considered to be more analogous to other types of squa-
mous cell carcinoma, whereas EAC exhibits notable sim-
ilarities to gastric cancer [5]. Despite these differences,
both subtypes follow a progressive carcinogenic sequence
from precursor lesions to invasive carcinoma. The progres-
sion from normal epithelium to precursor lesions, and ul-
timately to invasive cancer, provides an invaluable model
for studying the full trajectory of esophageal tumorigenesis.
Uncovering the molecular mechanisms driving the transi-

Esophageal carcinoma ranks as the seventh most
prevalent malignancy and the sixth leading cause of cancer-
related mortality worldwide, accounting for over 540,000
annual deaths globally [1]. The two major pathological
subtypes of esophageal cancer are esophageal squamous
cell carcinoma (ESCC), and esophageal adenocarcinoma
(EAC). They exhibit marked differences in epidemiology,
molecular profiles, and oncogenic pathways [2]. ESCC
is the predominant subtype in Asian populations, whereas
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tion from pre-invasive to invasive disease is critical for im-
proving early detection and therapeutic strategies [6]. Over
the past decade, significant progress has been made in un-
derstanding the mechanisms underlying the progression of
Barrett’s esophagus (BE), a metaplastic precursor lesion to
EAC. This has resulted in significant advances in surveil-
lance protocols of EAC [7-11]. However, in contrast to
EAC, research on esophageal squamous dysplasia and its
progression to ESCC remains limited, leaving significant
gaps in our understanding of this pathway.

Although several studies have compared the genomic
sequencing data of ESCC and adjacent precancerous le-
sions, many critical questions remain unanswered, partic-
ularly regarding molecular differences between the two
histopathological stages. Liu Xi et al. [12] reported that
dysplastic lesions adjacent to tumors exhibit similar alter-
ations to ESCC in terms of both mutations and copy num-
ber alterations (CNAs). Chen Xixi ef al. [13] found that
“two-hit” events on P53 are rare in dysplasia samples from
tumor-free patients, in contrast to dysplastic lesions that are
adjacent to tumors. Chang Jiang et al. [14] inferred that
TP53 inactivation was one of the earliest steps in the ma-
lignant transformation of esophageal epithelium.

Most of the above studies focused on morphologi-
cal precancerous lesions that were adjacent to tumors, and
relied primarily on data from whole-exome sequencing
(WES) for their analysis. However, it is important to note
that due to field cancerization, dysplastic lesions adjacent to
tumors are more likely to represent the final stages of can-
cer evolution. Consequently, it is not known to what extent
these lesions accurately reflect earlier time points in the nat-
ural history of neoplastic transformation [7]. For instance,
genetic alterations observed in precancerous lesions adja-
cent to tumors may differ from those found in precancerous
lesions in patients who have not progressed to cancer [15].
Furthermore, many insights into neoplastic transformation
can only be obtained through whole-genome analysis, and
would not be seen with targeted exome sequencing [16].
Currently, there are few reports on the state of structural
variants (SVs) in precursors to ESCC.

To address these gaps, we conducted whole-genome
analysis on precancerous samples from patients without
concurrent cancer, as well as on ESCC samples. By ana-
lyzing the genomic landscape of esophageal premalignant
lesions, we detected molecular similarities and differences
between dysplasia and cancer. Apart from finding some
well-known CNAs known to act as drivers, our findings
also revealed that SVs occur frequently in esophageal squa-
mous dysplasia, indicating they emerge early in the evolu-
tion of ESCC. Moreover, our data showed that the level of
ploidy alterations could distinguish esophageal squamous
dysplasia from ESCC, and were also associated with the lo-
cal recurrence of dysplasia. Based on these findings, we
propose that elevated levels of aneuploidy occur relatively
late in the progression of ESCC and exacerbate genomic

instability, thereby providing cells with a competitive ad-
vantage for malignant transformation.

2. Materials and Methods
2.1 Sample Collection

Two cohorts of fresh samples were obtained: pairs
of dysplastic and normal samples from 13 patients with-
out ESCC, and pairs of tumor and normal samples from
15 ESCC patients. None of the patients included in the
study had received any treatment prior to surgery or biopsy.
Sample collection was conducted following approval from
the Institutional Review Board of the Cancer Hospital, Chi-
nese Academy of Medical Sciences (Ethic Approval Num-
ber: 12-71/605). The study was carried out in accordance
with the guidelines of the Declaration of Helsinki. A writ-
ten consent was signed by the patients or their families/legal
guardians.

2.2 Whole-genome Sequencing

Whole-genome sequencing was performed on all sam-
ples using the Illumina NOVA sequencing platform. The
dataset included 13 dysplastic samples paired with morpho-
logically normal esophageal epithelium, and 15 tumor sam-
ples paired with morphologically normal esophageal ep-
ithelium. The median sequencing depth achieved was 8.8X.

2.3 Identification of ESCC Driver Genes

To identify ESCC driver genes, we curated a com-
prehensive gene set by combining 200 pan-cancer and
esophageal cancer driver genes reported in the literature
[17] with 98 esophageal cancer driver genes downloaded
from the IntOGen database [18]. This yielded a total of 253
ESCC-related driver genes for subsequent analysis.

2.4 Whole-genome Sequencing Analysis

Strelka software (version 2.9.10; Illumina, San Diego,
CA, USA) was used to detect somatic mutations in the se-
quencing data. Biological hallmarks enrichment analyses
were performed using the Metascape database. The facets
tool (version 0.6.0) was used to analyze CNAs. We em-
ployed ichorCNA (version 2.0) to calculate ploidy alter-
ations for each sample. Meerkat algorithm was used to de-
tect SVs. GeneFuse [19] (version 0.6.1) was applied to de-
tect target gene fusions by scanning FASTQ files.

2.5 Immune Infiltration-related Analysis and Functional
Enrichment Analysis

Expression data,genomic data and associated clinical
information for ESCC samples were obtained from the can-
cer genome atlas (TCGA) database. After retaining samples
that included both sequencing data and clinical information,
a total of 82 samples were selected for subsequent analy-
sis. The R package “immunedeconv” and EPIC algorithm
were employed to ensure accurate assessment of immune
scoring. The Limma package in R software (version 4.0.3;
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R Foundation for Statistical Computing, Vienna, Austria)
was used to study the differentially expressed genes. We
defined “p < 0.05 and (fold change) >1.5" as the threshold
for screening differential mRNA expression. The Cluster-
Profiler package in R was utilized to conduct an analysis of
the Gene Ontology (GO) functions of potential genes and to
perform enrichment analysis of the Kyoto Encyclopedia of
Genes and Genomes (KEGQG) pathways. Gene Set Enrich-
ment Analysis (GSEA) was performed using SRplot [20].

2.6 Statistical Analysis

Comparisons between the two groups mentioned in
the study was performed using the Wilcoxon rank-sum test.
A two-sided p-value < 0.05 was considered statistically sig-
nificant in all analyses.

3. Results
3.1 Clinical Characteristics of Enrolled Patients

This study enrolled 28 patients, consisting of 13 cases
of pathologically confirmed and tumor-free esophageal
squamous dysplasia, and 15 cases of early-stage ESCC.
The clinical characteristics of the two cohorts are summa-
rized in Tables 1,2, respectively. The dysplasia cohort com-
prised predominantly high-grade intraepithelial neoplasia
(84.62%, 11/13), with 23.08% (3/13) exhibiting dual smok-
ing/alcohol exposure. The ESCC cohort consisted of 8
cases with tumor-nodes-metastasis (TNM) stage I disease
and 7 with TNM stage II disease. These samples represent
relatively early-stage cancer and are closer to precursor le-
sions in terms of evolution, thereby providing a temporally
compressed model to identify driver events that orchestrate
the transition from intraepithelial neoplasia to early inva-
sive carcinoma. Moreover, for the purposes of risk stratifi-
cation, we conducted a prospective follow-up of the pre-
cancerous lesion cohort for >7 years. Within two years
following endoscopic submucosal dissection (ESD), 3 pa-
tients experienced a recurrence of intraepithelial neoplasia
in proximity to the treatment site. In contrast, 7 patients
demonstrated no recurrence of precursor during a follow-
up period of >7 years (Table 1, Fig. 1A).

3.2 Mutation and Mutational Signature

The non-negative matrix factorization (NMF) method
was used to identify mutational signatures. This revealed
the squamous dysplasia and ESCC groups exhibited a sim-
ilar mutational context (Fig. 1B,C). Notably, both groups
showed a strong enrichment of Signature 5. According
to the Catalogue of Somatic Mutations in Cancer (COS-
MIC) database, Signature 5 exhibits transcriptional strand
bias for T>C substitutions in an ApTpN context. More-
over, it occurs frequently in all cancer types and most can-
cer samples, although its etiology remains unknown. Sig-
nature 1 was also present in both groups and is associ-
ated with C>T transitions. It correlates with patient age
at cancer diagnosis, suggesting it results from an endoge-
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Table 1. Baseline characteristics of enrolled patients with

esophageal squamous dysplasia.

Clinical characteristic Number of patients (%)

Gender
Male 7 (53.85%)
Female 6 (46.15%)
Grade

2 (15.38%)
11 (84.62%)

Low-grade intraepithelial neoplasia
High-grade intraepithelial neoplasia

Smoking history
Yes 3 (23.08%)
No 10 (76.92%)
Drinking history
Yes 3 (23.08%)
No 10 (76.92%)

Post-treatment follow-up

3 (23.08%)

7 (53.85%)
Lost to follow-up 3 (23.08%)

Total 13

Due to rounding, percentages may not sum to 100%.

Relapse of intraepithelial neoplasia
No relapse

Table 2. Baseline characteristics of enrolled patients with
ESCC.
Number of patients (%)

Clinical characteristic

Gender

Male 11 (73.33%)

Female 4 (26.67%)
T stage

T1 11 (73.33%)

T2 1 (6.67%)

T3 3 (20.00%)
N stage

NO 12 (80.00%)

N1 3 (20.00%)
M stage

MO 15 (100%)
TNM stage

1 8(53.33%)

I 7 (46.67%)
Smoking history

Yes 7 (46.67%)

No 8(53.33%)
Drinking history

Yes 7 (46.67%)

No 8(53.33%)
Total 15

ESCC, esophageal squamous cell carcinoma; TNM,

tumor-nodes-metastasis.

nous mutational process initiated by spontaneous deami-
nation of 5-methylcytosine during tumorigenesis. Signa-
ture 12 was present in both cohorts, although its etiology
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Fig. 1. Follow-up outcomes in the dysplasia group and mutation signatures, hallmarks associated with genes harboring nonsyn-
onymous mutations in the two groups. (A) Follow-up outcomes in the dysplasia group. (B) Mutation signatures in the dysplasia group.
(C) Mutation signatures in the ESCC group. (D) Hallmarks associated with genes harboring nonsynonymous mutations in the dysplasia

group. (E) Hallmarks associated with genes harboring nonsynonymous mutations in the ESCC group. ESCC, esophageal squamous cell
carcinoma.
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remains unknown. In contrast, Signatures 2 and 13 were
detected exclusively in ESCC samples. These signatures
are related to the activity of the Apolipoprotein B mRNA-
editing catalytic polypeptide-like (APOBEC) family of cy-
tidine deaminases. The APOBEC mutagenesis pattern is
well-documented in ESCC [21] and emerges late in the evo-
lution of primary tumors [22], ultimately contributing to
genomic instability [23]. This is consistent with our find-
ing that the APOBEC mutation signature was present in the
ESCC group, but not in squamous premalignant tissues in
the absence of tumor. Signature 6 was found only in the
precursor group, and comments in the COSMIC database
suggest it is associated with defective DNA mismatch re-
pair.

We adopted strict screening criteria to ensure the au-
thenticity of the mutation results. Through stringent fil-
tering standards, we identified 41 nonsynonymous single
nucleotide variants (SNVs) in the dysplasia group and 53
in the ESCC group. Among these, TP53 demonstrated
the highest mutation frequency, occurring in 54% (7/13)
of squamous dysplasia samples and 27% (4/15) of ESCC
samples. This indicates that it serves as an early initiating
event in the carcinogenesis of ESCC. Four genes (TP53,
NOTCHI, MUC5B, and MLL?2) were found to be mutated
in both cohorts, suggesting they represent early events in
the progression of ESCC. MLL2, an essential histone reg-
ulator gene, is frequently altered in ESCC [24]. MUC5B
encodes structurally related mucin glycoproteins [25] and
is known to facilitate cell-to-cell and cell-to-matrix inter-
actions, as well as cell-autonomous signaling, thus promot-
ing tumorigenesis and distant dissemination of tumor cells
[26]. However, MUCSB is rarely reported in the muta-
tional spectrum of cancer, suggesting it may represent a
novel driver gene in ESCC progression. To further ex-
plore the role of MUC5B, we analyzed sequencing data
from ESCC, head and neck squamous cell carcinoma (HN-
SCC), and lung squamous cell carcinoma (LSCC) obtained
from the cBio Cancer Genomics Portal [27,28]. The mu-
tation frequencies for MUC5B were 4% in ESCC, 7% in
HNSCC, and 13% in LSCC (Fig. 2A and Supplementary
Fig. 1A,B). Additionally, MUC5B mutation was correlated
with higher tumor mutational burden (TMB) (nonsynony-
mous) in ESCC, HNSCC and LSCC (Wilcoxon test; p =
0.007, p = 8.67 x 1076, p = 4.63 x 1073, respectively,
and g = 0.058, ¢ = 2.51 x 1073, g = 0.106, respectively)
(Fig. 2B and Supplementary Fig. 1C,D). The mutation
frequencies of recurrently mutated genes were also found to
be higher in the MUC5B-mutated group than in the MUC5B
wild-type group (Fig. 2C). Furthermore, in pan-cancer ge-
nomic datasets, the mutation frequencies of MUCS5B range
from 22.73% to 0.81%, and samples with MUC5B muta-
tions exhibited significantly higher TMB (nonsynonymous)
(Wilcoxon test; p < 10719, g < 1071%) (Fig. 2D,E).

Since TMB is used as a biomarker for tumor
immunotherapy, we conducted an in-depth analysis of
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the relationship between MUCS5B mutations and tumor-
infiltrating immune cells in ESCC using the EPIC algorithm
and the sequencing data in TCGA. The MUC5B-mutated
group exhibited significantly higher infiltration levels of
CD4+ T cells, CD8+ T cells, and endothelial cells com-
pared to the MUCS5B wild-type group (Wilcoxon test, p =
0.026, p = 0.022, p = 0.027, respectively) (Fig. 2F). This
suggests the MUC5B-mutated group is characterized by an
immune “hot” tumor microenvironment. To further explore
the functional implications of MUC5B mutations, we ana-
lyzed the expression profile differences between mutant and
wild-type groups, finding 252 upregulated and 134 down-
regulated genes in the MUCS5B-mutated group. Enrichment
analyses showed upregulated genes were mainly linked
to phospholipid metabolism, cell adhesion, and platinum
drug resistance (Supplementary Fig. 2A,B), while down-
regulated genes were associated with chromatin assembly
pathway and rheumatic and autoimmune disease pathway
(Supplementary Fig. 2C,D). Downregulation of genes en-
riched in chromatin assembly pathway suggests that core
processes governing nucleosome formation and chromatin
organization are attenuated in the MUCS5B-mutant group,
resulting in elevated genomic instability. Subsequently, we
conducted GSEA analysis to characterize the KEGG path-
ways affected by the transcriptome change with the MUC5B
mutation. We found 55 positively enriched pathways and
26 negatively enriched pathways with a g-value of less than
0.05. GSEA analysis further confirmed significant deple-
tion of genome stability related pathways in the MUCS5B-
mutated group, including DNA replication, mismatch re-
pair, homologous recombination, and base excision repair
(Supplementary Fig. 3).

Next, we analyzed the biological hallmarks of genes
harboring nonsynonymous mutations. Those harboring
nonsynonymous mutations in the dysplasia group were
mainly clustered in the hallmarks for E2F targets, T7P53
pathway, mitotic spindle, and KRAS and HEDGEHOG sig-
naling (Fig. 1D). In addition to the cell cycle, KRAS, and
HEDGEHOG signaling hallmarks observed in the precan-
cerous group, nonsynonymous mutated genes in the ESCC
group were also involved in WNT and inflammatory re-
sponse hallmarks (Fig. 1E).

3.3 CNAs in Esophageal Squamous Precursor and Cancer

We next conducted CNA analysis to better decipher
the genomic alterations during esophageal carcinogenesis.
The median length of genome affected by CNAs in precan-
cerous cohorts was 20.52 MB, including both gain and loss
of copy number, while that of the ESCC cohort was 23.45
MB. Although the level of median copy number alteration
was higher in ESCC than in esophageal squamous precur-
sor, this was not significantly different (Wilcoxon test, p
= 0.82) (Fig. 3A). Loss of heterogeneity (LOH) is ubiqui-
tous in cancer, and studies have shown that LOH can con-
tribute to the inactivation of some tumor suppressor genes,
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Fig. 2. Mutation frequency of MUCS5B in ESCC and pan-cancer datasets, the relationship between MUC5B mutations and TMB
and the relationship between MUC5B mutations and tumor-infiltrating immune cells. (A) Mutation frequency of MUC5B in ESCC
datasets from the cBio Cancer Genomics Portal. (B) Comparison of TMB between MUC5B-mutated and MUC5B wild-type groups in
ESCC datasets from the cBio Cancer Genomics Portal. (C) Comparison of the mutation frequency of recurrently mutated genes between
MUCS5B-mutated and MUCS5B wild-type cohorts in ESCC datasets from the cBio Cancer Genomics Portal. (D) Comparison of TMB
between MUCS5B-mutated and MUC5B wild-type groups in pan-cancer datasets from the cBio Cancer Genomics Portal. (E) Mutation
frequency of MUCS5B in pan-cancer datasets from the cBio Cancer Genomics Portal. (F) Comparison of tumor-infiltrating immune cells
between MUCS5B-mutated and wild-type groups in ESCC datasets from TCGA. * p < 0.05. ns means no significant difference. TMB,
tumor mutational burden; TCGA, the cancer genome atlas.
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thereby affecting the occurrence and progression of can-
cer. We found that esophageal precancerous lesions and
ESCC shared a similar LOH burden (Wilcoxon test, p =
0.16) (Fig. 3B), suggesting that LOH already occurs fre-
quently in precancerous lesions.

We also analyzed segmented CNAs that were fre-
quently amplified or deleted. Recurrent CNA profiles
demonstrated both overlapping and divergent patterns be-
tween premalignant and malignant lesions (Fig. 3C). Fo-
cal CNA analysis identified 8q amplification as a shared
event in both premalignant lesions and malignant tissues.
This segment, reported as a hotspot in ESCC, contains the
cancer-related gene MYC, which plays a critical role in reg-
ulating cell proliferation. These findings suggest that am-
plification of the 8q segment may be a key driving event
in carcinogenesis. In addition, we identified several al-
terations in chromosomal segments in esophageal squa-
mous precancerous lesions that have been rarely reported
in previous studies. For instance, a 7q segment containing
the driver gene BRAF was found to be amplified in pre-
cancerous lesions. BRAF is involved in regulation of the
MAPK/ERK signaling pathway, which affects cell division,
differentiation and secretion. Moreover, we identified fre-
quent deletions that affect segments in 4p, 9q (containing
the driver gene NOTCH1), and 17q. The deletion in 4p has
been frequently reported in ESCC [29], while LOH of 17q
has also been identified in ESCC [30].

3.4 SV Landscape in the Dysplasia and ESCC Cohorts

SVs play a mysterious role in cancer through their
ability to move blocks of adjacent genes simultaneously, or
to generate gene fusion, thereby contributing to concurrent
oncogenic events [31,32]. However, the landscape of SVs
in esophageal squamous dysplasia remains unclear. To ad-
dress this, we conducted SV analysis through the Meerkat
computational tool [33,34]. A median of 6300 SVs per
genome (range 3684—8308) were identified in the dysplasia
cohort, and 3616 (range 2751-5184) in the ESCC cohort,
with no statistically significant difference between the two
(Wilcoxon test, p = 0.41). Five SV types were detected,
consisting of duplications/intra-chromosomal transloca-
tions, deletions/intra-chromosomal translocations, inver-
sions and two types of inter-chromosomal translocations
(type 1 and type 2) [34] (Fig. 4A). Genome-wide SV anal-
ysis revealed that inter-chromosomal translocation was the
predominant SV type in both precancerous and cancerous
tissues.

To further study the potential impact of the large num-
ber of SVs on biological processes, these were mapped at
the gene level and the frequently rearranged driver genes
in esophageal cancer were analyzed. No significant dif-
ference in the frequency of SVs that disrupt ESCC driver
genes was observed between the dysplasia and tumor co-
horts (Wilcoxon test, p = 0.46) (Fig. 4B).
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We next analyzed and characterized the spectrum of
driver genes with a high frequency of SVs in both groups
(Fig. 4C). CASPS, arecently identified novel driver gene as-
sociated with ESCC [35], exhibited the highest frequency of
SVs in both the dysplasia and tumor groups, predominantly
in the form of deletions. While deletions in CASPS have
been reported in ESCC [36], the involvement of CASPS
in the precursor stage of esophageal lesions has not been
previously documented. CASPS, a key initiator of death
receptor-mediated apoptosis, also plays a critical role in
suppressing RIPK3-MLKL-dependent necroptosis [37,38].
This gene is essential for preventing tissue damage during
both embryonic development and adulthood [37], and its
deletion can lead to ileocolitis and gut barrier dysfunction
[39]. KANSLI was also frequently rearranged in both co-
horts. Amplifications and rearrangements of KANSL were
previously reported in ovarian cancer, and it could serve as
a potential biomarker and therapeutic target for immune re-
sponse modulation [40]. KANSL1 was also found to be en-
riched in tumors with genome doubling events [41]. ESRI
is frequently affected by deletion-type SVs in both precan-
cerous lesions and tumor samples. High frequencies of
ESR1 SVs were reported in inflammatory reflux esophagi-
tis, Barrett’s metaplasia, dysplasia, and EAC [42].

SVs have been shown to mediate oncogenic gene
fusion events. The present analysis identified 169 fu-
sion genes that were shared between premalignant and
malignant esophageal lesions. Among these, the kinase-
associated SNDI-BRAF fusion, previously reported in thy-
roid carcinomas [43], was detected in both premalignant
(1/13, 7.7%) and malignant (1/15, 6.7%) samples.

3.5 Ploidy Alterations

Ploidy alterations were also compared between the
dysplasia and cancer groups. The average ploidy was found
to be 2.025 in precursor lesions and 2.31 in the ESCC group
(Fig. 5A), demonstrating a significantly higher degree of
genomic instability in the cancer group (Wilcoxon test, p
= 0.029). Importantly, the cohort that underwent local re-
currence of dysplasia within two years had significantly el-
evated level of ploidy alterations compared to those with
no long-term recurrence (Wilcoxon test, p = 0.033). This
finding suggests that higher level of ploidy alterations may
serve as a predictive marker for an increased risk of recur-
rence (Fig. 5B).

4. Discussion

The current study comprehensively analyzed the
whole genomic landscape of esophageal squamous precan-
cerous lesions and ESCC. Field effects, which encompass
tumor-host interactions and gene-environment interactions
[44], can remodel the neighboring microenvironment of tu-
mor cells. Tumorous dysplasia exhibits a more malignant
molecular phenotype compared to non-tumorous dysplasia,
with a similar pattern and burden of genomic alteration to
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that of tumor tissue [12]. Such tumor-adjacent precancer-
ous lesions may already have acquired some transformative
potential [13]. Once the cancerous tissue is removed and
suppression of the dominant ESCC clone is lifted, the lesion
may rapidly progress into carcinoma. However, among
precursor cases from patients with no sign of ESCC, 33%

progressed or recurred, while others regressed or remained
static [45]. To reduce the effects of field cancerization and
to conduct risk stratification, we analyzed biopsies of squa-
mous dysplasia obtained from patients without concurrent
tumor, as well as performing long-term follow-up of these
patients.
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Our analysis revealed that precursor lesions without
tumors harbor frequent CNAs and SVs, which differs from
some previous reports on esophageal carcinogenesis. Our
use of whole-genome sequencing generates a more com-
prehensive genomic profile compared to targeted or ex-
ome sequencing approaches, potentially explaining the dis-
crepancy with earlier studies. The inherent heterogene-
ity of dysplasia may also contribute to the differences ob-
served between studies. Despite the comparable burden of
CNAs and SVs between precancerous lesions and ESCC,
the overall genomic alteration burden was generally higher
in ESCC. This result suggests that chromosomal instabil-
ity, a hallmark of cancer, progressively accumulates dur-
ing carcinogenesis. Similar to our finding, a large bur-
den of canonical CNAs were also detected in the hyperpla-
sia/metaplasia stages of the LSCC progression model, with
their frequency also increasing during the progression of le-
sions [46].

Our results showed a high mutation frequency of
TP53 in precancerous lesions. Chang Jiang et al. [14]
reported that the frequency of TP53 biallelic inactivation
increases dramatically in early precancerous lesion stage
and 7P53 inactivation leads to CNAs in 7P53 biallelic
loss clones. These results suggested that 7P53 may be an
early initiator of carcinogenesis. Additionally, we found
the MUC5B gene was mutated in 7.7% of precancerous le-
sions and 6.7% of ESCC. This gene is implicated in cell-
to-cell and cell-to-matrix interactions. Interestingly, muta-
tions in MUCS5B have been associated with increased TMB
in ESCC, HNSCC, LSCC, and pan-cancer datasets, sug-
gesting they may represent a novel early event in carcino-
genesis and a biomarker of genomic instability. More-
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over, our analysis revealed that samples with MUCS5B muta-
tions were associated with immunologically “hot” tumors,
indicating a potentially heightened responsiveness to im-
munotherapy. Functional enrichment analysis of differen-
tially expressed genes indicates that the MUCS5B-mutant
group is more prone to invasive metastasis and platinum-
based chemoresistance and exhibits increased genomic in-
stability owing to attenuated chromatin assembly. Due
to the deficiency in homologous recombination function
in the MUCS5B-mutant group, these patients may derive
therapeutic benefit from polyadenosine-diphosphate-ribose
polymerase (PARP) inhibitors. Meanwhile, DNA-repair
defects in the mismatch repair pathway within the MUC5B-
mutant cohort are also biomarkers for guiding the use of
immune-checkpoint inhibitors [47,48]. Concurrently, in-
dividuals harboring MUC5B mutations may be more sen-
sitive to novel treatment agents that target genomic insta-
bility, including K/F' 184 inhibitors, p53-reactivating agents
and PLK4 inhibitors, all of which are presently being tested
in clinical trials. Furthermore, the APOBEC mutagenesis
signature, a known contributor to genomic instability, was
detected exclusively in ESCC but was absent in precancer-
ous lesions. This observation indicates the APOBEC muta-
genesis pattern may represent a relatively late event in the
carcinogenic process, potentially conferring invasive capa-
bilities to neoplastic cells.

The recent advances in genomic research have focused
increasing attention towards the study of genomic alter-
ations in morphologically normal cells. Li Ruoyan et al.
[49] reported that normal esophageal tissues already harbor
CNAs. These are predominantly characterized by whole-
chromosomal amplifications of chromosomes 3, 5, and 7.
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The present study also detected amplification of 7q in both
dysplasia and ESCC, suggesting that gain of 7q may rep-
resent an early genomic event and play a role in the accu-
mulation of genomic instability during the progression to
ESCC.

SVs are well-known hallmarks of cancer, affecting a
larger fraction of the genome than point mutations by in-
creasing or deleting gene copy numbers. These frequent
genomic rearrangements can result in the amplification of
oncogenes or the disruption of tumor suppressor genes, thus
contributing to tumorigenesis. In our study, CASPS, a re-
cently identified driver gene, exhibited frequent deletions in
premalignant lesions, indicating that SVs of this gene may
be early driver events in the development of ESCC. In HN-
SCC, the CASPS inactivating mutations have been reported
to confer cells the ability of resistance to death receptor
[50]. However, recent studies have reported that the func-
tion of CASPS in cancer represents a complex double-edged
sword, and its specific role in ESCC remains to be further
elucidated [51,52]. While most genome-scale rearrange-
ments are thought to be neutral, some give rise to onco-
genic gene fusions [32]. Gene fusions are potential targets
for personalized therapeutics, and may also serve as poten-
tial prognostic and diagnostic biomarkers [53]. The current
study presented the gene fusion landscape of esophageal
squamous precursors and carcinoma. However, further
studies are needed to determine whether these gene fusions
are drivers or passengers.

Our study found that a high level of ploidy alter-
ations can effectively distinguish between the two histolog-
ically different cohorts, suggesting that it may be an adap-
tive mechanism enabling cell survival under selective pres-
sure. Aneuploidy is closely associated with increased ge-
nomic instability [54], thus aligning with the observation
that ESCC is characterized by high levels of genomic in-
stability [36]. Similarly, the transition from carcinoma in
situ to LSCC is associated with a high level of chromoso-
mal instability, which was identified as an early marker in
this progression [55,56]. Previous research comparing the
genomic landscapes of early-stage and late-stage ovarian
high-grade serous carcinoma (HGSC) also observed a sig-
nificant increase in overall ploidy in late-stage tumors com-
pared to their early-stage counterparts [57]. Moreover, ge-
nomic instability and aneuploidy may facilitate metastatic
progression by inducing epithelial-to-mesenchymal transi-
tion (EMT), thereby promoting tumor invasion [58]. High
levels of aneuploidy and genomic instability also correlate
with the expression of immune evasion markers [59] and
with poor prognosis [58,60]. Our results suggest that a
high level of ploidy confers cells with the ability to outcom-
pete the original diploid dysplastic cells. This may result
in phenotypic changes, such as the ability to infiltrate the
basement membrane, which can be recognized as a distinct
pathological change by histological examination.
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Long-term follow up in our study revealed that pa-
tients with precancerous lesions characterized by elevated
ploidy alterations displayed a greater risk of recurrence fol-
lowing ESD treatment. This result provides further evi-
dence that intraepithelial neoplasia characterized by a high
level of ploidy alterations has an increased risk for malig-
nancy. Furthermore, the identification of individuals with
high-risk dysplasia may facilitate more targeted and effec-
tive endoscopic surveillance and monitoring strategies. In
summary, ploidy alterations appear to be closely associated
with malignant transformation and with local recurrence of
esophageal dysplasia.

Morphology

Genomic instability

Genomic instability (aneuploidy)

Molecular alterations

Fig. 6. Preliminary model of the evolution from dysplasia to
ESCC. The schematic diagram of esophageal precancerous lesion
and cancerous tissue in Fig. 6 was generated by ChatGpt (version
5.0; OpenAl, San Francisco, CA, USA).

Our comprehensive molecular profiling revealed dis-
tinct temporal phases in ESCC tumorigenesis. It also iden-
tified critical early-stage alterations that initiate malignant
transformation, followed by subsequent transitional ge-
nomic events that are associated with tumor progression
and phenotypic evolution. However, the findings of our
study are subject to several limitations. First, due to the
very small tissue volume of dysplasia samples, direct val-
idations using these specimens were not feasible in the
present study. And due to the limited samples number,
we may not be able to capture a broader spectrum of ge-
nomic variations. We therefore plan to accrue a prospec-
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tive clinical cohort of premalignant samples to replicate
our findings. Second, although the current study includes
long-term clinical follow-up validation and confirmation
through genomic and transcriptomic analyses in indepen-
dent cohorts, it is limited by the absence of molecular ex-
periments. The functional effects of MUC5B mutations and
CASPS deletions still require mechanistic molecular exper-
iments in further studies. Third, our next-generation se-
quencing analysis was restricted to the genomic and tran-
scriptomic level, without the incorporation of epigenetic
data. To overcome these constraints, subsequent investi-
gations should employ multi-omics strategies that combine
whole-genome, transcriptome, epigenome, and proteome
analyses across a well-curated sample cohort.

5. Conclusions

In summary, this study comprehensively character-
ized the genomic alterations in ESCC and precancerous
lesions. The cancer hallmark of genomic instability was
prevalent even in the precancerous stages, and increased
further during the transition from precursor to invasive can-
cer (Fig. 6). Mutations in 7P53 and MUC5B, as well as the
deletion of CASP8, may represent early driver events in car-
cinogenesis that precede emergence of the APOBEC muta-
genesis pattern. In addition, ploidy alterations confer a se-
lective advantage to genomically unstable cells, promoting
their progression toward malignant transformation and lo-
cal recurrence. These findings provide new insights into the
genomic evolution of ESCC and highlight potential avenues
for early detection and targeted intervention in esophageal
carcinogenesis.
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