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Abstract: Squamous esophageal carcinoma is a common pathological type of esophageal carcinoma
around the world. The prognosis of esophageal carcinoma is usually poor and diagnosed at late
stages. Recently, research suggested that genomic instability occurred in esophageal cells during
the development of esophageal squamous cell carcinoma (ESCC). Identifying prognostic and spe-
cific genomic characteristics, especially at the early hyperplasia stage, is critical. Mice were given
4-nitroquinoline 1-oxide (4NQO) with drinking water to induce esophageal cancer. The immortalized
human esophageal epithelial cell line (NE2) was also treated with 4NQO. We performed histologic
analyses, immunofluorescence, and immunohistochemical staining to detect DNA damage at differ-
ent time points. Whole-exome sequencing was accomplished on the esophagus tissues at different
pathological stages to detect single-nucleotide variants and copy number variation (CNV) in the
genome. Our findings indicate that all mice were tumor-forming, and a series of changes from simple
hyperplasia (ESSH) to intraepithelial neoplasia (IEN) to esophageal squamous cell carcinoma (ESCC)
was seen at different times. The expression of γ-H2AX increased from ESSH to ESCC. In addition,
mutations of the Muc4 gene were detected throughout the pathological stages. Furthermore, CNV
burden appeared in the esophageal tissues from the beginning of ESSH and accumulated more in
cancer with the deepening of the lesions. This study demonstrates that mutations caused by the early
appearance of DNA damage may appear in the early stage of malignant tissue before the emergence
of atypia. The detection of CNV and mutations of the Muc4 gene may be used as an ultra-early
screening indicator for esophageal cancer.

Keywords: esophageal squamous cell carcinoma; 4NQO; whole-exome sequence; copy number
variations; single-nucleotide variants; DNA damage

1. Introduction

Esophageal squamous cell carcinoma (ESCC) is a major pathological type of esophageal
cancer that accounts for 90% of all cases. It has a high incidence worldwide, including
in Asia, East Africa, and South America [1,2]. The most prevalent etiologies associated
with this condition are excessive drinking, smoking, inheritance, hot beverages, HPV
infection, and achalasia [3]. Despite recent improvements in the prognosis, esophageal
cancer remains the sixth most lethal malignancy globally due to the challenge of early
diagnosis [4–6]. Therefore, finding early diagnostic indicators and pathogenesis is still an
important issue in esophageal cancer research. Since it is challenging to obtain samples of
early lesions or continuous lesions for research on the carcinogenesis of esophageal cancer,
creating animal models is a crucial component of this field of study. In vitro carcinogenesis,
chemically induced tumorigenesis, and genetically altered mice are three of the squamous
esophageal carcinoma animal models that are now available. The frequency of use varies
depending on the study goals [6–9]. The primary esophageal cancer model of C57BL/6
mice induced by 4-nitroquinoline 1-oxide (4NQO) is more appropriate to systematically
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study the pathological changes in the carcinogenesis process of esophageal cancer because
it is possible to see intraepithelial neoplasia and invasive malignancy, which resemble
human esophageal cancer [10].

4NQO is a water-soluble quinoline chemical carcinogen with a complex carcinogenic
mechanism that produces all three stages of cancer: initiation, promotion, and progres-
sion [11]. It is activated in biological systems by the enzyme 4NQO reductase, and its
active metabolite, 4NQO, is a biologically active carcinogen. The tongue and esophagus
of mice contain a high concentration of 4NQO reductase, making them more suscepti-
ble to carcinogenesis when 4NQO is stimulated [12]. The production of reactive oxygen
species during metabolism may have high cytotoxic and mutagenic potential, resulting in
G mutation and DNA damage, including double-strand breaks [13–16]. 4NQO was used
to induce oral squamous cell carcinoma in mice in the early stage. Tang [9] used it for
the first time in establishing an esophageal squamous cell carcinoma model in 2004. This
model demonstrated the specificity of the oral and esophageal epithelium and a high tumor
formation rate. Therefore, 4NQO is likely to induce esophageal squamous cell carcinoma in
mice by causing DNA damage and ROS production, which may play an important role in
focusing on the correlation of DNA damage-related factors in primary esophageal cancer.

DNA damage is a prominent characteristic of tumors and is crucial to the genesis and growth
of malignancies [17]. Accumulating ROS and other DNA-damaging chemicals in the tumor
microenvironment leads to genomic instability of the body and causes disease [18,19]. Genomic
instability includes microsatellite instability, increased rates of single base-pair mutation,
and chromosomal instability. The most important form of instability in cancer genomes is
chromosomal instability, mainly manifested as a replication or loss of genomic material,
such as copy number variation (CNV) [20]. Therefore, it is also an important research
direction to search for potential biomarkers for the early diagnosis of esophageal carcinoma
from the direction of genomic instability. When employing this esophageal cancer model
in earlier studies, the timing and characteristics of lesions at various stages of the cancer
were rarely taken into account, and no exon sequencing studies with relevant stages were
discovered. In our previous research, we observed the genomic characteristics of esophageal
carcinoma in human esophageal carcinoma and cancer cell lines [21,22]. We found that DNA
damage and inflammation played an important role in the carcinogenesis of esophageal
carcinoma. Thus, in the current study, we used a 4NQO-induced primary ESCC model and
whole-exon sequencing to examine the genetic characteristics of esophageal cancer in mice
at various stages of simple hyperplasia, intraepithelial neoplasia, and esophageal cancer to
understand the early carcinogenesis of squamous esophageal cancer.

2. Results
2.1. NQO Induction Esophageal Tumorigenesis in Mice

4NQO-induced esophageal cancer in mice is an established animal model for studying
human diseases. In this study, we induced tumors in this manner. We observed obvious
multifocal, precancerous, and cancerous lesions at different time points after carcinogen
treatment for 28 weeks in all 4NQO-treated mice groups. We examined the rough esoph-
agus tissue at the 4th week and gross cancerous esophagus lesion multiplicity (number
of lesions per mouse) at the 16th week. After carcinogen withdrawal, the esophagus
continued to deteriorate and eventually developed a 100% incidence of visible lesions at
week 28. In contrast, no visible lesions were detected in the control mice not treated with
4NQO (Figure 1B).

We also did pathologic analyses on the esophagus sections from the 4NQO-treated
mice. We found that continuous exposure to 4NQO carcinogen resulted in a gradual
progression of carcinogenesis in mice, while esophageal tissues of the control showed
normal epithelia. As shown in (Figure 1C), the mice’s esophagus sections contained
different stages of esophagus carcinogenesis at different time points. At 4 weeks after
4NQO treatment, the mice developed lesions with simple hyperplasia, but no atypia of
esophageal squamous epithelium was observed. Treatment with 4NQO up to 16 weeks was
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mostly found to be free of polarity in the epithelial cells and have nuclear pleomorphism,
hyperchromatism, and increased or abnormal mitoses. Meanwhile, at 28 weeks, all 4NQO-
treated mice exhibited typical pathological features of ESCC.
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Figure 1. 4NQO-induced neoplastic changes in esophagus tissues of mice at different time intervals. 
Control, normal; ESSH, simple hyperplasia; IEN, intraepithelial neoplasia; ESCC, esophageal Figure 1. 4NQO-induced neoplastic changes in esophagus tissues of mice at different time intervals.

Control, normal; ESSH, simple hyperplasia; IEN, intraepithelial neoplasia; ESCC, esophageal squa-
mous cell carcinoma. (A) Scheme for the treatment paradigm. C57BL/6 mice were randomized into
two groups and fed with water or 4NQO (100 µg/mL) in drinking water for 16 weeks, after which
all mice were given deionized water until week 28. Mice were sacrificed at different time points
of 4NQO treatment at 0, 4, 8, 12, 16, 20, and 28 weeks to observe the different pathological stages
of carcinogenesis in mice. The histopathological assessment, immunohistochemistry, and WES of
esophageal tissues were performed after 4, 16, and 28 weeks. (B) Representative images of esophageal
lesions for each stage. (C,D) Histological analysis and ki-67 staining of mice’s normal esophagus and
ESCC esophagus for each stage. (Magnification, ×400; scale bar = 50 µm).

Moreover, we performed ki-67 staining to trace cell proliferation in the esophagus of
the mice at different time points. A weak nuclear immuno-expression was observed in the
mice of the control group. The mice exposed to 4NQO showed pre-tumorigenic features,
such as increased cell proliferation, as indicated by increased nuclei and increased ki-67



Int. J. Mol. Sci. 2022, 23, 14304 4 of 16

staining of basal epithelial cells, which gradually increased with the prolonged induction
of time (Figure 1D).

Taken together, these results show that 4NQO successfully induced esophageal tu-
morigenesis in mice, and the degree of these basic pathological changes is related to the
time of stimulation and similar to the pathological changes of the human body.

2.2. DNA Damage Induced by 4NQO in Both Mice and NE2 Cell Line

DNA damage is involved in precancerous esophageal lesions and tumor initiation [23].
γ-H2AX phosphorylation is a sensitive sign of DNA double-strand breaks [24]. We deter-
mined DNA damage in the esophagus tissues of the mice at different time points through
immunohistochemical investigations. Our results indicate that the immunoreactivity of
γ-H2AX to ESSH, IEN, and ESCC in the 4NQO group was significantly higher than that in
the control group (p < 0.001, Figure 2A,B).
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Figure 2. 4NQO treatment enhances DNA damage in the esophagus of mice and the NE2 cell
line. The mice were sacrificed, and the esophagus sections were fixed, embedded in paraffin, and
sectioned. Then, the tissue sections were stained with γ-H2AX antibodies. Four to five representative
areas of each esophagus section from each mouse per group were photographed and analyzed.
(A) Immunohistochemical staining of γ-H2AX for each stage. (B) Statistical analysis of γ-H2AX
positive cells for each stage. Differences are significant at * p < 0.05 ESSH, IEN vs control; *** p < 0.0001
ESCC vs. control, ESSH, IEN. The difference with p ≤ 0.05 was considered statistically significant.
Magnification, ×400; scale bar = 50 µm. NE2 cell line treated with 4NQO for 6 h. γ-H2AX expression
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was visualized by immunofluorescence using primary specific antibodies and Alexa Fluor 488
conjugated secondary antibodies. Nuclei were stained with DAPI. (C) Immunofluorescence staining
of γ-H2AX expression in NE2 cell line. Magnification, ×400; scale bar = 40 µm. Green fluorescence is
γ-H2AX, blue fluorescence is Dapi.

To further support this notion, we next performed immunofluorescence analysis
for γ-H2AX on a human esophageal immortalized epithelial cell line NE2 after the cells
were treated with 100 µM 4NQO for 6 h, and the control group was treated with only
100 µM propanediol. Our results show that the expression of γ-H2AX increased in the
4NQO-treated cells than in the untreated cells (Figure 2C). These results suggest that
4NQO may play a role in DNA damage, and it caused significant DNA damage in the early
hyperplasia stage of the mice’s esophageal epithelium before obvious atypia.

2.3. Mutated Genes in 4NQO-Induced ESCC Development

We performed WES on 12 samples from 4NQO-treated mice to identify somatic al-
terations (SNVs and INDELs) at different stages of ESCC development (ESSH 4, IEN4,
ESCC 4). We obtained different quantities of single-nucleotide variants (SNVs) and inser-
tions/deletions (INDELs) in the ESSH, IEN, and ESCC groups. After alignment and data
filtering, 366, 4230, and 39661 SNVs, were detected in the ESSH, IEN, and ESCC groups,
respectively, and 32, 49, and 115 INDELs were recognized in the ESSH, IEN, and ESCC
groups, respectively (Figure 3A, Supplementary Table S1). Next, we compared the nature
of the somatic nucleotide variants at different stages of ESSH development. The mutation
rates in the exon regions represent a mean increase in the ESSH, IEN, and ESCC samples
(Supplementary Figure S1). C/G > T/A transitions were the predominant substitutions,
which is consistent with our previous work and other published data, and they accounted
for 30.58% (23090/75498) of all SNAs (Supplementary Figure S1) [21,22].

The above results are consistent with previous research on human esophageal cancer
mutations [22,25–29], and we found that these genes (Lrp1b, Trp53, Notch1, Pcdh9, Syne1,
Xirp2, Csmd3, and Muc4) showed mutations at high frequencies in our mice model. At
the same time, we identified several of the most frequently mutated genes in this mouse
model, including Muc5ac, Notch4, and Jak3 (Figure 3A). Compared to the different stages of
ESCC development, we observed that missense mutations of Muc4 began to appear from
the ESSH group, and more mutation sites were generated in the ESCC group (). Missense
mutations of exon 2 appeared in both the simple hyperplasia group and the esophageal
cancer group at similar sites (Figure 3B). On the other hand, missense mutations of Muc5ac
and Jak3 only appeared in the stage of ESCC. Furthermore, we identified that missense
mutations of Muc4 occurred at all stages, which might be an important molecular locus in
the carcinogenesis of mouse esophageal cancer.

We checked the Muc4 gene mutations of human esophageal squamous cell carcinoma
on the COSMIC website. Muc4 missense mutations from 47 samples of human ESCC are
shown in Supplementary Table S3. These mutations are also concentrated in exon 2, which
are likely to be the sites found in mouse ESSH1 and ESCC1. Therefore, the mutations
found in the mice are worth comparing with the human body. We also queried Muc4 in our
in-house data [22], and it was also observed that mutations of Muc4 appeared in a patient
(sample name: EC1110) during the ESSH, IEN, and ESCC stages (Supplementary Table S4).
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2.4. Copy Number Variations

Copy number variations (CNVs) were analyzed to further explore 4NQO-related
molecular events from 12 samples of 4NQO-treated mice (ESSH 4, IEN4, and ESCC 4).
CNV amplifications started to appear at the hyperplasia stage and frequently accumu-
lated in chromosome 7 at each stage (Figure 4A). We counted the number of CNVs at
each stage, and there were 126 genes in ESSH, 201 genes in IEN, and 262 genes in ESCC
(Supplementary Table S2). Moreover, we calculated the burden of CNVs at each stage of
ESCC (Figure 4B). We detected that the CNV burden gradually increased from the simple
hyperplasia stage to ESCC, with a statistical difference (p < 0.05) between IEN and ESCC.
No significant CNVs were detected between IEN and ESCC. From the perspective of CNV
burden, our data indicate that CNVs in the ESSH stage may be an important factor in the
subsequent progression of esophageal cancer. In addition, compared to human tissues in
our previous work, this model detected that the total number of CNVs was relatively small.
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The CNV genes were enriched by KEGG pathways, and the results show that the
pathways at each stage mainly acted as inflammation-related pathways (Figure 5). At the
stage of ESSH, the CNV pathways mainly focused on the inflammatory activation pathways,
such as the cytokine–cytokine receptor interaction, the chemokine-signaling pathway,
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and the NF-kappa B-signaling pathway. At the stage of IEN, not only the inflammatory
pathways, such as ESSH, but also other pathways, such as the TRP channels, the Jak-
stat-signaling pathway, and the neuroactive ligand–receptor interaction appeared. This
indicates that the regulation of the pathway at IEN became complicated. The pathway of
ESCC is similar to that of IEN. The cytokine–cytokine receptor interaction, the chemokine-
signaling pathway, and the NF-kappa B-signaling pathway can be seen from the ESSH to
the ESCC stage, with related genes such as Gm10591, Ccl21b, Ccl19, Ccl21a, and Gm13304.
We found 122 CNV genes on chromosome 7 that were present in all three stages of ESCC,
and these genes were mainly inflammatory chemokines. Interestingly, the Nlrp9b gene
was also located on chromosome 7 in our mice model. CNVs of Nlrp9b were observed in
ESSH-1 mice. In the meantime, the Nlrp9b copy number was amplified in IEN-3, ESCC-2,
ESCC-3, and ESCC-4 mice.
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3. Discussion

ESCC is among the most fatal malignancies worldwide, with increasing incidences
and poor outcomes. 4NQO is a synthetic carcinogen and regarded as the best chemical to
induce similar histological changes in animals to those of humans. Numerous studies have
reported the 4NQO induction of oral and esophageal carcinoma in rat and mouse models [9].
However, the molecular mechanisms responsible for 4NQO-induced esophageal cancer
have yet not been defined. Thus, we took this opportunity to analyze the genomic instability
in 4NOQ-induced mice esophageal cancer. Our previous research indicated that the chronic
inflammatory microenvironment in the early stage of esophageal cancer led to a large
amount of DNA damage, and obvious CNV and mutation complexity were observed
at the level of human tissues and cell lines through genomics [21,30,31]. Therefore, we
continued to investigate DNA damage at different stages of cancer in the 4NQO mice
model. In the current study, 4NQO produced high incidences of simple hyperplasia,
intraepithelial neoplasia, and ESCC when observed at 28 weeks in the mice esophagus
tissues (Figure 1). More importantly, local DNA damage significantly increased with
the occurrence and development of cancer. Our further investigation found that somatic
mutations and CNVs from simple hyperplasia to intraepithelial neoplasia to esophageal
cancer gradually increased. These results are consistent with our previous studies on
human esophageal cancer and cancer cell lines and provide additional evidence justifying
the use of 4NQO in animal models of esophagus carcinogenesis.

The accumulation of excessive reactive oxygen species and reactive nitrogen species
(RONS) due to carcinogen exposure contributes to esophagus carcinogenesis by causing
oxidative modifications of DNA, proteins, and lipids [32]. Previous studies have demon-
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strated that ROS and RONS stimulated tissue repair and regeneration. However, if the
body is unable to properly repair the damage that these chemicals cause to DNA damage,
they may result in single DNA ruptures (SSBs), loss of bases, or disruption to genomic
DNA replication and transcription. DNA double-strand breaks can lead to genomic insta-
bility [19,33]. A report indicated that 4NQO induces oxidative stress directly through ROS
or indirectly through depleting GSH, thereby generating oxidative DNA damage [34]. In
agreement with previous reports, the present study clearly indicates that the early-stage
esophageal model is predicted to develop simple hyperplasia of esophageal cancer because
the tumor rate is assumed to be 100%. This model differs from lesion specimens of simple
hyperplasia tissue adjacent to carcinoma because it allows for a more precise prediction
of the development of esophageal cancer at its most early stages. Interestingly, we found
that the expression of γ-H2AX increased compared to the control (p < 0.05) in the simple
hyperplasia stage of the esophagus of this model, indicating that the DNA damage at this
stage began to accumulate. Meanwhile, the expression of γ-H2AX in NE2 cells increased
after 4NQO stimulation for a short period, suggesting that it is possible that the pathological
morphology of the cells has not yet been revealed atypia.

Genomic instability (mutations and CNV) is an important feature of tumors and
plays an important role in the occurrence and development of tumors [17]. Muc4 is a
member of the transmembrane mucin family and has many biological functions. It is involved
in cell adhesion, and its EGF-like domain is involved in multiple signaling pathways by
interacting with ErbB2 and also affects apoptosis by activating the PI3K-Akt Pathway [35,36].
The complex relationship between Muc4 and growth factor signaling is also reflected in
the transcriptional regulation of Muc4, with interferon-γ, retinoic acid, and transforming
growth factor β signaling pathways regulating Muc4 expression in a partially interdependent
manner [35]. In addition to being expressed in some normal epithelium, abnormal expression
is also found in many cancers, such as breast and pancreatic cancer [37,38]. The query of
ESCC Muc4 mutation in the COSMIC database suggested that Muc4 may be an important
mutated gene in ESCC. Mutations in Muc4 have been found in various types of cancers,
and studies on colon cancer and pancreatic cancer have reflected that Muc4 mutation is
associated with tumor immunity [39–42]. The current research on Muc4 mutation reflects
that it is associated with poor radiotherapy prognosis and prognosis of ESCC [29,43,44]. In
our current study on mice, we also found Muc4 mutations in mice ESCC. Interestingly, we
found that Muc4 can first appear at the ESSH stage. Combined with the mutation data of
human esophageal cancer in our in-house data, we found that Muc4 mutation in human
tissue samples also started to appear at the stage of ESSH, which suggests that Muc4 may
play an important role in the early screening of ESCC.

The expression of Muc5ac in esophageal adenocarcinoma may be more sensitive than
that in ESCC [45,46]. However, it cannot be ruled out whether its expression is in ESCC.
Therefore, Muc5ac mutation may be a new marker for ESCC. Jak3 is an essential component
of the Jak family, which is involved in cell growth, development, and the differentiation
of various cells. It is also important for immune and hematopoietic cells [47]. Because of
its critical role in immunity, deficiency of Jak3 may lead to lymphocyte development and
proliferation defects. Knockout mice may result in a phenotype dominated by defects in
T-cell development and proliferation. However, Jak3 has not been reported in many studies
related to esophageal cancer. The somatic mutations of Jak3 identified in ESCC may serve
as an important supplement to the study of ESCC-related mutations.

CNV have been widely studied in recent years. Various previous studies have in-
dicated that human genetic characteristics are common and influence the evolution of
specific diseases. Recently, a genomic study related to esophageal cancer revealed that
many characteristics of cancer have appeared due to the high frequency of CNV [25,31,48].
The development of CNV research has been used as a molecular diagnosis in various
diseases [49–51]. In our model, CNV amplification genes were mainly enriched in in-
flammatory pathways. These results suggest that early inflammatory gene amplification
may be an important factor in the progression of ESCC. Inflammation is closely related to
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tumors [17,52]. NF-kappa B pathways are crucial in tumors and inflammation, and relevant
reports have been reported on esophageal cancer [53]. Our CNV enrichment results suggest
that gene amplification in these inflammatory pathways may be of concern at an early stage.
The inflammasome is a protein complex that plays a significant role in several diseases
because it activates proptosis, which releases a number of inflammatory cytokines. Studies
have indicated that proptosis plays a role in esophageal and gastrointestinal cancer [54,55].
Recently, the small intestinal epithelium of mice was shown to have an inflammasome
known as Nlrp9b, which is capable of causing proptosis [56]. However, relatively little
information is available regarding Nlrp9b’s involvement in esophageal cancer, particularly
the changes to its CNV. Future research on its effects is still required.

Our previous findings on human esophageal cancer revealed links among mutations,
intraepithelial neoplasia, and esophageal cancer stages [22]. Recent research using an
organ-wide approach focused on the prostate showed that genome-wide copy number
variation reveals unique clonal patterns within tumors and in surrounding benign tis-
sue [57]. We also found this interesting phenomenon in our present model, where somatic
mutations and CNV emerged from the simple hyperplasia stage to the esophageal cancer
stage. Therefore, our findings suggest that it may be more valuable to carry out genomic
screening of mutations and CNV in high-risk groups of esophageal cancer for prevention
and ultra-early diagnosis.

4. Materials and Methods
4.1. Cell Line and Culture Conditions

NE2 cells (immortalized human esophageal epithelial cell line) were given by Prof.
George Tsao from Hong Kong University. NE2 cells were grown in a defined keratinocyte-
SFM medium and an Epilife medium supplemented with a defined keratinocyte-SFM
growth supplement and an additional 1% FBS (Gibco, Grand Island, NY, USA). The cell
cultures were maintained at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2.
The culture medium was renewed every three days. All experiments were performed
with mycoplasma-free cells. The cell line was authenticated within the last 3 years using
STR profiling.

4.2. Animals and Carcinogen Treatment

Six-week-old female C57BL/6 mice were purchased from Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). (NO. SCXK, 2019-0001). All the mice were
raised in plastic cages according to sex, and the feeding density was no more than five
per box in an air-conditioned room with a 12 h light/dark cycle and the temperature
and relative humidity at 25 ◦C ± 2 ◦C and 50 ± 10%, respectively. All mice were fed a
basal diet (Rodent Chow Product, KeAoXie Li feeds Co., Ltd., Beijing, China) and allowed
free access to deionized water. All mice were reared in a specific pathogen-free (SPF)
laboratory, and all the animal procedures and experiments conducted in this study were
approved by the Animal Ethics Committee of Shantou University Medical College (Permit
NO. SUMC2020-368). All efforts were made to minimize the suffering of the animals.
We used 4-nitroquinoline 1-oxide (4NQO) from Sigma Aldrich (St. Louis, MO, USA) to
induce esophageal lesions. The treatments were based partly on the work of Xiao-Han
Tang et al. [9], with some modifications. Stock solution (1 mg/mL) was prepared weekly
in propylene glycol, diluted in drinking water to a working concentration of 100 µg/mL,
and stored at 4 ◦C. Drinking water containing 4NQO was freshly prepared every week
using deionized water and administered to the mice in light-shielded water bottles. The
design for the experimental studies is schematically shown in Figure 1A. After 1 week
of quarantine, mice were randomly divided into 4NQO groups (n = 30), which were fed
with water containing 4NQO (100 µg/mL) from the 1st to 16th week (shaded in black)
and maintained with regular drinking water for a further 12 weeks (shaded in grey), and
a control group (n = 5), which was fed with water containing propylene glycol from the
1st week to 16th week (shaded in orange), and then fed only normal water for a further
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12 weeks (shaded in grey). Five mice were euthanatized with a 1% aqueous pentobarbital
sodium solution at the 4th, 8th, 12th, 16th, 20th, and 28th weeks, respectively. The whole
esophagus and stomach were opened longitudinally and cleaned with cold PBS. Esophagus
lesions were detected under white light and carefully identified.

4.3. Histopathological Analysis

Tissues were fixed in freshly made 4% paraformaldehyde overnight at 4 ◦C, embedded
in paraffin, and sectioned into 4 µm sections. A histopathologic assessment of esopha-
gus sections was performed to examine the incidence of esophagus lesions. Whole-exon
sequencing was performed on frozen esophagus tissues. Two certified pathologists con-
ducted the histological determination of squamous neoplasia according to the 2019 WHO
classification of tumors of the digestive system and the 8th edition of the Union for In-
ternational Cancer Control—American Joint Committee on Cancer (UICC-AJCC) TNM
staging system [58,59] at the Shantou University Medical College on the sectioned tissue
samples. The esophagus sections were de-paraffinized, rehydrated, stained with H&E for
histopathology, and observed under a light microscope. The ESCC lesions observed were
separated into the following stages: Control: Well-oriented stratified epithelium consisting
of the basal zone and superficial zone. Simple hyperplasia (ESSH): These abnormalities
were confined to the lower third of the epithelium. Intraepithelial neoplasia (IEN): Defined
as a loss of polarity in the epithelial cells, nuclear pleomorphism, hyperchromatic, and
increased or abnormal mitoses. Esophageal squamous cell carcinoma (ESCC): Defined as a
lesion with invasion into the sub-epithelial tissues.

4.4. Immunohistochemistry (IHC)

In addition to histologic evaluation, the esophagus sections were immunostained for
the proliferation marker Ki-67 and oxidative DNA damage marker γ-H2AX. Immunohisto-
chemistry (IHC) was performed to confirm the oxidative DNA damage on formalin-fixed
paraffin-embedded (FFPE) esophagus sections using the Envision technique, Dako Real
EnVision Detection System, and Peroxidase/DAB+ (Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s protocol. Briefly, the FFPE sections were
de-paraffinized with xylene, followed by rehydration in descending grades of ethanol.
Endogenous peroxidase activities were blocked with 3% hydrogen peroxide for 15 min.
Heat-mediated antigen retrieval was performed with a pressure cooker, in which the sec-
tions were immersed in citric acid buffer (10 mM, pH 6.0) at 125 ◦C for 3 min, followed by
cooling at room temperature and washing with phosphate-buffered saline (PBS). To block
nonspecific staining, we incubated the sections with 10% normal goat serum (ZSGB-BIO,
ZLI-9022, Beijing, China). Next, the slides were incubated at 4 ◦C overnight with primary
antibodies specific for γ-H2AX (dilution 1:100, #9718, Cell Signaling Technology, Danvers,
MA, USA) and Ki-67 (dilution 1:500, #12202, Cell Signaling Technology, Danvers, MA,
USA). After washing with PBS, the FFPE sections were incubated with secondary antibod-
ies (Max Vision HRP Rabbit kit, MXB Biotechnologies, Kit-5004, Fuzhou, China) at 37 ◦C
for 30 min. Diaminobenzidine (DAB) was applied for 5 min for visualization (DAB Kit,
MXB Biotechnologies, DAB-0031, Fuzhou, China). Subsequently, the FFPE sections were
washed with water, counterstained with Harris hematoxylin, followed by dehydration
with ethanol, cleared with xylene, and mounted on cover glasses. Immunohistochemical
staining was observed blindly by two independent pathologists. Images were captured
using a Leica IM50 microscope at ×400 magnification, and five different fields for each
index were selected in each sample. For the quantification of γ-H2AX expression, the num-
bers of positive nuclei and total squamous epithelial cells in the images were counted, and
the corresponding immunostaining positive rates were computed as positive nuclei/total
nuclei ×100%.
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4.5. Immunofluorescence Staining

Immunofluorescence staining was accomplished against phospho-H2AX to examine
the oxidative DNA damage in the NE2 cell line. Briefly, cells were harvested when they
reached 80% confluence. Then, immortalized human esophageal epithelial cell lines NE2
(1 × 105) were inoculated onto a coverslip in a 24-well plate and incubated for 24 h at
37 ◦C. Following incubation, the cells were treated with 100 µM 4NQO, and the control
group was treated with only 100 µM propanediol for 6 h at 37 ◦C. Subsequently, the cells
were fixed with 4% paraformaldehyde at room temperature for 30 min, permeabilized with
0.5% Triton X-100 at room temperature for 30 min, and washed with PBS three times after
each treatment. Primary antibodies of phospho-H2AX (1:300 dilution) were applied to the
slide and incubated in a humidified box at 4 ◦C overnight. A secondary goat anti-rabbit
antibody conjugated with Alexa Fluor® 488 was applied after PBS washing three times
for 5 min each, put in a black wet box with shading, and then incubated in a humidified
chamber at 37 ◦C for 30 min. After incubation, the slide was washed with PBS and mounted
using antifade mounting with DAPI. The cells were then visualized under a fluorescence
microscope (Zeiss, Jena, Germany) utilizing a 488 nm excitation. Fluorescence images were
captured by ZEN imaging software (ZEN 2011; Carl Zeiss, Jena, Germany). Γ-H2AX foci
numbers were measured in at least 200 cells per treatment group.

4.6. Isolation of Genomic DNA

The whole esophagus was taken at the 0th, 4th, 16th, and 28th weeks. H&E staining
was performed on the first and middle portions of the frozen esophagus sections to confirm
the pathological changes. DNA was isolated from the remaining portion of tissues by using
the All Prep DNA/RNA Kit (QIAGEN; Valencia, CA, USA) following the manufacturer’s
instructions. The normal esophagus served as a DNA reference for germline mutations.
Sample integrity and yield were assessed by the Qubit® Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). Purified DNA samples were stored at −20 ◦C.

4.7. Whole-Exome Sequencing (WES)

A total of 0.6 µg of genomic DNA was subjected to WES performed at Beijing Novo-
gene Bioinformatics Technology Co., Ltd. (Beijing, China). A paired-end DNA library was
created using the Agilent SureSelect®XT method with on-bead modifications. Genomic
DNA was randomly fragmented to 180–280 BP with Covaris cracker (Covaris, Woburn,
MA, USA). Fragmented DNAs were tested for size distribution and concentration using an
Agilent Bioanalyzer 2100 and Nanodrop. After PCR amplification and quality control, the
Agilent SureSelect Mouse All Exon V1 kit was used to enrich, hybridize, and capture the
obtained fragments following the manufacturer’s procedures. DNA sequences (50 Mb) of
221,784 exons of 24,306 genes were captured. Whole-exome sequencing was performed
on the Illumina HiSeq4000 platform using the PE150 sequencing strategy. The total exon
region of mouse esophageal tissue was sequenced at a sequencing depth of 100×.

4.8. Bioinformatics Data Analysis

First, data quality control was performed, and all downstream bioinformatics anal-
yses were based on high-quality clean data, in which reads containing an adapter, reads
containing poly-N, and low-quality reads were removed. Following sequencing on the
HiSeq platform, the primary data were converted into a FASTQ format and processed to re-
trieve high-quality paired-end reads, which were aligned to reference the genome sequence
reference genome (UCSC mm10) using the Burrows–Wheeler Alignment tool [60] and Sam-
blaster to obtain the initial comparison results in BAM format. The BAM files were marked
repeatedly with Samblaster to obtain the final comparison results in BAM format [61].
High-quality alignment was essential to guarantee the variant calling accuracy (greater
than 0) to identify single-nucleotide polymorphisms (SNPs) and insertions–deletions (IN-
DELs). The analysis-ready Binary Alignment/Map (BAM) alignment results were produced
after being processed using SAMtools. We mainly used muTect software [62] to find somatic



Int. J. Mol. Sci. 2022, 23, 14304 13 of 16

SNV sites and Strelka to detect the somatic INDEL information. Copy number variations
(CNVs) were detected using CNVKIT software. CNV Burden: The total genomic regions
spanned by continuous somatic CNV segments were summed up, and the final CNV
percentage was calculated based on the size of the autosomal mouse genome [63,64].

4.9. Statistical Analyses

Statistical significance in the experiments was assessed using GraphPad Prism, version
8.02 (La Jolla, CA, USA), and statistical software R (V 4.0.3). All data were collected and
analyzed blindly and presented as the mean ± SD. Statistical evaluations of the post-
hoc multiple group comparisons were conducted using one-way and two-way analysis
of variance (ANOVA), followed by Tukey contrasts. A non-parametric test was used
to compare the CNV burden. A p value ≤ 0.05 was considered statistically significant;
NS, non-significant. Mutations of the human ESCC were checked on COSMIC (https:
//cancer.sanger.ac.uk/cosmic, accessed on 1 November 2022). KEGG enrichment was
carried out using software R (clusterProfiler package), showing the top 10 pathways,
p.adj < 0.05.

5. Conclusions

Our current study demonstrates that 4NQO-induced pre-malignant and malignant
lesions in the esophagus of mice not only pathologically and morphologically mimicked
human esophageal cancer but also shared similar genetic alterations (somatic mutations
and CNVs). Furthermore, our data indicate that DNA damage may have occurred at the
super early stage of carcinogenesis, and eventually, accumulated qualitative changes led to
intraepithelial neoplasia and cancer. The data can be used to model the key genetic events
in esophageal tumorigenesis as potential biomarkers for early detection and provide new
insights into the architecture of ESCC progression. However, there are some limitations to
this study. The 4NQO-induced mice ESCC model can simulate the development process of
human ESCC. Some of our results are similar to the previous findings on human esophageal
samples, but some of our results are novel, and care should be taken when applying these
results to humans. We also did not manipulate other relevant mechanisms. Further studies
are warranted to clarify these issues and to make this animal model more useful for research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232214304/s1.

Author Contributions: Conceptualization, Z.L., R.S., A.A. and M.S.; data curation, Z.L., A.A. and R.S.;
formal analysis, Z.L., R.S., C.L. and X.L.; funding acquisition, M.S.; investigation, Z.L.; methodology,
A.A., Z.L., R.S., C.L., D.T. and X.L.; project administration, M.S.; software, C.L. and R.S.; supervision,
M.S.; validation, Z.L., A.A. and D.T.; visualization, Z.L., R.S., C.L., D.T. and X.L.; writing—original
draft, Z.L. and A.A.; writing—review and editing, A.A. and Z.L. All authors discussed the results
and commented on the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Supported by the National Natural Science Foundation of China (NSFC) (82073290, 81772997)
and the Innovative Team Grant of the Guangdong Department of Education (2020KCXTD033).

Institutional Review Board Statement: All the animal procedures and experiments conducted in
this study were approved by the Animal Ethics Committee of the Shantou University Medical College
(Permit NO. SUMC2021-228).

Informed Consent Statement: Not applicable.

Data Availability Statement: All datasets used and/or analyzed during the current study are
available from the public database NGDC (https://ngdc.cncb.ac.cn/, upload on 24 October 2022).
The project number is PRJCA012714.

Acknowledgments: The authors thank all the staff and assistants at the Department of Pathology of
Shantou University Medical College for their support in collecting the samples.

https://cancer.sanger.ac.uk/cosmic
https://cancer.sanger.ac.uk/cosmic
https://www.mdpi.com/article/10.3390/ijms232214304/s1
https://www.mdpi.com/article/10.3390/ijms232214304/s1
https://ngdc.cncb.ac.cn/


Int. J. Mol. Sci. 2022, 23, 14304 14 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Abnet, C.C.; Arnold, M.; Wei, W.Q. Epidemiology of Esophageal Squamous Cell Carcinoma. Gastroenterology 2018, 154, 360–373.

[CrossRef] [PubMed]
2. Arnold, M.; Soerjomataram, I.; Ferlay, J.; Forman, D. Global incidence of oesophageal cancer by histological subtype in 2012. Gut

2015, 64, 381–387. [CrossRef] [PubMed]
3. Reichenbach, Z.W.; Murray, M.G.; Saxena, R.; Farkas, D.; Karassik, E.G.; Klochkova, A.; Patel, K.; Tice, C.; Hall, T.M.; Gang, J.; et al.

Clinical and translational advances in esophageal squamous cell carcinoma. Adv. Cancer Res. 2019, 144, 95–135.
4. Codipilly, D.C.; Qin, Y.; Dawsey, S.M.; Kisiel, J.; Topazian, M.; Ahlquist, D.; Iyer, P.G. Screening for esophageal squamous cell

carcinoma: Recent advances. Gastrointest Endosc. 2018, 88, 413–426. [CrossRef] [PubMed]
5. Lagergren, J.; Smyth, E.; Cunningham, D.; Lagergren, P. Oesophageal cancer. Lancet 2017, 390, 2383–2396. [CrossRef]
6. Lam, A.K. Histopathological Assessment for Esophageal Squamous Cell Carcinoma. Methods Mol. Biol. 2020, 2129, 7–18.

[PubMed]
7. Lee, N.P.; Chan, C.M.; Tung, L.N.; Wang, H.K.; Law, S. Tumor xenograft animal models for esophageal squamous cell carcinoma.

J. Biomed. Sci. 2018, 25, 66. [CrossRef] [PubMed]
8. Mahmoudian, R.A.; Farshchian, M.; Abbaszadegan, M.R. Genetically engineered mouse models of esophageal cancer. Exp. Cell

Res. 2021, 406, 112757. [CrossRef]
9. Tang, X.H.; Knudsen, B.; Bemis, D.; Tickoo, S.; Gudas, L.J. Oral cavity and esophageal carcinogenesis modeled in carcinogen-

treated mice. Clin. Cancer Res. 2004, 10, 301–313. [CrossRef]
10. Yao, J.; Cui, Q.; Fan, W.; Ma, Y.; Chen, Y.; Liu, T.; Zhang, X.; Xi, Y.; Wang, C.; Peng, L.; et al. Single-cell transcriptomic analysis in a

mouse model deciphers cell transition states in the multistep development of esophageal cancer. Nat. Commun. 2020, 11, 3715.
[CrossRef]

11. Ribeiro, D.A.; Fracalossi, A.C.; Uatari, S.A.; Oshima, C.T.; Salvadori, D.M. Imbalance of tumor suppression genes expression
following rat tongue carcinogenesis induced by 4-nitroquinoline 1-oxide. In Vivo 2009, 23, 937–942. [PubMed]

12. Booth, D.R. A relationship found between intra-oral sites of 4NQO reductase activity and chemical carcinogenesis. Cell Tissue
Kinet 1990, 23, 331–340. [CrossRef] [PubMed]

13. Fronza, G.; Campomenosi, P.; Iannone, R.; Abbondandolo, A. The 4-nitroquinoline 1-oxide mutational spectrum in single stranded
DNA is characterized by guanine to pyrimidine transversions. Nucleic Acids Res. 1992, 20, 1283–1287. [CrossRef] [PubMed]

14. Ramotar, D.; Belanger, E.; Brodeur, I.; Masson, J.Y.; Drobetsky, E.A. A yeast homologue of the human phosphotyrosyl phosphatase
activator PTPA is implicated in protection against oxidative DNA damage induced by the model carcinogen 4-nitroquinoline
1-oxide. J. Biol. Chem. 1998, 273, 21489–21496. [CrossRef]

15. Williams, A.B.; Hetrick, K.M.; Foster, P.L. Interplay of DNA repair, homologous recombination, and DNA polymerases in
resistance to the DNA damaging agent 4-nitroquinoline-1-oxide in Escherichia coli. DNA Repair 2010, 9, 1090–1097. [CrossRef]
[PubMed]

16. Ahsan, A.; Liu, Z.; Su, R.; Liu, C.; Liao, X.; Su, M. Potential Chemotherapeutic Effect of Selenium for Improved Canceration of
Esophageal Cancer. Int. J. Mol. Sci. 2022, 23, 5509. [CrossRef]

17. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef]
18. Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461, 1071–1078. [CrossRef]
19. Kay, J.; Thadhani, E.; Samson, L.; Engelward, B. Inflammation-induced DNA damage, mutations and cancer. DNA Repair 2019,

83, 102673. [CrossRef]
20. Killcoyne, S.; Yusuf, A.; Fitzgerald, R.C. Genomic instability signals offer diagnostic possibility in early cancer detection. Trends

Genet. 2021, 37, 966–972. [CrossRef]
21. Li, X.; Tian, D.; Guo, Y.; Qiu, S.; Xu, Z.; Deng, W.; Su, M. Genomic characterization of a newly established esophageal squamous

cell carcinoma cell line from China and published esophageal squamous cell carcinoma cell lines. Cancer Cell Int. 2020, 20, 184.
[CrossRef]

22. Liu, X.; Zhang, M.; Ying, S.; Zhang, C.; Lin, R.; Zheng, J.; Zhang, G.; Tian, D.; Guo, Y.; Du, C.; et al. Genetic Alterations in
Esophageal Tissues From Squamous Dysplasia to Carcinoma. Gastroenterology 2017, 153, 166–177. [CrossRef]

23. Nagtegaal, I.D.; Odze, R.D.; Klimstra, D.; Paradis, V.; Rugge, M.; Schirmacher, P.; Washington, K.M.; Carneiro, F.; Cree, I.A.; The
WHO Classification of Tumours Editorial Board. The 2019 WHO classification of tumours of the digestive system. Histopathology
2020, 76, 182–188. [CrossRef]

24. Rice, T.W.; Ishwaran, H.; Ferguson, M.K.; Blackstone, E.H.; Goldstraw, P. Cancer of the Esophagus and Esophagogastric Junction:
An Eighth Edition Staging Primer. J. Thorac. Oncol. 2017, 12, 36–42. [CrossRef]

25. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; Genome Project Data
Processing, S. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]

26. Faust, G.G.; Hall, I.M. SAMBLASTER: Fast duplicate marking and structural variant read extraction. Bioinformatics 2014,
30, 2503–2505. [CrossRef] [PubMed]

http://doi.org/10.1053/j.gastro.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28823862
http://doi.org/10.1136/gutjnl-2014-308124
http://www.ncbi.nlm.nih.gov/pubmed/25320104
http://doi.org/10.1016/j.gie.2018.04.2352
http://www.ncbi.nlm.nih.gov/pubmed/29709526
http://doi.org/10.1016/S0140-6736(17)31462-9
http://www.ncbi.nlm.nih.gov/pubmed/32056166
http://doi.org/10.1186/s12929-018-0468-7
http://www.ncbi.nlm.nih.gov/pubmed/30157855
http://doi.org/10.1016/j.yexcr.2021.112757
http://doi.org/10.1158/1078-0432.CCR-0999-3
http://doi.org/10.1038/s41467-020-17492-y
http://www.ncbi.nlm.nih.gov/pubmed/20023236
http://doi.org/10.1111/j.1365-2184.1990.tb01129.x
http://www.ncbi.nlm.nih.gov/pubmed/2117996
http://doi.org/10.1093/nar/20.6.1283
http://www.ncbi.nlm.nih.gov/pubmed/1561085
http://doi.org/10.1074/jbc.273.34.21489
http://doi.org/10.1016/j.dnarep.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20724226
http://doi.org/10.3390/ijms23105509
http://doi.org/10.1158/2159-8290.CD-21-1059
http://doi.org/10.1038/nature08467
http://doi.org/10.1016/j.dnarep.2019.102673
http://doi.org/10.1016/j.tig.2021.06.009
http://doi.org/10.1186/s12935-020-01268-x
http://doi.org/10.1053/j.gastro.2017.03.033
http://doi.org/10.1111/his.13975
http://doi.org/10.1016/j.jtho.2016.10.016
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/bioinformatics/btu314
http://www.ncbi.nlm.nih.gov/pubmed/24812344


Int. J. Mol. Sci. 2022, 23, 14304 15 of 16

27. Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.; Meyerson, M.; Lander, E.S.; Getz, G.
Sensitive detection of somatic point mutations in impure and heterogeneous cancer samples. Nat. Biotechnol 2013, 31, 213–219.
[CrossRef]

28. Niestroj, L.M.; Perez-Palma, E.; Howrigan, D.P.; Zhou, Y.; Cheng, F.; Saarentaus, E.; Nurnberg, P.; Stevelink, R.; Daly, M.J.;
Palotie, A.; et al. Epilepsy subtype-specific copy number burden observed in a genome-wide study of 17 458 subjects. Brain 2020,
143, 2106–2118. [CrossRef] [PubMed]

29. Zhang, L.; Feizi, N.; Chi, C.; Hu, P. Association Analysis of Somatic Copy Number Alteration Burden With Breast Cancer Survival.
Front Genet. 2018, 9, 421. [CrossRef] [PubMed]

30. Lin, R.; Xiao, D.; Guo, Y.; Tian, D.; Yun, H.; Chen, D.; Su, M. Chronic inflammation-related DNA damage response: A driving
force of gastric cardia carcinogenesis. Oncotarget 2015, 6, 2856–2864. [CrossRef] [PubMed]

31. Bonner, W.M.; Redon, C.E.; Dickey, J.S.; Nakamura, A.J.; Sedelnikova, O.A.; Solier, S.; Pommier, Y. GammaH2AX and cancer. Nat.
Rev. Cancer 2008, 8, 957–967. [CrossRef] [PubMed]

32. Song, Y.; Li, L.; Ou, Y.; Gao, Z.; Li, E.; Li, X.; Zhang, W.; Wang, J.; Xu, L.; Zhou, Y.; et al. Identification of genomic alterations in
oesophageal squamous cell cancer. Nature 2014, 509, 91–95. [CrossRef] [PubMed]

33. Chang, J.; Tan, W.; Ling, Z.; Xi, R.; Shao, M.; Chen, M.; Luo, Y.; Zhao, Y.; Liu, Y.; Huang, X.; et al. Genomic analysis of oesophageal
squamous-cell carcinoma identifies alcohol drinking-related mutation signature and genomic alterations. Nat. Commun. 2017,
8, 15290. [CrossRef] [PubMed]

34. Deng, J.; Weng, X.; Ye, J.; Zhou, D.; Liu, Y.; Zhao, K. Identification of the Germline Mutation Profile in Esophageal Squamous Cell
Carcinoma by Whole Exome Sequencing. Front Genet. 2019, 10, 47. [CrossRef] [PubMed]

35. Gao, Y.B.; Chen, Z.L.; Li, J.G.; Hu, X.D.; Shi, X.J.; Sun, Z.M.; Zhang, F.; Zhao, Z.R.; Li, Z.T.; Liu, Z.Y.; et al. Genetic landscape of
esophageal squamous cell carcinoma. Nat. Genet. 2014, 46, 1097–1102. [CrossRef] [PubMed]

36. Chen, Z.; Yao, N.; Zhang, S.; Song, Y.; Shao, Q.; Gu, H.; Ma, J.; Chen, B.; Zhao, H.; Tian, Y. Identification of critical radioresistance
genes in esophageal squamous cell carcinoma by whole-exome sequencing. Ann. Transl. Med. 2020, 8, 998. [CrossRef] [PubMed]

37. He, H.; Tian, D.; Guo, J.; Liu, M.; Chen, Z.; Hamdy, F.C.; Helleday, T.; Su, M.; Ying, S. DNA damage response in peritumoral
regions of oesophageal cancer microenvironment. Carcinogenesis 2013, 34, 139–145. [CrossRef]

38. Lin, D.C.; Wang, M.R.; Koeffler, H.P. Genomic and Epigenomic Aberrations in Esophageal Squamous Cell Carcinoma and
Implications for Patients. Gastroenterology 2018, 154, 374–389. [CrossRef]

39. Hanafi, R.; Anestopoulos, I.; Voulgaridou, G.P.; Franco, R.; Georgakilas, A.G.; Ziech, D.; Malamou-Mitsi, V.; Pappa, A.; Panayio-
tidis, M.I. Oxidative stress based-biomarkers in oral carcinogenesis: How far have we gone? Curr. Mol. Med. 2012, 12, 698–703.
[CrossRef]

40. Lin, E.W.; Karakasheva, T.A.; Hicks, P.D.; Bass, A.J.; Rustgi, A.K. The tumor microenvironment in esophageal cancer. Oncogene
2016, 35, 5337–5349. [CrossRef]

41. Arima, Y.; Nishigori, C.; Takeuchi, T.; Oka, S.; Morimoto, K.; Utani, A.; Miyachi, Y. 4-Nitroquinoline 1-oxide forms
8-hydroxydeoxyguanosine in human fibroblasts through reactive oxygen species. Toxicol. Sci. 2006, 91, 382–392. [CrossRef]
[PubMed]

42. Carraway, K.L.; Theodoropoulos, G.; Kozloski, G.A.; Carothers Carraway, C.A. Muc4/MUC4 functions and regulation in cancer.
Future Oncol. 2009, 5, 1631–1640. [CrossRef] [PubMed]

43. Chaturvedi, P.; Singh, A.P.; Batra, S.K. Structure, evolution, and biology of the MUC4 mucin. FASEB J. 2008, 22, 966–981.
[CrossRef] [PubMed]

44. Dreyer, C.A.; VanderVorst, K.; Free, S.; Rowson-Hodel, A.; Carraway, K.L. The role of membrane mucin MUC4 in breast cancer
metastasis. Endocr. Relat. Cancer 2021, 29, R17–R32. [CrossRef]

45. Gao, X.P.; Dong, J.J.; Xie, T.; Guan, X. Integrative Analysis of MUC4 to Prognosis and Immune Infiltration in Pan-Cancer: Friend
or Foe? Front Cell Dev. Biol. 2021, 9, 695544. [CrossRef]

46. Gautam, S.K.; Kumar, S.; Dam, V.; Ghersi, D.; Jain, M.; Batra, S.K. MUCIN-4 (MUC4) is a novel tumor antigen in pancreatic cancer
immunotherapy. Semin Immunol. 2020, 47, 101391. [CrossRef]

47. Li, X.; Liu, J.; Li, A.; Liu, X.; Miao, Y.; Wang, Z. Analysis of the Relationship between Bladder Cancer Gene Mutation and Clinical
Prognosis by High-Throughput Sequencing. Lab. Med. 2022; Advance online publication. lmac083. [CrossRef]

48. Peng, L.; Li, Y.; Gu, H.; Xiang, L.; Xiong, Y.; Wang, R.; Zhou, H.; Wang, J. Mucin 4 mutation is associated with tumor mutation
burden and promotes antitumor immunity in colon cancer patients. Aging 2021, 13, 9043–9055. [CrossRef]

49. Zheng, S.; Wang, X.; Fu, Y.; Li, B.; Xu, J.; Wang, H.; Huang, Z.; Xu, H.; Qiu, Y.; Shi, Y.; et al. Targeted next-generation sequencing
for cancer-associated gene mutation and copy number detection in 206 patients with non-small-cell lung cancer. Bioengineered
2021, 12, 791–802. [CrossRef]

50. Shen, L.Y.; Wang, H.; Dong, B.; Yan, W.P.; Lin, Y.; Shi, Q.; Chen, K.N. Possible prediction of the response of esophageal squamous
cell carcinoma to neoadjuvant chemotherapy based on gene expression profiling. Oncotarget 2016, 7, 4531–4541. [CrossRef]

51. Yang, H.S.; Liu, W.; Zheng, S.Y.; Cai, H.Y.; Luo, H.H.; Feng, Y.F.; Lei, Y.Y. A Novel Ras–Related Signature Improves Prognostic
Capacity in Oesophageal Squamous Cell Carcinoma. Front Genet. 2022, 13, 822966. [CrossRef] [PubMed]

52. DiMaio, M.A.; Kwok, S.; Montgomery, K.D.; Lowe, A.W.; Pai, R.K. Immunohistochemical panel for distinguishing esophageal
adenocarcinoma from squamous cell carcinoma: A combination of p63, cytokeratin 5/6, MUC5AC, and anterior gradient homolog
2 allows optimal subtyping. Hum. Pathol. 2012, 43, 1799–1807. [CrossRef] [PubMed]

http://doi.org/10.1038/nbt.2514
http://doi.org/10.1093/brain/awaa171
http://www.ncbi.nlm.nih.gov/pubmed/32568404
http://doi.org/10.3389/fgene.2018.00421
http://www.ncbi.nlm.nih.gov/pubmed/30337938
http://doi.org/10.18632/oncotarget.3091
http://www.ncbi.nlm.nih.gov/pubmed/25650663
http://doi.org/10.1038/nrc2523
http://www.ncbi.nlm.nih.gov/pubmed/19005492
http://doi.org/10.1038/nature13176
http://www.ncbi.nlm.nih.gov/pubmed/24670651
http://doi.org/10.1038/ncomms15290
http://www.ncbi.nlm.nih.gov/pubmed/28548104
http://doi.org/10.3389/fgene.2019.00047
http://www.ncbi.nlm.nih.gov/pubmed/30833958
http://doi.org/10.1038/ng.3076
http://www.ncbi.nlm.nih.gov/pubmed/25151357
http://doi.org/10.21037/atm-20-5196
http://www.ncbi.nlm.nih.gov/pubmed/32953798
http://doi.org/10.1093/carcin/bgs301
http://doi.org/10.1053/j.gastro.2017.06.066
http://doi.org/10.2174/156652412800792598
http://doi.org/10.1038/onc.2016.34
http://doi.org/10.1093/toxsci/kfj161
http://www.ncbi.nlm.nih.gov/pubmed/16547075
http://doi.org/10.2217/fon.09.125
http://www.ncbi.nlm.nih.gov/pubmed/20001800
http://doi.org/10.1096/fj.07-9673rev
http://www.ncbi.nlm.nih.gov/pubmed/18024835
http://doi.org/10.1530/ERC-21-0083
http://doi.org/10.3389/fcell.2021.695544
http://doi.org/10.1016/j.smim.2020.101391
http://doi.org/10.1093/labmed/lmac083
http://doi.org/10.18632/aging.202756
http://doi.org/10.1080/21655979.2021.1890382
http://doi.org/10.18632/oncotarget.6554
http://doi.org/10.3389/fgene.2022.822966
http://www.ncbi.nlm.nih.gov/pubmed/35281814
http://doi.org/10.1016/j.humpath.2012.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22748473


Int. J. Mol. Sci. 2022, 23, 14304 16 of 16

53. Niv, Y.; Fass, R. The role of mucin in GERD and its complications. Nat. Rev. Gastroenterol. Hepatol. 2011, 9, 55–59. [CrossRef]
[PubMed]

54. Ghoreschi, K.; Laurence, A.; O’Shea, J.J. Janus kinases in immune cell signaling. Immunol. Rev. 2009, 228, 273–287. [CrossRef]
[PubMed]

55. Killcoyne, S.; Gregson, E.; Wedge, D.C.; Woodcock, D.J.; Eldridge, M.D.; de la Rue, R.; Miremadi, A.; Abbas, S.; Blasko, A.;
Kosmidou, C.; et al. Genomic copy number predicts esophageal cancer years before transformation. Nat. Med. 2020, 26, 1726–1732.
[CrossRef] [PubMed]

56. Hovhannisyan, G.; Harutyunyan, T.; Aroutiounian, R.; Liehr, T. DNA Copy Number Variations as Markers of Mutagenic Impact.
Int. J. Mol. Sci. 2019, 20, 4723. [CrossRef]

57. Kuiper, R.P.; Ligtenberg, M.J.; Hoogerbrugge, N.; Geurts van Kessel, A. Germline copy number variation and cancer risk. Curr.
Opin. Genet. Dev. 2010, 20, 282–289. [CrossRef]

58. Pos, O.; Radvanszky, J.; Buglyo, G.; Pos, Z.; Rusnakova, D.; Nagy, B.; Szemes, T. DNA copy number variation: Main characteristics,
evolutionary significance, and pathological aspects. Biomed. J. 2021, 44, 548–559. [CrossRef]

59. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef]
60. Zinatizadeh, M.R.; Schock, B.; Chalbatani, G.M.; Zarandi, P.K.; Jalali, S.A.; Miri, S.R. The Nuclear Factor Kappa B (NF-kB)

signaling in cancer development and immune diseases. Genes Dis. 2021, 8, 287–297. [CrossRef]
61. Li, L.; Song, D.; Qi, L.; Jiang, M.; Wu, Y.; Gan, J.; Cao, K.; Li, Y.; Bai, Y.; Zheng, T. Photodynamic therapy induces human esophageal

carcinoma cell pyroptosis by targeting the PKM2/caspase-8/caspase-3/GSDME axis. Cancer Lett. 2021, 520, 143–159. [CrossRef]
[PubMed]

62. Zhou, C.B.; Fang, J.Y. The role of pyroptosis in gastrointestinal cancer and immune responses to intestinal microbial infection.
Biochim Biophys Acta Rev. Cancer 2019, 1872, 1–10. [CrossRef] [PubMed]

63. Zhu, S.; Ding, S.; Wang, P.; Wei, Z.; Pan, W.; Palm, N.W.; Yang, Y.; Yu, H.; Li, H.B.; Wang, G.; et al. Nlrp9b inflammasome restricts
rotavirus infection in intestinal epithelial cells. Nature 2017, 546, 667–670. [CrossRef]

64. Erickson, A.; He, M.; Berglund, E.; Marklund, M.; Mirzazadeh, R.; Schultz, N.; Kvastad, L.; Andersson, A.; Bergenstrahle, L.;
Bergenstrahle, J.; et al. Spatially resolved clonal copy number alterations in benign and malignant tissue. Nature 2022, 608, 360–367.
[CrossRef] [PubMed]

http://doi.org/10.1038/nrgastro.2011.211
http://www.ncbi.nlm.nih.gov/pubmed/22064520
http://doi.org/10.1111/j.1600-065X.2008.00754.x
http://www.ncbi.nlm.nih.gov/pubmed/19290934
http://doi.org/10.1038/s41591-020-1033-y
http://www.ncbi.nlm.nih.gov/pubmed/32895572
http://doi.org/10.3390/ijms20194723
http://doi.org/10.1016/j.gde.2010.03.005
http://doi.org/10.1016/j.bj.2021.02.003
http://doi.org/10.1038/nature01322
http://doi.org/10.1016/j.gendis.2020.06.005
http://doi.org/10.1016/j.canlet.2021.07.014
http://www.ncbi.nlm.nih.gov/pubmed/34256094
http://doi.org/10.1016/j.bbcan.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31059737
http://doi.org/10.1038/nature22967
http://doi.org/10.1038/s41586-022-05023-2
http://www.ncbi.nlm.nih.gov/pubmed/35948708

	Introduction 
	Results 
	NQO Induction Esophageal Tumorigenesis in Mice 
	DNA Damage Induced by 4NQO in Both Mice and NE2 Cell Line 
	Mutated Genes in 4NQO-Induced ESCC Development 
	Copy Number Variations 

	Discussion 
	Materials and Methods 
	Cell Line and Culture Conditions 
	Animals and Carcinogen Treatment 
	Histopathological Analysis 
	Immunohistochemistry (IHC) 
	Immunofluorescence Staining 
	Isolation of Genomic DNA 
	Whole-Exome Sequencing (WES) 
	Bioinformatics Data Analysis 
	Statistical Analyses 

	Conclusions 
	References

