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Abstract
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Background. Esophageal cancer is one of the most lethal tumors worldwide. The most common histological
type in China is esophageal squamous cell carcinoma (ESCC), accounting for 90% of cases. Esophageal cancer
occurs at a high incidence in certain areas, among which China has the highest incidence. Although various
therapeutic strategies have been used in clinical treatment, the 5-year survival rate is still not satisfactory,
as it is only 15–20%. The reason for the poor prognosis of ESCC is that the distant metastasis easily occurs
in these tumors. However, the mechanism of metastasis has not been studied clearly.
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Objectives. To investigate the function of hypoxia-inducible factor-2α (hif-2α) in ESCC.
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Materials and methods. Immunohistochemistry and immunofluorescence were used to detect the expression of hif-2α in tissues and cells. Clinicopathological data from 100 ESCC patients were used to investigate
the relationship between hif-2α and prognosis. Cell experiments (Cell Counting Kit-8 (CCK-8) assay and
transwell migration assays) were utilized to verify the roles of hif-2α on the ESCC cells. Western blotting
was used to explore the mechanism of hif-2α in ESCC. Mouse model was used to clarify the effect of hif-2α
on ESCC cells in vivo.
Results. The hif-2α was overexpressed both in ESCC tissues and cells, and was related with poor prognosis
in ESCC patients. The CCK-8 assay evidenced that silencing hif-2α suppressed the proliferation of ESCC cells,
while transwell assay – that overexpression of hif-2α promoted the migration of ESCC cells. Western blot assay
indicated that hif-2α regulated epithelial–mesenchymal transition (EMT) through Notch pathway in ESCC
cells. Mouse model showed that silencing hif-2α significantly suppressed the proliferation of ESCC cells in vivo.
Conclusions. The hif-2α promotes EMT in ESCC through the Notch pathway.
Key words: esophageal squamous cell carcinoma, Notch signaling pathway, epithelial–mesenchymal
transition, hypoxia-inducible factor-2α
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Background

Materials and methods

Esophageal cancer is one of the most lethal tumors
worldwide. The most common histological type in China
is esophageal squamous cell carcinoma (ESCC), accounting
for 90% of cases.1 Esophageal cancer occurs at a high incidence in certain areas, among which China has the highest
incidence.1 Although various therapeutic strategies have
been used in clinical treatment, the 5-year survival rate
is still not satisfactory, as it is only 15–20%.2 The reason
for the poor prognosis of ESCC is that the distant metastasis easily occurs in these tumors, 3 especially lymphatic
metastasis.4 However, the mechanism of metastasis has
not been studied clearly.
It has been reported that hypoxia can induce ESCC
to undergo EMT through several mechanisms, in which
hypoxia-inducible factor-1α (hif-1α) plays an important
role.5 The overexpression of hif-1α correlates with lymph
node metastasis and poor prognosis in patients with ESCC.6
The hif-2α is a member of the hypoxia-inducible factor family and is homologous to hif-1α. It has been reported to play
important roles in several cancers.7 The hif-2α is persistently
upregulated under mild hypoxia conditions and can regulate the epithelial–mesenchymal transition (EMT) process
through crosstalk with Wnt/β-catenin signaling in pancreatic cancer.8 However, there have been no studies on the role
of hif-2α in ESCC yet. Therefore, the role of hif-2α in ESCC
is still unknown and requires further investigation.
The Notch signaling pathway is an evolutionarily conserved local cell signaling pathway that participates in a variety of cellular processes. These processes include cell
differentiation, proliferation, apoptosis, adhesion, EMT,
migration, and angiogenesis, and Notch signaling pathway
affects embryonic development, tissue balance and wholebody immunity.9 The Notch signaling pathway has been
reported to act as an oncogene in various cancers, including lung cancer, breast cancer, colorectal cancer, prostate
cancer, T-cell acute lymphoblastic leukemia (T-ALL), and
other malignancies.10 The Notch signaling has been proven
to have crosstalk with hif-1α in some types of cancers,
and this crosstalk consequently results in changes in EMT
markers, such as breast cancer.11 Moreover, some studies
have shown that aberrant activation of Notch signaling
plays important roles in the progression of ESCC and predicts poor prognosis in ESCC patients.12 However, the specific mechanism of Notch signaling in ESCC remains unknown, especially the mechanism by which it regulates
the EMT process.

Patients

Objectives
In this study, we investigated the role of hif-2α by regulating EMT in ESCC through the Notch signaling pathway
and identified hif-2α as a factor that predicts poor prognosis in ESCC patients.

One hundred patients who were diagnosed with ESCC
and underwent esophageal cancer surgery in the Department of Thoracic Surgery at Shandong Provincial Hospital,
Jinan, China, from January 2014 to December 2015, were
included in this project. The inclusion and exclusion criteria were as follows:
1. ESCC confirmed by pathology after surgery;
2. chemotherapy and radiotherapy not administered
to patients before surgery;
3. contraindications of surgery excluded during preoperative examination;
4. patients who died due to complications or accidents
after surgery were excluded.
The tumor was completely excised in all patients, and no
tumors were visible to the naked eye in the surgical field.
The upper and lower resection margins were determined
to be cancer cell-negative by pathology. The TNM stage
was determined using the 8th edition of TNM staging criteria for esophageal cancer in 2017 according to the International Union Against Cancer.
The experimental protocol and informed consent procedure were in compliance with the Declaration of Helsinki.
The study was approved by the ethics committee of the institutional ethics committee of Shandong Provincial Hospital Affiliated to Shandong First Medical University (approval No. SWYX:NO.2022-109) according to the Guide
for Chinese Ethics Review Committees, and informed consent was obtained from all individual participants included
in the study. Written informed consent was obtained from
the patients for publication of their individual details and
accompanying images in this manuscript.

Cell culture and reagents
Esophageal squamous cell carcinoma cell lines (Eca-109
and KYSE-150) were obtained from the Shanghai Institutes
for Biological Sciences (Shanghai, China). The KYSE-150
cells were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium (GE Healthcare Life Science, Logan,
USA). The Eca-109 cells were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Logan, USA). Both media were supplemented with 10%
fetal bovine serum (FBS, Biological Industries, Kibbutz
Beit Haemek, Israel). All cells were cultured at 37.0 ±0.2°C
in a humidified incubator with 5.0% CO2. Before exposure
to the hypoxic environment (3.0% O2), cells were cultured
under normoxic conditions and grown to approx. 60% confluence. Then, the cells were cultured in a low-oxygen environment in a hypoxic incubator (Thermal Tech, Orlando,
USA) for the indicated duration. Cobalt chloride (CoCl2)
was purchased from Sigma-Aldrich (St. Louis, USA)
and used at 50 mM concentration for 48 h. The Notch
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antagonist CB-103 was purchased from MCE (HY-135145;
MedChem Express, Monmouth Junction, USA) and was
used at 20 mM for 48 h.

Transfection
Transfections were performed using Lipofectamine 3000
(Invitrogen, Carlsbad, USA) according to the manufacturer’s instructions. All experiments were performed after the transfection medium was replaced by complete
medium after 24 h of treatment. The hif-2α overexpression plasmid and silencing siRNAs were designed by and
purchased from GeneChem Company (Shanghai, China).

CCK-8 assay
Prior to using Cell Counting Kit-8 (CCK-8), the cells
were seeded in 96-well plates at 2000 cells per well for specific treatments. Cell viability was evaluated using CCK-8
(Dojindo, Kumamoto, Japan). After incubating the cells
with CCK-8 working solution for 30 min, the absorbance
was measured at 450 nm using an ELx808 microplate
reader (BioTek, Santa Clara, USA). Relative cell viability
was expressed as a percentage of a particular control.

Transwell assay
The tumor cell infiltration activity was evaluated by its
ability to penetrate the gel matrix (Matrigel; Becton Dickinson, Franklin Lakes, USA). In short, the Matrigel solution was diluted 1:8 in FBS-free medium and filtered with
6.5 mm diameter (8-μm holes) polycarbonate in a 24-well
transwell box (Corning, USA) for film coverage. All filters
were filled with 40 mL of working solution, and the plates
were cured at 37°C for at least 5 h. Tumor cells were seeded
at a density of 2 × 105 in each chamber. They were cultured
in the upper compartment of the chamber in FBS-free medium for 48 h, and the lower chamber was filled with complete medium. The filter was wiped with a cotton swab,
and the cells attached to the bottom were fixed with 4%
formaldehyde polyphosphate (Beyotime, Shanghai, China).
After staining with crystal violet (Beyotime), the cells with
greater infiltration capacity were counted. The experiment
was independently repeated 3 times.

Immunohistochemistry
and immunofluorescence
The immunohistochemistry study was carried out using
the streptavidin-peroxidase method. Formalin-fixed and
paraffin-embedded ESCC tissue was cut into 5-μm thick
sections, deparaffinized and then incubated with hydrogen peroxide. Goat serum was used at room temperature
for 1 h for blocking before the primary antibody was applied. The primary antibodies used to perform immunohistochemistry were as follows: anti-hif-2a (NB100-122;
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Novus, St Charles, USA), anti-E-cadherin (20874-1-AP),
anti-N-cadherin (22018-1-AP), and anti-vimentin (103661-AP). These antibodies were purchased from Proteintech
(Beijing, China). The primary antibody was added to tissue slides and incubated overnight at 4°C. The next step
followed the instructions of the secondary biotinylated
antibody kit (Zhongshan Biotech, Guangzhou, China).
The stained slides were independently evaluated by 2
observers.
Before immunofluorescence staining was performed,
4% polyphosphate formaldehyde was used to fix the cells
for 15 min. After incubation with 1% Triton for 30 min,
the cells were blocked with goat serum for 1 h at room temperature. Then, the cells were incubated overnight at 4°C
with rabbit anti-hif-2α antibody (NB100-122; Novus) and
incubated with secondary antibodies conjugated to fluorescent dyes for 1 h at room temperature in the dark.
After counterstaining with 4′,6-diamidino-2-phenylindole (DAPI) (C0065; Solarbio, Beijing, China) for 5 min,
the cells were observed under an inversion fluorescence
microscope.

Protein extraction and western blotting
Mouse model
The Eca-109 cells transfected with siRNA and negative-control lentivirus were used to investigate the effect
of hif-2α on tumor progression in vitro. Sixteen 5-weekold female BALB/c nude mice were randomly divided into
2 groups, with 8 mice in each group. The negative control
(NC)-siRNA and siRNA cells (1 × 106) were independently
injected subcutaneously into the flanks of mice. Then,
the tumor sizes were measured every 5 days and weighed
after 20 days. The following formula was used to calculate the volume of the tumor: V = L × W2/2, in which
L is the largest and W is the smallest diameter. The protocol was approved by the ethics committee of the Provincial
Hospital affiliated with Shandong First Medical University,
Jinan, China (approval No. LCYJ:NO.2019-164).

Statistical analyses
The statistical data are presented as the mean ± standard deviation (SD). Tests of normality and homogeneity
of variance were performed before the analysis of differences
(Supplementary Table 1). The analysis of differences between
the 2 groups was performed using Student’s t test and multiple groups were compared using one-way analysis of variance (ANOVA) if the data were normally distributed and had
uniform variance. Otherwise, Mann–Whitney test was used
to analyze differences between the 2 groups and multiple
groups were compared using Welch’s test. Regarding the post
hoc analysis among multiple groups, Bonferroni’s test was
used if the data had uniform variance. Otherwise, Tamhane’s T2 test was used. The relationships between hif-2α
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and clinicopathological information displayed in Table 1
were calculated using Fisher’s test. The information of Kaplan–Meier curve is presented in Supplementary Table 2.
The multivariate Cox regression and verification of assumption of proportional hazard (Supplementary Table 3) were
performed using IBM SPSS software v. 24.0 (IBM Corp., Armonk, USA). In the multivariate Cox regression, age, gender,
hif-2α, maximal dimension of tumor, lymph node metastasis,
and TNM stage were explanatory variables, while response
variables were survival time and outcome status. Differences were considered to be significant if the p-value <0.05.
The IBM SPSS v. 24.0 and GraphPad Prism v. 7 (GrahPad
Software, San Diego, USA) statistical software were used
to perform all statistical calculations and to construct graphs.

Results
Hif-2α is overexpressed in ESCC
and relates with poor prognosis
To investigate whether hif-2α is overexpressed in ESCC
tissues and cell lines, immunohistochemistry and immunofluorescence were performed. Immunohistochemistry
showed that ESCC tissues expressed high levels of hif-2α,
but hif-2α was hardly detected in normal esophageal
epithelial cells (Fig. 1A,B). In addition, the results show
that hif-2α is mainly aggregated in the nucleus, which
is consistent with the transcription factor role of hif-2α.
Immunofluorescence results suggested that hif-2α could
be detected in the ESCC cell lines Eca-109 and KYSE150 under normoxia conditions and was located mainly
in the nucleus (Fig. 1C,D), which is consistent with the immunohistochemistry results.
The relationship between hif-2α expression levels and
clinical factors in ESCC patients was also studied. The expression level of hif-2α was divided into high and low groups
according to the H-score. The overexpression of hif-2α was
significantly related with lymph node metastasis (p = 0.009)
and tumor stage (p = 0.018) (Table 1). In addition, the hif-2α
expression level was a predicting factor for prognosis (hazard ratio (HR): 4.538; 95% confidence interval (95% CI):
[1.426; 14.44], p = 0.01) (Table 2). Moreover, lymph node
metastasis was also indicated to be a prognostic factor (HR:
2.411; 95% CI: [1.284; 4.527], p = 0.006) (Table 2). To investigate the relationship between the hif-2α expression level
and overall survival (OS) of patients with ESCC, a Kaplan–
Meier curve was constructed, and the results showed that
patients with a low expression level of hif-2α had a greatly
improved OS rate (p = 0.015) (Fig. 1E).

Hypoxia induces EMT and hif-2α
overexpression in ESCC
Two esophageal cancer cell lines were used to mimic hypoxia-induced EMT. As expected, morphological changes

Table 1. Relationships between hypoxia-inducible factor-2α (hif-2α)
expression and the clinicopathological information in 100 esophageal
squamous cell carcinoma (ESCC) patients
Variable

hif-2α low

hif-2α high

p-value (Fisher’s test)
0.062

Gender
Male

38

50

Female

9

3

Age
<60
≥60

28

24

19

29

0.167

Maximal dimension of tumor
<5

26

30

≥5

21

23

1.000

Lymph node metastasis
Yes
No

17

34

30

19

0.009

Stage
I–II

30

21

III–IV

17

32

0.018

Table 2. Multivariate Cox regression analysis of the indicated factors for
patient survival
Variable

HR (95% CI)

p-value

Age (≥60/<60)

1.008 [0.573; 1.775]

0.978

Gender (male/female)

1.204 [0.542; 2.676]

0.648

Hif-2α (high/low)

4.538 [1.426; 14.44]

0.01

Maximal dimension of tumor (≥5/<5)

1.174 [0.265; 5.204]

0.833

Lymph node metastasis (yes/no)

2.411 [1.284; 4.527]

0.006

Stage (I–II/III–IV)

0.207 [0.37; 1.155]

0.073

95% CI – 95% confidence interval; HR – hazard ratio; hif-2α – hypoxiainducible factor-2α.

of the cells were observed after treatment with hypoxic
conditions for 48 h (Fig. 2A). These findings were accompanied by a decreased expression of E-cadherin and increased expression of hif-2α, N-cadherin, vimentin, and Snail
(Fig. 2B–D). We also used CoCl2 to mimic hypoxia.13 The expression of E-cadherin was decreased, and the expression
of N-cadherin, vimentin and Snail was increased (Fig. 2E–G).

Hif-2α promotes the proliferation and
invasion of esophageal cells
The hif-2α has been reported to promote cell proliferation and invasion in different tumors, but the role of hif-2α
in esophageal cancer cells has not yet been studied. To investigate whether hif-2α could promote proliferation and
invasion in esophageal cells, CCK-8 and transwell assays
were performed. The CCK-8 assay showed that the optical density (OD) value (450 nm) of the hif-2α-silenced
group was significantly decreased at 24 h, 48 h, 72 h, and
96 h in both Eca-109 and KYSE-150 ESCC cells (Fig. 3A).
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Fig. 1. Hypoxia-inducible factor-2α (hif-2α) is overexpressed in esophageal squamous cell carcinoma (ESCC) and correlates with poor prognosis.
A,B. Immunohistochemistry showing that the hif-2α level in ESCC tissue was significantly higher than in normal tissue (N – noncancerous tissue; T – tumor
tissue; Student’s t-test was used to calculate the significant difference); C,D. Immunofluorescence showing that hif-2α was overexpressed in ESCC cells
compared with normal esophageal epithelial cells (one-way analysis of variance (ANOVA) test was used to calculate the significant difference); E. Kaplan–Meier
curve showing that patients with lower expression levels of hif-2α had significantly longer survival times than those with higher expression levels of hif-2α
OS – overall survival; DAPI – 4′,6-diamidino-2-phenylindole; AOD – average optical density; *p < 0.05; **p < 0.01; ***p < 0.001.

Moreover, silencing hif-2α resulted in a strong inhibitory
effect on proliferation in Eca-109 cells. For the transwell
assay, compared to the control and NC-siRNA groups,
the number of hif-2α-silenced ESCC cells entering the transwell membrane was significantly reduced (Fig. 3B,C). This
finding suggests that the invasion capability of ESCC cells
was suppressed when hif-2α was silenced. In contrast,
the hif-2α-overexpressing group showed significantly
increased cell numbers penetrating the membrane compared to the control and negative control to overexpression (NC-OE) groups (Fig. 3D,E). This finding indicates
that the overexpression of hif-2α enhances the invasion
ability of ESCC cells. These results suggest that hif-2α
plays an important role in the proliferation and invasion
of ESCC cells.

level of NICD, which is the active form of Notch and functions as a transcriptional regulator, showed the same trend
as hif-2α (Fig. 4A,D). These results show that both EMT
and Notch could be regulated by hif-2α. Next, the inhibitor CB-103 was used to study whether the Notch pathway could regulate EMT. The CB-103 is a specific and
highly effective inhibitor of the Notch pathway. The results
showed that CB-103 could significantly reverse the EMT
process in ESCC cells (Fig. 4G–I). Furthermore, a retrial
experiment was carried out to investigate whether hif-2α
regulated EMT in ESCC cells through the Notch pathway.
The EMT process was reversed in hif-2α-overexpressing
ESCC cells after the Notch pathway inhibitor was used
(Fig. 4J–L). These results suggest that hif-2α could regulate
EMT through the Notch pathway in ESCC cells.

Hif-2α regulates EMT through
the Notch pathway

Silencing hif-2α suppressed tumor growth
in a mouse model

To determine whether hif-2α could regulate EMT
in ESCC cells, western blot assay was performed to detect
the protein levels of EMT markers. Compared to the control and NC-siRNA groups, the hif-2α-silenced group
showed increased levels of E-cadherin and decreased expression levels of N-cadherin, vimentin and Snail in both
Eca-109 and KYSE-150 ESCC cells (Fig. 4A–C). Furthermore, the hif-2α overexpression group demonstrated
the opposite results (Fig. 4D–F). In addition, the expression

A xenograft mouse model was used to confirm the effect of hif-2α in vivo. Compared to the NC group, the tumor volume and weight of the siRNA group were markedly decreased (Fig. 5A–C), and no significant difference
in the body weight of nude mice was observed (Fig. 5D).
Besides the comparison of tumor volume between
groups, comparisons within groups were also performed
(Supplementary Fig. 1). This result suggests that inhibiting hif-2α significantly suppresses the growth of tumors

Ji et al. hif-2α promote EMT in ESCC

800

Fig. 2. Hypoxia induces epithelial–mesenchymal transition (EMT) and hypoxia-inducible factor-2α (hif-2α) overexpression in esophageal squamous cell
carcinoma (ESCC). A. Morphological changes in ESCC cells after hypoxia treatment for 48 h; B–D. Changes in the expression of hif-2α and EMT markers
in ESCC cells after hypoxia treatment; E–G. CoCl2 was used to mimic hypoxia and induce EMT. Student’s t-test was used to calculate the significant
difference
N – normoxia; H – hypoxia; *p < 0.05; **p < 0.01; ***p < 0.001.

without any apparent impacts on mouse growth. Immunohistochemistry and western blot analyses were
performed using xenograft tumors to confirm that
hif-2α could regulate EMT through the Notch pathway
(Fig. 5E–G). The results showed that hif-2α deficiency
could significantly suppress Notch signaling and reverse
EMT in vivo.

Discussion
Surgical resection is still considered the first line
of treatment for early and local ESCC.14 However, ESCC
is generally resistant to conventional therapeutic agents.
In addition, the newest ESCC inhibitors are clinically ineffective. Therefore, finding new biological targets that may
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Fig. 3. Hypoxia-inducible factor-2α (hif-2α) promotes the proliferation and invasion of esophageal cells. A. Cell Counting Kit-8 (CCK-8) assay showing that
silencing hif-2α inhibited the proliferation of esophageal squamous cell carcinoma (ESCC) cells (top of box – upper quartile; bottom of box – lower quartile;
upper whisker – maximum value; lower whisker – minimum value; middle whisker – median). B. Transwell assays showing that silencing hif-2α reduced
the invasion ability of ESCC cells; C,D. The cell numbers on the lower surface of the membrane were counted in 3 randomly selected fields; E. Transwell
assays showing that overexpressing hif-2α enhanced the invasion ability of ESCC cells; F,G. The cell numbers on the lower surface of the membrane were
counted in 3 randomly selected fields
siRNA – silencing RNA of hif-2α; NC-siRNA – negative control to siRNA; OE – overexpression of hif-2α; NC-OE – negative control to OE; OD – optical density.
One-way analysis of variance (ANOVA) test and Welch’s test were used to calculate the significant difference. *p < 0.05, **p < 0.01, ***p < 0.001.

be useful in improving the prognosis of patients with ESCC
has been a central issue in recent years.
In recent decades, hypoxia-inducible factor (HIF) has
been widely and comprehensively researched. It is a key

regulator in cells responsible for preventing damage from
hypoxia, which is mainly regulated by the oxygen level
in cells.15 Under normoxic conditions, HIF is modified
by HIF-specific prolyl hydroxylases (PHDs), which lead
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Fig. 4. Hypoxia-inducible factor-2α (hif-2α) regulates epithelial–mesenchymal transition (EMT) through the Notch pathway. A–C. Silencing hif-2α reduced
Notch signaling and EMT in esophageal squamous cell carcinoma (ESCC) cells; D–F. Overexpressing hif-2α enhanced Notch signaling and EMT in ESCC cells;
G–I. A notch inhibitor reduced EMT in ESCC cells; J–L. Using a Notch inhibitor in hif-2α-overexpressing cells reversed the EMT process. One-way analysis
of variance (ANOVA) test was used to calculate the significant difference
siRNA – silencing RNA of hif-2α; NC-siRNA – negative control to siRNA; OE – overexpression of hif-2α; NC-OE – negative control to OE; DMSO – dimethyl
sulfoxide; *p < 0.05; **p < 0.01; ***p < 0.001.

to its degradation by von Hippel–Lindau tumor suppressors (pVHLs).16 When the cell is under hypoxic conditions,
PHDs are inactivated and the VHL-dependent degradation pathway is blocked. This results in the accumulation
of HIF and the activation of downstream genes. As a member of HIF, hif-2α has been reported to be associated with
a poor prognosis in various cancers, such as non-small-cell
lung carcinoma (NSCLC), breast cancer, colorectal cancer, hepatocellular cancer, and glioblastoma.7 However,
the role of hif-2α in ESCC has not yet been studied. In this
study, we identified hif-2α as a key molecule that regulates
EMT, and we revealed that it can be a prognostic factor
in ESCC patients. We found that hif-2α was overexpressed
in both ESCC tissues and cell lines. The overexpression
of hif-2α in tumor tissue might be due to the hypoxic

tumor microenvironment, but the mechanism by which
hif-2α is overexpressed under normoxia in ESCC cell
lines remains unclear. A possible hypothesis could be
that the transcription is increased or that the degradation
pathway of hif-2α is impacted. However, these hypotheses
require further investigation. In addition, we discovered
the function of hif-2α in promoting proliferation and metastasis in ESCC. Both the in vitro and in vivo experiments
verified the role of hif-2α in promoting the growth of ESCC
cells. The function of hif-2α in promoting metastasis and
regulating the expression of EMT markers was also confirmed in our investigation. In addition, we confirmed that
hif-2α was associated with poor prognosis in patients with
ESCC, characterized by a lower 5-year survival rate and
a higher incidence of lymph node metastasis.
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Fig. 5. Silencing hypoxia-inducible factor-2α (hif-2α) suppressed tumor growth in a mouse model. A. NC-siRNA or siRNA Eca-109 cells (1 × 106) were injected
subcutaneously into the flanks of mice. Xenografts from siRNA were much smaller than those from NC-siRNA; B. Tumor volume comparison between the NCsiRNA and siRNA groups. Tamhane’s T2 test was used to calculate the significant differences (top of box – upper quartile; bottom of box – lower quartile;
upper whisker – maximum value; lower whisker – minimum value; middle whisker – median); C. Tumor weight of the NC-siRNA and siRNA groups. Student’s
t-test was used to calculate the significant differences (top of box – upper quartile; bottom of box – lower quartile; upper whisker – maximum value; lower
whisker – minimum value; middle whisker – median); D. The body weight of mice injected with NC-siRNA- or siRNA-transfected cells (top of box – upper
quartile; bottom of box – lower quartile; upper whisker – maximum value; lower whisker – minimum value; middle whisker – median); E. Western blot analysis
showed changes in the expression of hif-2α, NICD and epithelial–mesenchymal transition (EMT) markers in the NC-siRNA and siRNA groups; F. Western
blot analysis showed changes in the expression of hif-2α, NICD and EMT markers in the NC-siRNA and siRNA groups. Student’s t-test was used to calculate
the significant differences; G. Immunohistochemistry showed changes in the expression of hif-2α and EMT markers in the NC-siRNA and siRNA groups
siRNA – silencing RNA of hif-2α; NC-siRNA – negative control to siRNA;*p < 0.05; **p < 0.01; ***p < 0.001.
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The Notch signaling pathway has been studied for over
100 years; it was first described by Thomas Hunt Morgan in 1917.9 Previous studies have proven that Notch
functions as an oncogene in many types of cancers, and
the mechanism of how the Notch signaling pathway
works has been clearly interpreted.17 The transduction
process of the Notch signaling pathway mainly includes
the classical pathway that relies on CSL and CSL-independent transduction pathways.18 The classical pathway
of Notch signaling is triggered by the interaction between
the Notch ligand and the receptor. Then, the Notch receptor releases the active form of the Notch protein,
that is, the intracellular segment of the ICN (NICD).19
The NICD enters the nucleus, where it acts as a transcription regulator. In recent decades, it has been confirmed
that Notch signaling plays important roles in regulating
the EMT process in different cancers, including esophageal cancer.20 The crosstalk between signaling pathways
in cells is an extremely complicated network, which is not
an exception for Notch signaling. It has been reported
that both hif-1α and hif-2α can regulate Notch signaling in different cancers. 21,22 However, the relationship
between HIF signaling and Notch signaling in ESCC remains unclear. In this study, Notch signaling was found
to be downstream of hif-2α. We observed that the expression of NICD, the active form of Notch, could be regulated by hif-2α. As a modulator of EMT, NICD can enter
the nucleus and regulate the transcription of downstream
genes. Both EMT markers and NICD can be regulated
by hif-2α, but whether EMT is regulated by hif-2α through
the Notch signaling pathway remains unknown. Therefore, we carried out a retrieval experiment, and the results
verified our speculation that Notch is the intermediary
of hif-2α in regulating EMT in ESCC. As an oncogene,
hif-2α is a potential target in cancer therapy, and a specific
inhibitor of hif-2α has been proven to be efficient in clear
cell renal cell carcinoma.23 According to this study, hif-2α
plays an important role in the progression of ESCC. Thus,
hif-2α inhibitors may be a new treatment target in ESCC
therapy strategies and may improve the prognosis of ESCC
patients in the future.

Limitations
This study still has some limitations in spite of clarifying the function of hif-2α in ESCC. For instance, we confirmed that Notch signaling pathway was downstream
of hif-2α, but the in-depth mechanism of how hif-2α regulate Notch signaling pathway, by pre-translational or posttranslational modification, was not clear. Furthermore,
we confirmed that hif-2α could enhance the invasion
ability of ESCC in vitro, but the experiment investigating
whether hif-2α could promote metastasis of ESCC in vivo
was not conducted because of the limitations of experimental conditions. Therefore, more in-depth and extensive
research is still needed.

Conclusions
In general, this project illuminated a protumor role
of hif-2α in esophageal cancer. The hif-2α enhanced
the proliferation and invasion ability of ESCC cells and
promoted EMT through the Notch signaling pathway.
In addition, we identified hif-2α as an indicator of poor
prognosis in ESCC patients and found that it was associated with shorter OS and lymph node metastasis. Hence,
hif-2α may become a potential target for treating esophageal cancer and might serve as a new strategy to prolong
the survival time of ESCC patients.

Supplementary data availability
The Supplementary material is available at doi:10.5281/
zenodo.6316427. The Supplementary data consist of:
Supplementary Table 1. Verification of assumption for
Student’s t test and ANOVA analysis.
Supplementary Table 2. Information of Kaplan–Meier
analysis.
Supplementary Table 3. Verification of proportionalhazard assumption for COX model.
Supplementary Fig. 1. Comparison of tumor volume
within NC-siRNA and siRNA groups.
References
1.

Abnet CC, Arnold M, Wei WQ. Epidemiology of esophageal squamous
cell carcinoma. Gastroenterology. 2018;154(2):360–373. doi:10.1053/j.
gastro.2017.08.023
2. Mitin T, Hunter JG, Thomas CR Jr. Esophageal carcinoma. N Engl J Med.
2015;372(15):1471–1472. doi:10.1056/NEJMc1500692
3. Li J, Qi Z, Hu YP, Wang YX. Possible biomarkers for predicting lymph
node metastasis of esophageal squamous cell carcinoma: A review.
J Int Med Res. 2019;47(2):544–556. doi:10.1177/0300060518819606
4. Isik A, Soran A, Grasi A, Barry N, Sezgin E. Lymphedema after sentinel lymph node biopsy: Who is at risk? [published online as ahead
of print on June 30, 2021]. Lymphat Res Biol. 2021. doi:10.1089/lrb.
2020.0093
5. Zhu Y, Zang Y, Zhao F, et al. Inhibition of HIF-1α by PX-478 suppresses tumor growth of esophageal squamous cell cancer in vitro
and in vivo. Am J Cancer Res. 2017;7(5):1198–1212. PMID:28560067.
PMCID:PMC5446484.
6. Shao JB, Li Z, Zhang N, Yang F, Gao W, Sun ZG. Hypoxia-inducible factor 1α in combination with vascular endothelial growth factor could
predict the prognosis of postoperative patients with oesophageal
squamous cell cancer. Pol J Pathol. 2019;70(2):84–90. doi:10.5114/
pjp.2019.87100
7. Albadari N, Deng S, Li W. The transcriptional factors HIF-1 and HIF-2
and their novel inhibitors in cancer therapy. Expert Opin Drug Discov.
2019;14(7):667–682. doi:10.1080/17460441.2019.1613370
8. Zhang Q, Lou Y, Zhang J, et al. Hypoxia-inducible factor-2α promotes
tumor progression and has crosstalk with Wnt/β-catenin signaling
in pancreatic cancer. Mol Cancer. 2017;16(1):119. doi:10.1186/s12943017-0689-5
9. Siebel C, Lendahl U. Notch signaling in development, tissue homeostasis, and disease. Physiol Rev. 2017;97(4):1235–1294. doi:10.1152/
physrev.00005.2017
10. Majumder S, Crabtree JS, Golde TE, Minter LM, Osborne BA, Miele L.
Targeting Notch in oncology: The path forward. Nat Rev Drug Discov.
2021;20(2):125–144. doi:10.1038/s41573-020-00091-3
11. Kar R, Jha NK, Jha SK, et al. A “NOTCH” deeper into the epithelialto-mesenchymal transition (EMT) program in breast cancer. Genes.
2019;10(12):961. doi:10.3390/genes10120961

Adv Clin Exp Med. 2022;31(7):795–805

12. Natsuizaka M, Whelan KA, Kagawa S, et al. Interplay between Notch1
and Notch3 promotes EMT and tumor initiation in squamous cell carcinoma. Nat Commun. 2017;8(1):1758. doi:10.1038/s41467-017-01500-9
13. Tripathi VK, Subramaniyan SA, Hwang I. Molecular and cellular
response of co-cultured cells toward cobalt chloride (CoCl(2))-induced
hypoxia. ACS Omega. 2019;4(25):20882–20893. doi:10.1021/acsomega.
9b01474
14. Yang YM, Hong P, Xu WW, He QY, Li B. Advances in targeted therapy
for esophageal cancer. Signal Transduct Target Ther. 2020;5(1):229.
doi:10.1038/s41392-020-00323-3
15. Balamurugan K. HIF-1 at the crossroads of hypoxia, inflammation,
and cancer. Int J Cancer. 2016;138(5):1058–1066. doi:10.1002/ijc.29519
16. Dang CV, Kim JW, Gao P, Yustein J. The interplay between MYC and
HIF in cancer. Nat Rev Cancer. 2008;8(1):51–56. doi:10.1038/nrc2274
17. Meurette O, Mehlen P. Notch signaling in the tumor microenvironment. Cancer Cell. 2018;34(4):536–548. doi:10.1016/j.ccell.2018.07.009
18. Kopan R, Ilagan MX. The canonical Notch signaling pathway: Unfolding the activation mechanism. Cell. 2009;137(2):216–233. doi:10.1016
/j.cell.2009.03.045

805

19. Gordon WR, Vardar-Ulu D, Histen G, Sanchez-Irizarry C, Aster JC,
Blacklow SC. Structural basis for autoinhibition of Notch. Nat Struct
Mol Biol. 2007;14(4):295–300. doi:10.1038/nsmb1227
20. Li Y, Ma J, Qian X, et al. Regulation of EMT by Notch signaling pathway
in tumor progression. Curr Cancer Drug Targets. 2013;13(9):957–962.
doi:10.2174/15680096113136660101
21. Jiang N, Zou C, Zhu Y, et al. HIF-1α-regulated miR-1275 maintains
stem cell-like phenotypes and promotes the progression of LUAD
by simultaneously activating Wnt/β-catenin and Notch signaling.
Theranostics. 2020;10(6):2553–2570. doi:10.7150/thno.41120
22. Yan Y, Liu F, Han L, et al. HIF-2α promotes conversion to a stem cell phenotype and induces chemoresistance in breast cancer cells by activating Wnt and Notch pathways. J Exp Clin Cancer Res. 2018;37(1):256.
doi:10.1186/s13046-018-0925-x
23. Chen W, Hill H, Christie A, et al. Targeting renal cell carcinoma with
a HIF-2 antagonist. Nature. 2016;539(7627):112–117. doi:10.1038/
nature19796

