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BACKGROUND: This study aimed to clarify the significance of the crosstalk between hypoxia-inducible factor-1α (HIF-1α) and the
Wnt/β-catenin pathway in oesophageal squamous cell carcinoma (ESCC).
METHODS: The oncogenic role of HIF-1α in ESCC was investigated using in vitro and in vivo assays. The clinicopathological
significance of HIF-1α, β-catenin and TCF4/TCF7L2 in ESCC were evaluated using quantitative real-time PCR and
immunohistochemistry.
RESULTS: The expression level of HIF-1α, β-catenin, and TCF4/TCF7L2 in T.Tn and TE1 cell lines were elevated under hypoxia
in vitro. HIF-1α knockdown suppressed proliferation, migration/invasion and epithelial–mesenchymal transition (EMT) progression,
induced G0/G1 cell cycle arrest, promoted apoptosis and inhibited 5-fluorouracil chemoresistance in vitro. In vivo assays showed
that HIF-1α is essential in maintaining tumour growth, angiogenesis, and 5-fluorouracil chemoresistance. Mechanically, we
identified the complex between HIF-1α and β-catenin, HIF-1α can directly bind to the promoter region of TCF4/TCF7L2. The mRNA
level of HIF-1α, β-catenin and TCF4/TCF7L2 were increased in ESCC tumour tissues compared to the corresponding non-tumour
tissues. High levels of HIF-1α and TCF4/TCF7L2 expression were correlated with aggressive phenotypes and poor prognosis in ESCC
patients.
CONCLUSIONS: HIF-1α serves as an oncogenic transcriptional factor in ESCC, probably by directly targeting TCF4/TCF7L2 and
activating the Wnt/β-catenin pathway.
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INTRODUCTION
Oesophageal squamous cell carcinoma (ESCC) remains a challenging
malignancy to treat, with a poor prognosis and an overall 5-year
survival variability ranging from 15 to 25% [1, 2]. Reduced oxygen
utilisation (hypoxia) is a common but fundamental component of
the solid neoplasm microenvironment. Previous studies demon-
strated that hypoxia is involved in glucose metabolism, cell
proliferation, apoptosis, autophagy and chemoresistance in various
cancers [3]. Hypoxia-inducible factors (HIFs), which are predominant
transcription elements responsible for the aforementioned activities,
comprise three α-subunits (HIF-1α, HIF-2α and HIF3α) and a β-
subunit (HIF-1β). Being one of the most extensively studied HIFs,
HIF-1 is a known heterodimer composed of HIF-1β, a cytosolic
constitutive subunit, and HIF-1α, a cytoplasmic oxygen-sensitive
regulatory subunit [4]. Under normoxic conditions, HIF-1α is mainly
localised within the cytoplasm, where it is hydroxylated by oxygen
sensors known as prolyl hydroxylase domains (PHDs) and subse-
quently degraded in a proteasomal manner by Von Hippel-Lindau

(VHL)-dependent polyubiquitination. In a hypoxic environment, PHD
hydroxylation is suppressed and HIF-1α rapidly accumulates in the
cytoplasm before translocating to the nucleus, where it binds to HIF-
1β (ARNT) to form a heterodimer, which binds explicitly to hypoxia
response elements (HREs) and triggers downstream targeting genes
[5]. Accordingly, HIF-1α shares a degree of structural and
biochemical similarity with HIF-2α, such as the formation of a
heterodimer with HIF-1β (ARNT) [6]. However, numerous studies on
HIFs have shown that HIF-2α is only expressed in specific tissues or
organs, including endothelium and cardiomyocytes [7]. In contrast,
the expression level of HIF-1α is generally detectable in various types
of cancer tissues [8]. Aberrant HIF-1α overexpression has been linked
to cell survival, epithelial–mesenchymal transition (EMT), and cancer
metastasis [9]. For example, it is widely accepted that HIF-1α/VEGF
signalling activation promotes tumour vessel formation, which is
essential for tumour growth and metastasis [10].
A dysfunctional Wnt pathway, particularly the β-catenin-

dependent pathway, is intensively interlinked with the progression
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of diverse cancers [11]. Despite the recent discovery of an
interaction between hypoxia and Wnt/β-catenin signalling in
neoplasms, this crosstalk is highly inter-tumour heterogeneity. For
example, overexpression of HIF-1α under hypoxic stress activates
the Wnt/β-catenin pathway and is involved in stemness main-
tenance in lung adenocarcinoma and glioblastoma [12, 13]. On the
contrary, Scholten et al. demonstrated that Wnt/β-catenin signalling
is inhibited in human osteosarcoma cells under 0.5% O2 hypoxic
conditions, with HIF-1α playing a central role [14]. Given the limited
available information, the role of HIF-1α in ESCC is still unknown and
therefore deserves further investigation.
In this research, we assessed the clinical significance of the

expression status of HIF-1α, β-catenin, and TCF4/TCF7L2 in ESCC.
Furthermore, we characterised the crosstalk between HIF-1α and
Wnt/β-catenin signalling in ESCC and elucidated the potential
mechanisms.

METHODS
Human ESCC cell lines and chemical reagents
Human ESCC TE cell lines (TE1, TE2, TE5, TE6, TE8, TE9, TE10, TE11 and TE15)
were obtained from the Cell Resources Center at Tohoku University. Human
ESCC cell line T.Tn was provided by the Japanese Cancer Research Bank. The
immortalised oesophageal keratinocyte line R2C3 developed in our
laboratory was used as a normal oesophageal cell line [15]. For normoxic
conditions, cells were incubated in DMEM/F‐12 replenished with 10% FBS
and 1% penicillin/streptomycin at 37 °C, 21% O2 and 5% CO2. For physical
hypoxia, cells were incubated at 1% O2 and 5% CO2 in a multi-gas incubator
(#BL-43MD, TOSC). For chemical-induced hypoxia, CoCl2 (#C8661, Sigma-
Aldrich) was diluted with the experimental medium at a working
concentration of 100 μM according to previously reported methods
[16, 17]. iCRT14 (#SML0203, Sigma-Aldrich), a β-catenin/TCF inhibitor, was
diluted with the experimental medium at the indicated concentrations.

Clinical ESCC tissue samples
We surveyed patients with oesophageal cancer who underwent esophagect-
omy at Chiba University Hospital between 2004 and 2013. Survival
information of patients was summarised in July 2018. The criteria for inclusion
of patients in this study were as follows, (a) postoperative pathological
diagnosis of ESCC, (b) absence of any other type of cancer (including mixed
tumours such as basaloid squamous cell carcinoma and oesophageal
adenocarcinoma), (c) not receiving any chemoradiotherapy treatment
preoperatively and (d) achieving pathological R0 curative resection. After
excluding patients who did not meet the above criteria, we obtained 69 ESCC
patients and collected corresponding postoperative frozen tumours and
adjacent non-tumour tissues, and paraffin-embedded tumour sections. This
research was authorised by the Institutional Review Board of Chiba University
(No. 1120-942), and all participants provided written informed consent.

Western blot analysis
Western blot analyses were carried out as previously depicted [18].
Specifically, for physical hypoxia (1% O2) treated cell samples, cell lysis
occurred quickly (within 2 min) once removed from hypoxia (1% O2). The
primary antibodies, anti-human HIF-1α (1:1000, ab1), β-catenin (1:5000,
ab32572), β-actin (1:1000, ab115777) were obtained from Abcam (Cam-
bridge, USA). Anti-human E-cadherin (1:1000, sc8426), Snail (1:1000,
sc271977), and TCF4/TCF7L2 (1:500, sc166699) primary antibodies were
obtained from Santa Cruz Biotechnology (CA, USA). Anti-human
N-cadherin (1:1000, CST13116) was purchased from Cell Signaling
Technology (MA, USA). β-actin was used as a loading control. Protein
signals were examined using an ECL chemiluminescence kit from GE
Healthcare (Buckinghamshire, UK).

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from ESCC tissues and cell lines using Trizol
reagent (Invitrogen) and reversed to cDNA based on a High-Capacity RNA-
to-DNATM Kit (Thermo Fisher Scientific). The qRT-PCR assay was carried out
according to a previously reported protocol [18]. The primers used in this
analysis are listed in Supplementary Table S1. The fold changes in the
expression of each target gene were determined by the comparative
threshold cycle (Ct) method with the formula 2−ΔΔCt method [19].

Transfection of the small hairpin (sh)RNA lentiviral particles
HIF-1α shRNA (h) lentiviral particles (sc-35561-V, Santa Cruz) are transduc-
tion via viral particles containing 3–5 HIF-1α-specific constructed shRNA
designed to knock down HIF-1α gene expression in human cells. HIF-1α
shRNA (h) lentiviral particles were transfected into ESCC cell lines to silence
HIF-1α according to the manufacturer’s protocol. Generally, 5 × 104 ESCC
cells were inoculated into six-well plates for 24 h prior to lentiviral
infection. Then cells were transfection by 20 μL (Multiplicity of infection,
MOI= 2) HIF-1α shRNA (h) lentiviral particles in the presence of 5 μg/ml
hexadimethrine bromide (polybrene) (sc-134220, Santa Cruz), and cells
were incubated in the transfection system for 12 h. For 10 days, 10 μg/ml
puromycin dihydrochloride (sc-108071, Santa Cruz) was used continuously
to obtain stable HIF-1α knockdown T.Tn and TE1 cell lines. Control shRNA
lentiviral particles (sc-108080, Santa Cruz) were used as a negative control
to exclude the effect of viral particle vectors. CopGFP control lentiviral
particles (sc108084, Santa Cruz) were employed to evaluate transduction
efficiency and determine the optimal MOI.

Cell proliferation and cytotoxicity assays
Cell counting kit-8 (Dojindo Molecular Technologies, Japan) was used to
evaluate proliferation from 6–120 h after ESCC cells were seeded into a 96-
well plate (1 × 103 cells/100 μL media). For cell viability assay, ESCC cells
were inoculated into 96-well plates with conditioned medium containing
graded dilutions of 5-fluorouracil (0–10,000 μM) or Cisplatin (0–100 μM)
under normoxic or hypoxic (1% O2 or 100 μM CoCl2) conditions for 48 h.

Transwell assays
Migration/invasion capacity was detected via transwell experiments as
previously described [18]. Generally, two models of schedules are
employed, after 24 h (migration) or 30 h (invasion) of incubation in CoCl2
treatment groups, cells attached to the lower side were stained and fixed
with a Diff-Quick Stain kit (International Reagents, Japan). Photos of three
random fields from three replicated wells were obtained and cells were
counted. Besides, for the hypoxia (1% O2) treatment groups, 24-well
transwell chambers (8-µm pore size, #662638, Greiner Bio-One) with or
without Matrigel (#354236, Corning) were applied to assess the migration
and invasion abilities. The incubation time for migration and invasion was
adjusted to 30 and 48 h, respectively.

Cell apoptosis/cycle analysis
The cell apoptosis analyses were performed according to the scheme of
Annexin V-FITC Apoptosis Detection Kit (#V9G5609, Nacalai Tesque, Japan).
The total apoptotic rate was calculated by adding the early and late
apoptotic rates. For cell cycle analyses, cells were pre-conditioned in non-
serum media for 24 h. In all, 5 × 105 cells/tube were fixed in 70% ethanol
for 24 h at 4 °C before being reacted with 50 μg/ml propidium iodide (100
μg/ml RNaseA, 0.1% Triton X-100) for 30min at room temperature in
darkness. All specimens were processed using BD FACS Canto II (BD
Biosciences).

Cell immunofluorescence (IF) staining assay
Cells were fixed in ice-cold 4% polyphosphate formaldehyde and then
permeabilized in 0.1% Triton X-100. The fixed cells were blocked with 5%
bovine serum albumin and incubated with the following primary
antibodies: anti-E-cadherin (1:100, sc8426), anti-N-cadherin (1:100,
CST13116) and anti-Snail (1:100, sc271977). Before fluorescence imaging
with a fluorescence microscope, 4’,6-diamidino-2-phenylindole was added.

Co-immunoprecipitation (co-IP) assay
The co-IP assay was conducted using the Dynabeads Protein G
Immunoprecipitation Kit (#1639291, Novex). Generally, anti-β-catenin
(ab32572, Abcam) or anti-HIF-1α (ab1, Abcam) antibodies were conjugated
with magnetic beads to generate the magnetic bead-Ab compounds,
followed by incubation with cell lysate in each group (containing an equal
amount of proteins) to enable conjugation of the target protein to the
magnetic bead-Ab compounds. Elution buffer was used to elute target
proteins. Harvested samples were further analysed by western blotting
analysis.

Chromatin immunoprecipitation qRT-PCR assay (ChIP-qRT-PCR)
The Simple ChIP Plus Enzymatic Chromatin IP Kit (#9055, Cell Signaling
Technology) was used to carry out the ChIP assays according to the
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manufacturer’s guidelines. Enrichment of promoter was quantified using
qRT-PCR on the percentage of ChIP-eluted DNA versus input. Isotype IgG
was served as an immunoprecipitation negative control. For the qRT-PCR
assay, the HIF-1α binding site, alternatively termed as hypoxia-responsive
element (HRE) motifs (5′-(A/G)CGTG-3′) on human TCF4/TCF7L2 promoter
region (GenBank: AF522996.1) were estimated via the JASPAR database
(http://jaspar.genereg.net). We characterised the putative hypoxia response
element (HRE) within the human TCF4/TCF7L2 proximal promoter region
(NC_000010.11:c112950191-112950182). The specific walking primers for
the ChIP-qRT-PCR assay were designed as follows: TCF4/TCF7L2 forward,
5’-CTCGTGCCGCTCGGATTT-3’; reverse, 5’-CGCCGCCTTTGAACTGA-A-3’.

Tumour xenograft model
Our animal research was approved by the Animal Care and Use Committee
of Chiba University (No. A3-22).
A total of 20 6–8-week-old female thymus-free nude mice (nu/nu) were

purchased from the Animal Maintenance Facility of Chiba University and
housed under specific pathogen-free conditions. Twenty mice were
randomly divided into four groups (n= 5 per group). In all, 5 × 106 Nc-sh
or HIF-1α-sh T.Tn cells were mixed with 100 μL PBS and inoculated
subcutaneously into the right anterolateral thigh of nude mice. Tumour
volume (V=width2 × length/2, mm3) and body weight (g) of nude mice
were recorded every three days. One week later, subcutaneous graft
tumours were palpable, and the corresponding subgroup of nude mice
received intraperitoneal injections of 5-fluorouracil (5-FU) (20mg/kg, every
3 days), control nude mice were injected intraperitoneally with 1% DMSO
every 3 days for 21 days. Measurements and injections were carried out
sequentially according to cage numbers and remained consistent
throughout the study. All mice were sacrificed by cervical dislocation
under phenobarbital anaesthesia. The isolated tumours were weighed,
photographed, and fixed in 10% formalin for subsequent experiments.
The tumour growth inhibition rate (TGI%) was calculated as previously

described [20]. The specific formula is as follows, [1-(VT21–VT0)=mean
(VC21–VC0)] × 100, with VT21 and VT0 referring to the tumour volumes of
animals in the drug-treated group at days 21 and 0, and VC21 and VC0 referring
to the tumour volumes of animals in the control group at days 21 and 0.

Immunohistochemistry (IHC) and assessment
Immunohistochemistry was performed on paraformaldehyde-fixed paraffin-
embedded ESCC sections. The HIF-1α (1:150, ab1), β-catenin (1:250,
ab32572), and TCF4/TCF7L2 (1:20, sc166699), Ki67 (1:100, #M7240, Dako),
CD31 (1:100, ab124432) primary antibodies were used for immunohisto-
chemistry by streptavidin peroxidase method. The procedure was
performed as previously reported [18]. Protein expression levels were
evaluated independently by two investigators in the presence of a
pathologist, all of them were blinded to the patient clinical information.
The method of evaluating IHC staining results was as follows: intensity score:
0, none; 1, weak; 2, moderate; 3, strong; percentage score: 0% ≤0 < 5%; 5%
≤1 < 25; 25% ≤2 < 50%; 50% ≤3 < 75%; 75% ≤4 < 100%. The final IHC score
is equal to the intensity score multiplied by the percentage score. The
positive IHC results for HIF-1α, β-catenin and TCF4/TCF7L2 were determined
to be the final IHC score of 1+ , 3+ and 2+ respectively. CD31 was
adopted as a vascular endothelial cells marker. The counts of CD31-positive
labelled microvessels were determined based on previous reports [21].

Statistical analysis
The data in this study are expressed as means ± standard deviations (SDs).
The F-test was performed to evaluate sample variance. The Student’s t test or
Welch’s t test was used to compute statistical significance between the two
experimental groups. One-way analysis of variance (ANOVA) followed by
Dunnet’s post test was used to analyse three or more groups. Spearman’s
rank correlation coefficient was used to assess linear correlations.
Kaplan–Meier survival curves were examined using Log-rank (Mantel–Cox)
test. Statistical analysis was carried out using GraphPad Prism software
(version 9.0.0). P values <0.05 were considered statistically significant.

RESULTS
Hypoxia and HIF-1α shRNA regulates HIF-1α expression in
ESCC cell lines
We initially quantified HIF-1αmRNA and protein levels in ten ESCC
cell lines compared to an oesophageal epithelium R2C3 under
normoxic conditions before identifying the biological features of

HIF-1α. T.Tn and TE1 cell lines had a relatively significant
abundance of mRNA and protein levels of HIF-1α, hence they
were selected for subsequent experiments (Fig. 1a). Next, we
observed that 1% O2 treatment upregulated HIF-1α mRNA
expression in a time-dependent manner, with the peak occurring
at 24 h (T.Tn) and 12 h (TE1), the HIF-1a mRNA expression of T.Tn
and TE1 cells which simultaneously exposed to 1% O2 decreased
at 48 and 24 h, respectively (Fig. 1b). Furthermore, we discovered
that CoCl2 (100 μM, 24 h) considerably upregulates HIF-1α mRNA
in T.Tn and TE1 cells when compared to the normoxic baseline
(Fig. 1c, d). As shown in Fig. 1e, f, HIF-1α protein was also
upregulated in T.Tn and TE1 cells in the presence of 1% O2 or
CoCl2. Interestingly, we also found that either 1% O2 or CoCl2
treatment upregulated HIF-1α mRNA expression in R2C3 cells
(Supplementary Fig. 1A).
Next, significant differences between normoxic control and HIF-

1α-shRNA knockdown T.Tn and TE1 cells were revealed when the
efficiency of HIF-1α-shRNA in T.Tn and TE1 cells was confirmed
using qRT-PCR (Fig. 1c, d) and western blot (Fig. 1e, f). In addition,
compared to the hypoxic baseline, 1% O2 or CoCl2 induced
upregulation of HIF-1α mRNA and protein expression in T.Tn and
TE1 cells was noticeably abrogated in the presence of HIF-1α-
shRNA treatment (Fig. 1c–f).

HIF-1α promotes ESCC cell proliferation, migration and
invasion in vitro
We evaluated the proliferation ability of ESCC cells in the presence
of either normoxia or physical hypoxia (1% O2) or chemical
hypoxia (CoCl2) between 6 and 120 h to examine whether hypoxia
influences ESCC cell proliferation. We found that physical hypoxia
(1% O2) inhibited the proliferation of T.Tn and TE1 cells when
compared to normoxic conditions (Fig. 2a, b). Interestingly,
contrary to this observation, CoCl2 treatment promoted prolifera-
tion in both T.Tn and TE1 cells (Fig. 2c, d). We then characterised
the effect of HIF-1α knockdown on ESCC cell proliferation.
Knockdown of HIF-1α had a significant inhibitory impact on T.Tn
and TE1 cell proliferation in either normoxia, physical hypoxia (1%
O2), or chemical hypoxia (CoCl2) (Fig. 2a–d). In addition, we also
investigated the effect of hypoxia (1% O2 and CoCl2) on the
proliferative capacity of R2C3 cells, as shown in Supplementary
Fig. 1B, the proliferation capacity of R2C3 cells was significantly
decreased in the presence of 1% O2 exposure, while, R2C3 cell
proliferation capacity did not show significant changes under
CoCl2 treatment.
Figure 2e, f shows that both 1% O2 exposure and CoCl2

treatment enhanced the migratory and invasion capacities of T.Tn
and TE1 cells, whereas HIF-1α inhibition had the opposite effect
when compared to normoxic control. Meanwhile, quantification of
either 1% O2 exposure or CoCl2-induced migration and invasion
was visibly reversed in the presence of HIF-1α shRNA in
comparison to the hypoxic control group (Fig. 2e, f). Meanwhile,
we did not observe significant changes in the migratory and
invasive ability of R2C3 cells in 1% O2 and CoCl2 mimic hypoxic
environment (Supplementary Fig. 1C).

CoCl2 inhibits apoptosis and accelerates cell cycle progression
in a HIF-1α-dependent manner
Because apoptosis and cell cycle arrest often contribute to
decreased cell proliferation, we investigated whether HIF-1α can
modulate ESCC cell lines apoptosis and cell cycle progression. We
used FACS analysis to detect the apoptosis (Fig. 2g, h) and cell
cycle distribution (Fig. 2i, j) of T.Tn and TE1 cells. The results
indicated that CoCl2 suppressed cell apoptosis and accelerated
cell cycle progression in T.Tn and TE1 cells by decreasing the
distribution of G0/G1 interphase cells. On the contrary, HIF-1α
knockdown upregulated the proportion of apoptotic cells and the
ratio of cells in G0/G1 interphase compared to normoxic baseline.
Furthermore, CoCl2-induced apoptosis inhibition and cell cycle
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motivation in T.Tn and TE1 cells were partially reversed in the
presence of HIF-1α shRNA when compared to the hypoxic
baseline. Together, these findings indicated the critical role of
HIF-1α in regulating the viability of ESCC cells in vitro.

Hypoxia-induced EMT in oesophageal squamous cancer is
specifically associated with HIF-1α
Epithelial–mesenchymal transition (EMT) activation is involved in
promoting the ability of tumour cells to invade, metastasis, and
acquire tumour-initiating cells (TICs) potential [22]. The goal of this
study was to investigate the role of HIF-1α in the EMT state of
ESCC cells. Firstly, we examined the mRNA and protein expression
of two representative EMT markers and one EMT transcription
factor (EMT-TF). According to Fig. 3a, b, 1% O2 and CoCl2-
simulated hypoxia significantly decreased the mRNA content of
the epithelial marker E-cadherin while increasing the mRNA
content of the mesenchymal marker N-Cadherin. Meanwhile, the
EMT-TF, Snail, was upregulated under 1% O2, and CoCl2 mimic the
hypoxia environment. In contrast, HIF-1α knockdown led to an
increase in E-cadherin and a decrease in N-cadherin under
normoxic condition. Consistently, HIF-1α knockdown notably
lowered the mRNA expression level of EMT-TF, Snail, compared
to the normoxic baseline. Furthermore, 1% O2 and CoCl2 mimic
hypoxia-induced EMT activation was partially abolished in the
presence of HIF-1α specific shRNA when compared to the hypoxic
baseline (Fig. 3a, b). Moreover, the impact of HIF-1α on the EMT
progression of T.Tn and TE1 cells were validated by the results of

western blot assay (Fig. 3c, d) and immunofluorescence staining
(Fig. 3e, f). Besides, the mRNA levels of E-cadherin, N-cadherin and
Snail in R2C3 cells did not show significant changes in the 1% O2

and CoCl2 induced hypoxic environment (Supplementary Fig. 1D).
Collectively, our findings suggest that HIF-1α functions in
accelerating the progression of EMT in ESCC in vitro.

HIF-1α mediates the resistance of ESCC cell lines to
5-fluorouracil (5-FU) in vitro and in vivo
The role of HIF-1α in hypoxia-induced Cisplatin or 5-fluorouracil
(5-FU) chemoresistance in ESCC has not been previously reported.
To investigate the mechanism by which hypoxia affects the drug
sensitivity of ESCC cells, we examined the viability of T.Tn and
TE1 cells after 48 h of incubation with different concentrations of
Cisplatin and 5-fluorouracil (5-FU) under normoxic, 1% O2 and CoCl2
mimic hypoxic conditions. As shown in Supplementary Fig. 2A, B,
1% O2 exposure significantly decreased the cytotoxicity of
5-fluorouracil (5-FU) on T.Tn and TE1 cells compared to those
cultured in normoxic conditions. However, 1% O2 exposure was not
sufficient to induce Cisplatin resistance in T.Tn and TE1 cells
(Supplementary Fig. 2D, E). Meanwhile, CoCl2 treatment also
resulted in 5-fluorouracil (5-FU) resistance enhanced in T.Tn and
TE1 cells (Supplementary Fig. 2G, H). Similarly, there was no
significant effect on the response of Cisplatin in the presence of
CoCl2 (Supplementary Fig. 2J, K). The corresponding IC50 values of
5-fluorouracil (5-FU) or Cisplatin for T.Tn and TE1 cells were shown in
Supplementary Fig. 2C, F, I, L. To investigate if HIF-1α is responsible
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Fig. 1 1% O2 or CoCl2 induced hypoxia and HIF-1α shRNA regulating HIF-1α expression in ESCC cell lines. a mRNA and protein levels of
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for hypoxia-induced 5-fluorouracil (5-FU) resistance, shRNA-
mediated knockdown of HIF-1α was followed by 5-fluorouracil (5-
FU) treatment. As shown in Fig. 4a, b and Supplementary Fig. 2G, H,
after knocking down HIF-1α, the survival rate of 5-fluorouracil (5-FU)

treated ESCC cells was drastically reduced in both normoxic and
hypoxic (1% O2 and CoCl2) environments. The corresponding IC50
analysis is shown in Fig. 4c and Supplementary Fig. 2I. In addition,
we also examined whether hypoxic (1% O2 and CoCl2)
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environments modulate the response of R2C3 cells to Cisplatin and
5-fluorouracil (5-FU), the viability of Cisplatin or 5-fluorouracil (5-FU)-
treated R2C3 cells did not show significant changes in the hypoxic
environment, compared with the normoxic environment (Supple-
mentary Fig. 1E–H).

To explore the role of HIF-1α in 5-fluorouracil (5-FU) resistance
in vivo, T.Tn subcutaneous xenograft nude mouse model was
established (Supplementary Fig. 3A), HIF-1α expression in
xenograft tumours was altered by subcutaneous injection of HIF-
1α-shRNA expressing T.Tn cells (Supplementary Fig. 3C, D). Our
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results indicated no significant difference in body weight among
the four different treatment groups of nude mice (Supplementary
Fig. 3B), but intraperitoneal injection of 5-fluorouracil (5-FU)
significantly decreased subcutaneous tumour volume and weight
compared to the DMSO intraperitoneal control group, and
knockdown of HIF-1α further reduced subcutaneous tumour
volume and weight (Fig. 4d–f). As expected, T.Tn xenograft
tumours were resistant to 5-fluorouracil (5-FU) (%TGI: 52.6% ±
9.8%), while the combination of HIF-1α-shRNA with 5-fluorouracil
(5-FU) synergistically strengthened tumour growth inhibition (%
TGI: 98.0% ± 33.6%) (Fig. 4g).
Immunohistochemical staining further showed that protein

level of proliferation marker Ki67 (Fig. 4h, i) and microvessel
counts (endothelial cell marker CD31-positive label, Fig. 4j, k) in T.
Tn xenograft tumours were reduced in the intraperitoneal
5-fluorouracil (5-FU) treatment group compared with the DMSO
control group, while the inhibitory effect of 5-fluorouracil (5-FU)
was further amplified in the combination treatment (5-fluorouracil
(5-FU)+ HIF-1α-shRNA). Besides, the protein level of β-catenin and
TCF4/TCF7L2 in T.Tn xenograft tumours were reduced in the HIF-
1α-shRNA group compared with the Nc-shRNA control group, and
the combination of HIF-1α-shRNA with 5-fluorouracil (5-FU) further
decreased the protein level of TCF4/TCF7L2 but not β-catenin,
suggesting that TCF4/TCF7L2 may be involved in HIF-1α-mediated
5-fluorouracil (5-FU) resistance (Supplementary Fig. 3E–H).

Activation of Wnt/β-catenin signalling under hypoxia
promotes ESCC progression
Previous studies have demonstrated that HIF-1α was a predomi-
nant component of hypoxic adaptation that regulated the Wnt/β-
catenin signalling in mouse hypoxic embryonic stem cells by
augmenting β-catenin activation and expression of the down-
stream effector lymphoid enhancer-binding factor-1/T-cell factor-1
(LEF-1/TCF-1) [23]. Recent research has also shown that the Wnt/β-
catenin signalling pathway is associated with various aspects of
hypoxia-mediated human tumour progression, including invasive-
ness, EMT and metastasis [24–26].
Therefore, we sought to clarify whether β-catenin and TCF4/

TCF7L2, which are pivotal intranuclear effectors of the carcino-
genic Wnt/β-catenin signalling pathway, could be augmented in
ESCC cell lines by hypoxia. As predicted, our data showed that
mRNA levels of β-catenin and TCF4/TCF7L2 in T.Tn cells increased
significantly in response to hypoxia (1% O2) in a time-dependent
manner, with the peak occurring at 24 h (consistent with HIF-1α),
compared with normoxia (Fig. 5a). However, the time points at
which mRNA levels of β-catenin and TCF4/TCF7L2 peaked under
hypoxia (1% O2) in TE1 cells were inconsistent (6 and 24 h,
respectively) (Fig. 5a), so we selected the time point of HIF-1α
mRNA peak expression (12 h) to continue the mechanistic study
(Fig. 1b). Furthermore, significant induction of β-catenin and TCF4/
TCF7L2 after CoCl2 treatment was observed (Fig. 5b). In addition,
the mRNA or protein content of β-catenin and TCF4/TCF7L2 was
dramatically reduced in HIF-1α knockdown T.Tn and TE1 cells

maintained in normoxia, 1% O2 exposure or CoCl2 treatment
(Fig. 5b–d). In addition, we also investigated the expression of
mRNA levels of key regulators of the Wnt/β-catenin signalling
pathway, β-catenin and TCF4/TCF7L2 in R2C3 cells under hypoxic
(1%O2, CoCl2) environment and the results showed that hypoxia
could not significantly regulate the expression of β-catenin and
TCCF4/TCF7L2 in R2C3 cells (Supplementary Fig. 1I).
Using co-immunoprecipitation, the HIF-1α/β-catenin complex

was detected in TT.n and TE1 cells, the abundance of the HIF-1α/β-
catenin complex was accelerated upon 1% O2 exposure or CoCl2
treatment and obstructed by HIF-1α shRNA (Fig. 5e). To under-
stand the underlying mechanism of Wnt/β-catenin signalling
motivation during hypoxia, the sequence of the promoter region
in the TCF4/TCF7L2 gene was further investigated, and identify a
putative hypoxia response element (HRE) binding site (at −66 bp/
−57 bp) (Fig. 5f). Significant fold enrichment of HIF-1α binding
with the HRE of TCF4/TCF7L2 promoter was verified in 1% O2

exposure or CoCl2 treated T.Tn and TE1 cells using ChIP assay, as
well as a considerable decrease in enrichment after HIF-1α
knockdown (Fig. 5g).
Next, iCRT14, a β-catenin/TCF complex inhibitor, was used to

inhibit the transcriptional activity of β-catenin/TCF. The mRNA
content of MYC and AXIN2 was measured in T.Tn and TE1 cells
to test the effect of iCRT14 on downstream genes of the Wnt/β-
catenin signalling. The 10 μM dosage concentration was chosen
because it caused a sufficient reduction in MYC and AXIN2
mRNA expression in both cell lines (Fig. 5h). In functional
experiments, 24 h pretreatment with 10 μM iCRT14 inhibited
growth in either normoxic or hypoxic (1% O2, CoCl2) conditions
(Fig. 5i, j and Supplementary Fig. 4A, B), and eliminated the
facilitation of hypoxic stress on migration and invasion (Fig. 5k
and Supplementary Fig. 4C). Furthermore, we investigated the
impact of iCRT14 on hypoxia (1% O2, CoCl2)-induced
5-fluorouracil (5-FU) resistance, and the data showed that
iCRT14 pretreatment decreased cell survival when compared
to the hypoxic (1% O2, CoCl2) group (Fig. 5l–n and Supplemen-
tary Fig. 4D–F).

Correlation of HIF-1α, β-catenin and TCF4/TCF7L2 expressions
in ESCC tissues
To understand the correlation of HIF-1α with the Wnt/β-catenin
signalling pathway in ESCC, we quantified the mRNA content of
HIF-1α, β-catenin and TCF4/TCF7L2 in 69 pairs ESCC patients with
matched neoplastic and adjacent non-neoplastic oesophageal
tissue. The mRNA levels of HIF-1α, β-catenin and TCF4/TCF7L2
were significantly elevated in cancerous tissues compared to the
corresponding non-tumour oesophageal tissues (Fig. 6a–c), sug-
gesting that both HIF-1α and the Wnt/β-catenin signalling were
activated at the transcriptional level during ESCC progression.
Furthermore, the level of HIF-1α mRNA was positively correlated
with β-catenin or TCF/TCF7L2 in ESCC tissues (Fig. 6d, e). However,
there was no significant correlation between β-catenin and TCF/
TCF7L2 in ESCC tissues (Fig. 6f).

Fig. 5 Crosstalk between HIF-1α and Wnt/β-catenin signalling pathway in ESCC cell lines. a β-catenin and TCF4/TCF7L2 mRNA levels in T.Tn
and TE1 cells at different time points under 1% O2 exposure. b The mRNA levels of β-catenin and TCF4/TCF7L2 were detected T.Tn and TE1 cell
lines with or without HIF-1α shRNA transfection in the presence of 1% O2 (T.Tn, 24 h; TE1, 12 h) or CoCl2 (100 μM, 24 h). Data were normalised
to normoxia. c, d Western blot assays for β-catenin and TCF4/TCF7L2 protein expression were performed in the indicated cells as described
above. e The physical association between HIF-1α and β -catenin in indicated T.Tn and TE1 cells is based on co-immunoprecipitation (Co-IP)
blotting. f Schematic representation of the human TCF4/TCF7L2 promoter region. g The relative abundance of HIF-1α binding to the TCF4/
TCF7L2 promoter in indicated T.Tn and TE1 cells was measured by ChIP. ChIP-qRT-PCR quantitation was shown as % relative to input, IgG was
used as a negative control. h The relative mRNA levels of MYC and AXIN2 in iCRT14-treated T.Tn and TE1 cells at the indicated concentrations
under normoxic conditions. Effects of iCRT14 (10 μM, 24 h pretreatment) on cell proliferation (i, j), migration/invasion (k), 5-fluorouracil (5-FU)
resistance (l, m) in T.Tn and TE1 cells cultured in normoxic and hypoxic (1% O2) environments. n Corresponding IC50. All data represent mean
± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs normoxic baseline. #P < 0.05, ##P < 0.01, ###P < 0.001 vs hypoxic
(1% O2 or CoCl2) baseline. TSS transcription starting site, HRE hypoxia-responsive element, N normoxia, Nc-sh negative control shRNA, HIF-1α-
sh HIF-1α-shRNA.
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Fig. 6 HIF-1α expression was associated with TCF4/TCF7L2 expression in ESCC tissues, which was correlated with poor prognosis.
a–c HIF-1α, β-catenin and TCF4/TCF7L2 mRNA levels in 69 pairs of neoplastic and matched non-neoplastic oesophageal tissues from ESCC
patients. d–f The relevance of HIF-1α, β-catenin, and TCF4/TCF7L2 mRNA expression levels in tumour tissues in 69 ESCC patients (Spearman’s
correlation r and P value are shown). g Representative images of immunohistochemistry staining represent the low (upside) and high
(downside) protein levels of HIF-1α, β-catenin, and TCF4/TCF7L2 expressed in ESCC tissues. Overall survival (OS) and relapse-free survival (RFS)
in ESCC patients with high or low HIF-1α expression (h, i), high or low TCF4/TCF7L2 expression (j, k), and the combination of HIF-1α and TCF4/
TCF7L2 protein level (l, m). r Spearman’s coefficient, HR hazard ratio. P values were determined by log-rank Kaplan–Meier (K–M) analysis.
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Elevated expression of HIF-1α and TCF4/TCF7L2 predicts poor
prognosis of patients with ESCC
To better understand the role of HIF-1α in both clinical
characteristics and prognosis, we divided ESCC patients into two
groups based on the protein levels of HIF-1α. The results revealed
that ESCC patients with elevated HIF-1α expression were
statistically significantly associated with T stage (P= 0.015), N
stage (P= 0.023), vascular invasion (P= 0.031) and β-catenin

expression (P= 0.003) (Table 1). Intriguingly, Kaplan–Meier ana-
lyses revealed that patients with elevated HIF-1α levels had poorer
overall survival (OS) (hazard ratio (HR)= 2.988, P= 0.02) (Fig. 6h)
and worse relapse-free survival (RFS) (HR= 2.949, P= 0.022)
(Fig. 6I). Besides, the results further revealed that ESCC patients
with high TCF4/TCF7L2 expression had a shorter OS (HR= 4.299,
P= 0.0006) and RFS (HR= 4.181, P= 0.0008) than the low
expression group (Fig. 6j, k). There were no differences in OS or
RFS between the high and low β-catenin expression groups
(Supplementary Fig. 5A, B). Representative images of low (upside)
and high (downside) HIF-1α, β-catenin, and TCF4/TCF7L2 staining
using IHC analysis are indicated in Fig. 6g.
Recent studies suggest that combining multiple markers may

be more effective than a single marker in predicting treatment
response and prognosis. Thus, we further divided ESCC patients
into four groups based on the combined expression of HIF-1α and
TCF4/TCF7L2: HIF-1αhigh TCF4/TCF7L2high, HIF-1αhigh TCF4/
TCF7L2low, HIF-1αlow TCF4/TCF7L2high group and HIF-1αlow TCF4/
TCF7L2low group. Compared to the HIF-1αlow TCF4/TCF7L2low

group, ESCC patients in the HIF-1αhigh TCF4/TCF7L2high group
were associated with advanced T stage (P= 0.019), N stage
(P= 0.002), infiltrative growth pattern (P= 0.007) and vascular
invasion (P= 0.012) (Table 2). The ESCC patients in the HIF-1αhigh

TCF4/TCF7L2high group had a poor prognosis (OS, HR= 13.89,
P= 0.0006; RFS, HR= 13.66, P= 0.0007) (Fig. 6l, m), suggesting
that the combination of HIF-1α and TCF4/TCF7L2 has a robust
prognostic value than either HIF-1α or TCF4/TCF7L2 individually.
The OS and RFS analysis of four different groups were present in
Supplementary Fig. 5C, D. Ultimately, HIF-1α and TCF4/TCF7L2
were ascertained as independent prognostic factors for ESCC
patients based on univariate and multivariate Cox regression
analyses (Table 3).

DISCUSSION
The hypoxic microenvironment is one of the most critical
features of the solid tumour microenvironment, and it has been
shown to be positively correlated with malignancies progression
and aggressive phenotype [27]. HIF-1α is the primary regulator
of hypoxia-induced cellular biological responses, such as
neoangiogenesis, proliferation, and apoptosis resistance [28]. It
has recently been depicted that hypoxia not only directly affects
tumour cells but also enhances the invasion potential of
neoplastic cells by affecting the extracellular matrix, such as
cancer-related fibroblasts [29]. Furthermore, hypoxic stress may
cause tumour cells to become resistant to multiple therapeutic
medications, with the fundamental mechanism possibly being
acidification of the extracellular pH (pHe) and decreased
expression of drug flux pump proteins [30]. Overexpression of
HIF-1α has been clinically confirmed in a variety of carcinomas,
including colorectal [31], breast [32], pancreatic [33], renal [34],
ovarian [35] and oesophageal [36]. Consistently, our study
demonstrated that HIF-1α is stimulated in ESCC and that
elevated HIF-1α is associated with advanced T stage, vascular
invasion, and poorer outcomes. More importantly, by establish-
ing physical hypoxia (1% O2), chemical hypoxia (CoCl2) and HIF-
1α-specific loss-of-function models, we further revealed that HIF-
1α plays an essential role in hypoxia-induced ESCC progression
by maintaining crucial mechanisms such as proliferation,
migration/invasion, apoptosis, cell cycle arrest, EMT, and
chemoresistance. In conclusion, this work sheds light on the
mechanism of HIF-1a in ESCC progression and deepens our
comprehension of its role.
Consistent with previous reports [37], in our clinical studies, we

discovered that HIF-1α, β-catenin, and TCF4/TCF7L2 were over-
expressed in ESCC tissues. Notably, we firstly identified that the
combination of HIF-1α and TCF4/TCF7L2 factors has a robust
prognostic value in ESCC than using either HIF-1α or TCF4/TCF7L2

Table 1. Correlation between HIF-1α expression and
clinicopathological characteristics in 69 oesophageal squamous cell
carcinoma patients.

HIF-1α expression level

High (45) Low (24) P valuea

Gender 0.275

Male 37 17

Female 8 7

Age (years)

>68 23 11 0.676

≤68 22 13

T stage 0.015b

1 8 13

2 8 1

3 26 9

4 3 1

N stage

N0 20 8 0.023b

N1 8 12

N2 11 4

N3 6 0

Pathological stage 0.321

I 5 7

II 17 7

III 17 8

IV 6 2

Infiltrative growth (INF) 0.175

a 2 4

b 41 18

c 2 2

Lymphatic invasion 0.280

Positive 23 9

Negative 22 15

Vascular invasion 0.031b

Positive 37 14

Negative 8 10

β-catenin expression 0.003b

High 22 3

Low 23 21

TCF4/TCF7L2 expression 0.109

High 26 9

Low 19 15
aStatistical significance is determined by the Chi-square test or Fisher’s
exact test.
bThe bold figures in the table indicate that the P value is statistically
significant.
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individually. Using in vitro systems, we confirmed the oncogenic
involvement of HIF-1α in ESCC cells by promoting proliferation,
migration/invasion, anti-apoptosis, G0/G1 cell cycle arrest, and
EMT activation. Previous studies have reported that CoCl2
promotes cell growth and regulates the cell cycle in the MCF-7
and MDA-MB-231 cell lines by targeting the HIF-1α/VEGF
signalling [38]. Herein, CoCl2 remarkably stimulated ESCC cells
proliferation while inhibiting apoptosis. However, it is key to note
that our research revealed that hypoxia (1% O2) inhibited ESCC
cells proliferation. There are several possible reasons for the
unexpected responses. CoCl2 affects the transcription of different
genomes that are not subjected to physically induced hypoxia,
suggesting that the genes induced by these two hypoxia models
do not completely overlap [39]. However, it has been observed
that the metabolic responses of cells differ in physical hypoxia and

chemically induced hypoxia by CoCl2 [40]. In a nutshell, the
physical and chemical hypoxia models are largely consistent in
their effects on the malignant progression of ESCC, and this may
provide clues for subsequent future studies on the field of hypoxia
in ESCC.
The most accepted explanation for EMT and metastasis is that

cancer progenitor cells may undergo EMT in order to differentiate
further [41]. Research indicates that in hepatocellular carcinoma
cells, HIF-1α promotes cell migration, invasion, and activation of
EMT via the Ca2+/PI3K/AKT signalling [42]. It is well known that
downregulation of E-cadherin expression supports cancer cell
migration and metastasis, and we demonstrate a critical role for
HIF-1α in hypoxia-mediated transcriptional and translational
repression of E-cadherin. In addition, this study also firstly revealed
the crucial role of HIF-1α in hypoxia (1% O2 and CoCl2) induced
5-fluorouracil (5-FU) resistance in ESCC cell lines. Emerging
evidence suggests that hypoxia contributes to chemoresistance
in ESCC during the administration of first-line drugs, such as
Cisplatin and 5-fluorouracil (5-FU) [43]. The involvement of HIF-1α
in 5-fluorouracil (5-FU) resistance in ESCC was further confirmed
using in vivo experiments. Another widely recognised mechanism
that is regulated by hypoxia and responsible for cancer progres-
sion is angiogenesis. We observed a significant decrease in
tumour growth inhibition in the 5-fluorouracil (5-FU) combined
with the HIF-1α-shRNA treatment group of nude mice, accom-
panied by a reduction in the counts of neovascularization
microvessels. Therefore, it is worth noting that the strategy of
combining 5-fluorouracil(5-FU) with HIF-1α targeted inhibition
may provide a more practical approach for those 5-fluorouracil(5-
FU)-resistant clinical patients in the future.
The Wnt oncogenic signalling pathway is characterised by the

activation of β-catenin and downstream effectors LEF/TCF
transactivation. β-catenin is generally considered an essential
member of the cadherin complexes, which interacts with
E-cadherin to form a heterodimer, regulates cell-to-cell adhe-
sion, and further affects cell migration and invasion [44].
Previously, it was shown that the complex crosstalk between
HIF-1α and Wnt/β-catenin signalling in hepatocellular carci-
noma, as well as the HIF-1α/β-catenin complex, enhances β-
catenin transcription activities [45], consistent with this, we also
observed the presence of the HIF-1α/β-catenin complex in ESCC
cells. TCF4/TCF7L2 is a critical effector of canonical Wnt
signalling, activating β-catenin/TCF target genes such as
c-myc [46] and cyclin D1 [47], and resulting in specific cellular
responses [48]. A previous study reported the expression of
TCF4/TCF7L2 in human oesophageal cancer tissues and cell
lines and further demonstrated that TCF4/TCF7L2 promotes the
proliferation of EC109 cells [49]. In addition, TCF4/TCF7L2 is
predominantly expressed in the nucleus of oesophageal cancer
cells, and elevated TCF4/TCF7L2 is associated with advanced T
stage and worse outcomes in ESCC [37]. In this work, HIF-1α
mediated TCF4/TCF7L2 transcriptional activities by directly
associating with the promoter of TCF4/TCF7L2, given the
specific binding of β-catenin to TCF4/TCF7L2, it is reasonable
to speculate that the binding of HIF-1α to TCF4/TCF7L2 is
guided by β-catenin. Thus, more experiments are needed to
clarify the specific pattern of TCF4/TCF7L2 occupied by the HIF-
1-α protein.

CONCLUSION
In summary, we observe that HIF-1-α promotes ESCC progression
by activating Wnt/β-catenin signalling via targeting the TCF4/
TCF7L2 promoter region and transactivation of TCF4/TCF7L2. Our
findings indicate that combinations targeting HIF-1α and Wnt/β-
catenin signalling deserve more attention to achieve a better
therapeutic effect in ESCC.

Table 2. Correlation between HIF-1α and TCF4/TCF7L2 expression and
clinicopathological characteristics in 69 oesophageal squamous cell
carcinoma patients.

HIF-1α/TCF4 expression level

HIF-1αHigh/
TCF4 High (26)

HIF-1αLow/
TCF4 Low (15)

P valuea

Gender 0.064

Male 22 8

Female 4 7

Age (years) 0.393

>68 12 9

≤68 14 6

T stage 0.019b

1 4 9

2 2 1

3 18 5

4 2 0

N stage 0.002b

N0 12 4

N1 3 10

N2 8 1

N3 3 0

Pathological stage 0.407

I 3 5

II 9 5

III 11 4

IV 3 1

Infiltrative growth (INF) 0.007b

a 0 4

b 25 10

c 1 1

Lymphatic invasion 0.837

Positive 13 7

Negative 13 8

Vascular invasion 0.012b

Positive 23 8

Negative 3 7
aStatistical significance is determined by the Chi-square test or Fisher’s
exact test.
bThe bold figures in the table indicate that the P value is statistically
significant.
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