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Abstract

Esophageal squamous cell carcinoma (ESCC) is a common malignant tumor in East Asia. Hypoxia, a hallmark of solid
tumors, significantly alters redox homeostasis inside tumor microenvironment. This alteration drives tumor proliferation,
invasion, and metastasis, leading to poor prognostic outcomes. However, the role of hypoxia-related genes in ESCC remains
poorly understood. We employed RNA sequencing to identify differentially expressed genes in ESCC. Clinical data, transcrip-
tome profiles, and a hypoxia-related gene set were extracted from open-source databases. A prognostic model was constructed
using least absolute shrinkage and selection operator (LASSO) regression, which was then validated through Cox regression
analysis. Within this prognostic model, we pinpointed and investigated a key hypoxia-related gene affecting prognosis. The
gene's expression was validated using real-time PCR and immunohistochemistry in both esophageal carcinoma and normal
tissues. Tumor proliferation was examined through in vitro and in vivo assays, including the Cell Counting Kit-8, EAU, colony
formation, and subcutaneous tumor models. A robust four-gene prognostic model (VBP1, BGN, CDKNI1A, and PPFIA1)
was successfully constructed and validated. Among these, VBP1 emerged as a key gene, exhibiting high expression levels
that correlated with poor prognosis in ESCC. Functional experiments confirmed that VBP1 significantly accelerated tumor
proliferation both in vitro and in vivo. VBP1 is identified as a pivotal gene within the hypoxia-related prognostic signature,
and it significantly promotes tumor proliferation in ESCC.
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Introduction

Esophageal carcinoma is one of the most common malig-
nant tumors, ranking sixth in overall mortality rates [1].
The predominant pathological type in China is esophageal
squamous cell carcinoma (ESCC) [2]. Traditional treatments
such as surgery, radiotherapy, and chemotherapy often fall
short due to the high incidence of recurrence and metastasis
in ESCC patients [3]. Consequently, the 5-year overall sur-
vival rate does not exceed 15-20% [4].

Hypoxia, characterized by low oxygen tension in tissues,
is a common feature of solid tumors, including ESCC [5].
This condition disrupts oxygen homeostasis, creating redox
stress in the tumor microenvironment. Such altered redox
conditions propel tumor progression and metastasis, which
are associated with poor prognostic outcomes [6, 7]. Despite
its clinical relevance, the molecular mechanisms underpin-
ning this association remain elusive [8]. Meanwhile, the
tumor-node-metastasis (TNM) stage system is the primary
prognostic tool in clinical practice. However, this system is
not universally applicable due to tumor heterogeneity [9].

In our study, we constructed a four-gene prognostic model
that assesses clinicopathological features and predicts the
overall survival of ESCC patients. Within this hypoxia-
related gene model, VBP1 emerged as a pivotal gene that
promotes tumor proliferation in ESCC.

VBP1 (Hippel-Lindau-binding protein 1, also known as
prefoldin 3) serves as a subunit of the prefoldin complex
[10]. It was initially identified as a cochaperone protein that
binds to the C-terminal end of pVHL (von Hippel-Lindau
tumor suppressor protein) [11]. pVHL functions as an
E3-ubiquitin ligase, degrading HIF-1a (hypoxia-inducible
factor 1 subunit alpha) in an oxygen-dependent manner.
HIF-1a drives adaptive responses to oxidative stress through
nuclear translocation and gene expression regulation [12].
Specifically, HIF-1a modulates glucose metabolism, angio-
genesis, and tumor proliferation in hypoxic environments
[13]. However, the role of VBPI, a hypoxia-related gene,
remains unexplored in the context of ESCC.

Materials and methods

Identification of hypoxia-related differentially
expressed genes (DEGs) between ESCC and normal
tissues

RNA sequencing (RNA-Seq) was employed to identify
DEGs between six pairs of ESCC and adjacent normal tis-
sues [14]. RNA-Seq tissues were collected from patients
who received esophagectomy surgery in our cancer center
in 2019. RNA-Seq were conducted and analyzed by
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Genminix-GCBI (Shanghai, China) with a screening crite-
ria of an absolute log2-fold change (FC) > 1 and an adjusted
P-value <0.05. A hypoxia-related genes set was retrieved
and downloaded from Gene Set Enrichment Analysis
(GSEA) database [15]. The intersection of the two gene sets
yielded the hypoxia-related DEGs.

Construction and validation of a prognostic
signature

The mRNA expression profiles of ESCC patients and
clinical data were retrieved from the Gene Expression
Omnibus (GEO) and The Cancer Genome Atlas (TCGA)
databases. Firstly, the univariate Cox regression analysis
was conducted to identify the prognosis-related genes
among the hypoxia-related DEGs using the “survival”
R package on the GEO dataset. Subsequently, the Least
absolute shrinkage and selection operator (LASSO) Cox
regression was employed to narrow down the candidate
genes via the “glmnet” R package [16]. The hypoxia-
related prognostic gene signature was then determined
based on the regression coefficient (f) and each gene's
expression level, adhering to the proportional hazards
assumption. The formula for risk score is articulated as:
Risk score = Genel X Expression level of genel + ... +f
Gene n X Expression level of gene n. This led to the cate-
gorization of patients into high-risk and low-risk groups,
defined by the optimal cut-off value. The Kaplan—Meier
survival analysis further assessed the predictive accuracy
of this prognostic model in both the GEO and TCGA
datasets.

Subsequently, we employed both univariate and mul-
tivariate Cox proportional hazard regression analyses to
compare the prognostic gene signature's predictive capa-
bilities against other clinical attributes. We analyzed the
hazard ratio (HR) and 95% confidence intervals (CI) for
ten primary clinical and prognostic variables, including
age, sex, smoking habits, alcohol consumption, tumor
location, grade, TNM stage, tumor stage, lymph node
stage, and the hypoxia-related signature risk scores. Addi-
tionally, we visualized the risk using the “pheatmap” R
package and evaluated the sensitivity and specificity of the
gene signature with ROC curve analysis, facilitated by the
“survival ROC” R package [17].

Functional enrichment analysis

To understand the biological functions and pathways related
to the hypoxia signature, we conducted gene set enrichment
analysis (GSEA) on the high- and low-risk groups using
GSEA software [15].
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Tumor specimens and cell culture

Tumor and adjacent normal tissues were collected from
ESCC-diagnosed patients at our center. Patients were
informed in alignment with the guidelines sanctioned
by the Ethics Committee of Sun Yat-sen University
Cancer Center. The corresponding clinical information
includes age, gender, tumor grade, lymph node metasta-
sis, AJCC TNM stages, and survival outcomes. Patients
with insufficient clinical data were excluded. Propensity
scores were estimated using age, gender (male versus
female), TNM stage (I, 11, III, IV), Tumor stage (T1, T2,
T3, T4), Lymph Node stage (NO, N1, N2, N3), Metasta-
sis stage (MO, M1) and treatment method (surgery, sur-
gery + postoperative adjuvant chemotherapy). KYSE30
and KYSE150 were obtained from the Department of
Experimental Research at the Sun Yat-sen University
Cancer Center in Guangzhou, China. Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
enriched with 10% FBS, and maintained at 37 °C in an
atmosphere containing 5% CO,.

Chemical and hypoxia treatment

A 25 mM stock solution of cobalt chloride (CoCl,, Sigma-
Aldrich, Germany) was prepared using sterile distilled water
(dH,0) and subsequently diluted in the medium to achieve
desired concentrations. To simulate an anoxic environment,
KYSE30 and KYSE150 cells underwent treatment with
varying concentrations (0, 100, 200, 300, 400 umol/L) of
CoCl, for 24 h [18].

Immunohistochemical assays

Immunohistochemical (IHC) analysis was performed
according to the manufacturer’s instructions. Compre-
hensive details of antibodies and antigen retrieval tech-
niques are available in Supplementary Table 1. For the
survival analysis, ESCC patients from SYSUCC were
grouped based on VBPI1 expression levels, which was
defined according to the following criteria: The inten-
sity of VBP1 expression was scored as zero, negative;
one point, weak staining; two points, mild staining; three
points, strong staining. The positive stained area per-
centage (PSAP) of VBP1 expression was scored as 1,
0-25%; 2, 25%-50%; 3, 50%—-75% and 4, 75%—100%.
VBP1 IHC score = Intensity score X PSAP score. Patients
were divided into high and low score groups by VBP1
IHC score and the Kaplan—Meier survival curves were
analyzed using the log-rank test. The staining intensity
was scored by two pathologists independently.

Quantitative real-time PCR (qRT-PCR)

To assess the mRNA expression difference of VBP1 between
ESCC and normal tissues, real-time RT-PCR was conducted
according to the manufacturer’s guidelines. We extracted the
total RNA from cells and tissues using the TRIzol reagent
method. The cDNA was synthesized from 1 pg of cellular
RNA. The RT-qPCR process was then executed on a Light-
Cycler480II (Roche) using SYBR Green Master Mix and
specific primers (details in Supplementary Table 2).

Western blot

Following the manufacturer’s protocol, western blotting
was carried out. In brief, cell lysates were prepared with
RIPA Lysis Buffer (Beyotime, China) and protein quanti-
fication was done using the BCA Protein Kit (Beyotime,
China). The cell lysates and immunocomplexes were then
processed on SDS-PAGE and transferred to a PVDF mem-
brane. These membranes, post-transfer, were blocked using
QuickBlock™ Blocking Buffer (Beyotime, China), followed
by an overnight incubation at 4 °C with specific antibodies.
In the subsequent day, after incubation with secondary anti-
bodies, immunoblots were visualized. The list of antibodies
is provided in Supplementary Table 1.

Small interfering RNAs (siRNAs) and gene
knockdown

VBP1 and control siRNA were purchased from GenePharma
(Suzhou, China). The VBP1 siRNA mediated gene knock-
down in KYSE30 and KYSE150 cells was achieved with
Lipofectamine®3000 (Invitrogen, USA), as described in
Supplementary Table 3.

Retroviruses and stable cell line

To establish KYSE30 cell lines that consistently overexpress
VBP1, we utilized VBP1 recombinant retroviruses sourced
from GenePharma (Suzhou, China). KYSE30 cells were
infected with these retroviruses in the presence of polybrene.
Following a 48-h infection period, we selected cells using
2 pg/mL puromycin to derive stable VBP1 over-expressing
cell lines.

Cell proliferation assays

The proliferation of KYSE30 and KYSE150 cells was
measured using a Cell Counting Kit-8 kit (CCK-8, Yeasen,
Shanghai, China). In the first day, 1000 cells per well were
cultured in a 96-well plate with 100 pL DMEM medium. On
subsequent days, we prepared a working solution by adding
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«Fig. 1 Construction of the hypoxia-related prognosis signature in
ESCC. A Heat map of DEGs in six pairs of ESCC and normal tis-
sues. B Volcano plot of hypoxia-related DEGs in ESCC and normal
tissues. C Forest plot for multiple Cox regression of the hypoxia-
related signature. D Kaplan—-Meier curve of the hypoxia-related
signature in GEO ESCC patients (log rank test, p=3.639¢-04). E
Kaplan—Meier curve of the hypoxia-related signature in TCGA ESCC
patients (log rank test, p=1.467e-03). DEGs differentially expressed
genes, ESCC esophageal squamous cell carcinoma, 7 tumor, N nor-
mal tissue, GEO Gene Expression Omnibus database, TCGA The
Cancer Genome Atlas database

the CCK-8 reagent to the medium as instructed by the manu-
facturer. This solution was added to each well and incubated
for 1.5 h, after which it was measured at 450 nm absorbance.
CCK-8 assays were performed in three biological replicates.

EdU assay

KYSE30 and KYSE150 cells were cultivated in 6-well plates
and exposed to 2000 pL of medium containing 10 pM EdU,
in line with the manufacturer’s instructions (BeyoClick™
EdU Cell Proliferation Kit with Alexa Fluor 594, Beyo-
time, China). After a 2-h incubation, cells were fixed and
processed using Immunol Staining Fix Solution and Immu-
nostaining Permeabilization Buffer, both from Beyotime,
China. Cell nuclei were stained with Hoechst dye 33,342.

Images were captured from three randomly chosen areas for
each group, and the proliferation rate was calculated. EAU
assays were performed in three biological replicates.

Colony formation

KYSE30 and KYSE150 cells were cultured in 6-well plates.
Following 14 days of the specified treatment, colonies were
visualized using hematoxylin staining. This procedure was
replicate in triplicate.

Xenograft mouse model

For in vivo assessment, 4-week-old male nude mice
(BALB/c-nu, Vital River Laboratory Animal Technol-
ogy, Zhejiang, China) were utilized. KYSE30 cells
(5% 10° cells per mouse) were injected subcutaneously
in the right rear back region. Mice were then grouped
into two categories: 8 for the control (NC) group and
8 for the VBP1 overexpression (OE) group. Both body
weight and tumor sizes were observed every four days,
with tumor volume calculated using the given formula,
volume = 1/2 x length X (width)?. On the 18th day, tumors
were extracted for further analysis using hematoxylin and
eosin (HE) staining and immunohistochemistry.

Table 1 Clinical characteristic

GEO cohort TCGA cohort SYSUCC cohort
of GEO, TCGA, and SYSUCC
cohort No. of patients 179 86 89
Agel/years (median, range) 52 (36-82) NA 65 (41-78)
Gender
Female 33 (18.4%) 14 (16.3%) 25 (28.1%)
Male 146 (81.6%) 72 (83.7%) 64 (71.9%)
Tumor
T1-2 39 (21.8%) 38 (44.2%) 58 (65.2%)
T34 140 (78.2%) 48 (55.8%) 31 (34.8%)
Node
N 0-1 145 (81.0%) 77 (89.5%) 41 (46.1%)
N2-3 34 (19.0%) 9 (10.5%) 48 (53.9%)
Metastasis
MO 179 (100%) 82 (95.3%) 89 (100%)
M1 0 4 (4.7%) 0
TNM stage
I 10 (5.6%) 6 (7.0%) 20 (22.5%)
I 77 (43.0%) 43 (50.0%) 44 (49.4%)
I 92 (51.4%) 63 (73.3%) 25 (28.1%)
v 0 4 (4.7%) 0
Survival time/months(median, 32.5(1.43-72.6) 13.0 (1.1-69.0) 16.4 (2.3-49.1)
range)

SYSUCC Sun Yat-sen University Cancer Center, NA not available
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«Fig.2 Evaluation of the hypoxia-related prognosis signature in
ESCC. A Risk-plot of the hypoxia-related signature in GEO ESCC
patients. B Risk-plot of the hypoxia-related signature in TCGA ESCC
patients. C Forest plot of univariate Cox regression of the hypoxia-
related signature in GEO ESCC patients. D Forest plot of univari-
ate Cox regression of the hypoxia-related signature in TCGA ESCC
patients. E Forest plot of multivariate Cox regression of the hypoxia-
related signature in GEO ESCC patients. F Forest plot of multivari-
ate Cox regression of the hypoxia-related signature in TCGA ESCC
patients. G ROC curve of the hypoxia-related signature in GEO
ESCC patients (AUC=0.7110). H ROC curve of the hypoxia-related
signature in TCGA ESCC patients (AUC=0.7111). ROC receiver
operating characteristic, AUC area under the curve, T tumor, N lymph
node

Statistical analysis

The SPSS 23.0 software program (IBM SPSS) and Graph-
pad Prism 7 (GraphPad Software Inc., CA, USA) were used
for data analysis. Data are expressed as means + standard
deviation and P <0.05 was considered statistically signifi-
cant. Chi-squared or Fisher's exact tests were used to com-
pare the categorical variables, and Student's t test was cho-
sen to compare the difference in measurement data between
two groups. The survival analyses were estimated by the
Kaplan—Meier method, and the comparison was evaluated
by the log-rank test. The univariate and multivariate analyses
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«Fig.4 Evaluation of the expression and prognostic value of VBP1
in ESCC. A Kaplan—Meier plots of VBP1 expression level of OS in
TCGA ESCC patients (log rank test, p=23.4e-02). B Kaplan—-Meier
plots of VBP1 expression level of DFS in TCGA ESCC patients
(log rank test, p=2.5e-02). C The mRNA expression level of VBP1
identified by qRT-PCR in ESCC and normal tissues (paired t-Test,
p=4.0e-03). D The protein expression level identified by immunohis-
tochemistry of VBP1 in ESCC and normal tissues. E Kaplan—-Meier
plot of VBP1 expression level scored by IHC in SYSUCC ESCC
cohort (log rank test, p=3.477e-06). OS Overall Survival, DFS Dis-
ease Free Survival, gRT-PCR Real-Time quantitative polymerase
chain reaction, /HC immunohistochemistry, SYSUCC Sun Yat-Sen
University Cancer Center

were conducted using a model of Cox's proportional hazards
regression.

Results

Construction of a hypoxia-related prognosis
signature in ESCC

In the study of ESCC, DEGs (llogFCI> 1, P <0.05) were
identified through RNA sequencing (RNA-Seq) from six
pairs of ESCC and their adjacent noncancerous tissues
(Fig. 1A). A subset of 61 DEGs, specifically linked to
hypoxia in ESCC, was subsequently isolated (Fig. 1B).
Following univariate Cox regression and Lasso analy-
sis, we shortlisted four genes (VBP1, BGN, CDKNIA,
and PPFIA1) to construct a prognostic signature. This
signature is articulated as: Risk Score=(0.020 x Expres-
sion level of VBP1) + (0.013 x Expression
level of BGN) — (0.021 X Expression level of
CDKN1A) + (0.024 x Expression level of PPFIAI)
(Fig. 1C). Using this score, ESCC patients from the GEO
(GSE53625) and TCGA databases were categorized into
high- and low-risk groups based on the optimal cut-off value

A.

CoClz (umollL) O 100 200 300 400

- R ]
FllE=9a —100 kDa
VBP1 —— — 25 kDa
GAPDH — e e— a— W __35 KkDa

KYSE 30

(Table 1). The Kaplan—Meier survival curves revealed a
notably lower OS in the high-risk group compared to the
low-risk group in the GEO dataset (P <0.001, Fig. 1D). This
prognostic signature’s predictive prowess was subsequently
confirmed in the TCGA database (P <0.01, Fig. 1E).

Evaluating the prognostic signature's independent
contribution to OS prediction

In the risk plots from both GEO (Fig. 2A) and TCGA
(Fig. 2B) databases, there was an observable increase in
patient mortality correlating with the risk score. Following
both univariate (GEO in Fig. 2C, TCGA in Fig. 2D) and
multivariate (GEO in Fig. 2E, TCGA in Fig. 2F) Cox regres-
sion analyses, the risk score emerged as an independent
prognostic factor for OS when contrasted with other conven-
tional clinical attributes. Notably, the AUCs of the four-gene
prognostic model surpassed those of clinical characteristics,
suggesting superior specificity and sensitivity (Fig. 2G, 2H).

To elucidate the biological functions of the four genes,
we assessed the gene expression disparities between the low-
and high-risk groups. Through the analysis of DEGs, GSEA
revealed that DNA replication and homologous recombi-
nation pathways were notably overrepresented in high-risk
patients. Conversely, the low-risk cases exhibited enrich-
ments in the JAK-STAT signaling pathway and nitrogen
metabolism (Fig. 3).

VBP1 emerged as a pivotal gene
within the prognostic signature

We cross-referenced the four genes (VBP1, BGN, CDKNIA,
and PPFIA1) in the GEPIA database to validate the prog-
nostic significance of the hypoxia-related signature. Among
them, only VBP1's expression exhibited a correlation with

100 200 300 400

- - . —100 kDa

S ——— —— 25 kDa

CoCl: (umollL) 0

HIF 1a *

VBP1

GAPDH

1-———-—35kDa

KYSE 150

Fig.5 The protein expression of HIF-1a and VBP1 when treated with different concentrations of Cocl, (0-400 umol/L). A The protein expres-
sion of HIF-1a and VBPI is increasing in KYSE30 cells. B The protein expression of HIF-1a and VBP1 is increasing in KYSE150 cells
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«Fig.6 VBP1 promotes ESCC proliferation in KYSE30 cells. A
The mRNA expression of VBP1 in NC and VBP1-siRNA group. B
The protein expression of VBP1 in NC and VBP1-siRNA group. C
CCK-8 assay showed that the proliferation is decreased in VBP1-
siRNA group. D Edu assay showed that the proliferation is decreased
in VBP1-siRNA group. E Plate clone formation assay showed that
the proliferation is decreased in VBP1-siRNA group. F Plate clone
formation assay was performed with three biological replicates, and
the colony numbers of KYSE30 cells were counted and analyzed. NC
normal control

both overall survival and disease-free survival in ESCC
(Fig. 4A, 4B, Supplementary Fig. 1). And there is no clini-
cal baseline bias was found in the database (Supplementary
Table 4, 5). As such, we pinpointed VBP1 as a critical gene
and delved deeper into its role in ESCC.

To understand the expression and clinical implications
of VBP1 in ESCC, we evaluated VBP1 expression and its
prognostic relevance in the SYSUCC cohort. Our findings
indicated an elevated expression of VBP1 in ESCC com-
pared to normal esophageal tissues at both mRNA and pro-
tein levels (Fig. 4C, 4D). Based on the IHC score and sur-
vival data, ESCC patients exhibiting high VBP1 expression
encountered more adverse outcomes compared to those with
lower VBP1 expression (P <0.001, Supplementary Fig. 2,
Fig. 4E). This underscores the premise that VBP1 upregula-
tion in ESCC tumors aligns with a poor prognosis.

To establish the relationship between VBP1 and hypoxia,
we simulated a hypoxic environment using CoCl,. This
revealed that VBP1's protein level ascended concurrently
with increasing concentrations of CoCl, and the protein
level of HIF1-a(Fig. 5). Therefore, VBP1 was reaffirmed as
a hypoxia-associated gene, potentially pivotal to the progres-
sion of ESCC.

VBP1 accelerates ESCC proliferation both in vitro
and in vivo

To understand the role of VBP1 in vitro, KYSE30 cells were
transfected with VBP1 siRNA (Fig. 6A, 6B). Proliferation
assays such as CCK-8 (Fig. 6C), EdU (Fig. 6D), and colony
formation (Fig. 6E) revealed that VBP1 interference curbed
the proliferation of KYSE30 cells. The same observation
was made with KYSE150 cells (Fig. 7). After establishing
the influence of VBP1 on ESCC proliferation in vitro, we
investigated its effect in vivo. We used KYSE30-NC and
KYSE30-VBP1-OE cells to create a nude mouse subcutane-
ous xenograft model. Our findings indicated that the tumor
growth rate and weight were notably higher in the VBP1-OE
group than the NC group (Fig. 8A, 8B, 8C). Furthermore,
immunohistochemical analysis of tumor tissues confirmed

the elevated expression of VBP1 and Ki-67 in the VBP1 OE
group (Fig. 8D).

Discussion

ESCC is a major global contributor to cancer-related deaths
due to its high recurrence and metastatic rates [1]. Its devel-
opment is a multifaceted process influenced by numerous
factors [19]. Notably, hypoxia stands out as a distinct fea-
ture of ESCC and other solid malignant tumors [20] [21].
Typically, solid tumor hypoxic regions display oxygen gra-
dients, plunging from a normal 9% to less than 2% oxygen
levels [5]. This hypoxic state induces a profound shift in
the phenotype of cancer cells, changing their metabolism
and replicative abilities [22]. One significant consequence
of hypoxia is the increase of reactive oxygen species (ROS)
in the electron transport chain [22]. This surge in ROS, cou-
pled with disrupted redox equilibrium, can precipitate DNA
mutations and genomic instability [20]. However, the precise
roles of hypoxia and ROS in ESCC's evolution and progres-
sion remain to be elucidated.

Our study unveils a hypoxia-related signature (comprising
VBPI1, BGN, CDKNI1A, and PPFIAT1) that bears a strong
correlation with ESCC. This signature acts as an independ-
ent predictor, offering high accuracy in prognosticating
ESCC outcomes. Importantly, the genes within this signa-
ture play roles in DNA replication and homologous recom-
bination, known mechanisms that drive tumor proliferation
and poor ESCC prognosis. To the best of our knowledge,
this is the first report of a hypoxia-related prognostic signa-
ture for ESCC.

VBP1, or VHL binding protein 1, functions as a chap-
erone protein for pVHL, facilitating protein transport from
perinuclear granules to the nucleus [11]. While VBP1's
involvement in colon and renal cell carcinoma progression
is documented, its role in ESCC is less explored [23] [24].
Previous research tagged VBPI as a positive regulatory
protein for pVHL, which stabilizes pVHL by inhibiting its
ubiquitination [23]. J. K. Ahn reported that VBP1 elevates
pVHL-induced HIF-1a ubiquitination, destabilizing HIF-1a
and potentially inhibiting tumor metastasis [25]. In our find-
ings, hypoxic conditions in ESCC induce VBP1 expression.
VBP1 is correlated with poor ESCC outcomes and is seen to
foster tumor progression both in vitro and in vivo.

The dual nature of hypoxia in the tumor microenviron-
ment warrants attention. While hypoxia can bolster tumor
development and progression, it, alongside ROS, offers ther-
apeutic avenues [26]. For instance, redox therapies, utilizing
redox-active drugs or inhibitors, have shown promise against
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Fig.7 VBP1 promotes ESCC proliferation in KYSE150 cells. A
The mRNA expression of VBP1 in NC and VBP1-siRNA group. B
The protein expression of VBP1 in NC and VBP1-siRNA group. C
CCK-8 assay showed that the proliferation is decreased in VBP1-
siRNA group. D Edu assay showed that the proliferation is decreased

@ Springer

in VBP1-siRNA group. E Plate clone formation assay showed that
the proliferation is decreased in VBP1-siRNA group. F Plate clone
formation assay was performed with three biological replicates, and
the colony numbers of KYSE150 cells were counted and analyzed.
NC normal control



VBP1 promotes tumor proliferation as a part of the hypoxia-related signature in esophageal...

A. -

NC

400 4

2 6 10 14 18

Time (days)

NC

OE

B.

0.8+ "
a [ )
~ 0.6
S . &
(];) 04' _‘_ ..
g 02{ b Eal
b | )
|—

0.0 T T

NC OE

QPP ® & @ o
Poagese s o

Fig.8 VBP1 promotes ESCC proliferation in nude mouse subcutane-
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appearance of nude mouse subcutaneous xenograft tumor in VBP1-

tumors resistant to multiple drugs [27]. In our context, VBP1
inhibition could halt tumor growth, signposting a potential
therapeutic target. Delving deeper into redox biology and
ROS manipulation in tumors may yield potent therapies
against carcinomas.

NC (n=8) and OE (n=38) groups. D The immunohistochemistry of
VBP1 and Ki-67 in VBP1-NC and OE groups. OF overexpression; n
number

Conclusion

In our study, we developed a prognostic model rooted in four
hypoxia-related genes that demonstrated robust predictive
capabilities for ESCC. Furthermore, we pinpointed VBP1 as a
pivotal gene within this hypoxia-related signature, acting as an
oncogenic driver for ESCC progression.

@ Springer



H. Miao et al.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13577-024-01068-9.

Author contribution All authors listed have made substantial contribu-
tions to the study. Huikai Miao and Zhesheng Wen conceived and designed
the analysis, Wuyou Gao collected the data, Leqi Zhong and Hongmu Li
contributed data and analysis tools, Dongni Chen performed the analysis,
Chunmei Xu wrote the paper, and Youfang Chen reviewed and corrected
the manuscript. All authors read and approved the final manuscript.

Funding This work was supported by the “National Natural Science Foun-
dation of China (81871986, 82200916)”, “Shandong Provincial Natural
Science Foundation (ZR2023QH256, ZR2022QH068)”, Shandong Provin-
cial Medicine and Health Science and Technology Development Program
(202103060766), and Shandong Provincial Hospital Research Incubation
Fund (2021FY059, 2022FY065).

Data availability Data will be made available on request.

Declarations
Conflict of interest No authors report any conflict of interest.

Ethical approval This study was approved by Ethics Committee of
Sun Yat-sen University Cancer Center (SYSUCC) (Guangzhou, China;
Approval number: GZR2018-120).

Informed consent Informed consent was obtained from all individual
participants included in the study.

Registry and the registration no. of the study/trial N/A.

Reaeach involve human and animal The animal study had approval
from the Animal Care and Use Committee of Sun Yat-sen University
Cancer Center (2021-000123). The guideline we followed for using
animals is the ethical review of laboratory animal welfare (People’s
Republic of China National Standard GB/T 35892-2018), which
including the principles of Replacement, Reduction and Refinement.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.

2. Chen W, Zheng R, Baade PD, et al. Cancer statistics in China,
2015. CA Cancer J Clin. 2016;66:115-32.

3. Herskovic A, Russell W, Liptay M, et al. Esophageal carcinoma
advances in treatment results for locally advanced disease: review.
Ann Oncol. 2012;23:1095-103.

4. Napier KJ, Scheerer M, Misra S. Esophageal cancer: a review
of epidemiology, pathogenesis, staging workup and treatment
modalities. World J Gastrointest Oncol. 2014;6:112-20.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Jing X, Yang F, Shao C, et al. Role of hypoxia in cancer ther-
apy by regulating the tumor microenvironment. Mol Cancer.
2019;18:157.

Mudassar F, Shen H, O’Neill G, Hau E. Targeting tumor hypoxia
and mitochondrial metabolism with anti-parasitic drugs to
improve radiation response in high-grade gliomas. J Exp Clin
Cancer Res. 2020;39:208.

Bristow RG, Hill RP. Hypoxia DNA repair and genetic instability.
Nat Rev Cancer. 2008;8(3):180-92.

Bhandari V, Hoey C, Liu LY, et al. Molecular landmarks of tumor
hypoxia across cancer types. Nat Genet. 2019;51:308-18.

Yang M, Forbes ME, Bitting RL, et al. Incorporating blood-based
liquid biopsy information into cancer staging: time for a TNMB
system? Ann Oncol. 2018;29:311-23.

Brinke A, Green PM, Giannelli F. Characterization of the gene
(VBP1) and transcript for the von Hippel-Lindau binding protein
and isolation of the highly conserved murine homologue. Genom-
ics. 1997;45:105-12.

Tsuchiya H, Iseda T, Hino O. Identification of a novel protein
(VBP-1) binding to the von Hippel-Lindau (VHL) tumor suppres-
sor gene product. Cancer Res. 1996;56:2881-5.

Li HS, Zhou YN, Li L, et al. HIF-1alpha protects against oxidative
stress by directly targeting mitochondria. Redox Biol. 2019;25:
101109.

Keith B, Johnson RS, Simon MC. HIF1alpha and HIF2alpha: sib-
ling rivalry in hypoxic tumour growth and progression. Nat Rev
Cancer. 2011;12:9-22.

Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage
years. Nat Rev Genet. 2019;20:631-56.

Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrich-
ment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A.
2005;102:15545-50.

Tibshirani R. The lasso method for variable selection in the Cox
model. Stat Med. 1997;16:385-95.

Metz CE. Basic principles of ROC analysis. Semin Nucl Med.
1978;8:283-98.

Piret JP, Mottet D, Raes M, Michiels C. CoCl2, a chemical
inducer of hypoxia-inducible factor-1, and hypoxia reduce apop-
totic cell death in hepatoma cell line HepG2. Ann N'Y Acad Sci.
2002;973:443-17.

Thomson SR, Hirshberg A, Haffejee AA, Huizinga WK. Rest-
ing metabolic rate of esophageal carcinoma patients: a model for
energy expenditure measurement in a homogenous cancer popula-
tion. JPEN J Parenter Enteral Nutr. 1990;14:119-21.
Saikolappan S, Kumar B, Shishodia G, et al. Reactive oxy-
gen species and cancer: a complex interaction. Cancer Lett.
2019;452:132-43.

Mao Y, Wang Y, Dong L, et al. Hypoxic exosomes facilitate angio-
genesis and metastasis in esophageal squamous cell carcinoma
through altering the phenotype and transcriptome of endothelial
cells. J Exp Clin Cancer Res. 2019;38:389.

Semenza GL. Hypoxia-inducible factors: coupling glucose metab-
olism and redox regulation with induction of the breast cancer
stem cell phenotype. EMBO J. 2017;36:252-9.

Kim JA, Choi DK, Min JS, et al. VBP1 represses cancer metas-
tasis by enhancing HIF-1alpha degradation induced by pVHL.
FEBS J. 2018;285:115-26.

Clifford SC, Walsh S, Hewson K, et al. Genomic organization and
chromosomal localization of the human CUL2 gene and the role
of von Hippel-Lindau tumor suppressor-binding protein (CUL2
and VBP1) mutation and loss in renal-cell carcinoma develop-
ment. Genes Chromosomes Cancer. 1999;26:20-8.

Yang MH, Wu MZ, Chiou SH, et al. Direct regulation of
TWIST by HIF-lalpha promotes metastasis. Nat Cell Biol.
2008;10:295-305.


https://doi.org/10.1007/s13577-024-01068-9
http://creativecommons.org/licenses/by/4.0/

VBP1 promotes tumor proliferation as a part of the hypoxia-related signature in esophageal...

26. Szakacs G, Paterson JK, Ludwig JA, et al. Targeting multidrug Publisher's Note Springer Nature remains neutral with regard to
resistance in cancer. Nat Rev Drug Discov. 2006;5:219-34. jurisdictional claims in published maps and institutional affiliations.
27. Cui Q, Wang JQ, Assaraf YG, et al. Modulating ROS to overcome
multidrug resistance in cancer. Drug Resist Updat. 2018;41:1-25.

@ Springer



	VBP1 promotes tumor proliferation as a part of the hypoxia-related signature in esophageal squamous cell carcinoma
	Abstract
	Introduction
	Materials and methods
	Identification of hypoxia-related differentially expressed genes (DEGs) between ESCC and normal tissues
	Construction and validation of a prognostic signature
	Functional enrichment analysis
	Tumor specimens and cell culture
	Chemical and hypoxia treatment
	Immunohistochemical assays
	Quantitative real-time PCR (qRT-PCR)
	Western blot
	Small interfering RNAs (siRNAs) and gene knockdown
	Retroviruses and stable cell line
	Cell proliferation assays
	EdU assay
	Colony formation
	Xenograft mouse model
	Statistical analysis

	Results
	Construction of a hypoxia-related prognosis signature in ESCC
	Evaluating the prognostic signature's independent contribution to OS prediction
	VBP1 emerged as a pivotal gene within the prognostic signature
	VBP1 accelerates ESCC proliferation both in vitro and in vivo

	Discussion
	Conclusion
	References


