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Hypoxia-inducible factor-1 α (HIF-1α) is important in regulating the hypoxia adaptive response of 
bladder cancer. Vasorin (VASN) is closely related to tumor development. However, the role of VASN 
in hypoxia-induced bladder cancer remains to be clarified. To establish the hypoxia model, low-
grade bladder cancer cell line RT4 was cultured under hypoxic conditions. RT4 cells were transfected 
with small interfering RNA to inhibit HIF-1α and VASN expression, and transfected with VASN 
overexpression plasmid to increase VASN expression. Wound healing and transwell assays were used 
to assess cell migration. Western blot was performed to detect epithelial-mesenchymal transformation 
(EMT)-related proteins, and YAP/TAZ and PTEN/AKT pathways expression. We found that VASN 
was increased in bladder cancer tissues and cell lines (RT4 and T24). Hypoxia promoted low-grade 
bladder cancer cell migration and EMT progression. Furthermore, the level of VASN was up-regulated 
under hypoxia in RT4 cells. Functional experiments revealed that hypoxia-induced bladder cancer 
cell migration through up-regulating VASN. Besides, VASN regulated the YAP/TAZ and PTEN/AKT 
pathways. Notably, VASN expression was positively correlated with HIF-1α expression. HIF-1α 
activated VASN expression in hypoxia-induced RT4 cells. Therefore, our findings support the first 
direct evidence that VASN participates in the adaptive response to hypoxia in bladder cancer, which 
highlights VASN as a potential target for bladder cancer.
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Bladder cancer is one of the most common malignant tumors in the urinary system, with an annual 82,290 
new cases and 16,710 deaths in the United States in 20231,2. According to the aggressiveness of tumor cells, 
bladder cancer is divided into two types including non-muscle invasive bladder cancer (NMIBC) and muscle-
invasive bladder cancer (MIBC)3. At present, the clinical treatment options for bladder cancer mainly include 
surgical intervention, chemotherapy, radiotherapy, and immunotherapy4,5. However, bladder cancer has the 
characteristics of easy recurrence, easy progression and early metastasis, resulting in poor prognosis for patients6. 
Therefore, it is of great significance to study the biological mechanism of the occurrence and development of 
bladder cancer, especially in finding new therapeutic targets.

Numerous studies have shown that epithelial-mesenchymal transformation (EMT) plays a crucial role 
in the progression of bladder cancer7,8. Decreased epithelial cell marker (E-cadherin) and elevated levels of 
interstitial cell markers (N-cadherin and Vimentin) are key features of EMT. E-cadherin is a calcium-dependent 
transmembrane glycoprotein mainly distributed at the cell-cell contact site, which plays an important role in 
the maintenance of intercellular adhesion and the stability of extracellular matrix components9. During EMT, 
epithelial cells lose their tight connections and intercellular adhesion, which induces cancer cell migration, 
invasion, and metastasis10–12. In addition, EMT has also been associated with tumor drug resistance and 
the formation of tumor stem cells13,14. There are many interaction mechanisms between tumor-associated 
macrophages and EMT-favoring tumor cells, and a vicious cycle is formed to promote tumor invasion and 
metastasis15. Therefore, understanding the molecular mechanism regulating EMT process has become the key 
in the study of tumor metastasis mechanism.
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Hypoxia is an important characteristic of solid tumor microenvironment16. Hypoxia is associated with 
poor prognosis of tumors and is also an important marker of malignant tumors16,17. Hypoxia-inducible factor 
(HIF) plays an important role in regulating the hypoxia adaptive response of bladder cancer18. HIF-1α is 
one of the constituent subunits of HIF-1, which is one of the most important regulatory factors in hypoxic 
microenvironment18. Therefore, exploring the related mechanisms of signal pathway activation in hypoxic 
microenvironment are still important for finding new clinical therapeutic targets for bladder cancer.

Vasorin (VASN) is a typical type I transmembrane glycoprotein19. Several studies have reported that VASN 
is expressed in a variety of solid tumors, which is closely related to the malignant degree of tumors20,21. For 
example, VASN was up-regulated in serum-derived exosomes and tissues in patients with liver cancer and was 
a promising target for liver cancer diagnosis and treatment20. In addition, colorectal cancer patients with high 
VASN expression are at a higher risk of developing lung metastasis and adjuvant chemotherapy resistance21. 
Furthermore, the abnormally expressed VASN is involved in a variety of biological processes and plays an 
important role in the development of tumors22,23. For instance, VASN promoted the proliferation process of 
colorectal cancer and prostate cancer through the YAP/TAZ axis22,23. However, until now, the role of VASN in 
bladder cancer remains unclear.

The study aimed to explore the biological function of VASN in bladder cancer in hypoxic settings. In this 
study, we found that VASN was increased in high-grade bladder cancer tissues and cells. In addition, hypoxia-
induced bladder cancer cell migration through up-regulating HIF-1α/VASN axis.

Materials and methods
Human samples
NMIBC and MIBC tissues were collected from patients undergoing surgery at The Affiliated Suqian First People’s 
Hospital of Nanjing Medical University. Non-tumor tissues from each patient were obtained not less than 3 cm 
away from the edge of tumor tissue and served as the control group. None of these patients received preoperative 
radiotherapy and chemotherapy before the surgery. The consent agreement was signed by all participants and 
the project was approved by the Ethics Committee of The Affiliated Suqian First People’s Hospital of Nanjing 
Medical University (approval number: 2023-SL-0054).

Cell culture and treatment
Human ureteral epithelial cell line (SV-HUC-1) and bladder cancer cell lines (RT4 and T24) were purchased from 
the American Type Culture Collection (ATCC, USA). SV-HUC-1 cells were cultured in F-12 K Medium (ATCC, 
USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) at 37℃ under normoxic conditions (20% 
O₂, 5% CO₂, 75% N₂). RT4 and T24 cells were maintained in DMEM (Gibco, USA) and RPMI 1640 medium 
(Gibco, USA) with 10% FBS at 37℃ under normoxic conditions (20% O₂, 5% CO₂, 75% N₂).

RT4 cells were chosen as a representative example of non-invasive bladder cancer cells. To establish the 
hypoxia model, low-grade bladder cancer cell line RT4 was cultured under hypoxic conditions (1% O2, 5% CO2, 
94% N2) at 37 °C for 48 h.

To observe the time-dependent changes in HIF-1α and VASN expression, RT4 cells were incubated under 
hypoxic conditions (1% O2, 5% CO2, 94% N2) at 37 °C for 12, 24, 36, and 48 h.

Cell transfection
To knockdown VASN and HIF-1α expression, small interfering RNA against VASN (si-VASN) and small 
interfering RNA against HIF-1α (si-HIF-1α) were synthesized by Genepharma (Shanghai, China) and sh-NC 
was used as control. To overexpress VASN expression, the pcDNA3.1 vector was used to construct the VASN 
overexpression plasmid (VASN OE). For cell transfection, RT4 cells were transfected with the siRNA sequences 
and plasmids using Lipofectamine 2000 reagent (Invitrogen, USA).

Wound healing
RT4 and T24 cells were seeded into 6-well plates and incubated at 37℃ under hypoxic (1% O2, 5% CO2, 94% N2) 
or normoxic conditions (20% O₂, 5% CO₂, 75% N₂) for 48 h. Then, a line was scraped into the cell monolayer 
using a sterile tip. The cells were washed three times with PBS to remove scratched cell debris, and then added to 
serum-free or low-serum medium at 37℃ under normoxic conditions (20% O₂, 5% CO₂, 75% N₂). After 24 h, 
the cell migration in the scratched area was observed with a microscope (Olympus, Japan) and photographed.

Transwell
For the transwell experiment, after the 48 h hypoxic or normoxic treatment, RT4 and T24 cells were cultured in 
serum-free medium in a transwell upper chamber with an 8 μm pore size. The cell medium containing 20% FBS 
was added in the transwell lower chamber. The incubation was carried out for 24 h under normoxic conditions. 
Then, the migrated cells were fixed in 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet. The 
migrated cells were counted by a light microscope (Olympus, Japan).

Hematoxylin and Eosin (HE) staining
NMIBC, MIBC and non-tumor tissues were fixed in 4% paraformaldehyde at room temperature for 24  h, 
followed by wax infiltration, embedding, and sectioning into 4 μm slices. The sections were de-paraffinized twice 
in xylene for 10 min each, then re-hydrated through a series of graded alcohols (100%, 95%, 90%, 80%, 70%) for 
5 min each. Next, they were stained with hematoxylin (Servicebio, China) for 5 min and stained with 1% eosin 
solution for 2 min. Finally, representative images were taken using a light microscope (Olympus, Japan).
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Immunohistochemical (IHC)
The paraffin-embedded tumor sections were deparaffinized and then treated with a citrate buffer (pH 6.0) in 
a microwave oven for 10–15  min to expose the antigens. Then, the sections were treated with 3% H2O2 to 
deactivate endogenous peroxidase. After blocking non-specific antigen binding with 5% BSA at 37 °C for 1 h, the 
sections were incubated with a specific primary antibody against VASN or HIF-1α (1:100 dilution, Abcam, USA) 
at 4 °C overnight. After incubating with the corresponding secondary antibodies at 37 °C for 1 h, the sections 
were stained with diaminobenzidine and counterstained with hematoxylin. Representative images were taken 
using a light microscope (Olympus, Japan).

Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted from cells using Trizol reagent (Invitrogen, USA) following the manufacturer’s 
instructions. The concentration and quality of RNA were analyzed by NanoDrop (Thermo, USA). Then, RNA 
was reverse-transcribed to cDNA by PrimeScript™RT kit (Takara, Japan). RT-qPCR assay was conducted by the 
SYBR Green PCR Master Mix Kit (Qiagen, Germany). Gene levels were determined using the 2−ΔΔCt technique 
and adjusted to GAPDH.

Western blot
Total protein was extracted from cells using RIPA lysis buffer (Beyotime, China). The protein concentration 
was measured by the BCA Kit (Beyotime, China). The protein was loaded on 10% SDS-PAGE and transferred 
onto the PVDF membranes. Then, the membranes were blocked with 5% skim milk for 1 h. The membranes 
were incubated with the following primary antibodies overnight at 4˚C: anti-VASN (ab156868, 1: 1000 dilution, 
Abcam, USA), anti-N-Cadherin (ab76011, 1: 5000 dilution, Abcam, USA), anti-E-Cadherin (ab314063, 1: 1000 
dilution, Abcam, USA), anti-YAP (#4912, 1: 1000 dilution, Cell Signaling Technology, USA), anti-TAZ (#4883, 1: 
1000 dilution, Cell Signaling Technology, USA), anti-PTEN (#9552, 1: 1000 dilution, Cell Signaling Technology, 
USA), anti-P-AKT (ab38449, 1: 500 dilution, Abcam, USA), anti-AKT (#9272, 1: 1000 dilution, Cell Signaling 
Technology, USA), anti-HIF-1α (#3716, 1: 1000 dilution, Abcam, USA), anti-β-actin (ab6276, 1: 5000 dilution, 
Abcam, USA). After this, the membranes were incubated with the secondary antibody for 2 h. At last, the images 
were collected by ECL luminescence (Beyotime, China) and western blot imaging system. β-actin was used to 
normalize protein expression level.

Statistical analysis
Experimental results were independently repeated at least three times and presented as mean ± SD. The statistical 
analyses were performed using GraphPad Prism 6. A paired t-test was used to analyze the differences between 
two groups. One-way ANOVA followed Tukey’s poc host was used to analyze the differences among multiple 
groups. P < 0.05 indicated a statistical significance.

Results
VASN is increased in high-grade bladder cancer tissues and cells
HE staining showed that non - tumor bladder tissues displayed a normal structure with well-arranged cell layers 
and intact muscularis propria (Fig.  1A). Besides, NMIBC tissues showed abnormal cell proliferation in the 
urothelium with loss of normal architecture but no muscle layer invasion, and MIBC tissues presented highly 
disorganized tumor cells invading the muscularis propria with evident nuclear atypia (Fig. 1A). Firstly, IHC 
was used to assess VASN expression in NMIBC tissues and MIBC tissues. The data showed that VASN was 
highly expressed in MIBC tissues relative to NMIBC tissues (Fig.  1B). Consistently, there also exhibited an 
elevated VASN mRNA and protein expression in bladder cancer cell lines (RT4 and T24) compared with ureteral 
epithelial cell line (SV-HUC-1) (Fig. 1C-D). It is worth noting that the levels of VASN mRNA and protein were 
markedly up-regulated in the high-grade bladder cancer cell line T24 compared to the low-grade bladder cancer 
cell line RT4 (Fig. 1C-D). These data support that VASN may play a role in the progression of bladder cancer.

Hypoxia promotes low-grade bladder cancer cell migration and EMT progression, and 
increases VASN expression
Recent studies have shown that hypoxia plays an important role in the metastasis of malignant tumors17,24. In 
order to investigate the changes in biological characteristics of poorly differentiated bladder cancer cells RT4 
under hypoxia conditions, RT4 cells were cultured under normoxic conditions or hypoxic conditions for 48 h, 
and T24 cells were cultured under normoxic conditions. Wound healing and transwell assays showed that the 
migration ability of high-grade bladder cancer cell line T24 was significantly increased compared to the low-
grade bladder cancer cell line RT4 (Fig. 2A-B). In addition, the migration number of RT4 cells under hypoxia 
was significantly higher than that in the normal oxygen concentration control group (Fig.  2A-B). Western 
bolt suggested that hypoxia significantly decreased E-Cadherin protein expression in RT4 cells, and increased 
N-Cadherin protein expression in RT4 cells (Fig. 2C). These data indicate that hypoxia induces the occurrence 
of migration and EMT in bladder cancer. Besides, the VASN level was up-regulated under hypoxia in RT4 cells 
(Fig. 2D). These data indicate that VASN participates in hypoxic adaptive response in bladder cancer.

Hypoxia-elevated VASN promotes migration of bladder cancer cells
To determine the function of VASN on bladder cancer, VASN knocked down or overexpressed to conduct 
lose- or gain-of-function assays. RT-qPCR assay showed after treatment with si-VASN, VASN expression was 
significantly decreased (Fig.  3A). Transfection of RT4 cells with VASN OE markedly increased VASN level 
(Fig. 3B). Functionally experiments showed that overexpression of VASN induced RT4 cell migration, while 
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silencing VASN inhibited hypoxia-induced migration of RT4 cells (Fig. 3C-D). Collectively, these results indicate 
that hypoxia induces bladder cancer cell migration through up-regulating VASN.

VASN regulates the YAP/TAZ and PTEN/AKT pathways in bladder cancer cells
Recent studies have shown that the YAP/TAZ and PTEN/AKT pathways play an important role in hypoxia-
induced tumor cell progression25,26. Therefore, we studied whether VASN would affect the YAP/TAZ and PTEN/
AKT pathways in hypoxia-mediated RT4 cells. Western blot assay showed that the levels of VASN, YAP, TAZ 
and AKT phosphorylation were increased, and the level of PTEN was decreased in hypoxia-cultured RT4 cells 
compared with normal-cultured RT4 cells (Fig.  4). Besides, silencing VASN reversed the hypoxia-mediated 
changes in YAP/TAZ and PTEN/AKT pathways (Fig. 4). Collectively, these results suggest that the YAP/TAZ 
and PTEN/AKT pathways are involved in the promoting role of VASN on hypoxia-induced bladder cancer cell 
progression.

HIF-1α positively correlates with VASN
It’s reported that HIF-1α is an important transcription factor that causes multiple gene up-regulation in response 
to decreased oxygen availability27,28. IHC showed that HIF-1α was increased in MIBC tissues compared 
to NMIBC tissues (Fig.  5A). The expression levels of HIF-1α and VASN were increased under hypoxia in a 
time-dependent manner (Fig. 5B). Spearman correlation analysis showed that VASN expression was positively 
correlated with HIF-1α expression (Fig. 5C). To explore the effect of HIF-1α on VASN expression, RT4 cells 
were knocked down HIF-1α. The transfection efficacy was verified by RT-qPCR. The expression of HIF-1α was 
decreased in RT4 cells with si-HIF-1α transfection (Fig. 5D). Besides, the knockdown of HIF-1α significantly 
decreased HIF-1α and VASN protein expression in hypoxia-cultured RT4 cells (Fig. 5E). These results suggest 
that HIF-1α activates hypoxia-induced VASN expression in bladder cancer cells.

Fig. 1.  VASN is increased in high-grade bladder cancer tissues and cells. (A) HE staining was used to observe 
the pathological morphology of bladder tissue in detail to reveal the changes of cell and tissue structure (n = 3). 
Scale bar, 100 μm; Scale bar, 20 μm. (B) IHC was used to assess VASN expression in NMIBC tissues and MIBC 
tissues (n = 3). Scale bar, 100 μm; Scale bar, 20 μm. (C) Relative mRNA expression level of VASN was examined 
using RT-qPCR in bladder cancer cell lines (RT4 and T24) and ureteral epithelial cell line (SV-HUC-1) (n = 3). 
(D) Relative protein expression level of VASN was examined using western blot in bladder cancer cell lines 
(RT4 and T24) and ureteral epithelial cell line (SV-HUC-1) (n = 3). **P < 0.01, ***P < 0.001 vs. SV-HUC-1.
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Discussion
Hypoxia is an important feature of solid tumors, which activates related genes of tumor cells to adapt to the 
microenvironment29. According to the characteristics of lower tumor differentiation, higher malignancy and 
poor prognosis, hypoxia-induced dedifferentiation leads to tumor heterogeneity and malignant transformation 
of tumor cells, which increases the aggressiveness of tumor cells. This study aims to elucidate the biological 
significance of VASN in bladder cancer malignancy. In this study, the expression of VASN was detected in 
bladder cancer tissues and cells of different invasion grades. Furthermore, the hypoxic environment of bladder 
cancer was established in vitro to elucidate the biological characteristics of VASN in hypoxia-induced non-
invasive bladder cancer cells. Our study showed that the migration and adhesion of bladder cancer cells were 
enhanced under hypoxia. Most importantly, to our knowledge, this is the first time that hypoxia up-regulation 
of VASN has been shown to promote bladder cancer growth and migration. This study provides a sufficient 
theoretical basis for further investigation into the role of the HIF-1α/VASN axis in bladder cancer metastasis.

Molecular targeted therapy is a new trend in cancer therapy1,30. VASN, a newly discovered protein molecule, 
is an important cell surface factor. VASN has been found to promote the proliferation and invasion of cancer 
cells, and induce the development process of cancer transformation31,32. A study suggested that VASN was highly 
expressed in lung adenocarcinoma, and overexpression of VASN significantly promoted the malignancy of lung 
adenocarcinoma, including accelerating tumor cell proliferation and invasion31. In addition, VASN has been 
reported to promote cell transformation and inhibit angiogenesis33. Chen W et al. found that Cigarette smoke 
extract (CSE) and benzo[a]pyrene diol epoxide (BPDE) induced the expression of VASN in human bronchial 
epithelial cells (HBECs). Down-regulation of VASN in HBECs significantly inhibited CSE-induced lung cancer 

Fig. 2.  Hypoxia promotes low-grade bladder cancer cell migration and EMT progression, and increases 
VASN expression. RT4 cells were cultured under normoxic or hypoxic conditions for 48 h, and T24 cells were 
cultured under normoxic conditions. (A) Wound healing was performed to investigate the migration ability of 
RT4 cells, T24 cells and hypoxia-mediated RT4 cells (n = 3). Scale bar, 100 μm. (B) Transwell assay was carried 
out to assess the migration ability of RT4 cells, T24 cells and hypoxia-mediated RT4 cells (n = 3). Scale bar, 
100 μm. (C) Western blot was used to assess EMT-related proteins E-Cadherin and N-Cadherin expression 
(n = 3). (D) VASN mRNA level was detected by RT-qPCR (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. RT4 
Control.

 

Scientific Reports |        2025 15:21635 5| https://doi.org/10.1038/s41598-025-05929-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


cell transformation33. VASN also participates in the immune inflammatory response34. In this study, we found 
that VASN was highly expressed in MIBC tissues relative to NMIBC tissues. Besides, VASN mRNA and protein 
expression levels were higher in bladder cancer cell lines (RT4 and T24) than ureteral epithelial cell line (SV-
HUC-1). These data support that VASN may play a role in the progression of bladder cancer. This is consistent 
with a previous study in glioma35. A study reported that the expression of VASN was significantly correlated with 
the tumor grade of gliomas, and the expression was increased in high-grade gliomas35.

It’s reported that hypoxia in the tumor tissue promotes the occurrence of malignant phenotype and cell 
dedifferentiation, and also induces the change of downstream gene expression, thus inducing malignant 
transformation, heterogeneity, immune escape and treatment resistance of the tumor29,36,37. In the study, we also 
found that hypoxia promoted low-grade bladder cancer cell migration. Besides, hypoxia significantly decreased 
E-Cadherin protein expression, and increased N-Cadherin protein expression in RT4 cells, which promoted 
EMT progression. This is consistent with Lv WL’s study38. A recent study showed that high expression of VASN 
in glioblastoma multiforme (GBM) cells protected cells from hypoxia-induced apoptosis35. Mechanistically, 
under hypoxia, the HIF-1α/STAT3 co-activating complex induced the expression of VASN in GSM35. A hypoxia-
induced upregulation of VASN has been reported earlier in glioma stem like cells and also in a glaucoma 
model39,40. VASN, in turn seems to be able to modulate the HIF-1α/MAPK pathways in a mouse model of 
ischemia/reperfusion of the kidney41. However, the ole of VASN in hypoxic bladder cancer has not been reported 
in previous studies. Given that hypoxia is a characteristic feature of the tumor microenvironment in bladder 
cancer and is associated with poor prognosis, elucidating how VASN contributes to the cellular response to 

Fig. 3.  Hypoxia-elevated VASN promotes migration of bladder cancer cells. (A) RT-qPCR assay was used 
to detect transfection efficiency of si-VASN-1, si-VASN-2, and si-VASN-3 (n = 3). **P < 0.01, ***P < 0.001 vs. 
si-NC. (B) RT-qPCR assay was used to detect the transfection efficiency of VASN OE (n = 3). ***P < 0.001 
vs. NC OE. RT4 cells were transfected with VASN OE, and hypoxia-mediated RT4 cells were transfected 
with si-VASN-1. (C) Wound healing was performed to investigate the migration ability of RT4 cells with 
corresponding treatment (n = 3). Scale bar, 100 μm. (D) Transwell assay was carried out to assess the migration 
ability of RT4 cells with corresponding treatment (n = 3). Scale bar, 100 μm. **P < 0.01, ***P < 0.001 vs. NC OE 
or Hypoxia + si-NC.
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hypoxia may open up new avenues for developing targeted therapies. Our study revealed that hypoxia-induced 
bladder cancer cell migration through up-regulating VASN.

In addition, we also found that HIF-1α was increased in MIBC tissues compared to NMIBC tissues. Notably, 
VASN expression was positively correlated with HIF-1α expression. Regarding the rather untypical time 
course for HIF-1α protein stabilization with a maximum after 48 h, we speculated that the continuous hypoxic 
exposure for up to 48  h may lead to a cumulative effect on the stabilization of HIF-1α protein. As the cells 
are continuously exposed to a hypoxic environment, multiple cellular processes and signaling pathways are 
activated. Over time, these processes could interact and contribute to the increased stability of HIF-1α. Besides, 
this finding may also be related to the specific characteristics of the RT4 cells and the experimental conditions. 
This time course may differ from what has been reported in some other study42. However, it is important to 
note that the experimental models, cell types, and conditions used in those studies can vary significantly. To 
further validate and understand this finding, we plan to conduct additional experiments in the future. We will 
also perform more detailed molecular analyses to investigate the underlying mechanisms involved in the HIF-
1α stabilization process, such as examining the expression and activity of key regulators of HIF-1α degradation. 
Our study further confirmed that HIF-1α activated VASN expression in hypoxia-induced bladder cancer cells. 
HIF-1α and its downstream pathway have been confirmed to be involved in the whole process of bladder cancer 
occurrence, invasion, metastasis, angiogenesis and drug resistance, which is closely related to the poor prognosis 
of patients27,43,44.

YAP/TAZ pathway is essential in cancer initiation or growth in several cancers45–47. The activation of YAP/TAZ 
pathway induces cancer stem cell characterization, proliferation, chemotherapy resistance, and metastasis46,47. 
Gao Y et al. found that curcumin promoted KLF5 proteasome-dependent degradation by targeting YAP/TAZ 
in bladder cancer cells48. In bladder cancer cells, the activation of PTEN inhibited the expression of PI3K and 
AKT49,50. A large number of literatures have shown that the PTEN/AKT pathway is involved in regulating the 
proliferation, apoptosis and invasion of bladder cancer49,50. Recent studies have shown that the YAP/TAZ and 
PTEN/AKT pathways play an important role in hypoxia-induced tumor cell progression25,26. Our study revealed 
that the YAP/TAZ and PTEN/AKT pathways were involved in the promoting role of VASN on hypoxia-induced 
bladder cancer cell progression.

In this study, we provided valuable insights into the role of VASN in the context of bladder cancer, particularly 
in relation to the hypoxic microenvironment. We elucidated the role of VASN in the cellular response to hypoxia 
in bladder cancer cells, as well as its involvement in regulating relevant signaling pathways, which contributes to 
our understanding of the biological mechanisms underlying bladder cancer progression. However, it is essential 
to acknowledge several limitations of our study. One notable limitation is that there is currently a lack of clinical 
evidence directly linking VASN to the prognosis of bladder cancer patients. Our research primarily relied on in 
vitro experiments using bladder cancer cell lines, and while these findings provide valuable preliminary data, 
translating them to the clinical setting requires further investigation. To firmly establish a significant association 
between VASN and the prognosis of bladder cancer patients, large-scale, well-designed clinical studies involving 
a substantial number of patients are necessary. Such studies would involve analyzing the expression levels of 
VASN in bladder cancer tissues obtained from patients with known clinical outcomes, including overall survival, 

Fig. 4.  VASN regulates the YAP/TAZ and PTEN/AKT pathways in bladder cancer cells. Western blot assay was 
used to assess YAP/TAZ and PTEN/AKT pathways (n = 3). *P < 0.05, ***P < 0.001 vs. Control or Hypoxia + si-
NC.
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disease-free survival, and recurrence rates. Building on the previous discussion about the limitations of our study 
regarding the significance of VASN in bladder cancer, another notable limitation that must be acknowledged 
is the absence of in vivo animal experiments. Additional in vivo studies are needed to confirm the clinical 
relevance of our results in preventing the migration and metastasis of bladder cancer. While our study has made 
important contributions to the understanding of VASN in bladder cancer, these limitations highlight the need 
for additional research in this area.

In summary, HIF-1α activated VASN expression in hypoxia-induced bladder cancer cells, and VASN 
promoted bladder cancer progression via the YAP/TAZ and PTEN/AKT pathways. These findings provided a 
new approach and strategy for the treatment of bladder cancer.

Data availability
Raw data related to the study are available from the corresponding author on reasonable request.
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Fig. 5.  HIF-1α positively correlates with VASN. (A) IHC was used to assess HIF-1α expression in NMIBC 
tissues and MIBC tissues (n = 3). Scale bar, 100 μm; Scale bar, 20 μm. (B) RT4 cells were incubated under 
hypoxic conditions (1% O2, 5% CO2, 94% N2) at 37 °C for 12, 24, 36, and 48 h, then western blot was used 
to observe the time-dependent changes in HIF-1α and VASN expression (n = 3). (C) Spearman correlation 
analysis showed that VASN expression was positively correlated with HIF-1α expression (n = 3). (D) RT-
qPCR assay was used to detect the transfection efficiency of si-HIF-1α-1 and si-HIF-1α-2 (n = 3). **P < 0.01, 
***P < 0.001 vs. si-NC. (E) Relative protein expression levels of VASN and HIF-1α were examined using 
western blot in RT4 cells with si-HIF-1α-2 transfection and under hypoxia for 48 h (n = 3). *P < 0.05, **P < 0.01, 
***P < 0.001 vs. Control or Hypoxia + si-NC.

 

Scientific Reports |        2025 15:21635 8| https://doi.org/10.1038/s41598-025-05929-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


References
	 1.	 Lopez-Beltran, A., Cookson, M. S., Guercio, B. J. & Cheng, L. Advances in diagnosis and treatment of bladder cancer. BMJ (Clinical 

Res. ed). 384, e076743 (2024).
	 2.	 Flaig, T. W. et al. NCCN Guidelines® insights: bladder cancer, version 3.2024. J. Natl. Compr. Canc Netw. 22 (4), 216–225 (2024).
	 3.	 Holzbeierlein, J. M. et al. Diagnosis and treatment of Non-Muscle invasive bladder cancer: AUA/SUO guideline: 2024 amendment. 

J. Urol. 211 (4), 533–538 (2024).
	 4.	 Liu, L. et al. Impact of tumour stroma-immune interactions on survival prognosis and response to neoadjuvant chemotherapy in 

bladder cancer. EBioMedicine 104, 105152 (2024).
	 5.	 Liu, J. et al. Immunotherapeutic prospects and progress in bladder cancer. J. Cell. Mol. Med. 28 (5), e18101 (2024).
	 6.	 Yuan, H. et al. Single-cell sequencing reveals the heterogeneity of B cells and tertiary lymphoid structures in muscle-invasive 

bladder cancer. J. Transl Med. 22 (1), 48 (2024).
	 7.	 Chen, H., Ma, L., Yang, W., Li, Y. & Ji, Z. POLR3G promotes EMT via PI3K/AKT signaling pathway in bladder cancer. FASEB 

Journal: Official Publication Federation Am. Soc. Experimental Biology. 37 (12), e23260 (2023).
	 8.	 Liu, C. H. et al. METTL3 regulates the proliferation, metastasis and EMT progression of bladder cancer through P3H4. Cell. Signal. 

113, 110971 (2024).
	 9.	 Bryan, R. T. Cell adhesion and urothelial bladder cancer: the role of Cadherin switching and related phenomena. Philos. Trans. R 

Soc. Lond. B Biol. Sci. 370 (1661), 20140042 (2015).
	10.	 Cao, R. et al. An EMT-related gene signature for the prognosis of human bladder cancer. J. Cell. Mol. Med. 24 (1), 605–617 (2020).
	11.	 Song, Q. et al. Bladder cancer-derived Exosomal KRT6B promotes invasion and metastasis by inducing EMT and regulating the 

immune microenvironment. J. Transl Med. 20 (1), 308 (2022).
	12.	 Ren, L. et al. Nitroxoline suppresses metastasis in bladder cancer via EGR1/circNDRG1/miR-520  h/smad7/EMT signaling 

pathway. Int. J. Biol. Sci. 18 (13), 5207–5220 (2022).
	13.	 Meng, X. et al. CircPTK2/PABPC1/SETDB1 axis promotes EMT-mediated tumor metastasis and gemcitabine resistance in bladder 

cancer. Cancer Lett. 554, 216023 (2023).
	14.	 Geng, H. et al. Diallyl trisulfide inhibited tobacco smoke-mediated bladder EMT and cancer stem cell marker expression via the 

NF-κB pathway in vivo. J. Int. Med. Res. 49 (3), 300060521992900 (2021).
	15.	 Hu, W. et al. Anti-tumor effect of AZD8055 against bladder cancer and bladder cancer-associated macrophages. Heliyon 9 (3), 

e14272 (2023).
	16.	 Chai, J., Yin, S., Feng, W., Zhang, T. & Ke, C. The role of Hypoxia-inducible Factor-1 in bladder Cancer. Curr. Mol. Med. 24 (7), 

827–834 (2024).
	17.	 Wang, J. Z. et al. The role of the HIF-1α/ALYREF/PKM2 axis in Glycolysis and tumorigenesis of bladder cancer. Cancer Commun. 

(Lond). 41 (7), 560–575 (2021).
	18.	 Zhou, Q. et al. CDCA8 promotes bladder cancer survival by stabilizing HIF1α expression under hypoxia. Cell Death Dis. 14 (10), 

658 (2023).
	19.	 La Marca, A., De Carlini, S. & Liuzzi, F. Vasorin: a new molecule in human reproduction? Gynecol. Endocrinol. 39 (1), 2273282 

(2023).
	20.	 Wan, F. et al. Vasorin promotes proliferation and migration via STAT3 signaling and acts as a promising therapeutic target of 

hepatocellular carcinoma. Cell. Signal. 110, 110809 (2023).
	21.	 Kang, D. et al. Vasorin (VASN) overexpression promotes pulmonary metastasis and resistance to adjuvant chemotherapy in 

patients with locally advanced rectal cancer. J. Transl Med. 22 (1), 742 (2024).
	22.	 Cui, F. L., Mahmud, A. N., Xu, Z. P., Wang, Z. Y. & Hu, J. P. VASN promotes proliferation of prostate cancer through the YAP/TAZ 

axis. Eur. Rev. Med. Pharmacol. Sci. 24 (12), 6589–6596 (2020).
	23.	 Liang, W. et al. VASN promotes colorectal cancer progression by activating the YAP/TAZ and AKT signaling pathways via YAP. 

FASEB Journal: Official Publication Federation Am. Soc. Experimental Biology. 37 (1), e22688 (2023).
	24.	 Lodhi, T., Song, Y. P., West, C., Hoskin, P. & Choudhury, A. Hypoxia and its modification in bladder cancer: current and future 

perspectives. Clin. Oncol. (R Coll. Radiol). 33 (6), 376–390 (2021).
	25.	 Castillo, C. et al. Hypoxia effects on glioblastoma progression through YAP/TAZ pathway regulation. Cancer Lett. 588, 216792 

(2024).
	26.	 Wei, L. et al. Integrin β3 promotes cardiomyocyte proliferation and attenuates hypoxia-induced apoptosis via regulating the pten/

akt/mtor and ERK1/2 pathways. Int. J. Biol. Sci. 16 (4), 644–654 (2020).
	27.	 Li, X. et al. P4HA2-mediated HIF-1α stabilization promotes erdafitinib-resistance in FGFR3-alteration bladder cancer. FASEB 

Journal: Official Publication Federation Am. Soc. Experimental Biology. 37 (4), e22840 (2023).
	28.	 Zhang, Z., Li, X., Ren, S. & Zhang, W. CNN1 represses bladder Cancer progression and metabolic reprogramming by modulating 

HIF-1α signaling pathway. Front. Oncol. 12, 859707 (2022).
	29.	 Jing, X. et al. Role of hypoxia in cancer therapy by regulating the tumor microenvironment. Mol. Cancer. 18 (1), 157 (2019).
	30.	 Alifrangis, C., McGovern, U., Freeman, A., Powles, T. & Linch, M. Molecular and histopathology directed therapy for advanced 

bladder cancer. Nat. Rev. Urol. 16 (8), 465–483 (2019).
	31.	 Wu, D. N. et al. VASN promotes the aggressive phenotype in ARID1A-deficient lung adenocarcinoma. BMC Cancer. 24 (1), 1327 

(2024).
	32.	 Liu, H. et al. VASN promotes proliferation of laryngeal cancer cells via YAP/TAZ. J. Buon. 26 (4), 1563–1570 (2021).
	33.	 Chen, W. et al. Vasorin/ATIA promotes cigarette Smoke-Induced transformation of human bronchial epithelial cells by suppressing 

Autophagy-Mediated apoptosis. Transl Oncol. 13 (1), 32–41 (2020).
	34.	 Guo, X. et al. Vasorin contributes to lung injury via FABP4-mediated inflammation. Mol. Biol. Rep. 49 (10), 9335–9344 (2022).
	35.	 Liang, W. et al. Vasorin stimulates malignant progression and angiogenesis in glioma. Cancer Sci. 110 (8), 2558–2572 (2019).
	36.	 Wicks, E. E. & Semenza, G. L. Hypoxia-inducible factors: cancer progression and clinical translation. J Clin. Invest 132(11). (2022).
	37.	 Fan, P. et al. Alleviating hypoxia to improve cancer immunotherapy. Oncogene 42 (49), 3591–3604 (2023).
	38.	 Lv, W. L., Liu, Q., An, J. H. & Song, X. Y. Scutellarin inhibits hypoxia-induced epithelial-mesenchymal transition in bladder cancer 

cells. J. Cell. Physiol. 234 (12), 23169–23175 (2019).
	39.	 Man, J. et al. Hypoxic induction of Vasorin regulates Notch1 turnover to maintain glioma Stem-like cells. Cell. Stem Cell. 22 (1), 

104–118e106 (2018).
	40.	 Choi, J. A. et al. Role of vasorin, an anti-apoptotic, anti-TGF-β and hypoxia-induced glycoprotein in the trabecular meshwork cells 

and glaucoma. J. Cell. Mol. Med. 26 (7), 2063–2075 (2022).
	41.	 Diao, H., Li, J., Fan, J., Fan, Y. & Chen, W. WCN23-0909 Vasorin regulates the HIF-1ɑ /MAPK signaling pathway to improve AKI. 

Kidney Int. Reports (2023).
	42.	 Yan, Y. et al. IMP2 drives chemoresistance by repressing cisplatin-induced apoptosis and ferroptosis via activation of IPO4 and 

SLC7A11 under hypoxia in bladder cancer. Cancer Cell. Int. 24 (1), 386 (2024).
	43.	 Qing, L. et al. Hypoxia-mediated Attenuation of EGLN2 Inhibition of the NF-κB signaling pathway leads to the formation of a loop 

between HIF-1α and MUC1-C promoting chemoresistance in bladder cancer. Mol. Carcinog. 63 (7), 1303–1318 (2024).
	44.	 Chen, M. C., Hsu, W. L., Chang, W. L. & Chou, T. C. Antiangiogenic activity of phthalides-enriched Angelica sinensis extract by 

suppressing WSB-1/pVHL/HIF-1α/VEGF signaling in bladder cancer. Sci. Rep. 7 (1), 5376 (2017).
	45.	 Liu, L. et al. Itga8-Cre-mediated deletion of YAP and TAZ impairs bladder contractility with minimal inflammation and 

chondrogenic differentiation. Am. J. Physiol. Cell. Physiol. 325 (6), C1485–c1501 (2023).

Scientific Reports |        2025 15:21635 9| https://doi.org/10.1038/s41598-025-05929-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


	46.	 Piccolo, S., Panciera, T., Contessotto, P. & Cordenonsi, M. YAP/TAZ as master regulators in cancer: modulation, function and 
therapeutic approaches. Nat. Cancer. 4 (1), 9–26 (2023).

	47.	 Nguyen, C. D. K. & Yi, C. YAP/TAZ signaling and resistance to Cancer therapy. Trends Cancer. 5 (5), 283–296 (2019).
	48.	 Gao, Y. et al. Curcumin promotes KLF5 proteasome degradation through downregulating YAP/TAZ in bladder cancer cells. Int. J. 

Mol. Sci. 15 (9), 15173–15187 (2014).
	49.	 Zou, F. et al. SQLE knockdown inhibits bladder cancer progression by regulating the PTEN/AKT/GSK3β signaling pathway 

through P53. Cancer Cell. Int. 23 (1), 221 (2023).
	50.	 Liu, J. et al. Bergenin inhibits bladder cancer progression via activating the PPARγ/PTEN/Akt signal pathway. Drug Dev. Res. 82 

(2), 278–286 (2021).

Author contributions
Qian-jin Zhang, Chun-hui Liu, and Ke Wang wrote the main manuscript, Xue-yuan Mao performed the statis-
tical analysis, specimen collection, and Yang Dong, Ming-yi Zang, and Wei Zhang prepared the images. Quan-
sheng Yu and Lin Hao designed the experiments and provided financial support. All authors participated in the 
experiment.

Funding
The research was supported by Supported by Suqian Sci & Tech Program, Grant (No.KY202205), The National 
Natural Science Foundation of China (No. 82204866) and The Natural Science Foundation of Jiangsu Province 
(No. BK20231163).

Declarations

Competing interests
The authors declare no competing interests.

Ethical consideration
This study strictly adhered to the ethical principles outlined in the Declaration of Helsinki. The research 
protocol was reviewed and approved by the Medical Ethics Committee of Suqian First People’s Hospital (Ethics 
Approval No.: 2023-SL-0054). Prior to study implementation, all participants provided written informed 
consent after being fully informed of the research objectives, procedures, and potential risks.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​5​9​2​9​-​7​​​​​.​​

Correspondence and requests for materials should be addressed to Q.-s.Y. or L.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, 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 you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. 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 ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        2025 15:21635 10| https://doi.org/10.1038/s41598-025-05929-7

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-05929-7
https://doi.org/10.1038/s41598-025-05929-7
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Hypoxia-induced HIF-1α/VASN promotes bladder cancer progression
	﻿Materials and methods
	﻿Human samples
	﻿Cell culture and treatment
	﻿Cell transfection
	﻿Wound healing
	﻿Transwell
	﻿Hematoxylin and Eosin (HE) staining
	﻿Immunohistochemical (IHC)
	﻿Reverse transcription-quantitative PCR (RT-qPCR)
	﻿Western blot
	﻿Statistical analysis

	﻿Results
	﻿VASN is increased in high-grade bladder cancer tissues and cells
	﻿Hypoxia promotes low-grade bladder cancer cell migration and EMT progression, and increases VASN expression
	﻿Hypoxia-elevated VASN promotes migration of bladder cancer cells
	﻿VASN regulates the YAP/TAZ and PTEN/AKT pathways in bladder cancer cells
	﻿HIF-1α positively correlates with VASN

	﻿Discussion
	﻿References


