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Cisplatin-based chemotherapy is the primary treatment for advanced bladder cancer; however, 
numerous patients experience treatment failure because of chemoresistance. Therefore, it is crucial to 
identify drivers of chemoresistance and determine strategies to counteract them to improve prognosis 
in bladder cancer patients. This study performed proteomics analysis of clinical samples of cisplatin-
naïve and resistant bladder cancer tissues. Furthermore, the GEO and TCGA datasets were integrated, 
which revealed latent transforming growth factor β binding protein 1 (LTBP1) as a potential gene 
associated with chemoresistance in bladder cancer. LTBP1 expression was correlated with clinical 
stage and patient survival. LTBP1 knockdown in bladder cancer cells inhibited proliferation, migration, 
invasion, and chemoresistance via TGF-β-mediated epithelial-mesenchymal transition. Subcutaneous 
tumor and lung metastasis mouse models revealed that LTBP1 inhibition combined with cisplatin 
treatment significantly inhibited tumor growth and metastasis. Higher LTBP1 expression is associated 
with a worse prognosis and advanced stage in bladder cancer patients. In conclusion, this study 
revealed that LTBP1 may be a potential target for alleviating chemoresistance in bladder cancer.
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Bladder cancer is one of the most common and deadly urologic cancers, posing significant problems for 
prevention and treatment1. The literature has indicated that about 75% of bladder cancer cases are first identified 
as non-muscle-invasive bladder cancer (NMIBC)2. Patients with NMIBC are susceptible to tumor recurrence 
post-treatment and may advance to muscle-invasive bladder cancer (MIBC)3,4. Currently, the standard treatment 
for MIBC is neoadjuvant chemotherapy followed by radical cystectomy, which mainly comprises platinum-based 
regimens, such as gemcitabine plus cisplatin (GC). Neoadjuvant chemotherapy with the GC regimen can reduce 
tumor size and enhance long-term survival in MIBC patients5. Furthermore, aside from enfortumab vedotin 
plus pembrolizumab, GC remains the recommended treatment strategy for metastatic urothelial carcinoma of 
the bladder in patients who can tolerate cisplatin6–8. However, irrespective of the chemotherapy regimen, drug 
resistance inevitably develops over time, a major challenge in cancer treatment that can result in therapeutic 
failure. Despite comprehensive interventions, the 5-year survival rate for MIBC patients remains unsatisfactory 
at approximately 50%9, which is closely related to chemoresistance in tumors. Therefore, it is crucial to identify 
mechanisms of chemoresistance to provide novel theoretical evidence for bladder cancer drug therapy and 
personalized chemotherapy regimens.

Latent transforming growth factor β binding protein 1 (LTBP1) is a large multidomain protein that belongs 
to the family of latent TGF-β binding proteins (LTBPs). It is the primary component of the extracellular matrix 
(ECM)10. LTBP1 modulates TGF-β activity indirectly by interacting with the ECM, hence affecting TGF-β’s 
secretion, activation, and functional expression11,12. The literature has reported that LTBP1 is significantly 
related to tumor occurrence, development, and drug resistance via various mechanisms (such as TGF-β signaling 
regulation), as well as epithelial-mesenchymal transition (EMT) processes and tumor microenvironment (TME) 
modulation13–15. However, the role of LTBP1 in bladder cancer remains elusive.
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This study performed proteomics analysis using public databases and identified LTBP1 as a key gene associated 
with chemoresistance in bladder cancer. Furthermore, the role and specific molecular mechanisms of LTBP1 in 
chemoresistance were also evaluated. The data revealed that LTBP1 promoted bladder cancer progression and 
chemoresistance via TGF-β-mediated EMT. LTBP1 was found to be related to the clinical staging and prognosis 
of bladder cancer patients. LTBP1 knockdown increased bladder cancer cells’ sensitivity to chemotherapy. 
Overall, this study revealed the relationship between LTBP1 and chemoresistance and identified that LTBP1 
knockdown increases chemotherapy sensitivity in bladder cancer, thus providing a promising therapeutic target 
for bladder cancer.

Materials and methods
Tissue samples and cell culture
Pathological specimens of primary and recurrent bladder tumors from 5 cases each, who underwent trimodality 
therapy (TMT) at the First Affiliated Hospital of Shandong First Medical University between January 2020 and 
December 2023 were collected. TMT refers to bladder-preserving therapy that combines maximal transurethral 
resection of bladder tumor with concurrent chemoradiotherapy. Concurrent chemoradiotherapy regimen: 
cisplatin 40 mg/m²/week, throughout the radiotherapy; prophylactic irradiation of the entire bladder and pelvic 
lymphatic drainage areas at 45  Gy/1.8  Gy/25 times, concurrent local bladder tumor and concurrent pelvic 
metastatic lymph nodes at 60 Gy/2.4 Gy/25 times. The inclusion criterion included surgically resected bladder 
cancer tissue from patients who had not received other anti-tumor treatments. The samples were preserved 
in tissue-saving solution for data independent acquisition (DIA) relative quantitative proteomics analysis. The 
bladder urothelial carcinoma diagnosis was confirmed in all the tissue samples by hospital pathologists. The 
signed informed consent forms were acquired from patients or their families before the samples were collected. 
The study was approved by the Research Ethics Committee of The First Affiliated Hospital of Shandong Second 
Medical University (KYLL20240530-1). Furthermore, for in vitro analysis, T24, J82, UMUC3, and SV-HUC-1 
cell lines were acquired from the Chinese Academy of Sciences Cell Bank. All the cells were cultured in DMEM 
(Gibco, China) containing 10% FBS and 1% penicillin-streptomycin at 37 °C in 5% CO2.

DIA quantitative proteomics
Briefly, each sample was snap frozen with liquid nitrogen, ground, mixed with an appropriate amount of SDT 
buffer, transferred to an EP tube, boiled in water for 3 min, sonicated in an ice bath for 2 min, and then centrifuged 
at 16,000 g and 4℃ for 20 min to acquire supernatant (protein solution). The proteins were quantified using 
BCA, mixed (15  µg protein) with 5X loading buffer, and boiled in water for 5  min. The proteins were then 
subjected to 8–16% SDS-PAGE. Protein from each sample was then employed for FASP enzymatic hydrolysis, 
respectively. An appropriate number of peptide segments were taken from each sample for chromatographic 
separation, which was performed using the Vanquish Neo UHPLC system and Neo UHPLC (Thermo Scientific). 
Subsequently, all mass spectrometry data were merged through the software DIA-NN. Then, mass spectrometry 
data were retrieved from the uniprot-Homo sapiens (Human) [9606]-207981-20230717.fasta ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​u​n​i​p​
r​o​t​.​o​r​g​/​9​6​0​6​​​​​) database, and quantitative analysis of protein was completed.

Bioinformatics analysis
GEO database analysis: using the GEO database (https://www.ncbi.nlm.nih.gov/geo/), data on ​c​h​e​m​o​t​h​e​r​a​p​y​-​r​
e​s​i​s​t​a​n​t bladder cancer cell lines were searched, and GSE171537 was ultimately selected. Data processing and 
differential analysis were conducted using R software, with the R packages GEOquery and limma. A significance 
threshold of 0.05 (p < 0.05) was applied, and |Log2 FC| > 1 was considered standard. Differentially expressed 
genes between the chemotherapy-resistant group and the chemotherapy-sensitive group were identified.

Multivariate COX regression analysis: clinical prognosis data of bladder cancer (BLCA) was obtained from 
the TCGA database and analyzed using R software, with the R packages survival, forestplot, and tidyverse. First, 
genes significantly associated with clinical prognosis (p < 0.01) were screened. The selected genes were then 
included in a multivariate COX regression analysis to construct a prognostic model.

Western blot (WB) analysis
The extracted proteins were resolved on 10% SDS–PAGE, transferred to PVDF membranes (Millipore), blocked 
with a protein-free rapid buffer for 10 min at room temperature, and then treated overnight at 4 °C with primary 
antibodies against LTBP1 (A15287, ABclonal), Vimentin (60330-1-Ig, Proteintech), E-cadherin (60335-1-Ig, 
Proteintech), N-cadherin (66219-1-Ig, Proteintech), β-actin (66009-1-Ig, Proteintech), TGF-β (21898-1-AP, 
Proteintech), Caspase-3 (A2156, ABclonal), and BAX (A0207, ABclonal). The membrane was then washed with 
TBST thrice and probed with HRP-conjugated secondary antibodies for 1 h at ambient temperature. Protein 
bands were detected using ECL (Thermo) and quantified via the ImageJ software.

Cell proliferation and colony formation assays
CCK8 assay: Cells (1000/well) were seeded in 96-well plates and cultured in 10% FBS-DMEM at 37℃ for 1, 2, 
and 3 days. Then, 10 µL of CCK-8 reagent was added per well, and absorbance was measured at 450 nm (n = 3).

Colony formation analysis: Cells (500/well) were grown in 6-well plates for 14 days. The cells were then fixed 
with 4% paraformaldehyde for 15 min and stained using 0.1% crystal violet for 3 min. Finally, the cell colonies 
were analyzed and counted.

Transwell migration and invasion assays
The 24-well transwell chamber is used to study cell migration and invasion. After digestion and centrifugation, 
resuspend the cells in serum-free medium. A 100 µL cell suspension with a density of 1 × 105 cells/mL was 
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placed in the upper chamber and 500 µL of DMEM containing 10% FBS was added to the lower chamber. For 
invasion, add 2 mg/ml matrigel (Corning biocoat 356234) to the bottom of the upper chamber. After 36 h of 
incubation, the cells were fixed in 4% polyoxymethylene for 15 min and stained with 0.1% crystal violet solution 
for 15 min. Cells are observed under a light microscope, three randomly selected fields of view are counted and 
photographed. Each sample was analyzed in triplicate.

Apoptosis assays
The FITC Annexin V apoptosis detection kit (556570, BD Biosciences) was used to assess the cell apoptosis 
rate through flow cytometry. Briefly, cells were stained with FITC-Annexin V and propidium iodide as per 
the provided instructions, followed by flow cytometry analysis (FACS, BD Biosciences). The apoptosis rate was 
calculated by combining the values of early and late apoptotic cells. Data analysis was conducted using FlowJo 
software (FlowJo_v10.8.1).

Xenograft model
Subcutaneous tumor model: BALB/c nude mice (age: 4 weeks, female, purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd., China) were used. T24-NC and T24-shLTBP1 cells were harvested, 
counted, and resuspended in 100 µL PBS; 5 × 10⁶ cells were injected subcutaneously into the medial left hind 
limb. Animals were allocated to four groups: NC, shLTBP1, NC + Cis and shLTBP1 + Cis. Tumor formation was 
monitored from day 7. Mice in the cisplatin arms received intraperitoneal cisplatin (2.5 mg/kg, twice weekly for 
4weeks); control arms received equivalent volumes of saline. Body condition and tumor size were checked every 
3 days. Tumor length (L) and width (W) were measured with calipers, and volume was calculated as (L × W²)/2. 
After 4 weeks, mice were euthanized using cervical dislocation, tumors were excised intact, and final volumes 
were analyzed.

Lung metastasis model: BALB/c nude mice (4 weeks, females) were infused via the tail vein with 5 × 10⁵ 
cells (T24-NC or T24-shLTBP1) in 100 µL PBS. Four groups were established: NC, shLTBP1, NC + Cis, and 
shLTBP1 + Cis. After 1 week, the cisplatin arms received intraperitoneal cisplatin (2.5 mg/kg, twice weekly for 
3 weeks), while controls received equal volumes of saline. At 5 weeks after injection, mice were anesthetized 
with isoflurane in O₂/N₂O (1:1) and imaged on a Bruker 7 T BioSpec 70/20 USR scanner to assess pulmonary 
metastases. Animals were then euthanized using cervical dislocation; lungs were excised, fixed, and processed 
for HE staining. Metastatic foci in each lung were enumerated.

The animal experiments in this study have been approved by the Laboratory Animal Center of Shandong 
Second Medical University, with the ethics review approval number: 2023SDL338.

Immunohistochemistry (IHC) analysis
Slides with cultured cells were deparaffinized in xylene, rehydrated through graded ethanol (100, 95, 90, 80, 
and 70%), and subjected to antigen retrieval using 10 mM sodium citrate (pH 6.0) with blocking serum. Then, 
the slides were probed with primary antibody (A15287, ABclonal) overnight at 4 °C, followed by biotinylated 
secondary antibody. DAB (Servicebio) was employed to develop protein signals. Cell staining intensity was 
scored from 1 to 3, where 1 indicated no or weak staining, 2 depicted moderate staining, and 3 showed strong 
staining. The percentage of positive cells was scored as 1 (0–25%), 2 (25–50%), 3 (50–75%), and 4 (75–100%). 
The final score of the sample is obtained by multiplying the two scores.

Statistical analysis
Statistical analyses were carried out with SPSS 26.0 (IBM), GraphPad Prism, and R 4.3.1 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​-​p​r​o​j​e​c​t​.​
o​r​g​/​​​​​)​. Two-tailed t-tests were carried out for inter-group comparison, whereas one-way ANOVA was performed 
for multiple groups comparison. The association between the clinicopathological characteristics of the two 
groups were assessed using Fisher’s exact test. Overall survival was estimated using Kaplan–Meier curves. 
p < 0.05 was deemed statistically significant.

Results
Proteomics revealed that differentially expressed proteins (DEPs) were associated with 
bladder cancer chemoresistance
The heat map of proteomics showed differences in protein expression between the two groups (Fig.  1A). 
The t-tests combined with fold change (the ratio of average expression levels between two groups, FC) were 
performed to analyze significantly different proteins (p < 0.05, FC ≥ 1.5, or ≤ 1/1.5), which revealed 828 DEPs (513 
upregulated and 315 downregulated) in the chemoresistant group (Fig. 1B). GO functional enrichment analysis 
revealed that these DEPs were primarily enriched in the following biological processes (BP): immune system 
processes, cell migration, and cell movement (Fig. 1C). Furthermore, they were significantly associated with 
various cell components (CC), including cytoplasm, cell periphery, and cytoplasmic components in the category 
(Fig. 1D). The primary molecular function (MF) associated with these DEPs included nucleoside triphosphatase 
regulatory activity, GTPase regulatory activity, and actin binding (Fig. 1E). KEGG pathway enrichment analysis 
indicated that these DEPs were primarily enriched in chemokine signaling pathways, Rap1 signaling pathways, 
and cGMP-PKG signaling pathways (Fig. 1F).

LTBP1 was identified as a prospective gene related to chemoresistance in bladder cancer
The GEO database analysis of cisplatin-resistant and chemosensitive bladder cancer cell lines (GSE171537) 
data identified 2,079 DEPs through differential analysis (Fig.  2A). The DEPs from proteomics data and the 
GEO database were intersected, and the duplicates were removed, which revealed 85 genes associated with 
chemoresistance in bladder cancer (Fig.  2B). Subsequently, Cytoscape was employed to construct a protein-
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protein interaction (PPI) network for chemoresistance-related genes, which identified LTBP1 as a core candidate 
protein (Fig. 2C). Clinical prognosis data for bladder cancer from the TCGA database were analyzed using R 
software to identify genes substantially correlated with clinical outcomes, which were subsequently incorporated 
into a multivariate Cox regression analysis to develop a prognostic model (Fig. 2D). The results showed that 
LTBP1 is a prognostic risk factor for bladder cancer patients. Furthermore, the TCGA database analysis revealed 
that LTBP1 expression was linked to bladder cancer patient prognosis, with higher LTBP1 expression associated 
with a worse prognosis (Fig. 2E). Moreover, LTBP1 expression was related to T stage and clinical stage of bladder 
cancer (Fig. 2F). As these stages progress, LTBP1 expression increases. Overall, it was inferred that LTBP1 is a 
potential gene that modulates cisplatin chemoresistance in bladder cancer.

LTBP1 promoted the progression of bladder cancer through TGF-β
The WB analysis of proteins extracted from bladder cancer cell lines (T24, UMUC3, and J82) and normal 
human urothelial cells (SV-HUC-1) revealed higher LTBP1 expression in cancer cells (Fig. 3A). Furthermore, 
WB assay was carried out to validate the knockdown of LTBP1 in T24 and UMUC3 cell lines after using siRNA 
for LTBP1 silencing (Fig.  3B). Then, functional experiments were performed, in which CCK8 assay showed 
that inhibition of LTBP1 significantly reduced the short-term viability and proliferation of bladder cancer cells; 

Fig. 1.  Proteomics revealed that differentially expressed proteins (DEPs) were associated with bladder cancer 
chemoresistance. (A) Cluster heat map of differential proteins. The redder the color, the higher the relative 
expression, and the bluer the lower the relative expression. (B) Volcanic diagram of differential proteins. Each 
dot represents a protein, with red dots for significantly high expression proteins, blue dots for significantly 
low expression proteins, and gray dots for non-differential proteins. (C) BP term enrichment bubble diagram 
of differential proteins (top20). (D) MF term enrichment bubble diagram of differential proteins (top20). (E) 
BP term enrichment bubble diagram of differential proteins (top20). (F) KEGG pathway enrichment bubble 
diagram of differential proteins (top20; source: www.kegg.jp/kegg/kegg1.html).

 

Scientific Reports |        (2026) 16:13328 4| https://doi.org/10.1038/s41598-026-42815-2

www.nature.com/scientificreports/

http://www.kegg.jp/kegg/kegg1.html
http://www.nature.com/scientificreports


however, this effect can be reversed with TGF-β (Fig. 3C). Moreover, the transwell assay revealed that LTBP1 
knockdown inhibited cell migration and invasion activity (Fig. 3D). Mechanically, LTBP1 knockdown reduced 
EMT-related proteins N-Cadherin and Vimentin, an effect reversed by TGF-β (Fig. 3E). For further research, 
we also employed lentivirus-mediated infection to establish stable LTBP1-knockdown T24 and UMUC3 cell 
lines. Consistently, these stable cell lines indicated reduced levels of N-Cadherin, Vimentin, and TGF-β, while 
increased expression of E-Cadherin (Fig. 3F). To speculate on the effect of LTBP1 on tumorigenesis, colony 
formation assay was carried out, which demonstrated that LTBP1 knockdown inhibited clonal formation 

Fig. 2.  LTBP1 was identified as a prospective gene related to chemoresistance in bladder cancer. (A) Volcanic 
diagram of the differential proteins of the GSE171537. (B) Venn plot of differential genes in both proteomics 
and GEO database. (C) PPI network of genes related to chemotherapy resistance. (D) Multifactorial COX 
regression forest diagram. (E) Survival analysis of bladder cancer patients with different LTBP1 expression 
levels. (F) Correlation analysis between clinical stage as well as T stage and LTBP1 expression in bladder cancer 
patients. **p < 0.01.
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(Fig. 3G). These results suggested that LTBP1 could promote the proliferation, migration and invasion of bladder 
cancer cells by activating its downstream factor TGF-β.

LTBP1 knockdown enhanced chemosensitivity in bladder cancer
To investigate the molecular mechanism of LTBP1 in bladder cancer chemoresistance, LTBP1 protein 
expression before and during cisplatin treatment was evaluated. Results indicated that cisplatin elevated LTBP1 
expression and augmented TGF-β secretion (Fig. 4A). We found that knockdown of LTBP1 in bladder cancer 
cells significantly reduced the IC50 value of cisplatin, indicating increased chemotherapy sensitivity (Fig. 4B). 
Besides, flow cytometry was used to investigate the effect of LTBP1 on bladder cell apoptosis. We found that 
LTBP1 knockdown increased apoptosis rates in T24 and UMUC3 cells, and this pro-apoptotic effect was 
synergistically enhanced by cisplatin (Fig.  4C, D). Moreover, in LTBP1-knockdown cells, the expression of 
apoptosis markers BAX and Caspase3 was upregulated, which was further increased after cisplatin treatment 

Fig. 3.  LTBP1 promoted the progression of bladder cancer through TGF-β.. (A) The expression level of 
LTBP1 in T24, J82, and UMUC3 cells is higher than that in SV-HUC1 cells. (B) SiRNA knocked down LTBP1 
expression levels in T24 and UMUC3 cells. (C) CCK8 test results for different groups at time intervals of 0, 24, 
48, and 72 h. (D) Photographic and statistical analysis of Transwell cell migration and invasion experiments. 
The knockdown of LTBP1 inhibited the migration and invasion of T24 and UMUC3 cells, while the addition 
of TGF-β still enhanced cell migration and invasion. Scale bar = 200 μm. (E) Knockdown of LTBP1 expression 
in T24 and UMUC3 cells led to a decrease in the expression levels of N-Cadherin and Vimentin, and the 
addition of TGF-β significantly reversed the expression. (F) Compared with NC group, the expression levels of 
N-Cadherin, Vimentin and TGF-β in the sh-LTBP1 group of T24 and UMUC3 cells were decreased, and the 
expression levels of E-Cadherin were increased. (G) Photographic and statistical analysis of colony formation 
assay. The number of clonal formation was significantly reduced after LTBP1 knockdown. *p < 0.05, ***p < 
0.001, ****p < 0.0001.
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Fig. 4.  LTBP1 knockdown enhanced chemosensitivity in bladder cancer. (A) The expression level of LTBP1 in 
bladder cancer cells increased after cisplatin treatment, and TGF-β secretion was up-regulated with the change 
of cisplatin dose. (B) Experimental results of CCK8 in different groups. The IC50 value of cisplatin decreased 
in cells after LTBP1 knockdown. (C) Apoptosis in different groups. (D) Statistical analysis of the apoptosis rates 
in different cell groups. (E) WB analysis of Caspase 3, BAX and β-actin in differren cell groups. ****p < 0.0001.
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(Fig. 4E). Taken together, we suggested that inhibition of LTBP1 could improve cisplatin chemoresistance by 
promoting apoptosis.

LTBP1 knockdown inhibited tumor growth and lung metastasis in vivo
Xenograft assays on subcutaneous tumor-bearing and lung metastasis mouse models were conducted to evaluate 
the impact of LTBP1 knockdown on tumor growth and lung metastasis in vivo. The data showed that the 
shLTBP1 group of subcutaneous tumor-bearing models had smaller tumor volumes than the NC group, while 
the shLTBP1 + cisplatin group had the smallest tumor volumes (Fig. 5A, B), with no obvious toxic side effects 
(Fig. 5C). This demonstrated that LTBP1 silencing inhibited tumor growth in vivo, with the most pronounced 
anticancer effect observed when LTBP1 knockdown was paired with cisplatin. Furthermore, for the in vivo 
metastasis analysis, the lungs of mice were scanned using MRI to observe lung metastatic nodules (Fig. 5D, 
E). Then, the lung specimens from the mice were obtained for hematoxylin and eosin staining (Fig.  5F). In 
comparison to the NC group, mice administered T24-shLTBP1 cells had a reduced number of lung metastatic 
nodules, with the most pronounced suppression of lung metastasis observed in the shLTBP1 + cisplatin cohort. 
Altogether, these results suggested that inhibition of LTBP1 could reduce tumorization and metastasis of bladder 
cancer cells in vivo.

LTBP1 inhibition indicated a better prognosis for patients with bladder cancer
To explore the relationship between LTBP1 and the prognosis of bladder cancer patients, an IHC assay was 
performed to observe LTBP1 expression in patients undergoing radical cystectomy. Patients undergoing radical 
cystectomy all received GC neoadjuvant chemotherapy. Neoadjuvant chemotherapy regimen: Gemcitabine, on 
days 1 and 8, 1000  mg/m², every 21 days for one cycle; Cisplatin, on day 1 or 2, 70  mg/m², every 21 days 
for one cycle. Then, based on the IHC scores of LTBP1, patients were categorized into the higher and lower 
LTBP1 groups (Fig. 6A). The examination of clinical features subsequently associated increased LTBP1 levels 
with advanced pathological stages in bladder cancer (Table 1). Furthermore, the association of overall survival 
with LTBP1 expression was also evaluated, which revealed that patients with elevated LTBP1 levels had a poorer 
prognosis (Fig. 6B). Furthermore, LTBP1 levels increased with the progression of pathological, T, and N stages 
of bladder cancer (Fig. 6C-E). These findings showed that LTBP1 not only serves as a diagnostic indicator but 
also as a therapeutic target in bladder cancer.

Discussion
Cisplatin regimens continue to be the primary treatment for advanced bladder cancer. Neoadjuvant and adjuvant 
chemotherapy are both extensively utilized and efficacious. However, certain patients experience therapy failure 
due to chemoresistance. Chemoresistance is a complex phenomenon associated with various genes and signaling 
pathways16–18; therefore, understanding its mechanisms in bladder cancer is crucial for developing targeted 
interventions. The current known mechanisms of chemoresistance include altered drug targets, increased 
drug efflux, inhibition of cell death, EMT, apoptosis evasion, abnormal DNA damage/repair, and epigenetic 
changes19–21. LTBP1 is a member of the latent TGF-β-binding protein family and regulates TGF-β secretion 
and activation22. In this study, proteomics and bioinformatics analysis revealed that LTBP1 was differentially 
expressed in cisplatin-resistant bladder cancer tissues, which is significantly associated with patient prognosis. 
Therefore, the role of LTBP1 in bladder cancer chemoresistance should be comprehensively investigated.

Previous studies have linked LTBP1 to cancer promotion. For instance, LTBP1 is a potential ovarian cancer 
biomarker23. In tumors, LTBP1 initiates TGF-β signaling, and its silencing reduces TGF-β activity and Smad2 
phosphorylation in glioblastoma cells24,25. Breast cancer progression has also been linked with LTBP1 via the 
WNT/Ca²⁺-CaMKII-NF-κB axis26. Furthermore, LTBP1 promotes esophageal cancer progression through EMT 
and cancer-associated fibroblast transformation27. Moreover, in gastric cancer, LTBP1 correlates with tumor 
progression and can predict patient prognosis28. However, the function of LTBP1 in bladder cancer remains 
ambiguous. This study identified an association between LTBP1 and the clinical stage and prognosis of bladder 
cancer patients. Patients with elevated pathological staging demonstrated increased expression of LTBP1. 
Elevated LTBP1 levels predicted a more advanced pathological state and poorer prognosis. These findings were 
consistent with previous studies, indicating that LTBP1 may serve as a diagnostic and prognostic biomarker for 
bladder cancer.

This study also evaluated the function and molecular mechanisms of LTBP1 in bladder cancer cells. The 
data revealed that LTBP1 inhibition reduced the proliferation, migration, and invasion of bladder cancer 
cells. Furthermore, LTBP1 knockdown reduced the expression of TGF-β, a key EMT inducer, which can 
induce nuclear-related miRNA expression, inducing epithelial cell-specific protein translation and promoting 
mesenchymal cell-specific protein expression, therefore driving EMT29,30. Furthermore, TGF-β can increase the 
transcription and translation of EMT-related genes via the noncanonical pathways, such as the oncogenic RAS-
MAPK pathway31,32. LTBP1 knockdown reduced N-cadherin and vimentin levels, while increasing E-cadherin 
expression. These data showed that LTBP1 modulates TGF-β release and activation, thus driving EMT in 
bladder cancer. Furthermore, the rescue experiment demonstrated that after LTBP1 expression, an upstream 
signal for TGF-β, TGF-β could still exert its effects. The aforementioned results indicated that LTBP1 facilitated 
the advancement of bladder cancer via TGF-β-mediated EMT.

Several studies have indicated that EMT promotes chemoresistance in multiple cancers and may serve as a 
therapeutic target33. This study confirmed that LTBP1 can cause EMT and that LTBP1 inhibition could enhance 
the sensitivity of bladder cancer cells to cisplatin. Besides, it was observed that cisplatin upregulated LTBP1 and 
TGF-β in bladder cancer cells. This may activate apoptosis-related signaling pathways, elevate anti-apoptotic 
proteins, or diminish pro-apoptotic proteins, resulting in an imbalance of apoptosis and chemoresistance. 
Further research showed that LTBP1 knockdown promoted apoptosis in bladder cancer cells through BAX/
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Fig. 5.  LTBP1 knockdown inhibited tumor growth and lung metastasis in vivo. (A) Comparison of tumor sizes 
in different groups of mouse subcutaneous tumor-bearing models. (n=5 per group) (B) Tumor growth curves 
of different groups in the subcutaneous tumor models. (C) Weight growth curves of subcutaneous tumor 
models in different groups. (D) T2-weighted MRI imaging of lung metastasis models. The red arrows indicated 
the location of the tumor (n=5 per group). (E) Statistical analysis of the number of lung metastases in different 
groups. (F) HE staining of lung tissue in mouse lung metastasis models (2× and 10×). Up: Scale bar = 800 μm. 
Down: Scale bar = 200 μm. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Caspase3. Animal studies have demonstrated that the inhibition of LTBP1, in conjunction with cisplatin, 
significantly reduces bladder tumor development and metastasis in vivo. In summary, our study showed that 
targeted inhibition of LTBP1 could reverse EMT, promote apoptosis, and synergize with cisplatin to significantly 
suppress tumor growth and metastasis.

Fibronectin, a predominant ECM component, influences tumor cell adhesion, migration, and invasion, 
and is significantly associated with chemoresistance34,35. LTBP1 has been found to promote the transformation 
of cancer-associated fibroblasts (CAFs) in esophageal cancer and boost CAF-derived fibronectin secretion27. 
CAFs modulate TME by secreting factors such as TGF-β, VEGF, and FGF2 that promote tumor invasion 
and metastasis36. Furthermore, they can also promote TME fibrosis, which is comprised of blood vessels, 
enhancing interstitial pressure, and causing poor drug penetration37. Moreover, CAFs promote M2 macrophage 
polarization via a Snail1-dependent mechanism, reducing their anti-tumor activity and enhancing tumor 
resistance to chemotherapy and immunotherapy37. Therefore, future research should focus on how the TME 
affects LTBP1 expression and function, as well as the interactions between LTBP1 and TME components to 
clarify the comprehensive mechanisms of LTBP1-mediated chemoresistance.

There are some shortcomings in this study. For example, the number of clinical samples was not sufficient, and 
the exploration of mechanisms was not specific enough. We will collect more clinical samples and information 
to validate our hypothesis.

Conclusion
In summary, this study performed proteomic sequencing of bladder cancer chemoresistant tissue samples. 
Furthermore, the bioinformatics analysis of the GEO and TCGA databases identified LTBP1 as a key gene 
associated with chemotherapy resistance. Moreover, LTBP1 expression was found to correlate with poor clinical 
prognosis in bladder cancer patients. LTBP1 promotes bladder cancer cell proliferation, migration, and invasion, 
and enhances chemoresistance. Mechanistically, LTBP1 drives tumor progression and chemoresistance via TGF-
β-dependent EMT-related pathways.

Fig. 6.  LTBP1 inhibition indicated a better prognosis for patients with bladder cancer.. (A) IHC examples 
grouped at different LTBP1 expression levels. Scale bar = 200 μm. (B) Overall survival curves of patients in 
different groups. (C, D, E) Correlation analysis of LTBP1 expression with clinical stage, T stage and N stage. *p 
< 0.05, **p < 0.01.
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Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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