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Purpose: Bladder cancer is one of the ten most common cancers in the world, with a high incidence rate and mortality, and therefore 
a major burden on the global health care system. PID1 (Phosphotyrosine Interaction Domain 1) functions as an intracellular receptor 
protein for LRP1. The purpose of this study was to explore the role of PID1 in bladder cancer.
Methods: RNA-seq data analysis was conducted on 404 BLCA specimens and 28 normal specimens to identify differentially 
expressed genes. The findings indicated a strong correlation between PID1 expression levels and bladder cancer. We constructed 
a bladder cancer cell line stably overexpressing PID1 and assessed its impact on cell proliferation and migration. Additionally, We 
used RT-112 cells to induce tumor formation in nude mice to study the function of the PID1 gene in vivo.
Results: PID1 expression was notably low in bladder cancer tissues. Compared to SV-HUC-1, RT-112, and SCaBER bladder cells 
exhibited significantly reduced PID1 expression. Overexpressing PID1 in cells led to the promotion of apoptosis in bladder cancer cells and 
suppressed cell proliferation and metastasis. In vivo, the overexpression of PID1 demonstrated a significant inhibitory effect on bladder 
cancer. Furthermore, it was capable of activating the AMPK-mTOR signaling pathway, thereby inhibiting tumor progression.
Conclusion: PID1 exhibits a potent inhibitory effect on bladder cancer and activates the AMPK-mTOR signaling pathway to hinder 
tumor growth.
Keywords: bladder cancer, PID1, AMPK, mTOR

Introduction
Bladder cancer is one of the most common malignant tumors of the urinary system, with the main onset age between 50 and 
70 years old. Bladder cancer can be divided into non-muscular invasive and invasive.1 Non-invasive urothelial carcinoma is 
usually confined to the bladder mucosa and has a relatively good prognosis;2 However, invasive urothelial carcinoma can 
invade the bladder muscle layer and even extra bladder tissue, with a high risk of metastasis.3 The 5-year survival rate may 
only be 30–50%, and the prognosis is poor. NMIBC often recurs or progresses, with five-year incidence rates of 31–78% 
and 1–45%, respectively.4 The direct and indirect cost of diagnosis and treatment of bladder cancer is currently the highest 
among all elderly malignant tumors, with an annual direct and indirect loss of nearly $4 billion.5 The common risk factors of 
bladder cancer were smoking, age, and occupational exposure.6 The treatment of non-muscular invasive bladder cancer is 
mainly transurethral resection of bladder tumor (TURBT) and chemotherapy; The treatment of myometrial invasive bladder 
cancer requires further radical cystectomy or triple therapy TMT.1 Despite undergoing relevant treatments, 72.2% of 
patients still experience recurrence, progress, or die of bladder cancer.7 Early detection, recurrence monitoring, and 
diagnostic methods of bladder cancer, such as urine DNA methylation analysis8 and Ultra Deep Sequencing of Plasma Cell- 
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Free DNA9 can also improve the prognosis of BCA patients. Exploring the molecular mechanism of bladder cancer 
carcinogenesis and the cause of high recurrence is essential for the treatment of bladder cancer.

PID1 (Phosphotyrosine interaction domain containing 1) is a protein containing a phosphotyrosine interaction 
domain,10 it plays a role in intracellular signal transduction,11 energy metabolism regulation,12 and other processes. 
PID1 was initially found to be associated with metabolic diseases such as obesity and insulin resistance.13 The PID1 gene 
is highly expressed in the adipose tissue of obese patients and can reduce insulin uptake of glucose, and it can promote 
the proliferation and differentiation of adipocytes and enhance obesity-related insulin resistance.14 As more and more 
studies have shown, PID1 plays an anti-cancer role in glioma15 and liver cancer.16 PID1 is significantly downregulated in 
patients with chronic obstructive pulmonary disease caused by smoking.17 Smoking is also an important independent risk 
factor for bladder cancer.18 At present, the relationship between PID1 and bladder cancer has not been reported.

Materials and Methods
Clinical Sample Immunohistochemistry (IHC)
A total of 10 bladder cancer tissue samples from May 2024 to October 2024 were collected. All samples were approved by 
Lu‘an Hospital, Anhui Medical University (Ethical approval No.2025 LLKS-KY-014). All patients signed informed consent 
and complied with the Declaration of Helsinki. The received samples were fixed in 4% polyformaldehyde (BL539A, 
Biosharp, Beijing, China) for 24 hours, followed by dehydration, paraffin embedding, and sectioning. For immunohisto
chemical detection of PID1 protein expression, the sections were dewaxed, treated with a pH6.0 citric acid solution to repair 
antigens, blocked peroxidase with endogenous peroxidase inhibitors, and sealed with an immunoprecipitation buffer. The 
PID1 antibody (bs-8065, Bioss, Beijing, China) was diluted 1:50 in the antibody dilution solution and incubated overnight at 
4°C. The IgG-HRP Robbit (SA00001-2, Proteintech, Wuhan, China) was diluted 1:200 in the antibody dilution solution and 
incubated in the dark for 4 hours. DAB staining was performed, followed by hematoxylin re-staining of the cell nuclei, 
dehydration, and mounting. The samples were then photographed under an inverted microscope.

Cell Culture
HEK-293T cells were provided by the Chinese Academy of Sciences Cell Bank, and SV-HUC-1, RT-112, and SCaBER 
cells were purchased from Wuhan Pusen Life Science Co., Ltd. The complete medium was prepared by adding 10% fetal 
bovine serum (10099141C, Gibco, USA) and 1% penicillin-streptomycin double antibody (15240–062, Gibco, USA) to 
the basic culture medium. The culture conditions are 37°C, 95% air, and 5% CO2.

Stable Overexpression Cell Line Construction
The PID1 overexpression plasmid was constructed using the lentiviral expression vector pLV3-CMV-MCS-3FLAG- 
PURO (Limibio, Biotechnology Co., Ltd. China), pMD2.G Addgene, USA) and the psPAX 2 (12260, Addgene, USA) 
lentiviral packaging system. The 293T cells were transfected with Lipofectamine_2000 (11668–019, Invitrogen, USA). 
After 48 hours, the PID1 lentivirus was collected. RT-112 and SCaBER cells were infected with pLV3-NC and pLV3- 
PID1 lentiviruses for 2 days, respectively. The cells were then selectively transfected with puromycin (1000 ng/mL). The 
expression of the PID1 gene was detected using RT-qPCR and Western blotting.

CCK-8 Assay
Cells were evenly distributed at a density of 1 × 104 cells per well in a 96-well plate. The cells were cultured for 48 hours 
in an environment with 37°C, 95% air, and 5% CO2. The 100X CCK-8 reagent (BS350A, Biosharp, Beijing, China) was 
diluted into the medium to achieve a 1X concentration. Each well contained 110 μL of the diluted CCK-8 solution, and 
the cells were incubated in a cell culture incubator for 2 hours. The absorbance was measured using a multi-functional 
ELISA (Biotek, SYNERGY HTX, VT, USA) at 450 nm.
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Cell Migration and Invasion Detection
Cells are inoculated into a 6-well plate. Once the cells have fully grown, a micro-pipette is used to create a scratch and the 
culture medium is changed. The plate is then imaged using a microscope imaging system. After 48 hours of cultivation, the 
plate is imaged again to analyze cell migration rates. For transwell assays, cells are inoculated into a transwell plate. In the 
lower chamber, 1mL of complete medium is added, and in the upper chamber, 0.5mL of a cell suspension mixed with serum- 
free medium is added, with a density of 1×103 cells/mL. After 48 hours of cultivation, the medium is discarded from the plate, 
and the plate is washed with PBS. The cells are then fixed with 4% polyformaldehyde for 2 hours, followed by a PBS wash. 
The cells are stained with 0.1% crystal violet (BL802A, Biosharp, Beijing, China) for 10 minutes, and the excess dye is 
removed by two PBS washes. Finally, the plate is inverted and imaged under a microscope.

Flow Cytometry Analysis
The collection of cells was performed according to the instructions provided in the AnnexinV-FITC/PI double staining 
cell apoptosis detection kit (BL107A, Biosharp, Beijing, China) and the cell cycle and apoptosis detection kit (BL114A, 
Biosharp, Beijing, China). This process involves detecting cell apoptosis and cell cycle. After 48 hours of cell culture, the 
cells were collected and labeled. The cells were first washed twice with pre-cooled PBS, then resuspended in 500 μL of 
binding buffer. The staining reagents were added according to the kit instructions, and the samples were incubated in the 
dark at room temperature for 15 minutes. The cell ratios in each sample were analyzed using a flow cytometer 
(CytoFLEX, Beckman, USA), and the data was analyzed using CytExpert 2.4 software.

RT-qPCR
Using TRIzolReagent (15596–026CN, Invitrogen, USA), RNA was extracted from the cells. Then, cDNA was synthe
sized using the Hifair II First-Chain cDNA Synthesis Kit (11139ES10, YEASEN, Shanghai, China). A Real-time PCR 
amplification system was set up using the Universal Fluorescent Quantitative PCR Kit (BL697A, Biosharp, Beijing, 
China). The gene primers are listed in Table 1. PCR detection was performed using the LightCycler 96 PCR System 
(Roche, Swiss Confederation).

Western Blot
Proteins were separated by SDS-PAGE and sealed with 5% skim milk for 2 hours. The primary antibody was diluted at 
a ratio of 1:1000 and incubated overnight at 4 °C. After washing the membrane with TBS, the secondary antibody was 
diluted at a ratio of 1:10000 and incubated at room temperature for 1 hour. The immunoblot was imaged using the Tanon 
5200 chemiluminescence imaging system (Tanon, Wuhan, China). PID1 (bs-8065 R) was purchased from Boss (Beijing, 
China), AMPK α (AF 6423), p-AMPK α (AF 3423), mTOR (AF 6308), p-mTOR (AF 3308), and Beclin 1 (AF 5128) 
were purchased from Affinity (Shanghai, China), Caspase 3 (R23727) was purchased from Zenbio (Sichuan, China), and 
E-cadherin (20874-1-AP), N-cadherin (22018-1-AP), vimentin (10366-1-AP) and GAPDH (60004-1-IG) were purchased 
from Proteintech (Wuhan, China). The gray values were analyzed using MBF_Image J.

RNA-Seq
Use Truseq RNA library preparation kit v2 (Illumina, USA) for library construction. In Illumina Novaseq ™ Perform 
multiplex analysis and sequencing on the sample library using a paired read length of 250bp on the 6000 platform 
(Illumina). Each sample generated an average of 6G clean data and commissioned LC Bio-Technology CO., Ltd. 

Table 1 Tumor Weight, Tumor Volume, and Tumor Inhibition Rate in Nude Mice (x ±s, n=5)

Group Body Weight (g) Tumor Weight (g) Tumor Volume (mm3) Inhibition Rate (%)

Blank 30.11±1.25 0.31±0.13 386.20±106.79 –

OE-NC 30.34±1.25 0.32±0.11 372.54±126.52 -
PID1-OE 29.52±0.93 0.19±0.32** 188.30±42.26* 46.45±11.34

Notes: Compared to the NC group, **P<0.01, * P<0.05.
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(Hangzhou, China) for bioinformatics analysis. The analysis was conducted using edgeR software to analyze the 
significance of expression differences. The threshold for screening differentially expressed genes, | log2FC |>2 and 
padj<0.05, were used as the criteria for significant differences.

Tumor Formation Experiment in vivo
All animal procedures were approved by the laboratory of Nanjing University of Chinese Medicine (Ethical Approval 
No. LLSC 20242215) and adhered to the 3R principles of animal ethics. 24 BALB/c nude mice, SPF grade, aged around 
5–6 weeks, male. Purchased from Henan Scribes Biotechnology Co., Ltd. [Experimental Animal Production License No. 
SCXK (Yu) 2020–0005], with a feeding environment temperature of (23 ± 2) °C and relative humidity of (60 ± 10)%, 
free to eat and drink water. The drinking water is sterilized grade II ultrapure water, and the quality of the drinking water 
meets the requirements of the national standard “Sanitary Standards for Drinking Water” (GB5749-2006) of the People’s 
Republic of China. Adapt to the animal room environment for one week before the experiment. After the injection of 
cancer cells, the tumor volume was regularly monitored. Tumor samples were collected 27 days post-surgery, weighed, 
photographed, and recorded.

Statistical Analysis
Use GraphPad Prism (GraphPad, USA) software to evaluate statistical significance. The data is displayed as mean in 
SEM ±. Student’s t-test is used to compare data between two groups, while analysis of variance is used to analyze 
differences between three or more groups. P<0.05 is used as the standard for statistical significance.

Results
PID1 Is Low in Bladder Cancer Tissue and Bladder Cancer Cells
We analyzed the top 100 differentially expressed genes in 36 cases of UCB and 29 adjacent normal bladder tissues from 
the GEO dataset GSE133624 and identified 32 differentially expressed genes (Figure 1A) by intersecting these with the 
top 250 differentially expressed genes in basal-like bladder cancer (BLCA). Using the Gepia website (http://gepia2. 
cancer-pku.cn, we conducted a preliminary evaluation of these genes and found that PID1 was significantly down
regulated in BLCA patients (Figure 1B). Relationship between PID1 expression and overall survival rate of cancer 
patients (Figure 1C). It showed that the expression level of PID1 was significantly related to the survival time of cancer 
patients. Immunohistochemical analysis of clinical samples showed that PID1 expression in bladder cancer tissue was 
significantly lower than in paracancerous tissue (P<0.001) (Figure 1D). In immortalized human ureteral epithelial cells 
SV-HUC-1, the mRNA level of PID1 was significantly higher than in human bladder cancer cells RT-112 and human 
bladder squamous cell carcinoma cells SCaBER (P<0.01) (Figure 1E). The protein expression levels of PID1 in RT-112 
and SCaBER were also significantly lower than in SV-HUC-1 (P<0.01) (Figure 1F).

PID1 Inhibits the Proliferation of Cancer Cells and Promotes the Apoptosis of Cancer 
Cells
The overexpression plasmid of the PID1 gene was constructed and subjected to Sanger sequencing (see Attachment 1). 
Stable cell lines overexpressing PID1 were established in RT-112 and SCaBER cells, and the expression of PID1 in these 
cells was detected using quantitative PCR and Western blotting (Figure 2A). This indicates the successful construction of 
stable overexpression cell lines for PID1. CCK-8 assay demonstrated that overexpression of PID1 significantly inhibited 
the proliferation of RT-112 and SCaBER cells, with an inhibition rate exceeding 20% (Figure 2B). Flow cytometry 
analysis of apoptosis and cell cycle progression revealed that overexpression of PID1 significantly promoted apoptosis in 
RT-112 and SCaBER cells (Figure 2C). After overexpression of PID1, the number of G1 phase cells in RT-112 and 
SCaBER cells decreased significantly, while the number of S phase cells increased markedly, indicating that over
expression of PID1 arrested RT-112 and SCaBER cells in the S phase (Figure 2D).
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Figure 1 PID1 is low in bladder cancer tissue and bladder cancer cells. (A) The Venn Diagram of GSE133624 and top 250 genes by Ualcan. (B) Box plot of PID1 expression 
analysis between bladder cancer and normal samples by GEPIA2 website (* P < 0.05, versus normal group). (C) Relationship between PID1 expression and overall survival 
rate of cancer patients by GEPIA2 website. (D) IHC staining of PID1 protein in clinical bladder cancer tissue samples (200X), The expression of PID1 in bladder cancer tissue 
was significantly lower than that in paracancerous tissue (n=10, *** P<0.001 versus paracancerous group). (E) Compared with SV-HUC-1 cells, the expression of the PID1 
gene was significantly reduced in RT-112 and SCaBER cells (n=3, ** P<0.01, *** P<0.001 versus SV-HUC-1 group). (F) The expression of PID1 protein in each cell was 
checked by Western Blot, The expression of PID1 protein in SCaBER and RT-112 cells compared with SV-HUC-1 cells (n=3, ** P<0.01 versus SV-HUC-1 group).
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Figure 2 PID1 inhibits the proliferation of cancer cells and promotes the apoptosis of cancer cells. (A) Expression levels of PID1 mRNA in stable transfection cell lines 
overexpressing PID1. The expression levels of PID1 mRNA were significantly increased in the OE-PID1 group of RT-112 and SCaBER (n=3, *** P<0.001 versus the OE-NC 
group). Expression levels of PID1 protein in PID1 overexpression stable cell lines. The expression levels of PID1 protein were significantly increased in the OE-PID1 group of 
RT-112 and SCaBER (n=3, * P<0.05 versus the OE-NC group). (B) CCK8 assay was used to detect the inhibitory effect of PID1 overexpression on RT-112 and SCaBER cells, 
and the inhibitory rate of OE-PID1 group in RT-112 and SCaBER was significantly increased (n=3, ** P<0.01 versus OE-NC group). (C) The apoptosis effect of flow detection 
of PID1 overexpression on RT-112 and SCaBER cells was observed, and the apoptosis rate in the OE-PID1 group of RT-112 and SCaBER was significantly increased (n=3, ** 
P<0.01 versus OE-NC group). (D) The effect of overexpression of PID1 on the cell cycle of RT-112 and SCaBER cells was investigated by flow cytometry. In RT-112 and 
SCaBER, the G1 phase was significantly reduced and the S phase rate was significantly increased in the OE-PID1 group (n=3, ** P<0.01 versus the OE-NC group).
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PID1 Inhibits the Migration, Invasion, and EMT Progression of Cancer Cells
The cell scratch assay was used to assess cell migration. The 48-hour migration rate of RT-112 cells was approximately 
23%, and this rate decreased to about 5% after overexpression of the PID1 gene. For SCaBER cells, the 48-hour migration 
rate was around 32%, and this rate dropped to about 18% after overexpression of the PID1 gene. These results indicate that 
overexpression of PID1 significantly inhibits the migration of both RT-112 and SCaBER cells (Figure 3A). The Transwell 
chamber assay and the cell scratch assay yielded consistent results, showing a significant reduction in the invasion rate of 
RT-112 and SCaBER cells after overexpression of PID1. Specifically, the invasion rate of RT-112 cells was approximately 
68% after overexpression of the PID1 gene, and for SCaBER cells, it was approximately 64% (Figure 3B). Western blotting 
was performed to detect the expression levels of E-cadherin, N-cadherin, and cadherin in RT-112 and SCaBER cells. 
Overexpression of PID1 led to an increase in the level of E-cadherin in RT-112 cells (P<0.05), while the levels of 
N-cadherin and cadherin decreased slightly (P<0.05) (Figure 3C). In SCaBER cells, the level of E-cadherin increased 
significantly (P<0.05), while the levels of N-cadherin and Vimentin decreased (P<0.05) (Figure 3C).

PID1 Inhibited the Proliferation of Bladder Cancer Cells in Mice
We examined the tumorigenicity of the blank strain, overexpression control strain, and stably overexpressed PID1 
transgenic strain in RT-112 cells. In vivo imaging revealed that the fluorescence signal in the PID1-OE group was 
significantly weaker compared to the overexpression control group (Figure 4A). The tumor comparison chart clearly 
shows the changes in tumor size and volume in the PID1 group, with the tumors in the PID1 overexpression group being 
notably smaller (Figure 4B). After 27 days of tumorigenicity, the mice’s body weight was approximately 30 g, and there 
was no statistically significant difference between the groups (P>0.05) (Figure 4C). There was no significant difference in 
tumor volume and weight between the blank group and the overexpression control group compared to the overexpression 
control group (P>0.05), while the PID1 overexpression group showed a significant reduction in tumor volume and weight 
(P<0.05) (Figure 4D and E). The tumor inhibition rate based on tumor volume was 40.62%, and the tumor inhibition rate 
based on tumor weight was 49.54%.

Detection of PID1-Mediated Differential Gene Expression in Bladder Cancer by RNA 
Sequencing
To explore the molecular mechanisms by which PID1 inhibits bladder cancer, we analyzed the RNA sequences of the 
PID1 overexpressed RT-112 cell line and the control overexpressed RT-112 cell line. We identified 1,713 upregulated 
genes and 2,143 downregulated genes. The volcano plot shows good intra-group reproducibility of the samples, with 
significant differences between the overexpression group and the control group. PID1 further reduced gene expression 
(Figure 5B). In terms of GO terms, the upregulation was mainly in signal transduction, apoptosis processes, and 
inflammatory responses (Figure 5C), while the downregulation was primarily in cell adhesion, cell division, and cell 
migration (Figure 5D). The KEGG pathway analysis highlighted pathways closely associated with tumors, such as the 
AMPK signaling pathway and the PI3K-Akt signaling pathway, while pathways like the Wnt signaling and the ECM 
receptor interaction were downregulated (Figure 5E).

PID1 Regulates the Downstream AMPK/mTOR Pathway
To verify the AMPK pathway in tumor tissues, we conducted PCR analysis on AMPKα, mTOR, Wnt5a, β-catenin, and the 
apoptosis-related protein Caspase 3 and the autophagy-related protein Beclin 1 (Figure 6A). The results showed that AMPKα, 
Caspase 3, and Beclin 1 were significantly upregulated (P<0.05), while mTOR and Wnt5a were significantly downregulated 
(P<0.05). Additionally, we performed Western Blot analysis on several proteins in the AMPK/mTOR pathway (Figure 6B). 
Compared to the control group, the overexpression of PID1 significantly increased AMPKα, p-AMPKα, Caspase 3, and Beclin 1 
(P<0.01), while mTOR showed a downward trend but no significant difference (P>0.05), and p-mTOR was significantly 
decreased (P<0.01).
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Figure 3 PID1 inhibits the migration, invasion, and EMT progression of cancer cells. (A) The cell scratch assay was used to detect the effect of PID1 overexpression on cell 
migration in RT-112 and SCaBER cells, and the migration rate of the OE-PID1 group in RT-112 and SCaBER was significantly reduced (n=3, *P<0.05, **P<0.01 versus OE-NC 
group). (B) The transwell cell chamber assay was used to detect the effect of PID1 overexpression on the invasion of RT-112 and SCaBER cells, and the invasion rate of the 
OE-PID1 group in RT-112 and SCaBER was significantly reduced (n=3, **P<0.01 versus OE-NC group). (C) Western blot was used to detect the EMT effect of PID1 
overexpression on RT-112 and SCaBER cells. The levels of EMT marker protein, E-cadherin, were significantly increased in the OE-PID1 group of RT-112 and SCaBER, while 
the expression levels of N-cadherin and Vimentin were decreased (n=3, *P<0.05 versus OE-NC group).
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Figure 4 PID1 inhibits the proliferation of bladder cancer cells in mice. (A) Live fluorescence imaging of animals in each group. Fluorescence brightness analysis of in vivo 
tumor formation imaging in various animal groups (n=3, **P<0.01 versus OE-NC group). (B) Tumor images of dissected animals in each group. (C) Comparative analysis of 
body weight of mice in different groups after tumor formation. (D) Comparative analysis of tumor weight after tumor formation in different groups of mice (n=6, * P<0.05 
versus OE-NC group). (E) Comparative analysis of tumor volume after tumor formation in different groups of mice (n=6, ** P<0.01 versus OE-NC group).
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Discussion
PID1 is an intracellular adaptor protein of LDL receptor-associated protein 1 (LRP1), which is associated with lipid metabolism 
and insulin resistance.19 PID1 is an intracellular binding protein of LRP1 protein on the cell surface, usually located in the 
endosome, it can coordinate with LRP1 to regulate the endocytosis of cell membrane lipoproteins20 and is associated with 
macrophage phagocytosis in endometriosis.21 As an anti-cancer gene, PID1 has been reported to have anti-cancer effects in 

Figure 5 Detection of PID1 mediated differential gene expression in bladder cancer by RNA sequencing. (A) Volcanic diagram analysis of downstream gene expression by 
PID1 overexpression (Threshold: FC>2, P<0.05). (B) Heat map of downstream gene expression by PID1 overexpression (Threshold: FC>2, P<0.05). (C) and (D) Bar plot 
of functional upregulation and downregulation enrichment analysis by GO (PID1_OE_vs_NC). (E) Dot plot of signal pathway enrichment analysis by KEGG.
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Figure 6 Verify the regulation of PID1 on downstream pathways. (A) qPCR was used to detect the expression of AMPKα, mTOR, Wnt5a, β-catenin, Caspase 3, and Beclin 
1 mRNA. In the tumor OE-PID1 group, the expression of AMPKα, Caspase 3, and Beclin 1 was increased, while the expression of mTOR, Wnt5a, and β-catenin was 
decreased (n=3, * P<0.05, ** P<0.01 versus OE-NC group). (B) Western blot was used to detect the expression of AMPKα, p-AMPKα, mTOR, p-mTOR, Caspase 3, and 
Beclin 1 in the tumor OE-PID1 group. The expression of AMPKα, p-AMPKα, Caspase 3, and Beclin 1 was increased, while that of p-mTOR was decreased (n=3, ** P<0.01, 
*** P<0.001 versus OE-NC group).
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glioma22 and liver cancer16 cells. The loss of PID1 leads to the increase of LRP1 protein on the cell surface.12 LRP1 can induce 
M2 polarization of macrophages in bladder cancer to induce anti-PD-1 resistance.23 Overexpression of PID1 can increase the 
sensitivity of chemotherapy drugs etoposide and cisplatin in gliomas,24 and increase the sensitivity of Sorafenib in liver cancer.16 

Therefore, it is believed that low expression of PID1 may promote tumor drug resistance.
This study reported the anti-tumor effect of PID1 in bladder cancer for the first time, mainly through in vitro and 

in vivo experiments to verify the anti-tumor effect of PID1 in bladder cancer, as well as the expression and function of 
PID1 in bladder cancer. Clinical prognosis analysis showed a strong association between low expression of PID1 in 
BLCA patients and adverse clinical outcomes. In vivo tumorigenesis experiments can directly feedback the inhibitory 
effect of PID1 on tumors, and support PID1 to inhibit bladder cancer in terms of tumor weight and volume. 
Overexpression of PID1 in RT-112 and SCaBER cells can induce cell cycle arrest in the S phase while reducing cell 
proliferation and metastasis. As is well known, epithelial-mesenchymal transition (EMT) is closely related to tumor cell 
invasion and metastasis.25 Our determination of EMT-related proteins in cells showed that PID1 inhibited the EMT 
process to a certain extent, thereby inhibiting the metastasis of bladder cancer cells. KEGG enrichment analysis of RNA 
seq also showed that overexpression and enrichment of PID1 downregulated cell adhesion, cell division, cell migration, 
and other functions, indicating that PID1 inhibited bladder cancer cells in many ways, and was consistent with our 
verification of cell function.

At the same time, we validated the downstream signaling pathways potentially regulated by PID1, which promotes 
AMPK/mTOR pathway activation and inhibits Wnt signaling pathway expression. We focused on validating the universality 
of AMPK/mTOR. AMPK is an important target for regulating energy metabolism and mitochondrial homeostasis. In many 
cases, activation of AMPK inhibits aerobic glycolysis, lipid metabolism, and cancer proliferation.26 The activation of AMPK 
has been shown to inhibit its downstream target mTOR, which plays a central role in cell growth and proliferation.27 AMPK 
can be activated by CaMKK2, while phosphorylated AMPKα2 is located in the Golgi apparatus to promote mitotic 
fragmentation and regulate the cell cycle.28 AMPK also induces cell cycle arrest by activating various tumor suppressor 
factors.29 Therefore, the effect of PID1 on the cell cycle of bladder cancer may be closely related to AMPK. Secondly, PID1 
can also increase the expression of caspase 3 and Beclin 1. As a signaling molecule for apoptosis, caspase 3 can provide 
feedback on the killing effect of drugs on tumor cells.30 The process of cell apoptosis is often accompanied by autophagy, and 
Beclin 1 participates in the entire process of autophagy and plays an important role in regulating the crosstalk between these 
two types of cell death.31 The up-regulated expression of Beclin 1 indicates that the PID1-induced apoptosis of bladder cancer 
cells is accompanied by autophagy. The fusion of large amounts of SLC2A11–MIF plays a crucial role in the proliferation and 
metastasis of BCa by maintaining mRNA stability.32 SUMO E3 ligase MUL1 inhibits LN metastasis and proliferation in BCa 
by mediating SUMOylation of HSPA9.33 The shortcomings of clinical trials have been analyzed, and the small number of 
clinical samples may result in specificity in the analysis of the results. In the future, we will collect more clinical samples for 
analysis to eliminate specificity. In vivo experiments on mice were conducted to analyze the role of the PID1 gene. However, 
the number of samples is small, and the in-depth analysis of PID1 is not enough. We will test the impact of the PID1 gene on 
the Peugeot gene of bladder cancer in subsequent experiments to determine whether it can be used as a therapeutic target.

In conclusion, PID1 is a new tumor suppressor molecule of bladder cancer, which is closely related to the occurrence 
and development of bladder cancer. The activation of PID1 can significantly inhibit the progression of bladder cancer, 
providing a new perspective for molecular therapy of bladder cancer. At the same time, PID1 can inhibit the proliferation 
and metastasis of bladder cancer and promote apoptosis of bladder cancer cells, and may also mediate autophagy of 
bladder cancer cells and activate the AMPK/mTOR pathway. This study mainly explored the anticancer effect of PID1 at 
the cellular and animal levels. Although its activation of the AMPK/mTOR pathway has been clarified, the molecular 
mechanism of PID1’s anticancer effect still needs to be further explored. In addition, the relationship between PID1 and 
the recurrence of bladder cancer is still unclear, which needs further clarification through clinical sample research.

Conclusion
PID1 exhibits a potent inhibitory effect on bladder cancer and activates the AMPK-mTOR signaling pathway to hinder 
tumor growth.
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