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Abstract. Bladder cancer (BC) is a heterogeneous disease, and 
pyrroline‑5‑carboxylate reductase 1 (PYCR1) can promote 
the proliferation and invasion of BC cells and accelerate BC 
progression. In the present study, si‑PYCR1 was loaded into bone 
marrow mesenchymal stem cell (BMSC)‑derived exosomes 
(Exos) in BC. First, PYCR1 levels in BC tissues/cells were 
assessed, and cell proliferation, invasion, and migration were 
evaluated. Aerobic glycolysis levels (glucose uptake, lactate 
production, ATP production, and the expression of relevant 
enzymes) and the EGFR/PI3K/AKT pathway phosphoryla‑
tion levels were determined. PYCR1‑EGFR interactions were 
examined by co‑immunoprecipitation experiments. RT4 cells 
transfected with oe‑PYCR1 were treated with EGFR inhibitor 
CL‑387785. Exos were loaded with si‑PYCR1 and identified, 
followed by an assessment of their effects on aerobic glycolysis 
and malignant cell behaviors. Nude mouse models of xenograft 
tumors were established by injecting mice with Exo‑si‑PYCR1 
and Exo‑si‑PYCR1. PYCR1 was upregulated in BC cells, with 
the highest expression observed in T24 cells and the lowest 
expression in RT4 cells. Following PYCR1 knockdown, the 
malignant behaviors of T24 cells and aerobic glycolysis were 
decreased, while PYCR1 overexpression in RT4 cells averted 
these trends. PYCR1 interacted with EGFR, and CL‑387785 
inhibited the EGFR/PI3K/AKT pathway and attenuated the 
effects of PYCR1 overexpression on RT4 cells but had no 
effect on PYCR1 expression. Exo‑si‑PYCR1 showed stronger 
inhibitory effects on aerobic glycolysis and on the malignant 
behaviors of T24 cells than si‑PYCR1. Exo‑si‑PYCR1 blocked 
xenograft tumor growth and had good biocompatibility. Briefly, 

PYCR1 knocking loaded by BMSC‑derived Exos suppressed 
aerobic glycolysis and BC growth via the PI3K/AKT pathway 
by binding to EGFR.

Introduction

Bladder cancer (BC) is one of the most common types of cancer 
worldwide and the most prevalent malignancy of the urinary 
tract (1). BC accounts for ~200,000 deaths and 500,000 newly 
diagnosed cases worldwide (2). Apart from age and geography, 
the risk varies between sexes and is notably affected by expo‑
sure to various carcinogens, with cigarette smoke being the most 
common (1). Until recently, treatment for BC, for several years, 
was limited to surgery and chemotherapy or immunotherapy (3). 
Although these therapies have certain beneficial effects in the 
initial stages of treatment, BC patients are prone to relapse and 
metastasis in the later stages, leading to treatment failure and 
patient death (4). Therefore, it is of great significance to search 
for more effective molecular‑targeted therapies for BC.

Pyrroline‑5‑carboxylate reductase 1 (PYCR1) is a major 
enzyme involved in proline production in the mitochondria, 
which not only participates in the metabolism of amino acids 
but is also associated with energy metabolism and mitochon‑
drial function and plays a pivotal role in cell proliferation and 
apoptosis (5,6). A previous study demonstrated the potential 
role of PYCR1 in facilitating the progression of BC, and 
PYCR1 may be utilized as a promising and attractive anti‑
cancer target for BC therapy (7). The transformation from 
mitochondrial oxidative phosphorylation to aerobic glycolysis 
in metabolism is called the Warburg effect, and the cancer 
progression attributed to aerobic glycolysis is often related to 
the activation of oncogenes or the loss of tumor suppressor 
genes  (8). Aerobic glycolysis is a scientifically identified 
hallmark of the metabolism of cancer cells and targeting it 
may provide possible drug‑target cancer therapy strategies (9). 
Aerobic glycolysis participates in the proliferation, migration, 
and invasion of hepatocellular carcinoma (HCC) cells (10). 
EGFR is a tyrosine kinase receptor that functions in the path‑
ways controlling aberrant and normal cell growth (11). EGFR 
expression is dysregulated in various types of tumors, such as 
melanoma, colorectal cancer, non‑small cell lung cancer, and 
breast cancer (12‑15). The PI3K/AKT pathway is frequently 
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activated in human cancers, inducing cell malignant trans‑
formation and tumor angiogenesis and apoptosis (16). The 
EGFR/PI3K/AKT pathway stimulates aerobic glycolysis 
of cancer cells by regulating the key enzymes of aerobic 
glycolysis, glucose transporter type 1 (GLUT1) (17,18). The 
PI3K/AKT axis is also correlated with PYCR1 expression, and 
the mRNA levels of AKT1 and PIK3CB are positively related 
to PYCR1 in gastric cancer tissues (19). However, whether 
PYCR1 regulates the EGFR/PI3K/AKT pathway and aerobic 
glycolysis in BC remains unknown. Small interfering RNAs 
(siRNAs) are widely used to knock down the posttranscrip‑
tional expression of genes through complementarity to mRNAs 
in the cytoplasm (20). Various polymer‑based nonviral gene 
vectors have been designed to deliver siRNAs into the cyto‑
plasm in an efficient manner due to the tailored advantages of 
polymeric biomaterials, and siRNAs have potential as cancer 
therapeutics (21‑23). Exosomes (Exos) are the smallest type of 
extracellular vesicles (40‑100 nm in diameter), consisting of a 
lipid bilayer surface structure and containing various essential 
biomolecules including DNA, lipid, protein, and RNA, acting 
as indispensable cell communication mediators  (24). Exos 
have the characteristics of good biocompatibility and low 
toxicity and immunogenicity and play significant roles in the 
development and metastasis of cancers  (25,26). Therefore, 
delivery of siRNAs targeting PYCR1 (si‑PYCR1) through 
Exos for BC treatment may theoretically be of clinical value. 
However, there are no reports, to the best of our knowledge, 
on the mechanism of bone marrow mesenchymal stem cell 
(BMSC)‑derived Exos (BMSC‑Exos) with PYCR1 expression 
knocked down on the aerobic glycolysis and growth of BC 
cells. The aim of this study was to elucidate the mechanism 
of PYCR1 in BC and to establish a therapeutic modality using 
BMSC‑Exos vector containing si‑PYCR1 for the management 
of BC, serving as a reference for elucidating the pathogen‑
esis of BC and developing novel targeted therapies for the 
management of BC.

Materials and methods

Ethics statement. All procedures were authorized by the 
Academic Ethics Committee of Hunan Provincial People's 
Hospital, The First Affiliated Hospital of Hunan Normal 
University (approval no. 2021‑071) and were strictly imple‑
mented in accordance with the National Laboratory Animal 
Guide (27). Laboratory procedures were performed in such a 
manner as to reduce the pain and discomfort caused to mice. 
The need for approval for the use of primary human BMSCs 
was waived by the Ethics Committee of Hunan Provincial 
People's Hospital, The First Affiliated Hospital of Hunan 
Normal University.

Database analysis of PCYR1 expression in BC. The 
StarBase database (starbase.sysu.edu.cn/panCancer.ph) was 
used to determine PCYR1 expression in BC as follows: 
Select ‘Gene Differential Expression’, search ‘PCYR1 
(ENSG00000183010)’, and select ‘Bladder Urothelial 
Carcinoma’. The results were downloaded from the database.

Cell culture. Normal bladder epithelial cell SV‑HUC‑1 and BC 
cell lines T24, 5637, RT4, and TCCSUP (ATCC) were cultured 

in the RPMI‑1640 medium (all from Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS, 100 U/ml peni‑
cillin, and 100 µg/ml streptomycin in a humidified incubator 
(Eppendorf) supplied with 5% CO2 air at 37˚C. Cells in the 
logarithmic growth phase were collected and PCYR1 levels 
in cells were determined by reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) and western blotting.

Extraction of BMSC‑Exos. Human BMSCs (cat. no. 7500, 
ScienCell Research Laboratories, Inc.) were cultured and 
subcultured according to the manufacturer's instructions. 
After 5 subcultures, Exos in the BMSC supernatant culture 
medium were extracted by ultracentrifugation. BMSCs were 
cultured to 60% confluence, and the medium was replaced 
with Exo‑free serum (EXO‑FBS‑50A‑1, SBI). When the cell 
density reached 85%, the supernatant was centrifuged at 4˚C at 
2,000 g for 15 min. The collected supernatant was then centri‑
fuged at 4˚C at 16,500 g for 30 min, filtered with 0.22‑µm filter 
membranes to remove particles >200 nm, and centrifuged 
twice at 4˚C at 100,000 g for 70 min, and the Exos in the lower 
layer were collected, resuspended in 100 µl PBS, and stored 
at ‑80˚C. The supernatant of BMSCs treated with GW4869, 
an inhibitor of exosome secretion (10 µM, cat. no. HY‑19363, 
MedChemExpress), for 24 h was used as the negative control 
(NC) of Exos (28).

Preparation of Exo‑si‑PYCR1 using the electroporation 
method. Cy3‑si‑PYCR1 (orange fluorescent label) was synthe‑
sized by Shanghai GenePharma Co., Ltd. The extracted Exos 
and Cy3‑si‑PYCR1 were added to the electroporation cuvettes 
(Bio‑Rad Laboratories, Inc., Gene Pulser Xcell electropora‑
tion system) at the mass ratio of 5:1 (500 ng:100 ng) and were 
electroplated for 2 sec at 400 V and 125 µF. Subsequently, the 
mixture was centrifuged at 135,000 g and 4˚C for 70 min to 
obtain Exo‑si‑PYCR1, resuspended in 100 µl PBS and stored 
at ‑80˚C.

Identification of Exos and Exo‑si‑PYCR1. The morphological 
structure of Exos and Exo‑si‑PYCR1 was observed using a 
transmission electron microscope (TEM) (FEI). The particle 
size distribution and ζ potential of Exos and Exo‑si‑PYCR1 
were measured using a Malvern Laser Particle Sizer (DLS, 
Zetasizer Nano ZS90, Malvern Instruments). The positive 
expression of surface marker proteins CD9, CD81, CD63, and 
TSG101 (Abcam) in Exos and Exo‑si‑PYCR1 was detected 
by western blotting. The content changes of free si‑PYCR1 in 
Exos, free si‑PYCR1, and Exo‑si‑PYCR1 after electroporation 
were determined by agarose gel electrophoresis to determine 
whether si‑PYCR1 was loaded into Exos.

Observation of Exo‑si‑PYCR1 uptake by BC cells using laser 
confocal microscopy. T24 cells (2x105) were seeded in the 
confocal Petri dishes and used for the control group, si‑PYCR1 
group, and Exo‑si‑PYCR1 group. The control cells were not 
treated, cells in the si‑PYCR1 group were transfected with free 
Cy3‑si‑PYCR1 (100 ng) using Lipofectamine® 2000 reagent 
(cat. no. 11668‑019; Invitrogen; Thermo Fisher Scientific, 
Inc.), and cells in the Exo‑si‑PYCR1 group were transfected 
with Exo‑si‑PYCR1 with Cy3‑si‑PYCR1 (100 ng). After 24 h 
of transfection, cells were incubated with immunostaining 
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fixative (cat. no. P0098, Beyotime Institute of Biotechnology) 
for 10  min and washed with immunostaining detergent 
(cat.  no.  P0106, Beyotime Institute of Biotechnology) for 
5 min x 4 times. Then, to the confocal Petri dishes, 200 µl 
green‑fluorescent probe was added (Actin‑Tracker Green, 
cat. no. C1033, Beyotime Institute of Biotechnology) diluted 
with immunofluorescence staining secondary antibody diluent 
(1:200, cat. no. P0108, Beyotime Institute of Biotechnology) 
and incubated at 37˚C for 30 min. After staining, the cells 
were washed with detergent for 5 min x 4 times, incubated 
with DAPI working solution for 10 min, and washed with PBS 
4 times; the uptake rate (%) of Cy3‑si‑PYCR1 by T24 cells was 
observed under a laser confocal microscope (magnification, 
x200, Leica GmbH).

Cell grouping and treatment. T24 cells and RT4 cells were 
seeded in 6‑well plates, cultured until 80% confluence, and 
divided into the following groups based on different treat‑
ments: i) blank group, T24 cells or RT4 cells normally cultured 
for 48 h; ii) si‑PYCR1 group and si‑NC group, T24 cells 
transfected with the si‑PYCR1 or the NC, respectively; iii) 
oe‑PYCR1 group and oe‑NC group, RT4 cells transfected with 
the oe‑PYCR1 or the NC, respectively; iv) oe‑PYCR1 + Vehicle 
group and oe‑PYCR1 + CL‑387785 group, RT4 cells treated 
with EGFR inhibitor CL‑387785 (1 µM, cat. no. HY‑10325, 
MedChemExpress) or solvent (0.1% DMSO) for 2  h and 
transfected with oe‑PYCR1. The dosage and method of use 
of CL‑387785 were determined according prior to the study 
(data not shown); v) Exo group, T24 cells were cultured with 
Exos (100 ng/well) for 48 h; and vi) Exo‑si‑NC group and 
Exo‑si‑PYCR1 group, T24 cells were cultured with Exo‑si‑NC 
or Exo‑si‑PYCR1 (containing si‑NC or si‑PYCR1 100 ng/well) 
for 48 h. si‑PYCR1, oe‑PYCR1, and corresponding NCs used 
in transfection were synthesized by Shanghai GenePharma 
CO., Ltd. The sequences of si‑RNAs were: si‑PYCR1 forward, 
5'‑UGC​UAU​CAA​CGC​UGU​GG‑3' and reverse, 5'‑CCA​CAG​
CGU​UGA​UAG​CA‑3'; and si‑NC forward, 5'‑AAU​UCU​CCG​
AAC​GUG​UAC​GU‑3' reverse, 5'‑ACG​UAC​ACG​UUC​GGA​
GAA​UU‑3'. pcDNA3.1 was used as the vector of oe‑PYCR1, 
and oe‑NC corresponded to the empty plasmid. After 48 h of 
transfection, PYCR1 levels were determined by RT‑qPCR and 
western blotting.

MTT assay. Cell viability was detected using an MTT assay. 
Briefly, 2,000 T24 or RT4 cells were seeded in 96‑well plates. 
After 48 h of culture, cells were incubated with 20 µl MTT 
solution (0.5%, cat. no. M1025, Beijing Solarbio Science & 
Technology Co., Ltd.) at 37˚C for 4 h, and then MTT solu‑
tion was removed. Next, 100 µl DMSO was added to cells, 
and the plates were shaken at a constant speed for 10 min to 
fully dissolve the formazan crystals. The optical density value 
at 490 nm was measured using a microplate reader (Thermo 
Fisher Scientific, Inc.).

Transwell assays. After 48 h of transfection, the cells in each 
group were collected and made into cell suspensions. The inva‑
sive ability of BC cells was assessed using Transwell chambers 
(cat. no. 3413, Corning, Inc.). Matrigel matrix adhesive was 
spread (60 µl, Corning) on the bottom of the apical chamber, 
100 µl cell suspension was added to the chamber, with a cell 

count of approximately 1x105, and 700 µl RPMI‑1640 medium 
comprising 10% fetal bovine serum was added to the basolat‑
eral chamber. Following 48 h of incubation, the non‑invasive 
cells in the apical chamber of the Transwell chamber were 
wiped off with a cotton swab, cells were fixed with 4% 
paraformaldehyde at 37˚C for 30 min, and stained with 0.1% 
crystal violet at 37˚C for 10 min. The number of cells passing 
through the membrane pores was observed under a micro‑
scope (200x, Olympus Corporation) in three random fields for 
each well; the number of invasive cells in the different groups 
was counted.

Wound‑healing assay. The migratory ability of BC cells was 
assessed using a wound‑healing assay. After 48 h of trans‑
fection, T24 or RT4 cells were seeded at 5x104 cells/well in 
96‑well plates and cultured in an. Once a confluent monolayer 
had formed, a scratch was created using a 200‑µl sterile pipette 
gun head by vertically marking a line under an inverted micro‑
scope (Olympus Corporation) and imaged at 0 and 24 h. The 
cell migration rate (%) was calculated by measuring the width 
of the wound.

Determination of glucose uptake, lactate, and ATP production 
levels. The levels of aerobic glycolysis‑related indicators, 
glucose uptake, lactate production, and ATP production 
were determined using the colorimetric method. The glucose 
uptake colorimetric assay kit (cat. no. 36503, AAT Bioquest), 
lactate detection kit (cat. no. KTB1100‑1, Abbkine Scientific 
Co., Ltd.), and ATP detection kit (cat. no. YT6278, Beijing 
YITA Biotechnology) were used according to the instructions 
of the kits.

Co‑immunoprecipitation (Co‑IP). T24 cells in the exponen‑
tial phase were collected and total protein was extract using 
weak RIPA lysate (P0013D, Beyotime, Shanghai, China), and 
protein concentration was determined using BCA reagent kit 
(P0012, Beyotime). The 200 µg of total protein was taken and 
1 µg PYCR1 antibody (cat. no. ab102601, Abcam) was added 
and incubated overnight at 4˚C. Then, 10 µl pre‑treated protein 
A (cat. no. YJ101, Epizyme Biomedical Technology) agarose 
bead was added to the solution and incubated for 2 h at 4˚C to 
allow coupling of the antibody with protein A agarose bead. 
Following immunoprecipitation, the mixture was centrifuged 
for 3 min at 4˚C and 200 x g to sink the agarose bead to the 
bottom of the tube. The supernatant was removed carefully, 
and the agarose bead was washed 3 times with 1 ml lysis buffer 
before examining the binding of PYCR1 and EGFR protein 
using western blotting. IgG antibody (cat. no. ab6715, Abcam) 
was used as a negative control, and protein lysis buffer without 
immunoprecipitation was used as a positive control (Input).

Xenograft tumor models. The 6‑week‑old male BALB/c nude 
mice (Cavens Laboratory Animal) were used to establish the 
xenograft tumor model. T24 cells have a high tumor formation 
rate in nude mice. T24 cells in the logarithmic growth phase 
were detached into a single‑cell suspension and subcutane‑
ously injected into the armpits of mice (2x106 cells per mouse). 
Drug intervention was performed when the subcutaneous 
tumor grew to ~100 mm3 (tumor volume=long x width2 x 1/2). 
The mice with tumor formations were randomly assigned to 
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one of four groups (n=6 per group): NC group, BMSC‑Exo 
group, BMSC‑Exo‑si‑NC group, and BMSC‑Exo‑si‑PYCR 
group, in which mice were administered 200 µl normal saline, 
BMSC‑Exo, BMSC‑Exo‑si‑NC, and BMSC‑Exo‑si‑PYCR1, 
respectively, by tail vein injection on days 0, 3, 6, and 9, 
respectively. The physical conditions and behavior of mice 
were observed daily during the medication period. The weight 
of mice was measured on days 0, 2, 4, 6, 8, and 12, respec‑
tively. The volume of the xenografted tumor was measured 
once a week. The tumor volume was measured for the last 
time in the 5th week (the 35th day) (maximum tumor long 
diameter: 15.0 mm). Then, mice were euthanized by intraperi‑
toneal injection of 1% pentobarbital sodium (200 mg/kg). The 
tumors were removed for observation and imaging, weight 
measurement, and immunohistochemical staining.

RT‑qPCR. BC cells or tumor tissues of nude mice were 
collected. Total RNA was extracted using the TRIzol® reagent 
(cat. no. 15596018; Invitrogen; Thermo Fisher Scientific, Inc.) 
and reverse transcribed into cDNA using the RNA RT kit 
according to the manufacturer's protocol (cat. no. 4387406; 
Invitrogen; Thermo Fisher Scientific, Inc.). qPCR was 
performed using the ABI Prism 7300 system using the following 
amplification temperature protocol: Pre‑denaturation, 95˚C for 
30 sec; followed by 40 cycles of denaturation at 95˚C for 5 sec, 
annealing at 60˚C for 30 sec, and extension at 72˚C for 30 sec. 
The relative gene expression was analyzed using the 2‑ΔΔCq 
method (29), with β‑Actin as the internal reference control. 
The primers were synthesized by Sangon Biotech Co., Ltd. 
The sequences were as follows: PYCR1:F: 5'‑GGC​TGC​CCA​
CAA​GAT​AAT​GGC‑3'; R: 5'‑CAA​TGG​AGC​TGA​TGG​TGA​
CGC‑3' and β‑actin: F: 5'‑AAT​GAG​CTG​CGT​GTG​GCT‑3'; 
R: 5'‑TAG​CAC​AGC​CTG​GAT​AGC​AA‑3'.

Western blotting. Cells were collected and lysed using 
RIPA lysis buffer (cat.  no. P0013B, Beyotime Institute of 
Biotechnology) to obtain total proteins from cells or tumor 
tissues of nude mice. Protein concentration was determined 
using a BCA kit. Equal amounts of proteins protein were 
loaded on SDS‑gels, resolved using 10% SDS‑PAGE, and 
transferred to PVDF membranes. Membranes were blocked 
with 5% skimmed milk for 1 h and incubated overnight with 
the following antibodies: PYCR1 (1:1,000, cat. no. ab102601; 
Abcam), GLUT1 (1 µg/ml, cat. no. ab115730, Abcam), hexo‑
kinase 1 (HK1; 1:1,000, cat. no. ab154839, Abcam), lactic 
dehydrogenase A (LDHA; 1:5.000, ab52488, Abcam), EGFR 
(1:10.000, ab52894, Abcam), p‑EGFR (1:1,000, ab40815, 
Abcam), PI3K (1:1,000, ab32089, Abcam), p‑PI3K (0.5 µg/ml, 
ab278545, Abcam), AKT (1:500, ab8805, Abcam), p‑AKT 
(1:1,000, ab38449, Abcam), and β‑Actin (1:1,000, ab8227, 
Abcam). After incubation with the primary antibodies, 
the membranes were probed with horseradish peroxidase‑
conjugated secondary antibody (1:3,000, ab6721, Abcam) for 
1 h. Finally, Signals were visualized using the ChemiDoc MP 
Imaging System (Bio‑Rad Laboratories, Inc.).

Immunohistochemical staining. Tumor tissues were fixed with 
4% paraformaldehyde at 4˚C for 24 h and cut into 5‑µm thick 
paraffin‑embedded sections. As previously reported (30), the 
sections were routinely dewaxed and hydrated, and subjected 

to antigen retrieval using sodium citrate buffer (pH=6.0) in a 
microwave oven at 100˚C for 10 min and incubated with 3% 
H2O2 at room temperature for 10 min to block the activity of 
endogenous peroxidase. After washing with PBS, the sections 
were incubated with the primary antibody against Ki‑67 
(1:250, cat. no. ab92742, Abcam) in the dark at 4˚C overnight. 
After PBS washes, the sections were incubated at room 
temperature with the secondary antibody goat anti‑rabbit IgG 
H&L HRP (1:500, cat. no. ab97051, Abcam) for 30 min at 
37˚C, washed with PBS, counterstained with hematoxylin for 
30 sec at 37˚C, differentiated with 0.1% HCl, rinsed with tap 
water to return to blue for 5 min. Subsequently, the sections 
were dehydrated with a gradient of alcohol solutions, cleared 
with xylene, and sealed with neutral gum. After air drying, the 
sections were observed and imaged under a light microscope 
(x200, Olympus Corporation).

Biosafety investigation. The safety of Exo‑si‑PYCR1 was 
investigated by observing the weight changes of mice in each 
group during the drug intervention period (days 0‑12). After 
mice were euthanized by intraperitoneal injection of 1% 
pentobarbital sodium (200 mg/kg), the major organs (heart, 
liver, spleen, lung, and kidney) of mice were collected for 
pathological HE staining to further investigate the effects of 
Exo‑si‑PYCR1 on these organs.

Statistical analysis. GraphPad Prism version 8.01 (GraphPad 
Software Inc.) was used to perform the statistical analysis. 
A Shapiro‑Wilk test was used to evaluate the distribution 
of data. In vitro experiments were performed three times in 
each group, and 6 nude mice were included in each group 
for the in vivo experiments. The normally distributed data 
are presented as the mean ± SD. An independent samples 
Student's t‑test was used for comparisons between 2 groups 
and a one‑way ANOVA followed by Tukey's post hoc test was 
used to compare differences between multiple groups. P<0.05 
was considered to indicate a statistically significant difference. 
a statistically significant difference.

Results

PYCR1 expression is upregulated in BC cells and it promotes 
cell growth. PYCR1 expression is upregulated in various 
types of cancer and it is involved in the regulation of BC 
cell behaviors (31,32). Using the StarBase database, it was 
found that PYCR1 levels were upregulated in BC (Fig. 1A, 
P<0.05). Next, PYCR1 levels in SV‑HUC‑1 normal human 
bladder epithelial immortalized cells and four BC cells (T24, 
5637, RT4, and TCCSUP) were determined by RT‑qPCR 
and western blot assay. PYCR1 was found to be upregu‑
lated in the four BC cell lines, in which T24 cells exhibited 
the highest level and RT4 cells exhibited the lowest levels 
(Fig. 1B and C, all P<0.05). To investigate the effects of 
PYCR1 on BC cells, interference plasmids were transfected 
into T24 cells to knock down PYCR1, and overexpression 
plasmids were transfected into RT4 cells to increase PYCR1 
levels. RT‑qPCR and western blot assays showed that PYCR1 
was successfully knocked down in T24 cells and overex‑
pressed in RT4 cells (Fig.  1D and E, all P<0.001). MTT 
assay showed that T24 cell viability was decreased following 
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PYCR1 knockdown and increased following PYCR1 over‑
expression (Fig. 1F, all P<0.001). Transwell wound‑healing 
assays showed that PYCR1 knockdown reduced T24 cell 
invasion and migration, whereas PYCR1 overexpression 

stimulated RT4 cell invasion and migration (Fig. 1G and H, 
all P<0.001). These results confirmed that PYCR1 was highly 
expressed in BC where it facilitated BC cell proliferation, 
invasion, and migration.

Figure 1. PYCR1 expression is upregulated in BC cells and it promotes cell proliferation, invasion, and migration. (A) Elevated expression of PYCR1 in BC was 
found by StarBase. (B and C) RT‑qPCR and western blot elicited raised mRNA and protein expression levels of PYCR1 in BC cells RT4, 5637, TCCSUP, and 
T24 relative to normal bladder epithelial cells SV‑HUC‑1. (D and E) RT‑qPCR and western blot manifested repressed mRNA and protein expression levels of 
PYCR1 in T24 cells after PYCR1 knockout and facilitated levels in RT4 cells after PYCR1 overexpression. (F) MTT assay detected decreased T24 viability 
and increased RT4 viability. (G) Transwell assay detected reduced T24 invasion and promoted RT4 invasion. (H) Wound‑healing assay detected repressed 
T24 migration and enhanced RT4 migration. Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a Tukey's test was used 
to compare the data. *P<0.05, **P<0.01, ***P<0.001. BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; FPKM, Fragments Per Kilobase of exon 
model per Million mapped fragments; oe, overexpression. 
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PYCR1 promotes aerobic glycolysis in BC cells. Aerobic 
glycolysis is important in regulating tumor cell behav‑
iors  (33,34). It was speculated that PYCR1 may regulate 
aerobic glycolysis in BC. The levels of glucose uptake, lactate 
production, and ATP production in cells after 48 h of trans‑
fection were assessed. The levels of glucose uptake, lactate 
production, and ATP production in T24 cells with PYCR1 
expression knocked down were lower, whereas they were 
increased in RT4 cells overexpressing PYCR1 (Fig. 2A‑C, all 
P<0.001). Furthermore, the protein expression levels of aerobic 
glycolysis‑related enzymes GLUT1, HK1, and LDHA were 
assessed by western blotting. PYCR1 knockdown reduced the 
protein expression levels of GLUT1, HK1, and LDHA, while 
PYCR1 overexpression increased the expression levels of these 
proteins (Fig. 2D, all P<0.001). These results suggested that 
PYCR1 promoted aerobic glycolysis in BC.

PYCR1 promotes activation of the EGFR/PI3K/AKT 
pathway in BC cells. The EGFR/PI3K/AKT pathway is 
closely associated with BC cell proliferation, invasion, and 
metastasis (35) and is implicated in the regulation of aerobic 
glycolysis (17,18). It was speculated that PYCR1 regulated the 
EGFR/PI3K/AKT pathway. Western blot assay demonstrated 
that the EGFR/PI3K/AKT pathway was inhibited, and the 
p‑EGFR/EGFR, p‑PI3K/PI3K, and p‑AKT/AKT levels were 
repressed in T24 cells following PYCR1 knockdown, whereas 
this pathway was activated in RT4 cells following PYCR1 
overexpression (Fig. 3A, all P<0.001). Thus, PYCR1 activated 
the EGFR/PI3K/AKT pathway. To probe the mechanism by 
which PYCR1 regulated the EGFR/PI3K/AKT pathway, the 
protein‑protein interactions between PYCR1 and EGFR were 
examined by Co‑IP, which revealed that endogenous PYCR1 
interacted with EGFR protein in T24 cells, suggesting that 

PYCR1 could interact with EGFR (Fig. 3B); that is, PYCR1 
activated the PI3K/AKT pathway by binding to EGFR.

EGFR pathway inhibitor abrogates the effects of PYCR1 on 
aerobic glycolysis and BC cell proliferation, invasion, and 
migration. To confirm that PYCR1 regulated aerobic glycolysis 
and BC cell growth through the EGFR/PI3K/AKT pathway, 
RT4 cells overexpressing PYCR1 were treated with the 
pathway inhibitor CL‑387785. Western blotting showed that 
the EGFR/PI3K/AKT pathway was inhibited by CL‑387785, 
while PYCR1 protein expression was not altered by CL‑387785 
(Fig. 4A, all P<0.01). This result confirmed that EGFR was 
downstream of PYCR1. Glucose uptake, lactate production, 
and ATP production levels were also repressed by CL‑387785 
treatment (Fig. 4B‑D, all P<0.001), and RT4 cell proliferation, 
invasion, and migration were also suppressed (Fig. 4E‑G; all 
P<0.001). Overall, CL‑387785 abrogated the promoting effects 
of PYCR1 overexpression on aerobic glycolysis and BC cell 
proliferation, invasion, and migration.

Identif ication of BMSC‑derived Exos and loading of 
si‑PYCR1. MSC‑shuttled Exos have a good biological 
affinity, low toxicity, and low immunogenicity and can be 
used as carriers to load si‑RNA and other drugs to target 
cancer (20). BMSC‑secreted Exos were isolated by differential 
centrifugation and loaded with si‑PYCR1 by electroporation. 
TEM revealed that Exos were present, visible as the circular 
saccular body with a double‑layer membrane structure and 
loading si‑PYCR1 had no obvious effect on their morphology 
(Fig. 5A). The particle diameter of the Exos was 54.8±9.6 nm, 
and the particle size of Exo‑si‑PYCR1 after loading si‑PYCR1 
was not changed significantly (Fig.  5B). The potential of 
Exos was ‑8.67±0.21 mV, while that of Exo‑si‑PYCR1 was 

Figure 2. PYCR1 promotes aerobic glycolysis in BC cells. (A‑C) Decreased levels of aerobic glycolysis‑related‑indexes, glucose uptake, lactate production, 
and ATP production in T24 cells and stimulated levels in RT4 cells. (D) Western blot manifested suppressed expression levels of GLUT1, HK1, and LDHA in 
T24 cells and amplified expression levels in RT4 cells. Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a Tukey's test 
was used to compare the data. ***P<0.001. BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; oe, overexpression. 
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‑14.32±0.18 mV, which indicated that the negatively charged 
si‑PYCR1 was loaded into Exos (Fig. 5C, P<0.01). The Exo 
surface markers CD9, CD81, CD63, and TSG101 in Exos and 
Exo‑si‑PYCR1 were positively expressed (Fig. 5D). Agarose 
gel electrophoresis found that the levels of free si‑PYCR1 in 
Exo‑si‑PYCR1 were lower, which indicated that si‑PYCR1 
was loaded into Exos (Fig.  5E). These results indicated 
that BMSC‑shuttled Exos loaded with si‑PYCR1 had been 
successfully obtained.

Exos‑si‑PYCR1 have stronger inhibitory effects on aerobic 
glycolysis and proliferation, invasion and migration of BC 
cells. To evaluate the effects of Exo‑si‑PYCR1 on BC cells, 
the proportion of Cy3‑labeled Exo‑si‑PYCR1 entering T24 
cells was observed using a laser confocal microscope. The 
proportion of si‑PYCR1 plasmid introduced into T24 cells 
increased relative to the control group, and the levels of 
Exo‑si‑PYCR1 entering the cells was higher in the si‑PYCR1 
group (Fig. 6A, all P<0.05). Exo‑si‑PYCR1 knocked down 
PYCR1 levels in T24 cells (Fig. 6B and C, all P<0.01). The 
glucose uptake, lactate production, and ATP production levels 
were suppressed after Exo‑si‑PYCR1 treatment, and the inhibi‑
tory effect of Exo‑si‑PYCR1 was more prominent than that of 
si‑PYCR1 transfection (Fig. 6D and F, all P<0.05). In addition, 
Exo‑si‑PYCR1 inhibited T24 cell proliferation, invasion, and 
migration, and the inhibitory effect was stronger than that of 
si‑PYCR1 (Fig. 6G‑I, all P<0.05). Collectively, Exo‑si‑PYCR1 
inhibited aerobic glycolysis and BC cell growth, and the 
inhibitory effect of Exo‑si‑PYCR1 was stronger than that of 
si‑PYCR1.

Exo‑si‑PYCR1 inhibits growth of BC xenograft tumors in nude 
mice. To validate the inhibitory effects of Exo‑si‑PYCR1 on 
BC in vivo, T24 cells were injected into nude mice to establish 
xenograft tumor models of BC. When the volume of the xeno‑
graft tumors was ~100 mm3, BMSC‑Exos, BMSC‑Exo‑si‑NC, 
and BMSC‑Exo‑si‑PYCR1 were injected into nude mice 
through the tail vein. After BMSC‑Exo‑si‑PYCR1 treat‑
ment, the PYCR1 levels in tumor tissues were repressed 
(Fig.  7A  and  B, all P<0.001), and BMSC‑Exo‑si‑PYCR1 

inhibited the growth rate, volume, and weight of xenograft 
tumors in nude mice (Fig. 7C‑E, P<0.001), and the number of 
Ki67‑positive cells that marked the proliferation of cancer cells 
in tumor tissues was reduced (Fig. 7F, P< 0.001), indicating that 
BMSC‑Exo‑si‑PYCR1 inhibited BC cell proliferation in vivo. 
After the injection of BMSC‑Exo‑si‑PYCR1, any toxic effects 
of BMSC‑Exo, BMSC‑Exo‑si‑NC, and BMSC‑Exo‑si‑PYCR1 
were evaluated by observing the changes in the body weight 
of nude mice and observing any pathological changes in 
the primary organs (heart, liver, spleen, lung, and kidney) 
by HE staining. BMSC‑Exo, BMSC‑Exo‑si‑NC, and 
BMSC‑Exo‑si‑PYCR1 had no notable effects on the body 
weight and the primary organs of nude mice (Fig. 7G‑H). 
These results suggested that the use of BMSC‑Exo‑si‑PYCR1 
may be a feasible method for the management of BC.

Discussion

BC is the 4th most prevalent malignancy in men and also a 
prevalent malignancy in women; it ranges in severity from 
non‑invasive and unaggressive tumors that recur in patients, 
to long‑term invasive surveillance, to invasive and aggressive 
tumors with high disease‑specific mortality (2). Evidence has 
revealed that upregulation of PYCR1 promotes BC develop‑
ment and progression (36). Exos are important in cell‑cell 
communication that are natural carriers of biological cargo 
and have become a promising platform for cancer treat‑
ment  (37). The present study found that si‑PYCR1 loaded 
into BMSC‑derived Exos blocked aerobic glycolysis and BC 
growth via regulation of the EGFR/PI3K/AKT pathway.

The upregulation of PYCR1 contributed to the progression 
of various cancers such as gastric cancer, nasopharyngeal 
cancer, and lung cancer (19,38,39). In the present study, it was 
found that PYCR1 expression was upregulated in BC cells. 
In particular, the relative expression levels of PYCR1 were 
highest in T24 cells and lowest in RT4 cells. Therefore, PYCR1 
expression was knocked down in T24 cells and overexpressed 
in RT4 cells to investigate its effects on BC. T24 cells with 
PYCR1 expression knocked down exhibited reduced viability, 
invasion, and migration, whereas RT4 cells overexpressing 

Figure 3. PYCR1 promotes the activation of the EGFR/PI3K/AKT pathway in BC cells. (A) Western blot revealed reduced phosphorylation levels of the 
EGFR/PI3K/AKT pathway‑related proteins in T24 cells and elevated phosphorylation levels in RT4 cells. (B) Co‑immunoprecipitation detected protein‑protein 
interactions between endogenous PYCR1 and EGFR in T24 cells. Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a 
Tukey's test was used to compare the data. ***P<0.001. BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; oe, overexpression. 
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PYCR1 exhibited increased viability, invasion, and migration. 
Consistently, PYCR1 expression was elevated in BC tissues, 

and PYCR1 knockdown in vivo models resulted in reduced 
cell growth, whereas PYCR1 overexpression accelerated cell 

Figure 4. Treatment with an EGFR pathway inhibitor abrogates the effects of PYCR1 on aerobic glycolysis and BC cell proliferation, invasion, and migration. 
(A) Western blot found no change in protein expression of PYCR1 and repressed phosphorylation levels of the EGFR/PI3K/AKT pathway‑related proteins in 
RT4 cells. (B‑D) Colorimetry and reagent kit demonstrated reduced levels of glucose uptake, lactate production, and ATP production in RT4 cells. (E) MTT 
assay showed weakened RT4 cell viability. (F) Transwell assay manifested limited RT4 cell invasion; G: Scratch test demonstrated blocked RT4 cell migration. 
Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a Tukey's test was used to compare the data. **P<0.01, ***P<0.001. BC, 
bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; oe, overexpression. 
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proliferation and invasion (7). In conclusion, high expression 
of PYCR1 facilitated the proliferation, invasion, and migration 
of BC cells.

Aerobic glycolysis participates in the regulation of the 
proliferation, invasion, and migration of various tumor cells 
including breast cancer, pancreatic cancer, and HCC (9,40,41). 
Cancer cells must generate sufficient ATP to satisfy the 
requirements of cell proliferation, and they uptake large quan‑
tities of glucose producing high volumes of lactate (42). High 
glycolytic flux depends on the upregulation of the glycolysis‑
associated genes (GLUT1, LDHA, and HK1), causing 
excessive production of lactate (43). Accordingly, it was specu‑
lated that PYCR1 might regulate aerobic glycolysis in BC and 
subsequent examination evidenced that glucose uptake, lactate 
production, ATP production, and GLUT1, HK1, and LDHA 
protein levels were suppressed in T24 cells following PYCR1 
knockdown, while their levels were increased in RT4 cells 
following PYCR1 overexpression. PYCR1‑dependent proline 
biosynthesis is critical for tumorigenesis by promoting cell 
proliferation and linking the proline cycle to glycolysis (44). 
PYCR1 knockdown induced metabolic transition from glycol‑
ysis to oxidative phosphorylation (45). However, there are no 
reports on the effects of PYCR1 in aerobic glycolysis in BC, 
to the best of our knowledge. Thus, the present study was the 
first to show that PYCR1 facilitated aerobic glycolysis in BC.

Downregulation of ring finger protein 126 inhibited 
the metastasis and proliferation of BC cells through the 
EGFR/PI3K/AKT pathway (35). The results showed that the 
EGFR/PI3K/AKT pathway was inhibited and p‑EGFR/EGFR, 
p‑PI3K/PI3K, and p‑AKT/AKT levels were repressed in T24 
cells following PYCR1 knockdown, while the EGFR/PI3K/AKT 
pathway was activated in RT4 cells overexpressing PYCR1. 
Previous studies have shown that the EGFR/PI3K/AKT 
pathway facilitated cancer cell proliferation and suppressed 
cell apoptosis in various types of cancer (16,46). PYCR1 has 
been implicated in the regulation of the PI3K/AKT/mTOR 
axis (19). The results of the present study showed that PYCR1 
could interact with EGFR. To further verify the involvement 
of the EGFR/PI3K/AKT pathway in aerobic glycolysis and 

BC growth, RT4 cells overexpressing PYCR1 were treated 
with the pathway inhibitor CL‑387785, and the results showed 
that CL‑387785 inhibited glucose uptake, lactate production, 
ATP production, and the proliferation, invasion, and migra‑
tion of RT4 cells, whilst PYCR1 protein expression remained 
unchanged. Consistently, the PI3K/mTOR pathway inhibitor 
repressed glycolysis in EGFR‑mutant lung adenocarcinoma 
cells (47). The EGF‑like motif is indispensable for VersicanV1 
to facilitate aerobic glycolysis in HCC cells and the invasion 
and metastasis through the activation of the EGFR/PI3K/AKT 
axis (18). To conclude, CL‑387785 abrogated the effects of 
PYCR1 overexpression on stimulating aerobic glycolysis and 
BC cell growth.

Owing to their nanometer sizes, Exos have been identi‑
fied as promising drug delivery tools for the management of 
cancer (26). si‑PYCR1‑loaded BMSC‑Exos were constructed, 
and it was found that the levels of Exo‑si‑PYCR1 entering the 
cells were elevated. Exos have good biocompatibility and low 
immunogenicity and can easily be taken up by cells (20,26). 
The results showed that the number of fluorescent si‑PYCR1 
plasmids introduced into T24 cells was larger, and thus the 
inhibitory rate of Exo‑si‑PYCR1 on PYCR1 expression was 
higher and the inhibitory effect on aerobic glycolysis and 
malignant behaviors of T24 cells was more prominent. 
Exo‑si‑PYCR1 exerted more prominent effects on suppressing 
PYCR1 levels, inhibiting glucose uptake, lactate production, 
and ATP production, and preventing the proliferation, invasion 
and migration of T24 cells than si‑PYCR1, illustrating for the 
first time that Exo‑si‑PYCR1 suppressed aerobic glycolysis 
and BC cell growth, and the inhibitory effect of Exo‑si‑PYCR1 
was stronger than that of si‑PYCR1. The in vivo results showed 
that BMSC‑Exo‑si‑PYCR1 repressed xenograft tumor growth 
in nude mice and decreased BC cell proliferation. In addition, 
BMSC‑Exo‑si‑PYCR1 had no obvious effect on the primary 
organs and body weight of nude mice. In conclusion, loading 
Exos with si‑PYCR1 to knock down PYCR1 in cancerous cells 
specifically may serve as a feasible method to treat BC.

In summary, this study showed for the first time that 
PYCR1 regulated aerobic glycolysis and BC cell growth via 

Figure 5. Identification of BMSC‑derived Exos and loading of si‑PYCR1. (A) The morphological structure of Exos and Exo‑si‑PYCR1 were double‑layered 
membrane vesicle structure observed using a TEM. (B and C) Particle diameter and potential of Exo and Exo‑si‑PYCR1 were determined using the particle 
size analyzer and potential analyzer. (D) The protein expression levels of Exo surface markers CD9, CD63, CD81 and TSG101 were positive, as determined by 
western blot. GW4869 is the negative control of Exos. (E) The levels of free si‑PYCR1 in Exos, si‑PYCR1, and Exo‑si‑PYCR1 were measured by agarose gel 
electrophoresis (Exo‑si‑PYCR1 was decreased relative to si‑PYCR1). Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a 
Tukey's test was used to compare the data. **P<0.01, BMSC, bone marrow‑derived stem cell; BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; 
Exo, exosome; si, small interfering; TEM, transmission electron microscopy.
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the EGFR/PI3K/AKT pathway. Furthermore, Exo‑si‑PYCR1 
was constructed, a nano nucleic acid drug with BMSC‑Exos 
as its carrier and verified that they inhibited BC progression 
through in vivo and in vitro experiments, serving as a reference 

for the development of Exo‑targeted therapeutic drugs for 
BC and other types of cancer. However, there was no further 
in‑depth study on the binding sites and intermolecular interac‑
tions between PYCR1 and EGFR, or the regulatory effects of 

Figure 6. Exo‑si‑PYCR1 has a stronger inhibitory effect on aerobic glycolysis and BC cell proliferation, invasion, and migration. (A) The uptake of Cy3‑labeled 
si‑PYCR1 by T24 cells was observed using laser confocal microscopy. (B and C) RT‑qPCR and western blot revealed reduced mRNA and protein expression 
levels of PYCR1 in Exo‑si‑PYCR1‑treated T24 cells. (D‑F) Colorimetry and reagent kit demonstrated diminished levels of glucose uptake, lactate production, 
and ATP production in Exo‑si‑PYCR1‑treated T24 cells. (G) MTT assay detected blocked proliferation in Exo‑si‑PYCR1‑treated T24 cells. (H) Transwell 
assays detected weakened invasion in Exo‑si‑PYCR1‑treated T24 cells. (I) Wound‑healing assay detected suppressed migration in Exo‑si‑PYCR1‑treated T24 
cells. Data are presented as the mean ± SD of three repeats. A one‑way ANOVA followed by a Tukey's test was used to compare the data. *P<0.05, **P<0.01, 
***P<0.001. BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; Exo, exosome; si, small interfering.
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PYCR1 on the EGFR/PI3K/AKT pathway in animal experi‑
ments. In addition, the therapeutic efficacy and biosafety of 

Exo‑si‑PYCR1 need to be verified through larger animal 
experiments. The regulatory role of PYCR1 in regulating the 

Figure 7. Exo‑si‑PYCR1 prevents BC xenograft tumor growth in nude mice and exhibits good biological safety. T24 cells were subcutaneously injected into 
nude mice to establish a tumor model of BC. When the tumor volume grew to ~100 mm3, BMSC‑Exo, BMSC‑Exo‑si‑NC, or BMSC‑Exo‑si‑PYCR1 was injected 
into mice through the tail vein. The NC group was injected with an equivalent volume of normal saline. (A and B) RT‑qPCR and western blot demonstrated 
decreased mRNA and protein expression levels of PYCR1 in tumor tissues of the BMSC‑Exo‑si‑PYCR1 group. (C) The volume of the xenograft tumor in nude 
mice of the BMSC‑Exo‑si‑PYCR1was decreased. (D) The size of the xenograft tumor. (E) The weight of the xenograft tumor in the BMSC‑Exo‑si‑PYCR1 
group was reduced. (F) The percentage of Ki67‑positive cells in tumor tissues was determined by immunohistochemistry. (G) The body weight of nude mice 
12 days after administration maintained stability. (H) There were no obvious changes in cell morphology of the heart, liver, spleen, lung, and kidney of nude 
mice analyzed by HE staining. n=6 mice/group. Data are presented as the mean ± SD of three repeats. A Student's t‑test or a one‑way ANOVA followed by a 
Tukey's test was used to compare the data. ***P<0.001. BC, bladder cancer; PYCR1, pyrroline‑5‑carboxylate reductase 1; Exo, exosome; si, small interfering; 
BMSC, bone marrow‑derived stem cell; Exo, exosome; NC, negative control; HE, hematoxylin and eosin.
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EGRF/PI3K/AKT pathway and glycolysis in BC cells was 
confirmed using both knockdown and overexpression experi‑
ments with RT4 and T24 cells. In the preliminary experiments, 
PYCR1 was overexpressed in RT4 cells and knocked down in 
T24 cells, and the results showed that PYCR1 overexpression 
could activate the EGFR/PI3K/AKT pathway. To validate 
whether PYCR1 regulates aerobic glycolysis and the growth of 
bladder cancer cells through the EGFR/PI3K/AKT pathway, 
the EGFR inhibitor CL‑387785 was used to treat RT4 cells 
overexpressing PYCR1 in rescue experiments. Therefore, RT4 
cells were selected for the functional experiments. It is hypoth‑
esized that the difference between the two cell types will have 
little impact on the present experimental results. Moreover, 
the overall experimental design was relatively complete. In 
the future, these limitations will be addressed. Furthermore, 
the molecular mechanism of the regulatory effects of 
PYCR1/EGFR/PI3K/AKT using animal experiments will be 
assessed to further verify the therapeutic effect and biosafety 
of Exo‑si‑PYCR1 and develop and construct additional 
nanonucleic acid drugs based on tumor therapeutic drugs 
and key factors associated with targeted inhibition of tumor 
progression through siRNAs to efficiently target tumors.
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