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Background: Bladder cancer (BC) is a common urological malignancy with high mortality worldwide. 
Many proteins can influence tumorigenesis by participating in cellular processes. Recently, abundant 
evidence has illustrated that paired related homeobox 1 (PRRX1) is closely related to the progression and 
development of human cancers. However, the function of PRRX1 in BC remains poorly understood. The 
aim of our study is to explore the role of PRRX1 in BC progression.
Methods: The expression of genes (PRRX1, FOXM1, LC3B, and Beclin-1) was examined through real-time 
quantitative polymerase chain reaction (RT-qPCR) and western blot. The expression of proteins (PRRX1, 
FOXM1, LC3B, and Beclin-1) was measured through immunohistochemistry. Cell viability and the half-
maximal inhibitory concentration were detected using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide) assay. Cell apoptosis was assessed through flow cytometry. Autophagy was tested by 
GFP-LC3 immunofluorescence assay. Tumors were grown in nude mice in vivo, and the tumor size, volume, 
and weight were evaluated.
Results: In our study, PRRX1 was highly expressed in BC tissues and cells, and high PRRX1 expression 
resulted in poor overall survival in patients with BC. PRRX1 accelerated the viability and hindered the 
apoptosis of BC cells. It also weakened gemcitabine-induced cytotoxicity and strengthened gemcitabine-
induced autophagy. PRRX1 was found to cooperate with forkhead box protein M1 (FOXM1) to influence 
downstream genes, and FOXM1 was found to regulate Beclin-1 and microtubule-associated protein 1 light 
chain 3 (LC3) genes to influence autophagy. PRRX1 up-regulated the expression of LC3 and Beclin-1 by 
cooperating with FOXM1. In rescue assays, FOXM1 reversed the effects of PRRX1 on gemcitabine-induced 
cytotoxicity and autophagy. Knockdown of PRRX1 enhanced the inhibitive effects of gemcitabine on tumor 
growth in vivo.
Conclusions: PRRX1 reduces gemcitabine-induced cytotoxicity in BC cells by regulating the expression of 
the autophagy proteins LC3 and Beclin-1. This discovery suggests that PRRX1 may be a useful therapeutic 
biomarker for BC.
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Introduction

Bladder cancer (BC) is  among the most common 
malignancies affecting the urinary system, the morbidity 
and mortality of which have risen in recent years (1,2). 
Although there has been considerable effort and progress 
in BC treatment, knowledge of the mechanisms of BC 
tumorigenesis and progression is still lacking, and the 
survival rate of patients with BC remains unsatisfactory  
(3-5). Therefore, it is of great significance to further explore 
important regulatory mechanisms in BC and to look for 
sensitive biomarkers for the treatment of this disease.

Increasing studies have identified that proteins exert 
marked regulatory effects on cell biological processes to 
affect the progression of various diseases (6-8). Paired 
related homeobox 1 (PRRX1), the paired-related homeobox 
transcription factor, induces epithelial-mesenchymal transition 
(EMT) in tumors, leading to a poor prognosis (9-12). 
In salivary adenoid cystic carcinoma, PRRX1-induced 
EMT stimulates the metabolic reprogramming of free 
fatty acids to facilitate tumor invasion and metastasis (13). 
Transcription factor PRRX1 accelerates the differentiation 
of brown adipose-derived stem cells into sinus node-like 
cells (14). PRRX1 also activates the TGF-β/Smad pathway 
to aggravate stemness and angiogenesis in glioma (15), and 
modulates cellular phenotype plasticity and dormancy via 
miR-642b-3p in head and neck squamous cell carcinoma (16).  
However, the role of PRRX1 in the progression of BC 
remains unclear. Therefore, the focus of the present study 
was to explore the role and related mechanisms of PRRX1 
in BC.

Gemcitabine serves  as  the  f i rs t- l ine  cytotoxic 
chemotherapeutic drug for BC (17,18). However, although 
gemcitabine treatment has some clinical benefits, it 
offers only limited control over the progression of BC. 
Gemcitabine initially works well for pancreatic, breast, 
bladder, and non-small cell lung cancers, but after several 
rounds of treatment, most patients gradually become 
unresponsive, leading to tumor recurrence (19-21). 
Therefore, gaining an in-depth understanding of the 
molecular mechanisms related to gemcitabine-induced 
cytotoxicity is important, and searching for novel drug 
markers is a feasible strategy to reverse drug resistance. 
Recent studies have revealed that suppressing Src decreases 
gemcitabine-induced cytotoxicity in human pancreatic 
cancer cell lines (22), and that everolimus strengthens 
gemcitabine-induced cytotoxicity in BC cell lines (23). 
Furthermore, in mantle cell lymphoma, silencing of HDM-2  
has been found to repress the expression of ribonucleotide 

reductase subunit M2 while synergistically strengthening 
gemcitabine-induced cytotoxicity (24). However, the 
relationship between gemcitabine-induced cytotoxicity and 
PRRX1 in BC is unclear.

Autophagy is a vital process to participate into cancers’ 
progression, also in BC. For example, lncRNA ADAMTS9-
AS1 regulates PI3K/AKT/mTOR signaling pathway 
to suppress cell apoptosis and autophagy in BC (25). In 
addition, artesunate enhances ROS and activates AMPK-
mTOR-ULK1 axis to stimulate autophagy dependent 
apoptosis in BC (26). Besides, leflunomide retards 
autophagy and the PI3K/Akt signaling pathway to suppress 
BC tumorigenesis (27). But, the relevant regulatory roles of 
PRRX1 on autophagy in BC need further investigations.

In the present study, we aimed to shed light on the 
role of PRRX1 and its effects on gemcitabine-induced 
cytotoxicity in BC. Our study found that PRRX1 affected 
gemcitabine-induced cytotoxicity in BC cells by regulating 
the expression of the autophagy proteins LC3 and Beclin-1. 
This observation suggests that PRRX1 might serve as 
a novel biomarker of gemcitabine-induced cytotoxicity 
in patients receiving BC treatment. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://tau.amegroups.com/article/
view/10.21037/tau-22-415/rc).

Methods

Tissue samples

Sample BC tissues (n=75) and adjacent normal tissues 
(n=75) were collected from patients receiving treatment for 
BC at The First Affiliated Hospital of Wenzhou Medical 
University. After collection, the tissues were immediately 
stored at −80 ℃. 

Other samples were offered from the urology sample 
bank of The First Affiliated Hospital of Wenzhou Medical 
University. Approval for this study was obtained from 
the Ethics Committee of The First Affiliated Hospital of 
Wenzhou Medical University (Approval. No. 2017-097). 
The study was in accordance with the Helsinki Declaration 
(as revised in 2013). Informed consent was taken from all 
the patients.

Cell culture

Five BC cell lines (T24, RT4, J82, SW780, and 5637) and 
the normal human bladder epithelial cell line HCV-29 were 
purchased from the American Type Culture Collection 
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(ATCC; Manassas, VA, USA). Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS) was applied to cultivate the cells, 
which were then incubated at 37 ℃ under a humidified 
atmosphere with 5% CO2.

Cell transfection

Short hairpin RNA (shRNA) targeting PRRX1 (sh1#PRRX1 
and sh2#PRRX1) and FOXM1  ( sh1#FOXM1 and 
sh2#FOXM1) and negative control (shNC), along with 
pcDNA3.1/PRRX1 and pcDNA3.1/FOXM1 with 
negative control (empty pcDNA3.1), were purchased from 
GenePharma (Shanghai, China). Transfection of the above 
vectors into BC cells was conducted using Lipofectamine 
2000 (Invitrogen, Carlsbad, CA, USA).

Western blot

Proteins were extracted from BC tissue samples and cells 
using RIPA reagent, and quantified using a bicinchoninic 
acid (BCA) protein quantitation kit. Then, sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed for protein separation, after which the proteins 
were moved onto polyvinylidene fluoride membranes. 
After being sealed with 5% defatted milk, the membranes 
were incubated with primary antibodies and then with 
horseradish peroxidase-conjugated secondary antibody. The 
following antibodies were used, all of which were bought 
from Abcam (Shanghai, China): PRRX1 (1:1,000, ab106834; 
Abcam), LC3B (1:3,000, ab63817; Abcam, containing 
LC3-I and LC3-II), Beclin-1 (1:1,000, ab210498; Abcam), 
FOXM1 (1:1,000, ab245309; Abcam), and β-actin (1:1,000, 
ab8226; Abcam). An enhanced electrochemiluminescence 
(ECL) detection system (Millipore) was used to detect the 
protein bands.

In vivo investigation

Animal experiments were performed under a project license 
(Approval No. WYDW2021-0014) granted by the Ethics 
Committee of Wenzhou Medical University, in compliance 
with the National Institutes of Health Laboratory guidelines 
for the care and use of animals. Five-week-old male BALB/c  
nude mice were divided into four groups (n=8 in each 
group): the shNC, sh1#PRRX1, gemcitabine + shNC, and 
gemcitabine + sh1#PRRX1 groups. All mice were purchased 
from the Vital River company (Beijing, China). Transfected 

BC cells were subcutaneously inoculated into the right flank 
of each nude mouse. The tumor volumes were estimated 
every 7 days using the formula: Volume =1/2 (length × 
width2). After 4 weeks, the mice were sacrificed by cervical 
dislocation under deep anesthesia with 2% isoflurane (Baxter 
Healthcare Corporation, New Providence, NJ, USA), and 
their tumors were photographed and weighed. 

Flow cytometry

A cell apoptosis assay was performed using the Annexin 
V-FITC Apoptosis Detection Kit (Sigma-Aldrich, St. 
Louis, MO, USA). Transfected BC cells were collected and 
subjected to two rinses with cold phosphate-buffered saline 
followed by incubation with Annexin V-FITC (fluorescein 
isothiocyanate) and propidium iodide at room temperature 
in the dark. Finally, cell apoptosis was examined through 
flow cytometry (BD Biosciences, San Jose, CA, USA).

Green fluorescent protein (GFP)-LC3 immunofluorescence 
assay

Autophagy was assessed through GFP-LC3 immunofluorescence 
analysis. The transfection of GFP-LC3 plasmids was 
performed using Lipofectamine 2000 reagent (Invitrogen). 
The LC3 protein was shown as the aggregated green 
fluorescent particles. Fluorescence images were acquired 
and analyzed using a fluorescence microscope (Nikon 
Corporation, Tokyo, Japan).

MTT assay

Cell viability and the half-maximal inhibitory concentration 
(IC50) were assessed by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay. Briefly, 
BC cells were plated in 96-well plates and MTT solution 
(10 μL, 5 mg/mL) was added into each well. After 4-hour 
incubation, the culture medium was removed, and dimethyl 
sulfoxide (100 μL) was added to dissolve the crystals. The 
absorbance was evaluated at 490 nm with a microplate 
reader (Bio-Tek Instruments, USA). Gemcitabine at 
different doses was applied to treat BC cells.

Sphere formation assay 

The BC cells were planted on the 6-well plates (Corning, 
USA). The plates were kept in one incubator for 2 weeks 
with 5% CO2 at 37 ℃. Then, the formed colonies were 
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made to fixing with 4% paraformaldehyde and staining 
with 0.1% crystal violet. The images were obtained under a 
microscope.

Real-time quantitative polymerase chain reaction (RT-
qPCR) assay

Isolation of total RNA was conducted using TRIzol (Life 
technologies, USA) and then complementary DNA was 
reverse-transcribed using the PrimeScript RT Reagent Kit 
(TaKaRa, Dalian, China). The polymerase chain reaction 
(PCR) reactions were done using SYBR® Premix Ex Taq™ 
(TaKaRa, Dalian, China) on the ABI Prism 7500 Fast Real-
Time PCR system (Applied Biosystems, USA). β-actin 
was employed as the internal control for genes. The 2-ΔΔCt 
method was used to calculate the expression levels of target 
genes. The PCR primers used were as follow:

PRRX1-F 5ʹ-CAGGCGGATGAGAACGTGG-3ʹ;
PRRX1-R 5ʹ-AAAAGCATCAGGATAGTGTGTCC-3ʹ;
FOXM1-F 5ʹ-ACTTTAAGCACATTGCCAAGC-3ʹ;
FOXM1-R 5ʹ-CGTGCAGGGAAAGGTTGT-3ʹ;
LC3B-F 5ʹ-GATGTCCGACTTATTCGAGAGC-3ʹ;
LC3B-R 5ʹ-TTGAGCTGTAAGCGCCTTCTA-3ʹ;
Beclin-1-F 5ʹ-GGATGGATGTGGAGAAAGGCAAG-3ʹ;
Beclin-1-R 5ʹ-TGAGGACACCCAAGCAAGACC-3ʹ;
β-actin-F 5ʹ-CTCCATCCTGGCCTCGCTGT-3ʹ;
β-actin-R 5ʹ-GCTGTCACCTTCACCGTTCC-3ʹ.

Immunohistochemical (IHC) staining assay

An IHC assay was performed with formalin-fixed, 
paraffin-embedded tissues. After slicing, the tissues 
were deparaffinized and rehydrated. The tissues were 
first incubated with anti-Ki-67, anti-PRRX1, and anti-
Beclin-1 at 4 ℃ overnight, and then probed with secondary 
antibodies with high-sensitivity streptavidin–horseradish 
peroxidase conjugate. For observation, slides were dyed 
with 3, 3'-diaminobenzidine and counterstained with 
Hematoxylin-eosin staining.

Statistical analysis

Data were denoted as mean ± SD (standard deviation). 
Statistical analyses were conducted using the SPSS 20.0 
software (Chicago, IL, USA). All experiments were done in 
triplicate. Differences among groups were analyzed using 
Student’s t-test (for two groups) or one-way ANOVA (for 

more than two groups). Statistical significance was indicated 
by P<0.05.

Results

PRRX1 was highly expressed in BC tissues

Abnormal expression of PRRX1 has been confirmed to 
affect the progression of a variety of tumors (13,14,16,28). 
The expression of PRRX1 in TCGA-BLCA database was 
analyzed by online tool GEPIA, and the results showed 
no significant difference of PRRX1 mRNA expression 
in normal tissues and BC tissues (Figure S1A). But, the 
prognosis of BC patients with high PRRX1 expression 
was significantly poor (Figure S1B). In this study, we first 
verified the expression of PRRX1 in BC tissues. Results of 
real-time quantitative PCR analysis revealed that PRRX1 
expression was higher in BC tissues than in adjacent normal 
tissues (Figure 1A). Further, patients with BC who had high 
levels of PRRX1 had a notably poorer prognosis than those 
with low PRRX1 levels (Figure 1B). Through IHC and 
western blot analyses, PRRX1 expression was found to be 
up-regulated in the tumor group compared with the normal 
group (Figure 1C,1D). Together, these results showed that 
PRRX1 was highly expressed in BC tissues.

PRRX1 was up-regulated in BC cells and enhanced cell 
viability

To explore the possible biological effect of PRRX1 on 
BC cell phenotype, we detected the protein expression of 
PRRX1 in the BC cell lines T24, RT4, J82, SW780 and 
5637. Results showed that PRRX1 protein expression 
was higher in BC cell lines than in the human bladder 
epithelial cell line HCV-29 (Figure 2A). Confirmation of 
the overexpression and knockdown efficiency of PRRX1 
is shown in Figure 2B. Cell viability was enhanced with 
PRRX1 up-regulation but reduced after PRRX1 was 
repressed (Figure 2C). Moreover, PRRX1 overexpression 
decreased the cell apoptosis rate, while PRRX1 suppression 
had the opposite effect (Figure 2D). These data indicated 
that PRRX1 was up-regulated in BC cells and accelerated 
cell viability.

PRRX1 weakened gemcitabine-induced cytotoxicity and 
enhanced gemcitabine-induced autophagy in BC cells

Many reports have evidenced that gemcitabine is an 
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effective therapeutic agent for BC (23,29,30). Therefore, 
we next investigated the effects of PRRX1 on gemcitabine-
induced cytotoxicity in BC cells. The gemcitabine reduced 
the cell viability of T24 and 5,637 cells with a dose-
dependent manner (Figure S1C). Additionally, gemcitabine 
treatment (1 μM) decreased the cell proliferation abilities of 
T24 and 5,637 cells (Figure S1D). As shown in Figure 3A,  
PRRX1 overexpression strengthened the gemcitabine-

induced decreases in cell viability and the IC50 in BC 
cells, whereas silencing of PRRX1 had the opposite effect. 
After gemcitabine treatment, cell apoptosis was enhanced; 
however, this effect could be offset by overexpressing 
PRRX1 or further aggravated by inhibiting PRRX1  
(Figure 3B).

Next, we further studied the effects of PRRX1 on 
autophagy. The gemcitabine-induced enhancement 

Figure 1 PRRX1 was highly expressed in BC tissues. (A) The mRNA expression of PRRX1 was verified in normal and tumor tissues using 
real-time quantitative PCR. **, P<0.01 compared with normal. (B) The overall survival rate of patients with PRRX1. Black line: BC patients 
with low PRRX1 expression; Green line: BC patients with high PRRX1 expression. (C) The protein expression of PRRX1 in BC tissues 
was detected by immunohistochemistry. (D) The protein expression of PRRX1 in BC tissues was examined using western blot. BC, bladder 
cancer; PRRX1, paired related homeobox 1; PCR, polymerase chain reaction.
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of GFP-LC3 puncta formation and the number of 
GFP-LC3-positive cells were exacerbated by PRRX1 
overexpression but reversed by PRRX1 knockdown  
(Figure 3C) .  Furthermore, gemcitabine treatment 
increased the expression of LC3II/I, and this effect could 
be enhanced by overexpressing PRRX1 and reversed by 
suppressing PRRX1 (Figure 3D). In summary, PRRX1 
weakened gemcitabine-induced cytotoxicity and enhanced 
gemcitabine-induced autophagy in BC cells.

PRRX1 up-regulated the expression of LC3 and Beclin-1 
through cooperation with FOXM1

Our results showed that the mRNA and protein expression 
levels of FOXM1, LC3B, and Beclin-1 were increased by 

PRRX1 overexpression and decreased by PRRX1 silencing 
(Figure 4A,4B). Previous research has revealed that PRRX1 
cooperates with FOXM1 to regulate downstream genes (31). 
FOXM1 has been discovered to play a role in autophagy 
through transcriptionally regulating the Beclin-1 and LC3 
genes in human triple-negative breast cancer cells (32).  
In this study, overexpression of FOXM1 elevated, and 
knockdown of FOXM1 diminished, the mRNA and protein 
expression of FOXM1, LC3B, and Beclin-1 (Figure 4C,4D).  
The increases in LC3B and Beclin-1 mRNA and protein 
expression that were induced by PRRX1 overexpression 
could be reversed by silencing FOXM1. Also, the 
decreases in FOXM1, LC3B, and Beclin-1 mRNA and 
protein expression caused by PRRX1 inhibition could be 
counteracted by up-regulating FOXM1 (Figure 4E,4F). 

Figure 2 PRRX1 was up-regulated in BC cells and enhanced cell viability. (A) The protein expression of PRRX1 was detected using western 
blot. *, P<0.05, **, P<0.01, ***, P<0.001 compared with HCV-29 cells. (B) The overexpression and knockdown efficiency of PRRX1 were 
verified using western blot. ***, P<0.001 compared with Vector, ###, P<0.001 compared with shNC. (C) Cell viability after overexpressing 
or suppressing PRRX1 was detected by MTT assay. *, P<0.05, **, P<0.01 compared with Vector. ##, P<0.01, ###, P<0.001 compared with 
shNC. (D) Cell apoptosis after PRRX1 up-regulation or repression was examined using flow cytometry. **, P<0.01 compared with Vector, ##, 
P<0.01 compared with shNC. BC, bladder cancer; PRRX1, paired related homeobox 1; NC, negative control; OD, optical density; MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.
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Figure 3 PRRX1 weakened gemcitabine-induced cytotoxicity and induced autophagy in BC cells. (A) Cell viability was determined 
after PRRX1 overexpression or repression in BC cells treated with different doses of gemcitabine by conducting an MTT assay. (B) Cell 
apoptosis was measured after overexpressing or repressing PRRX1 in BC cells treated with gemcitabine (1 μM) by flow cytometry. **, P<0.01 
compared with Control, &, P<0.05 compared with Gemcitabine. ##, P<0.01 compared with Control, $$, P<0.01 compared with Gemcitabine. 
(C) The autophagosome puncta of GFP-LC3 were examined in in BC cells treated with gemcitabine (1 μM) by immunofluorescence assay. 
*, P<0.05 compared with Control, &&, P<0.01 compared with Gemcitabine. ##, P<0.01 compared with Control, $$, P<0.01 compared with 
Gemcitabine. Scale: 25 μm. (D) The protein expression of LC3II/I was measured using western blot. ***, P<0.001 compared with Control, 
&&&, P<0.001 compared with Gemcitabine. ###, P<0.001 compared with Control, $$$, P<0.001 compared with Gemcitabine. BC, bladder 
cancer; PRRX1, Paired related homeobox 1; NC, negative control; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.
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These findings indicated that PRRX1 up-regulated the 
expression of LC3 and Beclin-1 by cooperating with 
FOXM1.

PRRX1 weakened gemcitabine-induced cytotoxicity and 
induced autophagy through FOXM1

Subsequently, we investigated whether PRRX1 weakened 
gemcitabine-induced cytotoxicity and induced autophagy 
through FOXM1. Cell viability and the IC50 were 
enhanced after PRRX1 overexpression, but silencing of 
FOXM1 reversed this effect. Meanwhile, cell viability and 
the IC50 were decreased after PRRX1 suppression, but 
FOXM1 overexpression rescued this effect (Figure 5A).  
The decrease in cell apoptosis induced by PRRX1 
overexpression could be neutralized by repressing FOXM1, 
and the increase in cell apoptosis caused by PRRX1 
silencing could be neutralized by overexpressing FOXM1 
(Figure 5B). Furthermore, knockdown of FOXM1 reversed 
the enhancing effect that PRRX1 up-regulation had on 
LC3II/I expression, while overexpression of FOXM1 
counteracted the reduction in LC3II/I expression caused 
by repressing PRRX1 (Figure 5C). In summary, PRRX1 
weakened gemcitabine-induced cytotoxicity and induced 
autophagy by regulating FOXM1.

Knockdown of PRRX1 enhanced the inhibitive effects of 
gemcitabine on tumor growth in vivo

Finally, the role of PRRX1 in BC was investigated in vivo.  
The size, volume, and weight of mouse tumors were 
decreased with PRRX1 suppression and with gemcitabine 
treatment, and this gemcitabine-induced effect was further 
strengthened by PRRX1 knockdown (Figure 6A). Also, 
PRRX1 suppression deeply aggravated the decreases 
in PRRX1, Ki67, and Beclin-1 expression observed 
after PRRX1 silencing and after gemcitabine treatment  
(Figure 6B). These results revealed that PRRX1 knockdown 
enhanced the inhibitive effects of gemcitabine on tumor 
growth in vivo.

Discussion

Evidence shows that dysregulation of PRRX1 influences 
the progression of some tumors (10,13-16). However, the 
involvement of PRRX1 in BC progression has yet to be 
fully understood. In this work, PRRX1 exhibited higher 
expression in BC tissues and cells than that in normal 

bladder tissues and cells, with high PRRX1 expression 
being related to poor overall survival in patients with BC. 
Furthermore, PRRX1 was found to accelerate cell viability 
and hinder cell apoptosis. Our study also examined the 
relationship between PRRX1 and cytotoxicity induced 
by gemcitabine (the first-line chemotherapeutic drug for 
BC). Gemcitabine has obtained more and more attention 
for its cytotoxic effects in patients with BC (23,29,30); 
however, the relationship between gemcitabine-induced 
cytotoxicity and PRRX1 in BC has remained unclear. Our 
results showed that PRRX1 weakened gemcitabine-induced 
cytotoxicity in BC cells. 

Autophagy is a cellular process in which misfolded 
proteins and malfunctional organelles target lysosomes 
or vacuoles for degradation (33,34). Autophagy has two 
roles: firstly, it can induce tumor cell death; secondly, it can 
suppress cell stimulation and play a supporting role in tumor 
cell survival (35,36). The effects of autophagy on BC have 
been investigated in many studies. For example, Wang et al. 
reported that chloroquine suppresses autophagy and induces 
apoptosis to heighten the radiosensitivity of BC cells (37). 
Kou et al. found that autophagy induction regulates the 
AMPK/mTOR pathway to increase tetrandrine-induced 
apoptosis in human BC cells (38). A study by Hung et al. 
uncovered the role of rhopaloic acid A in modulating ROS-
mediated signaling to stimulate autophagy, apoptosis, and 
MAPK activation in BC (39). In their study, Fu et al. reported 
that hypoxia-induced autophagy activates hypoxia-inducible 
factor 1α in BC to facilitate gemcitabine resistance (40). In 
this work, we found that PRRX1 enhanced the GFP-LC3 
puncta formation, the number of GFP-LC3-positive cells, 
and the expression of LC3II/I to induce autophagy in BC 
cells.

Many proteins cooperate with other proteins to regulate 
cell biological processes. For instance, HSPB8 cooperates 
with BAG3 to accelerate the spatial sequestration of 
ubiquitinated proteins and coordinate the adaptive response 
of cells to proteasome dysfunction (41). JIP1 and JIP3 
cooperate to activate kinesin-1, which mediates TrkB 
anterograde axonal transport (42). DAPLE binds with 
MPDZ to accelerate apical cell constriction (43). The RNA 
binding protein RBMS3 interacts with PRRX1 to affect the 
progression of triple-negative breast cancer (44). PRRX1 
cooperates with FOXM1 to regulate downstream genes (31), 
and FOXM1 has been revealed to play a role in autophagy 
by transcriptionally regulating the Beclin-1 and LC3  
genes (32). Therefore, we speculated that PRRX1 cooperates 
with FOXM1 to regulate autophagy in BC. In this study, 
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Figure 4 PRRX1 up-regulated the expression of LC3 and Beclin-1 through cooperation with FOXM1. (A,B) The mRNA and protein 
expression of FOXM1, LC3B, and Beclin-1 was detected in BC cells after PRRX1 overexpression or repression by conducting RT-
qPCR and western blot. ***, P<0.001 compared with Vector, ##, P<0.01, ###, P<0.001 compared with shNC. (C,D) The mRNA and protein 
expression of FOXM1, LC3B and Beclin-1 was detected after FOXM1 overexpression or repression in BC cells by conducting RT-qPCR 
and western blot. ***, P<0.001 compared with Control, ###, P<0.001 compared with Scramble. (E,F) The mRNA and protein expression 
of FOXM1, LC3B, and Beclin-1 was examined in the vector + scramble, PRRX1 + scramble, PRRX1 + shFOXM1#1, shNC + control, 
sh1#PRRX1 + control, and sh1#PRRX1 + FOXM1 groups by conducting RT-qPCR and western blot. *, P<0.05, ***, P<0.001 compared 
with Vector + Scramble, &&, P<0.01, &&&, P<0.001 compared with PRRX1 + Scramble, #, P<0.05, ###, P<0.001 compared with shNC + 
Control, $$$, P<0.001 compared with sh1#PRRX1 + Control. BC, bladder cancer; PRRX1, paired related homeobox 1; FOXM1, Forkhead 
box M1; NC, negative control; RT-qPCR, real-time quantitative polymerase chain reaction.
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PRRX1 was verified to up-regulate the expression of LC3 
and Beclin-1 by cooperating with FOXM1. Results from 
rescue assays demonstrated that FOXM1 reversed the 
effects of PRRX1 on gemcitabine-induced cytotoxicity 
and autophagy, while knockdown of PRRX1 enhanced the 
inhibitive effects of gemcitabine on tumor growth in vivo.

In summary, the results of this study suggest that PRRX1 
cooperates with FOXM1 to reduce gemcitabine-induced 
cytotoxicity in BC cells by regulating the expression of 
the autophagy proteins LC3 and Beclin-1 (Figure 7). This 
discovery may offer a potential biological target for BC 
treatment. However, our study still had some limitations 

Figure 5 PRRX1 weakened gemcitabine-induced cytotoxicity and induced autophagy through FOXM1. (A) Cell viability was examined in 
the vector + scramble, PRRX1 + scramble, PRRX1 + shFOXM1#1, shNC + control, sh1#PRRX1 + control, and sh1#PRRX1 + FOXM1 
groups by MTT assay. (B) Cell apoptosis was measured in the vector + scramble, PRRX1 + scramble, PRRX1 + shFOXM1#1, shNC + 
control, sh1#PRRX1 + control, and sh1#PRRX1 + FOXM1 groups by flow cytometry. **, P<0.01 compared with Vector + Scramble, &&, 
P<0.01 compared with PRRX1 + Scramble. ##, P<0.01 compared with shNC + Control, $$, P<0.01 compared with sh1#PRRX1 + Control. 
(C) The protein expression of LC3II/I was measured in the vector + scramble, PRRX1 + scramble, PRRX1 + shFOXM1#1, shNC + 
control, sh1#PRRX1 + control, and sh1#PRRX1 + FOXM1 groups by western blot. *, P<0.05 compared with Vector + Scramble, &, P<0.05 
compared with PRRX1 + Scramble. ##, P<0.01 compared with shNC + Control, $$, P<0.01 compared with sh1#PRRX1 + Control. PRRX1, 
Paired related homeobox 1; FOXM1, Forkhead box M1; NC, negative control; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide.
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Figure 6 Knockdown of PRRX1 enhanced the inhibitive effects of gemcitabine on tumor growth in vivo. (A) The size, volume, and weight 
of tumors were detected in the shNC, sh1#PRRX1, gemcitabine + shNC, and gemcitabine + sh1#PRRX1 groups. ***, P<0.001 compared 
with shNC, ###, P<0.001 compared with gemcitabine + sh1#PRRX1. (B) The expression of PRRX1, Ki67, and Beclin-1 was examined by 
immunohistochemistry. PRRX1, paired related homeobox 1; NC, negative control.
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(no studies on other drugs, other cellular progresses, other 
BC animal model), and we will address these by performing 
more experiments for further exploration in the future. 
This study suggested that PRRX1/FOXM1 axis might be 
an effective bio-target for BC treatment and prognosis.
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