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Abstract
Pyrroline-5-carboxylate reductase 1 (PYCR1) plays a significant role in the malignant progression of various cancers. However,
the role of PYCR1 in bladder cancer has not been well studied. This study was performed to evaluate the potential relevance of
PYCR1 in bladder cancer. Our data revealed that PYCR1 expression was increased in bladder cancer tissues, and increased
expression of PYCR1 was predictive of decreased survival rates. In bladder cancer cell lines, knockdown of PYCR1 caused
significantly retarded cell growth and invasion, while PYCR1 overexpression accelerated cellular proliferation and invasion.
Moreover, PYCR1 knockdown decreased levels of phosphorylated Akt, and enhanced activation of Wnt/β-catenin signaling.
Akt inhibition markedly abrogated of PYCR1 overexpression-mediated activation of Wnt/β-catenin signaling. In addition,
overexpression of β-catenin partially reversed PYCR1 knockdown-mediated tumor suppression. Notably, PYCR1 knockdown
significantly impeded tumor formation and growth in bladder cancer cells in vivo. In conclusion, these data demonstrate that
PYCR1 is highly expressed in bladder cancer and knockdown of PYCR1 exerts a remarkable inhibitory effect on tumor
formation via downregulation of Akt/Wnt/β-catenin signaling. Our study suggests a potential role for PYCR1 in promoting
bladder cancer progression and indicates that PYCR1 may be utilized as an attractive and promising anticancer target for
treatment of bladder cancer.
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Introduction

Bladder cancer is one of the most common urinary malignant
tumors and is currently a leading cause of cancer-associated
death worldwide (Kamat et al. 2016; Bray et al. 2018). In
particular, bladder cancer morbidity and mortality rates in
China have been rapidly increasing over the past few decades
(Pang et al. 2016). Despite improvements in current therapies
for bladder cancer, bladder cancer patient outcomes remain
poor (Witjes et al. 2014; Berdik 2017). The pathogenesis of
bladder cancer is complicated, and involves various genetic
alterations and dysregulation of multiple signaling pathways
(McConkey et al. 2010). However, the precise underlying
molecular mechanisms remain elusive. Elucidation of the

molecular mechanisms responsible for the development and
progression of bladder cancer may facilitate the development
of promising treatments for the disease.

Pyrroline-5-carboxylate reductase 1 (PYCR1) is a member
of PYCR family that plays a pivotal role in regulating proline
synthesis (Adams and Frank 1980; De Ingeniis et al. 2012).
PYCR1 is primarily localized within the mitochondria and is
involved in regulating oxidative stress (Yasuda et al. 2013).
Mutation of PYCR1 is associated with the development of
autosomal recessive cutis laxa (Reversade et al. 2009).
Particularly, PYCR1 acts as a key modulator of the develop-
ment and progression of multiple cancers. High levels of ex-
pression of PYCR1 have been detected in various tumors,
including lung cancer, malignant melanoma and hepatocellu-
lar cancer (Ye et al. 2018; Wang et al. 2019; Zhuang et al.
2019). Increased PYCR1 expression correlates with tumor
progression and predicts poor prognosis in cancer patients
(Ding et al. 2017; Weijin et al. 2019). Moreover, PYCR1
inhibition has been shown to inhibit tumor formation in vitro
and in vivo (Zeng et al. 2017; Yan et al. 2019; Zhuang et al.
2019), which indicates the potential value of PYCR1 as a
target for development of anticancer therapy.
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The canonical Wnt/β-catenin signaling modulates vari-
ous fundamental processes that are essential for embryonic
development and adult tissue homeostasis (Niehrs 2012).β-
catenin protein is a core component of the Wnt/β-catenin
signal transduction pathway. In response to signal, β-
catenin is stabilized and is translocated into the nucleus
where it binds members of the TCF/LEF (T cell factor/
lymphoid enhancer factor) family of transcription factors
to initiate transcription of Wnt/β-catenin target genes
(Mosimann et al. 2009). Under basal conditions, β-catenin
is a highly unstable protein that undergoes proteasomal deg-
radation that is mediated by destruction complex. Glycogen
synthase kinase-3β (GSK-3β) is a core kinase component
of the destruction complex, which mediates the phosphory-
lation of β-catenin required for proteasomal degradation
(Nakamura et al. 1998). The activation status of GSK-3β
depends on the phosphorylation status of its Ser9 residue.
Phosphorylation of GSK-3β by Akt results in the inactiva-
tion of GSK-3β (Cross et al. 1995). Therefore, the Akt/
GSK-3β axis exerts a key role in modulating the activation
of Wnt/β-catenin signaling. Aberrant activation of Wnt/β-
catenin signaling occurs frequently in various cancers, in-
cluding bladder cancer (Duchartre et al. 2016; Garg and
Maurya 2019). Enhancing our understanding of the molec-
ular mechanisms involved in regulating Wnt/β-catenin sig-
naling will enhance our understanding of the pathogenesis
of bladder cancer.

Accumulating evidence indicates that PYCR1 dysreg-
ulation is related to the development and progression of
various cancer types (Ye et al. 2018; Wang et al. 2019;
Zhuang et al. 2019). Yet, the relevance of PYCR1 in
bladder cancer has not yet been well studied. The study
was performed to enhance our understanding of the po-
tential relevance of PYCR1 in bladder cancer. Our data
reveal that PYCR1 expression is increased in bladder
cancer tissues, and elevated expression of PYCR1 in
bladder cancer patients predicted shortened survival
rates. Functional experiments demonstrated that PYCR1
knockdown retarded proliferation and invasion of blad-
der cancer cells, while PYCR1 overexpression had op-
posite effects. Moreover, PYCR1 knockdown restricted
the activation of Wnt/β-catenin signaling via inhibition
of Akt. Overexpression of β-catenin partially reversed
PYCR1 knockdown-mediated inhibition of tumor forma-
tion. Notably, PYCR1 knockdown significantly impeded
bladder cancer cell tumorigenesis in vivo. Taken togeth-
er, results of this study demonstrate that PYCR1 is
highly expressed in bladder cancer and exerts a poten-
tial tumor-promoting function via modulation of Akt/
Wnt/β-catenin signaling. Our study highlights the poten-
tial role of PYCR1 in bladder cancer progression and
suggests that PYCR1 represents an attractive potential
target for treatment of bladder cancer.

Materials and methods

Bioinformatics analysis

The online database Gene Expression Profiling Interactive
Analysis 2 (GEPIA2) (http://gepia2.cancer-pku.cn/#index)
was applied to analyze the expression levels of PYCR1 in
bladder cancer tissue (n = 404) and normal tissues (n = 28).
The association between PYCR1 level and overall survival
of bladder cancer was also assessed by GEPIA2.

Bladder cancer specimens

Bladder cancer tissues and adjacent matched non-cancerous
tissues were obtained from bladder cancer patients who were
diagnosed with primary bladder cancer and underwent trans-
urethral resection or partial cystectomy at Shaanxi Provincial
People’s Hospital. Tissue specimens were pathologically con-
firmed and preserved in liquid nitrogen at −80 °C. All patients
provided written informed consent with regard to tissue dona-
tion for the purpose of this study. Research was carried out
with the approval of Ethics Committee of Shaanxi Provincial
People’s Hospital and was conducted in accordance with the
principles of the Helsinki Declaration.

Bladder cancer cell lines

Bladder cancer cell lines including T24, 5637, UM-UC-3 and
SW780, and a normal bladder epithelial cell line, SV-HUC-1,
were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). All cells were cultivated in
accordance with manufacturer’s culture methods and grown
under a humidified atmosphere of 5% CO2 at 37 °C.

Real-time quantitative PCR (RT-qPCR)

To quantify gene expression, cells or tissue samples were
lysed and homogenized in TRIzol Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) to isolate and purify high-
quality total RNA in accordance with the protocol provided.
Total RNA provided template for reverse transcription using
the PrimeScript RT reagent Kit (TaKaRa Biomedical
Technology, Beijing, China) and RT-qPCR to assess gene
expression was performed using TB Green Fast qPCR Mix
(TaKaRa Biomedical Technology). All data analyses were
performed using the 2ΔΔCt method, and results were normal-
ized to GAPDH expression levels to determine the expression
of target genes. The primer sequences for RT-qPCR were as
follows: PYCR1, sense: 5’-TGGCTGCCCACAAG
ATAATGG-3′ and antisense: 5’-CGTGACGGCATCAA
TCAGGT-3 ′ and GAPDH, sense: 5’-GAAGGTGA
AGGTCGGAGTC-3′ and antisense; 5’-GAAGATGG
TGATGGGATTTC-3′.

248 J Bioenerg Biomembr (2021) 53:247–258

http://gepia2.cancer-pku.cn/#index


Western blot

Cells or tissue samples were lysed and homogenized in
RIPA protein extraction reagent (Beyotime, Shanghai,
China) to extract total proteins. Protein separation was
performed via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and electro-transfer was carried out
to transfer separated proteins from sodium dodecyl
sulfate-polyacrylamide gels to polyvinylidene difluoride
(PVDF) membranes. Before immunoblotting with prima-
ry antibodies, PVDF membranes were immersed in
blocking buffer. To visualize protein bands, membranes
were treated with horseradish peroxidase-conjugated sec-
ondary antibodies (1:10000; Sanying, Wuhan, China)
and ECL reagents. Primary antibodies included anti-
PYCR1 (1:1000; Abcam, Cambridge, UK), anti-Akt
(1:1000; Cell Signaling Technology, Danvers, MA,
USA), anti-phospho-Akt (Ser473) (1:2000; Cell
Signaling Technology), anti-phospho-GSK-3β (Ser9)
(1:1000; Cell Signaling Technology), anti-active β-ca-
tenin (1:1000; Cell Signaling Technology), and anti-
GAPDH (1:5000; Abcam) antibodies.

Plasmid construction and cell transfection

PYCR1 s hRNA s e q u e n c e s ( 5 ’ - CACCACCA
UCCAUGCCUUGCAUGCGAACAUGCAAGGCA
UGGAUGG-3′) were inserted into the pLKO.1 plasmid to a
generate PYCR1 shRNA plasmid. Scrambled shRNA se-
quences (5’-CACCACCACCCGUUUCCGAUAUGCGA
ACAUAUCGGAAACGGGUGGU-3′) were utilized as con-
trol. Coding sequences of PYCR1 were subcloned into a
pcDNA3.1 plasmid to construct a PYCR1 expression plas-
mid. Constructed expression or plasmids were transfected into
bladder cancer cell lines using Invitrogen Lipofectamine 3000
(Thermo Fisher Scientific, Waltham, MA, USA) in compli-
ance with the manufacturer’s specifications.

Detection of cell proliferation

ACell Counting Kit-8 (CCK-8) assay was performed to detect
cell proliferative rate. Briefly, bladder cancer cells were seed-
ed into 96-well culture plates and cultivated overnight to allow
cells to adhere to plates prior to transfection. CCK-8 reagent
(Beyotime, Shanghai, China) added to cells was utilized to
monitor cell proliferation. The optical density of cell cultures
was measured spectrophotometrically at 450 nm using an
enzyme-linked immunosorbent assay plate reader (Bio-Rad,
Hercules, CA, USA). An EdU assay was performed to detect
cell proliferation using an EdU Cell Proliferation Kit
(Beyotime) as per the manufacturer’s instructions.

Measurement of cell apoptosis

Annexin V-FITC/PI assay was performed to detect cell apo-
ptotic rate. In brief, bladder cancer cells were trypsinized,
washed and counted at the time of detection. Then, 1 × 105

cells were collected and suspended into Annexin V-
FITC/PI binding buffer, followed by adding of 5 μl
Annexin V-FITC and 10 μl PI reagents. Cells were
cultivated for 15 min in the dark before detection.
Cell apoptosis was assessed by a flow cytometer.

Assessment of cell invasion

A Transwell invasion assay was performed to assess cell in-
vasion. Transfected bladder cancer cells were trypsinized, re-
suspended and plated within the top chamber, which was pre-
coated with Matrigel. In the top chamber, serum-free medium
was added, while 10% serum-containing medium was added
to the lower chamber, which served as a chemoattractant for
cell invasion. After a 24-h incubation at 37 °C, cells of the
upper chamber that had not invaded lower surfaces were
cleaned using a cotton swab and the filters were individually
fixed and stained for visualizing cells that had invaded lower
wells. The number of cells that had invaded were counted
using a microscope.

Measurement of colony formation

Recombinant lentivirus expressing PYCR1 shRNA (LV-
PYCR1 shRNA) or scrambled shRNA (LV-Scrambled
shRNA) were purchased from GenePharma (Shanghai,
China). Bladder cancer cells stably infected were LV-
PYCR1 shRNA or LV-Scrambled shRNA were trypsinized
to obtain single cell suspensions. A total of 1000 cells per well
were seeded on a six-well plate and cultivated at 37 °C
until small colonies were visible. Afterward, visible col-
onies were washed, fixed and stained. The colonies
were counted using a microscope.

Measurement of proline level

Level of proline was measured according to a previously de-
scribed protocol (Guo et al. 2019). In brief, cells to be detected
were cultured in medium without FBS for 24 h. Then, cells
were collected and lysed in PBS containing 1% Triton X-100.
The supernatants were collected by centrifugation and boiled
for 10 min. Thereafter, 200 μl of the supernatants were col-
lected and incubated with 400 μl of 1.25% ninhydrin at
100 °C for 20min. Afterwards, the absorbance of the reaction
mixture at 508 nm was measured via a microplate reader.
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TCF/LEF luciferase reporter assay

Wnt/β-catenin signaling activity in bladder cancer cells was
monitored using a TCF/LEF Reporter Kit (Bioscience, San
Diego, CA, USA). TCF/LEF luciferase reporter vectors,
constitutively-expressing Renilla luciferase vectors, and
PYCR1 expression vectors or PYCR1 shRNA were
cotransfected into bladder cancer cells, followed by incuba-
tion for 48 h. Luciferase activities within cells were assessed
using the Dual Luciferase (Firefly-Renilla) Assay System.

Subcutaneous xenograft experiment

Female BALB/c nude mice provided by Laboratory Animal
Centre of Xi’an Jiaotong University Health Science Center
(Xi’an, China) were utilized for xenograft experiments with
the approval of the Ethics Committee of Shaanxi Provincial
People’s Hospital. Xenograft experiments were carried out

according to a previously described method (Du et al. 2020).
UM-UC-3-pLKO.1/PYCR1 shRNA cells stably expressing
PYCR1 shRNA were selected using puromycin. UM-UC-3
cells (1 × 107) were inoculated subcutaneously into the left
sides of the flank region of the nude mice. When tumors were
developed, the width and length of tumors were measured
using the calipers. Tumor volume was computed according
to the following equation: width2 × length × 0.5.

Statistical analysis

All experimental data were expressed as mean ± standard de-
viation. GraphPad Prism 8 (Software Inc., San Diego, CA,
USA) was utilized to perform statistical analyses.
Comparisons were evaluated using a Student’s t test or one-
way analysis of variance followed by Tukey’s post hoc test.
Differences in which p < 0.05 were deemed statistically
significant.

Fig. 1 PYCR1 was highly expressed in bladder cancer. a, b Analysis of
PYCR1 expression in bladder cancer was performed using data from
GEPIA2 (*p < 0.05). N denoted normal tissue and T denoted tumor
tissue. c Survival analysis of bladder cancer patients in relation to
PYCR1 expression status using data from GEPIA2 (HR denoted

Hazard Rate). d Relative PYCR1 mRNA expression levels in clinical
bladder cancer specimens were determined via RT-qPCR (N = 6,
***p < 0.001). e, f Protein PYCR1 expression levels in clinical bladder
cancer specimens were determined via Western blot (N = 6,
***p < 0.001). Abbreviations: N, normal tissue; T, tumor tissue
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Results

PYCR1 is upregulated in bladder cancer tissue

To evaluate the involvement of PYCR1 in bladder cancer, we
first examined the expression pattern of PYCR1 in bladder
cancer tissue by analyzing data publicly available within the,
Gene Expression Profiling Interactive Analysis 2 (GEPIA2)

database. Interestingly, we found that PYCR1 expression
was markedly elevated in bladder cancer compared with
normal tissues (Fig. 1a and b). Survival analysis revealed
that bladder cancer patients with high levels of PYCR1
had shorter survival rates than those with low levels of
PYCR1 (Fig. 1c). To verify that high levels of PYCR1
expression occur in bladder cancer, we measured levels of
PYCR1 mRNA and protein expression in clinical

Fig. 2 Silencing of PYCR1 suppressed the proliferation and invasion in
bladder cancer cells. a Relative levels of PYCR1 mRNA expression in
T24, 5637, UM-UC-3 and SW780 cells were examined via RT-qPCR
(N = 3, *p < 0.05 and **p < 0.01 vs. SV-HUC-1). The normal bladder
epithelial cell line, SV-HUC-1, was utilized as control. b, c PYCR1 pro-
tein expression levels in bladder cancer cells and normal ladder epithelial
cells were determined via Western blot (N = 3, *p < 0.05 and **p < 0.01
vs. SV-HUC-1). T24 and UM-UC-3 cells were transfected with pLKO.1
vectors expressing scrambled shRNA or PYCR1 shRNA for 48 h, and d

PYCR1 mRNA expression was examined via RT-qPCR (N = 3,
***p < 0.001), and e, f PYCR1 protein expression was assessed via
Western blot (N = 3, ***p < 0.001). The effect of PYCR1 silencing on
cell proliferation was evaluated using g CCK-8 (N = 5, **p < 0.01) and h,
i EdU (N = 3, **p < 0.01) assays. j, k Th effect of PYCR1 silencing on
cell apoptosis was assessed via Annexin V-FITC/PI apoptosis assay (N =
3, **p < 0.01). (L,M) The effect of PYCR1 silencing on cell invasionwas
detected using Transwell invasion assay (N = 3, **p < 0.01)
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specimens. RT-qPCR analysis showed that PYCR1
mRNA expression was markedly elevated in bladder can-
cer tissues (Fig. 1d). Correspondingly, Western blot con-
firmed that PYCR1 protein expression levels were signif-
icantly upregulated in bladder cancer tissues (Fig. 1e and
f). In summary, these data indicate that increased PYCR1
expression occurs in bladder cancer.

Silencing of PYCR1 had tumor-inhibition effect in
bladder cancer cells

To explore the precise role of PYCR1 in the regulation of
cellular functioning in bladder cancer cells, we performed
a series of functional assays. In the assays, we assessed
the role of PYCR1 using bladder cancer cell lines. Both
PYCR1 mRNA and protein expression levels have been
previously shown to be upregulated in multiple bladder

cancer cell lines (Fig. 2a–c). Notably, silencing of
PYCR1 decreased the level of proline in bladder cancer
cells (Supplementary Fig. 1A). Transfection of PYCR1
shRNA expression vectors into T24 and UM-UC-3 cells
resulted significantly decreased PYCR1 expression (Fig.
2d–f). Silencing of PYCR1 markedly reduced the prolif-
erative rate of T24 and UM-UC-3 cells (Fig. 2g), as de-
tected by CCK-8 assay. Moreover, the suppressive effect
of PYCR1 silencing on the proliferation of T24 and UM-
UC-3 cells was confirmed by EdU assay (Fig. 2h and i).
Further, PYCR1 silencing enhanced the apoptosis of T24
and UM-UC-3 cells (Fig. 2j and k). PYCR1 silencing de-
creased the invasive potential of T24 and UM-UC-3 cells
(Fig. 2l and m). Additionally, T24 and UM-UC-3 cells stably
expressing PYCR1 had reduced capability to form colonies
(Supplementary Fig. 2).These results indicate that PYCR1
silencing has antitumor effects in bladder cancer cells.

Fig. 3 PYCR1 overexpression accelerated bladder cancer cell
proliferation and invasion. T24 and UM-UC-3 cells were transfected with
either PYCR1 expression or empty vectors (EV) for 48 h, and a, b
PYCR1 protein expression was assessed via Western blot (N = 3,
**p < 0.01). The effect of PYCR1 overexpression on cell proliferation

was evaluated using c CCK-8 (N = 5, **p < 0.01) and d, e EdU (N = 3,
**p < 0.01) assays. f, g The effect ofPYCR1 overexpression on cell apo-
ptosis was assessed via Annexin V-FITC/PI apoptosis assay (N = 3,
**p < 0.01). h, i The effect of PYCR1 overexpression on cell invasion
was determine using a Transwell invasion assay (N = 3, **p < 0.01)

252 J Bioenerg Biomembr (2021) 53:247–258



Upregulation of PYCR1 accelerated the proliferation
and invasion of bladder cancer

To validate the role of PYCR1 in bladder cancer, we further
assessed the effect of PYCR1 overexpression on bladder can-
cer cell proliferation and invasion. Transfection of PYCR1
expression vectors caused a marked increase in PYCR1 ex-
pression in bladder cancer cells (Fig. 3a and b). Strikingly,
overexpression of PYCR1 increased the level of proline in
bladder cancer cells (Supplementary Fig. 1B). Upregulation
of PYCR1 markedly promoted the proliferation of bladder
cancer cells (Fig. 3c-e), but decreased the apoptosis of bladder
cancer cells (Fig. 3f and g). Additionally, the invasive
potential of bladder cancer cells was also enhanced by
overexpression of PYCR1 (Fig. 3h and i). Therefore,
these findings confirm that PYCR1 exerts a tumor-
promotion function in bladder cancer.

PYCR1 modulates the activation of Akt and Wnt/β-
catenin signaling

To illustrate the potential molecular mechanism that underlies
PYCR1-mediated effects, we evaluated the influence of
PYCR1 on Akt signaling, a key signaling pathway that con-
trols the malignant progression of bladder cancer. Results re-
vealed that PYCR1 knockdown significantly decreased levels

of Akt phosphorylation (Fig. 4a). Moreover, PYCR1 knock-
down reduced the GSK-3β phosphorylation, and downregu-
lated levels of active β-catenin accumulation (Fig. 4a).
Moreover, PYCR1 knockdown markedly inhibited the activa-
tion of Wnt/β-catenin signaling (Fig. 4b). In contrast, PYCR1
overexpression promoted the activation of Akt and Wnt/β-
catenin signaling (Fig. 4c and d). Collectively, our data sug-
gest that PYCR1 is involved in the modulation of Akt and
Wnt/β-catenin signaling.

Inhibition of Akt abolished the promotion effect of
PYCR1 overexpression on the activation of Wnt/β-
catenin signaling

To validate whether PYCR1 modulates Wnt/β-catenin signal-
ing via Akt, we assessed the effect of inhibiting Akt on
PYCR1-mediated activation of Wnt/β-catenin signaling. We
demonstrated that inhibition of Akt with GSK690693 mark-
edly decreased expression of active β-catenin (Fig. 5a), and
downregulated the activation ofWnt/β-catenin signaling (Fig.
5b). Notably, Akt inhibition blocked PYCR1 overexpression-
mediated activation of Wnt/β-catenin signaling (Fig. 5a and
b). Further, PYCR1 overexpression-mediated oncogenic ef-
fects on bladder cancer cell proliferation (Fig. 5c-e) and inva-
sion (Fig. 5f and g) were markedly reversed by Akt inhibition.

Fig. 4 PYCR1 modulates the activation of Akt and Wnt/β-catenin sig-
naling. a The effect of PYCR1 knockdown on levels of phospho-Akt,
phospho-GSK-3β, and active β-catenin was determined via Western
blot. b The effect of PYCR1 knockdown on Wnt/β-catenin signaling
was monitored using a TCF/LEF luciferase reporter assay (N = 5,

**p < 0.01). c The effect of PYCR1 overexpression on levels of
phospho-Akt, phospho-GSK-3β, and active β-catenin were determined
via Western blot. d The effect of PYCR1 overexpression on Wnt/β-
catenin signaling was monitored using a TCF/LEF luciferase reporter
assay (N = 5, **p < 0.01)

253J Bioenerg Biomembr (2021) 53:247–258



In summary, these data indicate that PYCR1 promotes the
activation of Wnt/β-catenin signaling via modulation of Akt.

Reactivation of Wnt/β-catenin reversed PYCR1
knockdown-mediated tumor-inhibition

To evaluate whether Wnt/β-catenin signaling contributes to
PYCR1-mediated effects on bladder cancer progression, we
determined the effect of Wnt/β-catenin reactivation on
PYCR1 knockdown-mediated tumor suppression.
Transfection with β-catenin expression vectors significantly
reactivated Wnt/β-catenin signaling in PYCR1 shRNA-
transfected bladder cancer cells (Fig. 6a and b). As expected,
the suppressive effect of PYCR1 knockdown on bladder can-
cer cell proliferation (Fig. 6c-e) and invasion (Fig. 6f and g)
was partially reversed by β-catenin overexpression.

Collectively, these data confirm that Wnt/β-catenin signaling
contributes to the PYCR1-mediated regulation of bladder can-
cer progression.

Knockdown of PYCR1 impeded the tumorigenesis of
bladder cancer in vivo

To evaluate whether inhibition of PYCR1 expression inhibited
tumor formation in vivo, we carried out a xenograft tumor ex-
periment in nude mice. Inoculation of UM-UC-3 cells in which
PYCR1 was knocked out reduced levels of tumor formation
(Fig. 7a and b). Moreover, PYCR1 knockdown decreased levels
ofAkt andGSK-3β phosphorylation, and downregulated protein
expression levels of active β-catenin in tumor tissues (Fig. 7c).
These data verify that PYCR1 has the potential to be utilized a
therapeutic target for the treatment of bladder cancer.

Fig. 5 PYCR1 enhances activation of Wnt/β-catenin signaling via mod-
ulation of Akt. T24 and UM-UC-3 cells were transfected with PYCR1
expression vector or empty vector (EV) and incubated for 48 h with or
without 1 μM of GSK690693. a Levels of active β-catenin were deter-
mined via Western blot. b Activation of Wnt/β-catenin signaling was

monitored using a TCF/LEF luciferase reporter assay (N = 5,
**p < 0.01). Cell proliferation was assessed using (c) CCK-8 (N = 5,
**p < 0.01) and d, e EdU (N = 3, **p < 0.01) assays. f, g Cell invasion
was evaluated via Transwell invasion assay (N = 3, **p < 0.01)
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Discussion

Our study has demonstrated that PYCR1 plays a vital role in
bladder cancer progression. Our results revealed that PYCR1
expression was greatly increased in bladder cancer compared
with normal tissues. Moreover, bladder cancer patients with
high PYCR1 expression had significantly lower survival rates
than those expressing lower levels of PYCR1. Functional
studies revealed that knockdown of PYCR1 decreased levels
of bladder cancer cell proliferation and invasion, while
PYCR1 overexpression promoted tumor formation. Notably,
we were able to show that promotion of tumor formation by
PYCR1 depended on its capacity to regulate the Akt/GSK-3β/
Wnt/β-catenin signaling axis (Fig. 7d). Our study suggests
that PYCR1acts as a critical modulator of Wnt/β-catenin sig-
naling and likely regulates the progression of bladder cancer.

PYCR1 is aberrantly expressed in various cancers. Both
PYCR1 mRNA and protein expression are significantly ele-
vated in breast cancer, and levels of PYCR1 are correlated

with tumor size and grade (Ding et al. 2017). Moreover, ele-
vated PYCR1 expression levels are commonly detected lung
tumors, malignant melanoma and colorectal cancer (Cai et al.
2018; Ye et al. 2018; Yan et al. 2019; Zhuang et al. 2019).
Notably, enhanced expression of PYCR1 predicts low surviv-
al rates in cancer patients, suggesting that PYCR1 may be of
value as a prognostic biomarker (Ding et al. 2017; Cai et al.
2018; Ye et al. 2018; Gao et al. 2020). Interestingly, increased
PYCR1 expression has also been detected in several urinary
cancers including prostate cancer and renal cancer (Zeng et al.
2017;Wang and Liu 2019;Weijin et al. 2019). However, little
is known about the role of PYCR1 in bladder cancer. In this
study, for the first time, we reported that PYCR1 expression
was upregulated in bladder cancer, by analyzing sequencing
data using a publicly available database. In addition, we ver-
ified that PYCR1 expression was also elevated in clinical
specimens of bladder cancer via RT-qPCR and Western blot
analysis. Notably, analysis of survival data revealed that ele-
vated PYCR1 expression predicted significantly decreased

Fig. 6 Reactivation of Wnt/β-catenin signaling reversed PYCR1
knockdown-mediated tumor-inhibition. T24 and UM-UC-3 cells were
cotransfected with PYCR1 shRNA and β-catenin expression vectors for
48 h, and a levels of β-catenin proteins were examined via Western blot.
b Activation of Wnt/β-catenin signaling was evaluated via TCF/LEF

luciferase reporter assay (N = 5, **p < 0.01). Cell proliferation was mea-
sured using c CCK-8 (N = 5, **p < 0.01) and d, e EdU (N = 3,
**p < 0.01) assays. f, g Cell invasion was determined via Transwell in-
vasion assay (N = 3, **p < 0.01)
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survival rates in bladder cancer patients. Thus, our study con-
firms that PYCR1 is highly expressed in bladder cancer and is
an attractive potential biomarker of bladder cancer prognosis.

PYCR1 has been reported to plays a key role in regulating
malignant behaviors of cancer cells. PYCR1 accelerates non-
small cell lung cancer progression by promoting cellular prolif-
eration and inhibiting apoptosis (Cai et al. 2018; Wang et al.
2019). Knockdown of PYCR1 caused a marked reduction in
proliferation and invasion in various cancer cell types (Cai
et al. 2018; Ye et al. 2018; Yan et al. 2019; Zhuang et al.
2019). In line with these findings, our data demonstrated that
PYCR1 knockdown markedly suppressed the proliferation and
invasion of bladder cancer cells. Moreover, in vivo experiments
showed that PYCR1 knockdown restricted the tumor formation
and growth of bladder cancer cells, confirming PYCR1 may
serve as an attractive anticancer target. Further, PYCR1 overex-
pression accelerated bladder cancer cell proliferation and

invasion, suggesting that increased expression of PYCR1 may
promote the progression of bladder cancer.

Increasing numbers of studies have reported that PYCR1 facil-
itates tumor progression by affecting various signaling pathways
(Yan et al. 2019; Zhuang et al. 2019; Gao et al. 2020).
Interestingly, PYCR1 has been reported to be a key regulator of
oncogenicAkt signaling. Inmalignantmelanoma, PYCR1 knock-
down decreased levels of Akt phosphorylation and expression of
downstream targets of Akt signaling (Ye et al. 2018). PYCR1
inhibition also suppressed Akt activation in papillary renal cell
carcinoma (Wang and Liu 2019). Considering that Akt signaling
contributes to the development and progression of bladder cancer
(Sathe andNawroth 2018), we investigated the regulatory effect of
PYCR1 on Akt activation in bladder cancer cells. Intriguingly, we
found that knockdown of PYCR1 markedly decreased levels of
Akt phosphorylation, while PYCR1 overexpression enhanced ac-
tivation of Akt. These findings indicate that PYCR1 regulates Akt

Fig. 7 Knockdown of PYCR1 impeded bladder cancer tumorigenesis
in vivo. The effect of PYCR1 knockdown on a a tumor growth curve
(N = 5, *p < 0.05 and **p < 0.01) and b tumor weight (N = 5, **p < 0.01)
was investigated using a xenograft tumor experiment in nude mice. c The

effect of PYCR1 knockdown on phosphor-Akt, phosphor-GSK-3βand
active β-catenin expression in tumor tissues was detected via Western
blot. d A graphical model of PYCR1-medieated Akt/GSK-3β/Wnt/β-
catenin signaling in bladder cancer
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activation in bladder cancer. Moreover, we found that PYCR1
modulated Wnt/β-catenin signaling via Akt. Reactivation of
Wnt/β-catenin signaling markedly reversed PYCR1
knockdown-mediated inhibition of tumor formation. Taken to-
gether, these data indicate that PYCR1-mediated Akt/Wnt/β-ca-
tenin signaling may represent a newmolecular mechanism under-
lying bladder cancer progression. However, we found that in β-
catenin-overexpressing cells, PYCR1knockdown still have effects
on the proliferation and invasion of bladder cancer cells, indicating
that there are also other targets mediated by PYCR1 contributing
to bladder cancer progression.

In summary, our results indicate that PYCR1 expression is
elevated in bladder cancer and may serve as a potential bio-
marker of bladder cancer prognosis. Our study indicates that
overexpression of PYCR1 promotes bladder cancer cell pro-
liferation and invasion through modulation of Akt/Wnt/β-ca-
tenin signaling. Therefore, PYCR1-mediated Akt/Wnt/β-ca-
tenin signaling may play a role in bladder cancer progression
and PYCR1 is an attractive potential therapeutic target for the
treatment of bladder cancer.
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