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Mechanism of SMYD2 promoting stemness maintenance
of bladder cancer stem cells by regulating PYCR1
expression and PINK1/Parkin mitophagy pathway
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Abstract. SET and MYND domain-containing protein 2
(SMYD?2), an identified protein-lysine methyltransferase, is
key for bladder cancer (BC) progression. The tumor-formation
capacity and metastatic potential of bladder cancer stem cells
(BCSCs) are due to their stemness characteristics. The present
study explores the mechanism of SMYD?2 in promoting BCSC
stemness maintenance by pyrroline-5-carboxylate reduc-
tase 1 (PYCRI1). BC cells were treated with PYCR1, SMYD2
and putative kinase 1 (PINK1) small interfering (si)RNA,
pcDNA3.1-PYCR1 and pcDNA3.1-SMYD?2. Mito-Tracker
Green and light chain-3B (LC3B) expression, in vitro colony
formation ability and tumor stemness were assessed, as well as
histone H3 lysine 4 trimethylation (H3K4me3) enrichment and
PYCR1, SMYD2, H3K4me3, LC3B II/1, p62, PINKI1, Parkin,
Nanog and SRY-box transcription factor 2 (Sox2) expression.
A nude mouse xenograft model was used for in vivo verifi-
cation. PYCR1 mRNA and protein expression were elevated
in BCSCs. Following PYCR1 or SMYD?2 siRNA treatment,
PYCR1, SMYD2 and CD44*CD33* expression, cancer cell
colony formation, number of tumor spheres and Nanog and
Sox2 expression were decreased, but pcDNA3.1-PYCRI1 or
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pcDNA3.1-SMYD?2 transfection enhanced BCSC stemness
maintenance. SMYD2 was associated with PYCRI1 expression.
SMYD?2 upregulated PYCRI1 expression through H3K4me3,
subsequently activating the PINK1/Parkin mitophagy pathway,
which supports maintenance of BCSC stemness.

Introduction

Cancer stem cells (CSCs) play a pivotal role in tumorigen-
esis and have been extensively investigated as a prospective
target for anticancer therapy (1,2). An association exists
between the presence of CSCs and tendencies towards recur-
rence, treatment resistance and immunological tolerance in
bladder cancer (BC); nevertheless, the mechanisms by which
bladder CSCs (BCSCs) sustain their stemness are not fully
elucidated (3). Pyrroline-5-carboxylate reductase 1 (PYCR1)
has been identified as a carcinogenic factor of BC and has
been shown to promote BC proliferation, metastasis and
epithelial-mesenchymal transition (EMT) (4-6). PYCRI1 can
promote proliferation, metastasis and EMT of BC, and its role
is similar to that of tumor stemness; therefore (7), it is plausible
to hypothesize the potential role of PYCRI in the regulation of
BCSC stemness.

Histone methylation, a well-known epigenetic modification
mediated by histone demethylases, methyltransferases and
methylation reader proteins, is instrumental in cancer patho-
genesis (8). SET and MYND domain-containing protein 2
(SMYD?2) is a protein methyltransferase, including a catalytic
SET domain, known to facilitate monomethylation of lysine
residues on both histone and non-histone proteins (8,9).
Expression of SMYD?2 is significantly enhanced in breast
cancer tissues, and patients with BC with elevated SMYD2
expression show a poor prognosis (10). Elevated levels of
SMYD?2 may promote the proliferation of papillary thyroid
carcinoma cells (11), as well as regulate gene expression by
modulating histone H3 lysine 4 trimethylation (H3K4me3)
modification in the promoter region of its target gene, thereby
affecting gastric cancer cell glycolysis and proliferation (12). It
was proposed that SMYD2 may stimulate the transcriptional
expression of PYCR1 by regulating the levels of H3K4me3 in
the promoter region of PYCRI1 to regulate BC stemness.
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Mitophagy facilitates maintenance of stemness in
CSCs (13,14). Mitophagy enhances the plasticity of CSCs via
metabolic recombination, thereby improving their adaptation
to the tumor microenvironment (15). The putative kinase 1
(PINK1)/Parkin signaling pathway is one of the key mecha-
nisms regulating mitophagy (16,17). When the PINK1/Parkin
mitophagy pathway is stimulated, SRY-box transcription
factor 2 (Sox2) promotes Nanog expression, potentiates CSC
self-renewal and preserves CSC stemness (18). PYCR1/2
serves as a crucial enzyme in the proline biosynthetic pathway,
and proline is capable of inducing mitophagy via activation of
AMPKa and the upregulation of the Parkin expression (19). Our
previous study revealed that overexpression of PYCRI has the
potential to boost the protein expression of PINK1 and Parkin,
leading to mitophagy in BC (4). Also, PYCRI1-augmented
proline synthesis serves a crucial role in sustaining the stem-
ness of CSCs (20). Therefore, PYCR1 might regulate BCSC
stemness by controlling mitophagy via the PINK1/Parkin
pathway. It was hypothesized that SMYD2 may increase
PYCRI1 expression by upregulating the H3K4me3 levels in the
PYCRI1 promoter region and promote BCSC stemness through
PINK1/Parkin-regulated mitophagy.

Materials and methods

Bioinformatics analysis. SMYD2 expression in BC and
normal bladder tissue and the association between SMYD2
and PYCRI in BC were analyzed using the GEPIA database
(gepia.cancer-pku.cn/).

Cell culture and grouping. Human BC cell lines T24
(SCSP-536) and EJ (YS1803C) were procured from Institute
of Chinese Academy of Sciences and Yaji Biotechnology
Co., Ltd. (both Shanghai, China), respectively. T24 and EJ
cells were cultured in DMEM/Ham's F-12 with 10% fetal
bovine serum (both Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin-streptomycin solution (Shanghai Zeye
Biotechnology Co., Ltd.) at 37°C with 5% CO,. Cells from the
P3 generation with 80% confluence were collected for subse-
quent experiments.

Human BC cell lines were grouped as follows: Blank
(untreated); small interfering (si)-PYCRI1 (cells were
transfected with PYCR1 siRNA for 6 h and cultured for
18 h].); si-SMYD2 (BC cells were transfected with SMYD2
siRNA for 24 h); si-negative control (NC) (transfected with
scramble siRNA for 24 h); overexpression (0e)-PYCRI1
(pcDNA3.1-PYCR1-transfected for 24 h); oe-SMYD?2 (trans-
fected with pcDNA3.1-SMYD?2 for 24 h); oe-NC (transfected
with pcDNA3.1-NC for 24 h); oe-SMYD2 + si-PYCRI1
(transfection of pcDNA3.1-SMYD2 while being treated
with PYCR1 siRNA for 24 h); oe-SMYD2 + si-NC (treated
with scramble siRNA for 24 h while being transfected
with pcDNA3.1-SMYD?2); oe-PYCR1 + si-PINK1 (24-h
simultaneous treatment with pcDNA3.1-PYCR1 and PINK1
siRNA) and oe-PYCRI1 + si-NC group (co-treatment with
pcDNA3.1-PYCR1 and scramble siRNA for 24 h). si-PYCRI1
forward 5'-UGCUAUCAACGCUGUGG-3' and reverse
5'-CCACAGCGUUGAUAGCA-3"; si-SMYD2: forward:
5'-CACCAGUUCUACUCCAAGUTT-3!, reverse: 5'-ACU
UGGAGUAGAACUGGUGTT-3'; si-NC: forward 5'-UUC

UCCGAACGUGUCACGUTT-3' and reverse 5'-ACGUGA
CACGUUCGGAGAATT-3"

Cell transfection was performed using Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for
24 h with 10 nmol/l pcDNA3.1-PYCRI1, pcDNA3.1-SMYD2,
pcDNA3.1-NC, PYCR1 siRNA, SMYD2 siRNA, PINKI1
siRNA, and scramble siRNA, with a final concentration of
3.75 pl/ml, as previously described (21).

Flow cytometry. Cells were prepared into a single-cell suspen-
sion for the screening of BCSCs. After being washed twice
with PBS, cells were resuspended in PBS to adjust the cell
concentration to 1x10%1. Cells were cultured in the presence
of antibodies labeled with CSC markers, such as CD44 (IM7)
Rat mAb (Alexa Fluor® 555 Conjugate; cat. no. #95235) and
CD133 (A8N6N) Mouse mAb (Alexa Fluor® 647 Conjugate;
cat. no. #53276; both 1:50; both Cell Signaling Technology,
Inc.) on ice without light for 30 min, followed by PBS rinsing
three times. Fluorescence-activated cell sorting Aria III (BD
Biosciences) was employed to sort CD44+*CD133* cells.

Reverse transcription-quantitative (RT-q)PCR. Total
RNA extraction from cells was performed using TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA
underwent RT to complementary DNA using a PrimeScript
RT reagent kit (Takara Biotechnology Co., Ltd.) according
to the manufacturer's instructions. qPCR was performed
using TB Green® Premix Ex Taq II (Takara Biotechnology
Co., Ltd.) and primers (Table I) on the ABI7900 fluorescence
PCR instrument. Thermocycling conditions were as follows:
Initial denaturation at 95°C for 10 min, followed by 40 cycles
of denaturation at 95°C for 10 sec, annealing at 60°C for
20 sec and extension at 72°C for 34 sec. B-actin was used as
the internal reference, and data analysis was conducted using
the 2-24¢4 method (22).

Colony formation assay. BC cells were seeded in 6 cm culture
dishes at a density of 1x10° cells/ml and cultured at 37°C
for 14 days to colony formation. After the culture dish was
washed with distilled water, cells were immobilized at room
temperature with 4% paraformaldehyde (Sigma-Aldrich;
Merck KGaA) for 15 min and then stained with crystal violet
(Beyotime Institute of Biotechnology) for 30 min at room
temperature. Images were captured and the quantification of
cell colonies was performed manually. The colony was defined
as a cell population large enough to be observed with the
naked eye.

CSC sphere-forming assay. Serum-free DMEM/F-12 (Gibco)
was supplemented with 20 ng/ml each epidermal growth factor
(Invitrogen) and basic fibroblast growth factor (Gibco; all
Thermo Fisher Scientific, Inc.). Then, 5 ug/ml insulin (Procell
Life Science & Technology Co., Ltd.) and 100 ug/ml peni-
cillin/streptomycin were added to a low adhesion 6-well plate.
Cells were re-suspended with 1 ml medium added to the plate
every 3 days. Afterward, cells were seeded at 1,000 cells/well
into DMEM/F-12 (serum-free). Following 7 days of culture at
37°C, tumor spheres were collected once the diameter reached
50-100 pm. Spheres were detached and dispersed into single
cells and re-seeded to form new tumor spheres once again.
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Gene Forward, 5'—3' Reverse, 5'—3'

PYCRI1 GGCTGCCCACAAGATAATGGC GGCTGCCCACAAGATAATGGC
SMYD2 ATCTCCTGTACCCAACGGAAG CACCTTGGCCTTATCCTTGTCC
[-actin TGGCACCCAGCACAATGAA TGGCACCCAGCACAATGAA
Nanog CCCCAGCCTTTACTCTTCCT CCAGGTTGAATTGTTCCAGGTC
Sox2 ATCAGGAGTTGTCAAGGCAGAG AGAGGCAAACTGGAATCAGGA

PYCRI1, pyrroline-5-carboxylate reductase 1; SMYD2, SET and MYND domain-containing protein 2; Sox2, SRY-box transcription factor 2.

After 14 days at 37°C, the culture was terminated and the
number of tumor sphere (diameter >50 ym) was calculated
manually under the Leica DMi8 inverted light microscope
(200X magnification).

Cell mitophagy analysis. Cells were stained at 37°C with
400 nM Mito-Tracker Green (cat. no. #C1046, Beyotime
Institute of Biotechnology) for 40 min, and then blocked
at 37°C for 1 h with 1% bovine serum albumin (BSA,
cat. no. #735094; Amresco, LLC) in PBS. Following 1 h
incubation at 37°C with the primary antibody light chain-3B
(LC3B; cat. no. ab192890, 1:100), the secondary antibody
6478-Conjugated Goal Anti-Rabbit IgG (cat. no. ab150083,
1:200; both Abcam) was added to cells for 30-min at 37°C
and nuclei were stained with 5 pg/ml DAPI (cat. no. #C1002;
Beyotime Institute of Biotechnology) at room temperature for
3 min. Finally, the immunofluorescence was visualized using
a laser confocal microscope (200x).

Chromatin immunoprecipitation (ChIP) assay. Analysis was
conducted utilizing a simpleChIP®Plus ultrasonic ChIP kit
(cat. no. #56383, Cell Signaling Technology, Inc.). Cells at
80% confluence were fixed using 4% paraformaldehyde at
room temperature for 15 min and treated with glycine at room
temperature for 15 sec at a final concentration of 0.125 M
(both Beyotime Institute of Biotechnology) to halt the fixation
process. Cells were lysed and centrifuged at 300 x g at 4°C
for 5 min. Chromatin was resuspended in ChIP lysis buffer
(50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA
pH 8, 1% Triton X-100, 0.1% deoxycholate, 0.1% SDS), 1%
protease inhibitor) and sonicated on ice for 2 min (sonication:
3 sec on, 2 s off) to shear DNA-protein fragments to approxi-
mately 500 bp. 20 ul of cell lysate was incubated overnight
at 4°C with 5 ug of rabbit Anti-H3K4me3 antibody (#9751S,
1:50, Cell Signaling Technology) or rabbit IgG (27298,
1:100, Cell Signaling Technology). Protein-A beads (20 ul)
were then used to capture the antibody complex. The beads
were washed 7 times with wash buffer (50 mM HEPES,
pH 7.5; 500 mM LiCl; 1 mM EDTA; 1% NP-40 and 0.7%
deoxycholate), followed by one wash with Tris-EDTA buffer
(10 mM Tris pH 8.0, 1 mM EDTA). The precipitated DNA
was purified using a purification column and the expression
of PYCR1 was detected by RT-qPCR as aforementioned.
Primers were as follows: PYCR1-forward, 5'-CCTGTCATC
ATCTAAGATAC-3"; PYCR1-reverse, 5'-CCCTGTCGGTGG
CCAAGATT-3.

In vivo xenograft experiment. BALB/C nude mice (male,
n=30; age, 5 weeks; weight 20-22 g) were purchased from
Experimental Animal Resource Platform of the Chinese
Academy of Sciences [animal license no. SYXK (Beijing)
2021-0063, Beijing, China]. Nude mice were housed in a
standard animal house (25+2°C, 50+£10% relative humidity,
12/12-h light-dark cycle and ad libitum access to food and
water).

The BC xenograft model was established by subcutane-
ously injecting T24 cells (2x10° cells in 100 ul PBS) into
nude mice. Mice were randomly divided (six mice/group)
into groups as follows: BC; BC + lentivirus (Lv)-oe-SMYD2
(T24 cells delivered with pcDNA3.1-SMYD2 Lv were
subcutaneously injected); BC + Lv-0e-NC (injection of
T24 cells transfected with pcDNA3.1-NC Lv plasmid);
BC + Lv-0e-SMYD2 + Lv-si-PYCR1 (T24 cells transfected
with pcDNA3.1-SMYD2 + si-PYCR1 Lv plasmids were hypo-
dermically injected); BC + Lv-oe-SMYD?2 + Lv-si-NC (T24
cells transfected with pcDNA3.1-SMYD2 + si-NC Lv plas-
mids were subcutaneously injected). After 4 weeks, mice were
euthanized via intraperitoneal injection of 100 mg/kg sodium
pentobarbital and tumor tissue was obtained to measure the
longest longitudinal (a) and transverse diameter (b). The
tumor volume was calculated and weighed using the formula
(axb?)/2(23),followed by protein extraction, hematoxylin-eosin
(HE) staining and immunohistochemistry (IHC). The humane
endpoints were body weight of the mice decreased by 40%
or the tumor diameter more than 3 cm). No mice reached the
humane endpoints.

Western blotting. The homogenates of cells or tumor tissues
were lysed using RIPA lysis solution (Beyotime Institute of
Biotechnology) containing protease inhibitors (Sigma-Aldrich;
Merck KGaA) and supernatants were obtained upon 20 min
centrifugation at 12,000 x g at 4°C. Protein concentration was
determined using a BCA kit. The protein loading amount of
each well was 10 pg. Following separation via 10% SDS-PAGE,
protein bands were moved to a PVDF membrane and incu-
bated overnight at 4°C with the following primary antibodies:
Anti-PYCR1 (cat. no. ab226340, 1:2,000), anti-SMYD?2
(cat. no. ab108217, 1:2,000), anti-Nanog (cat. no. ab21624,
1:200), anti-Sox2 (cat. no. ab92494, 1:1,000), anti-H3K4me3
(cat. no. ab272143, 1:500), anti-PINK1 (cat. no. ab216144,
1:1,000, all Abcam), anti-Parkin (cat. no. PA5-13399, 1:2,000,
Invitrogen; Thermo Fisher Scientific, Inc.), anti-LC3B
(cat. no. ab192890, 1:2,000), anti-p62 (cat. no. ab109012,
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1:10,000) and B-actin (cat. no. ab8227, 1:1,000; all Abcam).
Subsequently, the membrane was washed with TBS-tween
(0.1% Tween 20; cat. no. ST673; Beyotime) and incubated
with horseradish peroxidase-labeled goat anti-rabbit IgG
(cat. no. ab205718, 1:2,000, Abcam) for 1 h at room tempera-
ture. Protein bands were visualized using the ultrasensitive
enhanced chemiluminescence kit (cat. no. PO0O18S, Beyotime)
and the gray values were quantified using Image J 1.8 software
(National Institutes of Health), with f-actin serving as the
internal reference. Cell experiments were repeated three times.

HE staining. Rat tumor tissues were subjected to paraffin
embedding after fixation with 4% paraformaldehyde at room
temperature for 24 hand cut into 5-um sections. The sections
were stained at room temperature for 20 min with HE Stain
kit (cat. no. G1120; Beijing Solarbio Science & Technology
Co., Ltd.) and photographed under a light microscope (200x)
(Olympus Corporation).

IHC. The tumor tissue subjected to 24-h fixation with 4%
paraformaldehyde at room temperature was embedded in
paraffin, serially sectioned (4 ym), dewaxed with xylene, and
hydrated with gradient alcohol. Sections were treated with 3%
H,0, for 10 min to neutralize endogenous peroxidase activity.
The samples were subjected to antigen retrieval in 0.01 mol/l
sodium citrate buffer (pH=6.0, 15 min) using microwave
heating at 95°C. The sections were blocked at room tempera-
ture for 20 min using 5% BSA (cat. no. A602440-0050, Sangon
Biotechnology Co., Ltd.) and incubated overnight at 4°C with
primary antibodies against H3K4me3 (cat. no. ab8580, 1:100),
SMYD2 (cat. no. ab234862, 1:200), CD44 (cat no. ab316123,
1:5,000) and CD133 (cat. no. ab19898, 1:500; all Abcam).
HRP labeled goat anti rabbit IgG (cat. no. ab6721, 1:1,000;
Abcam) was incubated at room temperature for 20 min.
After sections were rinsed with PBS, the color was developed
using 3,3'-diaminobenzidine (cat. no. B-IMWRSS51, AmylJet
Scientific, Inc.). The staining was observed under a light
microscope (200X magnification; Olympus Corporation). The
percentages of positive cells were counted and averaged using
Image J 1.8 (National Institutes of Health).

Statistical analysis. All data analysis was performed using
SPSS 21.0 (IBM Corp.) and GraphPad Prism 9.5 (GraphPad
Software, Inc.; Dotmatics). The data are presented as the
mean + SD of three independent experiments. Comparisons
between two groups were performed using unpaired t-test,
while multi-group comparisons were analyzed using one-way
ANOVA followed by Tukey's multiple comparison test. P<0.05
was considered to indicate a statistically significant difference.

Results

PYCRI promotes stemness maintenance of BCSCs. To
investigate whether PYCRI is involved in regulating BCSC
stemness, BC cell lines (EJ and T24) were cultured in vitro.
Subpopulations exhibiting SC characteristics (CD44+*CD133%)
were sorted from BC cells by flow cytometry and expres-
sion of PYCR1 mRNA and proteins in CD44*CD133* and
CD44°CD133" cells was assessed via RT-qPCR and western
blot. The results showed that PYCR1 mRNA and its protein

expression were higher in the CD44*CD133* BC cell subpopu-
lation than in CD44-CD133" cells (Fig. 1A and B). Following
PYCRI siRNA treatment, PYCR1 mRNA and protein expres-
sion in BC cells (Fig. 1C and D), CD44*CD133* cell levels
(Fig. 1E) and colony tumor sphere formation (Fig. 1F and G)
and Nanog and Sox?2 expression was reduced (Fig. 1H and I).
Following transfection of pcDNA3.1-PYCR1, BC cells had
increased expression of PYCR1 mRNA and protein (Fig. 1C
and D) levels of CD44*CD133* cells (Fig. 1E), increased
formation of cancer cell colonies and tumor spheres (Fig. 1F
and G) and elevated expression of Nanog and Sox2 (Fig. 1H
and I). These results indicated that PYCR1 enhanced BCSC
stemness maintenance.

SMYD?2 promotes stemness maintenance of BCSCs. Multiple
post-translational modifications of proteins serve crucial roles
in tumor progression, with methylation modification being
common (24). SMYD?2 is a protein lysine methyltransferase
involved in the advancement of BC (10). SMYD2 was found
to be significantly highly expressed in BC through the analysis
of the GEPIA database (Fig. 2A). When BC cells were treated
with SMYD2 siRNA, SMYD2 mRNA and protein expres-
sion (Fig. 2B and C), CD44*CD133"* cell levels (Fig. 2D),
colony and tumor sphere formation (Fig. 2E and F) and Sox2
and Nanog expression decreased (Fig. 2G and H). However,
following transfection of pcDNA3.1-SMYD?2 into BC cells,
SMYD2 mRNA and protein expression (Fig. 2B and C), levels
of CD44*CD133* cells (Fig. 2D), colony and tumor sphere
formation (Fig. 2E and F) and the protein expression of stem-
ness markers Nanog and Sox2 was increased (Fig. 2G and H).
Altogether, these findings illustrated that the stemness reten-
tion of BCSCs was promoted by SMYD2.

SMYD2 modulates H3K4me3 to upregulate PYRCI expres-
sion in BC cells. SMYD2 was positively associated with
PYCRI1 expression in BC according to the GEPIA data-
base analysis (Fig. 3A). Following transfection of SMYD2
siRNA in BC cells, PYCR1 mRNA and its protein expres-
sion and H3K4me3 levels decreased, while transfection of
pcDNA3.1-SMYD2 into BC cells increased PYCR1 mRNA
and protein expression and H3K4me3 levels (Fig. 3B and C).
ChIP assay demonstrated enrichment of H3K4me3 in the
PYCRI1 promoter region was decreased following SMYD2
siRNA but increased following pcDNA3.1-SMYD?2 transfec-
tion (Fig. 3D). Overall, SMYD2 modulated the expression of
PYRCI1 in BC cells by controlling the H3K4me3 levels in the
PYRCI1 promoter region.

SMYD?2 facilitates BCSC stemness maintenance by regu-
lating PYCRI. To explore whether SMYD2 can promote
stemness maintenance of BCSCs by modulating PYCR1, BC
cells were transfected with pcDNA3.1-SMYD2 and PYCR1
siRNA. Compared with oe-SMYD?2 + si-NC group, cells
in the oe-SMYD?2 + si-PYCRI1 group exhibited decreased
expression of PYCR1 mRNA and protein (Fig. 4A and B),
CD44*CD133* cell levels (Fig. 4C), colony and tumor sphere
formation (Fig. 4D and E) and Nanog/Sox?2 expression Fig. 4F
and G). These results suggested that SMYD2 contributed to
BCSC stemness maintenance by modulating expression of
PYCRI.
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Figure 1. PYCRI sustains bladder CSC stemness. (A) RT-qPCR and (B) western blot were used to assess PYCR1 mRNA and protein expression in CD44*CD133*
and CD44°CD133" cells. Detection of PYCR1 (C) mRNA and (D) protein expression using western blot and RT-qPCR. (E) Detection of CD44*CD133* cells by
flow cytometry. (F) Measurement of in vitro colony formation ability. (G) CSC sphere-forming assay was performed to examine tumor stemness. (H) RT-qPCR
and (I) western blotting were performed to assess expression of stemness marker proteins Nanog and Sox2 mRNA and protein. "P<0.05, “P<0.01, ““P<0.001.
PYCRI, pyrroline-5-carboxylate reductase 1; CSC, cancer stem cell; RT-q, Reverse transcription quantitative; si, small-interfering; NC, negative control; oe,
overexpression.
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Figure 2. SMYD2 promotes stemness retention in bladder CSCs. (A) Analysis of SMYD2 expression in normal bladder tissue and bladder cancer using Gene
Expression Profiling Interactive Analysis database. SMYD2 (B) mRNA and (C) protein expression using RT-qPCR and western blotting. (D) Flow cytometry
to determine CD44*CD133* cell levels. (E) In vitro colony formation capability. (F) CSC sphere-forming assay to examine tumor stemness. (G) RT-qPCR and
(H) western blotting were used to evaluate the expression of Nanog and Sox2. "P<0.05, “P<0.01, ““P<0.001. SMYD?2, SET and MYND domain-containing
protein 2; CSC, cancer stem cell; RT-qPCR, reverse transcription quantitative polymerase chain reaction; si, small-interfering; NC, negative control;
oe, overexpression; ns, not significant; BLCA, bladder urothelial carcinoma.
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Figure 3. SMYD?2 elevates PYRCI expression via regulation of H3K4me3 methylation. (A) Gene Expression Profiling Interactive Analysis database was
used to analyze SMYD2-PYCRI correlation in BC tissue. (B) Reverse transcription-quantitative PCR was employed to evaluate expression of PYCRI
mRNA. (C) Western blotting was utilized for measuring the protein expression of PYCR1 and H3K4me3. (D) Chromatin immunoprecipitation detection
of H3K4me3 enrichment in the PYCR1 promoter region. "P<0.05, “P<0.01, “"P<0.001. SMYD?2, SET and MYND domain-containing protein 2; PYRCI,
pyrroline-5-carboxylate reductase 1; H3K4me3, histone H3 lysine 4 trimethylation; TPM, transcripts per million; si, small-interfering; NC, negative control;

o€, overexpression .

PYCRI potentiates BCSC stemness maintenance via the
PINK]I1/Parkin mitophagy pathway. Following PYCRI1
siRNA treatment, mitochondrial LC3B expression (Fig. SA)
and LC3B II/I ratio decreased and p62 protein expression
was augmented (Fig. 5B); these alterations were reversed
following pcDNA3.1-PYCRI1 transfection. Additionally,
following treatment with PYCRI1 siRNA, expression of
PINKI1 and Parkin proteins was decreased; after transfec-
tion of pcDNA3.1-PYCRI, expression of PINK1 and Parkin
proteins increased (Fig. 5B). BC cells were transfected with
PINK1 siRNA and pcDNA3.1-PYCRI. In comparison with
the oe-PYCRI1 + si-NC group, oe-PYCRI1 + si-PINK1 group
exhibited reduced PINK1/Parkin protein (Fig. 5B) and LC3B
expression (Fig. 5A) and LC3B II/I ratio, raised p62 protein
expression (Fig. 5B) and inhibited CD44*CD133"* cell levels

(Fig. 5C), formation of tumor spheres and colonies (Fig. 5D
and E) and expression of Sox2 and Nanog (Fig. 5F and G).
Collectively, these findings demonstrated that PYCR1
enhanced BCSC stemness maintenance via regulation of the
PINK1/Parkin mitophagy pathway.

SMYD?2 strengthens BCSC stemness sustenance by activating
the PINKI/Parkin mitophagy pathway via upregulation of
PYCRI. A BC xenograft model was established for in vivo
validation experiments by subcutaneously injecting T24
cells transfected with pcDNA3.1-SMYD?2 or si-PYCRI1
Lv plasmid into nude mice. Tumor size and weight in the
BC + Lv-0e-SMYD?2 group were higher than those in
the BC + Lv-0e-NC group; tumor weight and size in the
BC + Lv-0e-SMYD2 + Lv-si-PYCRI1 group were lower than
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Figure 4. SMYD?2 regulates PYCR1 expression to potentiate bladder SCS stemness. PYCR1 (A) mRNA and (B) protein expression by reverse transcrip-
tion-quantitative PCR and western blot. (C) Assessment of CD44*CD133* cell level by flow cytometry. (D) In vitro colony formation ability. (E) Tumor
stemness testing utilizing CSC sphere-forming assay. Examination of Sox2 and Nanog (F) mRNA and (G) protein expression by RT-qPCR and western blot.
"P<0.05, “P<0.01, “"P<0.001. SMYD2, SET and MYND domain-containing protein 2; PYRCI, pyrroline-5-carboxylate reductase 1; si, small-interfering;
NC, negative control; oe, overexpression; CSC, cancer stem cell.
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Figure 5. Continued.

those in the BC + Lv-0e-SMYD2 + si-NC group (Fig. 6A-C).
HE staining showed that compared with the BC + Lv-oe-NC
group, the tumor cell density of the BC + Lv-oe-SMYD2 group
was elevated and the proportion of necrotic cells (unstructured
eosinophilic substances) were decreased; compared with the
BC + Lv-0e-SMYD2 + si-NC group, the tumor cell density
of nude mice in the BC + Lv-oe-SMYD2 + Lv-si-PYCRI1
group was decreased and the proportion of necrotic cells
increased (Fig. 6D). By contrast with the BC + Lv-oe-NC

group, protein levels of SMYD2, PYCR1, PINK1 and Parkin
in tissue homogenate of nude mice in the BC + Lv-oe-SMYD2
group were elevated (Fig. 6E). SMYD?2, Parkin, PYCRI and
PINKI1 expression in the BC + Lv-0e-SMYD2 + Lv-si-PYCR1
group was lower than in the BC + Lv-0e-SMYD2 + si-NC
group (Fig. 6E). As demonstrated by THC results, SMYD2-,
H3K4me3-, CD44- and CDI133-positive cell numbers
in the BC + Lv-0e-SMYD2 group were significantly
augmented relative to the BC + Lv-oe-NC group; nude
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Figure 5. PYCR1 promotes bladder CSC stemness sustenance via the PINK1/Parkin pathway. (A) Immunofluorescence detection of mitochondrial (MTG; green)
and autophagy marker (LC3B; red) expression. (B) Assessment of the protein levels of LC3B II/1, p62, PINK1 and Parkin by western blot. (C) Measurement
of CD44*CD133* cell level by flow cytometry. (D) Colony formation assay. (E) CSC sphere-forming assay to estimate tumor stemness. Expression of stemness
marker proteins Nanog and Sox2 (F) mRNA and (G) protein was assessed by reverse transcription-quantitative PCR and western blot. "P<0.05, “"P<0.01,
“"P<0.001. SMYD2, SET and MYND domain-containing protein 2; PYRCI, pyrroline-5-carboxylate reductase 1; si, small-interfering; NC, negative control,
oe, overexpression; PINK1, PTEN-induced putative kinase 1; MTG, Mito-Tracker Green; CSC, cancer stem cell.

mice in the BC + Lv-0e-SMYD2 + Lv-si-PYCRI1 group (Fig. 6F). Western blot results revealed that nude mice in the
displayed lower CD133- and CD44-positive cell numbers  BC + Lv-0e-SMYD2 group exhibited a higher LC3B II/I ratio
than those in the BC + Lv-0e-SMYD2 + si-NC group and lower p62 protein levels than the BC + Lv-oe-NC group;
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Figure 6. Continued.
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Figure 6. SMYD2 increases the maintenance of bladder cancer stem cell stemness by upregulating PYCRI1 to stimulate the PINK1/Parkin pathway. Tumor
(A) size, (B) volume and (C) weight. (D) Hematoxylin-eosin staining to detect pathological changes in tumor tissue. (E) Western blot to measure SMYD2,
PYCRI, PINKI1 and Parkin levels in nude mouse tissue homogenate. (F) Immunohistochemistry was performed to detect the number of SMYD2-, H3K4me3-,
CD44- and CDI133-positive cells in tumor tissues. (G) Protein expression of autophagy markers LC3B 11/l and p62 was determined by western blotting.
(H) Expression of stemness marker proteins Nanog and Sox2 mRNA was measured by reverse transcription-quantitative PCR. (I) Western blot assay to detect
protein levels of Nanog and Sox2 in tissue homogenates of nude mice. "P<0.05, “P<0.01, “*P<0.001. SMYD2, SET and MYND domain-containing protein 2;
PYCRI, pyrroline-5-carboxylate reductase 1; PINK1, PTEN-induced putative kinase 1; H3K4me3, histone H3 lysine 4 trimethylation; BC, bladder cancer;

Lv, lentiviral; oe, overexpression; NC, negative control; si, small-interfering.

BC + Lv-0e-SMYD?2 + Lv-si-PYCRI group exhibited a higher
LC3B II/Iratio and lower p62 protein expression compared with
BC +Lv-0e-SMYD?2 +si-NC group (Fig. 6G). Moreover, Nanog
and Sox2 protein levels were raised in the BC + Lv-oe-SMYD2
group vs. BC + Lv-0e-NC group but these protein levels
dropped in the BC + Lv-0e-SMYD?2 + Lv-si-PYCR1 compared
with BC + Lv-0e-SMYD?2 + si-NC group (Fig. 6H and I). In
summary, these results indicated that SMYD2 sustained
BCSC stemness by increasing PYCR1 expression to stimulate
the PINK1/Parkin mitophagy pathway.

Discussion

Lysine methyltransferases, which affect numerous onco-
proteins and tumor suppressor proteins, play a key role in
the development of various types of malignancies, such
as colorectal cancer and lung cancer (25-27). SMYD?2, an
extensively studied lysine methyltransferase, is associated
with regulation of transcription, epigenetics and tumorigen-
esis (28,29). However, the potential impact of SMYD2 on
the stemness maintenance of BCSCs remains unclear. The
present study demonstrated that histone methyltransferase
SMYD?2 is involved in the stemness of BCSCs by upregu-
lating PYCRI expression and activating the PINK1/Parkin
pathway (Fig. 7).

PYCRI strengthens BC proliferation and EMT, which is
associated with expression of stemness markers Nanog and
Sox2 (4,30), suggesting that PYCR1 plays a role in BCSC stem-
ness. GEPIA database analysis demonstrated that SMYD2
was significantly highly expressed in BC. Correspondingly,
SMYD?2 expression is significantly increased in human BC
compared with normal bladder tissue, underscoring that inhib-
iting SMYD2 may have therapeutic promise for BC (31). The
present study assessed the mechanism of SMYD2/PYCRI in
maintaining BCSC stemness. CD44, a hallmark of BCSCs,
indicates stemness and activates many signaling pathways to
maintain self-renewal capacity (32,33). The potential role of
CD44 and CD133 as markers for BCSCs has been proposed (34).
PYCRI1 and SMYD2 knockdown in CD44*CD133* BCSC
subpopulation with stem cell-like characteristics decreased
CD44*CD133* cell levels, Nanog and Sox2 expression and
colony and sphere formation, whereas overexpressing PYCR1
or SMYD?2 resulted the opposite effects. Similarly, suppression
of PYCRI in vitro decreases colony formation and prolifera-
tion and induces cell cycle arrest (35). Cui et al (20) confirmed
that ablation of PYCRI can lead to reduced expression of Sox2
and Nanog, CSC-associated aldehyde dehydrogenase* popula-
tion and ability of breast CSCs to form spheres, suggesting
that PYCRI is involved in preserving the stemness of breast
cancer cells. In addition, Shang and Wei (36) demonstrated
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Figure 7. SMYD?2 upregulates PYCR1 expression via H3K4me3, thereby
activating the PINK1/Parkin mitophagy pathway, promoting expression of
stem cell marker proteins Sox2 and Nanog and maintaining the stemness
of bladder CSCs. SMYD?2, SET and MYND domain-containing protein 2;
PYCRI, pyrroline-5-carboxylate reductase 1; H3K4me3, histone H3 lysine 4
trimethylation; PINK1, PTEN-induced putative kinase 1; CSC, cancer stem
cell; LC3B, light chain-3B; Sox2, SRY-box transcription factor 2.
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that inhibition of SMYD2 impedes tumor sphere formation
and cell migration in non-small-cell lung cancer cells. To the
best of our knowledge, the impact of SMYD?2 on the stemness
of BCSCs has not been reported. It was hypothesized that both
SMYD2 and PYCRI amplified maintenance of stemness in
BCSCs.

H3K4me3 is abnormally expressed in lung, liver and colon
cancer (37-39). SMYD?2 serves as a histone methyltransferase
of H3K4me3, facilitating transcriptional activation of its
downstream target genes by catalyzing trimethylation of
histone H3K4, which is associated with modulation of target
gene transcription (12,40). A notable positive association
between SMYD2 and PYRCI1 was observed in the present
study. To the best of our knowledge, the present study is
the first to demonstrate that SMYD2 may promote PYCR1
expression via H3K4me3; in vitro demonstrated increased
PYCRI1 and H3K4me3 levels, along with heightened enrich-
ment levels of H3K4me3 in the PYCRI1 promoter region in
SMYD2-overexpressing BC cells. Furthermore, previous
research has confirmed that proline produced by PYCRI1
can activate the cGMP/cGMP-dependent protein kinase
signaling pathway, thereby enhancing breast cancer stem-
ness (20). Here, SMYD2 heightened stemness in BCSCs by
regulating PYCRI.

The PINK 1/Parkin signaling pathway is one of the primary
regulatory mechanisms of mitophagy (17). The accumulation
of PINKI1 augments PINK1/Parkin-mediated mitophagy,
which efficiently removes impaired mitochondria (41).
The feedforward signaling pathway, including PINK1 and
Parkin, is responsible for facilitating mitophagy (42). Here,
PYCRI silencing resulted in elevated p62 and Parkin/PINK1
expression, as well as lessened LC3B expression and LC3B
II/1 ratios, which were negated by PYCRI1 overexpression.
This indicated that PYCR1 could mediate the Parkin/PINK1
mitophagy axis. Moreover, it is well-established that
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mitophagy encourages the obtainment of tumor cell stem-
ness (14,43). The present experiments verified the promoting
effect of the PINK1/Parkin mitophagy pathway in BCSC
stemness. Other investigations have established a connection
between mitophagy and SC stemness (44,45). Augmentation
of mitophagy can contribute to the stemness of mesenchymal
SCs (46). Conversely, the reduction of mitophagy-related
PINK1/Parkin leads to diminished stemness of bone
marrow-derived mesenchymal SCs, as indicated by decreased
expression of stemness markers Sox2 and Octamer-binding
transcription factor 4 (44). Here, PYCR1 stimulated stemness
maintenance in BCSCs via the PINK1/Parkin mitophagy
pathway. Furthermore, in vivo verification demonstrated
that SMYD?2 preserved BCSC stemness by activating the
PINK1/Parkin mitophagy pathway via enhancement of
PYCRI expression.

In conclusion, the present study demonstrated the regula-
tory effect and mechanism by which SMYD?2 affects PYCRI.
Additionally, in vitro and in vivo experiments demonstrated
the role of PYCRI1 in modulating the PINK1/Parkin signaling
pathway, which affects mitophagy and regulates stemness of
BCSCs. However, the present study only verified that PYCR1
regulates mitophagy via regulation of PINK1/Parkin to regulate
BCSC stemness; other target genes and signaling pathways
regulated by PYCRI1 require further investigation. Upstream influ-
encing factors of PYCR1 also need to be further explored. Future
investigations investigate the role of mitophagy in preserving the
stemness of CSCs, as well as the mechanisms by which PYCRI1
modulates other target genes and signaling pathways.
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