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ARTICLE INFO ABSTRACT

Keywords: Reactive oxygen species (ROS) which are continuously generated mainly by mitochondria, have been proved to
Urothelial carcinoma of the bladder play an important role in the stress signaling of cancer cells. Moreover, pentatricopeptide repeat (PPR) proteins
LRPPRC

have been suggested to take part in mitochondrial metabolism. However, the mechanisms integrating the actions

;g;rﬁf of these distinct networks in urothelial carcinoma of the bladder (UCB) pathogenesis are elusive. In this study, we
ROS found that leucine rich pentatricopeptide repeat containing (LRPPRC) was frequently upregulated in UCB and

that it was an independent prognostic factor in UCB. We further revealed that LRPPRC promoted UCB tumori-
genesis by regulating the intracellular ROS homeostasis. Mechanistically, LRPPRC modulates ROS balance and
protects UCB cells from oxidative stress via mt-mRNA metabolism and the circANKHD1/FOXM1 axis. In addi-
tion, the SRA stem-loop interacting RNA binding protein (SLIRP) directly interacted with LRPPRC to protect it
from ubiquitination and proteasomal degradation. Notably, we showed that LRPPRC modulated the tumori-
genesis of UCB cells in a circANKHD1-FOXM1-dependent manner. In conclusion, LRPPRC exerts critical roles in
regulating UCB redox homeostasis and tumorigenesis, and is a prognostic factor for UCB; suggesting that LRPPRC
may serve as an exploitable therapeutic target in UCB.

Abbreviations: UCB, Urothelial carcinoma of the bladder; NMIBC, non-muscle invasive bladder cancer; MIBC, muscle invasive bladder cancer; PFS, progression-
free survival; OS, overall survival; miRNA, microRNA; circRNA, circular RNA; RT-qPCR, real time quantitative PCR; FISH, fluorescence in situ hybridization; WB,
western blot; IP, immunoprecipitation; IHC, Immunohistochemistry; ROS, Reactive oxygen species; TCGA, The Cancer Genome Atlas; siRNA, short interfering RNA;
shRNA, short hairpin RNA; A¥m, mitochondrial membrane potential; OXPHOS, oxidative phosphorylation; ETC, electron transport chain; TCA, tricarboxylic acid;
mt-mRNAs, mRNAs encoded by mitochondrial; DEGs, The differentially expressed genes.
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1. Introduction

Urothelial carcinoma of the bladder (UCB) is the tenth most frequent
cancer worldwide in both sexes combined. It has the highest prevalence
among urinary tract cancers, with an estimated 549,000 new cases and
200,000 deaths in 2018 worldwide [1]. Although current therapies, i.e.
transurethral resection (TUR) combined with adjuvant intravesical
treatment, are effective in treating non-muscle invasive bladder cancer
(NMIBC), which accounts for around 75% of all cases of UCB, therapies
for the advanced cases are less efficient [2]. The remaining 25% of pa-
tients are usually diagnosed as muscle invasive bladder cancer (MIBC)
and commonly suffer from regional and/or systemic dissemination [3].
The management of MIBC or very-high-risk NMIBC involves radical
cystectomy and cisplatin-based chemotherapy [4]. Unfortunately,
treatment failure is observed in more than 50% of the patients due to the
associated comorbidities and inherent or acquired chemoresistance [5,
6]; leading to poor prognosis, with a median progression-free survival
(PFS) and overall survival (OS) of ~8 and 14 months, respectively [7].
Therefore, a better understanding of the mechanisms involved in UCB
tumorigenesis and/or progression is required for developing more effi-
cient treatment strategies.

Mitochondria have multifaceted functions in normal physiology.
Apart from ATP production, they also act as cellular stress sensors which
allow cellular adaptation. However, this can be a double-edged sword
function because in harsh conditions of the tumor microenvironment,
such as hypoxia, nutrient depletion and during cancer treatments, this
can make cancer cells more flexible to adapt, grow and survive [8,9].
Reactive oxygen species (ROS), which are continuously generated in
cells, mainly by mitochondria, have been recognized as a crucial
mediator of multiple cellular processes such as signal transduction,
proliferation and apoptosis [10]. It has been suggested that low/medium
levels of ROS enhance cell survival and lead to genetic instability, but
excessive ROS levels result in stimulation of cell death pathways [11].
Advances in our understanding of the essential role of mitochondrial
processes in cancer could highlight their potential as a target for UCB
therapy.

Pentatricopeptide repeat (PPR) proteins are a large family of RNA-
binding proteins characterized by a canonical 35 residue repeat motif
[12]. Only seven PPR proteins are found in humans, all localized in
mitochondria, and are involved in multiple cellular processes, especially
in RNA metabolism [12,13]. The biological significance of PPR proteins
is highlighted by the discovery of their important roles in mitochondrial
gene expression and energy metabolism. For instance, mitochondrial
RNA polymerase (POLRMT) regulates mitochondrial mRNA (mt-mRNA)
transcription [14,15]; pentatricopeptide repeat domain 1 (PTCD1),
pentatricopeptide repeat domain 2 (PTCD2), and protein only RNase P
catalytic subunit (KIAA0391) are involved in mt-mRNA processing
[16-18]; LRPPRC regulates mt-mRNA maturation and stability [19-21],
and KIAA0391 and pentatricopeptide repeat domain 3 (PTCD3) are
involved in mitochondrial protein synthesis [22,23]. Recently, a
growing number of PPRs have been verified to be important regulators
in oncogenic processes. For example, POLRMT was found to participate
in the progression of non-small cell lung cancer cell growth via the
regulation of mt-RNA polymerase [24]. Several studies have reported
that LRPPRC, which regulates the expression of all mt-mRNAs, is
frequently overexpressed in multiple cancer tissues [25,26]. The dys-
regulation of LRPPRC may initiate carcinogenesis and inhibit the
apoptosis of cancer cells [26]. To date, however, the significance of PPRs
abnormalities in UCB pathogenesis has not been clearly elucidated.

In this present study, we identified LRPPRC as a potentially critical
oncogenic factor in UCB pathogenesis by analyzing The Cancer Genome
Atlas (TCGA) UCB project data and high-throughput RNA sequencing
data from the Sun Yat-Sen University Cancer Center (SYSUCC;
Guangzhou, China). Our data showed that overexpression of LRPPRC
was an independent prognostic factor in UCB. In vitro and in vivo assays
revealed that knockdown of LRPPRC in UCB cells significantly inhibited
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cell proliferation and/or induced cell apoptosis by increasing ROS levels
in UCB cells. According to our results, SRA stem-loop interacting RNA
binding protein (SLIRP) forms a stable complex with LRPPRC to protect
it from degradation, which substantially enhances the function of
LRPPRC in UCB cells. Importantly, we showed for the first time that
LRPPRC modulates ROS balance and protects UCB cells from oxidative
stress via mt-mRNA metabolism and the circANKHD1/FOXM1 axis;
thereby resulting in UCB tumorigenesis. Clinically, the expression of
LRPPRC positively correlated with circANKHD1 and FOXM1; all of
which show that LRPPRC exerts a critical role in ROS metabolism and
UCB tumorigenesis.

2. Materials and methods
2.1. Patients and tissue samples

In this study, 408 UCB patients with PPRs gene RNA sequencing data
and detailed clinical information were retrieved from the TCGA data-
base (https://cancergenome.nih.goc/). Among them, 19 cases were
paired with adjacent non-neoplastic bladder tissues. Deep-sequencing
data of 22 pairs of UCB and matched adjacent normal bladder tissues
were obtained from the Gene Expression Omnibus database
(GSE133671). For Western blot analyses, the cancer tissues and corre-
sponding normal matched tissues from 10 UCB patients who had
received radical cystectomy at SYSUCC in 2020 were used. For immu-
nohistochemistry (IHC) analyses, the paraffin-embedded tumor tissues
of 224 UCB patients who had undergone radical cystectomy at SYSUCC,
consecutively from 2007 to 2017, were used. The clinical information of
the UCB patients is summarized in Supplementary Table 1. The tumor
stage and tumor grade were defined using the World Health Organiza-
tion criteria and the seventh edition of the TNM classification of Union
for International Cancer Control (UICC; 2010). All of the patients were
followed up on a regular basis. Overall survival (OS) time was deter-
mined from the date of surgery to the date of death, and it was censored
at the date of the last follow-up visit for survivors.

Thirty UCB tissue samples and paired adjacent non-neoplastic tissue
samples were snap-frozen in liquid nitrogen upon collection for quan-
titative real-time polymerase chain reaction (qQRT-PCR) assays. This
study was approved by the Institutional Review Board of SYSUCC. All
studies involving human research participants were blinded.

2.2. Immunohistochemistry

THC was performed as previously described [27]. Briefly, the slides
prepared for IHC were cut at a 3-pm thickness from the
paraffin-embedded tissues. The tissue sections were then heated at 50 °C
for 4 h, deparaffinized, and rehydrated using 100% xylene three times
followed by 100%, 95%, 75% and 50% ethanol immersion for 5 min
each. Endogenous peroxidase activity was blocked with 0.3% hydrogen
peroxide for 15 min. For antigen retrieval, the slides were boiled in Tris
(hydroxymethyl) aminomethane-EDTA buffer (pH 8.0) in a pressure
cooker for 10 min. Nonspecific binding was blocked with 10% normal
rabbit serum for 30 min. After washing in PBS twice for 2 min each, 100
uL of blocking buffer was added on each section and incubated at room
temperature for 25 min. Then, 100 pL of primary antibody diluted in 1%
BSA was added on each section. The slides were incubated with primary
antibodies against LRPPRC (dilution: 1:200), FOXM1 (dilution: 1:200),
and PRDX3 (dilution: 1:100) overnight at 4 °C in a moist chamber. Then,
they were washed twice in PBS for 2 min and incubated with a bio-
tinylated secondary antibody (100 pL per section) for 30 min at room
temperature. Immunostaining was performed using the Envision System
with diaminobenzidine (Dako).

The HALO image analysis platform (Indica Labs, Corrales, New
Mexico, USA) was used for quantitative assessment of IHC staining for
LRPPRC, FOXM1 and PRDX3 [28-30]. Briefly, stained nuclei were
automatically detected by the software and nuclear regions were
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expanded to quantify cytoplasmic LRPPRC, FOXM1 or PRDX3 staining,
followed by calculation of the percentage of cells with different levels of
protein expression intensity, namely, no staining, weak staining, mod-
erate staining, and strong staining [30]. The IHC scores were automat-
ically calculated using the HALO software. Low and high LRPPRC
expression was determined on the basis of the median score (5.2) of all
samples as a cut-off. All patients were then classified into two groups,
namely, the low LRPPRC expression group (IHC score <5.2; n = 112),
and the high LRPPRC expression group (IHC score >5.2; n = 112).

2.3. Cell cultures

The SV-HUC-1, T24, J82, TCC-SUP, UM-UC-3, SW-780, 5637 and
RT4 cell lines were purchased from the American Type Culture Collec-
tion (ATCC). T24, J82, and 5637 cells were cultured in RPMI-1640
medium (Invitrogen, Carlsbad, USA) with 10% fetal bovine serum
(HyClone, USA). SV-HUC-1, SW-780, TCC-SUP, UM-UC-3 and RT4 cells
were cultured in DMEM (Invitrogen, Carlsbad, USA) with 10% fetal
bovine serum (HyClone, USA). All cells were grown in a humidified
incubator at 37 °C with 5% CO,.

2.4. RNA interference and transfection

Short interfering RNA (siRNA) duplexes were synthesized by RiboBio
(Guangzhou, China). The short hairpin RNAs (shRNAs) used for RNA
interference were obtained from GeneCopoeia (MD, USA). The target
sequences are listed in Supplementary Data 1.

2.5. Plasmid construction and miRNA mimics

pcDNA 3.1-FLAG-tagged human LRPPRC and pCDH-CMV-GFP-
tagged human SLIRP overexpression plasmids were purchased from
Vigene Biosciences (Maryland, USA). miR-671-5p and miR-507 mimics
were obtained from RiboBio (Guangzhou, China). The overexpression
plasmid (pLC5-ciR) of circANKHD1 was purchased from Geneseed
(Guangzhou, China). The circANKHD1 sequence containing the miR-
671-5p and miR-507 binding sites was inserted into the pmirGLO vec-
tor, and the binding sites of miR-671-5p and miR-507 were mutated as a
template to generate pmirGLO-circANKHD1-Mut671 and pmirGLO-
circANKHD1-Mut507 (GeneCreate, Wuhan, China), respectively.
Plasmid transfection was performed using Lipofectamine 3000 (Invi-
trogen, Carlsbad, USA). Lentivirus production and infection were per-
formed with a Lenti-Pac HIV package kit and concentrated with
Concentration of lentiviral particles (GeneCopoeia). Puromycin was
used to select stable cells.

2.6. Antibodies

The antibodies used for this study were purchased from the following
commercial sources: anti-LRPPRC (Western blot; sc-166178, Santa Cruz,
Texas, USA); anti-LRPPRC (co-immunoprecipitation [co-IP] and IHC;
21175-1-AP, Proteintech, Chicago, USA); anti-SLIRP (Western blot, co-
IP and IHC; 26006-1-AP, Proteintech, Chicago, USA); anti-Flag (West-
ern blot and co-IP; 8146, CST, Boston, USA); anti-FOXM1 (Western blot
and IHC; 13147-AP, Proteintech, Chicago, USA); anti-PRDX3 (Western
blot and IHC; 10664-AP, Proteintech, Chicago, USA); anti-MnSOD
(Western blot; S5069, Sigma Aldrich, USA); anti-Catalase (Western
blot; 21260-1-AP, Proteintech, Chicago, USA); anti-Cleaved CASP9;
anti-Cleaved CASP3; anti-Cleaved PARP (Western blot; 9929, CST,
Boston, USA); anti-CASP8 (Western blot; 4790, CST, Boston, USA); anti-
BCL2 (Western blot; 4223, CST, Boston, USA); anti-BAX (Western blot;
5023, CST, Boston, USA); and anti-a-Tubulin (Western blot; 66031-1-Ig,
Proteintech, Chicago, USA).

Redox Biology 48 (2021) 102201
2.7. Western blotting

Total proteins were extracted using a lysis buffer, and equal amounts
of protein lysates were separated on 12% or 10% SDS-PAGE and
transferred to PVDF membranes (Millipore, Massachusetts, USA). After
blocking and incubating with the indicated primary antibodies at 4 °C,
the membranes were washed in TBST thrice for 5 min. Then, they were
hybridized with anti-mouse (PR30012, Proteintech, Chicago, USA) or
anti-rabbit (PR30011, Proteintech, Chicago, USA) IgG-linked horse-
radish peroxidase secondary antibodies for 1 h at room temperature.
Finally, the membranes were visualized by enhanced chem-
iluminescence (Thermo Fisher Scientific, USA) and analyzed using the
ImageJ software. The following antibodies and dilutions were used: anti-
LRPPRC (dilution: 1:1000); anti-SLIRP (dilution: 1:1000); anti-FOXM1
(dilution: 1:1000); anti-PRDX3 (dilution: 1:1000); anti-MnSOD (dilu-
tion: 1:1000); anti-Catalase (dilution: 1:2000); anti-FLAG (dilution:
1:1000); anti-BCL2 (dilution: 1:1000); anti-BAX (dilution: 1:1000); anti-
Cleaved CASP9 (dilution: 1:1000); anti-Cleaved CASP3 (dilution:
1:1000); anti-Cleaved PARP (dilution: 1:1000); CASP8 (dilution:
1:1000); and anti-a-Tubulin (dilution: 1:5000).

2.8. qRT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
USA). The mRNA (2 mg) was reverse-transcribed to generate cDNA
using a PrimeScript RT reagent kit (Takara) in accordance with the
manufacturer’s protocol, and a portion of that was used for PCR assay.
For qRT-PCR reactions, SYBRGREEN (Roche, Basel, Switzerland) and
ABI7900HT Fast Real-Time PCR system (Applied Biosystems, CA, USA)
were used. The primer sequences are listed in Supplementary Data 1. For
the analysis of qRT-PCR data, the “relative expression” of each product
was normalized to B-actin and were analyzed using the Relative Quan-
tification (*2CT) method, calculated by 278ACT 404 further presented as
“fold change” compared to relative controls.

2.9. Cell proliferation and oncogenic assays

For cell growth assays, the cells were seeded in 96-well plates at a
density of 1 x 103 cells/well, and cell growth rate was assessed using the
CCKS8 kit (Dojindo Laboratories). For colony-formation assays, 300 cells
were seeded in 6-well plates and cultured at 37 °C with 5% CO- for 2
weeks. After fixation with 4% formaldehyde for 15 min, the cells were
stained using crystal violet staining. For 5-ethynyl-20 deoxyuridine
(EdU) assays, after the cells were seeded in a well and cultured for 24 h,
newly synthesized DNA of the cells were assessed using a Cell-Light EAU
DNA Cell Proliferation Kit obtained from RiboBio (Guangzhou, China),
in accordance with the manufacturer’s instructions. The positive rate of
EdU incorporation was counted as the ratio of EdU-positive cells to total
cells.

2.10. Apoptosis analysis

After dissociation by 0.25% trypsin-EDTA and harvesting by centri-
fugation, the cells were washed thrice with phosphate-buffered saline
(PBS). An Annexin V Apoptosis Detection Kit (Thermo Fisher Scientific,
USA) was used to determine apoptosis in accordance with the manu-
facturer’s instructions. Briefly, the cells were resuspended in 100 pL
binding buffer containing 5 pL of FITC-conjugated Annexin V antibody,
and incubated for 15 min at room temperature. Then, they were washed
and resuspended in a 200 pL binding buffer with 5 pL of propidium io-
dide (PI). Finally, the cells were analyzed using the CytoFlex (Beckman
Coulter) flow cytometry and FlowJo software (Treestar).

2.11. RNA-SEQ and circRNA-SEQ

RNAs from control or sh-LRPPRC T24 cells were used to generate
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mRNA sequencing libraries using the NEB Next Ultra RNA Library Prep
Kit for Illumina (NEB, USA). The purified library products were evalu-
ated using the Agilent 2200 TapeStation and Qubit 2.0 (Life Technolo-
gies, USA) and then sequenced on HiSeq 3000 at RiboBio Co., Ltd.
(Guangzhou, China). FPKM (Fragments Per Kilobase of transcript per
Million mapped reads) was calculated and mapped to the hgl9 genome
with HISAT2 (Johns Hopkins University, USA). For the analysis of RNA-
SEQ data, the results were presented as “fold change” relative to T24-NC
cells. Cuffdiff was used to analyze the differentially expressed genes
(DEGs) between samples, with a cutoff fold change of 1.5. Genes with |
log2(fold change)|>1 were selected for KEGG and GO analysis.

CIRI2 and CIRCexplorer2 were used to identify and quantify the
expression profile of circRNAs. If a circRNA was detected by both al-
gorithms, it was considered an identified circRNA. Back-spliced junction
reads identified in CIR2 were combined and scaled to RPM (Reads Per
Million mapped reads, BWA-MEM mapping) to quantify every circRNA.
Reads were mapped to human reference genome GRCh37/hgl9 by
BWA-MEM or Tophat.

2.12. RNase R treatment and actinomycin D treatment assay

After the extraction of total RNA, 2 pg RNA was incubated with 6 U
RNase R (Epicentre Technologies, Madison, WI, USA) for 15 min at
37 °C. T24 cells were seeded onto 6-well plates until they reached 60%
confluence, then, the cells were treated with 5 pg/mL actinomycin D or
DMSO, and RNA was extracted at indicated time points. Next, the RNA
expression levels of ANKHD1 and circANKHD1 were detected by qRT-
PCR.

2.13. Nuclear and cytoplasmic extraction

The PARIS™ Kit (Thermo Fisher Scientific, Waltham, USA) was used
for the extraction of nuclear and cytoplasmic fractions in accordance
with the manufacturer’s instructions. Briefly, the cells were lysed in Cell
Fraction Buffer, then, centrifuged at 500 g for 3 min. The supernatant
was collected as cytoplasmic fraction, and the pellet as nuclear fraction.

2.14. RNA fluorescence in situ hybridization (FISH)

To evaluate circANKHD1, an oligonucleotide modified probe
sequence labeled with Biotin for circANKHD1 was obtained from San-
gon Biotech (Shanghai, China). The cells were fixed in 4% formaldehyde
for 15 min at room temperature and permeabilized in 0.05% Triton X-
100 for 10 min at 4 °C. Then, the cells were washed with PBS three
times, followed by dehydration with 75%, 80% and absolute ethanol for
5 min. After prehybridization in 2 x SSC at 52 °C for 1 h, hybridization
was performed at 37 °C overnight. After rinsing twice in 5 x SSC at 37 °C
and washed thrice with 2 x SSC/50% formamide at 37 °C, the samples
were incubated with HRP-conjugated streptavidin contained in Alexa
Fluor™ 488 Tyramide SuperBoost™ Kits (Thermo Fisher Scientific,
Waltham, USA) for 1 h. Then, the samples were stained with DAPIL.
Finally, the subcellular location of circANKHD1 was detected by a
confocal laser scanning microscope.

The sequence of the circANKHD1 specific probe was as follows: 5'-
biotin-CCAUCUGAACAAGCUUCUGCUAGACUGCGA-
CAUGCAGGCCUCCAUUAAGGCAGUGUGC-3'.

2.15. Mitochondrial membrane potential (A¥'m) assay

For the detection of mitochondrial membrane potential (A¥Ym), the
JC-1 fluorescence with the Mitochondrial Membrane Potential Assay Kit
(Invitrogen, Carlsbad, USA) was used in accordance with the manufac-
turer’s instructions. The cells were seeded in 6-well plates at a density of
1 x 10° cells/well, then, incubated with 1 mg/mL JC-1 at 37 °C for 15
min. After washing three times with PBS and covered with 1 pg/mL
Hoechst 33342 (Invitrogen, Carlsbad, USA), a Zeiss LSM 800 confocal
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microscopy was used to detect the fluorescent signals. JC-1 monomers
(green) and aggregates (red) fluorescence were observed by excitation at
514 and 585 nm, and emission at 529 and 590 nm, respectively.

2.16. Mitochondrial ROS and cytosolic ROS detection

Mitochondrial ROS and cytosolic ROS were detected by MitoSOX
(Invitrogen, Carlsbad, USA) and DCFH-DA (Sigma Aldrich, USA),
respectively. The cells were seeded in 6-well plates at a density of 1 x
10° cells/well, and incubated with 5 pM or 10 pM DCFH-DA working
solution at 37 °C for 15 min. After washing three times with PBS and
covered with 1 pg/mL Hoechst 33342 (Invitrogen, Carlsbad, USA), a
Zeiss LSM 800 confocal microscopy was used to detect the fluorescent
signals.

2.17. Co-immunoprecipitation, silver staining, and mass spectrometry
MS)

Immunoprecipitation (IP) of LRPPRC, SLIRP, or FLAG was performed
using rabbit anti-human LRPPRC antibody (1:100, 21175-1-AP, Pro-
teintech, Chicago, USA) or rabbit anti-human SLIRP antibody (1:100,
26006-1-AP, Proteintech, Chicago, USA) or mouse anti-human FLAG
(1:100, 66008-2-1g, Proteintech, Chicago, USA) at 4 °C for 2 h, followed
by incubation with protein A/G magnetic beads (Thermo Fisher Scien-
tific, Waltham, MA, USA) at 4 °C overnight and washing with lysis
buffer. Rabbit IgG (1:100, Millipore, USA) was used as the negative
control. The purified proteins were resuspended in 1 x SDS sample
buffer, heated at 95 °C for 10 min, and subsequently detected by
Western blot, silver staining, or MS. The Fast Silver Stain Kit (Beyotime,
Haimen, China) was used to perform silver staining in line with the
manufacturer’s protocol. MS was performed by Wininnovate Bio
(Shenzhen, China). Briefly, the purified proteins were extracted with
50% acetonitrile and dried followed by incubation in 10 mM dithio-
threitol and 55 mM iodoacetamide. They were then washed with 25 mM
ammonium bicarbonate and dried again. After digestion by trypsin at
37 °C overnight, the protein samples were loaded through a 5 pm C18
trap, after 1 h 4%-26% acetonitrile gradient on a C18 column, the
samples were analyzed on the Easy nLC 1200 system (Thermo Fisher
Scientific, Waltham, USA). The Mascot software (version 2.3.01 Matrix
Science, London, UK) was used for analyzing the acquired data, and
peak lists were searched against the Homo sapiens Uniprot FASTA
database.

2.18. Luciferase reporter assay

The sequence of circANKHD1 was cloned downstream of pmirGLO
reporter vector (GeneCreate, Wuhan, China). Mutations were created in
the binding sites. T24 cells were seeded into 24-well plates at a density
of 5 x 10 cells/well for 24 h and then co-transfected with a mixture of
500 ng pmirGLO Dual-Luciferase reporter, 5 ng pRL-CMV Renilla
luciferase reporter, and 5 pmol miRNA mimic. After 48 h, the luciferase
activity was measured with a dual-luciferase reporter assay system
(Promega, Madison, WI).

2.19. Patient-derived UCB organoid assay

Briefly, UCB tumor tissues were minced at about 0.5 cm diameter
and disassociated into individual cells via digestion with 5 mg/mL
collagenase type II (Life Technologies) with 10 pM Y-27632 dihydro-
chloride and incubated at 37 °C for 1 h. Then, we filtered the suspension
of dissociated cells through a 70 pm mesh filter. The UCB cells were then
embedded in Matrigel and cultured with Advanced Dulbecco’s modified
Eagle’s medium/F12 mixed with 500 ng/mL Rspo1, 100 ng/mL Noggin,
50 ng/mL EGF, 10 mM nicotinamide, 500 nM A830-1 (Tocris), 3 mM
SB202190 (Sigma), 10 nM prostaglandin E2 (Sigma), penicillin/strep-
tomycin, 10 mM HEPES, 2 mM GlutaMAX, 1 x B27 (Life Technologies),
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10 nM gastrin I (Sigma), and 1 mM N-acetylcysteine (Sigma) at 37 °C
under 5% COj,. The medium was obtained from OuMel (Hai Shang,
China). For the generation of stable lines, organoids were first digested
into individual cells by TrypLE (GIBICO) and incubated with purified
lentivirus for 6 h, followed by selection with 2 pg/mL puromycin. For
organoids formation assay, the individual organoid cells were seeded
onto a 24-well plate with a density of 1000 cells in 50 pL/well. The
number and size of the organoids were determined after 2 weeks, and
the growth area of organoids was measured and quantified by ImageJ.

2.20. Animal models

All procedures involving mice were approved by the Institutional
Animal Care and Use Committee of SYSUCC and were carried out in
accordance with the approved guidelines of SYSUCC. Four-week-old
Balb/c nude mice were purchased from Charles River Laboratories

A B

7 PPR family members |
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(Beijing, China). For the xenograft tumor-growth assay, 5 x 10° UCB
cells were injected subcutaneously into the four-week-old Balb/c nude
mice. Tumor formation in the mice was assessed after 4 weeks.

For the orthotopic xenograft model, the mice were anesthetized by
isoflurane (Baxter Healthcare Corporation, Guayama, Puerto Rico,
00784) during the whole surgery process. A 24 G closed IV catheter was
inserted into the urethra of mice. After 100 pL hydrochloric acid (0.1
mol/L) injection for about 20 s, 100 pL sodium hydroxide (0.1 mol/L)
was infused and retained for the same time. PBS (100 pL) was used to
wash the bladder before injecting luciferase-transduced 1 x 10° T24
cells into the bladder, then, the urethra was ligated with suture to
maintain the cells for about 30 min. To image the tumors in the bladder,
the mice were anesthetized with isoflurane and injected intraperitone-
ally with 100 pL VivoGloluciferin solution (15 mg/mL; Promega). The
orthotopic model observation was subsequently achieved using the IVIS
200 imaging system. Six weeks later, the mice were sacrificed to assess
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Fig. 1. LRPPRC is overexpressed in UCBs and correlates with patient poor prognosis. (A) Bioinformatics analysis of PPR family members in UCB. LRPPRC was
screened as a candidate that had potential oncogenic functions in UCB. N, non-neoplastic bladder tissues; T, tumor tissue. (B) The expression levels of LRPPRC (levels
of mRNA expression) in paired UCB tissues and non-neoplastic tissues in the TCGA and SYSUCC cohort. (C) Prognostic significance of LRPPRC in 408 UCB patients
(TCGA cohort) assessed by Kaplan—-Meier analyses. (D) Western blot analysis of LRPPRC expression in 10 UCB tissues. N, non-neoplastic bladder tissues; T, tumor
tissue. Expression of a-Tubulin was used as a loading control. (E) Western blot analysis of LRPPRC expression in 7 human UCB cell lines (ie, T24, J82, TCCSUP, UM-
UC-3, SW-870, 5637 and RT4) and a non-tumorigenic cell line, SV-HUC-1. (F) Quantification of immunohistochemical analysis of LRPPRC expression (IHC score) in
30 primary UCBs and matched adjacent non-neoplastic tissues. (G) Representative images of IHC staining of LRPPRC in non-neoplastic bladder tissues and UCB tumor

tissues. The normal bladder tissue and one UCB tissue (case 56) had low expression

of LRPPRC, whereas another UCB tissue (case 31) had high expression of LRPPRC.

The IHC scores were quantified by the HALO image analysis platform. Scale bar, 100 pm. (H) Kaplan-Meier analysis indicating an association between LRPPRC high-

expression and poor OS rates in UCB patients (SYSUCC cohort, n = 224 cases).
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their bladders.
2.21. Statistical analysis

Statistical analyses were performed using R, GraphPad Prism
(version 6.0) or SPSS software (SPSS Standard version 13.0, IBM®,
USA). A two-sided chi-square test was used to assess the statistical sig-
nificance of the association between the expression of LRPPRC and the
patient’s clinicopathological parameters. Comparisons between groups
were performed using the two-tailed Student’s t-test. OS was assessed
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using the Kaplan-Meier method and compared by the two-sided log-
rank test. The Cox proportional-hazards regression analysis was per-
formed for univariate and multivariate survival analysis. The correla-
tions among LRPPRC, FOXM1, PRDX3 and circANKHD1 expression
levels were assessed using the Pearson correlation analysis. P value <
0.05 was considered statistically significant.
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Fig. 2. LRPPRC regulates cell proliferation and apoptosis in UCB cells. (A) Western blotting reveals that LRPPRC was efficiently knocked down and overexpressed in
corresponding cells. (B-C) CCK-8 assays of the cell growth ability of the indicated UCB cells. (D-E) Colony formation assays of the indicated UCB cells. Columns:
mean + standard deviation (SD) of three independent experiments. (F-G) EDU assays of the indicated UCB cells. Columns: mean + standard deviation (SD) of three
independent experiments. (H-I) Apoptosis of UCB cells with modulation of LRPPRC expression was detected by flow cytometric analysis as indicated. Columns: mean
+ standard deviation (SD) of three independent experiments. (J) Down expression of LRPPRC in the T24 cell line substantially repressed tumor formation compared
with T24-NC cells. Left, images of the xenograft tumors formed in Balb/c nude mice injected with T24-NC or T24-shLRPPRC cells. Right, weights of xenograft tumors
(n = 5). **P < 0.01; ***P < 0.001; ****P < 0.0001.
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3. Results

3.1. Increased expression of LRPPRC correlates with poor survival of UCB
patients

To investigate the dynamics of PPR alteration in UCB, we performed
bioinformatics analysis in the cohort of UCBs from the SYSUCC
(GSE133671) and TCGA databases (Fig. 1A). We found that LRPPRC,
PTCD1, PTCD3, and KIAA0391 were overexpressed in UCB tissues
compared with matched non-neoplastic bladder tissues (Fig. 1B, Sup-
plementary Figs. 1A-B). Further, Kaplan-Meier analyses demonstrated
that high expression levels of LRPPRC were associated with poor OS in
the 408 UCB patients from the TCGA cohort (Fig. 1C, Supplementary
Fig. 1C). Therefore, we focused on exploring the potential clinical sig-
nificance and biological functions of LRPPRC in UCBs. Western blot
assay was performed in 10 pairs of primary UCB and adjacent non-
neoplastic bladder tissues. The results showed that LRPPRC was
frequently upregulated in UCB tissues compared with adjacent non-
neoplastic bladder tissues (Fig. 1D). In addition, compared with
normal uroepithelium cell line SV-HUC-1, the expression of LRPPRC was
clearly upregulated in seven UCB cell lines (Fig. 1E).

To further investigate the potential clinical significance of LRPPRC
expression in UCB patients, we examined the protein expression of
LRPPRC by IHC in 224 primary UCB samples, among which there were
30 samples with paired adjacent non-neoplastic bladder tissue. We
found that LRPPRC was significantly upregulated in 30 UCB tissue
samples compared with adjacent normal bladder tissue samples
(Fig. 1F). The representative IHC staining of LRPPRC in UCB tissue and
non-neoplastic bladder tissue is shown in Fig. 2G. Correlation analysis
demonstrated that a high expression of LRPPRC was closely associated
with larger tumor size (P < 0.001; Supplementary Table 1), higher T
stage (P < 0.001; Supplementary Table 1) and higher N stage (P < 0.001;
Supplementary Table 1). In wunivariate analysis (Supplementary
Table 2), several well-established prognostic parameters had a signifi-
cant effect on patient OS, including tumor size (P = 0.030), pT stage (P
< 0.001), pN stage (P < 0.001) and tumor grade (P = 0.014). Impor-
tantly, Kaplan-Meier survival analysis validated that high expression of
LRPPRC was significantly associated with poorer OS in UCB patients
(Fig. 1H; P < 0.001; Supplementary Table 2). Multivariate analysis
showed that high expression of LRPPRC was an independent prognostic
factor in UCB (hazard ratio [HR]: 2.292, confidence interval [CI]:
1.225-4.290, P = 0.009; Supplementary Table 2).

3.2. LRPPRC regulates cell proliferation and apoptosis in UCB cells in
vitro and in vivo

Considering that LRPPRC was upregulated in UCB and high expres-
sion levels of LRPPRC were related to the larger tumor size and poor
prognosis of the patients, we further evaluated the effect of LRPPRC on
proliferation and apoptosis in UCB cells. To investigate the impact of
perturbing LRPPRC expression in UCB cells, LRPPRC was knocked down
in T24 and TCC-SUP cells (high LRPPRC expression) and overexpressed
in UM-UC-3 cells (low LRPPRC expression) using two shRNAs and an
overexpression plasmid of LRPPRC (Fig. 2A). We found that knockdown
of LRPPRC in UCB cells dramatically decreased cell growth (Fig. 2B),
colony formation (Fig. 2D), and EDU-positive cells (Fig. 2F) and
increased cell apoptosis (Fig. 2H). In contrast, ectopic overexpression of
LRPPRC significantly increased cell growth (Fig. 2C), colony formation
(Fig. 2E) and EDU-positive cells (Fig. 2G), and decreased cell apoptosis
(Fig. 2I).

Next, we used a subcutaneous xenograft tumor mouse model to
validate the biological functions of LRPPRC in vivo. We observed that
knockdown of LRPPRC in UCB cells substantially reduced the abilities of
subcutaneous tumor formation (Fig. 2J). Taken together, our results
reveal that LRPPRC may play a critical role in the proliferation and
apoptosis of UCB cells, both in vitro and in vivo.
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3.3. LRPPRC regulates the expression of mitochondrial mRNAs and
FOXM!1 in UCB cells

To further explore the mechanism of LRPPRC in UCB cells’ prolif-
eration and apoptosis, RNA sequencing was used to compare the global
gene expression profiles of T24 cells transfected with LRPPRC-sh2 and
non-targeting control shRNA (sh-NC). The DEGs are shown in Fig. 3A.
Specifically, 888 genes were downregulated and 912 were upregulated
in LRPPRC-sh2 T24 cells (Fig. 3A, Supplementary Data 2). Then, we
used the genes with |log2(fold change)|>1 for KEGG and GO pathway
analysis. The results showed that LRPPRC was closely related to cell
apoptosis signaling pathway (Fig. 3B, P < 0.01), which was consistent
with the results of the functional experiments in UCB cells. We also
found that LRPPRC was positively associated with the oxidative phos-
phorylation (OXPHOS) signaling pathway (Fig. 3B, P < 0.01). In addi-
tion, GO analysis showed that LRPPRC was associated with the electron
transport chain (ETC) in T24 cells (Fig. 3C).

Mitochondrial metabolism, including OXPHOS, is critical for
tumorigenesis by orchestrating cellular apoptosis, ROS production and
energy transformation [31,32]. Among 888 genes downregulated in
LRPPRC-sh2 T24 cells, 12 mRNAs encoded by mitochondrial (mtRNAs,
mt-CO1, mt-CO2, mt-CO3, mt-CYB, mt-ND1, mt-ND2, mt-ND3, mt-ND4,
mt-ND4L, mt-ND6, mt-ATP6, and mt-ATP8) were downregulated
(Fig. 3D). This result was further verified by qRT-PCR, which showed
that the knockdown of LRPPRC significantly downregulated the
expression levels of these 12 mt-mRNAs (Fig. 3E). Moreover, FOXM1,
which is closely related to cell ROS metabolism, proliferation and
apoptosis, was also downregulated in LRPPRC-sh2 T24 cells (Fig. 3D).
Given that FOXM1 and PRDX3 (the downstream of FOXM1) play critical
roles in the regulation of oxidative stress during oncogenesis [33], we
further analyzed the correlation between the expression levels of
LRPPRC and FOXM1 and/or PRDX3 in the UCB cohort derived from the
TCGA UCB database. As anticipated, the results showed a significantly
positive correlation between LRPPRC and FOXM1 (r = 0.2720, P <
0.0001, Fig. 3F) and/or PRDX3 (r = 0.3426, P < 0.0001, Fig. 3F).
Western blot analysis further showed that knockdown of LRPPRC
downregulated FOXM1 and its downstream ROS scavenger genes
(PRDX3, MnSOD, and Catalase), while overexpression of LRPPRC
upregulated these proteins in UCB cells (Fig. 3G).

3.4. LRPPRC regulates apoptosis via oxidative stress in UCB cells

Given that the ETC plays an important role in OXPHOS activity and
that 13 proteins encoded by mt-mRNAs are involved in the organization
of the ETC complex, proton pumps of the ETC generate mitochondrial
membrane potential (A¥Ym). Therefore, we detected AYm by JC-1
fluorescence in T24-NC and T24-shLRPPRC cells and found that A¥m
in LRPPRC knockdown cells was markedly lower as compared to T24-NC
cells (Fig. 3H). Considering that the AWYm decrease indicates mito-
chondrial stress, and ROS often increases mitochondrial stress [34];
besides, FOXM1, the potential downstream of LRPPRC, has been re-
ported to regulate intracellular ROS levels to protect cancer cells from
oxidative stress [33,35], we hypothesized that LRPPRC might play an
important role in UCB cells’ ROS metabolism. Thus, we evaluated both
mitochondrial ROS (mROS) and cytosolic ROS (cROS) through fluores-
cent dyes MitoSOX and DCFH-DA. In parallel to A¥Ym decrease, both
mROS and cROS were significantly increased in LRPPRC knockdown
cells (Fig. 3H). These data indicate that LRPPRC affects oxidative stress
in UCB cells through both the production and elimination of mROS and
cROS.

It is known that ROS can serve as signaling molecules to promote cell
growth at low or moderate levels but high levels of ROS can induce cell
apoptosis [36]. Our results showed that knockdown of LRPPRC elevated
intracellular amounts of ROS, which were sufficient to trigger cell
apoptosis. Thus, we performed Western blot analysis to identify the role
of LRPPRC in the UCB apoptotic pathway. Our results showed that the
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Fig. 3. LRPPRC regulates apoptosis and oxidative stress in UCB cells. (A) Volcano plot comparing the global gene expression profiles of T24 cells transfected with
LRPPRC-sh2 and sh-NC. (B) GSEA analysis showing LRPPRC-related KEGG pathways in T24 cells (T24-NC vs T24-shLRPPRC). (C) GO analysis was performed using
genes with |log2(fold change)|>1 by comparing T24-NC with T24-shLRPPRC. The five most involved GO terms are displayed. (D) 12 mRNAs encoded by mito-
chondrial (mtRNAs, mt-CO1,mt-CO2,mt-CO3,mt-CYB, mt-ND1,mt-ND2, mt-ND3, mt-ND4, mt-ND4L, mt-ND6, mt-ATP6, and mt-ATP8) and FOXM1 were down-
regulated in T24-shLRPPRC cells compared with T24-NC cells. (E) The expression of 12 mt-mRNAs, FOXM1 and PRDX3 in T24-shLRPPRC cells were assessed by qRT-
PCR and presented as fold change relative to T24-NC cells. Columns: mean =+ standard deviation (SD) of three independent experiments, ****P < 0.0001. (F) LRPPRC
expression was positively correlated with the expression of FOXM1 (left) and PRDX3 (right) in UCB patients derived from the TCGA database. (G) Western blots
comparing LRPPRC-silenced and LRPPRC-overexpressing UCB cells with their respective control cells are shown for relative expression of FOXM1, PRDX3, MnSOD
and Catalase. a-Tubulin expression was used as a loading control. (H) A¥m of T24-NC and T24-shLRPPRC was assessed by JC-1 staining (Top). JC-1 monomers
(green) and aggregates (red) were detected by confocal microscopy. Scale bar, 10 pm. Mitochondrial ROS (mROS) and cytosolic ROS (cROS) were detected using
fluorescent dyes of MitoSOX and DCFH-DA (Bottom). Scale bar, 10 pm. Fluorescence intensity was analyzed by Image J. Columns: mean =+ standard deviation (SD) of
three independent experiments, ***P < 0.001. (I) Western blots comparing LRPPRC-silenced and LRPPRC-overexpressing UCB cells with their respective control cells
for relative expression of BCL-2, BAX, cleaved-caspase3, cleaved-caspase9, cleaved-PARP and caspase8. a-Tubulin expression was used as a loading control. (For

interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

<

expression levels of the intrinsic apoptosis markers, such as
cleaved-caspase3, cleaved-caspase9 and cleaved-PARP, were upregu-
lated after LRPPRC knockdown and downregulated after LRPPRC
overexpression (Fig. 3I). Furthermore, the expression of BCL-2 protein
was downregulated (upregulated) while that of BAX protein was upre-
gulated (downregulated) after LRPPRC knockdown (overexpression)
(Fig. 3I). However, the level of caspase8, an extrinsic apoptosis marker,
did not change significantly (Fig. 3I). These results imply that LRPPRC
inhibits UCB cell caspase-dependent apoptosis via the stabilization of
the mitochondrial membrane potential and the levels of mROS and
cROS.

3.5. SLIRP forms a complex with LRPPRC to enhance its stability and to
prevent LRPPRC from degradation

The LRPPRC protein could be degraded by mitochondrial matrix
protease such as lon peptidase 1 (LONP1), with a half-life of around 20 h
in LUAD cells [37,38]. To identify the potential binding partners of
LRPPRC, the whole-cell protein lysates from UM-UC-3 and T24 cells
were used for IP with IgG and a specific LRPPRC antibody. The differ-
ential protein bands in the resultant immunoprecipitate were detected
by silver staining (Fig. 4A). In order to identify the differential protein
bands, both the resultant immunoprecipitates of T24-IgG and
T24-LRPPRC were analyzed by MS (Fig. 4B, Supplementary Data 3). We
found that SLIRP was one of the major binding partners of LRPPRC
(Fig. 4A and B, Supplementary Table 3). The interaction between
LRPPRC and SLIRP was further confirmed through co-IP in T24 cells
(Fig. 4B). Moreover, immunofluorescent staining was conducted to
validate the co-localization between LRPPRC and SLIRP (Fig. 4C).

Previous studies have shown the interaction between LRPPRC and
SLIRP [19,39], but little is known about the complex in UCB cells. In this
study, Western blot was used to reveal the regulatory relationship be-
tween LRPPRC and SLIRP. The results showed that the level of SLIRP
was repressed when LRPPRC was knocked down, while SLIRP was
elevated when LRPPRC was overexpressed (Fig. 4D). Moreover, the
overexpression of SLIRP was able to rescue the protein level of LRPPRC
in T24-shLRPPRC cells, while knockdown of SLIRP downregulated the
protein level of LRPPRC in UM-UC-3 OE-LRPPRC cells (Fig. 4D). These
results are consistent with previous research that LRPPRC and SLIRP are
mutually interdependent [19,21,39]. As recently reported, SLIRP en-
hances the stability of LRPPRC by preventing the aggregation and/or
degradation of LRPPRC [37,39] but little is known about the regulation
of this mechanism in UCB cells. We wondered whether SLIRP stabilized
LRPPRC through inhibition of the ubiquitin-proteasome pathway in UCB
cells. Thus, to assess the role of proteasome in LRPPRC degradation, T24
cells were transfected with si-NC or si-SLIRP and treated with the pro-
teasome inhibitor, MG132. We showed that LRPPRC was upregulated in
both T24-NC and T24-siSLIRP cells after treatment with MG132
(Fig. 4E). In addition, the expression levels of LRPPRC decreased more
significantly after the knockdown of SLIRP in T24 cells treated with CHX
(Fig. 4F). Moreover, we performed ubiquitination assay by

co-transfecting T24 cells with Flag-LRPPRC and HA-ubiquitin in the
si-NC or si-SLIRP cells. Our findings further validated that the down-
regulation of SLIRP significantly increased the amount of
poly-ubiquitinated LRPPRC (Fig. 4G). These data offer evidence that
SLIRP forms a complex with LRPPRC to enhance its stability and to
prevent LRPPRC from ubiquitination and proteasomal degradation in
UCBs. Moreover, the suppressed proliferation of LRPPRC-silenced T24
cells was rescued by the overexpression of SLIRP, which indicates that
LRPPRC and SLIRP may promote the growth of UCB cells as a complex
(Fig. 4H).

3.6. circ-ANKHDI] is screened as the downstream target regulated by
LRPPRC

It is well known that LRPPRC is involved in mRNA stability, so it
would be interesting to determine whether small RNAs such as circle
RNAs (circRNAs) and miRNAs are regulated by LRPPRC [25]. Since
there has been no evidence to support that LRPPRC stabilizes the mRNA
of FOXM1, we wondered whether LRPPRC-induced FOXM1 upregula-
tion occurred through the regulation of small ncRNAs. Therefore,
circRNA sequencing was used to compare the global circRNA expression
profiles of T24 cells transfected with LRPPRC-sh2 and sh-NC. The
differentially expressed circRNAs are shown in Fig. 5A. Of them, 39
circRNAs were downregulated and 31 were upregulated in LRPPRC-sh2
T24 cells (Supplementary Data 4).

Next, we examined the top three downregulated/upregulated
circRNAs by qRT-PCR. The results showed that the expression of cir-
cANKHD1 (hsa_circ_0001541), but not that of the other five circRNAs,
changed significantly after silencing LRPPRC (Supplementary Fig. 2A).
CircANKHD1 is located on chromosome 5:139819703-139828890 and
it consists of exon 4-7 of ANKHD1 (Fig. 5D). We further demonstrated
that the levels of circANKHD1 were decreased in both LRPPRC-silenced
UCB cell lines and increased in LRPPRC-overexpression cell line
(Fig. 5B). We further examined the 5’ neighboring genes of ANKHD1 and
found that knockdown of circANKHD1 or overexpression of cir-
cANKHD1 had no effect on the neighboring genes (Supplementary
Figs. 2B-C).

Further, we aimed to characterize circANKHD1 in UCB cells. The
expression level of circANKHD1 was detected in a normal uroepithelium
cell line SV-HUC-1 and in seven UCB cell lines. The results showed that
the expression level of circANKHD1 was upregulated in UCB cells and
positively correlated with the expression of LRPPRC in UCB cells
(Fig. 5C). Furthermore, circANKHD1 was analyzed by RT-PCR and
Sanger sequencing (Fig. 5D). The sequenced PCR product of divergent
primers was corresponding from the 5’ exon7 to 3’ exon4 (Fig. 5D). In
addition, RNaseR or actinomycin D treatment assay showed that circ-
ANKHD1 was resistant to RNaseR and was more stable than the linear
mRNA of ANKHD1 (Fig. 5D-F). The examination of mRNA fractionation
and FISH validated the predominant cytosolic distribution of cir-
cANKHD1 in T24 cells (Fig. 5G and H).
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Fig. 4. SLIRP forms a complex with LRPPRC to enhance its stability and to prevent LRPPRC from degradation. (A) LRPPRC interaction partners were detected in UM-
UC-3 and T24 cells. Silver staining is used for the detection of differential protein bands. The band of LRPPRC and SLIRP are indicated by arrows. (B) Mass spec-
trometry identified SLIRP, which was pulled down from T24 cell lysates by LRPPRC (Top). The interaction between LRPPRC and SLIRP was confirmed by co-
immunoprecipitation in T24 cells (Bottom). (C) Confocal staining presented the co-localization of LRPPRC and SLIRP in T24 cells. (D) Western blots revealed the
regulatory relationship between LRPPRC and SLIRP. (E) siNC and siSLIRP were transfected in T24 cells, and 48 h later, the cells were treated with 10 pM of MG132
for various number of times and the cell lysates were immunoblotted as indicated. (F) T24-NC and T24-siSLIRP cells were treated with 50 pg/mL cycloheximide.
Whole-cell lysates were harvested at the indicated times and the cell lysates were immunoblotted as indicated. (G) Flag-LRPPRC and HA-ubiquitin were transfected to
T24-NC and T24-siSLIRP cells. The cells were treated with 10 pM MG132 for 8 h before harvest. Cell lysates were immunoprecipitated with Flag antibody and
immunoblotted as indicated. (H) Colony formation assays show that knockdown of LRPPRC inhibited UCB cell proliferation capacity which was reversed by SLIRP
overexpression. Error bars: mean + SD of three independent experiments. ***P < 0.001; ****P < 0.0001.

3.7. Upregulation of circANKHDI, induced by LRPPRC, regulates the

3'UTR of FOXM1. A total of 2001 and 450 miRNAs were predicted by
expression levels of FOXM1 by reducing the inhibitory effect of miR-671-

TarPmiR and TargetScan, respectively, as potential factors that may

5p and miR-507 via sponge activity

Given that miRNA sponge is one of the most crucial mechanisms of
circRNA [40] and that circANKHDI1 is stable and abundant in the
cytoplasm, we examined whether circANKHD1 regulated FOXM1
through the sponge mechanism. Using the TargetScan miRNA prediction
program [41], 26 miRNAs were found to contain at least one binding site
for the circANKHD1 region (Supplementary Data 5). Then, TarPmiR and
TargetScan were used to find miRNAs that could directly target the
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regulate the expression of FOXM1 [41,42] (Supplementary Data 6).
After merging this cluster of miRNAs, we screened out only two miRNAs
that might be related to circANKHD1 and FOXM1 (Fig. 5I, Supplemen-
tary Fig. 2D). To determine whether these two miRNAs could bind to
circANKHD1, we further constructed a circANKHD1 fragment and
inserted it downstream of the luciferase gene. The results showed that
both miR-671-5p and miR-507 mimics significantly reduced the lucif-
erase reporter activity (Fig. 5J). Moreover, we observed that after
mutating the miR-671-5p and miR-507 target sites from the luciferase
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Fig. 5. LRPPRC-induced upregulation of circANKHD1 regulates the expression of FOXM1 by reducing the inhibitory effect of miR-671-5p and miR-507 via sponge
activity. (A) Clustered heatmap for the circRNA expression profiles of T24 cells transfected with LRPPRC-sh2 and sh-NC. The circRNAs are classified according to
Pearson correlation analysis. The numerical data represent the serial number of circRNAs in circBase. (B) qRT-PCR for circANKHD1 in UCB cells treated with two
LRPPRC shRNAs (Left). qRT-PCR for circANKHD1 in UCB cells transfected with control vector or LRPPRC overexpression plasmid (Right). Data are presented as fold
change relative to T24-NC, TCC-SUP-NC or UM-UC-3-Vec cells +SD of three experiments, **P < 0.01. (C) gRT-PCR for the abundance of circANKHD1 in UCB cells,
compared with a non-tumorigenic cell, SV-HUC-1 (Left). Data are presented as fold change relative to SV-HUC-1. LRPPRC is positively associated with circANKHD1
in UCB cells (Right). (D) Verification that circANKHD1 is a circRNA, using divergent and convergent primers. Left, schematic illustration of circANKHD1 locus with
specific primers. RT-PCR products with divergent primers showing circularization of circANKHD1. Right, Sanger sequencing to confirm the specific back splicing site
of circANKHD1. (E) qRT-PCR for the abundance of circANKHD1 and ANKHD1 mRNA with the treatment of Rnase R in T24 cells. Data are presented as fold change
relative to Mock T24 cells +-SD of three experiments, ****P < 0.0001. (F) qRT-PCR for the half-life analysis of circANKHD1 and ANKHD1 mRNAs with the treatment
of actinomycin-D in T24 cells. Data are presented as fold change relative to the mRNA expression level at the time point of 0-h + SD of three experiments, *P < 0.05.
(G) Cytoplasmic and nuclear mRNA Fractionation experiment showing that circANKHD1 is mainly located in the cytoplasm. p-actin and U3 were applied as positive
controls in the cytoplasm and nucleus, respectively. Data shown are the means + SD of three experiments. (H) RNA fluorescence in situ hybridization for cir-
cANKHD1. Nuclei were stained with DAPI. Scale bar, 10 pm. (I) A schematic drawing showing the putative binding sites of the miRNAs associated with circANKHD1
and FOXML1. (J) Luciferase reporter assay for the luciferase activity of LUC-circANKHD1 or LUC-circANKHD1-mutant in T24 cells co-transfected with miRNA mimics.
Data shown are the means + SD of three experiments. **P < 0.01. (K) The expression levels of FOXM1 and PRDX3 were enhanced bycircANKHD1 overexpression but
were inhibited by miR-671-5p or miR-507 mimics as observed in WB.

reporter with circANKHDI1 in the 3'UTR, the miRNA mimics had no view that the oncogenic role of LRPPRC in UCB cells’ growth was
significant effect on luciferase activity (Fig. 5J). Further Western blot dependent on the circANKHD1, at least partially. The mouse bladders
assay showed that the downregulation of FOXM1 induced by the implanted with LRPPRC-deleted T24 cells showed small lesions in
silencing of LRPPRC could be rescued by the overexpression of cir- contrast to the larger tumor lesions that were observed in the bladders
cANKHD1, and meanwhile, the level of PRDX3, a well-known down- embedded with T24-NC cells (Fig. 6G). Further, this inhibitory effect on
stream of FOXM1 [33,35], was substantially rescued (Fig. 5K). In UCB cell growth induced by LRPPRC deletion could be restored by the
addition, the increased FOXM1 and PRDX3 levels were largely pre- overexpression of circANKHD1 (Fig. 6G).

vented after treatment with miR-671-5p and/or miR-507 mimics in
shLRPPRC-OE-circANKHD1 UCB cells (Fig. 5K). These results, collec-
tively, reveal that LRPPRC-induced upregulation of circANKHD1 regu-
lates the expression of FOXM1 by reducing the inhibitory effect of
miR-671-5p and miR-507 by sponge activity.

3.9. LRPPRC regulates the circANKHD1/FOXM1 axis to promote UCB
tumorigenesis

Given the crucial role of the LRPPRC/SLIRP complex in the regula-
tion of the circANKHD1/FOXM1 axis in UCB tumorigenesis, we further

3.8. LRPPRC promotes cell growth of UCB is partially dependent on analyzed the clinical significance of the LRPPRC/circANKHD1/FOXM1/
circANKHD1 PRDX3 pathway in orthotopic xenograft bladder model and patients
with UCB. We found that the expression levels of FOXM1 and PRDX3

To investigate whether or not LRPPRC exerts its oncogenic effect decreased after the knockdown of LRPPRC, and were restored by the

through the circANKHD1/FOXM1 axis, ectopic circANKHD1 was overexpression of circANKHD1 (Fig. 7A-B). The levels of LRPPRC
transfected to UCB cells on an LRPPRC knockdown background in which positively correlated with circANKHD1 and FOXM1 expression levels,
the circANKHD1 level was downregulated. This model was used to and the levels of circANKHD1 positively correlated with those of FOXM1
validate whether LRPPRC depletion could be rescued by circANKHDI1. in UCB cases from the SYSUCC cohort (Fig. 7C and D). Taken together,
qRT-PCR analysis showed that the expression levels of circANKHD1 and these data suggest the potential oncogenic role of the LRPPRC/cir-
FOXM1 were repressed by the knockdown of LRPPRC, and were cANKHD1/FOXM1 pathway in UCBs.

increased after transfection with ectopic circANKHD1 plasmid (Fig. 6A).

Western blot assay showed that the reduction of FOXM1, accompanied 4. Discussion

by its downstream ROS scavenger genes, PRDX3, MnSOD and Catalase,

was largely reversed after the overexpression of circANKHD1 (Fig. 6A). Mitochondria are integral in tumorigenesis given that multiple as-
The JC-1 fluorescence revealed that, after the overexpression of cir- pects of mitochondrial functions, including metabolism, oxidative stress
cANKHD]1, the suppression of A¥m in LRPPRC-silenced T24 cells was regulation, cell death susceptibility and signaling, are involved in
rescued (Fig. 6B). Meanwhile, the overexpression of circANKHD1 tumorigenesis [9,43]. Accumulating evidence indicates that PPR pro-
reduced both mROS and cROS levels in LRPPRC-silenced T24 cells teins can play an important role in mitochondria [12]. Nevertheless, the
(Fig. 6B). Moreover, the suppressed proliferation of LRPPRC-silenced biological function and molecular mechanisms of PPR proteins in UCB
T24 cells was rescued by the overexpression of circANKHD1 (Fig. 6C). tumorigenesis are largely unknown. In the present study, bioinformatics

Similarly, the overexpression of circANKHDI1 reversed the increased analysis of RNA-seq data from the SYSUCC and TCGA cohorts showed
apoptosis resulting from LRPPRC knockdown (Fig. 6D). In addition, the that LRPPRC was overexpressed in UCBs and was positively associated

overexpression of circANKHDI1 reversed the upregulated expression of with larger tumor size, advanced clinical stage, and/or poor clinical
the intrinsic apoptosis markers, such as cleaved-caspase3, cleaved-cas- prognosis. These findings suggested LRPPRC as a potential prognostic
pase9, cleaved-PARP and BAX, and the downregulated expression of factor in UCB.
BCL-2, without affecting the expression level of caspase8 (Fig. 6E). Recent studies have also reported that the expression of LRPPRC is
To further assess whether circANKHD1 contributed to LRPPRC ef- upregulated in multiple tumor types, including lung adenocarcinoma
fects in UCB tumorigenesis, we performed organoid assays using [26], esophageal squamous cell carcinoma, gastric cancer, colon cancer,
LRPPRC-NC and LRPPRC-silenced background. qRT-PCR and Western mammary and endometrial adenocarcinoma, lymphoma, and prostate
blot assays validated that the LRPPRC-knockdown-induced down- cancer [44-49], which are consistent with our findings. According to
regulation of FOXM1 was rescued after the overexpression of cir- Zhang et al. [49], LRPPRC is a potential oncogene in prostate cancer, in
cANKHD1 in LRPPRC-silenced organoid UCB cells (Fig. 6F). The which LRPPRC level is negatively associated with biochemical
suppressed proliferation of LRPPRC-silenced organoids was rescued by progression-free and overall survival. Therefore, we hypothesized that
the overexpression of circANKHD1 (Fig. 6F). Our in vivo orthotopic LRPPRC might play an important role in the development and/or pro-
xenograft bladder model in Balb/c nude mice studies also supported the gression of UCB. Thus, a series of in vitro and in vivo experiments in UCB

12



W.-S. Wei et al. Redox Biology 48 (2021) 102201

= NC B T24 C T24
o = LRPPRC-sh2 T24 NC sh2  sh2/OE-circANKHD1 NC sh2  sh2/OE-GircANKHD1
© m LRPPRC-sh2 - L e
8 5, -OE-circANKHD1 a L FEER R
OZI15 - N o <
5 é . % 62
L <1.0 O O0g
3 F e
> O T
£ 500 o kL o JC-1 monomers/JC-1 aggregates/Hoechst mm T24-NC
&) 00 Z a 4ad+ . T24-NC — %i-shz
. - T24-sh2 -sh2
I FOXM1 - JOE-circANKHD1
2 15
g : — PRDX3 | s a— Z ]
510 MnSOD ==  we=
5 X
& Q0.5 Catalase == — 6
fzj G O-TUDUIIN | s - E
m 00
[0] 3
o [
- 0
D o MitoSOX/DCFH-DA/Hoechst = e E 1
NC LRPPRC-sh2 =LA -
z RPPRCs T24-sh2 % ¥
o, o P - 124-sh2 O O
810 1.2% | 10 o £20, =+ -OE-CIcANKHD1 X s
910 ; 10 o [ o T o
£10 10 315 > %5 %o
g W 101 1 510 BCL-2 [ v s
310 3.9% | 10 9.9% s . o
o 3 4 (] 6 3 4 5 6 3 4 -] 6 — | e — |
10° 10* 10° 10° 10 10* 10° 10° 10° 10 10° 10° T
Annexin VFITC ~ Annexin VFITC  Annexin VFITC ~ © 0 Cleaved CASPO | o w8
F LRPPRC-sh2 G Cleaved CASP3 ‘ O
NC LRPPRC-sh2  -OE-circANKHD1 Cleaved PARP | e s
[ L » ; AN 8 e e e |
00 P " 5 A% oo CASPS wm e e
i) .:'° ’ O-TUbUIIN | S— — —
0 - Bl 2500
= NC
4 e LRPPRC-sh2 8 2000
S s = | RPPRC-sh2 c
5] © s ” -
5815 §c 15 -OE-circANKHD1 3 5 06X
zZ10 Z£1.0 8 £ [F1500 3 QM -
< (@] T © £ 0.4x
s 205 o L05 =2y g E 2 £
> >'6
%500 % 0.0 a 1000 & 2
. e N g 20.2x10°
[J] [3) = NC 4 S8
e LN = LRPPRC-sh2 - L
.0 = LRPPRC-sh2 -
\é’@& 8 15, -OE<IcANKHD1 | & 200 0.0 <
O s(\q/ é\q/ov = - = T V\O é(\q/ o Q'\
<7 & £~ - é ‘I,N W @’4\3‘
oxv1 I gE" £z Counts WY A
O] !—L g’a N % Color Scale A o
PRDX3 M6 s @ x> @ Min=100 g
O-TubUlin - —— S Q Max=3000
5

Fig. 6. LRPPRC promotes proliferation and attendances apoptosis is partially dependent on circANKHD1 in UCB cells. (A) qRT-PCR analysis verified that the
expression of circANKHD1 and FOXM1, were repressed by the knockdown of LRPPRC and was greatly increased after transfected with ectopic circANKHD1 plasmid
(Left). Data shown are presented as fold change relative to T24-NC cells +SD of three experiments,**P < 0.01,***P < 0.001, ****P < 0.0001. Western blot assay
showed that the reduction of FOXM1, PRDX3, MnSOD and Catalase, were largely reversed after the overexpression of circANKHD1 (Right). (B) A¥m of T24-NC, T24-
shLRPPRC and T24-shLRPPRC-OE-circANKHD1 was assessed by JC-1 staining. JC-1 monomers (green) and aggregates (red) were detected by confocal microscopy.
Scale bar, 10 pm. Mitochondrial ROS (mROS) and cytosolic ROS (cROS) were detected through fluorescent dyes of MitoSOX and DCFH-DA (Right). Scale bar, 10 pm.
Fluorescence intensity was analyzed by Image J. Columns: mean =+ standard deviation (SD) of three independent experiments, ***P < 0.001. (C) The suppressed
colony formation of LRPPRC-silenced T24 cells were rescued by the overexpression of circANKHD1. Data shown are the means + SD of three experiments. ***P <
0.001. (D) Overexpression of circANKHD1 reversed the increased apoptosis cells resulting from LRPPRC knockdown. Data shown are the means + SD of three
experiments. ****P < 0.0001. (E) Western blot assay showed that overexpression of circANKHD1 reversed the up-regulated expression of the intrinsic apoptosis
markers cleaved-caspase3, cleaved-caspase9, cleaved-PARP and BAX, and the down-regulated expression of BCL-2, without affecting the expression of caspase8. (F)
Representative images of organoids derived from UCB patients treated with shNC, shLRPPRC or shLRPPRC-OE-circANKHD1, Scale bar, 100 pm (Top). qRT-PCR
(Middle) and western blotting assays (Bottom, Left) validated that the LRPPRC-knockdown induced downexpression of FOXM1 was rescued after the over-
expression of circANKHD1 in LRPPRC-silenced organoid UCB cells. qRT-PCR data are presented as fold change relative to NC organoids +SD of three experiments,
**#%P < 0.0001. The suppressed proliferation of LRPPRC-silenced organoids was rescued by the overexpression of circANKHD1 (Bottom, Right). (G) Orthotopic
xenograft bladder models implanted with LRPPRC-NC, LRPPRC-silenced or LRPPRC-silenced-OE-circANKHD1 T24 cells in Balb/c nude mice. The bioluminescent
images of orthotopic xenograft bladder tumors were imaged by the IVIS 200 imaging system 6 weeks after cells were implanted (Left). The inhibition effect to
orthotopic xenograft bladder tumors, induced by LRPPRC-deletion could be restored by overexpression of circANKHD1 in vivo. Data shown are the means + SD, **P
< 0.01, *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. LRPPRC regulates the circANKHD1/FOXM1 axis to promote cell growth in UCB. (A-B) The expression of FOXM1 and PRDX3 decreased after the knockdown
of LRPPRC and were restored by the overexpression of circANKHD1 in orthotopic xenograft bladder tumors. Representative images of hematoxylin and eosin staining
and IHC staining of FOXM1 and PRDX3 of orthotopic xenograft bladder tumors. Scale bar, 100 pm (A). IHC score of FOXM1 (Left) or PRDX3 (Right) in orthotopic
xenograft bladder tumors as indicated. Data shown are the means + SD, n = 5 (B). (C-D) The expression level of LRPPRC was positively correlated with that of
circANKHD1 and FOXM1, and the expression level of circANKHD1 was positively correlated with that of FOXM1 in UCBs of the SYSUCC cohort. Representative
images of IHC staining of LRPPRC, FOXM1 and PRDX3 in two UCB tissues with low or high expression of the three proteins. Scale bar, 100 pm (C). Spearman’s
correlation demonstrating that LRPPRC expression is positively correlated with circANKHD1 (detected by qRT-PCR) and FOXM1 (D). (E) Proposed model for the
regulatory landscape of the LRPPRC/SLIPR/circANKHD1/FOXM1 signaling axis in promoting the pathogenesis of UCB. SLIRP forms a stable complex with LRPPRC to
protect it from degradation, LRPPRC modulates ROS balance and protects UCB cells from oxidative stress via mt-mRNA metabolism and the circANKHD1/FOXM1

axis, thereby resulting in UCB cell growth.

cells were performed, and demonstrated that LRPPRC enhances the
proliferation and inhibits the apoptosis of UCB cells; suggesting that
LRPPRC protects UCB cells from oxidative stress by controlling the
intracellular ROS homeostasis; and that LRPPRC promotes the growth of
UCB cells both in vitro and in vivo.
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To date, however, the molecular mechanisms by which LRPPRC
regulates UCB cells’ proliferation and apoptosis are largely unknown.
Our results revealed that LRPPRC was closely associated with Ras
GTPase binding, Ras protein signal transduction, ETC activity, OXPHOS,
and the cell apoptosis signaling pathways. Based on KEGG and GO
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analysis, our results revealed that LRPPRC was closely associated with
ETC activity, respiratory chain and OXPHOS, all of which were corre-
lated with the 13 ETC machinery proteins coded by mt-mRNAs [50].
Given that LRPPRC protein has been well characterized to acts as a
global mt-mRNA chaperone enabling polyadenylation and translation
[19,21], which is related to the pathway of ETC activity, respiratory
chain and OXPHOS. Therefore, we focused on ETC activity, respiratory
chain and OXPHOS pathways related to mitochondrial function for
further research in our study.

Increasing evidence shows that mitochondria are of great importance
for tumor growth as they regulate apoptosis and ROS production [9].
ROS are byproducts of oxidative respiration that can be generated either
in the tricarboxylic acid (TCA) cycle or in the ETC [51,52]. There are 13
ETC machinery proteins coded by mitochondrial DNA (mtDNA), a small
circular genome [50]. Dysregulation of mtRNA could result in alter-
ations of mitochondrial proteins, which would influence ETC activity
and lead to excess production of ROS [53,54]. Unexpectedly, we found
that 12 mRNAs encoded by mtDNA and FOXM1 (which is a critical
regulator of oxidative stress during oncogenesis [33]) were positively
regulated by LRPPRC in UCB cells. This regulation of mt-mRNAs was
validated by qRT-PCR in our T24-shLRPPRC cells. Control of intracel-
lular ROS homeostasis is critical for cell proliferation and survival [10].
Consistent with the “ROS rheostat” theory, it has been suggested that
low/medium levels of ROS enhance cell survival and lead to genetic
instability, but excessive ROS levels result in stimulation of cell death
pathways [11]. Because of increased cellular metabolism and activation
of oncogenes, cancer cells generally produce relatively high levels of
ROS, which makes tumor cells much more vulnerable to oxidative stress
and more dependent on cellar antioxidant systems [33]. Our data
revealed that the downregulation of LRPPRC greatly increased the
cellular level of ROS, which might be related to the activation of the
apoptosis pathway in UCB cells. Importantly, our study further
demonstrated that FOXM1, a transcription factor that negatively regu-
lates intracellular ROS levels [33], was also positively regulated by
LRPPRC; strongly supporting the notion that LRPPRC is crucial for the
regulation of ROS balance in UCB cells.

It has been reported that the transcription factor FOXM1 is
frequently upregulated in most human malignancies [55]. FOXM1 is
required for redox homeostasis and survival of cancer cells via the
regulation of intracellular ROS levels [33,56,57]. Further studies have
demonstrated that overexpression of FOXM1 not only accelerates
cellular proliferation but also negatively regulates intracellular ROS
levels by stimulating the expression of the detoxifying enzymes such as
PRDX3, MnSOD and catalase [33,35]. In this present study, we observed
that LRPPRC played an important role in the redox homeostasis of UCB
cells. Our data suggested that the downregulation of LRPPRC-induced
apoptosis was combined with excess accumulation of ROS in UCB
cells. The results indicated that LRPPRC might regulate cell growth and
apoptosis by regulating mt-mRNA and FOXM1 in UCB cells. Our results
provided evidence that downregulation of LRPPRC not only disrupts
ETC to lead to mitochondrial dysfunction, which can induce excess
production of ROS, but also suppresses the detoxification of ROS via the
downregulation of FOXM1 and its downstream ROS scavenger genes.

Until now, the LRPPRC protein has been well characterized to
function as a global RNA chaperone that regulates the rate of mito-
chondrial protein synthesis and the stability of the poly (A) tails of mt-
mRNAs [19]. LRPPRC/SLIRP complex acts as a global mt-mRNA chap-
erone to enable polyadenylation and translation [21]. Our data further
showed that LRPPRC formed a stable complex with SLIRP, and SLIRP
protected LRPPRC from degradation, which is consistent with previous
studies [37,39]. However, the mechanisms by which LRPPRC regulates
FOXM1 expression remain to be elucidated. LRPPRC is crucial for mRNA
stability and acts as a global mRNA chaperone [21]. Nevertheless, little
is known as to whether noncoding RNAs or small RNAs are regulated by
LRPPRC. To better understand the regulatory mechanism of LRPPRC in
UCB cells’ ROS detoxification, we further performed a series of in vitro
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and in vivo studies. Our data showed that LRPPRC regulate the expres-
sion level of circANKHD1 in UCB cells; that circANKHD1 can regulate
the expression level of FOXM1; and that circANKHD1 functionally acts
as the sponge for miR-671-5p and miR-507, which suppresses the
expression of FOXM1 in UCB cells. Furthermore, our correlation analysis
showed a significantly positive correlation between the expression levels
of LRPPRC and FOXM1 in UCB tissues. Taken together, we suggest that
circANKHD1 might act as a linker between LRPPRC and FOXM1.

In the next part of this study, we revealed that silencing of LRPPRC
induced an accumulation of ROS and inhibited the growth of UCB cells.
These effects could be rescued by enforcing the overexpression of cir-
cANKHD1 both in vitro and in vivo. We further examined the positive
relationship between LRPPRC and circANKHD1 expression in UCB tis-
sues and cells, supporting the critical regulatory role in UCB cells’
oxidative stress by the LRPPRC/circANKHD1 regulatory axis. Further-
more, our data showed that circANKHD1 was a critical positive regu-
lator of FOXM1 and its downstream detoxifying enzymes.
Downregulated expression of LRPPRC led to persistent accumulation of
ROS induced by the downregulation of FOXM1 in UCB cells. These data
suggest that LRPPRC may protect UCB from oxidative stress via the
regulation of the circANKHD1/FOXM1 axis. In this study, we further
demonstrated that FOXM1 is a novel target regulated by LRPPRC
through circANKHD1, which could sponge miR-671-5p and miR-507 in
UCB cells. These data, collectively, suggest a critical role of the LRPPRC/
circANKHD1/FOXM1 axis in the control of UCB cells’ redox
homeostasis.

In summary, our study provides the first line of comprehensive evi-
dence that LRPPRC is a potential therapy target as well as a prognostic
biomarker in UCBs. LRPPRC exerts a bona fide regulatory role in sta-
bilizing the function of mitochondrial ECT and promoting the cir-
cANKHD1/FOXM1 axis, thereby, regulating the redox homeostasis to
support UCB cells’ survival and tumorigenesis as illustrated in Fig. 7E.
Thus, this study findings suggest LRPPRC as a novel therapeutic target
for the treatment of human UCB.
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