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The key regulator circPDE3B promotes arsenic-induced
bladder carcinogenesis by affecting STAT3 and NF-xB

stability
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Abstract Long-term exposure to arsenic (As),
which is a ubiquitous environmental contaminant,
significantly enhances the risk of multiple cancers,
including bladder and lung cancers. In recent years,
the important roles of circular RNAs (circRNAs) in
tumorigenesis and development have attracted wide-
spread attention. However, the specific molecular
mechanisms by which circRNAs promote bladder
cancer development following exposure to arse-
nic remain incompletely understood. This study is
the first to demonstrate that circPDE3B is signifi-
cantly upregulated in a cell model of transformation
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triggered by arsenic and that it promotes this transfor-
mation process. Our study elucidated the biological
function of circPDE3B in vitro, in SV-HUC-1 cells,
showing that it accelerates the malignant transfor-
mation from arsenic via increasing cell proliferation
and inhibiting apoptosis. Furthermore, we delineated
a novel molecular mechanism whereby circPDE3B
directly binds to NF-xkB and STAT?3, inhibiting their
ubiquitination and increasing their stability. This, in
turn, affects downstream HIF-1a expression, promot-
ing the malignant transformation of SV-HUC-1 cells
and eventually resulting in bladder carcinogenesis.
Our research reveals the critical regulatory role of
circPDE3B in the arsenic-triggered malignant trans-
formation within SV-HUC-1 cells. This study offers
broader perspectives on the molecular mechanisms
driving bladder cancer progression, while also iden-
tifying potential targets for early diagnosis and treat-
ment of bladder tumour.

Keywords Arsenic - Bladder cancer - circPDE3B -
NF-xB - STAT3

Introduction

Arsenic is prevalent in the environment and primar-
ily enters the body through drinking water, food and
air; arsenic has been classified as a class I carcinogen
by the International Agency for Research on Cancer.
Epidemiological evidence has suggested that arsenic
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exposure significantly contributes to bladder cancer
incidence (Byeon et al. 2021; Sassano et al. 2023;
Speer et al. 2023; Virk et al. 2023). Arsenic can
induce bladder cancer development through genetic
mechanisms, including by triggering DNA damage
and chromosomal aberrations (Kurosawa et al. 2023;
Mehus et al. 2022; Muenyi et al. 2015). In addition,
arsenic promotes the carcinogenesis of bladder cancer
through epigenetic mechanisms, such as DNA meth-
ylation and histone modification (Chang et al. 2019;
Porten 2018; Tryndyak et al. 2020). Nonetheless, the
molecular mechanisms by which arsenic triggered
bladder carcinogenesis have not been fully elucidated.
With the rapid evolution of high-throughput sequenc-
ing methods, the roles of circular RNAs (circRNAs)
as novel epigenetic regulators of carcinogenesis have
attracted widespread attention.

circRNAs are a type of closed, covalent-circular
RNA molecules that are characterized with high sta-
bility, high conservation and tissue specificity (Chen
and Shan 2021; Kristensen et al. 2022). Current find-
ings reveal that circular RNAs exert critical functions
in bladder carcinogenesis by modulating multiple bio-
logical processes. For example, circHIPK3 serves as a
miRNA sponge for miR-558, inhibiting the invasion,
migration and angiogenesis of bladder tumour cells
(Li et al. 2022b); additionally, circXRN2 prevents
the SPOP-mediated degradation of LATS1 through
competitive inhibition, thereby activating the Hippo
signaling pathway (Xie et al. 2023). Research on the
roles of circRNAs in arsenic-induced bladder carcino-
genesis is still lacking. However, exogenous chemicals
can lead to circRNA differential expression, which in
turn regulates key tumour factors, causes changes in
cellular function, and ultimately affects tumorigenesis
and progression (Li et al. 2023a; Liu et al. 2024b; Qiu
et al. 2022; Wang et al. 2024).

STAT3 and NF-xB are common transcriptional
activators in tumours and play important roles in
regulating various aspects of cell proliferation, apop-
tosis, angiogenesis, and immune escape. STAT3 con-
trols numerous genes upon activation (Dong et al.
2021; Li et al. 2023b; Zou et al. 2020), whereas
NF-xB is a core mediator of both natural and spe-
cific immune responses that functions primarily in
response to inflammatory and stress-related signals
(Guldenpfennig et al. 2023; Guo et al. 2024; Poma
2020). Numerous studies have reported abnormal
activation patterns of these transcriptional regulators
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in diverse neoplasms, especially in bladder cancer
(Amara et al. 2024; Wu et al. 2021; Yu et al. 2020).
For example, BUBI1 kinase drives bladder cancer
progression and proliferation by regulating STAT3
transcription (Jiang et al. 2021); in bladder cancer,
USP24-GSDMB complex formation stimulates cell
proliferation via STAT3-dependent mechanisms
(He et al. 2021); ROCI1 gives rise to bladder cancer
malignancy via orchestrating NF-kB signaling activa-
tion (Wu et al. 2021); Mechanistic studies reveal that
secretory granule protein II facilitates bladder cancer
advancement by concurrently activating both MAPK
and NF-xB pathways (Zhou et al. 2024). Therefore,
exploring the regulatory patterns of circRNAs that
target both STAT3 and NF-kB will help elucidate
the potential mechanism underlying arsenic-induced
bladder cancer.

In our research, we successfully established a
model about malignant transformation triggered via
chronic arsenic exposure in SV-HUC-1 cells. The cir-
cRNA circPDE3B, which is highly expressed in blad-
der cancer, was screened via genome-wide circRNA
screening, and circPDE3B was found to be chroni-
cally elevated during the arsenic-induced oncogenic
conversion of SV-HUC-1 cells. Functionally, circP-
DE3B potentiated the progression of arsenic-induced
SV-HUC-1 cell malignant transformation by promot-
ing cell proliferation and inhibiting apoptosis. Mecha-
nistically, circPDE3B targeted the key tumour factors
STAT3 and NF-kB, inhibited their ubiquitination, and
increased their stability, which in turn upregulated the
transcriptional level expression of HIF-la and ulti-
mately promoted bladder carcinogenesis. In conclu-
sion, our study demonstrated that circPDE3B serves
as a pivotal regulator in arsenic-induced bladder
carcinogenesis, uncovering previously unrecognized
mechanisms of arsenic-induced bladder carcinogen-
esis from an epigenetic perspective.

Materials and methods
Cell culture

Immortalized human ureteral epithelial cells (SV-
HUC-1) (Cellcook, CC4009) and embryonic kidney
cells (293 T cells) [American Type Culture Center
(ATCC)] were used in this study. SV-HUC-1 cells
were grown using Ham’s F-12 K complete medium
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[10% foetal bovine serum (Gibco, 10099141C) and
1% streptomycin/penicillin (Servicebio, G4003)].
Embryonic kidney cells (293 T cells) were cultured in
complete DMEM [10% foetal bovine serum (Gibco,
10099141C) and 1% streptomycin/penicillin (Service-
bio, G4003)]. All the cell lines were cultured at 37 °C
in a 5% CO, incubator at a constant temperature.

Establishment of a malignantly transformed cell
model

SV-HUC-1 cells were grown in Ham’s F-12 K com-
plete medium with the addition of 0.5 pM NaAsO,
for 48 h (37 °C, 5% CO,). After the cells attained
80%—90% density, the cells were passaged and then
cultured via the method described above, with con-
tinuous exposure to NaAsO, for 80 generations. The
degree of malignant transformation of the cells was
determined with a soft agar colony formation assay.

CCK-8 assay

Cells were seeded in 96-well plates at a density of
1x10* cells/well and cultured under standard condi-
tions (37 °C, 5% CO,). After the cells had completely
attached to the well, cell viability was assessed with a
CCK-8 Cell Viability Reagent Kit (Dojindo, CK04);
in brief, the CCK-8 reagent was diluted in complete
medium at a ratio of 1:10, added to the wells of inter-
est (divided into an experimental group, a control
group and a blank group), and incubated at 37 °C
in a constant-temperature incubator for 60 min. The
absorbance at 450 nm was measured with an enzyme
marker.

Real-time fluorescence quantitative PCR (RT-qPCR)
assay

Total RNA was extracted from cells with TRIzol
reagent (Invitrogen, 15596018), and the concentra-
tion of the purified total RNA was determined with
an ultramicro-UV spectrophotometer (Thermo Fisher
Scientific). The RNA was reverse transcribed to
cDNA with the GoScript™ Reverse Transcription
System Kit (Promega, A5001). cDNA was performed
using GoTag qPCR Master Mix (Promega, A6001)
in an Applied Biosystems QuantStudio 7 Flex Real-
Time PCR System (Thermo Fisher Scientific) and

subjected to quantitative PCR analysis. GAPDH or
U6 served as endogenous controls for data normali-
zation, the primers were commercially obtained from
Sangon Biotech, and gene expression quantifica-
tion was performed through with the 2724t method.
Primer nucleotide sequences are shown in Table S1.

Linear digestive enzyme assay

Total RNA was performed, followed by treatment
with 3 U/ug of RNase R. RNA digestion was con-
ducted under controlled conditions (37 °C water bath)
for 10 min. Moreover, genomic DNA (gDNA) was
carried out using a gDNA extraction kit (Invitrogen,
K1820) and immediately placed on ice for stabiliza-
tion. Finally, the samples before and after RNase R
treatment and the gDNA samples were used for to
PCR amplification with circPDE3B-specific poly-
meric and divergent primers, after which agarose gel
electrophoresis was carried out to verify the circular
structure of circPDE3B.

RNA stability experiment

SV-HUC-1 cells were seeded in six-well plates at a
concentration of 3x10° cells/well. Upon attaining
90% confluency, total cellular RNA was extracted
and subjected to RT-qPCR analysis to assess mRNA
expression following exposure to 2 pg/ml actinomy-
cinD atOh,4h,8h, and 16 h.

Stable silencing and overexpression of circPDE3B in
cell lines

Specific primers were designed according to the
circPDE3B sequence, and after PCR amplification,
plasmids for the stable silencing or overexpression
of circPDE3B were constructed with a stable silenc-
ing vector (pLVX-shRNA2-puro) and a stable over-
expression vector (pLV-puro-GFP-circRNA-1) were
purchased from IEMed and BersinBio. Lentiviral
packaging was carried out using 293 T cells, and the
filtered viral supernatants were used to infect SV-
HUC-1 cells for 48 h. Images were obtained using a
fluorescence microscopy, and puromycin (2 pg/ml)
was employed to single out the stable cells lines in
which circPDE3B was silenced or overexpressed.
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EdU incorporation assay

Cell suspensions (1x10%cells/well) were seeded
in 96-well, and the nuclei were stained with DAPI
with the EdU Cell Proliferation Detection Kit
(RiboBio, C10310-1). The cells that were in the
proliferative phase were labelled with EdU. Subse-
quently, images of cell fluorescence were captured
with the EVOS FL Automated Imaging System, and
the ability of their proliferation was quantified by
Imagel] analysis software.

Cell cycle detection by flow cytometry

Cells were seeded in 6-well culture dishes at a
concentration of 3x10° cells/well. Once the cells
reached 90% confluence, they were washed with
PBS, trypsin was introduced, after which the cells
were collected through centrifugation-induced pre-
cipitation. Then, anhydrous ethanol and PBS were
mixed at a 7:3 ratio, and the cells were resuspended
in this mixture and fixed at 4 °C overnight. Subse-
quently, the RNase A enzyme from a cell cycle kit
(KeyGen BioTECH, KGA9101) was added, and
following a period of incubation for 30 min at 37
°C, PI solution was added and kept in the dark at
4°C for 30 min. The cell cycle was subsequently
analysed via CytoFLEX flow cytometry (Beckman
Coulter), and the GO/G1 phase as well as the G2/M
phase cell ratios were subsequently analysed and
compared.

Flow cytometry analysis for apoptosis detection

Cells were seeded in 6-well plates at a density of
3x10° cells/well, and upon reaching 90% conflu-
ence, the cell supernatants were collected, the cells
were digested using EDTA-free trypsin, followed
by collection and centrifugation. The collected cells
were subsequently stained with Annexin V-APC and
PI with an Annexin V-APC/PI Apoptosis Detection
Kit (KeyGen BioTECH, KGA1107), and apopto-
sis was detected with a CytoFLEX flow cytometer
(Beckman Coulter). Finally, the proportions of early
apoptotic and late apoptotic cells were statistically
analysed and compared between the groups.
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Soft agar colony formation assay

Soft agar was formed with a formulation of 2 X BME
medium (Sigma, B9638): foetal bovine serum (Zhe-
jiang Tianhang Technology Co., Ltd., 13011-8611):
1x PBS (Servicebio, G4207): 100 Xxdouble anti-
body (Servicebio, G4003): 100 X glutamine (Gibco,
A2916801): 7.5% sodium carbonate solution (Gibco,
25080094) at a 4:1:1:0.1:0.1:0.1 ratio and set aside,
and subsequently, medium and agar gel (1.25%) were
added to six-well plates (3 ml/well) at a proportion of
3:2 and permitted to solidify at room temperature for
3 h. Subsequently, a cell suspension of 1x 10* cells/
well was prepared and mixed with medium and agar
gel, added to six-well plates within a volume of 1 ml
of medium per well, and allowed to solidify at room
temperature. Then, the plates were incubated at 37 °C
in a 5% CO, incubator for 20 days, and then, colony
formation was observed under a microscope.

Nucleoplasmic separation assay

First, 3x 10° SV-HUC-1 cells were collected, and the
nuclear and cytoplasmic components were isolated
using the PARIS™ Kit (Invitrogen, AM1921). Then,
samples were collected to measure the nuclear RNA
concentration and the cytoplasmic RNA concentra-
tion, respectively, with an Ultra-Micro UV Spectro-
photometer (Thermo Fisher Scientific). After reverse
transcription of the RNA to cDNA, the distribution
of circPDE3B between the nucleus and cytoplasm
was quantitatively assessed using qPCR, in which
GAPDH was used as the cytoplasmic reference and
U6 used as the cytosolic control, and the results were
statistically analysed.

Fluorescence in situ hybridization (FISH)

Specific FISH probes were designed based on the
circPDE3B sequence, and the sequence information
is detailed in Table S1. A total of 1x 10* SV-HUC-1
cells were seeded in 12-well plate crawler slices, and
when the cells had reached 70% confluence, the cells
were fixed, permeabilized and dehydrated. After that,
the cells were subjected to probe hybridization and
DAPI staining according to the FISH kit (RiboBio,
C10910). Ultimately, the cells were imaged using a
confocal microscope (Zeiss).
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RNA immunoprecipitation (RIP)

A total of 1x 107 SV-HUC-1 cells were collected,
and experiments were conducted using a RIP detec-
tion kit (IEMed, K303). First, antibody-protein
A/G complexes were prepared, an anti-NF-kB and
anti-STAT3 antibody was added as bait protein to
the IP group, an IgG antibody was mixed to the IgG
group, and the mixtures were incubated with mag-
netic beads for 30 min to facilitate. Then, immu-
noconjugation of the SV-HUC-1 cell lysates with
the antibodies was performed. Finally, the copre-
cipitated RNA was converted into cDNA through
reverse transcription and subsequently analyzed by
qPCR, followed by agarose gel electrophoresis for
quantitative assessment.

Coimmunoprecipitation (Co-IP)

A total of 1x 107 control and stable circPDE3B-
overexpressing SV-HUC-1 cells were collected,
and the experiments were performed using a Co-IP
detection kit (BersinBio, Bes3011). First, the cells
were lysed to extract proteins, antibodies were con-
jugated to protein-A/G magnetic beads, and then,
the cell protein lysates were added to adsorb the tar-
get proteins. The target proteins were subsequently
separated from the magnetic beads, and protein
samples were collected for western blotting experi-
ments to detect the immunoprecipitated proteins.

Transient overexpression cell transfection

The HIF-la overexpression vector (P42543) and
its control vector (p)CDNA3.1) were obtained from
MiaoLingBio. A total number of 3x 10° cells were
plated in six-well plates, and when the cells had
attained 70% confluence, they were transfected with
Lipofectamine™ 3000 Transfection Reagent (Invit-
rogen, L3000015). Lipofectamine™ 3000 Transfec-
tion Reagent was used to transfect the overexpres-
sion plasmids and vectors into the cells according
to the manufacturer’s instructions in the appropriate
system, and the medium was replaced with com-
plete medium after 8 h. The cells were collected
after 48 h for subsequent experiments.

Protein stability assay

Control and stable circPDE3B-overexpressing SV-
HUC-1 cells were plated at a density of 3x 10° cells/
well in six-well plates. When the cells reached the
logarithmic growth phase, they were exposed to 100
pg/ml cycloheximide (CHX), the cellular proteins
were extracted after O h, 3 h, 6 h, and 9 h, and protein
expression was measured by western blotting.

Proteasome inhibition assay

Control and stable circPDE3B-overexpressing SV-
HUC-1 cells were plated at a density of 3x 10° in
six-well plates and subsequently treated with the
proteasome inhibitor MG132 (MedChemExpress,
HY-13259-10 mg) at a concentration of 10 uM. During
the logarithmic growth phase, cellular proteins were
harvested at 0 h and 24 h, and the expression levels of
proteins were analyzed using western blotting.

Western blotting experiment

Cells were disrupted using a with cell lysis buffer
containing 10 mM Tris-HCI [pH 7.4], 1% SDS and
1 mM Na;VO,, and the proteins were extracted. The
proteins were denatured at 100 °C for 5 min, and
then, followed by ultrasonic homogenization of the
cell lysates using an ultrasonic cell crusher (Ningbo
Scientz Biotechnology Co., Ltd.). The supernatants
were centrifuged to obtain the proteins, and the pro-
tein concentration were measured using a Pierce™
BCA protein assay kit (Thermo Fisher Scientific,
23227) prior to preparing the protein samples were
prepared. Protein samples were then separated via
sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) and subsequently transferred
onto polyvinylidene difluoride (PVDF) membranes
for 60—120 min at a constant current of 200 mA. The
membranes were blocked for 1 h at room temperature
with 5% skim milk, and the PVDF membranes were
incubated with primary antibodies at 4 °C overnight,
followed by incubation with goat anti-mouse IgG
(Cell Signaling Technology, Inc., 4408S) or goat anti-
rabbit IgG (Cell Signaling Technology, Inc., 8890S)
for 1 h at room temperature. Subsequently, chemilu-
minescence imaging was carried out using a Clinx S6
system, and the grey values of the protein bands were
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analysed with ImageJ] software. The antibodies that
were used in this study targeted the following pro-
teins: NF-kB (SANTA, sc-8008, 1:500), STAT3 (Pro-
teintech, 60199-1-1g, 1:2000), HIF-1a (Proteintech,
20960-1-AP, 1:5000), P21 (Proteintech, 10355-1-AP,
1:2000), and Bcl2 (Proteintech, 803-1-RR, 1:5000).

Prediction of biological function

We visualized and analyzed the differential expres-
sion of the high-throughput sequencing results (Gene
Expression Omnibus (GEO) database: GSE159239)
of the subject group through Wei Sheng Xin (https:/
www.bioinformatics.com.cn/). The circbase (https:/
www.circbase.org/), UCSC (https://genome.ucsc.
edu/) and CSCD (http://gb.whu.edu.cn/CSCDY/)
websites were used to find circPDE3B (hsa_circ_
0000277) sequence and the cyclization site.The circ-
mine database (http://www.biomedical-web.com/
circmine/home), Targetscan (https://www.targetscan.
org/vert_80/) and the DAVID database (https://david-
bioinformatics.nih.gov/) were utilized for KEGG
enrichment analysis of downstream genes of circP-
DE3B. The downstream targets of NF-xB and STAT3
were predicted via TRRUST (https://www.grnpedia.
org/trrust/) and analyzed by jvenn (https://www.bioin
formatics.com.cn/static/others/jvenn/example.html)
to take the intersection of the prediction results for
analysis.

Statistical analysis

The results we present have been carried out in three
biological replicates, and the experimental data are
expressed as the means +standard deviations (means
+SDs). SPSS 23.0 and GraphPad Prism 9.0 software
were used to statistically analyse the experimental
data and generate the graphs. Two independent sam-
ples t tests were used for data conforming to a nor-
mal distribution, one-way ANOVA was employed
for comparing multiple groups, and the rank-sum test
was used for samples that did not conform to a nor-
mal distribution. * denotes intragroup comparisons,
# denotes intergroup comparisons, and p < 0.05 indi-
cates that the difference was statistically significant
(*, # both indicate p < 0.05).
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Results

Establishment of a model of SV-HUC-1 cell
malignant transformation induced by NaAsO, and
screening of circPDE3B

To establish a model of the malignant transformation of
SV-HUC-1 cells induced by NaAsO,, SV-HUC-1 cells
were exposed to 0, 0.5, 1, 2, 4, 8, or 16 uM NaAsO,
for 24 h, 48 h, or 72 h. Cell viability was determined
with the CCK-8 assay, the optimal arsenic exposure
time for SV-HUC-1 cells was determined to be 48 h
(Fig. 1A), and the highest cell viability was observed
at a NaAsO, concentration of 0.5 pM (Fig. 1B). SV-
HUC-1 cells were continuously treated with 0.5 uM
NaAsO, and cultured till 80 generations. Soft agar col-
ony formation assays revealed that malignant prolifera-
tion was significantly increased in SV-HUC-1 cells that
were treated with 0.5 pM NaAsO, for a long period
(Fig. 1C and D). These findings indicate that a model
of NaAsO,-induced malignant transformation in SV-
HUC-1 cells was successfully established.

To explore the mechanism by which circRNAs
function in the malignant transformation of SV-
HUC-1 cells triggered via arsenic, we performed
an in-depth analysis of previous high-throughput
sequencing results based on previous research from
our research group (Wu et al. 2022a, 2022b), and
we screened for circRNA-circPDE3B, which was
significantly upregulated (Fig. 1E). SV-HUC-1 cells
were treated with arsenic for O generations (P0), 20
generations (P20), 40 generations (P40) and 80 gen-
erations (P80), and the expression levels of circP-
DE3B were measured. The findings showed circP-
DE3B exhibited continuous upregulation during the
arsenic-induced malignant transformation of SV-
HUC-1 cells triggered via arsenic. Therefore, we
selected the upregulated gene circPDE3B for sub-
sequent research (Fig. 1F). We searched the UCSC
(https://genome.ucsc.edu/) and CSCD (http://gb.
whu.edu.cn/CSCD/) websites for the circulariza-
tion site of circPDE3B and designed circPDE3B-
specific primers for gPCR and Sanger sequencing to
confirm that circPDE3B is composed of the reverse
splicing and circularization from exons 3 to 6 in
chromosome 11 (Fig. 1G). To validate the circular
architecture of circPDE3B, we designed convergent
and divergent primers. After total cellular RNA was
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Fig. 1 Establishment of a model of SV-HUC-1 cell malignant
transformation induced by NaAsO, and screening of circP-
DE3B. (A) The CCK-8 assay to identify changes in cellular
viability after exposure to arsenic for different time points and
at different concentrations. (B) CCK-8 assay to determine cell
viability after 48 h of arsenic exposure. (C) Soft agar colony
formation assay to assess the colony-forming ability of SV-
HUC-1 cells cultured for 80 generations with continuous
NaAsO, exposure. (D) Statistical analysis of soft agar colony
formation experiments. (E) Volcano plots showing the dif-
ferential expression profiles of circRNAs in SV-HUC-1 cells
and UM-UC-3 cells, with red denoting significantly upregu-

extracted, linear RNA was digested with RNase R,
and changes in circPDE3B and linear PDE3B were
measured by RT-qPCR. Agarose gel electrophoresis
was carried out. The findings revealed circPDE3B
was more tolerant to RNase R digestion than its
homologous linear RNA (Fig. 1H and I). To fur-
ther confirm the stability of circPDE3B, SV-HUC-1
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lated circRNAs, blue denoting significantly downregulated
circRNAs, and grey denoting circRNAs without differential
expression. (F) qPCR measurement of circPDE3B expression
in different generations. (G) Schematic diagram of the circP-
DE3B gene structure. (H) circPDE3B and linear PDE3B gene
expression before and after RNase R treatment was measured
by qPCR. (I) Agarose gel electropherograms of polymerization
dispersion experiments. (J) SV-HUC-1 cells were treated with
Act D for O h, 4 h, 8 h or 16 h. RNA was extracted for qPCR to
measure circPDE3B and linear PDE3B expression. The values
are presented as means +SDs, and each experiment was per-
formed at least three times. *, p < 0.05; ns, p> 0.05

cells were subjected to actinomycin D (Act D) treat-
ment with O h, 4 h, 8 h, and 16 h, and total cellular
ribonucleic acid was collected for qPCR analysis.
The findings demonstrated that circPDE3B exhib-
ited a longer half-life compared to homologous lin-
ear RNA (Fig. 1J). These experiments validated the
circular structure of circPDE3B.
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«Fig. 2 circPDE3B significantly promotes the proliferation of
SV-HUC-1 cells. (A) GFP fluorescence of successfully estab-
lished SV-HUC-1 cell lines in which circPDE3B was stably
silenced or overexpressed. (B) Validation of the stable circP-
DE23B silencing or overexpression efficiency circPDE3B in cell
lines. (C) CCK-8 assay to measure cell viability after circP-
DE3B was silenced or overexpressed in SV-HUC-1 cells. (D)
EdU assay to assess cell proliferation after circPDE3B was
silenced or overexpressed in SV-HUC-1 cells. (E) Statistical
analysis of cell proliferation as determined by the EdU assay.
(F) Flow cytometry analysis of the cell cycle after circPDE3B
was silenced or overexpressed in SV-HUC-1 cells. (G) Statisti-
cal analysis of cell proliferation after the cell cycle was ana-
lysed by flow cytometry. (H) Flow cytometry analysis of cell
apoptotic after the silencing and overexpression of circPDE3B
in SV-HUC-1 cells. (I) Statistical analysis of apoptosis as ana-
lysed by flow cytometry. The values are presented as means
+SDs, and each experiment was performed at least three
times. *, p < 0.05

circPDE3B significantly promotes the proliferation of
SV-HUC-1 cells

Investigating the biological function of circPDE3B,
we constructed a research system to stably silence
and overexpress circPDE3B. SV-HUC-1 cells were
infected by lentivirus, the GFP fluorescent signal in
the cells was subsequently visualised via fluorescence
microscope, whilst the expression efficiency was deter-
mined by qPCR (Fig. 2A and B). Cell viability after
the stable silencing or overexpression of circPDE3B
was measured with CCK-8 experiment. Cell viabil-
ity decreased with circPDE3B silenced and increased
with circPDE3B overexpressed (Fig. 2C). The effect
of circPDE3B on cell proliferation was assessed with
EdU detection and flow cytometry. The findings sug-
gested that cell proliferation decreased after circPDE3B
was silenced and increased after circPDE3B was over-
expressed (Fig. 2D-G). Influence of circPDE3B to
apoptosis was determined via flow cytometry. After
circPDE3B was silenced, cell apoptosis increased, and
after circPDE3B was overexpressed, cell apoptosis
decreased (Fig. 2H and I). These results indicate that
circPDE3B can positively regulate cell proliferation
and negatively regulate cell apoptosis.

circPDE3B significantly promotes the
NaAsO,-induced malignant transformation of
SV-HUC-1 cells

On the basis of the above research, we explored
in depth whether circPDE3B could promote the

NaAsO,-induced carcinogenesis of bladder can-
cer by affecting cell apoptosis and proliferation. We
cultured SV-HUC-1 cell lines circPDE3B in which
circPDE3B was stably silenced or overexpressed
under conditions of continuous exposure to 0.5 pM
NaAsO, and selected cells in the 5th generation (P5),
10th generation (P10) and 20th generation (P20) for
grouping experiments. The effect of circPDE3B on
cell proliferation under conditions of arsenic exposure
was measured with the EAU assay. Compared with
that of the control group, cell proliferation increased
after circPDE3B was overexpressed, and cell prolif-
eration decreased after circPDE3B was silenced. Fur-
thermore, cell proliferation increased with increas-
ing arsenic exposure (Fig. 3A and B). The effect of
circPDE3B on cell viability during arsenic exposure
was detected via the CCK-8 experiment. The results
revealed that cell viability increased after circPDE3B
was overexpressed but decreased after circPDE3B
was silenced compared with that of the control group.
Moreover, with increasing arsenic exposure, cell via-
bility increased accordingly (Fig. 3C). We also used
flow cytometry to observe changes in the ability of
circPDE3B to induce apoptosis under conditions
of arsenic exposure. As comparison to the control
group, the overexpression of circPDE3B enhanced
resilience against cells to apoptosis, while the silence
of circPDE3B the opposite trend was observed. Fur-
thermore, with increasing arsenic exposure, the
resistance of cells to apoptosis increased (Fig. 3D and
E). These results show that the expression of circP-
DE3B increases during the NaAsO,-induced malig-
nant transformation of SV-HUC-1 cells and that, with
increasing arsenic exposure, the proliferation of these
cells increases while their apoptosis decreases.

circPDE3B targets and promotes the expression of
NF-xB and STAT3

To explore the molecular mechanism by which
circPDE3B functions in the malignant transfor-
mation of SV-HUC-1 cells triggered by NaAsO,,
the intracellular distribution of circPDE3B was
explored with a nuclear and cytoplasmic fractiona-
tion experiment and a FISH experiment. The results
indicated that circPDE3B was distributed in both
the nucleus and the cytoplasm, but it was located
mainly in the cytoplasm (Fig. 4A and B). There-
fore, the following experiments were carried out to
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«Fig. 3 circPDE3B significantly promotes the NaAsO,-induced
malignant transformation of SV-HUC-1 cells. (A) Stable circP-
DE3B-silenced and circPDE3B-overexpressing cell lines were
exposed to NaAsO, for the P5, P10 and P20 generations, and
an EdU assay was performed to measure cell proliferation. (B)
Statistical analysis of cell proliferation as determined by EdU.
(C) Stable circPDE3B-silenced and circPDE3B-overexpress-
ing cell lines were exposed to NaAsO, for the P5, P10, and
P20 generations, and the CCK-8 assay was used to measure
cell viability. (D) Stable circPDE3B-silenced and circPDE3B-
overexpressing cell lines were exposed to NaAsO, for the P5,
P10, and P20 generations, and flow cytometry was performed
to analyse of cell apoptosis. (E) Statistical analysis of apopto-
sis as determined by flow cytometry. The values are presented
as means +SDs, and each experiment was performed at least
three times. *, p < 0.05

explore whether circPDE3B functions in the cyto-
plasm by binding to proteins. First, a KEGG enrich-
ment analysis of the genes that are downstream
of circPDE3B was performed, and the results
revealed that circPDE3B was associated with mul-
tiple tumour-related pathways, including the NF-xB
pathway and the JAK-STAT pathway (Fig. 4C).
Combining these results with the literature, we
know that NF-kB and STAT3 play critical roles dur-
ing tumorigenesis and development (Ma et al. 2020;
Oh et al. 2023; Pavitra et al. 2023); thus, we hypoth-
esized that circPDE3B may bind to the NF-kB and
STATS3 proteins to affect their expression and thus
perform its function. For this reason, we carried
out a RIP experiment (Fig. 4D) to explore whether
circPDE3B can directly bind to the NF-xB and
STAT3 proteins. The qPCR results and agarose
gel electrophoresis findings showed that, in con-
trast to the IgG group, the IP group (NF-xB group
and STAT3 group) presented greater enrichment
of circPDE3B (Fig. 4E-H), suggesting that circP-
DE3B can directly bind to NF-kB and STAT3. After
circPDE3B was silenced or overexpressed, west-
ern blot analysis was conducted to assess the pro-
tein expression of NF-kB and STAT3. The results
showed that circPDE3B can positively regulate the
NF-xB and STAT3 expression levels (Fig. 41-K).
To explore the trends in NF-kB and STAT3 protein
expression during the NaAsO,-induced malignant
transformation of SV-HUC-1 cells, we measured
the protein expression for NF-kB and STAT3 from
PO, P20, P40 and P80 cells. The results showed that
the longer the exposure to arsenic, the more NF-xB
and STAT3 proteins there were (Fig. 4L-N). These

experimental results suggest that circPDE3B can
directly bind to the NF-xkB and STAT3 proteins
thereby regulating their expression.

circPDE3B inhibits protein degradation by reducing
ubiquitination of NF-kB and STAT3

For the investigation of the effect of circPDE3B on
NF-xB and STAT3, we subjected SV-HUC-1 cells
to cycloheximide (CHX) treatment for O h, 3 h, 6 h
and 9 h to evaluate the stability of NF-xB and STAT3
after circPDE3B overexpression. The findings sug-
gested that the stability of the NF-xB and STAT3
proteins was increased after circPDE3B was overex-
pressed (Fig. 5A-C). The above results indicated that
circPDE3B may be associated with degradation of
NF-kB and STAT3, thereby affecting their expression
levels. Given that the ubiquitin—proteasome pathway
is the main pathway for protein degradation (Liu et al.
2024a; Sun et al. 2024), we further explored whether
circPDE3B regulates the ubiquitination of NF-xB
and STAT3 proteins, thus affecting their stability
and altering their expression levels. We subjected
SV-HUC-1 cells to treatment with the proteasome
inhibitor MG132, and we found that MG132 treat-
ment eliminated the impacts of circPDE3B overex-
pression on the protein levels of NF-xB and STAT3
proteins (Fig. 5D-F). The results of these experiments
revealed that circPDE3B affects the protein degrada-
tion of NF-kB and STAT3 through the proteasome
pathway. The results of the coimmunoprecipitation
(Co-IP) experiments also revealed that the NF-xB and
STAT?3 proteins can bind with ubiquitin proteins and
that, as with that in the control group, the binding of
ubiquitin proteins in the circPDE3B-overexpressing
group was reduced (Fig. 5G and H). These findings
suggest that circPDE3B promotes the expression of
the NF-kB and STAT3 proteins through suppression
of the ubiquitin—proteasome pathway, reducing the
degradation of the NF-kB and STAT3 proteins and
increasing their stability.

circPDE3B regulates HIF-1a expression through
NF-xB and STAT?3

NF-kB and STAT3 are important transcription factors.
We used the TRRUST website (http://www.grnpedia.
org/trrust/) to predict and analyse the downstream tran-
scription regulatory target genes of NF-kB and STAT3,
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«Fig. 4 circPDE3B targets and promotes the expression of
NF-kB and STAT3. (A) qPCR detection of the circPDE3B
nucleoplasmic distribution in SV-HUC-1 cells. (B) Fluores-
cence in situ hybridization assay to determine circPDE3B sub-
cellular localization (green fluorescence: circPDE3B; blue flu-
orescence: nucleus). (C) KEGG pathway enrichment analysis.
(D) Schematic diagram of the RIP experiment. (E) RIP-qPCR
analysis of circPDE3B directly binding to the NF-kB protein.
(F) Agarose gel electrophoresis of the RIP-qPCR products
of circPDE3B directly bound to the NF-kB protein. (G) RIP-
gPCR analysis of circPDE3B directly bound to the STAT3 pro-
tein. (H) Agarose gel electrophoresis results of the RIP-qPCR
products of circPDE3B directly bound to the STAT3 protein.
(I) Western blotting analysis of NF-kB and STAT3 protein
expression after the silencing and overexpression of circP-
DE3B. (J-K) Statistical analysis of western blotting of NF-kB
protein and STAT3 protein expression. (L) Western blotting
analysis of NF-kB and STAT3 protein expression in the PO,
P20, P40 and P80 generations during the NaAsO,-induced
malignant conversion of SV-HUC-1 cells. (M-N) Statistical
analysis of NF-xB and STAT3 protein expression during the
NaAsO,-induced malignant transformation of SV-HUC-1 cells
as determined by western blotting. The values are presented
as means +SDs, and each experiment was performed at least
three times. *, p < 0.05

and we discovered that NF-xB and STAT3 can jointly
regulate the transcription of HIF-la and CCND2
(Fig. 6A). According to the previous KEGG pathway
enrichment analysis, circPDE3B is also related to the
HIF-1a pathway. Numerous studies have shown that
NF-kB and STAT3 can cotranscriptionally regulate
HIF-1a expression and affect the protein expression of
P21 and Bcl2 to regulate cell proliferation and apop-
tosis (Jin et al. 2022; Lee et al. 2022; Li et al. 2022a;
Nguyen et al. 2023). Therefore, we selected HIF-1a as
a downstream target gene for mechanism exploration.
After circPDE3B was silenced or overexpressed in SV-
HUC-1 cells, HIF-1a mRNA expression was measured
via qPCR experiment. When circPDE3B was silenced,
the expression of HIF-1aa mRNA decreased, and when
circPDE3B was overexpressed, HIF-1a mRNA expres-
sion increased (Fig. 6B); these results were consist-
ent with the western blotting results of HIF-1a protein
expression, indicating that circPDE3B positively regu-
lates HIF-1a (Fig. 6C and D). According to previous
studies, circPDE3B can affect SV-HUC-1 cell prolif-
eration and apoptosis. Therefore, after stably silencing
and overexpressing circPDE3B, we measured changes
in HIF-1oo downstream proteins P21 and Bcl2, which
are associated with proliferation and apoptosis, by west-
ern blotting. The results showed that circPDE3B nega-
tively regulated P21 protein expression and positively

regulated Bcl2 protein expression (Fig. 6C-F). With
increasing duration of NaAsO, exposure, the expres-
sion level of circPDE3B also enhanced. To explore the
changes in the protein expression levels of HIF-1a, P21
and Bcl2 during the NaAsO,-induced malignant trans-
formation of SV-HUC-1 cells, western blotting experi-
ments were used to measure the protein expression of
HIF-1a, P21 and Bcl2 in PO, P20, P40 and P80 cells
during the arsenic-induced malignant transformation of
SV-HUC-I cells. The results revealed that with increas-
ing arsenic exposure, the protein expression of HIF-1a
and Bcl2 increased, whereas the protein expression of
P21 decreased, which was consistent with previous
experimental results (Fig. 6G-J). Soft agar colony for-
mation assays with stably circPDE3B-overexpressing
SV-HUC-1 cells that were continuously treated with
arsenic for 40 generations revealed that circPDE3B
accelerated the NaAsO,-induced malignant transfor-
mation of SV-HUC-1 cells (Fig. 6K and Supplemen-
tary Fig. 1B). These experiments show that circPDE3B
increases the proliferation and inhibits the apoptosis
of SV-HUC-1 cells induced by NaAsO, by positively
regulating HIF-1a, thereby accelerating the malignant
transformation of SV-HUC-1 cells.

circPDE3B promotes the NaAsO,-induced malignant
transformation of SV-HUC-1 cells through the
HIF-1a signalling pathway

To explore whether circPDE3B affects cell prolifera-
tion and apoptosis via modulation of the HIF-1a sig-
nalling pathway, we designed a rescue experiment.
We constructed a HIF-la overexpression plasmid,
and we measured HIF-la overexpression efficiency
by qPCR (Supplementary Fig. 1A). HIF-1a was over-
expressed in cells in which circPDE3B was silenced,
and cell viability was assessed using a CCK-8 assay.
It was shown that the decrease in cell viability caused
by circPDE3B silencing was reversed after HIF-1a
was overexpressed (Fig. 7A). The EdU assay was
employed to assess cell proliferation, and the results
revealed that the decrease in cell proliferation abil-
ity caused by circPDE3B silencing was reversed after
HIF-1a was overexpressed (Fig. 7B and Supplemen-
tary Fig. 1C). Apoptosis was measured with flow
cytometry, and the findings indicated that overexpress-
ing HIF-1a counteracted the reduction in resistance to
apoptosis caused by circPDE3B silencing (Fig. 7C and
Supplementary Fig. 1D). Western blotting was carried
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Fig. 6 circPDE3B regulates HIF-la expression through

NF-xB and STAT3. (A) Venn diagram for prediction of down-
stream transcriptional regulatory target genes of STAT3 and
NF-xB proteins. (B) HIF-1a mRNA expression was measured
by qPCR after stable silencing and overexpressing circPDE3B.
(C) HIF-1a protein, P21 protein and Bcl2 protein expres-
sion was measured by western blotting after stable silencing
and overexpressing circPDE3B. (D-F) Statistical analysis
of western blotting analysis of HIF-la protein, P21 protein
and Bcl2 protein expression. (G) Western blotting analysis of
HIF-1a, Bel2 and P21 protein expression in the PO, P20, P40

NC H
circPDE3B shRNA1 3.0
circPDE3B shRNA2 c
vector O 25 *
circPDE3B OE * 3
o O 2.0
S .,
X L 1.5
z I
20 101
=1
©
= © 0.5
4
0.0-
PO P20 P40 P80
K
As-P40
8
[
* g
* w %
* oM TR
ol ;
© L
&
Q
Qo
5 S
- E

P20 P40 P80
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Fig.7 circPDE3B promotes the NaAsO,-induced malignant cytometry was used to analyse cell apoptosis after circPDE3B
transformation of SV-HUC-1 cells through the HIF-la sig- was silenced and the HIF-la was overexpressed. (D) West-
nalling pathway. (A) CCK-8 assay to determine the viability ern blotting analysis of P21 and Bcl2 protein expression after
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out to measure the changes in the P21 and Bcl2 pro- by circPDE3B silencing (Fig. 7D and Supplementary
teins expression associated with cell proliferation and Fig. 1E and F). These findings suggest that circPDE3B
apoptosis. It was showed the overexpression of HIF-1a modulates the HIF-la signalling pathway, increases
reversed the trend of increased P21 protein expres- cell proliferation, decreases cell apoptosis, promotes
sion and decreased Bcl2 protein expression caused the malignant transformation of SV-HUC-1 cells
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triggered via NaAsO,, and ultimately leads to bladder
carcinogenesis (Fig. 8).

Discussion

In this study, SV-HUC-1 cells were persistently
exposed to treatment with low-dose sodium arsenite,
and we successfully founded an cell model of transfor-
mation triggered via arsenic. We found that circPDE3B
expression gradually increased with increasing arsenic
exposure, which revealed the molecular mechanism by
which circPDE3B targets STAT3 and NF-«xB, decreases
their ubiquitination, increases their expression, and then
accelerates the malignant transformation of human
bladder epithelial cells triggered via arsenic exposure.

Long-term exposure to environmental pollutants has
been shown to be one of the leading causes of cancer.
Arsenic is a common environmental pollutant that can
lead to bladder cancer. The contamination of drinking
water by arsenic is the main route of arsenic exposure.
Arsenic is mainly present in water bodies in the form
of iAs(IIl) and iAs(V), but iAs(III) is more toxic and
prevalent than iAs(V) (Oremland and Stolz 2003).
Therefore, we chose continuously expose human blad-
der epithelial cells to NaAsO,. To simulate an environ-
ment of chronic arsenic exposure and determine the
appropriate conditions for arsenic exposure, we used
different time points as well as concentrations, and we
found that exposure to arsenic at 0.5 pM for 48 h sig-
nificantly increased cell viability as shown by a CCK-8
assay; therefore, we chose to culture the cells under
these conditions of sustained exposure, and we suc-
cessfully established a model of the chronic arsenic-
triggered malignant transformation of human bladder
epithelial cells in the 80th generation. Since it is a long
and complex process from early arsenic exposure to
bladder carcinogenesis in humans, we hope to find an
effective biomarker that can both elucidate the mecha-
nism underlying arsenic-induced bladder carcinogen-
esis and serve as a diagnostic and therapeutic target
during the disease process.

circRNAs have a stable, closed-loop structure,
and their expression is affected by exogenous fac-
tors in the organism; thus, circRNA molecules have
the potential to be used as early diagnostic markers
of arsenic-induced bladder carcinogenesis. We used
human bladder epithelial cells as the control group
and bladder cancer cells as the experimental group,

@ Springer

and we screened for significant differences in the
expression of circPDE3B. qPCR experiment showed
that the longer the arsenic exposure, the higher the
expression of circPDE3B. Through a series of func-
tional experiments, we found that circPDE3B pro-
moted cell proliferation, prevented cell apoptosis, and
expedited the arsenic-induced malignant transfor-
mation of human bladder epithelial cells. It has been
reported that circRNAs can regulate arsenic-induced
cancers. For example, circ100284 accelerates the cell
cycle to promote the development of skin cancer (Xue
et al. 2017); circLRP6 regulates the epithelial—mes-
enchymal transition occurring in the malignant trans-
formation of human keratinocytes (Xue et al. 2018);
and circ008913 acts as a miR-889 sponge that adsorbs
DAB2IP and participates in the gain of arsenite CSC-
like features that ultimately lead to cell malignant
mutation (Xiao et al. 2018). We performed KEGG
analysis of circPDE3B to identify signalling pathways
that may be regulated by circPDE3B. circPDE3B
was found to be significantly enriched in the cancer-
related JAK-STAT pathway as well as the NF-xB
pathway. RIP assays revealed that circPDE3B could
directly bind to STAT3 and NF-«B. STAT3 is usually
continuously activated in tumour cells, and activated
STAT3 can dimerize and subsequently translocate to
the nucleus and mitochondria, where it plays roles in
transcriptional regulation and the induction of genes
associated with tumorigenesis (Gough et al. 2009; Ma
et al. 2020; Sun et al. 2023). NF-xB normally binds
to IkB proteins in the cytoplasm and remains in an
inactivated state. When cells are exogenously stimu-
lated, the IxB protein is degraded, and NF-xB is freed
and moved to the nucleus, where it plays a role in
transcriptional regulation (Guo et al. 2024; Liu et al.
2015). Both STAT3 and NF-«xB are reported as acti-
vated in several malignant tumours and are involved in
tumour development (Yin et al. 2021; You et al. 2023;
Zhang et al. 2022; Zhou et al. 2021). Given the impor-
tant roles of these two proteins in cancer development,
an increasing number of studies have explored these
two proteins in depth; among these studies, some
have shown interactions between STAT3 and NF-kB.
For example, NF-xB can transcriptionally activate
IL-6, and IL-6, which is upstream regulatory fac-
tors of STAT3, can promote the sustained activation
of STAT3 (Libermann and Baltimore 1990); STAT3
enhances p300-mediated RELA acetylation, prolongs
the retention of RELA in the nucleus, and ensures
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sustained activation of NF-kB (Lee et al. 2009). We
found that circPDE3B could regulate the levels of
STAT3 and NF-xB ubiquitination, significantly alter-
ing their expression. This coregulation of STAT3 and
NF-kB strengthens their interactions during carcino-
genesis and promotes cancer development. Despite
the progress we have made in our study, shortcomings
remain. Notably, STAT3 and NF-«xB act as transcrip-
tion factors, and their activation involves alterations in
phosphorylation; however, our study focused on the
level of ubiquitination of these factors and changes
in their expression. In the future, we will explore in
depth how circPDE3B regulates STAT3 and NF-«xB to
more comprehensively understand the key molecular
mechanisms underlying carcinogenesis and to clarify
the critical function of circPDE3B in tumour.

Given that STAT3 and NF-kB can be activated and
function in coordination with each other in a variety of
malignant tumours (He et al. 2022; Zhong et al. 2022),
we screened the target genes HIF-la and CCNK2,
which are regulated by both STAT3 and NF-kB, via the
TRRUST database (https://www.grnpedia.org/trrust/).
HIF-1a plays a key role in tumorigenesis and devel-
opment as a downstream target of STAT3 and NF-kB,
so we selected HIF-1a as a downstream target gene
for further in-depth study. Using a RT—qPCR assay,
we found that circPDE3B could regulate the HIF-1a
mRNA levels, suggesting that STAT3 and NF-xB may
act as transcriptional regulators that coregulate HIF-1a
transcription, which is consistent with previously
reported findings (Jin et al. 2022; Maimaitiaili et al.
2023; Pawlus et al. 2014; Rius et al. 2008). The specific
protein-binding motifs on circRNAs can act as protein
decoys, scaffolds and recruiters to enhance interactions
between molecules and thus regulate the expression of
target genes. Therefore, whether circPDE3B can bind to
HIF-1a and act as a scaffold between STAT3 or NF-xB
and HIF-1a in order to increase the binding of proteins
to DNA and promote HIF-1a transcription will be fur-
ther studied in subsequent studies. In summary, our
study elucidated the mechanism by which the key regu-
lator circPDE3B functions in arsenic-induced bladder
carcinogenesis, providing a new perspective for the pre-
vention of arsenic-induced bladder carcinogenesis and
the development of early diagnostic methods.
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