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Abstract

A growing body of evidence shows that circular RNAs (circRNAs) participate in tumor growth and metastasis and also
play crucial roles in the treatment and prognosis of various cancers. In this article, we identified a novel circRNA, circSOBP
(has_circ_0001633), based on the results of high-throughput RNA sequencing, and its expression was subsequently validated
via quantitative reverse transcription polymerase chain reaction in bladder cancer (BCa) tissues and cell lines. The association
between circSOBP expression and the clinicopathologic features and prognosis of 56 recruited BCa patients was then
analyzed, and the biological roles of circSOBP were assessed by in vitro cloning formation, wound healing, transwell, CCK-8,
and in vivo xenograft mouse models. Next, the competitive endogenous RNA mechanism was explored through fluorescence
in situ hybridization, RNA pull-down, luciferase reporter, bioinformatics analysis, and rescue experiments. Western blot
and immunohistochemistry detected the expression of downstream mRNA, and we were able to determine that circSOBP
was downregulated in BCa tissues and cell lines and that lower circSOBP expression was associated with more advanced
pathological stage, larger tumor size, and poorer overall survival with BCa patients. Overexpressed circSOBP suppressed
cell proliferation, migration, and invasion both in vitro and in vivo. Mechanistically, competitive interactions between circSOBP
and miR-200a-3p enhanced target gene PTEN expression. In addition, we found a significant correlation between higher
expression of circSOBP in BCa patients after immunotherapy than before and a better treatment outcome, indicating that
circSOBP might regulate the programmed death |/programmed death ligand | pathway. Overall, circSOBP inhibits BCa
tumorigenesis and metastasis by a novel miR-200a-3p/PTEN axis, which makes it an excellent biomarker and therapeutic
target for treating BCa.
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BCa development and progression in the hopes of potentially
identifying promising new therapeutic targets.

Circular RNAs (circRNAs) are a kind of noncoding
RNAs that are produced by connecting the terminal 5" and 3’
ends of RNAs through alternative back-splicing®. circRNAs
are widespread in eukaryotic cells and are usually highly
conserved and stably expressed across species*. Currently,
with the development of next-generation throughput
sequencing techniques, mounting evidence shows that
abnormal circRNA expression is closely associated with the
pathogenesis of various malignant tumors and conduces
essential effects in the regulation of gene expression, cell
proliferation, migration, invasion, apoptosis, and cell cycle
progression>®. circRNAs have several biological properties,
but their “miRNA sponge” property is the main regulatory
mechanism due to the presence of microRNA (miRNA)-
binding sites. circRNAs can also operate as competitive
endogenous RNAs (ceRNAs) to bind miRNA for modera-
tion of the expression of target genes (circRNA/miRNA/
mRNA axis)’. In addition, circRNAs have recently been
found to regulate the programmed death 1 (PD-1)/pro-
grammed death ligand 1 (PD-L1) pathway, meaning that
they thus also participate in the body’s immune response
and in immunotherapy®!°. Taken together, circRNAs have
many properties of superior molecular biomarkers and ther-
apeutic targets.

We identified 87 remarkably differentially expressed cir-
cRNAs using RNA sequencing from five pairs of BCa
patients and their adjacent tissues in our research group'!,
including the top 40 upregulated and 47 downregulated cir-
cRNAs. Among them, circSOBP was the most downregu-
lated in BCa tissues and cell lines and exerted the greatest
tumor-suppressive function on BCa proliferation and metas-
tasis by sponging miR-200a-3p to regulate the expression
PTEN protein. Clinically, we found that low-expressed circ-
SOBP was positively correlated with earlier pathological
stage, smaller tumor size, and better prognosis. Moreover,
we also discovered a positive correlation between changes in
circSOBP expression in BCa patients before/after immuno-
therapy and outcome of treatment, indicating that circSOBP
might regulate the PD-1/PD-L1 pathway, meaning that it
participates in the body’s immune response and in immuno-
therapy. Our findings shed new light on the role of circSOBP
in BCa development.

Materials and Methods

Clinical Tissue Specimens

The 61 pairs of BCa tissues and matched adjacent normal
urothelial (MANU) tissues including five pairs of samples
for RNA sequencing (RNA-Seq) that were used in this study
were obtained at the Second Hospital of Tianjin Medical
University from October 2020 to October 2021. All patients

underwent robot-assisted or laparoscopic radical resection
for BCa, and they did not receive any preoperative chemo-
therapy, radiotherapy, or immunotherapy. In addition, 23
BCa patients performed immunotherapy combined with
albumin-paclitaxel, and tumor samples were obtained to con-
duct transcriptome sequencing before and after treatment.
These fresh tissues were immediately frozen in liquid nitro-
gen after surgical removal and stored at —80°C. This study
was approved and authorized by the Ethics Committee of the
Second Hospital of Tianjin Medical University, and each
patient signed written informed consent forms. In addition,
RNA-seq data of 433 BCa tissues, miRNA-seq data of 437
BCa tissues, data on 19 adjacent normal tissues, and data on
9 GTEx for BCa were also downloaded from The Cancer
Genome Atlas (TCGA, https://portal.gdc.cancer.gov)
database.

Cell Cultures

Human cell lines T24, EJ, 253]J, and 5637 and the immortal-
ized normal uroepithelium cell line SV-HUC-1 came from
our laboratory (Key Laboratory of Urology, Second Hospital
of Tianjin Medical University). Among them, T24 was culti-
vated in McCoy’s 5A medium (BIOIND, Kibbutz Beit
Haemek, Israel), EJ was maintained in FI2K medium
(BOSTER, Wuhan, China), and 253J and 5637 were fostered
in RPMI 1640 medium (BIOIND). All media were comple-
mented with 10% fetal bovine serum (FBS) and 1% penicil-
lin-streptomycin, and all cell lines were cultured in a
humidified incubator at 37°C with 5% CO,.

Nucleic Acid Purification and qRT-PCR

Total RNA and genomic DNA were extracted from the tissues
and cells using an HP Total RNA Kit (Omega Bio-Tek,
Norcross, GA, USA) and Tissue DNA Kit (Omega Bio-Tek),
respectively. miRNA was extracted using an miRNA isolation
Kit (R6842-01; Omega Bio-Tek), and total RNA and miRNA
were reverse-transcribed into complementary DNA (cDNA)
with a RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher, Waltham, MA, USA) and an mir-X™ miRNA First-
Strand Synthesis Kit (Takara, Tokyo, Japan), respectively.
Real-time quantitative polymerase chain reaction (QRT-PCR)
and the 2-24¢T method were used to analyze the relative gene
expression data. qRT-PCR was performed on a Quantagene
q225 system (Kubo Tech, Beijing, China) using TOROGreen
gqPCR Master Mix (Toroivd, shanghai, China), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was used as
internal reference to measure the expression level of circRNA
and mRNA. U6 snRNA was used for miRNA. The forward
primers of all miRNAs were designed by adding the Poly (A)
tail method and the universal reverse primer supported by
Sangon Biotech (Shanghai, China). All other related primers
are shown in Supplemental Table S1.
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Cell Transfection

The lentiviruses of overexpressed and negative control circ-
SOBP were constructed by Hanbio Biotechnology (Shanghai,
China). Briefly, T24 and 253] cell lines were seeded into six-
well plates the day before transfection at 60% to 70% conflu-
ency. Cell transfections were then implemented according to
the manufacturer’s instructions, and we placed them into
their respective normal media after 8 h of infection. Stable
expression cells were then selected in a medium containing
puromycin 4 pg/ml (10mg/ml; Biosharp, Hefei, China).
Finally, the transfection efficiency was validated through cell
fluorescence and qRT-PCR.

CCK-8 Assay and Cloning Formation Assay

The transfected T24 and 253J cells were plated in 96-well
plates at a density of 1,500 cells per well after cell counting.
At 0-, 24-, 48-, 72-, and 96-h time points after seeding, the
cells were treated with 10 pl of Cell Counting Kit-8 solu-
tion (CCK-8; BOSTER) + 90 pl of serum-free medium and
incubated at 37°C for 2 h. Cell proliferation capability was
then evaluated through the detection of light absorbance at
450 nm of each well. For cloning formation assay, 400
post-transfection cells were seeded into six-well plates and
added into 1640/McCoy’s 5SA medium containing 10%
FBS. After 7 days, the old medium was replaced with new,
and after 2 weeks, cell fixation was performed in 4% para-
formaldehyde (PFA) for 30 min, and the samples were
stained with 0.1% crystal violet for 10 min prior to imaging
and quantification.

Wound-Healing Assay

Different groups of transfected cells were planted in six-well
plates and grew until 100%. Then, a straight wound in the
cell layer was drawn in three different positions using sterile
200 pl pipette tips that had been washed gently two to three
times with phosphate-buffered saline (PBS), and the cells
were then cultured in serum-free medium. The cell migration
images were photographed at 0 and 12 h after scratching
using an optical microscope.

Transwell Assay

Transwell chambers of 8-pum pore size polycarbonate mem-
brane (SORFA, Beijing, China) and Matrigel (BD BioCoat,
CA, USA) were used for various assays. For migration assay,
1.5 X 10* cells were suspended in 200 ul of serum-free
medium and seeded into upper chambers. However, for inva-
sion assay, the upper chambers were coated with 50 pl of
Matrigel. A total of 800 pl medium containing 20% FBS was
placed into the lower chambers. Following an incubation
period (24 h), the cells that had migrated onto the lower

membrane surface were fixed with PFA and stained with
crystal violet solution. We then randomly selected three
fields to photograph and counted the number of cells using
Image J.

RNA Fluorescence In Situ Hybridization

RNA fluorescence in situ hybridization (RNA FISH) assay
was applied to identify the subcellular location of circSOBP
and miR-200a-3p in BCa cells and BCa tissues. A FISH Kit
was purchased from GenePharma (Shanghai, China).
Following the manufacturer’s instructions, cell climbing
piece and tissue paraffin sections were hybridized with spe-
cific Cy3-labeled circSOBP probes and a Cy5-labeled miR-
200a-3p probe (GenePharma) at 37°C away from light
overnight (12—16 h). The cell nuclei were then stained with
4'6-diamidino-2-phenylindole (DAPI), and all images were
captured by a fluorescence inverted microscope (Olympus,
Tokyo, Japan). The probe sequences are presented in
Supplemental Table S2.

Actinomycin D Assay

Cells (50 X 10%) were seeded into six-well plates for 24 h and
treated with actinomycin D (2 pg/ml) to disturb the transcrip-
tional process. Total RNA was then extracted at five time
points (0, 4, 8, 12, and 24 h) for qRT-PCR analysis.

Dual-Luciferase Reporter Assay

We seeded HEK-293T cells (10 X 10%well) in 24-well
plates and grew them until 60%—70%. Then, the cells were
cotransfected with wide/mute-type circSOBP or PTEN 3'-
UTR (untranslated region) report plasmid that had been syn-
thesized and cloned into pSI-Check2 vector and miRNA
mimics (Hanbio). After 48 h of transfection, firefly and
Renilla luciferase activity were measured using the Dual-
Luciferase Reporter Assay System (E1910; Promega,
Madison, WI, USA) and GloMax 20/20 luminometer
(Promega). miRNA sequences are listed in Supplemental
Table S3.

RNA Pull-Down Assay

For RNA pull-down assay, cells were lysed with RIPA lysis
buffer (BL504A; Biosharp) and then heat-denatured. Next,
biotinylated circSOBP probe and Oligo probe (GenePharma)
were added to the cell lysates and hybridized overnight at
4°C. Streptavidin magnetic beads were then added as well
and incubated at room temperature for 2 h to generate
probe-coated bead pull-down for enrichment. The magnetic
beads were then washed, and total RNA and miRNAs
were extracted and analyzed by qRT-PCR (Supplemental
Table S4).
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Western Blot Analysis

Proteins were extracted for Western blot analysis using
RIPA lysis buffer and were quantified using a bicinchoninic
acid (BCA) kit (Thermo Fisher). To accomplish this, equal
amounts of proteins were electrophoresed by 10% SDS-
PAGE (sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis) and transferred onto polyvinylidene difluoride
membranes. After blocking for 1 h with 5% skim milk pow-
der at room temperature, the membranes were incubated
overnight at 4°C with primary antibodies specific for PTEN
(1:1,000; BOSTER) and GAPDH (1:5,000; BOSTER). The
membranes were then incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody for 1 h, and the
bands were visualized using ImmobilonTM Western
Chemiluminescent HRP Substrate (Millipore, Billerica,
MA, USA).

Tumor Xenografts and Metastasis Models

Four-week-old balb/c male nude mice were purchased from
SPF Biotechnology (Beijing, China), and all animal experi-
ments were approved by the animal ethics committee of the
Second Hospital of Tianjin Medical University. For subcuta-
neous tumor formation assays, 10 mice were randomly
divided into two groups (n = 5 for each group). T24 cell
suspension that had been stably transfected with circSOBP
and control lentivirus was prepared at a density of 200 X
104100 pl, mixed with 100 pl of Matrigel, and subsequently
injected into the region of the axilla. Tumors were measured
on alternate days by caliper, and ultimate tumor volume was
recorded (volume=(width)? X length/2). The mice were
euthanized 4 weeks later and the tumors were weighed after
harvesting for hematoxylin and eosin (HE) staining and
immunohistochemistry (IHC) analysis. For metastasis
assays, T24-luc cells stably transfected with circSOBP and
control lentivirus were prepared at a density of 1 X 10°/100
ul, and 100-pl cells suspensions were intravenously injected
into the tail veins of the nude mice (n = 5 for each group).
We then conducted bioluminescence imaging after 6 weeks.
Finally, the lungs of these nude mice were excised postmor-
tem for HE staining.

Statistical Analysis

All measurements were expressed as mean * standard devia-
tion (SD) from at least three independent experiments.
GraphPad prism 9.0 software and R version 3.6.3 R were
used to conduct all statistical analyses. Student # tests and >
tests (depending on the data type) were used to calculate the
statistical differences between groups. Survival analysis was
performed using Kaplan-Meier (KM) survival curve analysis
with a log-rank test. Differences were said to be statistically
significant as indicated by the following: *P < 0.05, **P <
0.01, and ***P < 0.001.

Results

circSOBP Is Downregulated in BCa and Closely
Associated With Clinicopathological Features

To select BCa-related circRNAs, five pairs of fresh frozen
BCa tissues and adjacent normal tissues underwent RNA-seq
of the entire transcriptome by our team!!l. Differently
expressed circRNAs were identified under the criteria
of|[Log2FC|=2 and P value <0.05, and are shown in a heat-
map (Fig. 1A, Supplemental Table S5). Among these down-
regulated circRNAs, circSOBP showed obviously lower
expression (logFC = —4.114966, P = 0.023934) in BCa tis-
sues compared with paracarcinoma tissues, but the detailed
biological function of circSOBP has not been studied and
reported in BCa previously. Thus, circSOBP was chosen for
further examination.

According to the circBank database (http://www.circbank.
cn/) annotation, circSOBP (circbase ID: hsa_circ_0001633)
stems from exon 2 and exon 3 of its host gene (SOBP), which
is located on human 6q21, chr6:107824860-107827631, and
its circular transcript length is 325 nt. The total sequence and
gPCR product of circSOBP in agarose gel electrophoresis are
presented in Supplemental Figure S1. circSOBP’s head-to-
tail splicing was confirmed by Sanger sequencing (Fig. 1B),
and we also designed divergent and convergent primers to
demonstrate the head-to-tail splicing of circSOBP rather than
trans-splicing or genomic rearrangements.

Agarose gel electrophoresis results showed that circSOBP
was only detected in cDNA but not in genomic DNA (gDNA).
In addition, the circular isoform of circSOBP was resistant to
RNaseR (aprocessive 3'to 5’ exoribonuclease). Nevertheless,
the linear transcript was easily digested (Fig. 1C). To check
the stability of circSOBP, T24 and 253J cells were treated by
actinomycin D (an inhibitor of RNA synthesis), and qRT-
PCR showed that the expression of circSOBP hardly changed
but that SOBP linear RNA had obviously degraded within 48
h (Fig. 1D). Due to circRNAs’ lack of 3" polyadenylated tail
structure, total RNA was reversed into cDNA using oligo dT
primers and random primers, and the targeted fragment of
circSOBP was amplified by qRT-PCR (Fig. 1E). The results
indicated that circSOBP is a highly stable circRNA.
Furthermore, the subcellular location of circSOBP was ana-
lyzed with RNA FISH and nucleus-cytoplasmic fractionation
assays, and these results illustrated the prominent cytoplas-
mic localization of circSOBP in BCa cells. In addition, the
expression of circSOBP in carcinoma tissues was lower than
in adjacent normal tissues (Fig. 1F, G).

Next, circSOBP expression was detected in tissue speci-
mens and BCa cell lines, where qRT-PCR revealed that circ-
SOBP expression was significantly lower in BCa tissues
(Fig. 1H) and BC cells (Fig. 1I) than in paracarcinoma tis-
sues and immortalized normal uroepithelium cells, which
was consistent with the RNA-seq results. Among 56 paired
specimens, 7.14% (4/56) were found not to be statistically
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Figure 1. The validation and characteristics of circSOBP in BCa tissues and cells. (A) The heatmap plots demonstrated the dysregulated
circRNAs in five pairs of BCa tissues and corresponding adjacent normal tissues. Red represents upregulated and green downregulated.
(B) The SOBP gene and circSOBP genomic regions. Sanger sequencing demonstrated head-to-hail splicing. (C) The PCR products of
circSOBP and linear SOBP were tested by gel electrophoresis. CircSOBP could only be amplified from cDNA, not gDNA using divergent
primers. The expression of circSOBP and SOBP mRNA was measured by qRT-PCR with or without RNase R. (D) qRT-PCR analysis of
circSOBP and SOBP mRNA after treatment with actinomycin D at the indicated time points. (E) qRT-PCR analysis of circSOBP in the
reverse transcription products using random primers or oligo dT primers. (F) FISH confirmed that circSOBP was predominantly located in
cytoplasm both in BC cells and in tissues (red). Nuclei were stained with DAPI (blue). (G) Nuclear and cytoplasmic fraction assay further
confirmed the same result. (H) qRT-PCR analysis of circSOBP in 56 paired BCa and adjacent noncancerous tissue. (I) qRT-PCR analysis of
circSOBP in BC cell lines and normal urothelial epithelium. (J) The percentage of upregulated or downregulated expression of circSOBP in
56 BCa patients. (K) The ROC curve for distinguishing BCa and ANP tissues based on circSOBP expression. (L) Patients with BCa were
divided into two groups according to the median level of circSOBP expression. Overall survival was assessed by the Kaplan-Meier method
with the log-rank test. BCa: blood cancer; PCR: polymerase chain reaction; FISH: fluorescence in situ hybridization; DAPI: 4'6-diamidino-2-
phenylindole; ROC: receiver operating characteristic; AUC: area under the curve; qRT-PCR: quantitative reverse transcription polymerase
chain reaction; cDNA: complementary DNA; gDNA: genomic DNA; circRNA: circular RNA; ANP: adjacent normal paracancerous.
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Table 1. Correlations Between circSOBP Expression and Clinicopathological Characteristics in BCa.

circSOBP expression

Parameter Case Low (28) High (28) P value

Gender 1.000
Female 7 3 (5.4%) 4 (7.1%)
Male 49 25 (44.6%) 24 (42.9%)

Age 0.469
<60 9 3 (5.4%) 6 (10.7%)
=60 47 25 (44.6%) 22 (39.3%)

Tumor size 0.015*
<3cm 24 7 (12.5%) 17 (30.4%)
=3cm 32 21 (37.5%) I (19.6%)

Pathology stage 0.007*
pTa-pTI 31 10 (17.9%) 21 (37.5%)
pT2-pT4 25 18 (32.1%) 7(12.5%)

Grade, n (%) 0.491
Low 2 2 (3.6%) 0 (0%)
high 54 26 (46.4%) 28 (50%)

Lymphatic metastasis status 0.329
NO 44 24 (42.9%) 20 (35.7%)
NI 12 4(7.1%) 8 (14.3%)

Distant metastasis status 1.000
MO 55 28 (50%) 27 (48.2%)
M | 0 (0%) I (1.8%)

BCa: bladder cancer.
*P < 0.05.

different (P > 0.05), and 12.5% (7/56) showed a contrary
tendency (Fig. 1J). In addition, the receiver operating charac-
teristic (ROC) curve was also constructed to evaluate the dif-
ferent circSOBP expression between BCa and normal tissues.
The area under the curve (AUC) was 0.792 (sensitivity =
0.929, 1 — specificity = 0.429) (Fig. 1K), indicating that
circSOBP may be an excellent diagnostic biomarker.

We also collected the detailed clinicopathologic parameters
of the BCa patients and classified them into relatively low-
and high-circSOBP expression groups based on the median
expression of circSOBP. As shown in Table 1, elevated circ-
SOBP expression was positively associated with tumor size
and pathology stage. Further, Kaplan-Meier survival curves
suggested that higher circSOBP expression predicted longer
patients’ overall survival (Fig. 1L). Briefly, the above results
imply that circSOBP is a tumor suppressor in BCa and that
higher expression of circSOBP predicts a better prognosis.

circSOBP Inhibits the Proliferation, Migration, and
Invasion of BCa In Vitro

Gain-of-function and loss-of function methods were used to
explore the possible biological function of circSOBP in
BCa, and to do this, circSOBP overexpression lentivirus and
circSOBP-si vectors were constructed and transfected in
T24 and 253J cells, respectively. The overexpression and
knockdown efficiency of circSOBP were then detected via

qRT-PCR, where we found that the expression of circSOBP
was remarkably increased or decreased, respectively (Fig.
2A, B). We also observed that SOBP mRNA was downregu-
lated in our RNA-seq data (Fig. S2A), whereas SOBP
mRNA expression was unaltered with a change in circSOBP
(Fig. 2C, D), which excludes any potential effect of SOBP
mRNA on the biological functions of BCa. The CCK-8 and
colony formation assays showed that the overexpression of
circSOBP remarkably suppressed the proliferation capabil-
ity of BCa cells as well (Fig. 2E, F). Accordingly, wound-
healing and transwell assays showed that the ability of
migration invasion of BCa cells was significantly inhibited
after circSOBP overexpression (Fig. 2G, H), and circSOBP
knockdown restrained the above phenotypes (Fig. S2B-E).

circSOBP Functions as an miRNA Sponge for
miR-200a-3p

One of the main functions of circRNAs is to sponge miR-
NAs. Due to the cytoplasmic localization of circSOBP, it
occupies the same space with miRNAs. We thus speculate
that circSOBP may perform miRNA sponge functions. To
test this, circRNA-miRNA interactions were predicted by
bioinformatics analysis on circBank (http://www.circbank.
cn/index.html), CircInteractome (https://circinteractome.nia.
nih.gov), and RNAhybrid (https://bibiserv.cebitec.uni-biele-
feld.de/rnahybrid/) databases, and six candidate miRNAs
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Figure 2. Overexpression of circSOBP suppresses BCa cell proliferation, migration, and invasion in vitro. (A, B) The verification of
circSOBP overexpression and knockdown efficiency via qRT-PCR. (C, D) qRT-PCR analysis of SOBP mRNA in BCa cells after circSOBP
was overexpression or knockdown. (E, F) Effect of circSOBP overexpression on the proliferative capacity of BCa cells by CCK-8 and
colony formation assays. (G, H) Effect of circSOBP overexpression on migration and invasion abilities of BCa cells by wound-healing
and transwell assays. BCa: bladder cancer; qRT-PCR: real-time quantitative polymerase chain reaction; PCR: polymerase chain reaction;
CCK-8: Cell Counting Kit-8; NC: negative control.
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Figure 3. circSOBP serves as an miR-200a-3p sponge in BCa cells. (A) Six potential target miRNAs of circSOBP were predicted

by circBank, circinteractome, and RNAhybrid. (B) Relative expression levels of six miRNAs in T24 and 253] lysates pulled down by
biotinylated circSOBP probe or oligo probe. (C, D) Dual-luciferase reporter assay in HEK-293T cell was used to analyze the direct
interaction between circSOBP and six predicted miRNAs. (E) Sequence alignment of miR-200a-3p with circSOBP wild-type and mutated
plasmid. (F) The colocalization between circSOBP and miR-200a-3p was shown by FISH in 253 cells. Nuclei were stained with DAPI. (G)
The secondary structure of circSOBP was predicted by ViennaRNA Web Services, and the red region indicates binding sites with miR-

200a-3p. Minimum free energy (MFE) = —25.5. BCa: bladder cancer; m
4'6-diamidino-2-phenylindole; MUT: mutant-type; WT: wild-type.

(miR-31-5p, miR-138-5p, miR-186-5p, miR-200a-3p, miR-
580-3p, and miR-182-5p) were filtered (Fig. 3A). To validate
our findings, we performed a pull-down assay using a bioti-
nylated probe specific to circSOBP. Among the six candidate
miRNAs, only miR-200a-3p could be abundantly pulled
down by circSOBP probe in both T24 and 253]J cells (Fig. 3B).
Furthermore, dual-luciferase reporter assays were used to

iRNA: microRNA; FISH: fluorescence in situ hybridization; DAPI:

test whether these miRNAs directly target circSOBP. We
cotransfected circSOBP wild-type (WT) plasmid and miRNA
mimics in HEK-293T cells and found that miR-200a-3p
mimics decreased the luciferase activity remarkably but not
with the mutant-type (MUT) circSOBP vector (Fig. 3C, D).
The binding site between circSOBP and miR-200a-3p is
shown in Fig 3E.
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The RNA FISH assay indicated the presence the colocal-
ization of circSOBP and miR-200a-3p in 253J cells (Fig.
3F). Here, an interesting phenomenon was observed: we pre-
dicted the secondary structure of circSOBP on ViennaRNA
Web Services (http://rna.tbi.univie.ac.at) and found that the
predictive binding position of miR-200a-3p partly located in
the loop region of circSOBP demonstrated the minimum free
energy (MFE) compared with other miRNAs and indicated
lower base-pair probabilities of circSOBP itself but higher
base-pair probabilities with miRNAs (Fig. 3G). This is con-
sistent with our experimental results.

The Antitumor Effects of circSOBP Depends on
miR-200a-3p

Given the interaction between circSOBP and miR-200a-3p,
we next assessed the potential biological function of miR-
200a-3p in BCa. First, we analyzed the expression of miR-
200a-3p on the TCGA-BLCA RNA-seq database and found
that miR-200a-3p was significantly upregulated in BCa tis-
sues compared with normal tissues whether in paired or
unpaired samples (Fig. 4A). Then, we detected the expres-
sion level of miR-200a-3p by qRT-PCR in 32 pairs of the
same population of BCa patients and found that the expres-
sion of miR-200a-3p was also upregulated (Fig. 4B). The
same result for differential expression was further validated
in BCa cell lines via qRT-PCR (Fig. 4C). Furthermore,
Pearson correlation analysis on the expression of circSOBP
and miR-200a-3p in the same BCa cohort showed that they
were negatively correlated (r = —0.38, P = 0.0324)
(Fig. 4D), and increased expression of miR-200a-3p sub-
stantially accelerated T24 and 253J cell proliferation,
migration, and invasion compared with mimics in the nega-
tive control (NC) group (Fig. 4E-H).

However, the above phenotypes were also drastically
inhibited in T24 and 253]J cells transfected with miR-200a-3p
inhibitors (Supplemental Fig. S3A—D). These findings reveal
that miR-200a-3p is highly expressed in BCa and plays an
oncogenic role in BCa progression. To evaluate whether circ-
SOBP restrains the malignant phenotype of BCa cells by tar-
geting miR-200a-3p, rescue experiments were implemented
by cotransfecting circSOBP and miR-200a-3p mimics into
T24 and 253]J cells. After this, only the inhibitory abilities of
proliferation, migration, and invasion with the BCa cells
transfected with circSOBP alone were markedly reversed by
the cotransfected system with circSOBP and miR-200a-3p
mimics (Fig. SA-D). Jointly, these results demonstrate that
circSOBP suppresses the oncogenic phenotype of BCa cells,
at least to some degree, by sponging miR-200a-3p.

circSOBP Competitively Binds to miR-200a-3p as
a ceRNA to Upregulate PTEN Protein Expression

PTEN was identified as the downstream target gene of miR-
200a-3p from the following three pieces of evidence: (1) four

databases including miRWALK, starbase, Target gene, and
miRDB co-predicted that miR-200a-3p can target the 3'-
UTR of PTEN mRNA via bioinformatics analysis; (2) PTEN
protein was found to be downregulated in BCa tissues in a
previous study'?; (3) Spearman correlation analysis showed
that the expression level of PTEN was negatively correlated
with miR-200a-3p in BCa tissues according to TCGA data (r
= —0.329, P < 0.001) (Fig. 6A). Subsequently, we explored
the interaction between miR-200a-3p and PTEN mRNA 3'-
UTR by dual-luciferase reporter assay. Here, the above con-
clusion was supported by our results that miR-200a-3p could
bind to PTEN 3'-UTR (Fig. 6B). Furthermore, Western blot
showed that when BCa cells were cotransfected with circ-
SOBP lentivirus and miR-200a-3p mimics, PTEN protein
expression was considerably lower than when the cells were
transfected with circSOBP alone (Fig. 6C). These results
thus show that circSOBP can sponge miR-200a-3p and regu-
late PTEN expression to inhibit BCa development.

circSOBP Inhibits the Growth and Metastasis of
BCa Cells In Vivo

In our in vivo experiments, subcutaneous tumor formation
assays revealed that the circSOBP overexpression group had
an observably smaller growth rate of tumors and tumor
weights than controls (Fig. 6D, E). The results of HE and
IHC analysis are shown in Fig. 7A. In the overexpressed
circSOBP group, the expression of Ki67 and PTEN protein
was decreased and elevated, respectively. In addition, in
metastasis assays, live imaging of nude mice showed that
circSOBP overexpression demonstrated fewer metastatic
foci in the lungs of the treated mice than in the NC group.
The representative images are shown in Fig. 7B. Finally, HE
staining validated the fact that the number of metastatic foci
was also decreased in the lungs compared with the control
groups (Fig. 7C).

Changes in circSOBP Expression Positively
Correlate With the Response to Immunotherapy
Combined With Chemotherapy

Previous research suggests that there is an association bet-
ween circRNAs and immune checkpoint proteins such as
PD-1 and PD-L1. However, few relevant reports have focused
on BCa. To explore whether circSOBP expression is related
to immune response, whole-transcriptome sequencing of
tumor samples was performed in 23 BCa patients before and
after immunotherapy. The treatment option at our center was
tislelizumab 200 mg and albumin-paclitaxel 200 mg every 3
weeks for one cycle. After four therapy cycles, an efficacy
assessment was performed using enhanced computed tomog-
raphy and pathology examination, and all patients received
a disease response evaluation. There were five complete res-
ponses (CRs), eight pathological complete responses (pCRs),
four partial responses (PRs), one progressive disease (PD),
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Figure 4. miR-200a-3p promotes BCa cell proliferation, migration, and invasion in vitro. (A) The expression of miR-200a-3p in BCa
and normal tissues in TCGA database. (B) The expression of miR-200a-3p in the 32 pairs of the same BCa cohort. (C) The relative
expression of miR-200a-3p in BCa cell lines. (D) Pearson correlation analysis showed the connection between circSOBP and miR-
200a-3p expression in 32 pairs of the same population of BCa patients. (E, F) Effect of miR-200a-3p mimics on proliferative capacity of
BCa cells by CCK-8 and colony formation assays. (G, H) Effect of miR-200a-3p mimics on migration and invasion abilities of BCa cells
by wound healing and transwell assays. BCa: bladder cancer; TCGA: The Cancer Genome Atlas; CCK-8: Cell Counting Kit-8; BLCA:
bladder urothelial carcinoma; NC: negative control; SV-HUC-I: human ureteral immortalized cells.
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negative control.
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and five stable diseases (SDs). The detailed results are shown
in Table S6. In the responder group (CR + pCR + PR),
expressions of circSOBP after treatment were significantly
elevated compared with baseline before treatment (P =
.0043) (Fig. 7D). Nevertheless, in the nonresponder group
(SD + PD), we found no statistical difference before and
after treatment (P = 0.3558) (Fig. 7E).

Discussion

The last few years have witnessed the research value of cir-
cRNAs transform from “waste” to “treasure.” circRNAs
with abnormal expressions are found in virtually all cancers
and play critical roles in cancer etiology as oncogenes and
tumor suppressors'>~1%. circRNAs have also been discov-
ered to regulate the growth, metastasis, apoptosis, autoph-
agy, metabolism, stemness, tumor immunology, and drug

resistance of cancer cells and genome instability through
various mechanisms'7?!. These RNAs could serve as
potentially targetable markers in clinical treatments due to
their unique properties such as tissue and cell developmen-
tal stage-specificity, high stability, and longer half-lives
and their extensive presence in various body fluids.
However, it is unclear whether circRNAs mediate BCa cell
invasion and migration, and the possible molecular regula-
tory mechanism of circRNA in mediating anticancer pro-
cesses in BCa is also still unclear.

In this article, we identified a novel downregulated
expression of target circRNA (circSOBP) using high-
throughput sequencing and qRT-PCR in tissues and cells.
Upregulated expression of circSOBP was shown to be posi-
tively linked with advanced clinical stage and tumor size
when the clinicopathological parameters of 56 BCa patients
were analyzed. Specifically, our cohort of 56 patients
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underwent up to 4 years of follow-up wherein we observed
that more highly expressed circSOBP tended to lead to a bet-
ter prognosis. Combined with a higher AUC, circSOBP
showed excellent diagnostic and prognostic value for BCa as
well.

Similar findings have been reported in the literature. For
example, Yang et al.?? showed that circNSD2 expression was
dramatically increased in osteosarcoma (OS) and that higher
circNSD2 expression correlated with more advanced clinical
stage, larger tumor size, higher incidence of distant metasta-
ses, and poorer overall survival in OS patients. Yan et al.?
similarly demonstrated that patients with lower levels of
circEVIS expression in their BCa tissues had a poorer rate of
relapse-free survival (RFS) and larger tumors.

In vitro and in vivo experiments have also indicated that
circSOBP functions as a tumor suppressor to inhibit the
growth and aggressiveness of BCa cells. The subcellular
localization of RNAs determines the underlying functioning
mechanism?*, and the majority of circRNAs have been
reported to reside in the cytoplasm and to act as miRNA
sponges, regulating tumor growth via a ccRNA mechanism?.
Some circRNAs are primarily produced in the nucleus to
interact with RNA-binding proteins (RBPs) and regulate
their function, however. For example, circACTN4 might
combine with FUBP1 to promote the occurrence and devel-
opment of breast cancer by enhancing the expression of
MYC?. In our study, we found that circSOBP was located
predominantly in the cytoplasm via FISH, suggesting that
circSOBP might be an miRNA sponge. Next, bioinformatics
tools, RNA pull-down, and dual-luciferase assay results
agreed that circSOBP and miR-200a-3p had intermolecular
interactions. Previous research has found that miR-200a-3p
is elevated in a variety of cancers, including ovarian cancer
and non-small-cell lung cancer?”-?, In addition, our results
illustrated that miR-200a-3p was overexpressed in BCa tis-
sues and cells and facilitated malignant phenotypes, in agree-
ment with a previous study®.

To search for downstream target genes of miR-200a-3p,
four databases were used to discover that 3'-UTR untrans-
lated regions bind to an miR-200a-3p seed region, and here
the PTEN gene attracted our attention. In human malignan-
cies, PTEN has become well known as one of the most fre-
quent tumor suppressor genes, and it is a negative regulator
of the phosphatidylinositol-3-kinase (PI3K)/AKT signaling
cascade, which affects cell proliferation, invasiveness, sur-
vival, and metabolism due to mutation, deletion, or aberrant
expression®®3!. In previous studies, PTEN protein has been
shown to be downregulated in paired BCa specimens com-
pared with normal adjacent tissue samples'?. Moreover,
PTEN knockout can strengthen the migration and invasion
of BCa cells, and cause resistance to chemotherapy and
adverse prognosis patients®2. In our study, we found that
there were targeted site interactions between miR-200a-3p
and PTEN mRNA via the dual-luciferase assay. Furthermore,
miR-200a-3p expression was negatively associated with

PTEN in the TCGA database. Western blot experiments also
made it clear that circSOBP favorably regulated PTEN pro-
tein levels to suppress malignant phenotypes of BCa depen-
dent on miR-200a-3p. Therefore, a novel ceRNA mechanism
was elucidated.

Currently, immunotherapy with checkpoint inhibitors has
been shown to be effective in treating BCa*® and lung can-
cer**, and many circRNAs have been reported to affect the
tumor microenvironment via influencing the PD-1/PD-L1
pathway. Huang et al.*> showed that circMET induces hepa-
tocellular carcinoma development, immune tolerance, and
anti-PD1 treatment resistance through Mir-30-5p/Snail/
DPP4/CXCL10 axis, and Luo et al.?® illustrated that hsa
circ_ 0000190 may be used as a novel biomarker for the
effectiveness of systemic and immunotherapy in advanced
lung cancers.

Finally, chemotherapy can enhance T-cell response and
boost antitumor activity, which allows chemotherapy and
immune checkpoint inhibitors to work together synergisti-
cally to achieve better therapeutic outcomes*®7. An increas-
ing body of scientific and clinical evidence also suggests that
chemotherapy regimens can cause immunogenic cell death;
however, the exact mechanism is still being investigated. For
this study, our center used a novel therapeutic strategy that
set it apart from conventional single-agent immunotherapy,
and we attained a high rate of response. The mechanism of
this treatment regimen is still being investigated, and as
stated above, circSOBP variations were observed before and
after treatment to test whether this novel circRNA plays a
role in the mechanism. Indeed, the detailed molecular mech-
anisms of circSOBP-involved modulation of the PD-1/
PD-L1 pathway remain to be further explored.

Conclusion

In summary, we identified a new circular RNA, circSOBP,
that is linked to prognosis and immune response in BCa
patients and that inhibits the progression and metastasis of
BCa via the miR-200a-3p/PTEN axis. These findings eluci-
date a novel regulatory network that may shed light on new
clinical biomarkers, therapeutic agents, and drug targets for
BCa.
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