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The circular RNA (circRNA) circLAMA3 is significantly down-
regulated in bladder cancer tissues and cell lines. However,
its function in bladder cancer has not yet been explored, and
further research is needed. In this study, functional experi-
ments demonstrated that circLAMA3 significantly inhibited
the proliferation, migration, and invasion of bladder cancer
cells and inhibited bladder cancer growth in vivo. Mechanisti-
cally, circLAMA3 directly binds to and promotes the degrada-
tion of MYCN mRNA, thereby reducing the MYCN protein
expression in bladder cancer cells. Decreased expression of
the MYCN protein inhibits the promoter activity and expres-
sion of CDK6. Ultimately, circLAMA3 affects DNA replication
by downregulating CDK®, resulting in GO/G1 phase arrest and
inhibition of bladder cancer proliferation. In summary, we
report a potential novel regulatory mechanism via which a
circRNA directly binds an mRNA and thereby regulates its
fate. Moreover, circLAMA3 significantly affects the progres-
sion of bladder cancer and has potential as a diagnostic
biomarker and therapeutic target for bladder cancer.

INTRODUCTION

Bladder cancer is the sixth most common cancer in the male popula-
tion, and its incidence has gradually increased in recent decades.
Approximately 549,000 new bladder cancer diagnoses and approxi-
mately 200,000 deaths occur worldwide annually. The morbidity
and mortality rates of bladder cancer in men are approximately 4
times higher than those in women,' and approximately 70% of
bladder cancers are diagnosed at an early stage and are usually
removed by urethral bladder tumor resection.” Approximately 60%
of bladder cancers recur after transurethral cystectomy. Due to the
recurrence and resistance of bladder cancer, the five-year survival
rate of patients after surgery remains low, at approximately 50%.
With the exception of surgical resection and triple adjuvant chemo-
therapy, effective specific drugs and treatment methods for bladder
cancer are still lacking. Exploring the mechanisms related to the
occurrence and development of bladder cancer and identifying key
genes and new targets with high specificity are important for
improving the early diagnosis, prognosis, and accurate treatment of
bladder cancer.
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Recent rapid progress in the field of noncoding RNA has provided a
new direction for the treatment of tumors. Previous studies have
demonstrated that a variety of noncoding RNAs are involved in the
occurrence,” development,” invasion, and metastasis® of various hu-
man malignancies. These tumor-related biological behaviors play
important roles in the process of cancer development. Therefore, an
in-depth study of the relationship between noncoding RNAs and tu-
mors may provide new options for cancer diagnosis and treatment.
As a new type of noncoding RNA, circular RNAs (circRNAs) have
gradually entered the field of bladder cancer research. Unlike tradi-
tional noncoding RNAs, circRNAs have high stability, tissue speci-
ficity, and peak expression patterns due to their unique circular struc-
ture.” A previous study even showed that the hundreds of circRNAs in
the blood were detected at higher levels than their precursor mRNAs.®
Multiple studies have shown that circRNAs play an important biolog-
ical role in a variety of malignant tumors, such as colorectal cancer,’
lung cancer,'® breast cancer,'" and gastric cancer.'" Gastric cancer
studies have revealed that hsa_circ_0001649 is significantly downre-
gulated in gastric cancer tissues'” and significantly upregulated after
therapeutic surgery. Li et al. also found that circRNA expression levels
are significantly correlated with the tumor stage and lymph node
metastasis of gastric cancer.'” In addition, hsa_circ_0004018 is abnor-
mally expressed in liver cancer; its expression level is related to the
level of alpha fetoprotein (AFP), tumor diameter, and differentiation
and differs from those in other chronic liver diseases.'* Considering
the high stability and abundance of circRNAs, exploring their poten-
tial as disease biomarkers will be valuable.

Many studies have been conducted to explore the mechanism by
which circRNAs affect tumor progression. Current research shows
that circRNAs function mainly by interacting with other molecules
to alter their original functions. The most widely studied theory is
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Figure 1. CircLAMAS expression was significantly decreased in bladder cancer

(A) Microarray analysis of human immortalized urothelial SV-HUC-1 and UMUCS3 cells by circRNA chip. A total of 1,188 circRNAs were differentially expressed. CircRNA PCR
verification was performed on the eight most obvious circRNAs in the microarray results. Hsa_circ_0047253 exhibited the most obvious downregulation and was named
circLAMAS according to its gene symbol. An asterisk (*) indicates a significant difference (p < 0.05). (B) The relative expression of circLAMAS in human bladder cancer cells
and normal cells as determined by gPCR. An asterisk (*) indicates a significant difference (p < 0.05). (C) gPCR analysis of the relative expression levels of circLAMA3 in 50 pairs
of fully matched human bladder cancer clinical samples collected by our team. N: normal tissue; T: tumor tissue. An asterisk (*) indicates a significant difference (p < 0.05).
(D and E) ROC curve analysis was used to evaluate the diagnostic value of circLAMAS. In low-grade bladder cancer tissues, the AUC value of circLAMA3 was 0.7578. In

(legend continued on next page)
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that circRNA acts as miRNA sponges,”” participating in the
competing endogenous RNA (ceRNA) network, and indirectly affects
the expression of downstream mRNAs, thereby ultimately regulating
cancer progression. In addition to miRNAs, circRNAs can also
interact with other molecules, such as proteins. We previously
confirmed that circNOLIO interacts with SCMLI and inhibits its
ubiquitination, thereby affecting cell mitochondrial function and
lung cancer processes.' CircFOXO3 enhances the sensitivity of
breast cancer cells to cisplatin and doxorubicin by binding to p53
and MDM2."” CircRNAs are known to bind miRNAs via comple-
mentary pairing to RNA-RNA base sequences. However, whether
circRNAs also bind mRNAs and affect their fate via this RNA-RNA
binding mechanism remains unknown.

In this study, we explored the function and related mechanisms of
circRNAs in bladder cancer by analyzing a series of research data.
Gene chip technology was used to detect the expression of circRNAs
in human bladder cancer cells and human urothelial cells, and cir-
cLAMA3 was shown to be significantly downregulated in bladder
cancer and to have potential diagnostic value. In vitro and in vivo
studies confirmed that circLAMA3 participates in bladder cancer
development, and bioinformatics analysis revealed that circLAMA3
encodes no proteins but is potentially involved in multiple life pro-
cesses at the nucleic acid level. Further research found that cir-
cLAMA3 directly targets MYCN and promotes the degradation of
MYCN mRNA, thereby inhibiting the promoter activity of CDK6
and eventually leading to GO/G1 phase arrest and bladder cancer
cell apoptosis. We herein confirmed for the first time that a circRNA
can directly bind mRNA through sequence complementation and
cause its degradation, which broadens our understanding of how
circRNA exerts their biological functions. This new regulatory mech-
anism of circRNAs may play roles in various physiological and path-
ological processes. In conclusion, circLAMA3 has the potential to
become a new target for the diagnosis and treatment of bladder
cancer.

RESULTS

Circular RNA circLAMAS is significantly downregulated in
bladder cancer

With the rapid development and clinical application of chip technol-
ogy, many noncoding RNAs have been identified and gradually
emerged in clinical treatment strategies. To explore the role of
circRNAs in bladder cancer, we conducted gene chip analyses of hu-
man urothelial immortalized SV-HUC-1 cells as a control group and
human bladder cancer UM-UC-3 cells as an experimental group (Fig-
ure SIA and Table S2). We screened the eight circRNAs that were
most significantly downregulated in the circRNA differential expres-
sion profile of bladder cancer cells. The original expression profile
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data are available in the Gene Expression Omnibus (GEO) (https://
www.ncbi.nlm.nih.gov/gds) under the following accession number:
GSE159239. Hsa_circ_0047253 was most significantly downregulated
in bladder cancer cells (Figure 1A). To further detect the expression of
hsa_circ_0047253 in bladder cancer cell lines, we assessed its expres-
sion in multiple bladder cancer cell lines, revealing that it was signif-
icantly decreased in all five bladder cancer cell lines and expressed
at the lowest level in T24 and J82 cells (Figure 1B). To determine
the expression trend of hsa_circ_0047253 in bladder cancer tissues,
we conducted qPCR analysis of bladder cancer tissues and adjacent
tissues. Hsa_circ_0047253 was significantly decreased in bladder
cancer tissues, confirming its low expression trend in bladder cancer
(Figure 1C). Receiver operating characteristic (ROC) curve analysis
revealed that the area under the curve (AUC) value of hsa_
circ_0047253 was 0.7578 in patients with low-grade bladder cancer
and 0.8099 in patients with high-grade bladder cancer, suggesting
that hsa_circ_0047253 has diagnostic value in bladder cancer (Figures
1D and 1E). In addition, hsa_circ_0047253 showed a low-surface
trend in colorectal cancer tissues (Figure S1B). The decreased hsa_
circ_0047253 expression in bladder cancer tissues was significantly
correlated with higher grade and T stage in bladder cancer patients
(Figures S1C and S1D). Hsa_circ_0047253 was shown to be located
on the LAMA3 gene of chromosome 18 and was named circLAMA3
based on its gene symbol. CircLAMA3 is 391 bp in length and is
formed by the circularization of exons 45, 46, and 47 (Figure 1F).
To determine the circular structure of circLAMA3, we designed poly-
merized and dispersed primers and conducted agarose gel electropho-
resis. CircLAMA3 was resistant to RNase digestion, confirming its
circular structure (Figures 1G and 1H). Ta clone sequencing was per-
formed on the circLAMA3 qPCR product to visualize the circulariza-
tion cleavage site (Figure S1E). To determine the role of circLAMA3
in the progression of bladder cancer, we conducted bioinformatics
analysis of circLAMA3 using DAVID:https://david.ncifcrf.gov/, and
the results suggested that circLAMA3 affects cell proliferation, inva-
sion, and other functions through multiple signaling pathways,
further affecting the bladder cancer developmental process (Figure 11
and Table S3).

Circular RNA circLAMAS significantly inhibits the proliferation
and invasion of bladder cancer

According to the bioinformatics analysis results, circLAMA3 may play
an important biological role in the progression of bladder cancer. To
explore this further, we designed specific small interfering RNAs
(siRNAs) at the circRNA circularization site to silence its expression
in J82 and T24 cells and used circularized vectors (Figure S1F) to over-
express circLAMA3 in bladder cancer cells. qPCR revealed that the
silencing efficiency of circLAMA3 in J82 and T24 cells was greater
than 50% compared with the control group cells. The overexpression

high-grade bladder cancer tissues, the AUC value of circLAMA3 was 0.8099 (p < 0.05). (F) circLAMAS is transcribed from the parent gene pre-LAMAS and is formed by the
circularization of exons 45, 46, and 47. (G and H) Scattered and polymerized primers were designed for PCR-agarose gel electrophoresis to verify the circular structure of
circLAMAS. PCR primers spanned the splice site to ensure detection specificity. (I) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of circLAMA3
using OriginPro. The Y axis represents the KEGG pathway, the size of the dots represents the number of differentially expressed genes, and the color of the dots represents

the range of p values.
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Figure 2. CircLAMAS significantly inhibited the proliferation and migration of bladder cancer cells in vitro and in vivo

(A) The effect of circLAMA3 on cell viability was determined by the CCK-8 assay. An asterisk (*) indicates a significant difference (p < 0.05). (B and C) The effect of circLAMA3
on cell proliferation was measured by the EAU assay. Nuclei were stained with DAPI, and cell proliferation activity was determined by the EJU/DAPI ratio. An asterisk (*)
indicates a significant difference (p < 0.05). (D and E) Effect of circLAMA3 on apoptosis as determined by Annexin V-FITC/PI staining and FCM detection. (F-H) A wound-
healing test was performed to assess the effect of circLAMAS on cell migration. (I and J) Transwell experiments verified the effect of circLAMAS on cell invasion. (K) The widths

(legend continued on next page)
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level of circLAMA3 also exceeded the baseline level by more than
10-fold (Figure S1G). In addition, the silencing and overexpression
of circLAMA3 did not affect LAMA3 (Figure STH). We next assessed
the in vitro function of circLAMA3 by transfecting circLAMA3-spe-
cific siRNA and overexpression plasmids into cells. siRNA1 and
siRNA2 targeting circLAMA3 significantly increased the viability, in-
hibited the apoptosis, and increased the migration and invasion of J82/
T24 cells compared with the values in the scramble group. Compared
with the vector group, the circLAMA3 overexpression group showed
the opposite effect of that in the siRNA group, and the difference was
statistically significant (Figures 2A-2I). These results indicated that
circLAMA3 inhibited the proliferation of bladder cancer in vitro.

Circular RNA circLAMAS significantly inhibits the proliferation of
bladder cancer cells in vivo

The above experiments indicated that circLAMA3 can inhibit the pro-
liferation of bladder cancer in vitro. To determine whether circLAMA3
has the same biological function in animals, we built a subcutaneous
tumor formation model using nude mice. Using a GFP-labeled lentivi-
ral packaging vector (Figure S2A), we constructed a stable T24 cell line
to overexpress (OE) circLAMA3 and a stable control cell line, and
qPCR revealed that the stable cell line overexpressing circLAMA3
was successfully constructed (Figure S2B). The tumor growth rates
differed between the experimental and control groups, as subcutane-
ous tumors appeared later (Figure 2K) and tissue volumes and weights
were decreased in the OE circLAMA3 group compared with the vector
control (Figures 2L and 2M). This result confirmed that circLAMA3
could inhibit the proliferation of bladder cancer cells in vivo. After ex-
tracting RNA from tumor tissue and performing reverse transcription,
qPCR revealed higher circLAMA3 expression in OE circLAMA3 tu-
mor tissues than in the control group (Figure 2N). Together, the above
results demonstrated that circLAMA3 inhibited the proliferation of
bladder cancer in vitro and in vivo, indicating that decreased cir-
cLAMA3 expression plays a role in bladder cancer proliferation.

Circular RNA circLAMAS inhibits CDK6 expression and cell-
cycle progression in bladder cancer

To explore the relevant mechanism by which circLAMA3 inhibits the
proliferation of bladder cancer cells, we determined its localization in
J82 and T24 cells using fluorescence in situ hybridization (FISH). Cir-
cLAMA3 was distributed in both the cytoplasm and nucleus but
mainly localized in the nucleus (Figure 3A). Bioinformatics analysis
demonstrated that circLAMA3 lacked open reading frame (ORF) re-
gions, polyadenylation sites, ribosome binding sites, and Rho-depen-
dent terminators but had transcriptional regulatory motifs and splice
sites, suggesting that it lacks protein coding ability and is involved in
transcriptional regulation in cells (Figure 3B). Cell-cycle detection via
flow cytometry (FCM) showed that compared with those in the con-
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trol group, the numbers of J82 and T24 cells in the GO/G1 phase were
significantly reduced after transfection with circLAMA3 siRNA. After
transfection of the circLAMA3 overexpression plasmid, the cells were
arrested at the GO/G1 phase (Figures 3C and 3D). Therefore, cir-
cLAMA3 may inhibit bladder cancer cell proliferation by inducing
G0/Gl1 phase arrest.

To clarify the mechanism by which circLAMA3 prohibits J82/T24
cells from exiting the GO/G1 phase, we consulted the literature and
verified our results by performing western blot (WB) analysis of
classic GO/G1 phase kinesins. Studies have demonstrated that
CDK4/CDKG6 interact with cyclin D to promote the phosphorylation
of the pRb protein, thereby activating DNA replication during the S
phase.'® CDK2 promotes the G1/S transition by combining with cy-
clin E during the G1 phase,'” and CDK?2 participates in S phase repli-
cation initiation by combining with cyclin A.*° In addition, cyclin B
has been reported to be active throughout the mitotic stage.”' Consid-
ering the above experimental results, we used WB to detect changes in
the expression levels of cyclin A, cyclin B, cyclin D, cyclin E, CDK2,
CDK4, and CDKS6 after overexpression of circLAMA3 in J82 and T24
cells. Compared with that in the scramble group, CDK6 expression
was increased in cells transfected with circLAMA3 siRNA and
decreased in cells transfected with OE circLAMA3 (Figure 3E).
Therefore, decreased CDK6 expression may play a key role in cir-
cLAMA3-induced GO/G1 phase arrest.

To assess the relationship between circLAMA3 and CDK6, we
measured the mRNA expression of CDK6 and found that circLAMA3
inhibited the protein level of CDK6 in an mRNA-dependent manner
(Figure 3F). We also explored the interaction between circLAMA3
and CDKG6 using a luciferase reporter assay. The luciferase reporter
gene driven by the CDK6 promoter was co-transfected with the TK
reporter gene into T24 and J82 (vector and OE circLAMA3) cells,
and the transcriptional activity of the CDK6 promoter was examined
24 h after transfection. Compared with that in the control group,
the fluorescence intensity was significantly reduced in the circLAMA3
overexpression group (Figure 3G). These results indicate that
decreased circLAMA3 expression in bladder cancer weakens its
inhibitory effect on CDK6 promoter activity, enhances CDK6 expres-
sion, promotes the processes occurring the G0/G1 phase, and ulti-
mately promotes the proliferation of bladder cancer cells.

MYCN mediates the regulatory effect of circLAMAS3 on CDK6
transcription

Based on the results of the above experiments, we performed bioinfor-
matics analysis and revealed that circLAMA3 and CDKG6 lack binding
sites for interaction. Therefore, we speculated that circLAMA3
regulates the promoter activity of CDK6 through an intermediary

and lengths (ab) of subcutaneous tumors in nude mice were measured weekly, and the tumor volume was calculated as V = 1/2ab?. An asterisk (*) indicates a significant
difference (p < 0.05). (L and M) Subcutaneous tumor tissue was removed from nude mice on day 28 after the subcutaneous injection of cells. The subcutaneous tumor tissues
from the two groups were photographed and weighed. An asterisk (*) indicates a significant difference (p < 0.05). (N) gPCR was performed to detect the expression of
circLAMAS in subcutaneous tumor tissues from nude mice. An asterisk (*) indicates a significant difference (p < 0.05).
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Figure 3. Overexpression of circLAMA3-induced GO/G1 phase arrest in bladder cancer cells

(A) The distribution of circLAMAS in T24 and J82 cells as determined by FISH. Nuclei were stained with DAPI, and circLAMA3 was labeled with a specific probe containing
GFP. The map shows the intracellular distribution of circLAMAS. (B) The circLAMAS nucleic acid sequence indicates an open reading frame (ORF), splice site, polyadenylation
site (PAS), ribosome binding site (RBS), Rho-independent terminator (RIT), transcription regulation motif (TR motif), and codons. Two splice sites and several transcriptional
regulatory motifs were observed. This structure suggests that circLAMAS likely does not encode a protein. (C and D) FCM was performed to assess the role of circLAMAS in
the cell cycle. CircRNA circLAMA3 was transiently silenced and overexpressed in J82/T24 cells; compared with the scramble group; the transfection of circLAMAS siRNA
reduced the GO/G1 phase arrest and accelerated the cell-cycle process. Compared with the vector group, transfection of the circLMAS overexpression plasmid promoted
the GO/G1 phase arrest of J82/T24 cells and decelerated the cell-cycle process. An asterisk (*) indicates a significant difference (p < 0.05). (E) circLAMAS inhibits cell-cycle

(legend continued on next page)
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molecule. A variety of transcription factors can bind the CDK6 pro-
moter region to promote CDK6 transcription. For example, the
bHLH region of the MYC protein family can be combined with the
E box of the CDK6 promoter region,22 the E2F protein family,18
P53,” and others. In addition, bioinformatics analysis revealed that
circLAMAS3 can directly bind MYCN and E2F1 mRNA. To determine
whether MYCN and E2F1 participate in the circLAMA3 inhibition of
CDKG6 transcription, we used WB to determine the expression levels
of MYCN and E2F1 after silencing and overexpressing circLAMA3.
Compared with that in the scramble group, the expression of
MYCN was increased after the transfection of circLAMA3 siRNA
and decreased after the transfection of OE circLAMA3 (Figure 4A).
Studies have shown that MYCN can bind to the CDK6 promoter re-
gion at nucleotides 138 and 884 to mediate its transcriptional activa-
tion, thereby accelerating the cell-cycle process and promoting cell
proliferation.”” To further assess the effect of the transcription factor
MYCN on CDK6, we overexpressed MYCN in T24 (OE circLAMA3)
and J82 (OE circLAMA3) cells and their corresponding controls to
evaluate the expression of CDK6. WB confirmed that MYCN was suc-
cessfully overexpressed (Figure 4B) and the overexpression efficiency
(Figure S2C). Ectopic expression of MYCN significantly increased the
expression of CDK6 (Figure 4B), indicating that MYCN is a key factor
that mediates the transcript expression of CDK6. In addition, a lucif-
erase reporter gene encoding the CDK6 promoter was co-transfected
with the TK reporter gene into T24 and J82 cells overexpressing
MYCN and its control plasmid, and the transcriptional activity of
the CDK6 promoter was detected 24 h later. Compared with that in
the control group, the promoter activity of CDK6 was significantly
increased in the MYCN overexpression group (Figures 4C and 4D),
demonstrating that MYCN plays a key role in mediating the inhibi-
tory effect of circLAMA3 on CDKG6 transcription.

Finally, to assess the role of MYCN in the circLAMA3 inhibition of
bladder cancer proliferation, we ectopically expressed the MYCN
plasmid in T24 (OE circLAMA3) and J82 (OE circLAMA3) cells.
Compared with that in the control group, the proliferative capacity
of bladder cancer cells was significantly improved in cells ectopically
expressing MYCN (Figures 4E-4]). In addition, immunohistochem-
istry analysis revealed high protein expression of MYCN in the
subcutaneous tumor tissues of nude mice (Figure 4K). Thus, the tran-
scription factor MYCN may mediate the inhibitory effect of cir-
cLAMAS3 on the transcription and expression of CDK6 in bladder
cancer cells, leading to GO/G1 phase arrest and ultimately affecting
the proliferation of bladder cancer.

Circular RNA circLAMAS directly promotes the degradation of
MYCN mRNA and inhibits the expression of CDK6

MYCN is an oncogene, and previous studies have shown that its
expression level is correlated with many types of cancer. To explore
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the specific mechanism by which circLAMA3 downregulates the pro-
tein expression of MYCN, we first performed qPCR and found that
the MYCN mRNA level was increased significantly after transfection
of circLAMA3 siRNA compared with that in the scramble group;
compared with that in the vector group, the MYCN mRNA level
was decreased significantly after transfection of OE circLAMAS3.
This result demonstrates that circLAMA3 may regulate MYCN at
the mRNA level (Figure 5A).

Bioinformatics analysis revealed a region in which circLAMA3 and
MYCN interact (Figures 5B and S2D), and destroying these mutual
binding sites weakened their binding ability (Figure 5C). We specu-
late that circLAMA3 impacts the stability of MYCN mRNA, and
we thus performed an mRNA stability experiment to further assess
this possibility. T24 (OE circLAMA3) cells and control group cells
were treated with actinomycin D (ActD), and the half-life of
MYCN was used to set the detection time point. The results are shown
in Figure 5D. After overexpression of circLAMA3, the degradation
rate of MYCN mRNA was significantly accelerated, indicating that
circLAMA3 may regulate the MYCN expression level by promoting
the degradation of its mRNA. To assess the direct interaction between
circLAMA3 and MYCN, we transfected the GST-MS2 fusion expres-
sion vector and circLAMA3-MS2 stem-loop structure tandem repeat
vector into T24 cells to obtain the GST-MS2 fusion protein, and
circLAMA3-MS2 fusion RNA was used to form the GST-MS2-
circLAMA3-MS2 complex in cells. The cells were lysed at 48 h after
transfection, and the target RNA directly bound to circLAMA3 was
obtained using glutathione affinity agarose beads. The tagged RNA
affinity purification (TRAP) experimental results indicated that
circLAMA3 could directly bind to MYCN mRNA. At the same
time, we assessed the colocalization of circLAMA3 and MYCN using
the FISH assay (Figure S2E). Together, these experimental results
demonstrate that the overexpression of circLAMA3 reduces its stabil-
ity by directly binding MYCN mRNA and decreasing the protein
expression of MYCN. These phenomena decrease the expression of
CDK6, ultimately inducing cell-cycle arrest and restricting cell
proliferation.

DISCUSSION

Increasing evidence has demonstrated that circRNAs play an impor-
tant role in a variety of human cancers. CircRNA-based diagnostic
strategies may provide new insights into cancer. CircPRKCI promotes
lung adenocarcinoma proliferation and is one of the most common
genomic aberrations in many tumors.”* CiRS-7 is significantly related
to AFP, and its high abundance promotes liver microvascular infil-
tration and plays a role in the progression of liver cancer.”
CircMAN2B?2 significantly promotes the proliferation and migration
of non-small-cell lung cancer (NSCLC) cells and has excellent diag-
nostic accuracy.”® In this study, we assessed the differential expression

progression by inhibiting the expression of CDKB. Western blotting was performed to assess the effect of circLAMA3 on GO/G1 phase kinesins. (F) Determination of the
effects of circLAMAS transient silencing and overexpression on CDK6 mRNA levels. An asterisk (*) indicates a significant difference (p < 0.05). (G) The luciferase reporter gene
driven by the CDK6 promoter and TK reporter gene were co-transfected into T24 (vector and OE circLAMAR) and J82 (vector and OE circLAMAR) cells. An asterisk (*)

indicates a significant difference (p < 0.05).
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Molecular Therapy: Oncolytics Vol. 24 March 2022

. B
N OE circLAMA3
F
S s
& &
$ S 5 <S>
& ) ® %
< S < S
K-MYCN
—_— . SEREES (< MYCN
1
K- E2F1
-‘ — S <- CDKO
K- Tubulin
— el || e (< ATV
182 T24
3 —+— OE circLAMA3-Vector s —+— OE circLAMA3-Vector
5
% —— OE clrcLAMAS-OF MYCN é —— OE circLAMA3-OE MYCN
E E ;
= S
g2 £
g &
S ~
£ 2
ER £
z 2
3

36h  48h

= O circLAMA3-Vector
=31 OF circLAMA3-OE MYCN

(legend continued on next page)

749


http://www.moleculartherapy.org

A B
—Scramble
20 1 X EmcircLAMA3 siRNAI
& T ' :
= gmEcircLAMA3 siRNA2
?5 1.5 o &\ Vector
H EOE circLAMA3
7
5 10 |
o
5
o
2
E 05
£ 5
2}
o~
0.0

Mutant acete 6ic
|

Molecular Therapy: Oncolytics

C/ACCCG MYCN

| |

€ AAGAGACTC circLAMA3
AATA AA

C
T CAGC CAGGAACTACCCG MYCN
|y||||||||||| |

T CICGAG
G AAATA Yy

J/A\GACTC circLAMA3

c 15 7 D F

' L5 Vector Z
z g - 2 20
2 I~ —e— OE circLAMA3 =
29210 2 % s
s S Lot g
55 § 2
e z g 10
=5 2
2 “E 0.5 & H
g% S os | Ea
3 Z =
e 5 g 0

S .
00 & TRAP-MS2 TRAP-circLAMA3
: 0.0
Oh 2h 4h  8h
&
E G
MYCN GAPDH
O
TRAP

GST-MS2-
circLAMA3-MS2
circLAMA3-MS2

Figure 5. CircLAMAS can directly bind an mRNA and inhibit its stability

_ GST- Msz_’ —
O — circLAMA3-RNA 12

qPCR 5
wot AR S
Yc\(o\‘ x‘%[” ¢ \‘c x%P‘
B R

\“Qo\ \‘\ P,J N\gl
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levels. An asterisk (*) indicates a significant difference (p < 0.05). (E) Schematic of the TRAP experiment. (F and G) The TRAP test was performed to assess the direct binding
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profile of circRNAs in bladder cancer using gene chip technology; and
bioinformatics, cell modeling, and clinical sample analyses identified
circLAMA3 as the most representative marker that was significantly
expressed in multiple of types of bladder cancer. The levels of
circLAMAS3 were shown to be significantly reduced in both bladder
cancer cells and bladder cancer tissues. At the same time, circLAMA3
was correlated with higher grade and T stage in bladder cancer pa-

tients. Our study identified circLAMA3 as a potential diagnostic
biomarker for bladder cancer, and our bioinformatics analysis
showed that circLAMA3 may function via cancer-related pathways.
Subsequently, we conducted in vivo and in vitro functional experi-
ments to confirm that low expression of circLAMA3 significantly
promotes the development of bladder cancer. This is also the first
indication that circLAMA3 inhibits cancer.

(p < 0.05). (G and H) PI staining and FCM detection of the T24 (OE circLAMARS) and J82 (OE circLAMAB) cell cycles after the ectopic expression of MYCN. An asterisk (*)
indicates a significant difference (p < 0.05). (I and J) The proliferation ability of T24 (OE circLAMAS) and J82 (OE circLAMABS) cells ectopically expressing MYCN was
determined by the EdU assay; nuclei were stained with DAPI, and the cell proliferation activity was determined by the EJU/DAPI ratio. An asterisk (*) indicates a significant
difference (p < 0.05). (K) Immunohistochemistry detection of the MYCN protein in nude mice.
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CircRNAs are characterized by richness, high stability, and evolu-
tionary conservation among species, highlighting their unique char-
acteristics and biological functions.”””*® CircRNAs were first re-
ported to biologically function as miRNA sponges in previous
studies. Researchers found overlapping localization of ciRS-7 and
miR-7 by performing gene in situ hybridization analysis of the
mouse brain, and miRNA activity was found to be decreased in tis-
sues co-expressing ciRS-7 and miR-7.%° In addition, hsa_circ_001783
was shown to significantly promote the proliferation and colony-
forming ability of breast cancer cells via the absorption of miR-
200c-3p.” Hsa_circ_0007142 targets miR-103a-2-5p in colorectal
cancer cells’’ and plays a role in the poor differentiation and
lymphatic metastasis of colorectal cancer through the circRNA-
miRNA-mRNA network. MiRNAs can be combined with miRNA
response elements on mRNAs, circRNAs, and long noncoding
RNAS (IncRNAs) by complementary matching in seed sequences,'’
forming an endogenous ceRNA network to regulate mRNA tran-
scription.” As an indispensable component of the ceRNA mecha-
nism, mRNAs may feasibly have circRNA response elements that
can interact with circRNAs and mediate their biological functions,
but this has not yet been verified. Herein, RegRNA and IntaRNA an-
alyses led to the prediction that circLAMA3 has an MYCN binding
site. Therefore, by performing a series of experiments, such as
mRNA stability, dual luciferase reporter gene, and TRAP assays,
we confirmed that circLAMA3 can directly bind MYCN mRNA.
By binding to MYCN mRNA, circLAMA3 induces its degradation
and thereby reduces the expression of the MYCN protein, which
plays a vital role in the human bladder cancer proliferation process.
This is also the first proposal and verification of the theory that
circRNAs directly target mRNA sand induce their degradation.

Next, we will focus on exploring the molecular mechanism underly-
ing circRNA-induced mRNA degradation.

Our study found that MYCN is upregulated in bladder cancer and
involved in the regulation of bladder cancer cell proliferation via
circLAMA3. MYCN, an oncogene with DNA-binding transcription
factor activity,” regulates transcription by specifically binding to
the bHLH domain of the E box promoter region. The abnormal
expression of MYCN is related to the occurrence, metastasis, and
treatment of various tumors.”*** Studies have found that MYCN
regulates the proliferation and apoptosis of neuroblastoma by inter-
acting with the transcription target NLRRI,”® and MYCN has been
reported to mediate NSCLC chemoresistance by binding to the
HESI promoter, thereby inhibiting apoptosis. High expression of
MYCN is closely related to advanced stages of NSCLC and short sur-
vival times of these patients.”” In prostate cancer, MYCN can tran-
scriptionally activate PARP1 and BRCAI to promote malignant
cell activities.”® These results indicate that the abnormal expression
of MYCN is closely related to tumor progression.’” The results of
this study indicate that MYCN mediates the transcriptional activa-
tion of CDK6 and participates in the circLAMA3-induced inhibition
of bladder cancer cell proliferation. Subsequent rescue experiments
further confirmed that ectopic expression of MYCN could signifi-
cantly restore the inhibitory effect of circLAMA3 on the proliferation
of bladder cancer.

Our study found that the upregulation of MYCN increased the pro-
moter activity of CDK6 in bladder cancer cells, indicating that
MYCN is a key regulator of CDK6. The CDK6 protein, which is
key for classic cell-cycle regulation, binds to cyclin D to thereby pro-
mote the phosphorylation of pRb, inducing the release of the tran-
scription factor E2F and initiating DNA replication in the S phase.*’
CDKG is essential for the GO/G1 phase of the cell cycle, and the loss of
cell-cycle regulation is the first step in tumor progression. To date, the
mechanism by which circRNAs promote CDK6-induced bladder
cancer is unclear. The results of this study indicate that circLAMA3
interacts with MYCN and inhibits the expression of CDKS6, poten-
tially representing a novel mechanism by which the circLAMA3/
MYCN/CDK6 axis regulates the progression of bladder cancer.
This study may provide new inspiration for the clinical treatment
of bladder cancer.

In conclusion, this study is the first to demonstrate the low expression
of circLAMA3 in bladder cancer tissues and cells and to propose a
new mechanism by which circRNAs directly target mRNA stability
(Figure 6). In bladder cancer, as the expression of circLAMA3 de-
creases, the stability of its direct binding to the target gene MYCN
weakens, leading to the increased expression of MYCN. MYCN en-
hances the activation of CDK6 transcription, promotes the expression
of CDK®, and accelerates the GO/G1 phase. This process eventually
leads to increased bladder cancer proliferation. These results show
that low circLAMA3 expression has potential as a therapeutic target
for bladder cancer. In addition, overexpression of circLAMA3 can
significantly inhibit the proliferation of bladder cancer.
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MATERIALS AND METHODS

Tissue samples and experimental animals

From 2017 to 2019, 50 pairs of bladder cancer tumor tissues and adja-
cent tissues were obtained from patients who were diagnosed with
bladder cancer and underwent surgery at the First Affiliated Hospital
of Wenzhou Medical University. The adjacent tissue was located
>3 cm from the edge of the bladder cancer tissue. All of the tissue sam-
ples were frozen in liquid nitrogen and stored at —80°C. All of the orga-
nizational uses were approved by the ethics committee of Wenzhou
Medical University, and the patients provided informed consent.

Four-week-old female athymic nude mice were purchased from the
Shanghai Slack Experimental Animal Center (experimental animal
certificate number, SCXK (Su) 201904657). The mice were raised in
the SPF-level experimental area of the Experimental Animal Center
of Wenzhou Medical University. All animal experiments were
approved by the Animal Research Committee of Wenzhou Medical
University, and animal research was conducted in accordance with
international guidelines.

Cell culture and transfection

Human normal urothelial SV-HUC-1 cells and human bladder can-
cer cell lines (RT4, T24, J82, UM-UC-3, and TCCSUP) were used. The
SV-HUC-1 cell line was obtained from American Type Culture
Collection (ATCC), and the RT4, T24, J82, UM-UC-3, and TCCSUP
cell lines were obtained from the National Collection of Authenti-
cated Cell Cultures. SV-HUC-1 cells were cultured in F-12K medium
(21127022, Gibco, New York, USA) supplemented with 10% fetal
bovine serum (FBS; 1750114, Gibco). J82 and TCCSUP cells were
cultured in Minimum Essential Medium (MEM) (11095080, Gibco)
containing 10% FBS. T24 cells were cultured in DMEM-F12 medium
(10565018, Gibco) containing 5% FBS. UM-UC-3 and RT4 cells were
cultured in DMEM (11995065, Gibco) containing 10% FBS. The cells
were cultured in a humid environment (5% CO, and 95% O,) at
37°C. Plasmids were transfected in vitro using PolyJet Transfection
Reagent (SignaGen Laboratories, Gaithersburg, MD, USA) according
to the manufacturer’s instructions, and RiboFect CP (riboBio,
Guangzhou, China) was used to transfect siRNA (GenePharma,
Shanghai, China). All of the siRNA sequences are shown in Table SI.

RNA extraction, reverse transcription, and qPCR

Total RNA was isolated from the tissues and cells manually using TRIzol
reagent (Invitrogen, Grand Island, NY, USA), and cDNA was synthe-
sized using a SuperScript IV First-Strand Synthesis System (Invitrogen)
and random primers (Invitrogen). Real-time quantitative PCR (qPCR)
analysis was performed on a QuantStudio 6 (Q6) Real-Time qPCR
System (Thermo Fisher Scientific, Waltham, USA), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) served as the internal
control. All of the primer sequences are shown in Table S1.

CCK-8 assay of cell viability
A Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Shanghai,
China) was used to assess cell viability. The cells were collected and
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seeded in a 96-well plate at 2,000 cells/100 pL/well. The cells were
cultured at 5% CO, at 37°C for 12 h before being transfected. The
fresh medium was provided, and the culturing continued for 48 h.
A total of 10 uL of CCK-8 reagent was added to each well, and the
absorbance was detected at 450 nm after 2 h of incubation.

EdU assay of cell proliferation

A Cell-Light EAU Apollo 567 in vitro imaging kit (riboBio) was used
according to the manufacturer’s instructions. The main steps
included cell culture, 5-ethynyl-2’-deoxyuridine (EdU) labeling, cell
immobilization, Apollo staining, DNA staining, and fluorescence mi-
croscope photography. The data were analyzed using Image]
software.

FCM assays of the cell cycle and apoptosis

The transfected cells were stained with propidium iodide (KGA512,
KeyGen Biotech, Nanjing, China), and the cell cycle was assessed us-
ing CytoFLEX FCM (Beckman Coulter, Brea, CA, USA). The percent-
ages of cells in the GO/G1, S, and G2 phases were determined and
compared. For apoptosis detection, the cells were stained with an
Annexin V-FITC/PI KGA106 Apoptosis Detection Kit (Keygen
Biotech), and apoptosis was detected using CytoFLEX FCM. The ratio
of early apoptotic cells to late apoptotic cells was calculated.

Wound-healing assay of cell migration

A total of 5 x 10 cells were seeded in 6-well plates and reached 95%
confluence after 48 h of transfection. They were washed twice with
PBS, after which fresh medium was provided, and a scratch of uni-
form width was made with a sterile pipette tip. The same portion of
the scratch was photographed at specified times to assess the scratch
width, and the scratch area was measured. The experiment was
repeated three times.

Transwell assay of cell invasion

A total of 3 x 10* cells in 0.1% FBS medium were seeded in a Trans-
well chamber (353097, Corning, NY, USA) and allowed to migrate for
24 h. Invasion was assessed according to the manufacturer’s instruc-
tions (354480, Corning BioCoat Matrigel invasion chambers). A total
of 3 x 10* cells were seeded in 400 pL of 0.1% medium in the upper
chamber, and 700 pL of complete medium was placed in the lower
chamber. The cells were allowed to invade the chambers for 24 h.
The cells were fixed with 3.7% formalin for 5 min at room tempera-
ture, washed twice with PBS, and transferred to 100% methanol for
20 min. They were then washed twice with PBS and stained with
Giemsa (1:1 dilution in PBS) for 15 min in the dark at room temper-
ature. They were washed twice with PBS, and cells were scraped from
the upper surface of the membrane with a cotton swab. Five areas
were randomly selected for counting the cells on the membrane under
a light microscope (DMil).

FISH assay of subcellular localization

A total of 4 x 10’ cells were seeded into 12-well plates and reached
80% confluence after 24 h of transfection. The following assay was
performed according to the manufacturer’s instructions (BersinBio,
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Guangzhou, China). The main steps included cell fixation, cell perme-
abilization, cell dehydration, hybridization, DAPI staining, and fluo-
rescence microscopy photography. The data were analyzed using Im-
ageJ software.

Western blotting

The cells were collected, and protein was extracted from the cell lysate
with lysis buffer (10 mM tris(hydroxymethyl)aminomethane hydro-
chloride [Tris-HCI] [pH 7.4], 1% SDS, 1 mM Na;VOy,, and protea-
some inhibitor). A NanoDrop 2000 instrument (Thermo Fisher Sci-
entific, Holtsville, NY, USA) was used to determine the protein
concentration. WB bands were detected using an ECF substrate kit
(RPN5787, GE Healthcare, Butler, PA, USA), and images were ac-
quired using a Typhoon FLA 7000 imager (GE Healthcare).

Double luciferase reporter assay

The CDK6 promoter luciferase reporter vector was co-transfected
with the TK plasmid into T24/J82 (OE circLAMA3) cells using the
Dual-Luciferase Reporter Assay System (Promega, Fitchburg, WI,
USA) in accordance with the manufacturer’s instructions. After 24
h, the cells were lysed with PLB lysate for 15 min. A total of 20 puL
of lysate was pipetted into a 96-well plate. After the addition of lucif-
erase reagent (LAR II), the first value was detected by chemilumines-
cence (Centro LB 960, Berthold Technologies, Germany) and re-
corded as the luciferin activity. After Stop & Glo solution was
added, the machine test recorded the second time value as the TK
value. The first test results were corrected with the TK values.

mRNA stability test

Cells were plated on a 6-well plate at a certain density. When the cell
density reached approximately 90%, ActD (10 pg/mL) was added for
0, 2, 4, and 8 h. The cells were then collected and washed with PBS,
after which 1 mL of TRIzol reagent was added to lyse the cells.
Cellular RNA was extracted, and the mRNA degradation rate was
determined by qPCR.

Tagged RNA affinity purification experiment

A TRAP kit (Bes5106, BersinBio, Guangzhou, China) was performed
in accordance with the manufacturer’s instructions. The main steps
included cell lysate preparation, pulldown, RNA purification, and
RNA analysis. For TRAP-RNA, qPCR was conducted using a reverse
transcription kit and a qPCR kit. A total of 3-5 pL of qPCR products
was used to perform agarose gel electrophoresis to assess the
amplification.

Statistical analysis

All of the experimental data are expressed as the mean + SD. Data
processing was performed using SPSS 18.0 statistical software. Graph-
Pad Prism 5.0 software (GraphPad Software, San Diego, CA, USA)
was used to statistically analyze the data; the t test was used to deter-
mine the statistical significance between the treated and untreated
groups. The experimental results were obtained from at least three in-
dependent experiments and are expressed as the mean + SD. A value

of p < 0.05 was considered to indicate statistical significance between
the experimental group and the control group.
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