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circST6GALNAC6 suppresses bladder cancer
metastasis by sponging miR-200a-3p to modulate
the STMN1/EMT axis
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Abstract

Bladder cancer (BCa) is an aggressive malignancy because of its distant metastasis and high recurrence rate. Circular
RNAs (circRNAs) exert critical regulatory functions in cancer progression. However, the expression patterns and roles of
circRNAs in BCa have not been well investigated. In this study, we first screened circRNA expression profiles using a
circRNA microarray of paired BCa and normal tissues, and the expression of circSTGGALNAC6 was confirmed by gRT-
PCR and fluorescence in situ hybridization (FISH). MTT, colony formation and Transwell assays were performed to
measure cell proliferation, migration and invasion. We investigated the regulatory effect of circSTEGALNAC6 on miRNA
and its target genes to explore the potential regulatory mechanisms of circSTEGALNAC6 by chromatin
immunoprecipitation (ChIP), RNA immunoprecipitation (RIP), MS2-tagged RNA affinity purification (MS2-TRAP),
immunofluorescence (IF) and dual luciferase activity assays. A nude mouse xenograft model was used to examine the
functions of circSTEGALNAC6/STMNT in tumour metastasis in vivo. We found that 881 circRNAs were significantly
dysregulated in BCa tissues compared to normal tissues. circSTEGALNAC6(hsa_circ_0088708) was downregulated in
BCa tissues and cells. Overexpression of circSTEGALNACG effectively inhibited the cell proliferation, migration, invasion
and epithelial-mesenchymal transition (EMT) in vitro and suppressed BCa metastasis in vivo. Mechanistically, we
showed that the SP1 transcription factor, which binds to the circSTGGALNAC6 mRNA transcript, activates
circST6GALNACS transcription. Next, we verified that circSTEGALNACG serves as a sponge that directly binds miR-200a-
3p to regulate stathmin (STMN1) expression. Furthermore, we found that STMNT1 is involved in circSTEGALNAC6/miR-
200a-3p axis-regulated BCa EMT and metastasis. Thus, our findings indicate an important underlying mechanism in
BCa metastasis by which SP1-induced circST6GALNACE sponges miR-200a-3p to promote STMN1/EMT signalling. This
mechanism could provide pivotal potential prognostic biomarkers and therapeutic targets for BCa.

Introduction dence indicates that BCa represents a group of

Bladder cancer (BCa) is one of the most prevalent
malignancies throughout the world, and millions of peo-
ple die from the disease every year"?. Accumulating evi-
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molecularly heterogeneous diseases with diverse clinical
courses and therapeutic responses3’4. Metastases occur
more frequently in muscle-invasive BCa patients and
correlate with poor clinical prognosis®. Until now, no
effective therapeutic approaches have been made available
for BCa patients with tumour metastasis®. Therefore, a
better understanding of the molecular mechanisms of
BCa metastasis is necessary for the development of effi-
cient therapeutic strategies.
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Epithelial-mesenchymal transition (EMT) is a process
in which epithelial cells acquire mesenchymal features by
decreasing the expression of epithelial markers such as E-
cadherin and increasing the expression of mesenchymal
markers such as N-cadherin and vimentin’. It is a critical
process for the invasion and metastasis of tumour cells,
and many molecules are involved in this process’.
MicroRNAs (miRNAs) are a widely acknowledged class of
non-coding RNAs that suppress the expression of their
targets by binding the 3’ UTRs of downstream messenger
RNAs (mRNAs)®. The miR-200 superfamily is composed
of five members, miR-200a/b/c, miR-141, and miR-429°.
They are highly expressed in epithelial cells, and many
studies indicate that the miR-200 superfamily is crucial
for EMT”®. For instance, previous studies have shown
that miR-200a promotes BCa invasion by targeting Dicer,
while miR-200b suppresses EMT and prostate cancer
growth and metastasis'®'', miR-141 also inhibits EMT
and suppresses ovarian cancer cell migration'>. Never-
theless, the upstream regulators and whether there are
additional downstream targets of the miR-200 family in
BCa are poorly understood.

Circular RNAs (circRNAs) are a relatively new family
of non-coding endogenous RNAs with circular config-
urations and stable structures'®'*. Initially, they were
considered cellular junk RNAs. However, emerging
evidence suggests that their expression is highly regu-
lated, with developmental and tissue specificity’®'°.
Aberrant expression of circRNAs has been observed in
numerous diseases, such as cancers, cardiovascular
diseases, and neurodegeneration, and plays active roles
in the development and progression of diseases'®'”. It
was reported that circRNA ACVR2A is downregulated
in BCa tissues and cells and that overexpression of cir-
cRNA ACVR2A suppresses BCa cell proliferation and
metastasis by sponging miR-626 to regulate EYA4
expression'®, CircRNA Cdrlas sensitizes BCa to cis-
platin treatment through the miR-1270/APAF1 axis'®.
Notably, circRNA may be an important novel regulator
in BCa. Nevertheless, a comprehensive understanding of
the roles of circRNAs in BCa is lacking, and whether
other circRNAs are involved in the disease remains
largely unknown.

In this study, we identified the differentially expressed
circRNAs in BCa compared to those in normal controls
by circRNA microarray and then focused on a down-
regulated circRNA named circST6GALNAC6 for further
functional exploration in BCa. Our study revealed a new
molecular mechanism by which circST6GALNACS,
regulated by the transcription factor SP1, could suppress
BCa metastasis by sponging miR-200a-3p to modulate the
STMNI1/EMT signalling axis, providing new ideas and
potential targets for the development of therapeutic
strategies for BCa.
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Materials and methods
Human BCa specimen

Human BCa specimens were collected from 30 diag-
nosed BCa patients during surgery at The Second Xiangya
Hospital of Central South University. The detailed infor-
mation of the BCa patients was shown in Supplement
table 1. Adjacent non-tumour tissues were obtained
simultaneously from the same patients. Patients did not
receive preoperative treatments. All patients were
informed of the study and consented with a signed written
form. The study was approved by the Ethics Committee of
the Second Xiangya Hospital of Central South University.
All specimens were immediately snap-frozen in liquid
nitrogen and stored at —80 °C before further analysis.

Cell culture and TGF-B1 treatment

Human bladder carcinoma cell lines (T24, J82, UM-UC-
3, 5637 and SW780) and a normal human uroepithelial
cell line (SV-HUC-1) were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). T24
and 5637 cells were grown in RPMI-1640 medium
(Thermo Fisher Scientific, MA, USA), and other cells (J82,
UM-UC-3, SW780, SV-HUC-1) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco, CA,
USA). Both median were supplemented with 10% foetal
bovine serum (Thermo Fisher Scientific, MA, USA) and
1% penicillin-streptomycin. All cells were maintained in a
standard cell culture incubator at 37°C with 95%
humidity and 5% CO,. To induce EMT, J82 and UM-UC-
3 cells were treated with TGF-P1 at a final concentration
of 2.5 ng/ml for 24 h.

Plasmids and transfection

Full-length SP1, STMNI, or circST6GALNAC6 was
cloned into the lentivirus vector pLV-CMV. The con-
structs were transfected into HEK293T cells with the
helper vectors pSPAX2 and pMD2G to generate lenti-
virus. The lentivirus was used to infect BCa cells for
overexpression. hsa-miR-200a-3p mimics, inhibitors, SP1-
shl, SP1-sh4, and STMN1-shRNA were synthesized and
purchased from Genema (Shanghai, China). Cell trans-
fection was performed using Lipofectamine 3000 (Invi-
trogen, USA) according to the manufacturer’s protocol.
Briefly, cells were grown to 60-80% confluence, and
approximately 1 pg construct and 1 pl Lipofectamine 3000
were added to the media. Cells were harvested for further
analysis 48h after transfection. Stable cell lines were
selected with appropriate antibiotics (puromycin, 3 pg/pl,
Sigma) for one week after virus infection or construct
transfection.

Microarray analysis
TRIzol reagent (Invitrogen, Missouri, USA) was used to
isolate total RNA from human tissues based on the
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manufacturer’s instructions. RNA integrity and con-
tamination were determined by electrophoresis. rRNAs
were removed, and circRNAs were enriched by using the
rRNA Removal Kit and CircRNA Enrichment Kit (Illu-
mina, CA, USA), respectively. The sequence libraries were
constructed using the TruSeq Stranded Total RNA
Library Prep Kit (Illumina, CA, USA) following the
manufacturer’s guidance. The libraries were sequenced by
a HiSeq 4000 Sequencer (Illumina, CA, USA). Qualified
reads controlled by Q30 were aligned to human genome
references by using TopHat2 software. CircRNAs were
identified by the UROBORUS and CIRI tools. The relative
expression levels of circRNAs were quantified according
to the back-spliced reads per million mapped reads. The
circRNAs with an absolute log2-fold change (FC) value >1
and a P-value < 0.05 were considered differentially
expressed”’.

RNA extraction and gRT-PCR

TRIzol reagent (Invitrogen, Missouri, USA) was used to
isolate total RNA from cultured cells according to the
manufacturer’s instructions. DNase I was included in the
lysis buffer to avoid DNA contamination. Cir-
c¢ST6GALNAC6 and its linear counterpart ST6GAL-
NAC6 mRNA were digested by the RNase R. 2 g of total
RNA was incubated for 30min at 37°C with 0.5pL
10xRNase R Reaction Buffer and 0.2 uL RNase R or not.
The relative expression levels of circST6GALNAC6 and
ST6GALNAC6 mRNA were then measured by qRT-PCR.

Total RNA (1-2pg) from each sample was used for
reverse transcription and then amplified by PCR with
standard kits (Invitrogen, Missouri, USA). Relative
expression levels of circST6GALNAC6, miR-200a-3p, or
SP1, STMN1 mRNA were normalized to U6 or GAPDH
mRNA expression, respectively, as internal controls. The
following primers were used:

circST6GALNAC6 forward primer (divergent): 5'-
CATCATTCATGCGGATTGTACACT-3/;

circST6GALNAC6 reverse primer (divergent): 5’-
TTTGACGACCTCTTCCGGGGTGAGA-3/;

circST6GALNAC6 forward primer (convergent): 5'-
CCACGACGCGGTAGGTGG -3;

circST6GALNAC6 reverse primer (convergent): 5'-
GCCACCAGTGTGTGATTGTC-3/;

miR-200a-3p forward
CACTGTCTGGTAACGATGT-3;

miR-200a-3p reverse primer: 5-CATCTTACCGGA-
CAGTGCTGGA-3';

SP1 mRNA forward primer: 5-TTG AAA AAG GAG
TTG GTG GC-3';

SP1 mRNA reverse primer: 5-TGC TGG TTC TGT
AAG TTG GG-3;

STMN1  forward
GAACTGGAGA-3;

primer: 5-TAA-

primer:  5-CCAGGTGAAA-
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STMNI1 reverse primer: 5-CTTCTGAATTTCCTC-
CAGGG-3;
U6 forward primer: 5'-CTCGCTTCGGCAGCACA-3/;

ue6 reverse primer: 5-AACGCTTCAC-
GAATTTGCGT-3;

GAPDH forward primer: 5-GAGTCAACG-
GATTTGGTCGTT-3/; and

GAPDH reverse primer: 5-TTGATTTTGGAGG-
GATCTCG-3'.

Western blotting

RIPA lysis buffer (ThermoFisher, MI, USA) was uti-
lized to extract proteins from tissues or cells according
to a standard protocol. The protein concentration of
each sample was measured using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher, MI, USA). Equal
amounts of protein were loaded into SDS-
polyacrylamide gels and separated through electro-
phoresis. Later, the proteins were transferred from the
gels to PVDF membranes (Sigma-Aldrich, USA). The
membranes were blocked with 3% BSA for half an hour
at room temperature and then incubated with primary
antibodies overnight at 4°C. On the next day, the
membranes were washed with TBST 3 times before
incubation with specific secondary antibodies for 1 h at
room temperature. Signals were detected by using a
standard ECL kit. The primary antibodies used in the
study were as follows: anti-SP1 (1:2000; Cell Signalling,
USA); anti-N-cadherin (1:1000; Abcam, USA); anti-
vimentin (1:2000; Abcam, USA); anti-E-cadherin
(1:1000; Abcam, USA); anti-STMN1 (1:1000; Abcam,
USA); and anti-B-actin (1: 5000, Abcam, USA).

Immunohistochemical (IHC) analysis

Tissues were fixed in 10% formalin at 4 °C overnight and
embedded in paraffin. Then, paraffin sections (4-pm
thick) were permeabilized with 0.5% Triton X-100 in PBS
for 1h at room temperature, followed by incubation with
specific primary antibodies at 4 °C overnight (vimentin, E-
cadherin, STMN1). The sections were washed with PBS 3
times and then stained with HRP-conjugated secondary
antibodies for 2h at room temperature. Slides were
imaged with an LSM510 confocal microscope system
(Zeiss). The following primary antibodies were used: anti-
vimentin (1:500; Abcam, USA), anti-E-cadherin (1:400;
Abcam, USA), and anti-STMN1 (1:400; Abcam, USA).
The following secondary antibodies were used: HRP goat
anti-mouse secondary antibody (1:500, Abcam, USA) and
HRP goat anti-rabbit secondary antibody (1:500,
Abcam, USA).

RNA fluorescence in situ hybridization (FISH)
Cyb5-labelled circSST6GALNAC6 probes
labelled miR-200a-3p probes were

and Cy3-
designed and
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synthesized by BersinBi (Guangzhou, China). The probe
signals were determined with a FISH Kit (BersinBi,
Guangzhou, China) according to the manufacturer’s
guidelines. Briefly, paraffin sections (4-um thick) and BCa
cells were permeabilized with 0.5% Triton X-100 in PBS
for 5min at room temperature. Fluorescence-labelled
specific probes for circST6GALNAC6 and miR-200a-3p
were incubated at 37 °C overnight in a dark chamber. The
next day, the samples were washed with PBS, and DAPI
was added for nuclear staining. Images were acquired
using a fluorescence microscope (Zeiss).

Immunofluorescence (IF) staining

Cells were fixed in 4% paraformaldehyde (PFA) first for
10-15 min at room temperature and then permeabilized
with 0.5% Triton X-100 in PBS for 5 min at room tem-
perature. Cells were then blocked with 3% BSA for an
hour at room temperature followed by incubation with
specific primary antibodies overnight at 4°C. The next
day, the cells were washed with PBS and then incubated
with fluorophore-conjugated secondary antibodies for 1 h
at room temperature. Stained cells were imaged with an
LSM510 confocal microscope system (Zeiss). The fol-
lowing primary antibody was used: anti-SP1 (1:400;
Abcam, USA).

MTT assay

Transfected cancer cells were plated in a 96-well plate at
a density of 5000 cells/well and grown for different times,
as indicated in the figures, followed by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
incubation. Ten microlitres of MTT (5 mg/ml) was added
and incubated for 3h at 37°C. Afterwards, 100 ul of
detergent reagent was added to terminate the reaction.
The absorbance at 570nm in each condition was
analysed.

Colony formation assay

Transfected cancer cells were seeded in a 12-well cul-
ture plate and grown at 37°C for 7 days. The colonies
were fixed with 10% methanol for 10 min and stained with
1% crystal violet for 10 min followed by imaging with the
EVOS FL Imaging System. The number of colonies was
counted with Image].

Transwell assay

Transfected cancer cells were cultured in serum-free
culture medium on the upper chamber of Transwell filter
chamber filters that were pre-coated with Matrigel. Cul-
ture medium with 10% FBS was placed in the lower
chamber as a chemoattractant. After 24 h of incubation at
37°C, cells inside the upper chamber were discarded.
Cells migrating to the lower chamber were fixed in 4%
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PFA, stained with 0.2% crystal violet and counted. For the
invasion assay, the upper chamber was pre-coated with
extracellular matrix (BD Biosciences, USA), a soluble
basement membrane matrix, and cells invading the lower
chamber after 24 h were fixed in 4% paraformaldehyde,
stained with 0.2% crystal violet and counted.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed using a commercial ChIP kit (Cell
Signalling Technology, USA) according to the manu-
facturer’s protocol. For each chromatin immunoprecipi-
tation assay, 5 pug of anti-SP1 or 1 pL of normal rabbit IgG
was used as a negative control. After immunoprecipita-
tion, chromosomal DNA was purified. The cir-
c¢ST6GALNAC6 promoter region was detected by using
PCR. The primers used for analysis were forward: 5’
ACTGACCTGCATCCTTCT-3' and reverse: 5'-
GGTGGCACATGCCTGTAA-3'.

MS2-TRAP (MS2-tagged RNA affinity purification)
MS2-binding sequences (MS2bs) were infused with
circST6GALNACS6. Cells were transfected with MS2-
circST6GALNAC6 or MS2 control vector together with
MS2bs-GFP using Lipofectamine 3000. After 2 days,
transfected cells were lysed in lysis buffer (50 mM Tris-
HCI, 150mM NaCl, 2mM EDTA, 1% NP-40, 0.5%
sodium deoxycholate) containing RNase inhibitors and
protease inhibitors (Thermo Scientific, Waltham, MA,
USA). The extracted proteins were incubated with rele-
vant antibodies (anti-GFP1 or IgG as a control) (Millipore,
USA) overnight at 4 °C and then pulled down with protein
a G Sepharose 4 Fast Flow suspension (Millipore, USA).
The beads were digested with proteinase K (Sangon,
Shanghai, China) for 1h followed by RNA purification
with TRIzol reagent (Invitrogen, Missouri, USA). Quan-
titative RT-PCR was performed to examine the RNA
yield. The primers are listed in the qRT-PCR section.

RNA Immunoprecipitation (RIP) assay

Transfected cells were lysed in lysis buffer (50 mM Tris-
HCI, 150mM NaCl, 2mM EDTA, 1% NP-40, 0.5%
sodium deoxycholate) containing RNase inhibitors and
protease inhibitors (Thermo Scientific, Waltham, MA,
USA). The extracted proteins were incubated with rele-
vant antibodies (anti-AGO2, 1:1000 dilution, and IgG as a
control) (Abcam, MA, USA) overnight at 4°C and then
pulled down with a protein G Sepharose 4 Fast Flow
suspension (GE Amersham, Little Chalfont, UK). The
beads were digested with proteinase K (Sangon, Shanghai,
China) for 1h followed by RNA purification with TRIzol
reagent (Invitrogen, Missouri, USA). Quantitative RT-
PCR was performed to examine the RNA yield. The pri-
mers are listed in the qRT-PCR section.
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Dual luciferase assay

The wild-type sequences or mutated binding sites of
miR-200a-3p in the 3’ UTR of STMNI1 and cir-
cST6GALNACG6 were cloned downstream of the lucifer-
ase reporter vector (psiCHECK2). Cells were first seeded
in 24-well culture plates overnight, and then recombinant
constructs were transfected into 293T cells using Lipo-
fectamine 3000 together with miR-200a-3p mimics or
mimics-NC. To analyse the interaction of SP1 and the
circST6GALNAC6 promoter, the circST6GALNAC6
promoter, named pGL2000 (—2000~+1 nt) was cloned
upstream of the luciferase reporter vector (pGL3-base)
and transfected into 293T cells with the SP1 over-
expression vector. To identify the core promoter region
responsible for constitutive expression of the ST6GAL-
NACS6 gene, serial truncated fragments of promoter from
3/-end were synthesised and subcloned into pGL3-base
vector. Four successive truncated constructs from
ST6GALNAC6 promoter named pGL1500 (—500 to
—2000 nt), pGL1000 (—1000 to —2000 nt), pGL500
(—1500 to —2000 nt), pGL200 (—1800 to —2000 nt). Next,
three mutation fragments of the Sp1 binding sites named
pGL-Mutl (—1238 to —1247 nt), pGL-Mut2(—1194 to
—1208 nt), pGL-Mut3 (—469 to —478 nt) and pGL-Mut
(—109 to —118 nt) were generated and transfected into
293T cells with the SP1 overexpression vector. After 48 h,
the cells were harvested in Reporter Lysis Buffer from a
commercial kit (Promega, WI, USA), and relative luci-
ferase activities were measured.

Nude mouse xenograft model

Five-week-old nude mice were purchased from Hunan
SJA Laboratory Animal Co., Ltd. and kept under labora-
tory conditions. All animal experiments and protocols
were reviewed and approved by the Animal Care and Use
Committee of Central South University. Stable BCa cells
(UM-UC3) expressing NC, circST6GALNACS6, or cir-
cST6GALNACS6 plus STMNI1 shRNA or overexpression
of circST6GALNAC6 and miR-200a-3p were injected into
5-week-old nude mice (2 x 10° cells per mouse, five mice
per group) through the tail vein. After 1.5 months, the
lung tissues were excised under anaesthesia, and the
numbers of macroscopically visible lung metastatic
nodules were counted and validated by microscopy
assessment of haematoxylin and eosin (H&E)-stained
sections.

Statistical analysis

All experiments were performed with at least three
biological replicates. All statistical analyses were per-
formed in GraphPad Prism 7. Statistical significance was
determined by unpaired Student’s ¢ test (two groups) or
one-way ANOVA (multiple groups). The data are pre-
sented as the mean + SD.
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Results
CircST6GALNAC6 was downregulated in BCa tissues and
cells

To investigate the circRNA expression profile in four
pairs of BCa samples (BCa and matched adjacent non-
tumour tissues), we used the SBC Human circRNA
microarray. A total of 881 dysregulated circRNAs were
identified in BCa tissues, of which 300 circRNAs were
significantly upregulated and 581 circRNAs were sig-
nificantly downregulated (data not shown). The clustered
heatmap in Fig. 1A shows the top 100 downregulated
circRNAs (Fig. 1A). Furthermore, the potential targets of
363 downregulated circRNAs were analysed, revealing
that 283 circRNAs may exert functions by modulating
RNA-binding proteins (RBPs) or sponging miRNAs, while
79 may exert functions only by sponging miRNAs (Fig.
1B). In addition, we selected 3 downregulated circRNAs
to verify the microarray results. The results showed that
the expression of these 3 circRNAs was consistent with
the microarray results obtained by qRT-PCR analysis in
BCa tissues and cells (Supplement Fig. 1). Among them,
we found that circST6GALNAC6 was derived from back-
splicing of exon 5 in the ST6GALNAC6 (NM_013443)
gene, with a length of 407 nt (Fig. 1C), which is consistent
with the circbase database annotation of hsa_-
circ_0088708 (http://www.circbase.org/). We detected the
expression of this transcript as circST6GALNAC6 by
amplifying it from the cDNA of J82 cells using the
divergent primer strategy and the splice junction of cir-
cST6GALNACS6 was verified by Sanger sequencing (Fig.
1D), Because circRNAs are resistant to RNase R treat-
ment, we performed RNase R digestion assay. Both linear
RNA transcripts (ST6GALNAC6 and GAPDH mRNA)
were significantly degraded compared with cir-
cST6GALNACS, further validating the circular nature of
the circSTO6GALNACS6 transcript (Fig. 1E). Notably, cir-
cST6GALNACS6 was significantly decreased in another 30
paired BCa samples and 5 BCa cells (compared to SV-
HUC-1 cells) (Fig. 1F, G) by qRT-PCR analysis. Further-
more, H&E and FISH analysis showed that BCa tissues
have lower levels of circST6GALNAC6 than normal tis-
sues (Fig. 1H, I). Notably, circST6GALNAC6 was
expressed in the cytoplasm and nucleus of UM-UC-3 cell,
but mainly expressed in the cytoplasm. Together, these
results suggest that circST6GALNAC6 downregulation is
common in BCa tissues and cells.

Overexpression of circSTGGALNAC6 inhibited the
proliferation and migration of bladder cancer cells

The roles of circST6GALNAC6 in BCa were investigated.
First, we constructed circST6GALNAC6-overexpressing
lentiviruses with circular frames and circST6GALN
AC6 sequences (Fig. 2A) and found that circST6GALNAC6
was markedly overexpressed in J82 and UM-UC-3 cells (Fig.
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2B). With the MTT assay, we showed that overexpression of
circST6GALNACS6 suppressed J82 and UM-UC-3 cell pro-
liferation (Fig. 2C, D). Consistently, colony formation assays
demonstrated that overexpression of
circST6GALNACSG significantly decreased the number of
colonies formed in J82 and UM-UC-3 cell lines (Fig. 2E, F).
In addition, we measured the migration and invasion abilities
of cancer cells with a Transwell assay. As shown in Fig. 2G-K,
overexpression of circST6GALNACG6 drastically inhibited
cell migration and invasion compared with circRNA-NC.
These data indicated that  overexpression  of
circST6GALNAC6 suppresses the proliferation, migration
and invasion of BCa cells in vitro.
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SP1 bound the circST6GALNAC6 promoter and activated
its transcription

We then explored the mechanisms underlying the abnor-
mal expression of circST6GALNACS6 in BCa. Bioinformatics
prediction using the JASPAR database (http://jaspar.genereg.
net/) shows that there are twelve binding sites within SP1
(when the Relative score >0.85), a transcription factor, and
the circST6GALNAC6 promoter region (Fig. 3A). The luci-
ferase activity of PGL2000 was significantly induced by SP1
(Fig. 3B). However, the truncation from 3’-end led to a
gradual decrease of the luciferase activity from pGL2000 to
pGL200. In addition, there is a significant decrease of the
luciferase activity in pGL1500+ SP1 and pGL500 + SP1
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group, which suggested the core promoter of ST6GALNAC6
gene was located at the region from —1 to —500 nt and
—1000 to —1500 (Fig. 3B). Moreover, four Spl binding
regions in the core promote were mutated, as shown in Fig.
3A. The dual luciferase reporter assays results suggested that
the luciferase activity of pGL-Mutl + SP1, pGL-Mut2 + SP1,
pGL-Mut3 + SP1, pGL-Mut4 + SP1 reduced approximately
12%, 53%, 23%, 28%, respectively, compared with
pGL2000 + SP1 (Fig. 3C). Consistently, ChIP demonstrated
that the SP1 antibody was effectively precipitated with the
region of the circST6GALNAC6 promoter in BCa tissues
(Fig. 3D). Furthermore, we transfected cells with short
interfering RNAs (SP1-shl and SP1-sh4) that specifically
targeted SP1. Western blotting assays showed that
SP1 shRNAs successfully knocked down SP1 protein
expression in J82 and UM-UC-3 cells (3E-G). Moreover, SP1
knockdown significantly downregulated the expression of
circST6GALNAC6 by qRT-PCR and FISH analysis (Fig. 3H-
]). Taken together, these results demonstrate that SP1 binds
the circST6GALNACS6 promoter, especially fragment —1194
to —1208 nt and promotes its transcription.

circST6GALNAC6 acted as a miR-200a-3p sponge in BCa
cells

It has been shown that circRNAs exert functions by
modulating RBPs or sponging miRNAs. Through bioin-
formatic analysis, we identified three members of the
miR-200-3p family (miR-200a-3p, miR-200b-3p, miR-
200c-3p) that could potentially bind with cir-
cST6GALNACS6 (Fig. 4A). To directly examine whether
these miRNAs target circST6GALNACS6, we used a dual
luciferase reporter assay. As shown in Fig. 4B, the luci-
ferase activity of wild-type (WT) circST6GALNAC6 was
decreased by the miR-200a/b/c-3p mimic. However, the
luciferase activity of MUT circST6GGALNAC6 was not
affected by these three miRNA mimics (P > 0.05) (Fig. 4B).
Furthermore, we found that MS2-circST6GALNACS6 only
pulled down miR-200a-3p, but not miR-200b-3p and
miR-200c-3p, by MS2-TRAP assay, suggesting that
circST6GALNACS serves as a binding platform for miR-
200a-3p in BCa cells (Fig. 4C). Furtherly, FISH experi-
ments showed that circST6GALNAC6 and miR-200a-3p
were preferentially co-localized in the cytoplasm, sup-
porting the direct interaction of circST6GALNAC6 with
miR-200a-3p (Fig. 4D).

To address whether circST6GALNAC6 inhibits the
migration and invasion of BCa cells via sponging by miR-
200a-3p, miR-200a-3p mimics were used to examine
whether the effect of circST6GALNACS6 depletion can be
rescued by miR-200a-3p mimics. The results showed that
miR-200a-3p mimics substantially restored cir-
cST6GALNACS6 overexpression-mediated suppression of
BCa cell migration and invasion abilities (Fig. 4E-H).
Altogether, these data indicate that circST6GALNAC6
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regulates the migration and invasion of BCa cells by
sponging miR-200a-3p.

miR-200a-3p promoted EMT by targeting STMN1

It is well known that miRNAs function by inhibiting the
expression of downstream targets. By bioinformatic ana-
lysis (Starbase), we identified complementary binding sites
between miR-200a-3p and STMN1 (Fig. 5A). We per-
formed Kaplan—Meier survival analysis and found that
STMNI1 was positively associated with favourable survival
in patients with BCa (Fig. 5B). A subsequent luciferase
reporter assay revealed decreased luciferase intensity after
co-transfection of miR-200a-3p mimics and a wild-type
luciferase reporter (STMN1-3’ UTR-WT), while the
mutated luciferase reporter (STMN1-3’" UTR-Mut) exer-
ted no such effect (Fig. 5C). By RIP for AGO2, we
observed endogenous miR-200a-3p and STMN1 mRNA
pull-down in J82 cells, and STMN1 pull-down by AGO2
was reduced when miR-200a-3p was overexpressed (Fig.
5D). Moreover, we found that overexpression of miR-
200a-3p greatly decreased STMN1 mRNA and protein
levels, while miR-200a-3p inhibitor increased those levels
(Fig. 5E—QG). These results suggest that STMN1 may serve
as a downstream factor of miR-200a-3p.

We further studied the function of the interaction
between miR-200a-3p and STMN1 in BCa. Transwell
assays revealed that miR-200a-3p markedly promoted the
migration and invasion of BCa cells compared with the
effects of miR-NC. However, this effect was abolished by
co-overexpression of STMNI1 (Fig. 5H-]). In addition, we
measured the levels of EMT-related proteins by western
blotting. The results indicated that miR-200a-3p mimics
led to decreased expression of E-cadherin but increased
expression of N-cadherin and vimentin in J82 and UM-
UC-3 cell lines, indicating that the epithelial cells acquired
mesenchymal properties. Nevertheless, these mesenchy-
mal properties were reversed by co-overexpression of
STMN1 (Fig. 5K-N).

circST6GALNAC6 regulated EMT via miR-200a-3p/
STMN?1 signalling

Our  aforementioned  results showed  that
circST6GALNAC6 sponges miR-200a-3p, while miR-
200a-3p targets STMNI1. To test whether cir-

c¢ST6GALNACS6 regulated EMT through the miR-200a-
3p/STMNI1 axis, we manipulated their corresponding
levels and examined the effects. Western blotting results
showed that overexpression of circST6GALNAC6
increased STMNI1 and E-cadherin protein levels. In con-
trast, circST6GALNAC6 decreased the levels of N-
cadherin and vimentin (Fig. 6A, B), suggesting that
circST6GALNAC6 suppresses EMT by activating
STMNI. However, in cells co-transfected with cir-
c¢ST6GALNAC6 and STMNI1-shRNA, E-cadherin was
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significantly downregulated, while

N-cadherin
vimentin were upregulated in these cells compared to
cells transfected with circST6GALNAC6 and circRNA-
NC (Fig. 6A, B), indicating that knockdown of STMN1
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reverses the effects of circST6GALNAC6 on EMT. TGF-
Bl has been proven to induce EMT and contribute to
metastasis in various cells?!. As expected, western blotting
results showed that TGF-f1

significantly inhibited
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STMNT1 and E-cadherin expression while promoting N-
cadherin and vimentin expression (Fig. 6C, D). However,
overexpression of circST6GALNACG6 decreased the levels
of N-cadherin and vimentin while promoting STMN1 and
E-cadherin expression, and knockdown of STMNI1
reverses the effects of circST6GALNAC6 on EMT (Fig.
6C, D). Notably, overexpression of circST6GALNAC6
blocked TGF-B1-induced EMT, but this blockade was
reversed by STMN1 shRNA (Fig. 6E). Together, these
results clearly demonstrate that circSST6GALNAC6 pro-
motes EMT by increasing STMN1 levels, mostly by
sponging miR-200a-3p.

circST6GALNACG inhibited BCa metastasis in vivo via miR-
200a-3p/STMN1

Finally, we evaluated the function of circST6GALNAC6
in BCa in vivo in established mouse xenograft models. We
generated two stable UM-UC-3 cell lines overexpressing
circST6GALNAC6 or circST6GALNAC6 plus STMN1-
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shRNA or overexpression circST6GALNAC6 plus miR-
200a-3p and then injected them into nude mice through
the tail vein. As shown in Fig. 7A, B, E
circST6GALNAC6 significantly decreased lung metas-
tasis, which was reversed by treatment with silence
STMNT1 and overexpression of miR-200a-3p. In addition,
the overexpression of circST6GALNAC6 upregulated
STMNI1 and E-cadherin but downregulated N-cadherin
and vimentin expression, while knockdown of STMNI1 or
overexpression miR-200a-3p reversed these changes as
shown by western blotting and IHC assays (Fig. 7D-F).
Collectively, our results prove that
circST6GALNACS6 suppresses EMT and BCa metastasis
in vivo partly through the miR-200a-3p/STMNI axis.

Discussion

BCa is a common and lethal malignancy"®. The
pathogenesis and clinical manifestations are highly het-
erogeneous; thus, the treatment options are limited, and
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outcomes remain unsatisfactory”>?®, CircRNAs are a class
of circular non-coding RNAs that play critical roles in
tumorigenesis'®. Emerging evidence shows aberrant
expression of circRNAs in a variety of cancers, including
BCa?*~?°, Previous studies have implicated several cir-
cRNAs in BCa, such as circRNA BCRC-3, circ_0091017
and circPICALM*"~*°, However, as the BCa cohort was
small, future studies with larger cohorts are necessary. In
this study, through high-throughput RNA-seq, we pro-
vided a systematic and comprehensive dataset showing
how circRNAs are involved in BCa. We identified 300
upregulated circRNAs and 581 downregulated circRNAs
in human BCa tissues compared to non-tumour tissues.
Moreover, we found a novel circRNA, circST6GALNACS6,
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that is derived from exon 5 of the ST6GALNAC6 gene.
There are no previous reports about the role of cir-
¢ST6GALNACES6 in BCa. Here, we demonstrated for the
first time that circST6GALNAC6 is greatly down-
regulated in BCa tissues and cells compared to expression
in normal controls and that it plays an important role in
BCa metastasis. Together with previous studies®*°, our
work suggests that circRNAs can serve as diagnostic
markers and therapeutic targets for certain diseases.
However, there are limitations to our present study. First,
only 4 paired BCa tissues were subjected to microarray
analysis. Second, only 30 BCa tumour samples were
analysed by qRT-PCR for confirmation. In future studies,
we need to assess more BCa patient tissues to confirm the
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suppressor role of circST6GALNACS6, and it is also
necessary to explore the function of other differentially
expressed circRNAs in BCa.

MiRNAs have been widely implicated in diverse cellular
processes and diseases®*°. The miR-200 superfamily is a
key family of miRNAs that is largely involved in EMT and
regulates cancer metastasis®’. In this study, we found
complementary binding sites between circST6GALNAC6
and miR-200a/b/c-3p. However, in BCa cells, we found
that only circST6GALNAC6 bound with miR-200a-3p
but not the other two members. Notably, we observed
that miR-200a-3p promoted EMT and cancer -cell
migration in BCa and that circST6GALNACG6 exerted its
functions by sponging miR-200a-3p. These results suggest
that the miR-200 family has distinct functions in different
cancers. It will be interesting to examine the role of cir-
c¢ST6GALNAC6/miR-200 binding in other types of can-
cers. In addition, we showed that SP-1 is the upstream
regulator of circST6GALNAC6 and activates the tran-
scription of circST6GALNACS6 by binding its promoter.
Of course, further evidence is required to conclude that
circ(ST6GALNACS6 is activated by other transcription
factors.

It is well acknowledged that EMT is crucial for cancer
progression, particularly metastasis®>. Many signals and
molecules are involved in this process, and STMN1 is one
of them®®. STMNI1 is a phosphoprotein that functions to
destabilize microtubules by facilitating microtubule
depolymerization. STMN1 has been reported to be
upregulated across many kinds of cancers, and its high
expression correlates with a poor prognosis®**°, Previous
studies have indicated that STMNT1 inhibits EMT and the
metastatic behaviours of epithelial cells**. In BCa, STMN1
was significantly decreased in TGFB1-induced BCa cells
and regulated TGFBl-induced EMT, indicating that it
serves as a target of miR-221%". Here, we showed similar
functions of STMNI. Knockdown of STMN1 facilitated
the migration, invasion and EMT of BCa cells in vitro and
in vivo. Notably, we showed that miR-200a-3p directly
targeted STMN1 and that miR-200a-3p regulated EMT
through STMNI1. Furthermore, silencing STMNI1
reversed the effects of circST6GALNAC6 on EMT and
tumour metastasis. Our study, together with previous
work®®*?, indicates that STMNI1 is involved in complex
regulatory networks and confers cell-type-specific reg-
ulation of cell function in different cancers.

In summary, we revealed that circST6GALNAC6 is
downregulated in BCa and that it can efficiently sponge
miR-200a-3p to inhibit STMN1. We also demonstrated
that circ(ST6GALNAC6 effectively suppresses BCa
metastasis by regulating the miR-200a-3p/STMN1/EMT
axis. These results shed light on the mechanisms of BCa
and provide avenues for the development of diagnostic or
therapeutic strategies for BCa.
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