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Bladder cancer is the ninth most diagnosed cancer in the world.
This study aims to investigate the role and mechanisms of the
taurine-upregulated gene 1 (TUG1)/miR-140-3p/annexin A8
(ANXA8) axis in bladder cancer. Western blotting and qRT-
PCR determined the expression levels of ANXA8, miR-140-
3p, TUG1, and epithelial-mesenchymal transition (EMT)
markers. RNA immunoprecipitation (RIP), luciferase assay,
and RNA pull-down assay validated the association among
ANXA8, miR-140-3p, and TUG1. The biological functions
were determined by colony formation, Annexin V-fluorescein
isothiocyanate (FITC)/propidium (PI) staining, and transwell
assays. Xenograft tumorigenesis detected tumor growth and
metastasis in vivo. Pathological analysis was examined by he-
matoxylin and eosin (H&E) and immunohistochemistry
(IHC) analyses. ANXA8 was elevated in bladder tumors and
cells. Knockdown of ANXA8 suppressed cell growth, migra-
tion, invasion, and EMT in UMUC-3 and T24 cells. ANXA8
was determined as a miR-140-3p target gene. Overexpression
of miR-140-3p suppressed cell proliferation, migration, inva-
sion, and EMT via targeting ANXA8. TUG1 promoted
ANXA8 expression via sponging miR-140-3p. Silencing of
miR-140-3p or ANXA8 overexpression abrogated the tumor-
suppressive effects of TUG1 silencing on bladder cancer cell
growth and metastasis. The TUG1/miR-140-3p/ANXA8 axis
was also implicated in tumor growth and lung metastasis
in vivo. TUG1 promotes bladder cancer progression andmetas-
tasis through activating ANXA8 by sponging miR-140-3p,
which sheds light on the mechanisms of bladder cancer patho-
genesis.

INTRODUCTION
As the ninth most diagnosed cancer and the second most common of
genitourinary malignancies worldwide, bladder cancer is associated
with high recurrence or metastasis rates. In clinical practice, mus-
cle-invasive bladder cancer (MIBC) is associated with increased inci-
dence of distance metastasis.1 Even though neoadjuvant chemo-
therapy (NAC), antibodies, and immune checkpoint inhibitors have
been introduced and shown to be beneficial for a subset of bladder
cancer patients recently, the outcomes of advanced cases have not
been significantly improved.2,3 Thus, it is necessary to explore the
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novel therapeutic targets and unravel the underlying mechanisms
of bladder cancer development.

Annexins (ANXA1-ANXA11, ANXA13) belong to a superfamily of
calcium-dependent, phospholipid-binding proteins. Annexins share
a core domain containing four or more copies of annexin repeats
responsible for Ca2+ and phospholipid-binding activity.4 Previous
studies have illustrated the aberrant expression of annexins in cancer
cells and their involvement in tumorigenesis and progression of
different types of cancer, including bladder cancer.5,6 Annexin A8
(ANXA8) was first discovered as an anticoagulation factor,7 and
growing evidence has illustrated that ANXA8 is elevated in various
types of cancers, including pancreatic cancer, breast cancer, acute
promyelocytic leukemia, and ovarian cancer.8–11 As reported, upre-
gulated ANXA8 in pancreatic cancer is positively correlated with tu-
mor grade and decreased 5-year survival, and knockdown of ANXA8
impairs cell viability in pancreatic cancer cells,10 indicating its onco-
genic role in pancreatic cancer. However, the biological roles of
ANXA8 and its relevant mechanisms in bladder cancer remain
elusive.

It is well established that only �2% of the transcripts are protein-
coding transcripts, while the majority are transcribed non-coding
RNAs (ncRNAs). ncRNAs can be divided into two major categories:
long non-coding RNAs (lncRNAs; >200 nt in length) and small
ncRNAs (microRNAs [miRNAs] or small interfering RNAs
[siRNAs]; <50 nt).12 Compelling evidence has suggested that
lncRNAs or miRNAs play crucial roles in a diversity of cellular
and disease processes, including cell proliferation, metastasis,
apoptosis, and epithelial-mesenchymal transition (EMT).13,14 The
well-known competing endogenous RNA (ceRNA) hypothesis dem-
onstrates that lncRNA serves as a miRNA sponge, thereby regu-
lating miRNA target gene expression.15,16 miR-140-3p was found
Authors.
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as either a poor prognostic marker or tumor suppressor in certain
types of cancer.17–19 More importantly, a recent report has illus-
trated that miR-140-3p is markedly decreased in bladder cancer tis-
sues, and it exerts tumor-suppressive functions in bladder cancer.20

Interestingly, our preliminary bioinformatics analysis indicated that
lncRNA Taurine Upregulated Gene 1 (TUG1) might function as a
miR-140-3p sponge. TUG1, which was originally identified as a
taurine upregulated transcript, is aberrantly elevated and plays tu-
mor-promoting effects in bladder cancer.21–24 For instance,
silencing of TUG1 improves responses for radiation therapy of
bladder cancer by targeting HMGB1.23 However, knowledge is un-
available concerning the role of TUG1 and miR-140-3p in bladder
cancer progression and metastasis.

In this study, we found that ANXA8 was elevated in bladder cancer,
and silencing of ANXA8 inhibited cell growth, migration, invasion,
and EMT in UMUC-3 and T24 cells. ANXA8 was determined as a
miR-140-3p target gene. Overexpression of miR-140-3p suppressed
cell growth, migration, invasion, and EMT, but promoted apoptosis
via targeting ANXA8. Moreover, silencing of TUG1 suppressed
bladder cancer cell growth and metastasis by targeting miR-140-3p
to inhibit ANXA8 signaling. The TUG1/miR-140-3p/ANXA8 axis
also regulated tumor growth and lung metastasis in vivo. These find-
ings indicated that TUG1, miR-140-3p, and ANXA8 could be poten-
tial targets for bladder cancer treatment.

RESULTS
The oncogenic role of ANXA8 in the progression andmetastasis

of bladder cancer

To study the expression profile of ANXA8 in bladder cancer, we
evaluated the transcriptional level of ANXA8 between the bladder
tumor and paired adjacent normal urinary bladder tissue by the
UALCAN database (http://ualcan.path.uab.edu/). As presented in
Figure 1A, the transcriptional level of ANXA8 was remarkably
elevated in bladder cancer tissues (n = 408) in comparison with
normal tissues (n = 19). We further examined the mRNA level
of ANXA8 in clinical specimen and bladder carcinoma cell lines.
Consistently, ANXA8 was remarkably elevated in bladder cancer
tissues and cell lines 5637, T24, UMUC-3, and J82 cells compared
with paired normal tissues and normal uroepithelial SV-HUC-1
cells, respectively (Figures 1B and 1C). UMUC-3 and T24 cells
were selected for the subsequent experiments because of the high
ANXA8 expression in these cells. To study the functional role of
ANXA8, we carried out gain- and loss-of-function experiments.
Transfection of pcDNA3.1-ANXA8 or shANXA8 successfully up-
regulated or downregulated the ANXA8 mRNA level in both
UMUC-3 and T24 cells, respectively (Figure 1D). Colony forma-
Figure 1. The oncogenic role of ANXA8 in bladder cancer

(A) Comparison of ANXA8mRNA expression based on datamining via the UALCAN data

(C) The ANXA8mRNA levels in different cells were detected by qRT-PCR. pcDNA3.1 al

cells. (D) The ANXA8mRNA levels in ANXA8-overexpressing and knockdown cells were

formation assay with quantitative analysis. (G–J) The migratory (G and H) and invasive

quantitative analysis. Scale bars, 100 mm. (K and L) The ANXA8 and EMT markers exp
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tion assays revealed that ANXA8 overexpression markedly
enhanced the clonogenic ability, whereas knockdown of ANXA8
exerted the opposite effect on colony formation in both UMUC-
3 and T24 cells (Figures 1E and 1F). To test the effect of
ANXA8 on cell migration and invasion, we performed transwell
assays. As presented in Figures 1G–1J, the migrated and invaded
cell numbers were remarkably higher in UMUC-3 or T24 cells
overexpressing ANXA8, whereas knockdown of ANXA8 notably
impaired the migratory and invasive capacities of UMUC-3 and
T24 cells. These findings indicate that ANXA8 may be correlated
with bladder cancer metastasis. It is well accepted that EMT is
often involved in cell migration and invasion. As expected, overex-
pression of ANXA9 dramatically decreased epithelial marker E-
cadherin expression but resulted in a significant induction of
mesenchymal markers Snail, Vimentin, and MMP-9 (Figures 1K
and 1L). Knockdown of ANXA8 exerted the opposite effects on
EMT marker expression, suggesting that ANXA8 promotes EMT
in bladder cancer cells (Figures 1K and 1L). Taken together, upre-
gulated ANXA8 promotes cell proliferation and metastasis in
UMUC-3 and T24 cells.

ANXA8 is a direct target gene of miR-140-3p in bladder cancer

cells

Bioinformatics analysis predicted that miR-140-3p might serve as an
upstream molecule of ANXA8. To validate bioinformatics analyses,
we next checked the miR-140-3p level in bladder cancer tissues. Inter-
estingly, miR-140-3p was markedly decreased in bladder tumors
compared with their normal tissue counterparts (Figure 2A). Addi-
tionally, there was a negative correlation between ANXA8 and miR-
140-3p in bladder tumors (Figure 2B). In line with these findings,
miR-140-3p was remarkably decreased in 5637, T24, UMUC-3, and
J82 cells compared with normal uroepithelial SV-HUC-1 cells (Fig-
ure 2C). Overexpression and knockdown experiments were further
conducted to study the effect of miR-140-3p on ANXA8 expression.
As presented in Figure 2D, miR-140-3p level was induced or reduced
by miR-140-3p mimics or inhibitor in both T24 and UMUC-3 cells,
respectively. Transfection of miR-140-3p mimics resulted in a dra-
matic reduction of ANXA8, whereas miR-140-3p inhibitor led to an
induction of ANXA8 in both bladder cancer cell lines (Figure 2E).
A similar observation was found at ANXA8 protein levels by western
blotting (Figures 2F and 2G). The putative binding sites between
ANXA8 30 UTR and miR-140-3p were predicted using TargetScan
(Figure 2H). In UMUC-3 and T24 cells, co-transfection of miR-
140-3p mimics and wild-type (WT)-ANXA8 caused a marked reduc-
tion of luciferase activity, while co-transfection of miR-140-3p inhib-
itor and WT-ANXA8 led to a dramatic increase of luciferase activity
in comparison with control. By contrast, the mutant of ANXA8
base. (B) ThemRNA levels ofANXA8 in different tissues were assessed by qRT-PCR.

one, pcDNA3.1-ANXA8, shNC, or shANXA8 was transfected into T24 and UMUC-3

determined by qRT-PCR. (E and F) Colony-forming ability was examined by colony

(I and J) capacities were examined by transwell migration and invasion assays with

ressions were assessed by western blotting. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. ANXA8 was a direct target gene of miR-140-3p in T24 and UMUC-3 cells

(A) ThemiR-140-3p level in bladder tumors and control was determined by qRT-PCR. (B) Correlation analysis between ANXA8 andmiR-140-3p. (C) ThemiR-140-3p levels in

SV-HUC-1 cells and bladder carcinoma cell lines were assessed by qRT-PCR. T24 and UMUC-3 cells were transfected with miR-140-3p mimics/inhibitor or corresponding

controls. (D and E) The levels of miR-140-3p (D) and ANXA8 (E) in miR-140-3p-overexpressing and knockdown cells were detected by qRT-PCR. (F and G) The ANXA8

expression was assessed by western blotting with quantitative analysis. (H) Putative binding sites between ANXA8 and miR-140-3p. (I) Relative luciferase activity was

measured by luciferase assay. *p < 0.05, **p < 0.01, ***p < 0.001.
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(MUT-ANXA8) abrogated the effects of miR-140-3p mimics or in-
hibitor on luciferase activity in both UMUC-3 and T24 cells (Fig-
ure 2I). Collectively, these data indicate that ANXA8 is a target
gene of miR-140-3p in bladder cancer cells.
miR-140-3p inhibits cell growth, migration, invasion, and EMT

but enhances apoptosis via targeting ANXA8

To validate the role of the miR-140-3p/ANXA8 axis, we transfected
UMUC-3 and T24 cells with mimics NC, miR-140-3p mimics,
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miR-140-3p mimics+pcDNA3.1, or miR-140-3p+pcDNA3.1-
ANXA8. As presented in Figures 3A–3C, transfection of miR-140-
3p mimics significantly decreased ANXA8 expression at both
mRNA and protein levels, whereas co-transfection of miR-140-3p
mimics and pcDNA3.1-ANXA8 reversed this effect on ANXA8
expression. Overexpression of miR-140-3p markedly impaired clono-
genic abilities of bladder cells, whereas exogenous expression of
ANXA8 caused a rebound in colony number in comparison with
the miR-140-3p mimics group (Figures 3D and 3E). In contrast,
miR-140-3p mimics promoted apoptosis, while co-transfection of
miR-140-3p and pcDNA3.1-ANXA8 markedly attenuated miR-
140-3p-induced apoptosis in bladder cancer cells (Figures 3F and
3G). Moreover, impaired migration and invasion were observed in
miR-140-3p mimics-transfected UMUC-3 and T24 cells, whereas
overexpression of ANXA8 attenuated the miR-140-3p-inhibited
migration and invasion (Figures 3H–3K). In accordance with the re-
sults of transwell assays, overexpression of miR-140-3p remarkably
induced E-cadherin expression, accompanied by decreased expres-
sion of Snail, Vimentin, and MMP-9, whereas ANXA8 overexpres-
sion reversed the miR-140-3p-mediated changes on the protein levels
of E-cadherin, Snail, Vimentin, and MMP-9 (Figures 3L and 3M).
Together, these results suggest that miR-140-3p plays as a tumor sup-
pressor via targeting ANXA8.

TUG1 promotes ANXA8 expression via sponging miR-140-3p in

bladder cancer cells

To further validate the TUG1/miR-140-3p/ANXA8 ceRNA network
in bladder cancer, we next examined TUG1 level in bladder tumors.
Consistent with previous study, TUG1 was markedly elevated in
bladder tumors in comparison with their normal counterparts (Fig-
ure 4A). As expected, TUG1 was negatively correlated with miR-
140-3p and positively correlated with ANXA8 in bladder tumors (Fig-
ures 4B and 4C). Compared with normal uroepithelial SV-HUC-1
cells, TUG1 was remarkably elevated in bladder cancer cell lines
T24, 5637, UMUC-3, and J82 cells as detected by qRT-PCR and
northern blot (Figures 4D and 4E). Gain- and loss-of-function exper-
iments were then carried out to reveal the interaction between TUG1
and miR-140-3p. As shown in Figures 4F and 4G, shTUG1 success-
fully decreased TUG1 expression level and increased miR-140-3p
level in both T24 and UMUC-3 cells. The putative binding sites be-
tween TUG1 and miR-140-3p were predicted by starBase (http://
starbase.sysu.edu.cn/index.php), and the mutant of TUG1 (TUG1-
MUT) was generated by inserting the mismatched sequences in the
potential binding site for miR-140-3p (Figure 4H). Luciferase assay
revealed that co-transfection of miR-140-3p mimics and wild-type
TUG1 (TUG1-WT) dramatically decreased luciferase activity,
whereas miR-140-3p inhibitor exerted an opposite effect. However,
Figure 3. miR-140-3p inhibited cell proliferation, migration, invasion, and EMT

Mimics NC, miR-140-3p mimics, miR-140-3p mimics+pcDNA3.1, or miR-140-3p mimi

level of ANXA8was determined by qRT-PCR. (B and C) The ANXA8 expression was ass

assessed by colony formation assay with quantitative analysis. (F and G) Cell apoptotic ra

and I) and invasive (J and K) capacities were examined by transwell migration and invasio

EMT markers were assessed by western blotting with quantitative analysis. *p < 0.05,
TUG1-MUT abrogated the effects of miR-140-3p mimics/inhibitor
in both UMUC-3 and T24 cells (Figure 4I). Additionally, the results
of RNA immunoprecipitation (RIP) showed that both TUG1 and
miR-140-3p were remarkably enriched in the Ago2-immunoprecipi-
tation fractions of T24 and UMUC-3 cells, as compared with normal
immunoglobulin G (IgG) (Figure 4J). RNA pull-down assay further
confirmed that miR-140-3p was successfully pulled down by
TUG1-WT rather than TUG1-MUT (Figure 4K). Silencing of
TUG1 caused a significant increase of miR-140-3p (Figure 4L). By
contrast, overexpression of TUG1-WT led to a remarkable reduction
ofmiR-140-3p, whereas TUG1-MUT abolished this effect (Figure 4L).
Furthermore, ANXA8 mRNA and protein levels were dramatically
decreased, which were correlated with TUG1 downregulation (Fig-
ures 4M–4O). ANXA8 was upregulated in TUG1-WT-transfected
T24 and UMUC-3 cells, whereas no significant change of ANXA8
was observed in TUG1-MUT-overexpressing cells (Figures 4M–

4O). These findings indicate that TUG1 promotes ANXA8 expression
via sponging miR-140-3p in bladder cancer cells.

Silencing of miR-140-3p or ANXA8 overexpression reverses the

effects of TUG1 knockdown on bladder cell proliferation and

metastasis

We next examined the function of the TUG1/miR-140-3p/ANXA8
axis in T24 and UMUC-3 cells. As presented in Figures 5A and 5B,
knockdown of TUG1 significantly impaired the colony-forming abil-
ities of T24 and UMUC-3 cells, whereas silencing of miR-140-3p or
ANXA8 overexpression led to a marked rebound of the clonogenic
abilities compared with the corresponding control. Cell apoptosis
assay showed that silencing of TUG1 induced apoptosis in bladder
cancer cells, whereas miR-140-3p silencing or ANXA8 overexpres-
sion extenuated shTUG1-induced apoptosis (Figures 5C and 5D).
Moreover, miR-140-3p silencing or ANXA8 overexpression abol-
ished the negative effects of shTUG1 on migratory and invasive ca-
pacities of bladder cancer cells (Figures 6A–6D). Consistent with
the results of transwell assays, transfection of miR-140-3p inhibitor
or ANXA8 overexpression construct caused a rebound of shTUG1-
mediated repression of Snail, Vimentin, and MMP-9 and also atten-
uated shTUG1-mediated induction of E-cadherin in both UMUC-3
and T24 cells (Figures 6E and 6F). Together, the TUG1/miR-140-
3p/ANXA8 axis plays crucial roles in cell growth, apoptosis, migra-
tion, invasion, and EMT in bladder cancer cells.

Overexpression of TUG1 promotes colony formation, cell

migration, invasion, and EMT in bladder cancer cells by

sponging miR-140-3p

To further delineate the biological function of TUG1 in bladder can-
cer cells, we conducted gain-of function experiments in T24 and
via targeting ANXA8

cs+pcDNA3.1-ANXA8 were transfected into T24 and UMUC-3 cells. (A) The mRNA

essed by western blotting with quantitative analysis. (D and E) Clonogenic ability was

te was assessed by flow cytometry with quantitative analysis. (H–K) Themigratory (H

n assays with quantitative analysis. Scale bar, 100 mm. (L and M) The expressions of

**p < 0.01, ***p < 0.001.
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UMUC-3 cells. The colony numbers significantly increased by
TUG1-WT in bladder cancer cells, whereas TUG1-MUT containing
the mutated miR-140-3p binding sites exhibited no effect on col-
ony-forming abilities of T24 and UMUC-3 cells (Figures 7A and
7B). Moreover, overexpression of TUG1-WT promoted cell migra-
tion and invasion as detected by transwell assays, while TUG1-
MUT abrogated these effects (Figures 7C–7F). In line with these find-
ings, western blot revealed that TUG1-WT overexpression resulted in
induction of Snail, Vimentin, and MMP-9, accompanied by the
reduction of E-cadherin in T24 and UMUC-3 cells. As expected,
TUG1-MUT caused no significant changes on EMT marker expres-
sion compared with the control group (Figures 7G and 7H). These
data indicate that overexpression of TUG1 promotes colony forma-
tion, cell migration, invasion, and EMT in bladder cancer cells, and
lack of miR-140-3p binding site attenuated the oncogenic function
of TUG1 in T24 and UMUC-3 cells.

The TUG1/miR-140-3p/ANXA8 axis regulates tumor growth and

lung metastasis in vivo

In order to further validate the function of the TUG1/miR-140-3p/
ANXA8 axis, we performed in vivo xenograft tumorigenesis and
metastasis studies. Interestingly, tumors derived from TUG1 knock-
down, miR-140-3p overexpression, or ANXA8 knockdown cells
grew significantly slower than that of the corresponding control
group (Figures 8A and 8B). Tumors were dissected and weighed on
day 30. As presented in Figure 8C, silencing of TUG1 or ANXA8
and miR-140-3p overexpression resulted in a remarkable decrease
of tumor weight. In addition, tumors were subjected to immunohis-
tochemistry (IHC) analysis. The cell proliferation markers Ki-67
and ANXA8 were significantly decreased by TUG1 knockdown,
miR-140-3p overexpression, or ANXA8 knockdown (Figures 8D
and 8E), suggesting that the TUG1/miR-140-3p/ANXA8 axis might
be involved in cell proliferation in bladder cancer. Western blotting
confirmed that silencing of TUG1 or ANXA8 and overexpression
of miR-140-3p reduced Snail, Vimentin, and MMP-9 protein levels
but induced E-cadherin expression (Figures 8F and 8G). Further-
more, a lung metastasis in vivo model was generated using lateral
tail vein injection of transfected cells. After 6 weeks, the lung tissues
were harvested and subjected to histological analysis. Knockdown
of TUG1 or ANXA8 and overexpression of miR-140-3p suppressed
lung metastasis of bladder cancer (Figures 8H and 8I) and also
decreased the number of pulmonary nodules (Figure 8J). Taken
together, the in vivo studies suggest that the TUG1/miR-140-3p/
ANXA8 axis regulates tumor growth and lung metastasis in bladder
cancer.
Figure 4. TUG1 promoted ANXA8 expression via sponging miR-140-3p in bladd

(A) The TUG1 levels in bladder tumors and normal counterparts were examined by q

analysis between ANXA8 and TUG1. (D) The TUG1 levels in SV-HUC-1 cells and bladde

cells and bladder carcinoma cell lines were assessed by northern blot. 18S acted as a loa

transfected cells were detected by qRT-PCR. (H) Putative binding sites between TUG

reporter assay. (J) Relative enrichment of TUG1 and miR-140-3p after RIP was determi

validated by RNA pull-down assay. (L) The miR-140-3p level in different cells was detect

PCR. (N and O) The ANXA8 expression in different cells was assessed by western blot
DISCUSSION
Currently, transurethral resection is the gold standard for the initial
treatment of non-muscle-invasive bladder cancer (NMIBC), followed
by intravesical chemotherapy and immunotherapy. For the patients
with MIBC, radical cystectomy and chemotherapy are standard treat-
ments.3 Despite the advances in clinical treatments, �50%–70% of
patients with bladder cancer experienced a relapse within 5 years.25

Distant metastases and lymph node involvement are correlated
with poor prognosis.26,27 Thus, it is critical to identify the novel ther-
apeutic target to improve the clinical outcomes. In the current study,
our data showed that ANXA8 and TUG1 were elevated, whereas miR-
140-3p was downregulated in bladder cancer tissues and cells.
ANXA8 was a miR-140-3p target gene, and TUG1 acted as ceRNA
of miR-140-3p in bladder cancer cells. TUG1 promoted cell prolifer-
ation, migration, invasion, and EMT but inhibited apoptosis through
regulating ANXA8 by sequestering miR-140-3p in bladder cancer
cells, and this ceRNA network was also involved in tumor growth
and lung metastasis in vivo models, indicating that the TUG1/miR-
140-3p/ANXA8 axis may provide new insight into the prognosis of
bladder cancer.

Compelling evidence has demonstrated that dysregulated lncRNAs
are implicated in a diversity of cellular processes in bladder cancer,
such as cell apoptosis, proliferation, migration, and invasion.25

Meta-analyses have revealed that lncRNAs function as diagnostic or
prognostic markers for bladder cancer.28,29 For instance, elevated
lncRNA-UCA1 was positively correlated with tumor grade and is ex-
pected to be a diagnostic marker for bladder cancer.30 In the current
study, we reported that TUG1 was significantly upregulated in
bladder cancer tissues and cells. This observation was in agreement
with previous studies that reported the aberrant upregulation of
TUG1 in bladder cancer.22–24 TUG1 promotes radioresistance by tar-
geting ZEB2 in bladder cancer cells.22 A more recent report has illus-
trated that silencing of TUG1 improves response for radiation treat-
ment for bladder cancer by repressing HMGB1.23 Both of these
studies mainly focused on the effect of TUG1 in radiosensitivity in
bladder cancer; however, the biological role and mechanism of
TUG1 during bladder cancer progression have not been fully dis-
closed. It is worthy to note that knockdown of TUG1 inhibits EMT
and cell invasion by targeting the miR-145/ZEB2 axis in T24 cells
and suppresses tumor growth in vivo.22 The present data support
this by demonstrating that silencing of TUG1 suppressed cell growth,
migration, invasion, and EMT but enhanced apoptosis by regulating
the miR-140-3p/ANXA8 axis in bladder cancer cells. In vivo study
also illustrated that knockdown of TUG1 significantly inhibited
er cancer cells

RT-PCR. (B) Correlation analysis between miR-140-3p and TUG1. (C) Correlation

r carcinoma cell lines were assessed by qRT-PCR. (E) The TUG1 levels in SV-HUC-1

ding control. (F and G) The TUG1 (F) andmiR-140-3p (G) levels in shNC or shTUG1-

1 and miR-140-3p. (I) Relative luciferase activity was measured by dual-luciferase

ned by qRT-PCR. (K) The directed interaction between TUG1 and miR-140-3p was

ed by qRT-PCR. (M) The ANXA8mRNA level in different cells was detected by qRT-

ting with quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. Silencing of miR-140-3p or ANXA8 overexpression reversed the effects of TUG1 knockdown on bladder cell proliferation and apoptosis

T24 and UMUC-3 cells were transfected with shNC, shTUG1, shTUG1+inhibitor NC, shTUG1+miR-140-3p inhibitor, shTUG1+pcDNA3.1, or shTUG1+pcDNA3.1-ANXA8.

(A and B) Colony-forming ability was determined by colony formation assay with quantitative analysis. (C and D) Cell apoptotic rate was assessed by flow cytometry with

quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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tumor growth, EMT, and lung metastasis. A novel ceRNA network of
TUG1 has been identified in bladder cancer cells.

It is well established that lncRNAs serve as molecular sponges of
miRNA to modulate their functions.31,32 For instance, lncRNA-
BCRT1 acts as a miR-1303 molecular sponge to regulate PTBP3
expression, thereby promoting breast cancer progression.33 Bioinfor-
matics analyses, luciferase assay, RIP, and RNA pull-down assay un-
equivocally illustrated that TUG1 acted as an endogenous sponge of
miR-140-3p in bladder cancer cells. The function of miR-140-3p is
complicated, and it has been shown to be either a poor prognostic
marker or tumor suppressor depending on tumor types.17–19 For
example, miR-140-3p is involved in recurrence and tumor invasion
in spinal chordoma.17 By contrast, miR-140-3p inhibits cell growth
and invasion by directly targeting ATP6AP2 or ATP8A1 in non-small
cell lung cancer (NSCLC).18,19 A recent study has illustrated that miR-
140-3p overexpression remarkably suppressed cell growth, migration,
and invasion in bladder cancer cells.20 In the present study, we found
that T24 and UMUC-3 cells showed higher levels of ANXA8
compared with that in 5637 and J82 cells, while lower levels of
miR-140-3p were observed in T24 and UMUC-3 cells. These data
suggest that decreased expression of miR-140-3p led to high expres-
sion of its target gene ANXA8, thereby promoting cell proliferation,
migration, and invasion. Even though the miR-140-3p level in
UMUC-3 was higher than that in T24 cells, miR-140-3p still contrib-
uted to tumor-suppressive effects because of the reduction by >50% in
44 Molecular Therapy: Oncolytics Vol. 22 September 2021
both cells, in comparison with that in SV-HUC-1 cells. However,
these findings have not been validated in vivo, and the regulatory
mechanism by which miR-140-3p exerted its tumor-suppressive
role remains unclear. In agreement with the previous study, in vitro
and in vivo studies suggested that miR-140-3p functioned as a tumor
suppressor in bladder cancer. Our findings provided mechanistic
insight into the understanding of the tumor-suppressive role of
miR-140-3p in bladder cancer.

Previous study has illustrated that lncRNA that contains multiple
seed target sites of a specific miRNA is more potent to work as a
competitive inhibitor.34 This study indicated that TUG1 contains
only one target site of miR-140-3p, which has partial sequence
complementarity to 7-mer seed region (position 2–8). Furthermore,
TUG1 could inhibit miR-140-3p expression by directly binding to
miR-140-3p, suggesting that TUG1 functioned as a ceRNA to nega-
tively regulate miR-140-3p. Therefore, we searched and read a large
number of reports about the mechanism of ceRNA, which showed
that miRNA was negatively regulated by lncRNA overexpression or
knockdown.35–38 However, the specific mechanisms by which
lncRNA negatively regulated miRNA have not been described in
detail, which may be a meaningful research direction in the future.
In contrast, although the seed target site “ACCACAG” on miR-
140-3p could serve as a potential binding site for a number of
lncRNAs or circular RNAs (circRNAs) based on bioinformatics ana-
lyses, gain- and loss-of function experiments supported that TUG1



Figure 6. Silencing of miR-140-3p or ANXA8 overexpression reversed the effects of TUG1 knockdown on bladder cell migration, invasion, and the EMT

process

T24 and UMUC-3 cells were transfected with shNC, shTUG1, shTUG1+inhibitor NC, shTUG1+miR-140-3p inhibitor, shTUG1+pcDNA3.1, or shTUG1+pcDNA3.1-ANXA8.

(A–D) The migratory (A and B) and invasive (C and D) capacities were examined by transwell migration and invasion assays with quantitative analysis. Scale bar, 100 mm. (E

and F) The EMT marker level was assessed by western blotting with quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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acted as a miR-140-3p sponge to regulate bladder cancer progression.
Moreover, TUG1-MUT containing the mismatched sequences in the
putative miR-140-3p binding site had no effect on miR-140-3p level
and the proliferation and metastasis of bladder cancer cells. Function
experiments revealed that the miR-140-3p inhibitor abrogated the tu-
mor-suppressive effects of TUG1 silencing on bladder cancer cell
growth and metastasis, indicating that TUG1 acted as an oncogene
by sponging miR-140-3p. Although several lncRNAs can interact
Molecular Therapy: Oncolytics Vol. 22 September 2021 45
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Figure 7. Overexpression of TUG1 promotes colony formation, cell migration, invasion, and EMT in bladder cancer cells by sponging miR-140-3p

T24 and UMUC-3 cells were transfected with vector, TUG1-WT, or TUG1-MUT. (A and B) Colony-forming ability was determined by colony formation assay with quantitative

analysis. (C–F) The migratory (C and D) and invasive (E and F) capacities were examined by transwell migration and invasion assays with quantitative analysis. Scale bar,

100 mm. (G and H) The EMT marker level was assessed by western blotting with quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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with the same miRNA, whether other lncRNAs function as miR-140-
3p sponges in bladder cancer needs further investigation.

Annexins are involved in various cellular processes associated with
membrane transport and interaction, including cell proliferation,
differentiation, and apoptosis.39 In recent years, the roles of Annex-
ins in tumorigenesis and progression have gained more attention. In
urinary bladder cancer, overexpression of ANXA1 is associated with
tumorigenesis and differentiation.5 A recent study also demon-
strated that ANXA2 is correlated to drug resistance and recurrence
of bladder cancer.40 Previous studies have confirmed high expres-
sion of ANXA8 and its prognostic role in acute promyelocytic leu-
kemia, high-grade breast cancer, pancreatic cancer, and ovarian
cancer.8–11 For instance, prognostic analysis has revealed that high
expression of ANXA8 is closely associated with poor prognosis in
ovarian cancer.11 However, the function and miRNA-mediated
mechanisms of ANXA8 in bladder cancer remain poorly under-
stood. The current study has illustrated that ANXA8 was remark-
ably elevated in bladder cancer tissues and cells, and ANXA8 exerted
an oncogenic role on cell growth and metastasis in vivo and in vitro.
Interestingly, we showed that knockdown of ANXA8 inhibited EMT
in bladder cancer cells. A study in cholangiocarcinoma has reported
that ANXA8 is downregulated by epidermal growth factor (EGF)
transcriptionally, thus leading to the morphologic changes of
EMT.41 Future study is needed to investigate whether EGF also
acts as an upstream molecule of ANXA8 in bladder cancer cells.
Moreover, we also identified ANXA8 as a direct target of miR-
140-3p in bladder cancer cells, and TUG1 regulated ANXA8 expres-
sion via sponging miR-140-3p. Functional experiments further
showed that ANXA8 overexpression attenuated the tumor-suppres-
sive effects of TUG1 knockdown in bladder cancer cells, indicating
that the TUG1/miR-140-3p/ANXA8 axis plays critical roles in
bladder cancer progression and metastasis.

In conclusion, we first demonstrated that ANXA8 was markedly
elevated in bladder cancer tissues and cells and served as an oncogene
in bladder cancer. TUG1 promoted bladder cancer progression and
metastasis through regulating ANXA8 expression by sponging
miR-140-3p. Unraveling the novel ceRNA network provided in-
depth understanding of the mechanism in the pathogenesis of bladder
cancer, as well as candidates for targeted therapy of bladder cancer.
MATERIALS AND METHODS
Clinical specimen collection

A cohort of 36 bladder tumors and their normal counterparts was
collected from bladder cancer patients post-operatively in the Xian-
gya Hospital of Central South University. The study was approved
Figure 8. The TUG1/miR-140-3p/ANXA8 axis regulated tumor growth and lung

(A) Images of tumor size on day 30. (B and C) Tumor volumes and weights were exam

expressions in xenograft tumor tissues were determined by IHC with quantitative analysi

50 mm. (F) The EMTmarker protein levels in tumors were assessed by western blotting. (

H&E analysis was used to visualize metastasis colonization. Scale bar, 100 mm. (J) The
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by the Xiangya Hospital of Central South University. Informed con-
sents were obtained from patients recruited to this study.
Cell culture

Human bladder carcinoma cell lines and normal uroepithelial SV-
HUC-1 cells were purchased from the Chinese Academy of Science
(Shanghai, China). T24 and J82 cells were grown in DMEM-F12 sup-
plemented with 10% fetal bovine serum (FBS; GIBCO, Thermo Fisher
Scientific, Waltham, MA, USA). 5637, UMUC-3, and SV-HUC-1
cells were grown in RPMI 1640, DMEM, or F-12K containing 10%
FBS (GIBCO), respectively. All cells were grown at 37�C/5% CO2.
Cell transfection

The full length of ANXA8 or TUG1 was constructed into pcDNA3.1
(Invitrogen, Thermo Fisher Scientific). The binding site sequence of
miR-140-3p on TUG1 was mutated by QuikChange Lightning Multi
Site-Directed Mutagenesis Kit (Agilent, Palo Alto, CA, USA). miR-
140-3p mimics/inhibitor, mimics negative control (mimics NC), in-
hibitor negative control (inhibitor NC), short hairpin RNA (shRNA)
against ANXA8 and TUG1, as well as scramble shRNA (shNC) were
obtained from Genechem (Shanghai, China). Cells were transfected
with shRNA, miRNA, or overexpression constructs using Lipofect-
amine 2000 transfection reagent (Invitrogen). The sequences of
miRNAs used in this study are as follows: hsa-miR-140-3p mimics
forward (F), 50-UACCACAGGGUAGAACCACGG-30 and reverse
(R), 50-GUGGUUCUACCCUGUGGUAUU-30; hsa-miR-140-3p in-
hibitor, 50-CCGUGGUUCUACCCUGUGGUA-30; mimic NC F,
50-UUCUCCGAACGUGUCACGUTT-30 and R 50-ACGUGACACG
UUCGGAGAATT-30; inhibitor NC, 50-CAGUACUUUUGUGUAG
UACAA-30.
Total RNA isolation and real-time PCR

Total RNA was extracted from bladder tumors or cells using TRIzol
(Sigma-Aldrich). cDNA was reverse transcribed using SuperScript III
(Invitrogen). qRT-PCR was conducted using FastStart SYBR Green
Mastermix (Roche, Germany). The miR-140-3p primers contain a
stable stem-loop structure. The F primer adds additional nucleotides
to optimize GC contents, melting temperature (Tm), and appropriate
length, as well as enhance specificity. The specificity of miR-140-3p
was confirmed by gel electrophoresis and sequencing of the single
band. miRNA expression was assessed using TaqMan MicroRNA
Assay (Applied Biosystems). cDNA was synthesized using TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems), and
qRT-PCR was performed using TaqMan miRNA Assays Human
Panel sequence-specific primers in an ABI7900 Fast Real-Time
PCR systems (Applied Biosystems). The following primers were
used in this study: TUG1: 50-ACGACTGAGCAAGCACTACC-30
metastasis in vivo

ined every 5 days or after 30 days, respectively. (D and E) The Ki-67 and ANXA8

s. Ki-67 and ANXA8-positive cells were counted in the five random fields. Scale bars,

G) Quantitative analysis of western blotting. (H) Images of lungs in different groups. (I)

number of pulmonary nodules was counted. *p < 0.05, **p < 0.01, ***p < 0.001.
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(F) and 50-CTCAGCAATCAGGAGGCACA-30 (R); miR-140-3p:
50-CGGCTACCACAGGGTAGAA-30 (F) and 50-GTCGTATCCAG
TGCAGGGTCCGAGGTATTCGCACTGGATACGACCCGTGG-30

(R); ANXA8: 50-TGACCCAAGGACACTGTGTT-30 (F) and 50-AGG
TACCCAGTCTCAGTTGC-30 (R); U6: 50-CTCGCTTCGGCAGCA
CA-30 (F) and 50-AACGCTTCACGAATTTGCGT-30 (R); GAPDH:
50-CCAGGTGGTCTCCTCTGA-30 (F) and 50-GCTGTAGCCAAA
TCGTTGT-30 (R). The relative quantification of target genes was car-
ried out using the 2�DDCt method. The specificity was confirmed by
agarose gel electrophoresis and sequencing.

Colony formation assay

Cells were trypsinized and reseeded on six-well plates (5,000 cells/
well). On day 14, the formaldehyde-fixed colonies were stained
with crystal violet solution. The visible colonies were counted and
used to calculate the colony formation rate.

Transwell assays

Transwell assays were conducted as previously described.42 For inva-
sion assay, cells were grown in the upper chambers (Corning, Corn-
ing, NY, USA) with Matrigel (Corning) in serum-free medium. The
lower reservoirs were filled with complete medium. Forty-eight hours
later, 4% paraformaldehyde (PFA)-fixed invading cells in the bottom
chambers were stained with crystal violet and calculated. Transwell
migration assay was conducted without Matrigel coating.

Western blotting

Protein extracts were lysed and estimated using a BCA protein assay
kit (Beyotime, China). Protein lysates were separated and transferred
onto the polyvinylidene difluoride (PVDF) membrane. After block-
ing, the blots were incubated with specific antibody at 4�C overnight,
followed by the incubation of secondary antibody (Abcam). The re-
sults were visualized using ECL substrate (Applygen, Beijing, China).

Northern blot

Northern blot probes were synthesized by GenScript (Nanjing, China).
The sequences of probes were as follows: TUG1, 50-GAGGCAC
CAGCTTCAAAACCCGCTTGCTGA-30; and 18S, 50-CGGAACTAC
GACGGTATCTG-30. Total RNA was prepared using TRIzol (Sigma-
Aldrich). Northern blot was conducted using NorthernMax Kit (Invi-
trogen) following the manufacturer’s instructions. In brief, total RNAs
were subjected to gel electrophoresis and transferred onto nylon mem-
branes, followed by hybridization with biotin-labeled probes. The sig-
nals were detected using Biotin Chromogenic Detection Kit (Thermo
Fisher Scientific).

Dual-luciferase reporter assay

Luciferase assay was performed using Dual-Luciferase Assay System
(Promega, Madison, WI, USA).43 The wild-type TUG1 or ANXA8
30 UTR containing the putative miR-140-3p binding site “CU-
GUGGU”was amplified by PCR, andmutants were synthesized using
QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent,
Palo Alto, CA, USA). The TUG1-WT/TUG1-MUT, as well as the
WT-ANXA8/MUT-ANXA8 30 UTRs were cloned into psiCHECK-
2 vector (Promega). The construct was co-transfected with miR-
140-3p mimics/inhibitor or corresponding control into T24 and
UMUC-3 cells using Lipofectamine 2000 transfection reagent
(Invitrogen).

Annexin V-fluorescein isothiocyanate (FITC)/PI staining

Cell apoptosis was detected using Annexin V-FITC Kit (Beyotime). In
brief, resuspended cells were stained with Annexin V-FITC and PI at
room temperature. The samples were then subjected to flow cytome-
try analysis.

RIP assay

RIP was carried out using Magna RIP Kit (Millipore). In brief,
anti-Ago2 antibody (cat. no. 03-110; Millipore) or isotype control
conjugated magnetic beads were incubated with cell lysates at 4�C
overnight. RNA was purified, and TUG1 or miR-140-3p levels were
examined by qRT-PCR.

RNA pull-down assay

RNA pull-down assay was performed using Pierce RNA pull-down
kit (Pierce, Thermo Fisher Scientific). In brief, WT-TUG1 or MUT-
TUG1 was labeled and purified using Pierce RNA 30 End Desthiobio-
tinylation Kit. The biotinylated wild-type TUG1 (Bio-TUG1-WT),
mutated TUG1 (Bio-TUG1-MUT) was then conjugated to streptavi-
din beads. After incubation with protein lysates, the RNA complex
was extracted and purified using TRIzol reagent (Sigma-Aldrich).
miR-140-3p level was examined by qRT-PCR.

In vivo study

For xenograft tumorigenesis study, BALB/c nude mice (6 weeks old,
n = 48) were from SJA Laboratory Animal (Hunan, China). All ani-
mal studies were approved by the Xiangya Hospital of Central South
University. Stable transfected UMUC-3 cells (5� 106 cells) were sub-
cutaneously implanted under the dorsa side of each mouse. The tu-
mors were dissected and weighted on day 30. The lung metastasis
study was conducted as previously described.22 In six groups, stable
transfected cells were implanted by tail vein injection. After 6 weeks,
the lungs were harvested and fixed with picric acid and subjected to
pathological analyses.

Hematoxylin and eosin (H&E) staining

Formalin-fixed xenograft tumors were subjected to paraffin embed-
ding and sectioning (5 mm thickness). The sections were deparaffi-
nized and rehydrated as previously described44 and subsequently
stained with hematoxylin solution, followed by counterstaining in
eosin-phloxine solution. The images were acquired using a Nikonmi-
croscope (Nikon. Japan).

IHC

IHC was conducted as described previously.45 In brief, xenograft tu-
mors were fixed in formalin, followed by paraffin embedding and se-
rial sectioning. A paraffin-embedded section (5 mm in thickness) was
then dewaxed, rehydrated, and subjected to epitope retrieval. After
blocking, slides were incubated with specific antibody at 4�C
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overnight, followed by the incubation with secondary antibody. The
results were visualized by AEC solution (Invitrogen) and acquired us-
ing a Nikon microscope (Nikon instruments).

Statistical analysis

Data are shown as the means ± SD. For comparison between two
groups, unpaired two-tailed Student’s t test was used. One-way
ANOVA was used for comparison among multiple groups using
PRISM (GraphPad, San Diego, CA, USA). p <0.05 was statistically
significant.

Availability of data and materials

All data generated or analyzed during this study are included in this
article.
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