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MicroRNA-146b Overexpression Promotes
Human Bladder Cancer Invasion via Enhancing
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Although microRNAs have been validated to play prominent
roles in the occurrence and development of human bladder
cancer (BC), alterations and function of many microRNAs
(miRNAs) in bladder cancer invasion are not fully explored
yet. miR-146b was reported to be a tumor suppressor or onco-
miRNA in various types of cancer. However, its accurate
expression, function, and mechanism in bladder cancer remain
unclear. Here we discovered that miR-146b was frequently up-
regulated in bladder cancer tissues compared with adjacent
non-cancerous tissues. Inhibition of miR-146b resulted in a
significant inhibitory effect on the invasion of bladder cancer
cells by reducing mmp2 mRNA transcription and protein
expression. We further demonstrated that knockdown of
miR-146b attenuated ETS2 expression, which was the tran-
scription factor of matrix metalloproteinase (MMP)2. More-
over, mechanistic studies revealed that miR-146b inhibition
stabilized ARE/poly(U)-binding/degradation factor 1 (aufl)
mRNA by directly binding to its mRNA 3’ UTR, further
reduced ets2 mRNA stability, and finally inhibited mmp2 tran-
scription and attenuated bladder cancer invasion abilities. The
identification of the miR-146b/AUF1/ETS2/MMP2 mechanism
for promoting bladder cancer invasion provides significant in-
sights into understanding the nature of bladder cancer
metastasis. Targeting the pathway described here may be a
novel approach for inhibiting invasion and metastasis of
bladder cancer.

INTRODUCTION

Bladder cancer is one of the most common urinary malignancies
worldwide, characterized by a high rate of recurrence and no targeted
therapy method.! In China, approximately 80,500 cases of bladder
cancer are diagnosed with roughly 32,900 cancer-related deaths in
2015.> Approximately 70% of cases are diagnosed as non-muscle-
invasive bladder cancer (NMIBC), whereas the remaining 30% of
cases are classified as muscle-invasive bladder cancer (MIBC). The
standard treatment for MIBC is radical cystectomy, which provides
only a 5-year survival rate of 50%.” Thus, a better understanding of
the targets is urgently needed to explore the molecular mechanisms
involved in the invasion ability of MIBC.

MicroRNAs (miRNAs) are short non-coding RNA molecules that
usually repress gene expression by binding to the 3’ UTR of their
target mRNAs." Increasing evidence indicates that miRNAs play
important roles in the formation of bladder cancer.”® The expres-
sion of miR-146b has been found in almost all human organs, and
the dysregulation of miR-146b has been reported in a variety of
human malignancies.” A recent study reported that overexpression
of miR-146b in breast cancer cells downregulated epidermal
growth factor receptor expression, inhibited invasion and migra-
tion in vitro, and suppressed experimental lung metastasis in vivo,”
suggesting that miR-146b serves as a tumor suppressor. However,
some studies reported that miR-146b might act as an oncogene to
promote proliferation, migration, and invasion of colorectal and
prostate cancers.”'’ Despite the fact that surging studies of the
biogenesis and mechanisms of miR-146b were involved in the
pathogenesis of multiple tumors, the accurate expression level
and mechanistic function of miR-146b in bladder cancer remain
unclear.

AU-rich element (ARE)/poly(U)-binding/degradation factor 1
(AUF1), also known as heterogeneous nuclear ribonucleoprotein
D, is a family of four isoforms (37, 40, 42, and 45 kDa), which
result from alterative splicing of a single pre-mRNA."" AUF1 forms
direct complexes with a variety of AU-rich conserved elements in
the 3’ UTR of many transcripts.'"'> AUF1 is predominantly
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associated with mRNA-destabilizing activity.'”> Furthermore,
several lines of evidence support a role of AUF1 in the initiation
and progression of cancer.'* Indeed, high AUF1 levels were
detected in numerous malignancies, including cancers of the
breast, skin, thyroid, and liver.'*'> However, many potential roles
of deregulated AUFI expression or activity in tumor initiation and
progression remain unresolved. In addition, little is known about
the mechanisms that control AUF1 expression in many cellular
contexts, including those that decrease AUF1 levels during
carcinogenesis.

In our research, we demonstrated that miR-146b might be a
potential clinical biomarker in bladder cancer. The roles of
miR146b on bladder cancer invasion may be through regulation
of the AUF1/ETS2/matrix metalloproteinase (MMP)2-signaling
pathway. These results might give us great insights into the molec-
ular mechanism of miR-146b-regulated invasion, and miR-146b
may be a potential candidate for application in the treatment of
bladder cancer.

RESULTS

miR-146b Is Highly Expressed in Bladder Cancer Cell Lines and
Tissues

To understand the clinical interrelation of the expression level of
miR-146b in the bladder cancer tissues, we analyzed 30 pairs of
bladder cancer tissue samples and non-tumor tissues from patients
by the method of real-time PCR. The results showed that the expres-

532 Molecular Therapy: Nucleic Acids Vol. 16 June 2019

is a member of the miR-146 family and shares its
seed and targets with miR-146a; we next detected the expression level
of miR-146a in the bladder cancer tissues and cells. The results
showed that the expression of miR-146a was downregulated in the
bladder cancer tumor tissues and bladder cancer cells (Figures 1C
and 1D). Taken together, the above results indicate that miR-146b up-
regulation has the potential to serve as a new prognostic biomarker
for clinical bladder cancer patients.

miR-146b Overexpression Was Essential for Human Bladder
Cancer Invasion and Anchorage-Independent Growth

To identify the biological function of miR-146b in human bladder
cancer, miR-146b inhibitor was transfected into T24T and
UMUCS3 cells. As shown in Figure 2A, the stable transfectants
T24T (miR-146b inhibitor) and UMUC3 (miR-146b inhibitor)
and their corresponding nonsense control transfectants were estab-
lished and identified by real-time PCR. The inhibition of miR-146b
showed no impact on the expression of miR-146a in T24T and
UMUCS3 cells (Figure 2B), excluding the cross-reactivity of miR-
146a with miR-146b. The results from invasion assays indicated
that the inhibition of miR-146b led to a dramatic decrease of
bladder cancer cell invasion ability (Figures 2C-2E). Moreover, in-
hibition of miR-146b dramatically impaired the monolayer growth
of T24T and UMUCS3 cells, and it inhibited bladder cancer cell
anchorage-independent growth (Figures 2F-2H). Taken together,
these results demonstrate a novel positive regulatory effect of
miR-146b on human bladder cancer cell invasion and anchorage-
independent growth.
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Figure 2. miR-146b Overexpression Was Crucial for Human Bladder Cancer Cell Invasion and Anchorage-Independent Growth

(A) miR-146b inhibitor and its nonsense control plasmids were stably transfected into T24T and UMUCS3 cells, and stable transfectants were identified by real-time PCR. The
error bars represent the mean + SD. Student’s t test was used to determine the p value, and the asterisk (*) indicates a significant decrease relative to nonsense control cells
(*p < 0.05). (B) miR-146a expression was dectected in the indicated cells. The error bars represent the mean + SD. Student’s t test was used to determine the p value. (C-E)
The invasion abilities of T24T (miR-146b inhibitor) (C), UMUC3 (miR-146b inhibitor) (D), and their nonsense transfectants were determined by using BD BioCoat Matrigel
Invasion Chamber applied with the matrigel (E). The error bars represent mean + SD from three independent experiments. Student’s t test was utilized to determine the
p value, and the asterisk (*) indicates a significant decrease as compared with nonsense control transfectants, *p < 0.05. (F) T24T transfectants as indicated were plated in
96-well plates at a density of 5,000 cells/well. The cell culture medium was then replaced with 0.1% FBS DMEM-F12 (1:1) and cultured for 12 h. The cells were replaced with
normal medium and cultured for another 1, 2, 3, or 4 days. Subsequently, ATP activity assay was performed using the protocol described in the Materials and Methods. The
asterisk (*) indicates a significant decrease from nonsense control. (G) The indicated cells were subjected to anchorage-independent soft agar assay using the protocol
described in the Materials and Methods. Representative images of colonies of indicated cells were photographed under an Olympus DP71. (H) The number of colonies
was counted with more than 32 cells of each colony, and the results were presented as colonies per 10* cells; the error bars show mean = SD from three independent
experiments. The asterisk (*) indicates a significant decrease in comparison to those of nonsense control transfectants (*p < 0.05).

MMP2 Was a miR-146b Downstream Effector for Bladder Cancer
Cell Invasion

human bladder cancer invasion,'” whereas the inhibition of MMP2
expression by the anti-cancer agent isorhapontigenin (ISO) dramati-

To elucidate the mechanism underlying the miR-146b regulation of
bladder cancer invasion, the expression levels of MMP2, MMP9,
N-Cadherin, and RhoGDIf were determined in miR-146b inhibition
transfectants in comparison to their nonsense transfectants. As
shown in Figures 3A and 3B, a deficiency of miR-146b resulted in
the upregulation of TRAF6 and IRAKI1 expression (known targets
of miR-146b) and a dramatic attenuation of abundance of MMP2
protein in both T24T and UMUCS3 cells, while there was no consistent
impact on the expression of MMP9, N-Cadherin, and RhoGDI
under the same experimental conditions in both cells.

MMP2 possesses the function of enzymatic activity and plays a vital
role in mediating the degradation of type IV collagen, which is a
major structural component of the basement membrane of tissues.'®
Our recent study revealed that MMP2 overexpression is crucial for

cally attenuated both bladder cancer invasion in vitro and highly
invasive bladder cancer formation in vivo.'® Given the critical role
of MMP2 in bladder cancer invasion, the upregulation of MMP2 by
miR-146b may play a major role in its promotion of bladder cancer
invasion.

To investigate the mechanisms underlying the miR-146b upregula-
tion of MMP2 protein, we first examined its mRNA levels. The
results showed that mmp2 mRNA was markedly decreased in
miR-146b inhibition transfectants (Figure 3C). Further, human
mmp2 promoter luciferase reporter was then transfected into
T24T (miR-146b inhibitor) and T24T (nonsense) cells. The results
showed that the inhibition of miR-146b decreased mmp2
promoter-driven reporter transcription activity in T24T cells
(Figure 3D).
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Figure 3. miR-146b Overexpression Promoted mmp2 mRNA Transcription in Human Bladder Cancer Cells

(A and B) The indicated cell extracts were subjected to western blot to determine the protein expressions of MMP2, MMP9, N-Cadherin, and RhoGDIB. TRAF6, IRAK1, and
GAPDH were used as protein loading controls. (C) T24T (miR-146b inhibitor) and T24T (nonsense) cells were cultured in 6-well plates until cell density reached 70%-80%.
Following synchronization for 12 h, the medium was then replaced with 5% FBS DMEM-Ham’s F12 for another 12 h, and the cells were extracted for total RNA with Trizol
reagent. Real-time PCR was used to determine mmp2 mRNA expression, and B-Actin was used as an internal control. Data represent mean + SD (“p < 0.05). (D) Human
mmp2 promoter-driven luciferase reporter was used to evaluate its promoter transcription activity in the indicated transfectants. The results were normalized by internal TK
activity. The error bars represent the mean + SD. Student’s t test was used to determine the p value, and the asterisk (*) indicates a significant decrease relative to nonsense

control cells (*p < 0.05).

miR-146b Increased mmp2 Transcription through Elevating

ETS2 Protein Expression

The above results demonstrate that miR-146b increased mmp2 mRNA
transcription in human bladder cancer and that MMP2 is crucial for
miR-146b-induced human bladder cancer invasion. To investigate
the mechanisms underlying the miR-146b-increased mmp2 transcrip-
tion, we bioinformatically analyzed the potential transcriptional
factors that could bind to the —1,459 to —42 region of the mmp2
promoter (Figure 4A). Then we evaluated the expression of these tran-
scription factors in both miR-146b-knockdown cells and their
scramble nonsense transfectants. The results showed that only ETS2
exhibited low expression, while others showed no significant differ-
ences by the inhibition of miR-146b (Figures 4B and 4C), suggesting
that ETS2 might be the effector for regulating MMP2 expression.

To further test the role of ETS2, the plasmid of FLAG-ETS2 was stably
transfected into T24T (miR-146b inhibitor) cells (Figure 4D). The re-
sults showed that overexpression of ETS2 remarkably increased
MMP2 protein expression (Figure 4D) and promoted mmp2 pro-
moter-driven luciferase reporter transcriptional activity (Figure 4E).
Moreover, the chromatin immunoprecipitation (ChIP) assay was
carried out by using anti-ETS2 antibody, and the results showed
that ETS2 could directly bind to the mmp2 promoter, as shown in
Figure 4F, demonstrating that ETS2 does act as a transcription factor
of the mmp2 promoter. Furthermore, the invasion ability of T24T
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(miR-146b inhibitor/FLAG-ETS2) was elevated as compared to
T24T (miR-146b inhibitor/vector) cells (Figures 4G and 4H). Collec-
tively, our results strongly demonstrate that ETS2 is the critical factor
mediating miR-146b promotion of bladder cancer invasion through
directly binding to the mmp2 promoter, thereby promoting MMP2
expression.

miR-146b Promoted ETS2 Protein Expression through Elevating
Its mRNA Stability

To investigate the mechanisms underlying miR-146b’s upregulation
of ETS2 protein, we first examined its mRNA levels by real-time
PCR. Consistent with protein abundance in T24T (miR-146b inhibi-
tor) and T24T (nonsense), ets2 mRNA levels were profoundly
impaired in miR-146b inhibition transfectants (Figure 5A). The ets2
promoter-driven luciferase reporter and PGL3 basic luciferase re-
porter were next transfected into T24T (miR-146b inhibitor) cells,
and the stable transfectants were then used to assess the potential
miR-146b upregulation of efts2 mRNA transcription. The results
showed that ets2 promoter transcriptional activity was comparable
between T24T (miR-146b inhibitor) and T24T (nonsense) transfec-
tants (Figure 5B), excluding the possibility that miR-146b upregula-
tion of ets2 mRNA transcription. Therefore, we explored the
possibility that miR-146b stabilizes ets2 mRNA. Upon inhibition of
new mRNA transcription with Actinomycin D (Act D), ets2 mRNA
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Figure 4. ETS2 is a miR-146b-Regulated Transcription Factor Mediating MMP2 Upregulation in Human Bladder Cancer Cells

(A) Potential transcription factor-binding sites in the mmp2 promoter region (1,459 to —

42) were analyzed by using the TRANSFAC 8.3 engine online. (B and C) The indicated

cell extracts were subjected to western blot for determination of the expression of c-Jun, JunB, Elk1, ETS2, and STAT5. GAPDH was used as a protein loading control. The
results represented one of three independent experiments. (D) The overexpressed FLAG-ETS2 plasmid was stably transfected into T24T (miR-146b inhibitor) cells, and the

cell extracts were then subjected to western blot for the determination of FLAG, ETS2
mmp2 promoter-driven luciferase reporter together with the TK reporter was transfect

, and MMP2 expressions, and GAPDH was used as a protein loading control. (E) The

ed into the indicated cells. Luciferase activity of each transfectant was evaluated and

the error bars show mean + SD from three independent experiments. The asterisk (*) indicates a significant increase as compared with nonsense transfectant (p < 0.05). (F)
ChlIP assay was carried out using anti-ETS2 antibody to detect the interaction of ETS2 with the mmp2 promoter. (G and H) The invasion abilities of T24T (miR-146b inhibitor/
vector) and T24T (miR-146b inhibitor/FLAG-ETS2) cells were determined, as described in the Materials and Methods. The error bars represent mean + SD from three in-
dependent experiments. Student’s t test was utilized to determine the p value. The asterisk (*) indicates a significant increase in comparison to T24T (miR-146b inhibitor/

vector) (*p < 0.05) (H).

degradation rates in T24T (miR-146b inhibitor) were much faster
than in T24T (nonsense) cells (Figure 5C). Collectively, our results
reveal that miR-146b overexpression plays an essential role in main-
taining ets2 mRNA stability.

miR-146b Stabilized ets2 mRNA through Attenuating AUF1
Protein Expression

AUFI1, one of the best-characterized ARE-binding proteins
(AUBPs), is able to bind to many ARE-mRNAs and assemble other
factors necessary in the recruitment of the mRNA degradation ma-
chinery."” HuR, a ubiquitously expressed member of the Hu family
of RNA-binding proteins, related to Drosophila ELAV, selectively
binds AREs and stabilizes ARE-containing mRNAs when overex-
pressed in cultured cells,”” while NCL is a protein, primarily in the
nucleus, that has four RNA-binding domains and can stabilize
mRNA.>" To determine the upstream regulators mediating ets2
mRNA stabilization by miR-146b, AUF1, HuR, and NCL were tested
and compared in T24T (miR-146b inhibitor) and T24T (nonsense)
cells.

As the data show in Figure 6A, while HuR and NCL proteins were
comparable between T24T (miR-146b inhibitor) and T24T

(nonsense) cells, AUF1 was elevated in miR-146b inhibition cells.
These results exclude the participation of HuR and NCL in the
miR-146b stabilization of efs2 mRNA. Thus, we knocked down
AUF1 in T24T (miR-146 inhibitor) cells by using short hairpin
RNAs (shRNAs) specifically targeting human AUF1 and the stable
transfectants; T24T (miR-146 inhibitor/shAUF1#1), T24T (miR-
146 inhibitor/shAUF1#2), and its scramble transfectant T24T
(miR-146 inhibitor/nonsense) were established and identified (Fig-
ure 6B). As expected, AUF1 knockdown in T24T (miR-146 inhibitor)
cells led to increased expression of ETS2 and MMP2 protein
(Figure 6B), and it restored ets2 mRNA stability as well as bladder
cancer cell invasion (Figures 6C-6E), suggesting that AUF1 might
be a mediator linking miR-146b to ETS2 and associated with bladder
cancer invasion. To determine whether AUFI is able to directly bind
to ets2 mRNA, RNA-IP assay was performed in HEK293T cells that
expressed hemagglutinin (HA)-AUF1. The results showed that
AUF1 did bind to ets2 mRNA (Figure 6F). Taken together, our results
demonstrate that miR-146 inhibits AUF1 expression, which results
in less AUF1 binding to ets2 mRNA, consequently leading to ets2
mRNA stabilization, in turn promoting mmp2 mRNA transcription
and protein expression, and finally enhancing bladder cancer
invasion.
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Figure 5. miR-146b Overexpression Promoted ETS2 Expression by
Stabilizing Its mMRNA

(A) T24T (miR-146b inhibitor) and T24T (nonsense) cells were cultured in 6-well
plates until cell density reached 70%-80%. Following synchronization for 12 h, the
medium was then replaced with 5% FBS DMEM-Ham’s F12 for another 12 h, and
the cells were extracted for total RNA with Trizol reagent. Real-time PCR was used
to determine ets2 mRNA expression, and B-Actin was used as an internal control.
Data represent mean + SD (*p < 0.05). (B) Human ets2 promoter-driven luciferase
reporter was used to evaluate its promoter transcription activity in the indicated
transfectants. The results were normalized by internal TK activity. (C) T24T (miR-
146b inhibitor) and T24T (nonsense) cells were seeded into 6-well plates. After
synchronization, the indicated cells were treated with Actinomycin D (Act D) for the
indicated time points. Total RNA was then isolated and subjected to real-time PCR
analysis for mRNA levels of ets2, and B-Actin was used as an internal control. The
error bars represent mean + SD from three independent experiments. Student’s
t test was utilized to determine the p value. The asterisk (*) indicates a significant
decrease in comparison to T24T (nonsense) cells (*p < 0.05).

miR-146b Promoted auf1 mRNA Degradation by Directly
Targeting Its 3’ UTR

To elucidate how miR-146 inhibits AUF1 protein expression, we as-
sessed the effect of miR-146 on aufl mRNA abundance in T24T cells.
As shown in Figure 7A, aufl mRNA’s level was elevated in miR-146b
inhibition transfectants as compared with its scramble nonsense
transfectants. Therefore, we explored the possibility that miR-146 de-
stabilizes aufl mRNA. Upon the inhibition of new mRNA transcrip-
tion with Act D, aufl mRNA degradation rates in T24T (nonsense)
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were much faster than in T24T (miR-146b inhibitor) cells (Figure 7B),
consistent with the observation of miR-146 destabilization of aufI
mRNA. miRNAs play biological roles by modulating target gene
expression via their binding to the 3’ UTR of target genes to cause
mRNA stability alteration or protein translation suppression.””
Therefore, we next evaluated the aufl mRNA 3’ UTR activity between
T24T (nonsense) and T24T (miR-146b inhibitor) cells. The results
showed that aufl mRNA 3’ UTR activity in T24T (miR-146b inhib-
itor) cells was significantly higher than that observed in T24T
(nonsense) cells (Figure 7C), revealing that miRNAs might be
involved in this regulation. To test this notion, a bioinformatics
search for putative miRNAs that could potentially target the 3’
UTR of aufl mRNA was performed using TargetScan (version [v.]
7.0; http://www.targetscan.org/vert_72/).>> Surprisingly, the results
indicated that there were multiple putative miRNA-binding sites in
the 3" UTR of aufl mRNA, including binding sites for miR-146b
(Figure 7D).

To test whether miR-146b is able to bind to the 3’ UTR of aufI mRNA
directly for stabilization of aufl mRNA, the mutation of the miR-
146b-binding site in aufl mRNA 3’ UTR luciferase reporter was
constructed, as indicated in Figure 7D. Aufl mRNA 3’ UTR luciferase
reporter or aufl mRNA 3’ UTR luciferase reporter with the mutation
of miR-146b-binding sites was transiently co-transfected with pRL-
TK into T24T (miR-146b inhibitor) and T24T (nonsense) cells. The
results showed that aufl mRNA 3’ UTR luciferase activity was signif-
icantly increased in T24T (miR-146b inhibitor) cells as compared to
T24T (nonsense) cells, whereas the miR-146b-binding site mutation
in aufl 3’ UTR luciferase reporter attenuated the responses of T24T
cells to miR-146b inhibition (Figure 7E). These results strongly
demonstrate that the direct binding of miR-146b to the 3’ UTR of
aufl mRNA is crucial for miR-146b stabilization of aufl mRNA.
Taken together, our results demonstrate that miR-146b overexpres-
sion decreases aufl mRNA expression by directly binding to its 3’
UTR, therefore stabilizing ets2 mRNA, in turn increasing mmp2
mRNA transcription and protein expression, and finally promoting
bladder cancer invasion, as diagrammed in Figure 7F.

DISCUSSION

Invasive bladder cancer has been a persistent challenge for scientists
and urologists for the past decades due to its poor prognosis, even
when applying current therapeutic strategies.”* A better understand-
ing of the molecular mechanisms involved in the invasion ability of
bladder cancer could contribute to the discovery of therapeutic tar-
gets, which is urgently needed to help the increasing number of
bladder cancer patients.

Accumulating evidence from preclinical and clinical studies has
shown that miRNAs play in the development of human malignancies
has been evidenced.”” Although miRNAs exert their functions
through sequence-specific binding to the mRNA of their target genes,
it has been revealed that miRNAs also have cell type-specific signa-
tures on target mMRNA expression and are stage specific during cancer
progression.'® Dysregulation of miR-146b has been documented in a
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Figure 6. AUF1 Was a miR-146b Downstream Effector Responsible for the Destabilization of ets2 mRNA via Direct Binding

(A) The indicated cell extracts were subjected to western blot for the determination of NCL, HuR, and AUF1 protein expression levels. (B) AUF1-knockdown constructs were
stably transfected into T24T (miR-146b inhibitor) cells. The indicated cell extracts were subjected to western blot for the determination of AUF1, ETS2, and MMP2 protein
expression levels. The stable transfectants were used to determine their invasion abilities in comparison to nonsense control transfectants, as described in the Materials and
Methods. (C and D) The images were photographed under an Olympus DP71, the number of the cells was counted by the software Image J, and the invasion rate was
normalized with the insert control according to the manufacturer’s instructions (C). The results are presented with the mean + SD from triplicate. Student’s t test was utilized to
determine the p value; the double asterisk (**) indicates a significant decrease in comparison to scramble vector transfectants (**p < 0.05), while the single asterisk (*) indicates
a significant increase in comparison to T24T (miR-146b inhibitor/nonsense) transfectants (*p < 0.05) (D). (E) Ets2 mRNA stability was evaluated by real-time PCR in the
presence of Act D in T24T (miR-146b inhibitor/shAUF1) cells and its nonsense control. The results are presented with the mean + SD from triplicate. Student’s t test was
utilized to determine the p value (“p < 0.05). (F) The HA-AUF1 construct was transfected into 293T cells and HA-AUF1 protein was pulled down with anti-HA beads. The

mRNAs bound to AUF1 protein were used to carry out RT-PCR for the determination

variety of human malignancies, including gastric cancer,”® thyroid
carcinoma,’’ osteosarcoma,”® and glioma.29 The role of miR-146b
as an oncogene was first identified in papillary thyroid carcinoma,
which showed that the overexpression of miR-146b is associated
with the aggressiveness of papillary thyroid carcinoma.’® miR-146b,
as a downstream regulator of BCR-ABLI, promotes the leukemic
transformation of hematopoietic cells by targeting several important
genes (NUMB, NOTCH2, BRCAL, etc.) to affect cell proliferation and
genome instability.”’ However, conflicting results that support the
role of miR-146b as a tumor suppressor have also been reported.
miR-146b is significantly dysregulated in human glioblastoma tissues.
miR-146b overexpression inhibits glioma cell migration and invasion
by targeting MMP16.>” In the current study, miR-146b is shown to be
upregulated in highly invasive bladder cancer cells, in comparison
to human normal bladder urothelial cells. The upregulation of miR-
146D is also observed in human invasive bladder cancers in compar-

of ets2 mRNA expression.

ison to their adjacent normal bladder tissues. Inhibition of miR-146b
significantly inhibited bladder cancer invasion. Moreover, we define
MMP2 as the miR-146b downstream effector responsible for its
mediation of bladder cancer invasion. Our results provide evidence
of a first-time link between miR-146b overexpression and bladder
cancer invasion, which offers new insight into the therapeutic target-
ing of miR-146b for advanced bladder cancers.

As a family of proteolytic enzymes, the MMPs degrade multiple com-
ponents of the extracellular matrix. A variety of clinical and experi-
mental evidence has implicated that MMPs play a critical role in
tumor neoangiogenesis, invasion, and metastasis, and therefore they
represent ideal pharmacologic targets for cancer therapy.”””* Among
them, MMP2 hydrolyzes type IV collagen primarily, which is the
major structural component of the basement membrane.”>*> Multi-
ple studies have verified that MMP?2 is critical for mediating bladder
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Figure 7. miR-146b Was Responsible for the Destabilization of auf1 mRNA via Direct Binding to Its 3’ UTR

(A) T24T (miR-146b inhibitor) and T24T (nonsense) cells were cultured in 6-well plates until cell density reached 70%-80%. Following synchronization for 12 h, the medium
was then replaced with 5% FBS DMEM-Ham’s F12 for another 12 h, and the cells were extracted for total RNA with Trizol reagent. Real-time PCR was used to determine auf1
mMRNA expression, and B-Actin was used as an internal control. Data represent mean + SD (*p < 0.05). (B) T24T (miR-146b inhibitor) and T24T (nonsense) cells were seeded
into 6-well plates. After synchronization, the indicated cells were treated with Act D for the indicated time points. Total RNA was then isolated and subjected to real-time PCR
analysis for mRNA levels of auf?, and 8-Actin was used as an internal control. The error bars represent mean + SD from three independent experiments. Student’s t test was
utilized to determine the p value. The asterisk (*) indicates a significant increase in comparison to T24T (nonsense) cells ("p < 0.05). (C) The pMIR-AUF1 3’ UTR reporter was
transiently transfected into the indicated cells, and Iuciferase activity of each transfectant was evaluated. The luciferase activity was presented as a relative to nonsense
transfectant with normalization by using pRL-TK as an internal control. The error bars show mean + SD from three independent experiments. The asterisk (*) indicates a
significant increase in T24T (miR-146b inhibitor) in comparison to nonsense transfectant (p < 0.05). (D) The predicted miR-146b-binding site existed in the 3' UTR of auf1
mRNA, and its mutants (MUTs) were generated in the binding site. (E) The pMIR-AUF1 3" UTR reporters (WT and MUT) were co-transfected with pRL-TK into the indicated
cells. At 24 h post-transfection, the transfectants were extracted for determination of the luciferase activity, and TK was used as the internal control. Luciferase activity of each
transfectant was evaluated, and the results were presented as relative AUF1 3' UTR activity. The error bars show mean + SD from three independent experiments. The double
asterisk (**) indicates a significant inhibition of 3 UTR activity in mutant transfectant in comparison to the mutant of WT AUF1 3’ UTR luciferase reporter transfectant (p < 0.05).
(F) The proposed mechanisms underlying miR-146b overexpression in the promotion of human bladder cancer cell invasion. miR-146b overexpression destabilizes auf1
mRNA, which further elevates ets2 mRNA stability, in turn promoting the transcription of MMP2 and protein expression, and finally it increases the invasion ability of human
bladder cancer cells.

cancer invasion,’ but the maintenance of MMP2 abundance has not
been well studied. Based on our results here, miR-146b overexpres-
sion significantly increases MMP2 protein level, which is known to
regulate bladder cancer cell invasion. Interestingly, the inhibition of
miR-146b greatly impaired mmp2 mRNA transcription in bladder
cancer cells, finally inhibiting bladder cancer invasion ability. To
the best of our knowledge, this is the first study of a cross-talk between
miR-146b and the regulation of mmp2 mRNA transcription.

The ETS family of transcription factors has the conserved primary
sequence of their DNA-binding domains that binds to a purine-
rich GGA(A/T) core sequence.””® ETS proteins play crucial roles
in cell proliferation, differentiation, development, stem cell develop-
ment, transformation, and angiogenesis, and they participate in the
malignancy of tumor cells by activating the transcription of several
cancer-related genes, such as proteases and angiogenesis-related
genes.”” Binding sites for the ETS family are found in promoters
of the MMP family,"’ and the regulation of matrix-degrading prote-
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ases by ETS factors in tumor invasion and metastasis is well estab-
lished."" In this study, we found that miR-146b overexpression pro-
moted ETS2 protein expression. The results of our ChIP assay
showed that ETS2 could directly bind to the mmp2 promoter and in-
crease MMP2 protein expression, evidence demonstrating the onco-
genic role of ETS2 in bladder cancer. However, a tumor suppressor
function of ETS2 has previously been reported through the activation
of the miR-196b/FOXO1/p27-signaling pathway in human bladder
cancer cells.*” These results reveal that the prognosis value of ETS2
depends on its downstream targets in the specific signaling axis of
bladder cancer cells.

AUF1, one of the best-characterized RNA-binding proteins, has
been reported to decrease the stability of some target transcripts.*’
AUF1 might elicit anti-tumorigenic roles as a destabilizing agent
for the mRNAs encoding the anti-apoptotic protein Bcl-2 and the
proliferative protein cyclinD1,*** and it can also suppress the
expression of pro-inflammatory factors (e.g., interleukin [IL]-6,



www.moleculartherapy.org

granulocyte-macrophage colony stimulating factor [GM-CSF], iNOS,
and COX-2) by binding to the mRNAs that encode them, repressing
their production, and thereby suppressing a pro-transformation
*° The current study provides strong evidence from this study
showing that miR-146b overexpression downregulates AUF1 expres-
sion. Mechanistic studies reveal that AUF1 is responsible for destabi-
lizing ets2 mRNA by directly binding to it. AUF1 serves as a miR-146b
downstream effector for the promotion of bladder cancer invasion.
Such tumor suppressor properties of AUF1 in human bladder
cancers are also in agreement with our recent findings that ATG7/
autophagy-mediated AUFI protein degradation expression promotes
the bladder cancer invasion abilities,"” suggesting that the elevation of
AUF1 might be of therapeutic benefit for human bladder cancer
patients.

state.

AUFI expression could be regulated at multiple levels, including
mRNA transcription, mRNA stability, and protein translation
and degradation. miRNAs, a class of small (21- to 23-nt) non-
protein-coding RNAs, could regulate either mRNA stability or
protein translation.”® Recently, Al-Khalaf and Aboussekhra'’
demonstrated that the tumor suppressor functions of miR-146b
are mediated through the repression of the oncogenic potentials
of AUFI in osteosarcoma cells. In the current study, miR-
146b overexpression reduced aufl mRNA stability and protein
expression. We also show that the AUF1 3’ UTR luciferase reporter
activity is remarkably increased in miR-146b inhibition transfec-
tant and such elevation can be completely impaired if the
miR-146b-binding site on AUFI 3’ UTR luciferase reporter is
mutated. We conclude that miR-146b exerts its oncogenic role in
human bladder cancer cells through its directly inhibiting AUF1
expression.

In summary, the present study defines that miR-146b is overex-
pressed in both human bladder cancer tissues and cell lines. Our
studies have revealed a new AUF1/ETS2/MMP2 pathway that is
responsible for the oncogenic role of miR-146b in bladder cancer in-
vasion. miR-146b overexpression destabilizes auf] mRNA via directly
binding to its 3’ UTR, further elevates ets2 mRNA stability followed
by promoting mmp2 mRNA transcription and protein expression,
and finally promotes the invasion ability of human bladder cancer
cells. Our new findings raise the potential for developing a miR-
146b-based specific therapeutic strategy for the treatment of human
bladder cancer patients.

MATERIALS AND METHODS

Plasmids, Antibodies, and Reagents

The miR-146b inhibitor and its nonsense control were purchased
from System Biosciences (pLKO.1-miRZip146b) (Palo Alto, CA,
USA). The plasmids were transfected into bladder cancer cells by
using PolyJet DNA In Vitro Transfection Reagent (SignaGen Labora-
tories, Gaithersburg, MD, USA), according to the manufacturer’s in-
structions, and stable transfectants were selected with puromycin
(0.2-0.3 mg/mL) for 3 or 4 weeks to get the stable miR-146 inhibition
bladder cancer cells. The plasmid of the human mmp2 promoter-

(from —1,459 to —42) driven luciferase reporter was constructed
with Xho I and Hind III, using genomic DNA purified from
UMUCS3 cells based on the NCBI database (GenBank: NC_000016).
The human AUFI 3’ UTR was cloned into the pMIR-reporter lucif-
erase vector through the Xho I and Sac I sites. The AUFI 3' UTR point
mutation was amplified from the wild-type (WT) template by overlap
PCR using the following primers: forward, 5'-CCCTCTGAAGTT
TAAGGTCGAGTTCTCATTAAAA-3'; reverse, 5-TTTTAATGA
GAACTCGACCTTAAACTTCAGAGGG-3'. The HA-tagged AUF1
constitutively expressed plasmid was obtained from Addgene (Cam-
bridge, MA, USA). The constructs of shRNA specifically targeting
AUF1 (shAUF1) were purchased from GeneCopoeia (Rockville,
MD, USA). All plasmids were prepared by the Plasmid Prepara-
tion/Extraction Maxi Kit from QIAGEN (Valencia, CA, USA). The
plasmid of FLAG-ETS2 was kindly gifted by Dr. Wen-chang Lin
from the Institute of Biomedical Sciences, Academic Sinica, Nankang,
Taipei 115, Taiwan, China."’ The antibodies specific against
N-Cadherin, c-Jun, Elkl, ETS1, STAT5, GAPDH, and HuR were
bought from Cell Signaling Technology (Beverly, MA, USA). The
antibody specific against AUF1 was purchased from Aviva Systems
Biology (San Diego, CA, USA). Antibodies against MMP2, MMP?9,
JunB, ETS2, NCL, and RhoGDIB were bought from Santa Cruz
Biotechnology (Dallas, TX, USA). Act D was bought from Calbio-
chem (Billerica, MA, USA).

Cell Culture and Transfection

The human bladder cancer cell lines RT4, T24, T24T, and UMUC3
and the normal urinary epithelial cell lines SV-HUC-1 were used in
the study. All cancer cell lines were generously provided by Dr.
Haishan Huang (Wenzhou Medical University, Zhejiang, China),
and they were subjected to DNA tests and authenticated before
use for the studies. UMUC3 cells were maintained at 37°C in a 5%
CO, incubator in DMEM (Gibco, Grand Island, NY, USA), supple-
mented with 10% fetal bovine serum (FBS) (Gibco, Grand Island,
NY, USA). T24 and T24T cells were cultured with a 1:1 mixture of
DMEM-Ham’s F12 medium (Gibco, Grand Island, NY, USA), sup-
plemented with 5% FBS. RT4 cells were cultured with 1640 (Gibco,
Grand Island, NY, USA), supplemented with 10% FBS. SV-HUC-1
cells were cultured with F-12K medium supplemented with 10%
FBS. Stable transfections were performed with constructs using
PolyJet DNA In Vitro Transfection Reagent (SignaGen Laboratories,
Gaithersburg, MD, USA), according to the manufacturer’s
instructions, and stable transfectants were selected with puromycin
(0.2-0.3 mg/mL) or hygromycin B (200-400 mg/mL) for 3 or
4 weeks according to the different antibiotic resistance plasmids
transfected.**’

Western Blot Analysis

Bladder cancer cells were seeded in six-well plates and cultured in
normal culture medium until 70%-80% confluence. The whole-cell
extracts were then prepared, as described in the previous studies.”"
Cell extracts were subjected to western blot analysis, as previously
described.”” The images were acquired by scanning with the phos-
phor imager (Typhoon FLA 7000, GE Healthcare).
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Real-Time gPCR
First, we extracted the RNA from the cultured cells and tissues using
TRIzol reagent (Invitrogen, USA).

Reverse transcriptase was used to produce the first-strand cDNA
(Aidlab, China), according to the manufacturer’s instructions.
miRNA Real-time PCR Assay kit (Aidlab, China) was used to detect
the expression level of miR-146b. Furthermore, U6 was chosen to
be the internal control. The primers used in this study were as
follows: miR-146b (forward 5'-TGACCCATCCTGGGCCTCAA-3/,
reverse 5-CCAGTGGGCAAGATGTGGGCC-3'), U6 (forward 5'-
CTCGCTTCGGCAGCACA-3, reverse 5-AACGCTTCACGAATT
TGCGT-3'), human MMP2 (forward 5-CAAGTGGGACAAG
AACCAGA-3/, reverse 5'-CCAAAGTTGATCATGTC-3'), human
AUF1 (forward 5-AAATTGAATGGGAAGGTGAT-3', reverse
5-GAACCCACGCCTCTTATTG-3'), human ETS2 (forward 5'-AGC
GTCACCTACTGCTCTGTCA-3, reverse 5-CCGTTGCACATCCA
GCAA-3'), and human GAPDH (forward 5'-GATGATCTTGAGG
CTGTTGTC-3, reverse 5-CAGGGCTGCTTTTAACTCTG-3').

Luciferase Assay

For the determination of mmp2 promoter-driven luciferase activity
and ets2 promoter-driven luciferase activity, the indicated cells were
each transiently co-transfected with pRL-TK, together with the
related promoter-driven luciferase reporter. At 24 h after transfection,
luciferase activity was determined using the Luciferase Assay System
Kit (Promega, Madison, WI, USA). For the determination of aufl
mRNA 3’ UTR activity, T24T (nonsense) and T24T (miR-146b inhib-
itor) cells were transiently transfected with pRL-TK together with
aufl mRNA 3’ UTR luciferase reporter. At 24 h after transfection,
luciferase activity was determined using the Luciferase Assay System
Kit (Promega, Madison, WI, USA). The results were normalized by
internal TK signal. All experiments were done in triplicate and the
results expressed as mean * SE.

RNA-IP Assay

RNA immunoprecipitation was performed as previously described.*”
The RNAs in the buffer were extracted by TriZol reagent. Semiquan-
titative RT-PCR was performed to detect the ETS2 presented in the
immune complex.

ChIP Assay

ChIP assay was carried out as described previously by using reagents
that were purchased from Millipore Technologies (Billerica, MA,
USA).” Briefly, the indicated genomic DNA and the proteins were
cross-linked with 1% formaldehyde (Protocol, 245-684). The cross-
linked cells were pelleted, resuspended in lysis buffer, and sonicated
to generate 200- 500-bp chromatin DNA fragments. After centrifuga-
tion, the supernatant fractions were diluted 10-fold and then incu-
bated with anti-ETS2 antibody (Santa Cruz Biotechnology, sc-351)
or the control rabbit immunoglobulin G (IgG) (Santa Cruz Biotech-
nology, sc-2027) overnight at 4°C, respectively. The immune complex
was captured by protein G-agarose (Santa Cruz Biotechnology,
C1014) saturated with salmon sperm DNA (Upstate Biotechnology,
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0606031838), then eluted with the elution buffer. DNA-protein
cross-linking was reversed by heating overnight at 65°C. DNA was
purified and subjected to PCR analysis. To specifically amplify the
region containing the putative responsive elements on the human
mmp2 promoter, PCR was performed with the following pair
of primers: 5-CCTAGGCTGGTCCTTACTG-3' and 5'-GCCCAGA
GATGAAAAACAGC-3'. The PCR products were separated on 2%
agarose gels and stained with ethidium bromide; the images were
then scanned with a UV light.

Cell Migration and Invasion Assay

Control inserts without matrigel and permeable support for a 24-well
plate with 8.0-um transparent polyethylene terephthalate (PET)
membrane were purchased from Corning (Corning, NY, USA), and
the invasion kit was purchased from BD Biosciences (Bedford, MA,
USA). The invasion assay was performed in normal cell culture serum
according to the manufacturer’s instructions. After incubation for
24 h, the cells both on the inside and outside of the chamber were
fixed with 3.7% formalin for 2 min, washed twice, then transferred
to 100% methanol for 20 min, washed twice again, and then finally
the cells were stained by Giemsa (1:20 diluted with PBS) at room tem-
perature for 15 min in the dark. They were again washed twice, then
the non-invaded cells were scraped off with a cotton swab (PBS
wetted) 4 times. The images were taken under an Olympus DP71
microscope (Olympus America, Center Valley, PA, USA), and the
number of the cells in each image was counted by the software
Image J. The invasion rate was normalized with the insert control
according to the manufacturer’s instructions.

Cell Proliferation Analysis

Cell viability was determined by utilizing the CellTiter-Glo Lumines-
cent Cell Viability Assay Kit (Promega, Madison, WI), according to
the manufacturer’s instructions. Briefly, cells were plated in 96-well
plates at a density of 5,000 cells/well and allowed to adhere overnight.
The cell culture medium was replaced with 0.1% FBS DMEM or 0.1%
FBS DMEM-F12 (1:1) and cultured for 12 h; then it was replaced with
normal medium and cultured for another 1, 2, 3, or 4 days, and then
50 pL CellTiter-Glo assay reagent was added to each well. The con-
tents were mixed on an orbital shaker for 2 min to induce cell lysis,
and then they were incubated at room temperature for 10 min to
stabilize the luminescent signal. Results were read on a microplate lu-
minometer LB 96V (Berthold, Bad Wildbad, Germany). Cell viability
(%) was defined as the relative absorbance of treated samples versus
that of the untreated control. All experiments were performed in
96-well plates for each experiment and repeated at least three times.

Anchorage-Independent Growth Assay

Anchorage-independent growth in soft agar (soft agar assay) was per-
formed as described in our earlier study.*” Briefly, the 1 x 10* cells in
10% FBS Basal Medium Eagle (BME) containing 0.33% soft agar were
seeded over the basal layer containing 0.5% agar containing 10% FBS
BME in each well of 6-well plates. The plates were incubated in a 5%
CO, incubator at 37°C for 3 weeks. Colonies were captured under
a microscope and only colonies with over 32 cells were counted.
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The results were presented as mean + SD obtained from three inde-
pendent experiments.

Clinical Specimens

In all, 30 pairs of bladder cancer tissues and matched adjacent
non-tumor tissues from the patients were obtained between 2015
and 2018 from the Beilun People’s Hospital and HwaMei Hospital,
University of Chinese Academy of Sciences, Ningbo, Zhejiang, China.
The patients’ clinical characteristics are listed in Table S1. The current
study was approved by the Ethics Review Board of Ningbo University,
Ningbo, China. The tissue samples were snap frozen in liquid nitro-
gen at the time of surgery, RNA was extracted, and synthesized cDNA
was stored at —80°C.

Statistical Analysis

Statistical analysis was performed using Prism 5.0 Software
(GraphPad, San Diego, CA, USA). All data are presented as the means
of triplicate assays + SD. Student’s t test was employed to determine
the significance of differences between various groups. The differ-
ences were considered significant at p < 0.05.
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Supplemental Information can be found online at https://doi.org/10.
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