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Graphical Abstract

1. For the first time, the potential mechanisms underlying the critical role of
miR-516a in bladder cancer metastasis is revealed.

2. MiR-516a promotes migration and invasion of human bladder cancer cells
by targeting PHLPP2 and subsequently inhibiting SMURF1-mediated MMP9
protein degradation.

3. Based on the metastatic role of miR-516a in bladder cancer, our findings pro-
vide promising targets for bladder cancer therapy.
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Abstract
Background: Metastasis is the leading cause of death in patients with blad-
der cancer (BC). However, current available treatments exert little effects on
metastatic BC.Moreover, traditional grading and staging have only a limited abil-
ity to identify metastatic BC. Accumulating evidence indicates that the aberrant
expression of microRNA is intimately associated with tumor progression. So far,
manymiRNAs have been identified asmolecular targets for cancer diagnosis and
therapy. This study focused on the role of miR-516a-5p (miR-516a) in BC.
Methods: MiR-516a expression and its downstream signaling pathway were
detected using molecular cell biology and biochemistry approaches and tech-
niques. Fresh clinical BC tissue was used to study the clinicopathological charac-
teristics of patients with different miR-516a expression. The biological functions
of miR-516a in BC were tested both in vivo and in vitro.
Results: A more invasive BC phenotype was significantly and positively
correlated with miR-516a overexpression in BC patients. MiR-516a inhibition
significantly decreased BC cell invasion and migration in vitro and in vivo.
Furthermore, miR-516a attenuated the expression of PH domain leucine-rich
repeat-containing protein phosphatase 2 protein and inhibited SMAD-specific

Abbreviations: 3′-UTR, 3′-untranslated region; BAF, bafilomycin A1; BC, bladder cancer; C19MC, chromosome 19 microRNA cluster; CHX,
cycloheximide; FBS, fetal bovine serum; FOXO3A, Forkhead box O3; IGF-1, insulin-like growth factor-1; MIBC, muscle-invasive bladder cancer;
NMIBC, Nonmuscle-invasive bladder cancer; PHLPP2, PH domain leucine-rich repeat-containing protein phosphatase 2; SMURF1, SMAD-specific E3
ubiquitin protein ligase 1
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E3 ubiquitin protein ligase 1 transcription by activating the AKT/Forkhead box
O3 signaling pathway, which stabilized MMP9 and slowed down its proteasomal
degradation, ultimately promoting BC motility and invasiveness.
Conclusions:Our findings reveal the crucial function of miR-516a in promoting
BCmetastasis, and elucidate themolecularmechanism involved, suggesting that
miR-516a may be a promising novel diagnostic and therapeutic target for BC.
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1 INTRODUCTION

Reports from the International Agency for Research on
Cancer (IRAC) in 2019 and 2020 showed that bladder can-
cer (BC) ranks fourth in the incidence of male malignan-
cies and is one of the most common malignant tumors of
the urinary system.1,2 Nonmuscle-invasive bladder cancer
(NMIBC) is present in approximately 75% of patients at the
time of diagnosis, and the remaining cases presentmuscle-
invasive bladder cancer (MIBC) or a metastatic disease.3
However, NMIBC patients are at a high risk of progress-
ing to invasive bladder tumor.4 Patients with poor progno-
sis often suffer from the invasive form, and in cases of dis-
tant metastasis, the 5-year survival rate is only 6%.5 MIBC
is responsible for almost all deaths from BC.6 However,
current treatments for metastatic BC are ineffective, and
the current grades and stages do not accurately predict
early metastasis. Therefore, new molecular markers that
can predict the recurrence and metastasis of BC are espe-
cially important, and novel treatments to combat invasive
BC based on identified targets are urgently needed.
MiR-516a is located on the chr19q13 belonging to the

chromosome 19 microRNA cluster (C19MC), the second-
largest imprinted miRNA cluster.7–9 Poor prognosis in var-
ious tumors is often connected with the overexpression
of C19MC miRNAs.10 One member of this cluster, miR-
519d, is overexpressed in hepatocellular carcinoma cells,
promoting cell proliferation and invasion and inhibiting
apoptosis.11 In addition, miR-516a-3p is linked to higher
aggressiveness of breast cancer.12 Our previous report
showed that miR-516a-5p is significantly upregulated in
human BC tissues and BC cell lines, and that its suppres-
sion attenuates the anchorage-independent growth of BC
cells and xenograft tumor growth.13 However, the biolog-
ical role of miR-516a in the metastasis of BC has not yet
been explored.
As a tumor-suppressor phosphatase, PH domain

leucine-rich repeat-containing protein phosphatase
2 (PHLPP2) is an important regulator of cellular
homeostasis.14 Its expression and function are altered

in a variety of malignancies.15,16 Specifically, PHLPP2 is
downregulated in many tumors, and this phenomenon
is associated with tumorigenesis.17–20 However, our pre-
vious study demonstrated that PHLPP2 is upregulated
by p27-mediated activation of c-Jun, which influences
the regulation of p62 transcription by c-Jun. This leads
to autophagy and autophagy-dependent degradation of
MMP2, ultimately inhibiting human BC cell invasion.21
Our more recent study suggested that miR-516a may influ-
ence BC cell metastasis by targeting the 3′-untranslated
region (3′-UTR) of PHLPP2, thereby decreasing the level of
PHLPP2 protein. This work revealed a novel mechanism
involved in the downregulation of PHLLP2 in BC cells. In
addition, our findings further deepened the understanding
of the role of PHLPP2 in cancer metastasis.
This study demonstrated that miR-516a plays an impor-

tant role in BC metastasis, and the underlying molecu-
lar mechanism was partly elucidated. Our results showed
that miR-516a was upregulated in both T24T cell line and
invasive BC tissues. Furthermore, we examined the role
of miR-516a in BC cell migration and invasion in vitro
and nude mouse lung metastasis in vivo, and showed that
PHLPP2 was a direct and functional target of miR-516a
in BC cells. Further experiments showed that miR-516a
inhibited PHLPP2 expression, which in turn activated the
AKT/Forkhead box O3 signaling axis to decrease SMAD-
specific E3 ubiquitin protein ligase 1 (SMURF1) expression,
eventually slowing down MMP9 protein degradation and
promoting BC metastasis.

2 RESULTS

2.1 MiR-516a is upregulated in BC and
promotes BCmetastasis both in vitro and
in vivo

The leading cause of death from cancer is metastasis,22 but
the mechanisms that promote the progression from a car-
cinoma in situ to a metastatic cancer remain elusive. Our
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ability to improve therapeutic and diagnostic approaches is
based on a deeper understanding of the mechanisms reg-
ulating tumor metastasis. miR-516a expression was signifi-
cantly higher in human-invasive BC tissues than in nonin-
vasive BC tissues (Figure 1A and Table S1). In addition, the
relationship between miR-516a expression and metastatic
status in BC patients was investigated using the TCGA
database. The results indicated that miR-516a expression
was increased in patient with lymph node metastasis in
comparison to that with no regional lymph node metasta-
sis patient tissues (Figure S1). Therefore, the next step was
to evaluate whether miR-516a overexpression might con-
tribute to a metastatic BC phenotype. The T24/T24T sys-
tem is a mature model of BC, because T24 cells have lim-
ited ability to metastasize, whereas the derivative cell line
T24T has a significant metastatic capacity. Accordingly,
the T24/T24T system provides an ideal model for studying
the molecular mechanisms regulating BC metastasis.23,24
First, the expression of miR-516a in the two cell lines was
measured. As shown in Figure 1B, miR-516a was remark-
ably higher in T24T than in T24, whichwas consistent with
an association between miR-516a and BC migration and
invasion.Next, a sponge inhibitor targetingmiR-516a (anti-
miR-516a) was transfected into T24T cells to investigate the
mechanism used by miR-516a to regulate the metastasis of
BC cells, and the transfection efficiency was monitored by
real-time PCR (Figure 1C). UMUC3 and J82 cell lines in
whichmiR-516awas stably inhibited are described in a pre-
vious study.13 Our functional experiments suggested that
the inhibition ofmiR-516a decreased the number of BC cell
migration and invasion in T24T, UMUC3, and J82 in vitro
(Figure 1D-I).
Next, T24T (transfected with a vector) and T24T (trans-

fected with anti-miR-516a) cells were individually injected
into nude mice through the tail vein or spleen to evalu-
ate themetastatic ability. In accordancewith in vitro study,
the inhibition of miR-516a significantly reduced the degree
of lung metastases (Figure 1J-L and Table S2) as well as
liver metastases (Figure 1M-O and Table S3), compared
to the control vector in nude mice. Together, these find-
ings demonstrated that miR-516a promoted metastasis in
human BC cells.

2.2 Suppression of PHLPP2 plays a key
role in miR-516a-mediated promotion of BC
cell migration and invasion

Our previous research revealed that miR-516a binds the
3′-UTR of PHLPP2 in UMUC3 and J82 cells.13 Thus, we
further verified the binding of miR-516a to the 3′-UTR
of PHLPP2 in T24 and T24T cells (Figure S2). To deter-
mine whether PHLPP2 mediates the metastatic role of

miR-516a, PHLPP2-silenced T24T (anti-miR-516a) cells, as
well as UMUC3 (anti-miR-516a) cells,13 were used for fur-
ther functional analysis. Results showed the silencing of
PHLPP2 promoted migration and invasion of both T24T
(anti-miR-516a) and UMUC3 (anti-miR-516a) cells (Fig-
ure 2B-E). Collectively, suppression of PHLPP2 promotes
miR-516a-mediated BC cell migration and invasion.

2.3 MiR-516a promotes migration and
invasion of BC cells through an
autophagy-independent pathway

A previous study revealed a connection between
autophagy and BC cell growth mediated by miR-516a.13
To determine whether autophagy participates in the
regulation of migration and invasion of BC cells, anti-
miR516a-transfected T24T or UMUC3 cells as well as their
control cells were individually treated with an autophagy
inhibitor bafilomycin A1 (BAF). Transwell assay revealed
that migration and invasion by T24T cells were not
affected by BAF treatment (Figure 3A-C); similar results
were also obtained in UMUC3 (Figure 3D-F). Hence,
miR-516a promotes the migration and invasion of BC cells
in an autophagy-independent manner.

2.4 MMP9 is a downstream effector of
miR-516a that promotes migration and
invasion of BC cells

Increasing studies showed that both the Rho family and
MMP family, including Rac1/2/3, CDC42, RhoA, RhoC,
MMP2, and MMP9, are highly expressed in a variety
of tumor tissues and are directly correlated with tumor
migration and invasion.25–29 Thus, we measured the
expression of these proteins in miR-516a-suppressed T24T
and UMUC3 cells as well as the corresponding controls,
and found only MMP9 was consistently downregulated in
both cell lines after miR-516a inhibition (Figure 4A). This
result implied that the ability of miR-516a to promote BC
cell migration and invasion might be mediated by MMP9.
To characterize the role of MMP9 in miR-516a-

promoting BC cell migration and invasion, a MMP9
overexpression plasmid or control plasmid was stably
transfected into T24T/UMUC3 (anti-miR-516a) cells.
Stable T24T (anti-miR-516a/Myc-MMP9) and UMUC3
(anti-miR-516a/Myc-MMP9) and their corresponding
scrambled-vector controls were established and identified,
as shown in Figures 4B and 4E. Overexpression of MMP9
restored migration and invasion in miR-516a-silenced
cells, as determined by transwell assay (Figures 4C, 4D,
4F, and 4G). Moreover, MMP9 was upregulated in T24T
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F IGURE 1 Suppression of miR-516a inhibited BC cell metastasis in vitro and in vivo. (A) Real-time PCRwas performed to detect miR-516a
expression in human-invasive BC tissues and noninvasive BC tissues. (B) Real-time PCR was performed to detect miR-516a expression in T24
and T24T cell lines. (C) Inhibitory efficiency of miR-516ain T24T cells was verified by real-time PCR. (D, F, and H) Transwell assay performed
in transfected T24T/UMUC3/J82 cells to evaluate cell migration and invasion ability. Scale bar: 100 μm. (E, G, and I) Graphical representation
of panels D, F, and H and statistical analysis. (J-L) T24T (vector) and T24T (anti-miR-516a) cells were injected into nude mice through the tail
vein. Images of nude mouse lungs taken using Zeiss SteREODiscovery v.20 (J). (K) Metastatic colonization was confirmed using H&E staining.
(L) Lung metastases were counted after post-fixation with neutral-buffered formalin/Bouin’s solution fixative. The histogram indicates mean
± SD of the number of lung metastases from five mice in each group. (M-O) T24T (vector) and T24T (anti-miR-516a) cells were injected into
nude mice through the spleen. Zeiss SteREO Discovery v.20 was used to take the images of nude mice livers (M). (N) Metastatic colonization
was confirmed using H&E staining. (O) Liver metastases were counted after post-fixation with 4% PFA. The histogram indicates mean ± SD of
the number of liver metastases from six mice in each group
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F IGURE 2 PHLPP2 knockdown plays an essential role inmiR-516a-inducedmigration and invasion of BC cells. (A) Knockdown efficiency
of PHLPP2 was confirmed in T24T (anti-miR-516a) cells by western blot. (B and D) Transwell assay in indicated cells to evaluate the role of
PHLPP2 in miR-516a-promoted BC cell migration and invasion. Scale bar: 100 μm. (C and E) Graphical representation of panels B and D and
statistical analysis

F IGURE 3 BAF did not affect the promotion of migration and invasion exerted by miR-516a. (A and D) Transwell assay was performed
in transfected T24T/UMUC3 cells treated with or without BAF (1 nM) to evaluate cell migration and invasion. Scale bar: 100 μm. (B, C, E, and
F) ns indicates no significant difference between the vehicle- and BAF-treated groups (P < .05)
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F IGURE 4 MMP9 played amajor role inmiR-516a-mediated promotion of BCmetastasis. (A) Effect of miR-516a on the protein expression
of Rac123, CDC42, RhoA, RhoC, MMP2, and MMP9 in T24T and UMUC3 cells by western blotting. Cells were seeded at the specified densities
and starved in 0.1% FBS DMEM or 1:1 (DMEM:F12) for 12 h. Subsequently, the cells were incubated in 10% FBS DMEM or 5% 1:1 (DMEM: F12)
for an additional 12 h, and then the cell lysates were subjected to western blotting. (B and E) Overexpression of Myc-MMP9 in T24T/UMUC3
(anti-miR-516a) cells was confirmed by western blot. (C, D, F, and G) Transwell assay was performed in transfected T24T/UMUC3 (anti-miR-
516a) cells after ectopic expression of Myc-MMP9. (H and I) The cells indicated were lysed and subjected to western blotting to monitor MMP9
protein expression

(anti-miR-516a/shPHLPP2 #2 & #5) cells compared to
T24T (anti-miR-516a/sh control) cells. Similar results were
obtained in UMUC3 cells (Figures 4H and 4I). These
results demonstrated that the miR-516a-PHLPP2 axis
facilitated migration and invasion by upregulating MMP9.

2.5 MiR-516a/PHLPP2 cascade
regulates MMP9 protein degradation in a
proteasome-dependent manner

Forementioned results suggested MMP9 protein expres-
sion was consistently downregulated in T24T and UMUC3
cells after inhibition of miR-516a expression. However,
MMP9 mRNA expression was observed to be upregulated
in anti-miR-516a T24T cells, whereas it was reduced in
anti-miR-516a UMUC3 as well as T24T (shPHLPP2 #2 &
#5) and UMUC3 cells (Figures 5A and 5B). These results
suggested that the miR-516a/PHLPP2 pathway regulates
MMP9 expression at the non-mRNA level. Next, the effect
of miR-516a on MMP9 protein degradation was assessed.
Cycloheximide (CHX) is a protein synthesis inhibitor
that interferes with translocation during protein synthe-
sis and hinders translation. The addition of CHX at spe-

cific times revealed the effect of miR-516a on the dynamic
changes characterizing MMP9 degradation. Thus, miR-
516a in T24 cells with low MMP9 expression was over-
expressed (Figure 5C) to further investigate the effect of
miR-516a on the degradation rate of MMP9 protein. miR-
516a overexpression could significantly reduce the degra-
dation rate of MMP9 protein in T24 cells compared with
control cells (Figure 5D). The inhibition of miR-516a sig-
nificantly increased the rate of MMP9 degradation com-
pared to its degradation in the vector cells, indicating
that miR-516a reduced MMP9 degradation (Figures 5E
and 5F). MMP9 degradation was decreased in T24T (anti-
miR-516a/shPHLPP2 #2 & #5) cells than in T24T (anti-
miR-516a/ sh control) cells, but it returned to the normal
rate in T24T (anti-miR-516a) cells. Similar findings were
obtained in UMUC3 cells (Figures 5G and 5H).
Protein homeostasis is responsible for basic cellu-

lar functions, such as the regulation of the level of
key enzymes and the removal of abnormal proteins.30
The main intracellular protein degradation pathways are
the ubiquitin-proteasome and autophagolysosomal path-
ways. Because BAF does not affect the role of miR-516a
in BC cell migration and invasion, the possibility that
miR-516a regulates the stability of MMP9 through the
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F IGURE 5 MiR-516a stabilized MMP9 by inhibiting its degradation by the proteasome. (A) MMP9 mRNA expression in T24T/UMUC3
(vector) and T24T/UMUC3 (anti-miR-516a) cells, as determined by real-time PCR. (B) MMP9 mRNA expression in cells indicated, as deter-
mined by real-time PCR. (C) Real-time PCR was performed to detect miR-516a expression after ectopic expression of miR-516a in T24 cells.
(D) Rate of MMP9 degradation in T24 (vector) and T24 (miR-516a) cells, as determined by western blotting. (E and F) T24T/UMUC3 (vector)
and T24T/UMUC3 (anti-miR-516a) cells were treated with CHX (50 μg/mL) and harvested at the indicated times. The cell lysate was sub-
jected to western blotting with the indicated antibodies. (G and H) Rate of MMP9 degradation in T24T/UMUC3 (anti-miR-516a/sh control),
T24T/UMUC3 (anti-miR-516a/shPHLPP2 #2), and T24T/UMUC3 (anti-miR-516a/shPHLPP2 #5) cells, as determined by western blotting. (I-L)
Cells were treated with MG-132 for 10 h before harvest; protein accumulation was observed by western blotting

autophagolysosomal pathway was excluded. Therefore,
T24T/UMUC3 (vector) and T24T/UMUC3 (anti-miR-516a)
cells were treatedwith orwithout the proteasome inhibitor
MG-132 (20 μM) for 10 h to investigate whether the protein
degradation of MMP9 depended on the proteasome path-
way. Surprisingly, MG-132-treated cells exhibited a signifi-
cantMMP9protein accumulation compared to its accumu-
lation in the untreated controls (Figures 5I and 5J). Con-
sistent with this, T24T/UMUC3 (anti-miR-516a) cells har-
boring a stable knockdown of PHLPP2 accumulated a sig-
nificant amount of MMP9 after MG-132 treatment (Fig-
ures 5K and 5L). Overall, these results demonstrated that
miR-516a inhibited the degradation of MMP9 protein in a
proteasome-dependent manner.

2.6 SMURF1 is a miR-516a/PHLPP2
downstream effector that increases MMP9
degradation

To identify which E3 ubiquitin ligase is involved in reg-
ulating the degradation of MMP9 by miR-516a, we first
screened a series of candidates usingUbiBrower database31
(Figure S3). MMP9 was then subjected to immunoprecip-
itation and mass spectrometry was performed to deter-
mine which E3 ubiquitin ligase plays a role in miR-
516a regulation of MMP9 degradation (Figure 6A). The
UbiBrowser predictions and mass spectrometry results
suggested that three enzymes, HSPA8, CBL, and SMURF1,
could be involved in the regulation of MMP9 degradation
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F IGURE 6 SMURF1 bound MMP9 to promote its degradation, thereby inhibiting BC migration and invasion. (A) Mass spectrometric
analysis was performed to identify MMP9-associated proteins. (B and C) Expression of HSPA8, CBL, SMURF1, and MMP9 in the indicated
cell extracts, as determined by western blotting. (D and E) Immunoprecipitation was performed on 293T cell lysates with control IgG (D),
anti-Myc, or (E) anti-FLAG antibody. The immunoprecipitate was assayed for MMP9 and SMURF1 levels. (F) T24T (anti-miR-516a/shPHLPP2
#2/vector) cells and T24T (anti-miR-516a/shPHLPP2 #2/Flag-SMURF1) cells were lysed, and overexpression efficiency of SMURF1 was evalu-
ated by western blotting. (G and H) Invasion and migration of T24T (anti-miR-516a/shPHLPP2 #2/vector) and T24T (anti-miR-516a/shPHLPP2
#2/Flag-SMURF1) cells were evaluated by transwell assay. Data were expressed as mean ± SD, and the asterisk (*) indicates a significant dif-
ference. (I) The degradation rate of MMP9 was monitored in T24T (anti-miR-516a/shPHLPP2 #2/vector) and T24T (anti-miR-516a/shPHLPP2
#2/Flag-SMURF1) cells by western blotting. ImageJ was used to quantify MMP9 expression relative to ACTB

by miR-516a. Hence, the expression of these three pro-
teins was assessed in T24T (vector) and T24T (anti-miR-
516a) cells. Only the expression of SMURF1 was markedly
upregulated in T24T (anti-miR-516a) cells, whereas the
expression of the other proteins was unchanged (Fig-
ure 6B). Consistent with this, SMURF1 expression was
much lower in T24T (anti-miR516a/ shPHLPP2 #2 & #5)
cells than in the corresponding vector controls under
the same experimental conditions (Figure 6C), suggest-
ing that SMURF1 might participate in the regulation
of MMP9 degradation. In addition, the SMURF1-MMP9
interaction by co-immunoprecipitation was confirmed.
Myc-MMP9 co-immunoprecipitation with SMURF1 was
found (Figure 6D), and reciprocal immunoprecipita-

tion with Flag-SMURF1 also brought down MMP9 (Fig-
ure 6E), suggesting that MMP9 interacted with SMURF1
in cells.
Next, T24T (anti-miR516a/shPHLPP2 #2) cells were sta-

bly transfected with Flag-SMURF1 or a control plasmid
(Figure 6F) to confirm the role of SMURF1 in miR-516a-
mediated promotion of BCmigration and invasion. Ectopic
expression of Flag-SMURF1 restored the ability of migra-
tion and cell invasion in BC cells (Figure 6G and 6H).
Hence, the effect of SMURF1 overexpression was exam-
ined on the rate of MMP9 degradation. As shown in Fig-
ure 6I, MMP9 was accumulated in a similar amount in
T24T (anti-miR516a/shPHLPP2 #2/vector) and T24T (anti-
miR516a/shPHLPP2 # 2/Flag-SMURF1) cells pretreated
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F IGURE 7 MiR-516a/PHLPP2 promoted BC migration and invasion via AKT/FOXO3A/SMURF1 signaling pathway. (A and B) SMURF1
mRNA expression, as determined by real-time PCR. (C) Luciferase activity was evaluated after SMURF1 promoter plasmid and pRL-TK were
transiently co-transfected into the indicated cells. (D) Bioinformatics software was used to predict transcription factor binding sites of human
SMURF1 promoter. (E-G) The indicated proteins were analyzed by western blotting. (H-J) Transwell assay was performed in T24T (Vector),
T24T (anti-miR-516a), T24T (anti-miR-516a, vehicle) and T24T (anti-miR-516a, IGF-1) cells. (K) Immunohistochemical staining of PHLPP2, p-
FOXO3A, SMURF1, and MMP9 in 71 BC clinical specimens; 100×magnification, scale bar: 200 μm; 400×magnification, scale bar: 50 μm. (L)
Correlation between miR-516a and PHLPP2/p-FOXO3A/SMURF1/MMP9 in 71 clinical BC specimens

with the proteasome inhibitor MG-132. After the removal
of MG-132, the effect of SMURF1 on the rate of MMP9
degradation was monitored after the addition of CHX at
specified time points.MMP9 degradationwas dramatically
increased by SMURF1 overexpression compared to vector
control cells. Together, our results strongly indicated that
MMP9 degradation and the miR-516a-specific promotion
of BC metastasis were regulated by the miR-516a down-
stream effector SMURF1.

2.7 AKT/FOXO3A signaling pathway
mediates the regulation of SMURF1
transcription by miR-516a/PHLPP2

SMURF1 mRNA expression was first monitored to eluci-
date the mechanism used by miR-516a to downregulate
SMURF1 expression. The SMURF1mRNA level was signif-
icantly higher in T24T (anti-miR-516a) cells than in T24T
(vector) cells (Figure 7A). Consistent with this, inhibi-
tion of PHLPP2 in T24T (anti-miR-516a) cells decreased
the SMURF1 mRNA level (Figure 7B). These results sug-
gested that the regulation of SMURF1 expression by miR-

516amight occur at the transcriptional level. Moreover, the
luciferase reporter assay showed that miR-516a inhibition
caused an approximately 2.8-fold increase in SMURF1-
driven promoter activity, and the knockdown of PHLPP2
in T24T (anti-miR-516a) cells restored SMURF1 promoter
activity (Figure 7C).
Potential transcription factors binding the SMURF1

promoter region were then investigated. Our bioinfor-
matics analysis revealed several potential transcription
factors, including FOXO3A, FOXP3, RELA, ETS-1, and
SP1 (Figure 7D). In addition, a ChIP assay previously
reported revealed that SIX2 can directly bind the CAGCTG
sequence in the SMURF1 promoter,32 and another study
suggested that NF-κB specifically binds to the –411 to –
420 region of the SMURF1 promoter and regulates its
activity. Next, western blot was performed to detect the
expression of these transcription factors in T24T (vector)
and T24T (anti-miR-516a) cells. Only p-FOXO3A S253 and
SIX2 were remarkably downregulated, whereas the lev-
els of FOXO3A, FOXP3, NF-κB (RELA), ETS-1, and SP1
were unchanged, indicating that p-FOXO3A S253 and SIX2
might be involved in miR-516a-mediated regulation of
SMURF1 transcription (Figure 7E).
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Because SIX2 can upregulate SMURF1 expression at
gene transcription level, which was the opposite of
our result, SIX2 was excluded as a candidate transcrip-
tion factor in miR-516a-mediated regulation of SMURF1
expression. Although the total FOXO3A protein level
did not change after miR-516a inhibition, p-FOXO3A
Ser253 protein expression was significantly reduced. This
result implies that the expression of nonphosphory-
lated FOXO3A was upregulated, in turn suggesting that
FOXO3A regulated the transcription of SMURF1. Pro-
tein kinase B (also known as AKT) is an important
enzyme that directly phosphorylates FOXO3A. Specif-
ically, Ser253 phosphorylation of AKT regulates the
nuclear/cytoplasmic shuttle of FOXO3A. The activation of
AKT promotes the binding of FOXO3A to nuclear export
proteins, hiding the nuclear localization signals and pre-
venting FOXO3a from re-entering the nucleus.33–35 Hence,
we hypothesized that AKT/FOXO3A signaling might be
activated by the upregulation of miR-516a. As shown in
Figure 7F, the phosphorylation of both FOXO3A and
AKT increased in T24T (vector) and T24T (anti-miR-
516a/shPHLPP2#2) compared to their phosphorylation in
T24T (anti-miR-516a/sh control) cells. Such results validate
our hypothesis that miR-516a-PHLLP2 regulated the tran-
scription of SMURF1 through the AKT-FOXO3A signal-
ing pathway, thereby regulating the stability of MMP9 pro-
tein. In order to further clarify the role of AKT-FOXO3A
pathway inmiR-516a-meidated promotion of themigration
and invasion of BC cells, we used AKT activator insulin-
like growth factor-1 (IGF-1) to treat T24T anti-miR-516a
cells, and found that IGF-1 treatment can significantly
reverse the inhibitory effect of miR-516a on the AKT-
FOXO3A pathway as well as the migration and invasion
of BC (Figure 7G-J). The expression of miR-516a, PHLPP2,
p-FOXO3A, SMURF1, and MMP9 in clinical specimens
were further detected to elucidate their clinical relevance.
The results showed that the expression of PHLPP2 and
SMURF1 were significantly and negatively correlated with
the expression ofmiR-516a in 71 pairs of clinical specimens,
whereas the expression of p-FOXO3A andMMP9 were sig-
nificantly and positively correlated with the expression of
miR-516a (Figures 7K and 7L). Together, miR-516a does
promote BC cell migration and invasion by activating the
AKT-FOXO3A pathway.

3 DISCUSSION

Themajority ofmiRNA genes are located in cancer-related
genomic regions or vulnerable sites, and dysregulation
in their expression promotes cancer development.36 MiR-
516a belongs to the C19MC and has been described as
an oncogene in some studies. It promotes the forma-

tion of abdominal aortic aneurysms,37 and risk stratifica-
tion in patients with neuroblastoma improves when miR-
487b and miR-516a-5p are both expressed, suggesting that
miR-516a-5p plays a carcinogenic role.7 However, several
other reports showed that miRNAs from C19MC also have
tumor-suppressive functions in some cancers. For exam-
ple, miR-516a-5p targets HIST3H2A to inhibit nonsmall
cell lung cancer proliferation.38 This situation seems con-
tradictory, and is not unique to C19MC miRNAs. The
behavior of thesemiRNAs is under the control of the cellu-
lar environment, resulting in dual functions as oncogenes
and tumor suppressors; thus, these miRNAs are classified
as “context-dependent.”10 The results of this study sug-
gested that the overexpression of miR-516a promoted the
proliferation and metastasis of BC cells. Thus, miR-516a
played oncogenic roles in BC, indicating that this miRNA
might be a potential diagnostic and prognostic biomarker
and a therapeutic tool.
Our research previously published revealed that miR-

516a promotes the proliferation of BC cells in vivo and in
vitro by inhibiting the autophagy of BC cells.13 Other stud-
ies showed that autophagy is also involved in the metas-
tasis of malignant tumors in many aspects. Unexpectedly,
our experimental results in the present work showed that
miR-516a did not regulate the migration and invasion of
BC cells through autophagy, and our further experiment
revealed that miR-516a regulated the migration and inva-
sion of BC cells through autophagy-independent path-
ways. This result also indicated thatmiR-516a and its target
gene PHLPP2 might be relatively independent in regulat-
ing the proliferation and metastasis of BC cells.
MMP9, a member of the zinc-dependent proteolytic

enzymes, is essential for local proteolysis of the extracel-
lular matrix and tumor metastasis.39 Studies have shown
that MMP9 can not only degrade the extracellular matrix
and basement membrane, and promote the invasion of
cancer cells, but also play a key role in the process of
epithelial-mesenchymal transition to promote cell motil-
ity. It can be seen that MMP9 can promote tumor cell
invasion and metastasis through various comprehensive
effects.40 Many signaling pathways take part in the regu-
lation of MMP9 expression, but the regulation takes place
primarily at the transcriptional level.41–43 However, few
studies described the regulation of MMP9 degradation.44
The UbiBrowser database prediction and mass spectrom-
etry identification revealed that SMURF1, an E3 ubiqui-
tin protein ligase, regulates MMP9 degradation. Further
experiments are needed to confirm the details of SMURF1
binding to MMP9 and promoting its degradation.
SMURF1 is an E3 ubiquitin ligase that regulates cell

differentiation, cell shape and polarity, cell adhesion and
migration, autophagy, embryonic pattern formation, mor-
phogenesis, organogenesis, and biological physiology and
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fertility. According to recent studies, SMURF1 plays dual
roles in tumors, acting as both a tumor promoter and
suppressor.45,46 SMURF1-mediated RhoA degradation is
vital for cancer cell metastasis.47 On the other hand, exces-
sive degradation of RhoA also plays a role in inhibiting
tumor invasion.48 Besides RhoA, SMURF1 can also tar-
get hPEM-249 and talin50 for ubiquitin-mediated protea-
some degradation during metastasis. This study demon-
strated that SMURF1 bound MMP9 to promote its degra-
dation, thereby limiting the migration and invasion of BC
cells. In our subsequent research, the specific structure and
type of MMP9 ubiquitination induced by SMURF1 will be
explored.
In this study, the results revealed the specific mecha-

nism involved in miR-516a-mediated promotion of BC cell
migration and invasion, also involved in the downregu-
lation of the miR-516a target gene PHLPP2. The further
downregulation of SMURF1 expression attenuated MMP9
degradation, and ultimately promoted BC cell migration
and invasion. Our investigation to explore how PHLPP2
regulates the expression of SMURF1 revealed that p-
FOXO3A S253 affected the transcription of SMURF1 in
stably transfected cell lines in which miR-516a was sup-
pressed. FOXO3A, also known as FKHRL-1, is a member
of the Forkhead transcription factor family. AKT phos-
phorylates FOXO3A, resulting in impairment of cyto-
plasmic retention and FOXO3a nuclear transcriptional
activity.51,52 PHLPP2 inhibits AKT activity by dephospho-
rylation of Ser-473, a key regulatory site in AKT.53 Sur-
prisingly, our results showed that miR-516a indeed acti-
vated the AKT/FOXO3A pathway by targeting PHLPP2,
thereby promoting BC cell metastasis. Many studies linked
the functions of PHLPP2, AKT, and FOXO3A to cell sur-
vival and apoptosis, but few reports linked these fac-
tors to metastasis.21,34,54 Our findings revealed that the
migration and invasion of BC cells are regulated via
the PHLLP2/AKT/FOXO3A signaling axis, representing a
novel target in the treatment of BC.
In conclusion, our work demonstrated that miR-516a

promoted BC metastasis by regulating PHLPP2/p-AKT/p-
FOXO3A/SMURF1/MMP9, and that PHLPP2 played a key
role in this pathway. These findingsmight provide a deeper
understanding of the molecular mechanisms of miR-516a-
induced BC metastasis, and new potential targets in the
prevention and treatment of BC.

4 MATERIALS ANDMETHODS

4.1 Reagents, antibodies, and plasmids

BAF was purchased from Selleck Chemicals (S1413; Hous-
ton, TX, USA). CHXwas purchased fromCalbiochem (San

Diego, CA, USA). IGF-1 was purchased from Hangzhou
Multi Sciences (PK002-01, Hangzhou, Zhejiang, China).
The shRNA plasmid specifically targeting PHLPP2 was
purchased from Open Biosystems (Thermo Fisher Scien-
tific, NY, USA). Hsa-miR-516a-5p inhibitor (anti-miR-516a)
and overexpression plasmids were purchased from Shang-
hai GenePharma (C6133). Human SMURF1 cDNA was
cloned into pcDNA3.1 (P0157; Miaolingbio.com, Wuhan,
Hubei, China) using the following primers with EcoRI
and XhoI linkers: (F) 5′-TAG CGA ATT CGC CAC CAT
GTC GAA CCC CGG GAC ACG CAG GAA C-3′, (R) 5′-
TAG CCT CGA GCG ATC CGC CTC CAC CCT CCA
CAG CAA ACC CGC AGG TCT CCT C-3′. HumanMMP9
cDNA was cloned into pcDNA3.1 using the following
primers with KpnI and EcoRI linkers: (F) 5′-TAG CGG
TAC CGC CAC CAT GAG CCT CTG GCA GCC CCT
GGT CCT GGT G-3′, (R1) 5′-AGC TTC TGC TCA TGG
TGA TGG TGG TGA TGG TCC TCA GGG CAC TGC
AGG ATG TCA TAG GTC-3′, and (R2) 5′- TAG CGA ATT
CAC AGG TCC TCC TCT GAG ATC AGC TTC TGC TCA
TGG TGA TGG TGG TGA TGG-3′. The primers (F) 5′-
ATT GGT ACC TAC TAA CGG GAT TGG CAG AAG-3′
and (R) 5′- AAT AAG CTT TGC CGC CTC TCC GAG
CCG CGC G-3′ were used to construct a human SMURF1
gene promoter (–2000) in the pGL3-basic vector (E1751;
Promega Corporation, Madison, WI, USA). Antibodies
against RhoA (2117), RhoC (3430), Rac123 (2465), CDC42
(2466), Myc (2276), SMURF1 (2174), FALG (8146), AKT
(4685), p-AKT S473 (4046), FOXO3A (12829), p-FOXO3A
S253 (9466), and SP1 (9389) were purchased from Cell Sig-
naling Technology (Boston, MA, USA). Antibodies against
MMP2 (sc-10736), MMP9 (sc-393859), SIX2 (sc-377193),
HSPA8 (sc-7298), CBL (sc-1651), and ETS-1 (sc-350) were
purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). The antibody against RELA (ab16502) and PHLPP2
(ab77665) was purchased from Abcam (Cambridge, UK).
The FOXP3 (22731-1-AP) antibody was purchased from
Proteintech Group, Inc (Rosemont, IL, USA). Antibodies
against GAPDH (Ab0037) and ACTB (Ab0011) were pur-
chased from Abways Technology (Shanghai, China).

4.2 Cell culture and BC tissue collection

DMEM (11995-065, Gibco/Thermo Fisher Scientific) was
used to culture UMUC3 cells (CRL-1749; ATCC, Rocke-
feller, MD, USA). Dr Dan Theodorescu (University of Col-
orado Comprehensive Cancer Center, Denver, CO, USA)
generously provided us the T24T and T24 cell lines, which
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM):F12 (1:1) (10565-018; Gibco/Thermo Fisher Sci-
entific) supplemented with 5% fetal bovine serum (FBS;
1750114, Gibco/Thermo Fisher Scientific) and incubated in
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a humidified atmosphere of 5% CO2 at 37◦C. Human BC
samples were obtained from the bladders of 71 patients
who underwent transurethral resection of bladder tumor
or radical cystectomy at the Wenzhou Medical Univer-
sity Affiliated First Hospital or Second Affiliated Hospi-
tal ofWenzhouMedical University between 2016 and 2019.
Patient name, gender, age, case number, and pathological
information were collected. The authorized case informa-
tion is shown in Table S1. Preoperative biopsy and postop-
erative pathological examination of the above patients con-
firmed bladder urothelial carcinoma; liquid nitrogen irri-
gation was used to freeze the specimens as soon as they
were collected. All experiments related to clinical speci-
mens obtained the approval of the Ethics Committee of
Wenzhou Medical University.

4.3 RNA isolation and real-time PCR

Total RNA was isolated from tissue samples or cultured
cells using Qiazol reagent (Qiagen, Gaithersburg, MD,
USA) or TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
RNA was reverse-transcribed into miRNA cDNA or total
cDNA using the Prime Script miRNA cDNA synthesis
kit (Qiagen) or PrimeScript RT kit (Qiagen), and then
subjected to quantitative RT-PCR (qRT-PCR). mRNA or
miRNA expression was determined by qPCR on a Q6
real-time PCR System (Applied Biosystems, Carlsbad, CA,
USA) using SYBR Green Master Mix (4309155, Applied
Biosystems) or the miScript PCR Kit (Qiagen), using
GAPDH or U6, respectively, as the internal loading con-
trol. Reverse transcription and PCR were performed as
described in our previous report.55 Specific primers for
humanMMP9 (Forward: 5′-TTCCAAACCTTTGAGGGC
GA-3′ and Reverse: 5′-CTG TACACGCGAGTGAAGGT-
3′), human SMURF1 (Forward: 5′-AAC TGA AAC CCA
ATG GCA GAA ATGT-3′ and Reverse: 5′-TTG CCA GAA
CCA CCG CACGAT G-3′), and human GAPDH (Forward:
5′-GAC TCA TGA CCA CAG TCC ATG C-3′, Reverse: 5′-
CAG GTC AGG TCC ACC ACC ACT GA-3′) were used
for PCR amplification. The primer for miR-516a (5′-TGC
TTC CTT TCA GAG GGT-3′) was synthesized by Sunny
Biotechnology (Shanghai, China), and U6 was used as the
internal loading control through the primer provided in
themiScript PCRKit. The datawere analyzed as previously
described.55

4.4 Western blot analysis

Cells were lysed in boiling buffer56 and then sonicated;
the protein concentration was measured on a NanoDrop
One (Thermo Fisher Scientific), and then the volume was

adjusted to bring the concentration to a consistent level
across all samples. Total proteins were separated by SDS-
PAGE, and then the protein imprints were transferred
to a PVDF membrane and blocked in 5% skim milk at
room temperature for 1 h. The membrane was incubated
overnight with the primary antibody at 4◦C and then incu-
bated with the secondary antibody for 3 h. ECF developing
reagent (RPN5785, GE Healthcare, Boston, MA, USA) was
diluted at the appropriate ratio with TBS, and the mem-
brane was scanned on a Typhoon fluorescence imager (GE
Healthcare).

4.5 Cell migration and invasion assay

After the migration device (353097, Corning Incorporated,
Corning, NY, USA) and invasion device (354480, BD Bio-
sciences, Bedford, MA, USA) were subjected to room tem-
perature equilibration for 10 min, the two devices were
incubated for 2 h in a 37◦C incubator, and 400-μL serum-
free DMEM was added in the upper chamber and 700 μL
in the lower chamber. Cells (6 × 104 in 400 μL) in 0.1%
FBS medium with or without 1 nM BAF were seeded in
a Transwell apparatus, and the lower chamber was filled
with complete cell culture medium (700 μL) with or with-
out BAF (1 nM). After incubation for 24 h, the cells were
fixedwith 4%PFA for 15min, transferred to 100%methanol
for 20 min, and finally stained with Giemsa (diluted 1:10
with PBS) for 30 min at room temperature in the dark.
Images were acquired on a DP71 microscope (Olympus
America, Center Valley, PA, USA). Invasion and migration
were quantified by counting five fields per chamber. Data
are shown as mean ± standard deviation of three indepen-
dent repeated experiments.

4.6 Lung metastatic assay

All animal experiments were approved by the Animal
Ethics Committee of the Animal Laboratory of Wen-
zhou Medical University, and the lung metastasis test in
nude mice was performed in the SPF environment of the
Animal Center of Wenzhou Medical University. Female
athymic mice, 3-4 weeks’ old, were purchased from Gem-
Pharmatech (license number: SCXK [SU] 2018-0008; Nan-
jing, Jiangsu, China). After acclimation for 1 week, the
nude mice were ear-tagged and randomly divided in two
cages. After the growing of T24T (vector) and T24T (anti-
miR516a) cells, 3 × 106 cells in 100-μL PBS were injected
into each mouse via the tail vein. The mice were then
raised normally for 6-8 weeks. The nude mice were sac-
rificed by euthanasia, and their lungs were removed and
fixed in Bouin’s solution (Sigma Aldrich, St. Louis, MO,

http://BC
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USA) for 24-48 h. Next, the images were acquired to count
the number of metastases, and then, the lung tissue was
embedded in paraffin, and cut in slices that were subjected
to hematoxylin-eosin staining.

4.7 Liver metastasis animal model

After the nude mice were anesthetized, the peritoneum
was open and the spleen was gently pulled out. Then 5 ×
106 T24T (transfectedwith anti-miR-516a) or vector control
cells in 200-μL PBS were slowly injected into the spleen,
this process lasts for 3-5 min, and the abdominal wall was
sutured with full layer. Mice were sacrificed at a specified
time (6 weeks) after cell injection to determine the number
and size of liver metastases.

4.8 Luciferase reporter assay

T24T (vector), T24T (anti-miR-516a/sh control), and T24T
(anti-miR-516a/shPHLPP2 #2) cells were transiently co-
transfected with SMURF1 promoter plasmid and pRL-TK
(E2241, Promega). SMURF1 promoter activity was mea-
sured after 24 h by the Dual-Glo Luciferase Assay Kit
(E1960, Promega) using TK as the internal reference.

4.9 Immunoprecipitation

After transient transfection for 24 h, 293T cells were
washed with PBS and lysed on ice for 15 min in 1-mL
cell lysis buffer (1:10 dilution, 9803; Cell Signaling Tech-
nology) containing complete protein cocktail inhibitor
(04693116001; Roche, Basel, Switzerland). Centrifugation
was performed to clarify the cell lysates. The lysates were
incubated at 4◦C overnight with the indicated antibody
and then incubated for additional 2 h with Protein A/G
agarose (sc-2003, Santa Cruz Biotechnology). After exten-
sive washingwith lysis buffer, the immunocomplexes were
analyzed by immunoblotting or detected by mass spec-
trometry, which was performed by Guangzhou FitGene
Biotechnology.

4.10 Immunohistochemistry

The clinical paraffin-embedded sample was cut into 5-μm-
thick sections, and 100% xylene was used to deparaffinize
the sections. The tissue was hydrated with gradient alco-
hols and then water, and the antigen retrieval solution
was performed in a microwave oven for 30 min. Next,
the slides were treated with 3% H2O2 to block endoge-
nous peroxidase, and incubated overnight with the pri-

mary antibodies PHLPP2 (sc-393859, Santa Cruz biotech-
nology), p-FOXO3A (ST49-01, ThermoFisher), SMURF1
(55175-1-AP, Proteintech), and MMP9 (sc-393859, Santa
Cruz biotechnology) at 4◦C. After washing, the sections
were incubatedwith poly-HRP-conjugated anti-Rabbit IgG
(SA1022, BOSTER) or poly-HRP-conjugated anti-Mouse
IgG (SA1021, BOSTER) for 60 min at 37◦C. The sections
were visualized with DAB (56990, Abcam), hematoxylin
was used to counterstain, and the gradient dehydration
with alcohols and xylene was performed. Finally, the sec-
tionsweremountedusing neutral gumandobservedunder
a microscope.

4.11 Statistical analysis

Statistical analysis was performed using the GraphPad
Prism 5.0 statistical software. Experimental data were
expressed as mean ± standard deviation. The Student’s t-
test was used to evaluate differences between two groups,
and the log-rank test was used to analyze the differences
in survival. A value of p ≤ 0.05 was considered statistically
significant relative to the control.
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