Am J Cancer Res 2020;10(3):965-974
www.ajcr.us /ISSN:2156-6976/ajcr0107226

Original Article

MicroRNA-590-3p inhibits invasion and metastasis in
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Abstract: miR-590-3p acts as a tumor suppressor in glioblastoma multiform, medulloblastoma, hepatocellular car-
cinoma, and nephroblastoma. Here, we studied the role of miR-590-3p in triple-negative breast cancer (TNBC). The
miR-590-3p levels in TNBC specimens were significantly lower than those in non-TNBC specimens. Overexpression
of miR-590-3p significantly inhibited migration and invasion of TNBC cells and lung metastasis in vivo. Interestingly,
miR-590-3p decreased the Slug mRNA and protein levels in TNBC cells, and luciferase reporter assay showed
that miR-590-3p directly targeted 3'-UTR of Slug in TNBC cells. Importantly, overexpression of Slug reversed the
inhibitory effect of miR-590-3p on migration and invasion of TNBC cells. Taken together, miR-590-3p inhibits TNBC
migration and invasion by directly targeting Slug, suggesting a potential therapeutic effect of miR-590-3p for TNBC.
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Introduction

Breast cancer is a commonly diagnosed malig-
nancy in women and has high mortality rates
[1]. Although targeted treatment has greatly im-
proved the survival rate of patients with breast
cancer, effective targeted therapies are limited
for triple-negative breast cancer (TNBC), which
is negative for human epidermal growth factor
receptor 2, progesterone receptor, and estro-
gen receptor. TNBC is a highly aggressive type
of breast cancer that frequently metastasizes
to multiple sites [2]. The high metastatic rate of
TNBC is associated with poor clinical outcomes
of patients with TNBC [3].

Tumor metastasis is a complex, multiscale pro-
cess that is involved in the invasion of primary
tumor cells to the adjacent tissues or distant
tissues via the blood circulation. The growth of
tumor cells at the distant sites results in me-
tastasis clinically identifiable [4]. A crucial step
that contributes to the invasiveness of tumor
cells is the epithelial-mesenchymal transition
(EMT), which inhibits cell-to-cell adhesion and

enhances their ability to migrate, invade, and
survive in the peripheral circulation [5-7]. Slug
(SNAIL2) is one of the key regulators of EMT
and inhibits transcription of the epithelial mar-
ker E-cadherin [8]. A better understanding of
the molecular mechanisms underlying TNBC
progression and metastasis is critical for de-
veloping effective treatment strategies for this
disease.

MicroRNAs (miRNAs) are aberrantly expressed
in breast cancer, gastric cancer, leukemia, and
other diseases, where miRNAs directly impact
the expression of their target genes [9-11].
These small non-coding RNAs are intricately
associated with cancer initiation and develop-
ment, several of which having been identified
as tumor suppressors or oncogenes [12]. For
instance, miR-10b and miR-335 are among the
earliest miRNAs reported to function as an in-
hibitor and a promoter of metastasis, respec-
tively; miR-200b, miR-183, miR-494, and let-7a
have also been implicated in the invasion-me-
tastasis cascade [13-16]. Recently, it has also
been reported that miR-590-3p is up-regulated
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in nephroblastoma, lung adenocarcinoma, lym-
phoblastic leukemia, and glioblastoma multi-
forme [17-20]. Furthermore, miR-590-3p was
found to inhibit colorectal cancer tumorigene-
sis by targeting YAP1 [21] and target the tran-
scriptional enhancer activator domain 1 in liver
cancer, indicating its potential as a diagnostic/
prognostic marker for hepatocellular carcino-
ma [22]. However, the role of miR-590-3p in
TNBC has not been fully understood.

In this study, miR-590-3p was detected to be
down-regulated in TNBC tumors. Exogenous ex-
pression of miR-590-3p in TNBC cells signifi-
cantly inhibited the invasiveness and motility of
TNBC cells in vitro and metastasis in vivo. miR-
590-3p inhibited TNBC migration and invasion
by targeting Slug, a key regulator of EMT.

Materials and methods
Cell lines and cell culture

The immortalized breast epithelial cell line
MCF-10A and the human breast cancer cell
lines BT-549 and MDA-MB-231 were purcha-
sed from the Chinese Academy of Sciences
(Shanghai, China). SKBR3 and MCF-7 cell lines
were obtained from American Type Culture
Collection (Manassas, VA, USA). Leibovitz L-15
medium (Gibco Laboratories, MD, USA) was
used to culture MDA-MB-231 cells, RPMI 1640
(Hyclone, USA) for BT-549 cells, and Dulbecco’s
modified Eagle’s medium (Hyclone Laboratories
Inc., USA) for the immortalized human embry-
onic kidney cell line HEK293T. All culture me-
dia were supplemented with 10% fetal bovine
serum FBS and 1% antibiotics (Gibco Labora-
tories). All cell lines were cultured in 5% CO, at
37°C in a cell culture incubator except that
MDA-MB-231 cells were grown in 100% air.

Patients and breast tissue samples

Forty-two TNBC and 18 non-TNBC tumor tissue
specimens were harvested from patients dur-
ing surgical resection at the Harbin Medical
University Cancer Hospital in Harbin, China.
Written consent was obtained from all patients,
and the tissue samples were confirmed by his-
tological examination. The patients were fol-
lowed up for at least five years, starting from
2009. The Scarff-Bloom-Richardson system
(Elston-Ellis modification) was used to grade
the tumors histologically. The American Joint
Committee on Cancer criteria was used to de-
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termine the clinical and tumor stages and clin-
ic-pathological classification. All experiments
and protocols adhered to the ethical standards
outlined in the Declaration of Helsinki.

Luciferase reporter assay

The binding of miR-590-3p to Slug mMRNA in
TNBC cells was determined using a luciferase
reporter assay. The putative miR-590-3p com-
plementary site in the 3-UTR of Slug mRNA or
its mutant sequence was cloned into the psi-
CHECK-2 luciferase reporter vector (Promega,
Madison, WI, USA). TNBC cells were co-trans-
fected with 60 pmol of miR-590-3p mimic or
mMiR-590-3p-NC and 4 pg of psiCHECK-2-Slug-
3'UTR-WT or psiCHECK-2-Slug-3’'UTR-MUT. The
cells were collected at 48 h after transfection
and analyzed using the Dual-Luciferase Repo-
rter Assay System (Promega). The firefly and
Renilla luciferase signals were detected using
the GloMax fluorescence reader (Promega).
The Renilla luciferase signal was normalized to
the firefly luciferase signal.

Plasmid transfection

In pcDNA3.1-HA, annealed oligonucleotides en-
coding the HA tag were ligated into the Hindlll
and BamHI sites of pcDNA3.1 (Invitrogen). The
ORF of human Slug was generated from MDA-
MB-231 cells, and the resultant PCR product
was connected with pcDNA3.1 tagged HA
(Slug-HA). miR-590-3p mimic (5-UAAUUUUAU-
GUAUAAGCUAGU-3’) and miR-590-3p-negative
control (miR-590-3p-NC) (3-AUUAAAAUACAU-
AUUCGAUCA-5’) were synthesized by RiboBio
(Guangzhou, China). miR-590-3p-NC and scra-
mbled RNA (MISSION siRNA Universal Negat-
ive Control; Sigma-Aldrich, St. Louis, USA) were
used as the negative controls. The cells were
transfected with 10 pyg of miR-590-3p mimic,
miR-590-3p-NC, or scrambled RNA with or
without 4 pg of Slug using the miRNA Trans-
fection X-treme GENE Reagent (Roche, USA)
for 6 h at 37°C. The medium was then repla-
ced with fresh medium containing 10% FBS,
and the cells were cultured for 48 h. At 48 h
post-transfection, Real-time PCR (RT-PCR) and
Western blotting were performed.

RNA extraction and quantitative real-time PCR

The expression levels of miR-590-3p in TNBC
cell lines and tumor tissues of patients with
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TNBC were determined using quantitative real-
time PCR (qRT-PCR). The cDNA templates for
gRT-PCR were synthesized from RNA samples.
All primers sequences were as follows: miR-
590-3p forward 5-GCAGTGGAATGTAAGGAAG-
TGTGT-3’, reverse 5-GCGAGCACAGAATTAATAC-
GACTC-3’; For miRNA detection, miRNA was re-
versely transcribed using the TagMan Micro-
RNA Reverse Transcription kit, and real-time
quantitative PCR was performed using Tag-
Man miR-590-3p and U6 RNA (used as a nor-
malizer) assays (Life Technologies) following
the manufacturer’s instructions. Slug (R): 5-
GTGTTTGCAAGATCTGCGGC-3’; Slug (F): 5-GA-
GCCCTCAGATTTGACCTGT-3". Gene expression
was determined using 0.2 ug of the template
and SYBR Green | (Toyobo, Osaka, Japan) with
the ABI 7500 fast system (Applied Biosystems,
CA, USA). gRT-PCR was performed on a MyiQ.2
Two-Color Real-Time PCR Detection System
(Bio-Rad Laboratories, CA, USA) using the fol-
lowing amplification conditions: 5 min 95°C
followed by 40 cycles of 10 seconds 95°C,
20 seconds 60°C, and 20 seconds 72°C. The
relative expression levels of the genes were
normalized using the 2%4°_methods.

Cell proliferation assay

Cell proliferation was assessed using the CCK-
8 assay kit (Dojindo Molecular Technologies,
Shanghai, China) according to the manufactur-
er's protocol. Briefly, 2x10* cells/well in 100
mL complete medium were seeded into 96-
well plates At 0, 24, 48, and 72 h after incuba-
tion at 37°C with 5% CO,, 10 pL CCK-8 solution
was added to each well. The plates were incu-
bated for another 2 h at 37°C in 5% CO,, and
the absorbance at 450 nm was measured us-
ing a Microplate Reader (Bio-Rad Laboratories,
CA, USA).

Cell invasion assay

Cell invasion was assessed using the BioCoat
Matrigel Invasion Chamber (BD Biosciences,
MA, USA) and 8 pym-pore size Transwell cham-
bers (Corning Inc., NY, USA). The cells were
seeded in the upper chambers in serum-free
media at the density of 1x10° cells/well (inva-
sion assay), and the lower chambers were filled
with complete media as attractants. After incu-
bation at 37°C with 5% CO, for 24 h, the non-
invaded cells were removed from the upper sur-
face of the Transwell membrane with a cotton
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swab, and the invaded cells on the lower sur-
face of the membrane were fixed with 600
pL of 70% ethanol at room temperature for 10
min and stained with 600 pL of 0.1% crystal
violet (Invitrogen, CA, USA) at room tempera-
ture for 10 min. Then images of the stained
cells were taken (maghnification, x200), and the
stained cells were counted under an Olympus
IX73 routine light microscope (Olympus Corpo-
ration, Japan).

Wound healing assay

The cells were seeded into 24-well plates and
cultured until they were 100% confluent. The
monolayer was gently scratched with a sterile
tip to create a “wound field”. The wound area
was photographed at O h and 24 h after scra-
tching, and the distance traveled by the cells
across the wound was evaluated microscopi-
cally. The migration rate was defined as the
fraction of cell coverage across the wound.
The cells migrated from the wound edge were
counted.

Western blotting

Cells were lysed in RIPA lysis buffer containing
protease inhibitor cocktail. Total protein con-
centration was determined using Pierce BCA
Protein assay kit (Thermo Fisher Scientific, MA,
USA). The cell lysates were electrophoresed in
10% sodium dodecyl sulfate-polyacrylamide
gels and transferred onto polyvinylidene difluo-
ride membranes (Millipore, MA, USA). The me-
mbranes were subsequently blocked with 5%
non-fat milk-TBST solution for 1 h and incubat-
ed overnight at 4°C with anti-Slug (1:12000,
#9585, Cell Signaling Technology, MA, USA),
anti-vimentin (1:1000, #ab92547, Abcam, Ca-
mbridge, UK), anti-E-Cadherine (1:1000, #ab-
1416, Abcam, Cambridge, UK), anti-B-actin
(1:3000, 20536-1-AP, Proteintech, IL, USA) pri-
mary antibodies. After washes with TBST buf-
fer, the membranes were incubated with a
horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. The
blots were developed using the ECL kit (Milli-
pore, WI, USA). The experiment was repeated
three times.

TNBC xenograft metastatic mouse model

All animals were maintained and handled in
accordance with the guidelines of the Animal
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Statistical analysis
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All data are presented as
mean + SD from three inde-
pendent experiments. The dif-
ferences in expression levels
of miR-590-3p between dif-
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Figure 1. Expression levels of miR-590-3p are down-regulated in breast can-
cer specimens and cell lines. A. Levels of miR-590-3p in breast cancer cell
lines and human mammary epithelial cells, as determined using qRT-PCR.

ferent cell lines and betw-

Qq,x""/.\\ een different breast tumor
4 . .
N tissues were analyzed using

one-way ANOVA and follow-
ed by Student-Newman-Keuls
(SNK) test. The differences in
migration, invasion, and me-
tastasis between the miR-
590-3p-NC cells and the miR-
590-3p-mimics cells were an-
alyzed using two-tailed Stu-
dent’s t-test. The correlations
between the mRNA levels of
Slug and the expression lev-
els of miR-590-3p in TNBC
tumors or between the expre-
ssion levels of miR-590-3p
and TNBC metastasis rates

B. Levels of miR-590-3p in TNBC (n = 42) and non-TNBC (n = 18) tumor

tissues, as determined using qRT-PCR. C. Frequency of distant organ metas-
tasis (lung, bone and liver) 5 years post-surgery in TNBC patients with the
mMiR-590-3p"&" or miR-590-3p'* tumors. Data are presented as mean + SD
from three independent experiments. The differences in expression levels of
miR-590-3p between different cell lines or between different tumor tissues
were analyzed using one-way ANOVA and followed by the SNK test. Median
values are represented by the horizontal line in the middle. *, P < 0.05 was
considered statistically significant, denoted by **, P < 0.01; ***, P < 0.001;

and ns, no significance.

Care and Use Committee of Harbin Medical
University. Luciferase-labeled MDA-MD-231
control cells and miR-590-3p-overexpressing
MDA-MB-231 cells (2x10°) were injected into
the tail veins of 6-week-old female nude mice
(n = 5 per group). Pulmonary metastasis was
monitored weekly by the live animal Lumina Il
system (Xenogeny IVIS system).

Bioinformatics

Potential targets of hsa-miR-590-3p in the
3-UTR of EMT-inducing transcription factors
were identified by bioinformatics analysis,
based on the target prediction tools Target
Scan (version 6.0, November 2011, Whitehead
Institute for Biomedical Research) and the
miRanda program (August 2010 Release,
Memorial Sloan-Kettering Cancer Center).
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were analyzed using Pearson
test correlation coefficients.
Statistical analyses were per-
formed using the GraphPad
Prism 7.0 (Prism Software
Inc., San Diego, USA). A value
of P<0.05 was considered
statistically significant. NS,
not significant; no statistical
methods were used to predetermine sample
size.

Results

miR-590-3p is down-regulated in TNBC tumors
and cell lines

To determine the role of miR-590-3p in breast
cancer, we first assessed the miR-590-3p in
breast cancer tissues and cell lines by gRT-
PCR. miR-590-3p levels were around 1.8-fold,
2-fold, and 2.5-fold lower in BT-549 TNBC cells
compared to SKBR3 (non-TNBC), MCF-7 (non-
TNBC), and MCF-10A (immortalized normal bre-
ast epithelial cell line), respectively (Figure 1A).
In MDA-MB-231 TNBC cells, miR-590-3p levels
were around 3-fold, 3.2-fold, and 4-fold lower
compared to SKBR3 (non-TNBC), MCF-7 (non-
TNBC), and MCF-10A (immortalized normal bre-

Am J Cancer Res 2020;10(3):965-974
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Figure 2. Overexpression of miR-590-3p inhibits migration and invasion of TNBC cells in vitro and metastasis in
vivo. A. Representative images of wound healing assay (left panel) show the migration of MDA-MB-231 and BT-549
cells transfected with miR-590-3p-NC or miR-590-3p mimics, at the beginning (t = 0 h) and the end (t = 24 h) of the
recording. The graph (right panel) shows the numbers of the migrated cells transfected with miR-590-3p mimics or
miR-590-3p-NC. **, P < 0.01. B. Representative images of transwell assay (left panel) show the invasion of MDA-
MB-231 and BT549 cells transfected with miR-590-3p-mimics or miR-590-3p-NC. The graph (right panel) shows the
numbers of the invaded cells transfected with miR-590-3p mimics or miR-590-3p-NC. **, P < 0.01. C. Representa-
tive IVIS images (left panel) show lung metastases in mice that were injected with luciferase-labeled MDA-MB-231
cells transfected with miR-590-3p mimics or the miR-590-3p-NC control. The graph (right panel) shows quantitation
of lung metastases on day 40 after implantation of tumor cells, as assessed by bioluminescence measurements (n
= 5). The color scale bar depicts the photon flux (photons per second) emitted from these mice. Data are presented
as mean * SD from three independent experiments. The differences in migration, invasion, and metastasis between
the miR-590-3p-NC and the miR-590-3p-mimic cells were analyzed using two-tailed Student’s t-test. **, P < 0.01
was considered statistically significant.

ast epithelial cell line), respectively (Figure 1A).
Consistently, miR-590-3p levels in TNBC pati-
ent tumor tissues (n = 42) were around 3-fold
lower than those in non-TNBC tumor tissues (n
= 18) (Figure 1B, P < 0.01). Furthermore, the
incidence of distant metastasis in the lung,
bone, and liver 5 years post-surgery was sig-
nificantly higher in TNBC patients with tumors
that have low levels of miR-590-3p than in
patients with tumors that have high levels of
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miR-590-3p (Figure 1C), indicating that miR-
590-3p may play an important role in TNBC.

miR-590-3p inhibits migration and invasion of
TNBC cells in vitro and metastasis in vivo

To determine the role of miR-590-3p in TNBC
cell migration and invasion, we transfected BT-
549 and MDA-MB-231 cells with miR-590-3p
mimics or miR-590-3p-NC control. The effect

Am J Cancer Res 2020;10(3):965-974
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Figure 3. miR-590-3p directly targets Slug, and its expression level is cor-
related with a high metastasis rate in TNBC patients. A. RNA sequence align-
ment shows that the 3’-UTR of Slug mRNA contains a complementary site
for the seed region of miR-590-3p. Slug-mut, a mutant with substitutions in
the complementary region, was used as a negative control. B. Enforced ex-
pression of miR-590-3p suppressed the expression of Slug protein in TNBC
cell lines, as determined by Western blotting. C. The luciferase activity was
determined using dual luciferase reporter assay after transfection of the
luciferase reporter vector (psiCHECK-2-Slug-3'UTR-WT or psiCHECK-2-Slug-
3'UTR-MUT) into miR-590-3p-mimic or miR-590-3p-NC-transfected MDA-
MB-231 cells. The data represent the means + SD of three independent
experiments. The luciferase activity was measured. Data are presented as
mean * SD from three independent experiments; ***, P < 0.001 compared
with the negative control; and ns, no significance. D. The mRNA levels of
Slug were reversely correlated with the expression levels of miR-590-3p in
TNBC tissue specimens (n = 42), as determined by qRT-RCR. The correlation
between the mRNA levels of Slug and the expression levels of miR-590-3p in
TNBC tumors were analyzed using Pearson test. P < 0.001 was considered
statistically significant.

Additional cell proliferation
studies showed that miR-
590-3p overexpression did
not inhibit cell growth for up
to 24 h post transfection in
both BT-549 and MDA-MB-
231 cell lines (Supplemen-
tary Figure 1). This result con-
firms that the inhibitory ef-
fects of miR-590-3p overex-
pression on cell migration and
invasion are not a result of
growth inhibition.

We further tested the role of
miR-590-3p in TNBC metasta-
sis using a TNBC mouse mo-
del. Luciferase-labeled MDA-
MB-231 cells overexpressing
either miR-590-3p or miR-
590-3p-NC were injected into
female nude mice via the tail
vein. On day 40 after tumor
cell injection, the luciferase
signals detected in the lungs
were 3.91-fold lower in mice
bearing miR-590-3p-overex-
pressing tumors than in mice
bearing miR-590-3p-NC-over-
expressing tumors (Figure 2C,
P < 0.01). This result sugge-
sts that miR-590-3p overex-
pression significantly reduced
lung metastases.

miR-590-3p directly targets
Slug

To identify the targets of miR-
590-3p, we performed bioin-
formatics analysis using Tar-
getscan and miRanda progra-

of miR-590-3p overexpression on cell migra-
tion was determined using the wound healing
assay, Compared with the miR-590-3p-NC con-
trol, miR-590-3p overexpression significantly
reduced migration (Figure 2A) of both BT549
cells (2-fold reduction, P < 0.01) and MDA-
MB-231 cells (2.3-fold reduction, P < 0.01). The
effect of miR-590-3p overexpression on cell
invasion was determined using the transwell
assay. Compared with the miR-590-3p-NC con-
trol, miR-590-3p overexpression significantly
reduced invasion (Figure 2B) of both BT549
cells (2.2-fold reduction, P < 0.01) and MDA-
MB-231 cells (2.5-fold reduction, P < 0.01).
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ms and identified Slug as the top candidate.
To validate that Slug is indeed a direct target
of miR-590-3p and that miR-590-3p regulates
Slug expression, we constructed a luciferase
reporter containing the complementary seed
sequence of miR-590-3p in the 3’-UTR region
of Slug mRNA (Figure 3A) and a control reporter
of Slug containing the mutated sequence of the
same fragment. We then assessed the effects
of miR-590-3p overexpression on the expres-
sion of Slug at protein levels in both MDA-
MB231 and BT549 cells by Western blotting.
Slug protein levels were dramatically down-reg-
ulated in both MDA-MB231 and BT549 cells

Am J Cancer Res 2020;10(3):965-974



mMiRNA-590-3p inhibits invasion and metastasis in breast cancer

stably overexpressing miR-590-3p (Figure 3B).
Compared to that in the MDA-MB-231 control
cells, luciferase activity was reduced by 60%
in MDA-MB-231 cells co-transfected with the
miR-590-3p and the luciferase reporter (P <
0.001). In contrast, luciferase activities were
comparable between the MDA-MB-231 con-
trol cells and the cells co-transfected with the
control reporter (Figure 3C), indicating that
miR-590-3p failed to inhibit luciferase activity
of the control reporter containing the mutated
sequence of the 3’-UTR region of Slug mRNA.
These results demonstrate that Slug is the
direct target of miR-590-3p. Furthermore, a
strong inverse correlation was found between
the expression levels of miR-590-3p and the
MRNA levels of Slug in the TNBC tumors (Figure
3D; Pearson r =-0.6823, P < 0.0001).

Slug reverses the inhibitory effect of miR-590-
3p on EMT in TNBC

Given that miR-590-3p suppressed migration,
invasion, and metastasis of TNBC cells and th-
at Slug was a target of miR-590-3p, we then
examined whether miR-590-3p regulates TN-
BC metastasis through suppressing Slug and
whether Slug overexpression reverses the ef-
fect of miR-590-3p on EMT. To test our hypoth-
esis, we co-transfected TNBC cells with miR-
590-3p-NC or miR-590-3p mimic along with
the vector carrying Slug-coding sequence and
then assessed the effects on cell migration
and invasion (Figure 4A and 4B). Compared to
the control cells, miR-590-3p-overexpressing
MDA-MB-231 and BT-549 cells exhibited an up-
regulated expression of the epithelial marker
E-Cadherin and down-regulated expression of
the mesenchymal markers Slug and Vimentin,
as determined by Western blotting (Figure 4B).
Overexpression of Slug reversed the effects of
miR-590-3p on the expression of E-Cadherin
and Vimentin (Figure 4B). More importantly,
miR-590-3p overexpression suppressed mig-
ration (Figure 4C) and invasion (Figure 4D) of
both MDA-MB-231 and BT-549 cells, whereas
Slug overexpression reversed the inhibitory
effects of miR-590-3p on migration and inva-
sion (Figure 4C and 4D). Interestingly, addition-
al studies revealed that not only could Slug
reverse the inhibitory effect of miR-590-3p on
cell migration and invasion, it also abolished
the inhibition of miR-590-3p on cell prolifera-
tion at 48 h and 72 h in both TNBC cell lines

tested (Supplementary Figure 2). Together, the-
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se results indicate that miR-590-3p inhibits the
invasiveness of TNBC cells by suppressing the
EMT phenotype.

Discussion

Despite considerable advancements in treating
localized malignancies, effective targeted ther-
apies against metastatic TNBC, the major con-
tributor to breast cancer-related mortality, are
limited [23]. It is essential to understand the
mechanisms underlying TNBC metastasis to
identify novel therapeutic targets for the devel-
opment of targeted therapies for TNBC. Critical
for a myriad of physiological developments,
EMT is characteristic of the initiation of metas-
tasis in cancer progression. Slug, one of the
key regulators of EMT, suppresses E-cadherin
expression and subsequently reduces intercel-
lular adhesion and increases cell motility [24].
Furthermore, Slug is degraded upon binding to
p21 and p53, which are well-known tumor sup-
pressors that inhibit cancer cell invasion [25].

There has been an increasing focus on miRNAs
as cancer therapeutics. miRNAs have an ad-
vantage over other anti-cancer therapies since
they can be easily administered via parenteral
or local injection routes, with satisfactory tis-
sue penetration. Over 500 patents related to
miRNAs are filed every year [26]. For instance,
miRNA-34 is currently in a phase | trial for
testing its therapeutic application in liver can-
cer [26]. The low levels of miR-34a in an ortho-
topic model of hepatocellular carcinoma were
restored by administering exogenous miR-34a
using NOV340 liposome [27], which inhibited
cancer initiation and proliferation, and promot-
ed apoptosis.

In this study, we found that the levels of miR-
590-3p were significantly lower in the TNBC
tumor tissues than those in non-TNBC tumor
tissues. We also found that the low levels of
miR-590-3p correlated with a high metastasis
rate and high Slug expression in TNBC. Furth-
ermore, overexpression of miR-590-3p in the
TNBC cells markedly suppressed migration and
invasiveness of tumor cells in vitro and signifi-
cantly inhibited lung metastases in vivo in the
mouse model. Our mechanism study indicates
that miR-590-3p inhibits TNBC metastasis by
suppressing Slug-mediated EMT, a key step of
tumor metastasis. Taken together, our findings
warrant further investigations of miR-590-3p
as a potential therapeutic agent for TNBC.
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Figure 4. miR-590-3p inhibits the EMT phenotype by suppressing Slug expression in TNBC cells. (A) Expression levels of miR-590-3p and Slug mRNA in MDA-MB-231
and BT-549 cells were determined using qRT-PCR after transfection with miR-590-3p-NC or miR-590-3p mimic along with or without the Slug. (B) Western blots
show the protein expression levels of Slug, E-cadherin, and Vimentin in MDA-MB-231 and BT-549 cells, which were transfected with miR-590-3p-NC or miR-590-3p
mimic along with or without the Slug. B-actin was used as a loading control. (C) Representative images (left panel) show the migration of BT-549 and MDA-MB-231
cells after transfection with miR-590-3p-NC or miR-590-3p mimic along with or without the Slug at O h and 24 h of recording of migration. The graph (right panel)
shows that the inhibitory effect of miR-590-3p on cell migration was largely reversed by Slug overexpression. **, P < 0.01. (D) Representative images show the
invasion of MDA-MB-231 and BT549 cells after transfection with miR-590-3p-NC or miR-590-3p mimic along with or without the Slug. The graph (right-lower panel)
shows that the inhibitory effect of miR-590-3p on cell invasion was largely reversed by Slug overexpression. **, P < 0.01. In (C and D), differences in migration and
invasion among cells transfected with miR-590-3p-NC or miR-590-3p mimic along with or without the Slug. were analyzed using two-tailed Student’s t-test. **, P <
0.01 was considered statistically significant.
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Supplementary Figure 1. Cell proliferation was inhibited by miR-590-3p 48 h after transfection but not 24 h after
transfection. CCK8 assay was used to analyze cell proliferation of MDA-MB-231 and BT549 cells with miR-590-3p
NC or miR-590-3p mimics transfection. Data represent the mean + standard error of the mean based on three
independent experiments, which were analyzed by two-tailed Student’s t-test. ns, no significance; *, P < 0.05; **,
P < 0.01.
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Supplementary Figure 2. Inhibitory effect of miR-590-3p on cell proliferation was completely abolished by Slug.
MDA-MB-231 and BT549 cells proliferation after transfection with miR-590-3p-NC or miR-590-3p mimic along with
or without the Slug were determined by CCK8 assay. Data represent the mean + standard error of the mean based
on three independent experiments, which were analyzed by two-tailed Student’s t-test. **, P < 0.01.



