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miR-376¢-3p modulates the properties of breast
cancer stem cells by targeting RAB2A
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Abstract. MicroRNAs (miRNAs/miRs) negatively regulate
gene expression and participate in various cellular processes.
miRNA dysregulation is associated with cancer progression.
The present study aimed to identify the miRNAs that participate
in breast cancer tumorigenesis and determine the mechanism
that underlies this. miRNA microarray data analysis and vali-
dation assays indicated that miR-376c-3p was downregulated
in breast tumour tissues and breast cancer stem cells (BCSCs)
compared with adjacent non-cancerous tissues and MCF-10A
cells, respectively. Ras-related protein Rab-2A (RAB2A) was
predicted as a target of miR-376c-3p, which was confirmed
by conducting further experiments. miR-376¢-3p regulated the
BCSC population and the expression of stem cell regulatory
genes by targeting RAB2A. By performing mammosphere,
Cell Counting Kit-8, colony formation and transwell invasion
assays, it was demonstrated that miR-376c¢-3p also inhibited
BCSC self-renewal, proliferation and invasion by regulating
RAB2A expression. Using a xenograft mouse model, it was
revealed that miR-376¢-3p overexpression suppressed breast
cancer growth in vivo. In conclusion, the results indicated
that miR-376¢-3p targeted RAB2A to regulate BCSC fate and
properties; therefore, miR-376¢-3p may serve as a potential
therapeutic target for breast cancer.
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Introduction

Tumour heterogeneity has been considered as an obstacle for
curing cancers. Among the hierarchically organized tumours,
exist a small portion of cancer cells that display stem cell prop-
erties, which are termed cancer stem cells (CSCs) (1). CSCs
are essential for cancer development, with self-renewal, differ-
entiation, tumorigenesis and chemoresistance properties (1,2).

Breast cancer is the most frequently occurring cancer in
women, causing the highest number of cancer-related deaths
in females worldwide (3). In 2018, 15% of all cancer-related
deaths in females were caused by breast cancer (4,5). Breast
cancer stem cells (BCSCs), which can be identified as cluster
of differentiation (CD)44*CD24" cells, are thought to be
responsible for the origin, metastasis and drug resistance of
breast cancer (6). Understanding the regulatory mechanism
underlying BCSCs may be beneficial for developing improved
therapeutic strategies for breast cancer.

MicroRNAs (miRNAs/miRs) are a class of small,
non-coding RNAs that are ~20 nucleotides in length (7,8).
By binding to the 3'-untranslated region of target mRNAs
by complementary base-pairing, miRNAs can induce target
mRNA degradation and translation suppression, thereby nega-
tively regulating gene expression (7,8). miRNA dysregulation
has been reported in a number of different types of cancer (7).
miRNAs serve important regulatory roles in cancer initiation
and development, affecting the fate of CSCs (8-10). miRNAs
Let-7 (11), miR-200c¢ (12,13), miR-93 (14), miR-203 (15) and
mi-600 (16) have been reported to modulate the properties of
BCSCs. The fate of other CSCs, such as liver (17), prostate (18),
colorectal (19,20) and glioblastoma (21) CSCs, has also been
linked to miRNAs.

miR-376¢-3p has been implicated in signalling pathways
that modulate cancer procession. miR-376¢-3p has been identi-
fied as a cancer suppressor in head and neck squamous cancer
via targeting of RUNX family transcription factor 2 (RUNX?2)
and suppressing RUNX?2-mediated metastasis (22). Moreover,
miR-376¢-3p negatively regulates gastric tumour growth by
modulating the expression of BCL2 associated agonist of cell
death (BAD) and Smad4 (23). miR-376¢-3p also suppresses cell
proliferation and induces apoptosis in oral squamous cancer
cells and neuroblastoma cells by targeting homeobox B7 (24)
and Cyclin DI (25), respectively. However, another study
reported that miR-376¢-3p facilitates hepatocellular carcinoma
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progression by inhibiting AT-rich interaction domain 2 expres-
sion (26). miR-367c-3p was also reported to enhance cell
viability and inhibit apoptosis in colorectal cancer cells (27).

Ras-related protein Rab-2A(RAB2A) is a small GTPase
that has been identified as an oncogene in breast cancer (28,29).
The present study suggested that miR-376¢c-3p was down-
regulated in breast cancer by conducting a miRNA microarray
analysis. RAB2A was predicted as a target of miR-376¢-3p via
online software TargetScan. Moreover, the expression level of
miR-376¢c-3p was negatively correlated with the expression
level of RAB2A in breast cancer tumours. Further investiga-
tion demonstrated that miR-376c-3p inhibited BCSC fate and
properties by targeting RAB2A.

Materials and methods

Tumour samples. A total of 60 paired breast tumour samples
and adjacent non-tumorous tissues (obtained 3-4 cm from
the macroscopic tumor) were obtained from patients (all
female) with breast cancer who underwent surgical resec-
tion at Shanghai Ninth People's Hospital from March 2013
to December 2015 (Table SI). Adjacent breast tissues were
confirmed as non tumoral by conventional histopathological
analysis. All patients had not been diagnosed with additional
co-morbidities or other types of cancer. The clinic patho-
logical characteristics of the patients are presented in Table SI.
Written informed consent was obtained from all participants.
The present study was approved by the Ethics Committee of
Shanghai Ninth People's Hospital (approval no. 2016-147-T96).

Cell lines. Human BCSCs were isolated and maintained as
previously described (30,31). Briefly, human breast tumour
cells were digested with collagenase and strained using a
40-um filter. CD44*CD24  cells were further sorted via fluores-
cence-activated cell sorting using anti-CD44 (cat. no. 75122;
1:100) and anti-CD24 (cat. no. 68390; 1:330) antibodies (each,
Cell Signaling Technology, Inc.). BCSCs were maintained as
spheres inultralow attachment flasks in serum-free DMEM-F12
(Gibco; Thermo Fisher Scientific, Inc.; cat. no. 11320033)
supplemented with 2% B27 (cat. no. 17504044;Gibco; Thermo
Fisher Scientific, Inc.), 10 ng/ml basic fibroblast growth factor
(cat. no. PHG0266; Gibco; Thermo Fisher Scientific, Inc.),
20 ng/ml epidermal growth factor (cat. no. PHG0311; Gibco;
Thermo Fisher Scientific, Inc.), 5 u#g/ml insulin (cat. no. I8830;
Beijing Solarbio Science & Technology Co., Ltd.) and 1%
penicillin-streptomycin (cat. no. 10378016; Gibco; Thermo
Fisher Scientific, Inc.). The rest of the breast cancer cells (all
cells other than CD44*CD24" cells) were characterized as
non-BCSCs and maintained in the same conditions as BCSCs.
All cells were maintained at 37°C with 5% CO,.

293T cells, Lenti-X 293T cells (cat. no. 632180; Clontech
Laboratories, Inc.) and MCF7 cells were maintained in
DMEM (cat. no. C11995500; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (cat. no. 30044333; Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
at 37°C with 5% CO,.

Plasmids, small interfering (si)RNAs and transfection. RAB2B
expressing plasmid (pcDNA-RAB2A) was constructed by
inserting the RAB2A coding sequence into vector pcDNA 3.1

(cat. no. V79020; Invitrogen; Thermo Fisher Scientific, Inc.).
pcDNA 3.1 wasused as the negative control for pcDNA-RAB2A.
miR-376¢-3p mimic (cat. no. miR10000720-1-5), nega-
tive control (NC) mimic (cat. no. miRIN0O0O00001-1-5),
si-RAB2A#1 (cat. no. siB150325183848-1-5),
si-RAB2A#2 (cat. no. siB150325183922-1-5), NC
siRNA (cat. no. siNO0000OI-1-5), miR-376¢-3p
inhibitor (cat. no. miR20000720-1-5) and NC inhibitor
(cat. no. miR2N0000002-1-5) were purchased from
Guangzhou RiboBio Co., Ltd. BCSCs in 6-well plates
(1x10° cells/well) were transfected with 1 ug plasmids and 5 ul
of siRNAs (20 gM) using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. At 48 h post-transfection, cells were harvested for
subsequent experimentation.

Database. miRNA profile data of breast cancer samples
and healthy tissue samples were downloaded from the Gene
Expression Omnibus (GEO) database (dataset no. GSE44124;
www.ncbi.nlm.nih.gov/gds). The data were analyzed to
identify differentially expressed miRNAs in breast cancer
compared with healthy samples. Targets of miR-376¢-3p were
predicted using online software TargetScan (http:/www.
targetscan.org/vert_72/).

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from tissue samples
and BCSCs using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
To assess miR-376¢-3p expression levels, the TagMan
MicroRNA Assay kit (cat. no. 4427975; Assay ID: 002122;
Applied Biosystems; Thermo Fisher Scientific, Inc.) was used
for reverse transcription and qPCR according to the manu-
facturer's protocol (primer sequences were withheld by the
supplier). For RT-qPCR analysis of RAB2A mRNA, total
RNA was reversed transcribed into cDNA using the GoScript
Reverse Transcription system (Promega Corporation).
Subsequently, gPCR was performed using FastStart Universal
Master Mix (Roche) and a StepOnePlus real-time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The thermocycling conditions were as follows: 40 cycles of
denaturation at 94°C for 30 sec, annealing at 58°C for 30 sec
and extension at 72°C for 60 sec. The following primers were
used for gPCR: RAB2A forward, 5'-"AGTTCGGTGCTCGAA
TGATAAC-3" and reverse, 5-AATACGACCTTGTGATGG
AACG-3"; GAPDH forward, 5“TGCACCACCAACTGCTTA
GC-3' and reverse, 5-GGCATGGACTGTGGTCATGAG-3";
and U6 forward, 5'-CTCGCTTCGGCAGCACA-3' and
reverse, 5'-AACGCTTCACGAATTTGCGT-3". Samples were
quantified using the 2-4%°4 method (32). miRNA and mRNA
expression levels were normalized to the internal reference
genes U6 and GAPDH, respectively.

Western blotting. Total protein was extracted using RIPA
buffer (Beyotime Institute of Biotechnology), determined
using BCA Protein Assay kit (Beijing Solarbio Science
& Technology Co., Ltd.), and 20 ug of total protein was
separated via 12% SDS-PAGE and transferred to PVDF
membranes (EMD Millipore). After blocking with 5%
non-fat milk for 1 h at room temperature, the membranes
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were incubated with the following primary antibodies
at 4°C overnight: RAB2A (cat. no. ab154729; 1:1,000;
Abcam), Ki-67 (cat. no. 9449; 1:1,000; Cell Signalling
Technology, Inc.) SOX2 (cat. no. 14962; 1:1,000; Cell
Signalling Technology, Inc.), OCT4 (cat. no. 2890; 1:1,200;
Cell Signalling Technology, Inc.) and f-actin (cat. no. 3700;
1:1,000; Cell Signalling Technology, Inc.). Subsequently, the
membranes were washed with TBST buffer (0.1% Tween-20
in TBS) and incubated with the following HRP-conjugated
secondary antibodies at room temperature for 1 h: Anti-rabbit
IgG (cat. no. 7074; 1:1,000; Cell Signalling Technology, Inc.)
and Anti-mouse IgG (cat. no. 7076; 1:1,000; Cell Signalling
Technology, Inc.). Protein bands were visualized using
Pierce ECL Western Blotting substrate (Thermo Fisher
Scientific, Inc.; cat. no. 32209). Bands were analysed using
Image J1.50i software (National Institutes of Health).

Immunohistochemistry (IHC). Tissues were fixed in 4% para-
formaldehyde for 16 h at room temperature. After fixation,
tissue blocks were embedded in paraffin, sliced into 5 yuM
sections and affixed onto the slide. After deparaffinising and
antigen retrieval, sections were blocked with blocking buffer
[0.3% Triton X-100 and 5% bovine serum albumin (Beijing
Solarbio Science & Technology Co., Ltd.) in PBS] for 1 h
at room temperature and then incubated with the following
antibodies overnight at 4°C: RAB2A (cat. no. ab154729;
1:500; Abcam), Ki-67 (cat. no. 9449; 1:500; Cell Signalling
Technology, Inc.) SOX2 (cat. no. 14962; 1:300) and OCT4
(cat. no. 2890; 1:1,200; Cell Signalling Technology, Inc.).
After washing with PBST (0.1% Tween-20 in PBS), the slides
were incubated with a diluted HRP-conjugated secondary
antibody (Anti-rabbit IgG; cat. no. 7074; 1:1,000; Anti-mouse
IgG; cat. no. 7076; 1:1,000; each, Cell Signalling Technology,
Inc.) for 1 h at room temperature. After washing 5 times using
PBST, DAB was added to the slide for colour developing. The
slides were observed and photographed using an Olympus
IX71 inverted microscope (magnification, x400; Olympus
Corporation).

Luciferase reporter assay. The RAB2A 3'-untranslated region
(UTR) fragment containing putative the binding site for
miR-376¢c-3p was amplified by PCR from BCSC c¢cDNA and
inserted downstream of a luciferase gene in pmirGLO vector
(Promega Corporation; cat. no. E1330). PCR primer sequences
were as follows: Forward, 5'-GCCTCGAGGATTTGTTTG
CCTTAATGAATAC-3' and reverse, 5'-GCTCTAGAGAGC
AGTACCTGTCCTAGTTGCC-3". The thermo cycling condi-
tions were as follows: 30 cycles of denaturation at 94°C for
30 sec, annealing at 56°C for 30 sec and extension at 72°C for
60 sec. Phusion™ High-Fidelity DNA Polymerase was utilized
for PCR (Thermo Fisher Scientific, Inc.; cat. no. F530S).
The seed-sequence mutation was generated by site-directed
point mutagenesis. 293T cells (5x10%) in a 24-well plate were
co-transfected with 50 ng wild-type (WT) RAB2A-3'UTR or
mutated (MUT) RAB2A-3'UTR and 20 pMol of miR-376¢-3p
mimic or NC-mimic. At 48 h post-transfection, luciferase
activity was measured using Dual-luciferase reporter assay
system (Promega Corporation; cat. no. E1910) according to the
manufacturer's protocol. Renilla luciferase activity was used
for normalization.

Mammosphere formation assay. At 48 h post-transfection,
cells were harvested and adjusted to 1x10° cells/ml in complete
medium. Cell suspension (1 ml/well) was plated into an
ultra-low-attachment 12-well plate (Corning, Inc.) and cultured
for 14 days at 37°C. Mammospheres were imaged and counted
using an IX71 microscope (Olympus Corporation; magnifica-
tion, x400).

Cell Counting Kit-8 (CCK-8) assay. The CCK-8 assay
(Sigma-Aldrich; Merck KGaA) was performed according to
the manufacturer's protocol. Briefly, at 48 h post-transfection,
cells were trypsinzed and seeded into a 96-well plate
(3x10° cells/well). After culture for 3 days at 37°C, 10 ul CCK-8
reagent was added to each well and incubated at 37°C for 2 h.
The absorbance of each well was measured at a wavelength of
450 nm using Enspire Multimode Plate Reader (PerkinElmer,
Inc.).

Colony formation assay. At 48 h post-transfection, cells were
trypsinized and seeded into a 12-well plate (5x10* cells/well).
After culture for 10-12 days at 37°C, colonies were stained
with 0.01% crystal violet for 15 min at room temperature and
photographed. The colonies were defined when visible by eye
and counted using ImageJ1.50i software (National Institutes
of Health).

Invasion assays. Invasion assays were performed using a
HTS Transwell-24 system (Corning, Inc.). The Transwell
inserts were coated with Matrigel (BD Biosciences) for 20
min at room temperature. At 48 h post-transfection, cells were
collected after trypsin digestion. Subsequently, cells (1x10%)
in 200 pl serum-free medium were plated into the upper
chamber. Medium (300 pl) supplemented with 10% FBS
was plated into the lower chamber. After incubation for 24 h
at 37°C, non-invading cells on the upper surface of the inserts
were gently removed with a cotton swab. Invading cells were
fixed with 50% methanol for 10 min at room temperature and
stained with 0.01% crystal violet for 15 min at room tempera-
ture. Invasive cells were imaged using an Olympus 1X71
inverted microscope (Olympus Corporation; magnification,
x400) and analysed using ImagelJ1. 50i software (National
Institutes of Health).

Lentivirus. To construct pLVX-miR-376¢-3p, the following
oligonucleotides were designed: miR376¢c-Top, 5'-GAACAT
AGAGGAAATTCCACGTTTCAAGAGAACGTGGAATTT
CCTCTATGTTTTTTTT-3'; miR376¢c-Bottom, 5"AAAAAA
AACATAGAGGAAATTCCACGTTCTCTTGAAACG

TGGAATTTCCTCTATGTTC-3" The oligonucleotides were
annealed (72°C for 2 min, 37°C for 2 min, 25°C for 2 min and
stored on ice) and then cloned into pLVX-shRNA1 (Clontech
Laboratories, Inc.; cat. no. 632177) according to the manu-
facturer's protocol. To generate the lentivirus, 5x10° Lenti-X
293T cells (Clontech Laboratories, Inc.; cat. no. 632180) were
seeded into a 10-cm dish 20 h prior to transfection. A total of
15 pl Lenti-X HT Packaging Mix (Clontech Laboratories, Inc.;
cat. no. 631247) and 3 ug pLVX-miR-376¢-3p (pLVX-shRNA1
vector as control) were transfected into Lenti-X 293T cells
using lipofectamine®3000 according to manufacturer's
protocol. At 48 h post-transfection, the lentivirus-containing
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supernatants were harvested, filtered through 0.45 ym filters,
and stocked in aliquots at -80°C.

Transduction of letivirus. BCSCs (5x10° cells) were seeded into
10-cm dishes 20 h prior to transduction. Lentivirus stock was
diluted 3 folds using fresh medium for BCSC culture. BCSC
culture supernatant was replaced with 5 ml of viral superna-
tant in the presence of 4 yg/ml polybrene (Sigma-Aldrich;
Merck KGaA,; cat. no. TR-1003-G). After incubating at 37°C
for 6 h, the viral supernatant was replaced with fresh medium.
At 48 h after supernatant replenishment, cells were split 1:5
into BCSC culture medium containing 1 pg/ml puromycin
(Gibco; Thermo Fisher Scientific, Inc.; cat. no. A1113803).
After selection for 5 days, cells were harvested for inoculation.

Xenograft mouse model. A total of 12 female NOD/SCID
mice (age, 4-6 weeks; weight: 18-22 g) were purchased from
Shanghai Laboratory Animal Center. The mice were randomly
separated into two groups: i) One group were injected with
BCSCs infected with lentivirus vector; and ii) the other group
were injected with cells infected with lentivirus expressing
miR-376-3p. BCSCs (5x10°) mixed with Matrigel (1:1) were
injected into the mouse mammary fat pad. Tumour volume was
measured on 18, 21, 24, 27 and 30 days post-inoculation. On
day 30 post-inoculation, mice were anesthetized in a chamber
containing 2.5% isoflurane in oxygen prior to sacrifice by
cervical dislocation. Subsequently, the tumours were excised,
weighed and subjected to IHC. The present study was approved
by the Animal Care and Use Committee of Shanghai Ninth
People's Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine (Approval no. 2016-147-T96).

Statistical analysis. All experiments were repeated at
least three times. Data are presented as the mean + stan-
dard deviation. Statistical analyses were conducted using
GraphPad Prism software (version 6.0; GraphPad Software,
Inc.). Comparisons between two groups were analysed using
the Student's t-test. Comparisons among multiple groups were
analysed using one-way ANOVA followed by Bonferroni's
test. The correlation between RAB2A and miR-376¢c-3p was
assessed by conducting Pearson's correlation analysis. P<0.05
was considered to indicate a statistically significant difference.

Results

Aberrant expression of miR-376¢-3p and RAB2A in breast
cancer. To identify miRNAs that participate in breast cancer
tumorigenesis, the miRNA profile data of breast cancer
tumours and adjacent non-cancerous tissues were obtained
from the GEO database. Bioinformatics analysis identified 20
downregulated and 3 upregulated miRNAs in breast cancer
tumours (Fig. 1A). Among the miRNAs, miR-376¢-3p has been
reported to participate in the development of several types of
cancer (22-27), and is downregulated in breast cancer (33-36).
However, how miRNAs affect breast cancer progression is not
completely understood. Therefore, miR-376¢c-3p was selected
for further investigation in the present study. A total of 60 paired
breast cancer tumour samples and adjacent non-cancerous
tissues were obtained from patients with breast cancer who
underwent surgical resection. The RT-qPCR results indicated

that the expression level of miR-376¢-3p in breast cancer
tumour tissues was significantly decreased compared with
healthy tissues (Fig. 1B). The correlation analysis indicated
that low miR-376¢-3p expression was significantly correlated
with lymph node metastasis (P=0.002; Table SI), which
was consistent with previous studies that demonstrated that
miR-376¢-3 served as a cancer suppressor (22-25). Among
the potential targets of miR-376c-3ppredicted using online
software TargetScan (http://www.targetscan.org/vert_72/),
RAB2A has been reported to be involved in breast cancer
development (28,29). mRNA expression levels of RAB2A
were significantly higher in breast cancer tissues compared
with healthy tissues (Fig. 1B). Moreover, the expression level
of miR-376¢c-3p was negatively correlated with the expres-
sion level of RAB2A in breast cancer tumours (Fig. 1C).
The THC results suggested that the protein level of RAB2A
in breast cancer tumors was markedly higher compared with
healthy tissues (Fig. 1D). Overall, the results indicated that
miR-376c¢-3p was downregulated in breast cancer,and RAB2A
may be regulated by miR-376¢-3p in breast cancer.

Dysregulation of miR-376c¢-3p and RAB2A in BCSCs. To
investigate the role of miR-376¢-3p in the tumorigenesis of
breast cancer, CD44*CD24 cells were isolated from breast
cancer tumours (Fig. 2A), which were characterized as
BSCSs. Stem cell-associated proteins OCT4 and SOX2 were
expressed at significantly higher levels in BCSCs compared
with MCF7 breast cancer cells (Fig. 2B). Breast cancer cells
(MCF7, non-BCSCs and BCSCs) expressed significantly
lower levels of miR-376¢-3p and significantly higher levels of
RAB2A compared with MCF-10A normal breast epithelial
cells (Fig. 2C). The western blotting results indicated that the
protein expression level of RAB2A in BCSCs was signifi-
cantly higher compared with normal cells, MCF7 cells and
non-BCSCs (Fig. 2D). The dysregulation of miR-376¢-3p and
RAB2A in breast cancer tumours suggested they may serve a
role in BCSCs.

miR-376¢-3p targets RAB2A mRNA for degradation. The
predicted targeted sequence of RAB2A by miR-376¢-3p
is presented in Fig. 3A. To verify the interaction between
RAB2A and miR-376¢-3p, luciferase reporter constructs were
constructed by inserting the 3'UTR sequences of RAB2A down-
stream of a luciferase gene. 293T cells were co-transfected with
the reporter plasmid and miR-376¢c-3p mimic or NC-mimic.
The results indicated that miR-376¢-3p mimic significantly
reduced the luciferase activity of WT RAB2A-3'UTR
compared with NC-mimic (Fig. 3B). By contrast, miR-376¢-3p
mimic did not significantly alter the luciferase activity of MUT
RAB2A-3'UTR compared with NC-mimic (Fig. 3B), indicating
the specificity of the target sequence. The effect of miR-376¢-3p
on endogenous RAB2A expression in BCSCs was also exam-
ined. RAB2A was expressed at lower levels in miR-376¢-3p
mimic-transfected cells compared with the NC-mimic group,
but expressed at higher levels in miR-376¢-3p inhibitor-trans-
fected cells compared with the NC inhibitor (Fig. 3C). The
western blotting results indicated that RAB2A protein
expression was decreased in miR-376¢-3p mimic-transfected
BCSCs compared with the NC-mimic group, and increased in
miR-376¢-3p inhibitor-transfected cells compared with the NC
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Figure 1. Expression levels of miR-376¢c-3p and RAB2A in breast cancer tumors. (A) Hierarchical cluster of the miRNA profile data. The heat map presents
the 3 most upregulated miRNAs and the 20 most downregulated miRNAs in breast cancer tissues. Red, green and black represents upregulated, downregu-
lated and no change, respectively. Blue indicates healthy samples and orange indicates tumor samples. (B) Reverse transcription-quantitative PCR analysis
of miR-376¢-3p and RAB2A expression levels in 60 paired breast cancer tumor and adjacent non-cancerous tissues. (C) Pearson's correlation analysis of
miR-376¢-3p and RAB2A expression levels in 60 breast cancer tumors. (D) Immunohistochemical analysis of RAB2A expression in breast cancer and healthy
tissues. ““P<0.001. miR/miRNA, microRNA; RAB2A, Ras-related protein Rab-2A.

inhibitor group (Fig. 3D). Collectively, the results demonstrated
that miR-376¢-3p targeted RAB2A and regulated RAB2A
expression.

miR-376¢-3p reduces stem cell population and downregulates
stem cell regulatory proteins by targeting RAB2A. The obser-
vation that miR-376¢-3p was downregulated in BCSCs implied
that miR-376-3p may regulate BCSC fate. To determine the
effect of miR-376¢-3p on BCSCs, BCSCs were transfected with
miR-376-3p mimic and the expression of the BCSC surface
markers CD44 and CD24 was examined via flow cytometry.
Compared with NC-mimic, miR-376c-3p mimic reduced the
proportion of CD44+*CD24  cells from 95.6 to 38.2% (Fig. 4A),
indicating a decrease in BCSCs. To prove functional relevance
of RAB2A regulation by miR-376¢-3p, cells were co-trans-
fected with RAB2A-expressing plasmid pcDNA-RAB2A

and miR-376¢-3p mimic. Expression of RAB2A in
pcDNA-RAB2A-transfected BCSCs is presented in Fig. S2.
RAB2A overexpression reversed miR-376c-3p-mediated loss
of BCSCs. Furthermore, the expression of stem cell regulatory
genes OCT4 and SOX2 in miR-376c¢-3p-transfected BCSCs
was assessed by western blotting. Compared with NC-mimic,
OCT4 and SOX2 expression levels were significantly
decreased by miR-376c-3p mimic, which was reversed by
RAB2A overexpression (Fig. 4B). In addition, compared with
NC inhibitor, miR-376c-3p inhibitor significantly increased
the expression of OCT4 and SOX2, which was reversed by
RAB2A siRNA (Figs. 4C and S1). si-RAB2A#1 was used in
Figs. 4 and 5, as it demonstrated a more prominent silencing
effect. Collectively, the results demonstrated that miR-376¢-3p
reduced the stem cell population and downregulated stem cell
regulatory proteins by targeting RAB2A.
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miR-376¢-3p regulates BCSC tumorigenic properties via
RAB2A. To further explore the role of miR-376¢-3p in
tumorigenesis, gain- and loss-of-function experiments were
conducted by transfecting BCSCs with miR-376¢-3p mimic or
miR-376¢-3p inhibitor. A mammosphere assay was performed
to assess the effect of miR-376¢c-3p on BCSC self-renewal.
miR-376¢-3p mimic significantly reduced the sphere number
compared with NC-mimic, whereas miR-376¢-3p inhibitor
significantly increased the sphere number compared with NC
inhibitor, which suggested that miR-376c-3p had an inhibitory
effect on BCSC self-renewal (Fig. SA). Subsequently, CCK-8
and colony formation assays were conducted to examine the

effect of miR-376¢-3p on cell proliferation. The results indi-
cated that miR-376¢c-3p mimic significantly inhibited BCSC
proliferation compared with NC-mimic, whereasmiR-376¢-3p
inhibitor significantly enhanced BCSC proliferation compared
with NC inhibitor (Fig. 5B and C). Moreover, BCSC invasion
was examined using a cell invasion assay. miR-376c¢-3p over-
expression significantly inhibited BCSC invasion compared
with NC-mimic, whereas miR-376¢-3p knockdown signifi-
cantly enhanced BCSC invasion compared with NC inhibitor
(Fig. 5D). RAB2A overexpression reversed miR-376¢c-3p
mimic-induced effects and RAB2A knockdown reversed
miR-376c¢-3p inhibitor-induced effects (Fig. 5A-D), indicating
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that miR-376¢-3p targeted RAB2A to inhibit the tumorigenic
properties of BCSCs.

miR-376c¢-3p overexpression inhibits breast cancer growth
in a mouse xenograft model. The effect of miR-376¢c-3p
overexpression on tumour formation in a mouse model was
assessed. The expression levels of miR-376¢-3p and RAB2A
were measured in lentivirus-infected BCSCs (Fig. 6A and B).
RAB2A expression was significantly downregulated in
PLVX-miR-376¢-3p-infected BCSCs compared with
PLVX-vector-infected BCSCs (Fig. 6B). Subsequently, the
infected cells were inoculated into the mammary fat pad of
4-6 week old female NOD/SCID mice and tumour growth was
monitored for 30 days. On day 30 post-inoculation, the mice
were sacrificed and the tumours were excised. The tumour
volume and weight in the miR-376¢c-3p group was signifi-
cantly reduced compared with the vector group (Fig. 6C). The
expression levels of Ki-67, SOX2 and OCT4 in the tumours
of the miR-376¢-3p group were markedly lower compared
with the vector group (Fig. 6D). The results demonstrated that
miR-376¢-3p overexpression inhibited breast cancer growth in
a mouse xenograft model.

Discussion

miRNAs are common gene regulators in cellular signalling
pathways that are implicated in cancer progression (7,8). A
number of miRNAs have been reported to regulate BCSC
stemness (6,37). let-7 regulates BCSC self-renewal and
differentiation by targeting ras homolog family member Hand
high mobility group AT-hook 2 (11). miR-200c serves a role
in regulating BCSC stemness by targeting BMI1 proto-onco-
gene, polycomb ring finger and programmed cell death
10 (12,13). miR-93 expression depletes the BCSC population
and inhibits tumor development (14). miR-600 targets SCDI1

and inhibits WNT signalling, leading to a reduction in BCSC
self-renewal (16).

The present study identified 23 differentially expressed
miRNAs in breast cancer tissues compared with healthy
tissues by conducting miRNA microarray analysis.
miR-376¢-3p, which was downregulated in breast cancer
tissues and BCSCs, was selected for further study. By
conducting bioinformatics analysis and validation assays,
RAB2A was identified as a target of miR-376c-3p. The
results also indicated that miR-376¢c-3p and RAB2A were
dysregulated in BCSCs, suggesting they may serve roles in
regulating BCSC stemness. By analysing CD44 and CD24
surface marker expression levels, the results indicated that
miR-376¢-3p overexpression depleted the BCSC population.
miR-376¢-3p mimic also downregulated the expression of
stem cell regulatory genes OCT4 and SOX2 compared with
NC-mimic. miR-376c-3p-mediated effects were reversed by
RAB2A overexpression, indicating the functional interaction
between RAB2A and miR-376¢-3p in BCSCs. Furthermore,
functional assays indicated that, compared with NC-mimic,
miR-376¢-3p mimic inhibited BCSC self-renewal, prolif-
eration and invasion, which was reversed by RAB2A
overexpression. In vivo experiments were conducted in a
mouse xenograft model that suggested miR-376¢-3p over-
expression inhibited breast cancer growth compared with
the vector group. Collectively, the results indicated that
miR-376¢-3p served a role in regulating BCSC stemness by
targeting RAB2A.

RAB2A is a small GTPase that serves an essential role
in the membrane transport between ER and Golgi (28).
Luo et al (28) reported that RAB2A also functions as an
oncogene in breast cancer viagenomic profiling analysis.
Bioinformatics analysis indicated that RAB2A is aber-
rantly activated in human cancer and associated with poor
prognosis (28). Mechanistically, RAB2A interacts with and
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prevents the inactivation of ERK1/2, leading to upregulation
of zinc finger E-box binding homeobox 1 and nuclear trans-
location of B-catenin (28). Abnormal activation of RAB2A
ultimately promotes BCSC expansion and tumorige-
nicity (28). In another study, Kajiho et al (29) demonstrated
that RAB2A regulates the trafficking of matrix metallopep-
tidase 14 and E-cadherin, thereby enhancing breast cancer
invasion. The study also indicated that elevated expression
of RAB2A is strongly linked to metastatic recurrence of
breast cancer in patients, which suggests that RAB2A may
serve as a useful prognosis biomarker in breast cancer.
RAB2A was also reported to be required for autophagosome
clearance in breast cancer cells (38). In the present study, the
results indicated that RAB2A expression was regulated by
miR-376¢-3p, and the miRNA/target axis modulated BCSC
fate and properties. miR-376¢-3p also targets other genes,
such as RUNX2 (22), BAD and Smad4 (23); therefore,
whether these genes affect BCSC stemness requires further
investigation.

In summary, the present study indicated that miR-376¢-3p
was associated with regulating BCSC stemness. Compared
with NC-mimic, miR-376¢-3p overexpression reduced the
CD44*CD24" population and downregulated stem cell
regulatory genes. Additionally, miR-376¢-3p overexpression
inhibited BCSC self-renewal, proliferation and invasion,
and suppressed tumour growth in a mouse xenograft model.
miR-376¢-3p performed the aforementioned biological func-
tions by targeting RAB2A. The present study identified a
potential mechanism underlying BCSC stemness regulation
and suggested that miR-376¢-3p may serve as a therapeutic
target for breast cancer.
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