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Abstract. Triple‑negative breast cancer (TNBC) is associated 
with a poor prognosis; however, treatments for TNBC are 
limited, with poor outcomes. MicroRNAs (miRNAs/miRs) 
are small non‑coding RNA molecules that are able to regulate 
gene expression. The present study aimed to identify differ‑
entially expressed miRNAs in patients with breast cancer, 
and to investigate the functional role of the identified miRNA 
targets and their effects in vitro and in vivo. Transfection with 
miR‑606 suppressed TNBC cell proliferation, migration, 
invasion and tumor sphere‑forming ability, as determined 
using trypan blue, Transwell and sphere formation assays. 
Moreover, miR‑606 induced the apoptosis of TNBC cells, as 
determined by flow cytometric analysis. Furthermore, intratu‑
moral injections of miR‑606 mimics suppressed tumor growth 
in MDA‑MB‑231 xenografts. In addition, MDA‑MB‑231 
cells transfected with miR‑606 mimics exhibited decreased 
lung metastatic nodules in a mouse tail vein injection model. 
Notably, miR‑606 and STC1 expression had opposing effects 
on the overall survival of patients with TNBC. The results of 
the present study suggested a novel tumor suppressor function 
for miR‑606 in TNBC, thus indicating its potential application 
in the development of anticancer miRNA therapeutics.

Introduction

Breast cancer is the most common type of cancer affecting 
women worldwide, with ~280,000 cases diagnosed annu‑
ally (1). Breast cancer is classified as luminal A or B, human 
epidermal growth factor receptor 2 (HER2)‑positive or ‑nega‑
tive, and triple‑negative or ‑positive according to the expression 
of hormone receptors and HER2 (2). Triple‑negative breast 
cancer (TNBC) tumors lack expression of estrogen receptor 
(ER), progesterone receptor (PR) and HER2, have relatively 
poor outcomes, and cannot be treated with endocrine or 
HER2‑targeted therapies (3).

MicroRNAs (miRNAs/miRs) constitute a large family 
of small non‑coding RNAs comprised of 20‑22 nucleotides 
that regulate target gene expression, mainly at the post‑tran‑
scriptional level (4). Dysregulated miRNAs are involved in 
a broad spectrum of cellular processes in TNBC, exerting 
tumor‑promoting or ‑suppressing effects depending on the 
cellular targets involved in tumor initiation, promotion, malig‑
nant conversion and metastasis (5). Notably, miRNAs have 
attracted considerable attention for their regulatory involve‑
ment in the initiation, progression and metastasis of breast 
cancer, and aberrant miRNA expression profiles have been 
reported in breast cancer (6).

Stanniocalcin 1 (STC1), which was first identified in bony 
fish, is a disulfide‑bound glycoprotein hormone involved 
in plasma calcium and phosphate homeostasis (7). Previous 
studies have reported that STC1 functions as an oncogene in 
various types of cancer; for example, STC1 has been reported 
to promote metastasis in ovarian cancer and cancer‑associated 
fibroblast‑derived STC1 can promote stemness in hepatocel‑
lular carcinoma (8,9). Notably, STC1 promotes the growth and 
metastasis of breast cancer tumors (10,11). However, studies on 
STC1 function in TNBC are lacking. Therefore, understanding 
oncogenes and their regulators might be critical to developing 
potential antitumor therapeutics.

The Cancer Genome Atlas (TCGA) database comprises 
a collection of clinical data, DNA/RNA sequences and DNA 
methylation profiles of at least 500 cases of 20 different tumor 
types  (12). The Gene Expression Omnibus (GEO) reposi‑
tory contains publicly available microarray, next‑generation 
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sequencing and other forms of high‑throughput functional 
genomic data (https://www.ncbi.nlm.nih.gov/geo) (13). The 
present study aimed to identify differential miRNA expres‑
sion patterns in samples from patients with breast cancer 
using miRNA sequence expression profiles downloaded from 
TCGA and GEO. The present study identified hsa‑miR‑606 
as a differentially expressed miRNA and investigated its 
tumor‑suppressing role in TNBC cells. In addition, the targets 
of miR‑606 and its effects on tumor growth in a mouse xeno‑
graft model were investigated, and its effects on metastasis 
were assessed in a mouse tail vein injection model.

Materials and methods

Cells, animals and reagents. The human TNBC cell lines 
HS 578T, BT20, MDA‑MB‑231 and BT549 were obtained 
from the Korean Cell Line Bank; Korean Cell Line Research 
Foundation, and have been authenticated in the past 3 years 
using a short tandem repeat analysis profile. The cells were 
cultured in Dulbecco's Modified Eagle Medium (DMEM; 1X; 
Welgene, Inc.) supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.) and penicillin‑strepto‑
mycin (PS; 100 U/ml; Gibco; Thermo Fisher Scientific, Inc.). 
The human breast cancer cell lines T47D, SK‑BR‑3 and MCF7 
were also obtained from the Korean Cell Line Bank; Korean 
Cell Line Research Foundation, and have been authenticated 
in the past 3 years using a short tandem repeat analysis profile. 
These cells were cultured in Roswell Park Memorial Institute 
1640 (1X; Welgene, Inc.) supplemented with 10% fetal bovine 
serum and penicillin‑streptomycin (100 U/ml). The human 
breast cell line MCF10A was obtained from the American 
Type Culture Collection, and was cultured in DMEM/Nutrient 
Mixture F12 (F12) (1X; Welgene, Inc.) supplemented with 10% 
fetal bovine serum and penicillin‑streptomycin (100 U/ml). 
The cells were maintained at 5% CO2 and 37˚C in a humidified 
incubator, and were mycoplasma free.

Animal experimental procedures were reviewed and 
approved by the CHA University Animal Care and Use 
Committee (approval no. 210152; Seongnam, South Korea). A 
total of 32 female BALB/c nu/nu mice (age, 4 weeks, weight, 
18‑20 g) were purchased from Orient Bio, and were maintained 
at 23±1˚C and 50±10% humidity under a 12‑h light/dark cycle. 
Food and water were provided ad libitum under specific 
pathogen‑free conditions.

G‑Fectin and Lipofectamine® 3000 transfection reagents 
were purchased from Genolution, Inc. and Invitrogen; Thermo 
Fisher Scientific, Inc., respectively.

Acquisition of miRNA expression data. To investigate the 
expression of miRNAs in patients with breast cancer, a micro‑
array dataset (GSE118782) was obtained from the publicly 
available GEO database (National Center for Biotechnology 
Information; https://www.ncbi.nlm.nih.gov/geo). The 
GSE118782 dataset includes RNA extracted from the plasma 
of 30  patients with breast cancer and 10 healthy control 
women; the levels of small noncoding RNA were quantitated 
using Affymetrix microarrays (14).

Cell transfection with RNA oligonucleotides. The miR‑606 
mimics and miR‑606 inhibitor (anti‑miR‑606) were 

synthesized by Genolution, Inc. as an RNA duplex or as a 
2'‑O‑methyl‑modified oligoribonucleotide single strand with 
the following sequences: miR‑606 mimics, 5'‑AAA​CUA​CUG​
AAA​AUC​AAA​GAU‑3' and anti‑miR‑606, 5'‑AUC​UUU​GAU​
UUU​CAG​UAG​UUU‑3'. The sequences were obtained from 
the miRBase database (version 22.1: https://www.mirbase.
org). The sequences for the control miRNA and control 
anti‑miRNA (Genolution, Inc.) are: 5'‑CCU​CGU​GCC​GUU​
CCA​UCA​GGU​AGU​U‑3' or 5'‑CAG​UAC​UUU​UGU​GUA​GUA​
CAA‑3', respectively.

For transfection with miRNAs, MDA‑MB‑231 and BT549 
cells at 30% confluence were transfected with the miRNAs at 
a final concentration of 40 nM for 48 h at 37˚C using G‑Fectin 
according to the manufacturer's instructions.

Tumor xenograft and lung metastasis experiments. To estab‑
lish a tumor xenograft model, 5‑week‑old female BALB/c 
nu/nu mice were subcutaneously injected with MDA‑MB‑231 
cells (107 cells in 100 µl PBS). Once the size of the tumor 
reached 150 mm3, miRNA mimics were injected intratumor‑
ally, according to the manufacturer's protocol. Briefly, 10 µg 
miRNA mimics and 1.2 µl in vivo‑jetPEI (Polyplus‑transfection 
SA) were mixed at a volume of 50 µl, incubated for 15 min at 
room temperature and then injected into mice. To assess tumor 
size, the small diameter (SD) and large diameter (LD) of the 
tumor were measured twice a week using a Vernier caliper, 
and the tumor volume (V) was calculated using the equation: 
V=(SD2 x LD) x (π/6). At the endpoint, the mice were sacrificed 
in a CO2 euthanasia chamber with a fill rate of 30% vol/min 
and the euthanasia of the mice was confirmed by a lack of 
breathing and faded eye color. The tumors were then collected 
for RT‑qPCR and IHC analysis. In addition, to establish a lung 
metastasis model, MDA‑MB‑231 cells were transfected with 
miRNA mimics, resuspended at 4x105 cells in 200 µl PBS, 
and injected into the tail vein of mice after 48 h. Subsequently, 
the mice were sacrificed in a CO2 euthanasia chamber with a 
fill rate of 30% vol/min at 6 weeks post‑injection, and their 
lungs were collected. The dissected lungs were fixed in 3.7% 
paraformaldehyde for 10 min at 25˚C and stained with Bouin's 
solution for 5 min at 25˚C, after which the nodules formed in 
the lungs were counted.

Reverse‑transcription quantitative (RT‑q)PCR analysis. Total 
RNA was isolated from cultured cell lines (e.g., MCF10A, 
T47D, SK‑BR‑3, MCF7, HS 578T, BT20, MDA‑MB‑231 and 
BT549) or dissected xenograft tumor tissue using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. To quantify mRNA or miRNA 
expression, total RNA (1 µg) was reverse transcribed into 
cDNA using Maxime RT PreMix (oligo dT Primer; Intron 
Biotechnology, Inc.) or an HB miR Multi Assay Kit SYSTEM 
I (HeimBiotek, Inc.), respectively. The RT conditions of 
mRNA or miRNA were 45˚C for 1 h and at 95˚C for 5 min 
or 37˚C for 1 h and 95˚C for 5 min, respectively. Additionally, 
qPCR for mRNA or miRNA quantification was performed 
using AMPIGENE qPCR Green Mix Lo‑ROX (Enzo Life 
Sciences, Inc.) or an HB miR Multi Assay Kit SYSTEM 
I (HeimBiotek, Inc.), respectively, in accordance with the 
manufacturers' instructions. The qPCR thermocycling condi‑
tions for detection of mRNA or miRNA expression levels 
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were Denaturation at 95˚C for 2 min, followed by 40 cycles 
at 95˚C for 5 sec and 60˚C for 20 sec or denaturation at 95˚C 
for 15 min, followed by 40 cycles at 95˚C for 5 sec and 60˚C 
for 40 sec, respectively. The mRNA expression levels were 
normalized to those of GAPDH, and the miRNA expression 
levels were normalized to those of RNU6B. The mRNA or 
miRNA expression levels were calculated using the 2‑ΔΔCq 
method (15). The sequences of the specific primers were as 
follows: Activin A receptor, type I (ACVR1), forward 5'‑ACG​
TGG​AGT​ATG​GCA​CTA​TC‑3', reverse 5'‑CGA​CAC​ACT​CCA​
ACA​GTG​TA‑3'; DCLRE1A, forward 5'‑GTG​GAG​ATG​GTA​
TTC​AGC​AG‑3', reverse 5'‑CAG​AAG​ACC​ATC​AGG​ACA​
CT‑3'; STC1, forward 5'‑GAC​ACA​GTC​AGC​ACA​ATC​AG‑3', 
reverse 5'‑GAG​GAG​GAC​TTT​CAG​CTT​CT‑3'; GAPDH, 
forward 5'‑GGA​GCG​AGA​TCC​CTC​CAA​AAT‑3', reverse 
5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3', RNU6B, forward 
5'‑CTC​GCT​TCG​GCA​GCA​CA‑3', reverse 5'‑AAC​GCT​TCA​
CGA​ATT​TGC​GT‑3', and miR‑606, forward 5'‑AAA​CTA​CTG​
AAA​ATC​AAA‑3', reverse 5'‑GAT​ACA​AGT​GCC​TGA​CCA​
CT‑3'.

Cell counting assay. MDA‑MB‑231 and BT 549 cells were 
seeded in 6‑well plates at 30% confluence and transfected with 
miRNA mimics. A total of 24, 48, 72 and 96 h post‑trans‑
fection, cells were stained with trypan blue (Gibco; Thermo 
Fisher Scientific, Inc.) at 25˚C for 5 min and were counted 
using a hemocytometer (NanoEntek, Inc.) and an Olympus 
CKX52 inverted light microscope (x100 magnification; 
Olympus Corporation).

Colony formation assay. MDA‑MB‑231 and BT549 cells were 
seeded in 60‑mm dishes at a density of 500 cells/dish 48 h 
post‑transfection with miRNA mimics. Thereafter, the dishes 
were incubated at 37˚C in a humidified incubator containing 
5% CO2 for 2 weeks, and the medium was replaced with fresh 
medium every 4 days. Subsequently, the cells were rinsed once 
with PBS, fixed with 4% formaldehyde at 25˚C for 10 min, 
washed in distilled water once and stained with 0.05% crystal 
violet solution at 25˚C for 30 min, after which the colonies 
(>50 cells/colony) were counted.

Annexin V/PI apoptosis assay. MDA‑MB‑231 and BT549 
cells were transfected with miRNA mimics in 6‑well plates at 
30% confluence. The apoptotic population in transfected cells 
was estimated by Annexin‑FITC/PI double staining using the 
Annexin V‑FITC Apoptosis Detection Kit I (BD Biosciences), 
according to the manufacturer's protocols. The stained cells 
were analyzed using a CytoFLEX Flow Cytometer (Beckman 
Coulter, Inc.) and CytExpert software version 2.4 (Beckman 
Coulter, Inc.).

Western blotting. MDA‑MB‑231 and BT549 cells were trans‑
fected with miRNA mimics using G‑Fectin. Subsequently, 
the cells were collected in PBS in an Eppendorf tube and 
lysed with PRO‑PREP™ Protein Extraction Solution (Intron 
Biotechnology, Inc.) to harvest the proteins. Subsequently, 
the protein concentrations were measured using the Pierce 
Bicinchoninic Acid Protein Assay Kit (Thermo Fisher 
Scientific, Inc.). Thereafter, 20 µg proteins were separated by 
SDS‑PAGE on 8‑12% gels at 100 V for 2 h and transferred 

onto PVDF membranes at 95 V for 2 h. After transfer, the 
membranes were blocked with 5% skim milk in Tris‑buffered 
saline (TBS)‑Tween 20 (TBST; Intron Biotechnology, Inc.) at 
room temperature for 1 h and incubated with specific primary 
antibodies in blocking solution overnight at 4˚C. The specific 
primary antibodies were as follows: Anti‑proliferating cell 
nuclear antigen (PCNA; cat. no. sc‑25280, 1:1,000), anti‑BAX 
(cat. no. sc‑23959, 1:1,000), anti‑fibronectin (cat. no. sc‑8422, 
1:1,000), anti‑E‑cadherin (cat.  no.  sc‑8426, 1:1,000), 
anti‑β‑actin (cat.  no.  sc‑47778, 1:1,000), and anti‑STC1 
(cat. no. sc‑293435, 1:1,000) (all from Santa Cruz Biotechnology, 
Inc.); anti‑cleaved‑poly ADP ribose polymerase (PARP; 
cat. no. 9541, 1:1,000) and anti‑cleaved‑caspase 3 (cat. no. 9664, 
1:1,000) (both from Cell Signaling Technology, Inc.); anti‑DNA 
cross‑link repair 1A (DCLRE1A; cat. no. A303‑747A, 1:1,000; 
Bethyl Laboratories, Inc.; Thermo Fisher Scientific, Inc.); and 
anti‑N‑cadherin (cat. no. 610920, 1:1,000; BD Biosciences). 
The membranes were then washed three times with TBST 
every 10 min and incubated with HRP‑conjugated anti‑mouse 
IgG or anti‑rabbit IgG secondary antibodies (cat. nos. A1012S 
and A1013S, 1:2,000; ACE BioLabs) and in TBST at room 
temperature for 2 h, followed by detection using a clear western 
ECL substrate (Bio‑Rad Laboratories, Inc.).

Sphere formation assay. For sphere formation, cells were 
cultured in cancer stem cell (CSC)‑like cell growth medium, 
which consisted of DMEM/F12 serum‑free medium supple‑
mented with 2% B‑27 (Gibco; Thermo Fisher Scientific, Inc.), 
20 ng/ml Recombinant Human EGF (Gibco; Thermo Fisher 
Scientific, Inc.), and 20 ng/ml Recombinant Human FGFb 
(Gibco; Thermo Fisher Scientific, Inc.). The cells were seeded 
at 3,000 cells/well in 6‑well ultra‑low cluster plates (Corning 
Life Sciences) using CSC‑like cell medium, cultured until the 
sphere size reached 50 µm, and transfected with the miRNA 
mimics at a final concentration of 100 nM using G‑Fectin at 
37˚C. A total of 4 days post‑transfection, images of the spheres 
were captured using an Olympus CKX52 inverted light micro‑
scope (x40 magnification), and the number and diameter of 
spheres were measured.

Wound healing assay. A wound healing assay was used to 
measure cell migration ability. Briefly, MDA‑MB‑231 and 
BT549 cells were transfected with miRNA mimics at ~100% 
confluence in 6‑well plates. To create a straight wound, cell 
monolayers were scratched with a pipette tip and incubated 
with fresh serum‑free medium. Images were captured at 0, 24 
and 48 h after wounding using an Olympus CKX52 inverted 
light microscope (x100 magnification), and the wound area was 
measured using ImageJ 1.52a (National Institutes of Health).

Transwell assay. MDA‑MB‑231 and BT549 cells were 
transfected with miRNA mimics. For the invasion and migra‑
tion assays, the cells were suspended in serum‑free DMEM 
and seeded at 5x104 cells/well into the upper chamber of a 
Transwell plate (8.0‑µm pore size; Corning Life Sciences), 
with or without Matrigel coating, respectively. For Matrigel 
coating, the upper chambers were incubated with Matrigel at 
25˚C for 30 min. The lower chambers were filled with DMEM 
supplemented with 10% FBS and 1% PS. After incubation for 
60‑72 h at 37˚C, the migrated and invaded cells on the lower 
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surface of the filters were fixed for 3 min at 25˚C in 100% 
methanol, stained for 5 min at 25˚C in 0.05% crystal violet 
solution and then washed three times for 1 min in distilled 
water. Stained cells were counted using an Olympus CKX52 
microscope (x200 magnification) in three randomly selected 
fields.

Selection of miR‑606 putative target genes. Putative miR‑606 
target genes were predicted using the miRNA target prediction 
programs DIANA‑MICROT version 4 (https://dianalab.e‑ce.
uth.gr/html/universe/index.php?r=microtv4), TargetScan 
release 8.0 (https://www.targetscan.org), and miRDB 
version 6.0 (http://www.mirdb.org). The common genes from 
all three algorithms were selected to obtain specific candidate 
genes.

Luciferase reporter assay. The possible binding sites 
of miR‑606 in the human STC1 3'‑UTR were predicted 
using the miRNA target prediction program TargetScan 
(https://www.targetscan.org). The four 3'‑UTR fragments 
containing the putative miR‑606 binding site (STC1 3'‑UTR‑1, 
STC1 3'‑UTR‑2, STC1 3'‑UTR‑3, and STC1 3'‑UTR‑4) were 
cloned into a pGL3UC vector (provided by V.N. Kim, Seoul 
National University, Seoul, South Korea) by Macrogen, Inc. 
MDA‑MB‑231 and BT549 cells were seeded in 24‑well plates 
(5x104  cells/well) and incubated for 24 h, after which the 
cells were co‑transfected with the reporter plasmid or empty 
pGL3UC (100 ng), Renilla plasmid (100 ng) and miR‑606 
(40 nM) for 48 h at 37˚C using Lipofectamine 3000. A total of 
48 h post‑transfection, the transfected cells were lysed using 
1X Passive Lysis Buffer (Promega Corporation) to obtain the 
release of the firefly and Renilla luciferase reporter enzymes 
into the cell lysate, and then the luciferase activity of the lysed 
cells was measured using a Dual‑Luciferase Reporter Assay 
System (Promega Corporation) according to the manufac‑
turer's protocol. The relative firefly luciferase activity was 
normalized to Renilla luciferase activity.

ELISA. STC1 protein concentrations were determined in the 
supernatants of MDA‑MB‑231 and BT549 cells transfected 
with miRNA mimics using a Human Stanniocalcin 1/STC 
ELISA Kit (Abcam, cat. no. ab213829). The cell culture super‑
natant was obtained via centrifugation of cells at 400 x g for 
10 min at 4˚C. STC1 concentration was measured using an 
Epoch Microplate Spectrophotometer (BioTek Instruments, 
Inc.) according to the manufacturer's protocol.

IHC analysis. For the IHC analysis of resected tumor tissues, 
a ready‑to‑use IHC/ICC kit (cat. no. K405‑50; BioVision Inc.) 
was used according to the manufacturer's protocol. Briefly, 
tumor tissues were fixed with 3.7% paraformaldehyde for 24 h 
at 25˚C and embedded in paraffin. The paraffin‑embedded 
tumor tissue sections (5 µm) were then deparaffinized with 
xylene, rehydrated gradually in ethanol and microwaved for 
antigen retrieval in Antigen Retrieval Buffer (cat. no. ab93678; 
Abcam). Endogenous peroxidase activity was blocked in 3% 
hydrogen peroxide for 30 min at 25˚C and sections were then 
incubated with blocking buffer (BioVision, Inc.) for 15 min 
at 25˚C. Thereafter, the slides were washed with PBS and 
incubated with specific primary antibodies overnight at 4˚C. 

The following primary antibodies were used: Anti‑STC1 
(cat. no. LS‑B14899, 1:200; LifeSpan BioScience), anti‑PCNA 
(1:2,000), anti‑BCL‑2 (cat. no.  sc‑7382, 1:100; Santa Cruz 
Biotechnology, Inc.) and anti‑BAX (1:100). Next, the slides were 
incubated with horseradish peroxidase‑conjugated anti‑mouse 
or anti‑rabbit IgG polyclonal antibodies (cat. no. K405‑50‑4; 
BioVision Inc.) for 20 min at 25˚C, washed with PBS and were 
subsequently developed by staining with 3,3'‑diaminobenzi‑
dine for 10 min at 25˚C. For H&E staining, tumor or lung tissue 
was fixed with 3.7% paraformaldehyde for 24 h at 25˚C and 
embedded in paraffin. The paraffin‑embedded tumor or lung 
tissue sections (5 µm) were then deparaffinized with xylene and 
rehydrated gradually in ethanol. The sections were incubated 
with hematoxylin solution (cat. no. 03971; MilliporeSigma) for 
5 min, washed twice with distilled water, incubated with eosin 
solution (cat. no. 318906; MilliporeSigma) for 3 min, and then 
washed with ethanol. Images were captured using the ZEISS 
Axioscan 7 microscope in brightfield scanning mode (Zeiss 
GmbH).

Overall survival (OS) analysis. To examine the association 
between OS and miR‑606 or STC1 expression, survival 
analysis was performed using the K‑M plotter database (www.
kmplot.com; accessed on August 4, 2022) (16). The parameters 
were set in the Breast cancer miRNA database of the K‑M 
plotter program as follows: i) Select a dataset, TCGA; ii) gene 
symbol, hsa‑miR‑606; iii) divided patients by auto‑selecting 
the best cutoff; iv) survival, OS; v) molecular subtype, TNBC. 
The parameters were set in the Breast cancer mRNA data‑
base of the K‑M plotter program as follows: i) gene symbol, 
STC1; ii) divided patients by auto‑selecting the best cutoff; 
iii) survival, OS; iv) ER status, PR status, HER2 status, nega‑
tive; v) subtype, basal.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism Software 8 (Dotmatics). Comparisons 
between groups were evaluated using the one‑way analysis 
of variance with Tukey's post hoc test or unpaired Student's 
t‑test. Data are presented as the mean ± standard error of the 
mean. For in vitro analyses, experiments were performed in 
triplicate. P<0.05 was considered to indicate a statistically 
significant difference.

Results

miR‑606 induces the apoptosis of TNBC cells. The present 
study first investigated the miRNAs that could regulate breast 
cancer cell proliferation. The expression profiles of human 
miRNAs from a GEO dataset (GSE118782) revealed that 
miR‑606 was downregulated in the plasma of patients with 
breast cancer (Fig.  S1A). Furthermore, miR‑606 expres‑
sion levels were lower in TNBC cells (i.e., HS 578T, BT20, 
MDA‑MB‑231 and BT549) compared with those in normal 
breast cells or in cell lines of other breast cancer subtypes 
(i.e., MCF10A, T47D, SK‑BR‑3 and MCF7) (Fig. S1B). To 
determine the functional roles of miR‑606 in tumor growth 
inhibition, the TNBC cell lines MDA‑MB‑231 and BT549 
with the lowest miR‑606 expression (Fig. S1B) were trans‑
fected with miR‑606 mimics. Transfection efficacy was 
confirmed using RT‑qPCR analysis, which showed that 
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miR‑606 expression levels were significantly increased after 
transfection for 48 h compared with after transfection for 
0 h with miR‑606 mimics (Fig. S2). In addition, as shown 
in Fig. 1A, the expression levels of miR‑606 were signifi‑
cantly increased in cells transfected with miR‑606 mimics 
compared with in those transfected with the control miRNA 
for 48 h. The proliferation‑inhibiting activity of miR‑606 was 
confirmed by counting the number of cells at different time 
points post‑transfection; miR‑606 overexpression signifi‑
cantly suppressed the proliferation of MDA‑MB‑231 and 
BT549 cells (Fig. 1B). Colony formation was also reduced 
following miR‑606 mimics transfection (Fig. 1C). Moreover, 
transfection with miR‑606 mimics significantly induced the 
early  +  late apoptosis of MDA‑MB‑231 and BT549 cells 
(Fig. 1D), and miR‑606‑induced apoptosis was accompanied 
by an increase in the expression levels of cleaved‑PARP, 
BAX and cleaved‑caspase 3, and a decrease in the expres‑
sion levels of the proliferative protein PCNA (Fig. 1E). To 

investigate the effect of anti‑miR‑606 on MDA‑MB‑231 and 
BT549 TNBC cell lines, RT‑qPCR analysis was performed 
post‑transfection. The results revealed a significant reduction 
in miR‑606 expression levels after anti‑miR‑606 transfection 
(Fig. 1F). By contrast, anti‑miR‑606 significantly inhibited 
the expression levels of apoptosis markers and induced the 
expression of the proliferation marker in MDA‑MB‑231 and 
BT549 cells (Fig. 1F). Collectively, these results suggested 
that miR‑606 induces TNBC cell apoptosis.

miR‑606 suppresses the sphere formation, migration and 
invasion of TNBC cells. Subsequently, the effects of miR‑606 
on various tumorigenesis‑associated characteristics of 
TNBC cells were evaluated. It was first determined whether 
miR‑606 inf luenced the preservation of the CSC‑like 
phenotype of TNBC cells. To enrich CSC‑like cells, the 
cells were cultured under serum‑free conditions, and the 
self‑renewal capacity of TNBC cells was investigated. The 

Figure 1. miR‑606 induces the apoptosis of TNBC cells. (A) RT‑qPCR analysis of miR‑606 expression levels in TNBC cells transfected with miR‑606 mimics. 
(B) Number of miR‑606 mimics‑transfected TNBC cells per well (in 6‑well plates) at the indicated times. (C) Representative images of colony formation and 
relative number of colonies of TNBC cells transfected with miR‑606 mimics. (D) Analysis of apoptotic TNBC cells transfected with miR‑606 mimics using 
Annexin V/PI staining. (E) Western blot analysis of the relative expression levels of proteins related to the proliferation and apoptosis of TNBC cells trans‑
fected with miR‑606 mimics. (F) RT‑qPCR analysis of miR‑606 expression levels in TNBC cells transfected with anti‑miR‑606. (G) Western blot analysis 
of the relative expression levels of proteins related to the proliferation and apoptosis of TNBC cells transfected with anti‑miR‑606. Data are presented as the 
mean ± SEM and were analyzed using Student's t‑test. *P<0.05, **P<0.005 and ***P<0.001. TNBC, triple‑negative breast cancer; Cont, control; miR, microRNA; 
PARP, poly ADP ribose polymerase; PCNA, proliferating cell nuclear antigen; RT‑qPCR, reverse transcription‑quantitative PCR.
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Figure 2. miR‑606 inhibits the tumorigenic characteristics of TNBC cells. (A) Representative image of the sphere‑forming ability of TNBC cells. The 
diameter and number of spheres were measured 4 days post‑transfection. (B) Wound healing analysis of TNBC cells transfected with miR‑606 mimics. The 
wound area was measured at 0, 24 and 48 h after scratching using ImageJ. Representative images of the Transwell (C) migration and (D) invasion assays. 
Western blot analysis of the expression levels of mesenchymal and epithelial cell marker proteins in TNBC cells transfected with (E) miR‑606 mimics and 
(F) anti‑miR‑606. Data are presented as the mean ± SEM and were analyzed using Student's t‑test. *P<0.05, **P<0.005 and ***P<0.001. TNBC, triple‑negative 
breast cancer. Cont, control; miR, microRNA.
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tumor sphere‑forming ability of MDA‑MB‑231 and BT549 
cells in CSC‑like cell growth medium was estimated 4 days 
after transfection with miR‑606 mimics or control miRNA. It 
was observed that the size and number of tumor spheres were 
significantly decreased in cells transfected with miR‑606 
mimics (Fig. 2A).

Aggressive and metastatic cancer cells are character‑
ized by enhanced cell migration and invasion. Therefore, 
wound healing assay, Transwell assay and western blotting 
were performed to determine the effects of miR‑606 on the 
migratory and invasive abilities of TNBC cells. The results 

showed that transfection with miR‑606 mimics significantly 
suppressed wound healing in MDA‑MB‑231 and BT549 
cells (Fig.  2B). Furthermore, transfection with miR‑606 
mimics significantly decreased the migratory and invasive 
abilities of MDA‑MB‑231 and BT549 cells (Fig. 2C and D). 
Moreover, in the miR‑606 mimics‑transfected cells, the 
expression levels of the mesenchymal cell markers fibro‑
nectin and N‑cadherin were downregulated, whereas those 
of the epithelial cell marker E‑cadherin were upregulated 
(Fig.  2E). By contrast, in the anti‑miR‑606‑transfected 
cells, the expression levels of mesenchymal cell markers 

Figure 3. STC1 is a direct target gene of miR‑606. (A) Venn diagram of the putative target genes of miR‑606, determined using three miRNA target predic‑
tion programs. (B) Reverse transcription‑quantitative PCR analysis of the relative expression levels of three putative target genes (ACVR1, DCLRE1A and 
STC1) in TNBC cells transfected with miR‑606 mimics. (C) Western blot analysis of the protein expression levels of two putative target genes (DCLRE1A 
and STC1) in TNBC cells transfected with miR‑606 mimics. (D) Secreted protein levels of STC1 in the supernatant of TNBC cells transfected with miR‑606 
mimics. (E) Protein expression levels of the target gene, STC1, in TNBC cells transfected with anti‑miR‑606. (F) Construction of the vector containing 
four putative miR‑606 binding sites in the human STC1 3'‑UTR. (G) Luciferase activity of TNBC cells co‑transfected with the four indicated STC1 3'‑UTR 
vectors and miR‑606 mimics. Luciferase activity was measured 48 h post‑co‑transfection. Data are presented as the mean ± SEM. Data were analyzed using 
(B and D) Student's t‑test and (G) one‑way ANOVA. *P<0.05, **P<0.005 and ***P<0.001. TNBC, triple‑negative breast cancer; ACVR1, activin A receptor, 
type 1; DCLRE1A, DNA cross‑link repair 1A; STC1, Stanniocalcin 1; Cont, control; miR, microRNA.
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were increased and those of the epithelial cell marker were 
decreased (Fig. 2F). Taken together, these results indicated 
that miR‑606 may inhibit the tumorigenesis‑associated 
characteristics of TNBC cells.

miR‑606 directly targets STC1. The miRNA target prediction 
algorithms miRDB, TargetScan and DIANA were used to 
predict the target genes of miR‑606; several candidate targets 
were identified (Fig. 3A). Three common genes were predicted 
by all three algorithms: ACVR1, DCLRE1A and STC1. 
Therefore, the mRNA and protein expression levels of these 
three target candidates were evaluated after miR‑606 mimics 
transfection in MDA‑MB‑231 and BT549 cells. In both cell 
lines, the mRNA expression levels of DCLRE1A and STC1 
were significantly downregulated in miR‑606 mimics‑trans‑
fected cells; however, the mRNA expression levels of 
ACVR1 were not significantly downregulated in miR‑606 

mimics‑transfected MDA‑MB‑231 cells (Fig. 3B). Moreover, 
in both cell lines, the protein expression levels of STC1 were 
markedly reduced by miR‑606 overexpression, whereas those 
of DCLRE1A were not altered (Fig. 3C). Additionally, it was 
revealed that the expression levels of STC1 were higher in 
TNBC cells compared with those in normal breast cells or 
in cell lines of other breast cancer subtypes (Fig. S3A), and 
the mRNA expression levels of STC1 were downregulated or 
upregulated in TNBC cell lines following miR‑606 mimics 
or anti‑miR‑606 transfection, respectively (Fig. S3B and C). 
Similarly, the secreted STC1 protein levels in the supernatants 
of miR‑606 mimics‑transfected MDA‑MB‑231 and BT549 
cells were significantly reduced compared with those in the 
supernatant of control miRNA‑transfected MDA‑MB‑231 and 
BT549 cells (Fig. 3D). Furthermore, the protein expression 
levels of STC1 were increased in anti‑miR‑606‑transfected 
MDA‑MB‑231 and BT549 cells (Fig. 3E). Therefore, STC1 

Figure 4. miR‑606 suppresses tumor growth and metastasis in vivo. (A) Xenograft model tumor growth rate after injection at the indicated time point (red 
arrow) with miR‑606 mimics complex. (B) Images of the resected tumor tissue of the xenograft model transfected with miR‑606 mimics. (C) Comparison of 
tumor weight after resection. (D) Reverse transcription‑quantitative PCR analysis of the relative miR‑606 expression levels in resected tumor tissues trans‑
fected with miR‑606 mimics. (E) Immunohistochemical analysis of tumor tissues transfected with miR‑606 mimics. (F) Images of the resected lungs of mice 
injected with MDA‑MB‑231 transfected with miR‑606 mimics. (G) Comparison of the nodule number in resected lung tissues injected with MDA‑MB‑231 
cells transfected with miR‑606 mimics. (H) H&E staining of resected lung tissues injected with MDA‑MB‑231 cells transfected with miR‑606 mimics. 
Data are presented as the mean ± SEM and were analyzed using Student's t‑test. **P<0.005 and ***P<0.001. H&E, hematoxylin and eosin; Cont, control; miR, 
microRNA; PCNA, proliferating cell nuclear antigen; STC1, Stanniocalcin 1.
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was further investigated using a reporter assay to deter‑
mine whether it is a direct target of miR‑606. Four putative 
miR‑606‑binding sites, complementary to the seed region of 
miR‑606, were identified in the 3'‑UTR of STC1. Therefore, 
the putative miR‑606‑binding sequence was cloned into 
a modified pGL3 reporter vector, pGL3UC (Fig.  3F), 
and the luciferase reporter activity was measured 48  h 
post‑co‑transfection of MDA‑MB‑231 and BT549 cells with 
the reporter construct and miR‑606 mimics. Co‑transfection 
with miR‑606 mimics and STC1 3'UTR‑1 or ‑4 significantly 
reduced the relative luciferase activity compared with that in 
cells transfected with miR‑606 mimics and empty pGL3UC 
vector (Fig. 3G). Collectively, these results indicated that 
STC1 is a direct target of miR‑606.

miR‑606 inhibits tumor growth and metastasis in a mouse 
xenograft model and a mouse model of lung metastasis. To 
confirm the tumor‑suppressive effects of miR‑606 in vivo, 
the changes in xenograft tumor volume were investigated 
after miR‑606 mimics transfection. Tumors established using 
MDA‑MB‑231 cells were injected with miR‑606 mimics or 
control miRNA alongside an in vivo transfection reagent. The 
results revealed that the tumor growth rate was significantly 
suppressed in mice injected with miR‑606 mimics compared 
with that in mice injected with control miRNA (Fig. 4A). 
Additionally, the endpoint tumor weights of miR‑606 
mimics‑injected mice were significantly lower than those of 
control miRNA‑injected mice (Fig. 4B and C). The expression 
levels of miR‑606 were also increased in the dissected tumors 
of mice injected with miR‑606 mimics (Fig. 4D). Moreover, 
IHC analysis and hematoxylin and eosin staining revealed 
that intratumoral injections of miR‑606 mimics decreased the 
number of tumor cells and the expression levels of the target 
proteins STC1, PCNA and BCL‑2, but increased BAX expres‑
sion (Fig. 4E).

To determine whether miR‑606 inhibits metastasis in vivo, 
the number of metastatic lung nodules was detected following 
tail vein injection of breast cancer cell lines in a mouse 
model. Mouse models of lung metastasis were established by 
injecting control miRNA‑ or miR‑606 mimics‑transfected 
MDA‑MB‑231 cells into the tail veins of mice whose lungs 
were resected after 6 weeks. After lung resection, the number of 
metastatic nodules in the lungs of mice injected with miR‑606 
mimics‑transfected MDA‑MB‑231 cells were significantly 
decreased compared with that in the lungs of mice injected 
with control miRNA‑transfected MDA‑MB‑231 cells (Fig. 4F 
and G). In addition, hematoxylin and eosin staining revealed a 
reduction in metastatic loci in the lungs of mice injected with 
miR‑606 mimics‑transfected MDA‑MB‑231 cells (Fig. 4H). 
Taken together, these results indicated that miR‑606 functions 
as a tumor and metastasis suppressor in vivo.

miR‑606 and STC1 expression levels are associated with the 
OS of patients with TNBC. To identify the association between 
miR‑606 and the OS of patients with TNBC, the expression profiles 
of 97 patients with breast cancer were analyzed from TCGA data‑
base using the K‑M plotter tool. The patients were divided into 
high‑ and low‑miR‑606 expression groups, comprising 60 and 
37 patients, respectively. Kaplan‑Meier survival analysis revealed 
that patients with low miR‑606 expression had a significantly 
lower OS than those with high miR‑606 expression (Fig. 5A).

Furthermore, to determine the association between STC1 
and the OS of  patients with TNBC, the STC1 expression 
profiles of 132 patients with breast cancer were analyzed 
from TCGA database using the K‑M plotter tool. The patients 
were divided into high‑ and low‑STC1 expression groups, 
comprising 90 and 42 patients, respectively. Kaplan‑Meier 
survival analysis revealed that patients with high STC1 expres‑
sion had a significantly lower OS than those with low STC1 
expression (Fig. 5B). Collectively, these results suggested that 

Figure 5. miR‑606 and STC1 expression are associated with the OS of patients with breast cancer. Kaplan‑Meier analysis of the association between (A) OS and 
miR‑606 expression, and between (B) OS and STC1 expression in patients with breast cancer. OS, overall survival; STC1, Stanniocalcin 1; miR‑microRNA.
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miR‑606 and STC1 may act as prognostic indicators of the OS 
of patients with TNBC.

Discussion

TNBC is an aggressive subtype of breast cancer with a high 
rate of recurrence and distant metastasis (17). Owing to the 
absence of ER, PR and HER2 in TNBC, currently available 
hormones or targeted therapies are ineffective in treating 
TNBC  (18). Therefore, new prognostic and therapeutic 
biomarkers are urgently needed for the treatment of TNBC. 
Notably, miRNA‑based therapeutics have emerged as a 
novel strategy for cancer treatment, since miRNAs regulate 
pathways associated with tumor progression and migration, 
and their dysregulation has been linked to various types of 
cancer (19,20). The potential of miRNAs as novel biomarkers 
has been demonstrated in various cancers, including breast 
cancer  (21). However, the functions of several miRNAs, 
including the novel miR‑606, remain unknown. In the present 
study, miR‑606 was identified as a potential tumor suppressor 
in TNBC and STC1 was revealed to be a direct target gene of 
miR‑606.

STC1, which was first identified in bony fish, is a 56‑kDa 
disulfide‑bound glycoprotein hormone involved in plasma 
calcium and phosphate homeostasis (7). Mammalian STC1 is 
expressed in various tissues (18) and is involved in biological 
processes, including mesenchymal‑epithelial transition, intra‑
membranous and endochondral bone formation, and metabolic 
rate, other than calcium and phosphate homeostasis (22‑24). 
The expression of STC‑1 is altered during various develop‑
mental, physiological and pathological processes, including 
pregnancy, lactation, angiogenesis and apoptosis  (25‑27). 
In addition, several studies have reported the relationship 
between STC1 and various types of cancer. For example, 
STC1 overexpression has been shown to induce apoptosis in 
cervical cancer (23) and to mediate metastasis in colorectal 
cancer (28,29). Moreover, in hepatocellular carcinoma, higher 
STC1 expression has been associated with smaller tumor 
size (30).

The role of STC1 in breast cancer is complex and 
multifaceted  (31). STC1 is associated with invasion 
and metastasis in TNBC cells, and high STC1 expres‑
sion is associated with poor prognosis in  patients with 
TNBC (10,32). Additionally, STC1 has been implicated in 
breast cancer chemoresistance (31). By contrast, in hormone 
receptor‑positive breast cancer, high STC1 expression levels 
have been reported to be associated with a favorable prog‑
nosis (33). Moreover, high STC1 expression is associated 
with a relatively favorable prognosis in the early postopera‑
tive period, but is associated with an increased risk of breast 
cancer relapse in later stages (34). An association between 
STC1 and tumor suppression has also been established in 
other studies. For example, STC1 has been shown to be 
associated with BRCA1, a tumor suppressor gene in breast 
cancer (24). Additionally, STC1 can influence components 
of the tumor microenvironment, such as cancer‑associated 
fibroblasts (35).

In the present study, miR‑606 was identified as a miRNA 
with tumor‑suppressive properties in TNBC. The results of 
the present study demonstrated that miR‑606 could effectively 

target and inhibit the activity of the STC1 gene, thus exhibiting 
anticancer effects both in vitro and in vivo. Furthermore, to 
validate the findings of the current study, an analysis was 
conducted using publicly available databases. This analysis 
confirmed that in patients with TNBC elevated STC1 expres‑
sion levels and reduced miR‑606 levels resulted in shorter OS 
rates. Notably, the present clinical analysis had a limitation, as 
it did not explore inverse relationship between miR‑606 and 
STC1 within the same group of patients.

In conclusion, the findings of the present study revealed 
that miR‑606 may inhibit TNBC cell proliferation, stem 
cell‑like ability, migration and invasion by targeting STC1. 
Consequently, it could act as a tumor and metastasis suppressor, 
suggesting its potential in the development of anticancer 
miRNA therapeutics, particularly for TNBC.
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