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Abstract. Osteolytic bone metastasis leads to skeletal‑related 
events, resulting in a decline in the patient activities 
and survival; therefore, it is important to understand the 
mechanism underlying bone metastasis. Recent studies have 
suggested that microRNAs (miRNAs or miRs) are involved 
in osteoclast differentiation and/or osteolytic bone metastasis; 
however, the roles of miRNAs have not been elucidated. In the 
present study, the roles of miRNAs in bone destruction caused 
by breast cancer metastasis were investigated in vitro and 
in vivo. miR‑16, miR‑133a and miR‑223 were transfected into 
a human breast cancer cell line, MDA‑MB‑231. The expres‑
sion of osteolytic factors in conditioned medium (miR‑CM) 
collected from the culture of transfected cells was assessed. 
To evaluate the effects of miRNAs on osteoclast differentia‑
tion and activities, tartrate‑resistant acid phosphatase (TRAP) 
staining and bone resorptive assays were performed in 
osteoclasts following miR‑CM treatment. To create in vivo 
bone metastasis models for histological and morphometric 
evaluation, miRNA‑transfected MDA‑MB‑231 cells were 
transplanted into the proximal tibia of nude mice. Expression 
of osteolytic factors, including receptor activator for nuclear 
factor‑κB ligand (RANKL), interleukin (IL)‑1β, IL‑6, para‑
thyroid hormone‑related protein (PTHrP), and tumor necrosis 
factor (TNF), was increased in miR‑16‑CM, whereas it was 
decreased in both miR‑133a‑CM and miR‑223‑CM. TRAP 
staining and bone resorptive assays revealed that osteoclast 

function and activities were promoted by miR‑16‑CM treat‑
ment, whereas they were suppressed by miR‑133a‑CM and 
miR‑223‑CM. Consistent with in vitro findings, in vivo experi‑
ments revealed that the overexpression of miR‑16 increased 
osteoclast activities and bone destruction in MDA‑MB‑231 
cells, whereas the opposite results were observed in both 
miR‑133a‑ and miR‑223‑transfected MDA‑MB‑231 cells. Our 
results indicated that miR‑16 promoted osteoclast activities 
and bone destruction caused by breast cancer metastasis in 
the bone microenvironment, whereas miR‑133a and miR‑223 
suppressed them. These miRNAs could be potential biomarkers 
and therapeutic targets for breast cancer bone metastasis.

Introduction

Breast cancer is one of the most common cancers and the 
leading cause of cancer‑related deaths among women world‑
wide. It is estimated that there were 1.7 million breast cancer 
cases and 520,000 breast cancer‑related deaths in 2012. Breast 
cancer accounts for 25% of all cancer cases and for 15% of all 
cancer deaths among women (1). In recent years, significant 
advances in early diagnosis and effective treatments for the 
disease have been achieved resulting in improved overall 
survival of breast cancer patients. However, metastasis repre‑
sents a large obstacle to reduce the mortality rate in breast 
cancer and remains the primary cause of breast cancer‑related 
mortalities  (2). Bone is the most common site for breast 
cancer metastasis (3). It has been reported that 50‑60% of 
metastatic breast cancer patients develop bone metastases in 
the advanced stage of breast cancer (4); 5‑6% of all breast 
cancer patients exhibit bone metastases at diagnosis (5). Bone 
metastasis remains incurable and causes skeletal‑related 
events, such as pain, hypercalcemia, pathological fracture, 
and spinal cord compression, which lead to the poor quality 
of life and/or activities of the patients (6). It has also been 
revealed that breast cancer patients with complications due to 
bone metastasis have shorter median survival time than that of 
patients without bone complications (7). Thus, understanding 
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the mechanism underlying bone metastasis is crucial to treat 
it in its early stages.

Breast cancer cells themselves are not capable of carrying 
out the highly specialized function of bone resorption (8). The 
formation of bony osteolytic lesions by solid tumor metas‑
tasis mainly depends on the activation of osteoclasts (9,10). 
Osteoclastogenesis is regulated by exogenous hormones, 
cytokines, and various transcriptional factors. It is known that 
cancer cells are capable of promoting osteoclast differentiation, 
function, and activities (8,11). Breast cancer cells have been 
reported to secrete various factors that act on pre‑osteoclasts, 
osteoblasts, and bone stromal cells, which stimulate the differ‑
entiation of mature osteoclasts (11,12). Hussein et al reported 
that the macrophage colony‑stimulating factor and the phos‑
pholipase C‑γ produced by metastatic breast cancer cells could 
prolong osteoclast survival and block the apoptotic effect of 
bisphosphonates (13).

MicroRNAs (miRNAs or miRs) are small, non‑coding 
RNAs that regulate gene expression by translational inhibition 
and degradation of mRNAs (14,15). They have been recog‑
nized to play important roles in various biological processes, 
including cell differentiation, proliferation, apoptosis, and 
tumorigenesis  (14,15). Therefore, miRNAs are considered 
to have significant clinical potential; for example, they may 
be used as new therapeutic targets and disease‑specific 
biomarkers (16). Previous studies have also suggested that 
several miRNAs could play important roles in the progression 
of breast cancer, and bone metastasis with osteoclast differen‑
tiation and/or function (17,18). Ell et al reported that miR‑16 
levels are higher in the serum of patients with breast cancer 
bone metastasis than that in healthy donors (17). In addition, 
in the case of breast cancer with bone metastasis, miR‑16 
levels were increased in osteoclast differentiation and bone 
metastasis (18). Conversely, there are several studies that have 
reported that miR‑133a and miR‑223 may act as suppressors 
not only in breast cancer progression but also in bone destruc‑
tion (14,17‑19). It has been reported that miR‑133a acts as a 
tumor suppressor in breast cancer by targeting LIM and SH3 
domain protein 1 (LASP1) (19), and that the ectopic expression 
of miR‑133a may inhibit osteoclast differentiation and bone 
resorption (17). Other studies indicated that miR‑223 reduces 
tumor growth in breast cancer (20), and plays essential roles 
during osteoclast differentiation (21,22). However, there is no 
detailed study in which the roles of miRNAs in osteoclastic 
bone destruction caused by breast cancer bone metastasis have 
been revealed. Based on this background, it was hypothesized 
that miR‑16, miR‑133a and miR‑223 could regulate osteoclast 
differentiation, function, and/or activities in breast cancer bone 
metastasis, thereby controlling metastatic bone destruction. 
In the present study, to investigate the roles of these miRNAs 
in bone destruction caused by breast cancer metastasis, their 
effects on the expression of osteolytic factors and osteoclast 
activity were examined in vitro, and on bone destruction in vivo.

Materials and methods

Cell culture. A human‑derived breast cancer cell line, 
MDA‑MB‑231 (HTB‑26), and a mouse macrophage cell 
line, RAW264.7 (TIB‑71), both obtained from the American 
Type Culture Collection (ATCC), were used in the present 

study. The RAW 264.7 cells are known as preosteoclast cells, 
which readily differentiate into osteoclasts upon exposure to 
receptor activator for nuclear factor‑κB ligand (RANKL) (23). 
Cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 
100 U/ml penicillin and 100 µg/ml streptomycin (all from 
Sigma‑Aldrich; Merck KGaA), and maintained in a humidi‑
fied atmosphere with 5% CO2 at 37˚C.

Transfection of MDA‑MB‑231 cells with miRNAs and 
collection of conditioned medium. MDA‑MB‑231 cells 
(3x105 cells/well) were seeded into 6‑well plates on the day 
before transfection. miRNA‑expressing plasmid (2 µg) was 
mixed with 4 µl of ViaFect (Promega Corporation) in 200 µl 
of serum‑free DMEM, and incubated at room tempera‑
ture for 15 min according to the manufacturer's protocol. 
Then, the mixture was added to the MDA‑MB‑231 cells 
and incubated at 37˚C. Following incubation for 24 h, gene 
transfection efficiency was confirmed by observing GFP 
expression under a fluorescence microscope (BZ-X700 
microscope and BZ-X Viewer; Keyence Corporation) 
(Fig. S1), and culture medium was collected, filtered through 
a 0.22‑µm filter, and used as the miRNA‑transfected condi‑
tioned medium (miR‑16‑CM, miR‑133a‑CM, miR‑223‑CM 
and GFP‑CM). The miRNA‑expressing plasmids used were: 
pcDNA3‑pri‑miR‑16‑1 (cat. no. 51382), pcDNA3.2 mir‑1‑1 
reporter hsa‑mir‑133a‑1 (cat. no.  46676), pcDNA3.2/V5 
mmu‑mir‑223 (cat. no.  26334), and pCDNA3‑GFP as the 
control (cat. no. 74165; all from Addgene, Inc.).

Expression of osteoclast differentiation markers and osteo‑
lytic factors in miR‑CM. To evaluate the effect of miRNA 
transfection on the expression of osteoclast differentiation 
markers and osteolytic factors in MDA‑MB‑231 cells, total 
RNA was extracted from miRNA‑transfected cells and each 
CM using the Total Exosome RNA and Protein Isolation 
Kit (cat. no. 4478545; Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. Subsequently, 
cDNA was synthesized using the MystiCq microRNA cDNA 
Synthesis Mix (product no. MIRRT‑100RXN; Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's protocol. The 
expression of each transfected miRNA (miR‑16, miR‑133a and 
miR‑223) in the cells, and osteoclast differentiation markers 
and osteolytic factors including RANKL, interleukin (IL)‑1β, 
IL‑6, parathyroid hormone‑related protein  (PTHrP), and 
tumor necrosis factor (TNF), in each miR‑CM were examined 
by reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) (Fig. 1).

Effect of miR‑CM on osteoclast differentiation in RAW264.7 
preosteoclasts in vitro. RAW264.7 cells (8x104 cells/well) 
were seeded in 12‑well plates, and after 24 h, the medium 
was replaced with medium containing 10% of each miR‑CM 
or 100 ng/ml of recombinant RANKL (PeproTech EC, Ltd.) 
as a positive control. Subsequently, 3 days after miR‑CM or 
RANKL treatment, total RNA was isolated from RAW264.7 
cells using the RNeasy mini kit (cat. no. 74104; Qiagen, Inc.) 
and cDNA synthesis was performed using the High‑capacity 
cDNA Transcription kit (cat. no. 4368814; Applied Biosystems; 
Thermo Fisher Scientific, Inc.), according to the manufacturers' 
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protocol. Thereafter, mRNA expression of osteoclast differen‑
tiation markers, including nuclear factor of activated T‑cells, 
cytoplasmic  1  (NFATc1), osteoclast‑associated receptor 
(OSCAR), β3‑integrin, cathepsin‑K, and tartrate‑resistant 
acid phosphatase (TRAP), in the cells was assessed by 
RT‑qPCR (Fig. 1).

RT‑qPCR. RT‑qPCR reactions were performed in 20 µl reac‑
tion mixture volumes using the SYBR‑Green master mix 
reagent (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
on the ABI Prism 7500 sequence‑detection system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). qPCR conditions 
were as follows: one cycle at 95˚C for 10 min, followed by 
40 cycles at 95˚C for 15 sec and 60˚C for 1 min. Forward 
primers for each miRNA (MystiCq microRNA qPCR Assay 
Primer) were purchased from Sigma‑Aldrich; Merck KGaA, 
and MystiCq Universal PCR Primer (product no. MIRUP; 
Sigma‑Aldrich; Merck KGaA) was used as a reverse primer 

for the RT‑qPCR reactions. Pre‑designed primers specific 
for RANKL, IL‑1β, IL‑6, PTHrP, TNF, NFATc1, OSCAR, 
β3‑integrin, cathepsin‑K and TRAP were obtained from 
Invitrogen; Thermo Fisher Scientific, Inc. Primer sequences are 
listed in Table I. The obtained values were normalized to those 
for SNORD43 (product no. MIRCP00004; Sigma‑Aldrich; 
Merck KGaA) for miRNA and β‑actin for other genes, and 
expression levels were quantified using the 2‑∆∆Cq method (24).

In vitro effects of miR‑CM on osteoclast activity and func‑
tion. In vitro effects of miR‑CM on osteoclast activity and 
function in osteoclasts derived from RAW264.7 cells were 
evaluated (Fig. 1). To generate osteoclasts, RAW264.7 cells 
were cultured in medium containing 100 ng/ml of RANKL 
at 37˚C for 4 days, and osteoclast formation was confirmed 
by the presence of TRAP‑positive osteoclasts with three or 
more nuclei under a light microscope. Following confirma‑
tion of osteoclast formation, the medium was replaced with 

Table I. Primer sequences used for reverse transcription-quantitative PCR.

Primer name	 Sequence (5'→3')

miR-16 (MIRAP00030)	 F:	 CCA GUA UUA ACU GUG CUG CUGA 
miR-133a (MIRAP00155)	 F:	 UUU GGU CCC CUU CAA CCA GCUG
miR-223 (MIRAP00282)	 F:	 CGU GUA UUU GAC AAG CUG AGUU
SNORD43 (MIRCP00004)	 F:	 CAC AGA UGA UGA ACU UAU UGA CGG GCG GAC AGA 
		  AAC UGU GUG CUG AUU GUC ACG UUC UGA UU
RANKL	 F:	 CCC AGA TCA AGG TGG TGT CT
	 R:	 TGC TGA CCA ATG AGA GCA TC
IL-1β	 F:	 GGA CAA GCT GAG GAA GAT GC
	 R:	 TCG TTA TCC CAT GTG TCG AA
IL-6	 F:	 AAA GAG GCA CTG GCA GAA AA
	 R:	 TTT CAC CAG GCA AGT CTC CT
PTHrP	 F:	 CAT CAG CTC CTC CAT GAC AA
	 R:	 TCA GCT GTG TGG ATT TCT GC
TNF	 F:	 CCT GTG AGG AGG ACG AAC AT
	 R:	 GGT TGA GGG TGT CTG AAG GA
NFATc1	 F:	 GAA GCA AAG ACT GAC CGG GA
	 R:	 ATC CTC TGG TTG CGG AAA GG
OSCAR	 F:	 GAG CTC TGC CTT TGA TGG TC
	 R:	 CAA GGA TCC CAG CTT CTC TG
β3-integrin	 F:	 GAA AGG CCA GTC AGA ACT GC
	 R:	 TGT GGC CTC CCA GAT TAA AG
Cathepsin-K	 F:	 TTC TCC TCT CGT TGG TGC TT
	 R:	 AAA AAT GCC CTG TTG TGT CC
TRAP	 F:	 GAT GAC TTT GCC AGT CAG CA
	 R:	 AAC TGC TTT TTG AGC CAG GA
β-actin	 F:	 GAT GAG ATT GGC ATG GCT TT
	 R:	 CAC CTT CAC CGT TCC AGT TT

RANKL, receptor activator for nuclear factor-κB ligand; IL, interleukin; PTHrP, parathyroid hormone-related protein; TNF, tumor necrosis 
factor; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1; OSCAR, osteoclast-associated receptor; TRAP, tartrate-resistant acid phos‑
phatase; F, forward; R, reverse.
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medium containing 10% of miR‑CM or 100 ng/ml RANKL 
(positive control). TRAP staining was performed after 2 days 
of miR‑CM or RANKL treatment using the standard naphthol 
AS‑BI phosphate post‑coupling method (25). Briefly, the cells 
were fixed in 3.6% PBS‑buffered formalin for 5 min at room 
temperature, then incubated at 37˚C in sodium acetate buffer 
(pH 5.0) containing 0.01% naphthol AS‑BI phosphate, 0.5 M 
L‑(+)‑tartaric acid, and 0.05 M pararosaniline chloride for 
20 min, and finally counterstained with hematoxylin at room 
temperature for 2 min. The number of TRAP‑positive multi‑
nucleated cells containing three or more nuclei were counted 
as osteoclasts per three random fields under a light microscope.

Osteoclast function was assessed using bone resorptive 
assays. RAW264.7 cells (1x104  cells/well) were plated on 
dentin slices (FUJIFILM Wako Pure Chemical Corporation) 
in 48‑well plates. Following confirmation of osteoclast forma‑
tion after 4 days of 100 ng/ml RANKL treatment, the medium 
was replaced with medium containing 10% of miR‑CM or 
100 ng/ml RANKL and refreshed every 2 days. Subsequently, 
after 4 days of incubation with miR‑CM or RANKL at 37˚C, 
cells were detached from the dentine slices by sonication for 
5 min in 0.5 M NH4OH (FUJIFILM Wako Pure Chemical 
Corporation). The slices were stained with 1% toluidine blue 
(Muto Pure Chemicals Co., Ltd.) at room temperature for 1 
min to visualize resorption pits. The area of the resorption pits 
was measured in three random fields using a light microscope. 
All morphometric studies were performed by two examiners 
blinded to treatment conditions.

Animal models. Female 5‑week‑old BALB/c nude mice 
(18‑20 g) were purchased from CLEA Japan Inc. Animals 
were maintained under pathogen‑free conditions in accor‑
dance with institutional guidelines. All animal procedures 
were performed in accordance with the Japanese Physiological 
Society Guidelines for the Care and Use of Laboratory 
Animals, and the study protocol was approved by the 
Institutional Animal Care and Use Committee (approval 
no. P191207) and carried out according to the Kobe University 
Animal Experimentation Regulations (Kobe, Japan). Animals 
were fed pathogen‑free laboratory chow and were permitted 
free access to autoclaved water in an air‑conditioned room at 
25˚C and 50‑60% humidity with a 12‑h light/dark cycle. To 
create the in vivo bone metastasis model of breast cancer, 
24 mice were randomly divided into four groups with six mice 
per group: miR‑16, miR‑133a, miR‑223, and GFP (as control). 
Based on our previous pilot studies, it was determined that six 
samples would be required in each group to detect differences 
as calculated using G*power 3.1 when α was set at 0.05 and 
power was set at 0.9 (26). MDA‑MB‑231 cells transfected with 
miRNA (1x106 cells suspended in 10 µl PBS) were implanted 
intramedullary in the proximal epiphysis of the left tibia 
of 6‑week‑old mice (27,28). For surgical procedures, mice 
were anesthetized by intraperitoneal injection of 50 mg/kg 
pentobarbital sodium (Kyoritsu Seiyaku) for induction and 
isoflurane inhalation at a concentration of 2% for maintenance. 
At 4 weeks following cell transplantation, all mice were eutha‑
nized and their tibiae were removed. Humane endpoints were 
determined to be when the xenograft tumor reached >10% of 
the animal body weight, the tumor diameter was >20 mm, 
body weight loss >20% occurred due to tumor growth, and 

the signs of immobility, the inability to eat, ulceration, infec‑
tion, or necrosis were observed. All mice reached the study 
endpoint and were euthanized by cervical dislocation under 
anesthesia by intraperitoneal injection of 100 mg/kg pento‑
barbital sodium. Death was verified by the cessation of the 
heartbeat of the mice and the dilatation of their pupils.

Micro‑computed tomography (µCT) analysis. Quantitative 
analysis of the tibia was performed 4 weeks following cell 
transplantation using a µCT Scanner (R_mCT; Rigaku 
Mechatronics Co., Ltd.). The bone samples were scanned 
with parameter settings of tube voltage, 90 kV; tube current, 
160 µA; and FOV, 10 mm. For morphometric analyses of the 
bone samples, a region of interest (ROI) was set 1 mm below 
the growth plate with an offset of 200 µm from a reference 
slice. Bone volume/total volume (BV/TV) was assessed using 
an image analysis system (TRI/3D‑BON; RATOC System 
Engineering).

Hematoxylin and eosin (H&E) staining and TRAP staining. 
Tibia samples were fixed in 10% formalin at room temperature 
for 48 h, decalcified in 10% ethylenediaminetetraacetic acid for 
2 weeks, and then embedded in paraffin. Paraffin‑embedded 
tibia samples were sliced into 6‑µm thick sections. After 
deparaffinization and rehydration, the sections were stained 
with hematoxylin for 5 min followed by rinsing in distilled 
water. Then, the sections were stained with eosin for 2 min 
followed by dehydration with graded alcohol and clearing in 
xylene. All procedures were performed at room temperature. 
Sections were evaluated using a light microscope to confirm 
bone destruction and the presence of tumor cells.

For TRAP staining, paraffin‑embedded tibia sections were 
deparaffinized and incubated at 37˚C in sodium acetate buffer 
(pH 5.0) containing 0.01% naphthol AS‑BI phosphate and 0.5 M 
L‑(+)‑tartaric acid for 20 min. The sections were then incubated 
in the same buffer containing 0.05 M pararosaniline chloride 
at 37˚C for 20 min, followed by washing in distilled water. 
The sections were counterstained with hematoxylin at room 
temperature for 30 sec. The number of TRAP‑positive multi‑
nucleated cells containing three or more nuclei were counted 
as osteoclasts in three random fields under a light microscope.

Immunohistochemical staining. Tibia samples were fixed in 
10% formalin for 48 h, decalcified in 10% ethylenediaminetet‑
raacetic acid for 2 weeks, then embedded in paraffin and sliced 
into 6‑µm thick sections. Paraffin‑embedded tibia sections 
were deparaffinized, and treated with proteinase K (Dako; 
Agilent Technologies, Inc.) for 10 min and 3% H2O2 for 5 min 
at room temperature followed by overnight incubation at 4˚C 
with the following primary antibodies: anti‑RANKL rabbit 
polyclonal antibody (1:200; cat. no. 23408‑1‑AP), anti‑IL‑1β 
rabbit polyclonal antibody (1:200; cat. no.  16806‑1‑AP), 
anti‑IL‑6 mouse monoclonal antibody (1:200; cat. 
no. 66146‑1‑Ig), anti‑PTHrP rabbit polyclonal antibody (1:200; 
cat. no. 10817‑1‑AP), and anti‑TNF‑α mouse monoclonal anti‑
body (1:200; cat. no. 60291‑1‑Ig; all from ProteinTech Group, 
Inc.). Subsequently, the sections were incubated with horse‑
radish peroxidase‑conjugated labeled anti‑mouse antibody 
(1:200; cat. no. 424131; Histofine Simplestain Max PO(M); 
Nichirei Biosciences Inc.) or anti‑rabbit antibody (1:200; 
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cat. no. 424141; Histofine Simplestain Max PO(R); Nichirei 
Biosciences Inc.) for 30 min at room temperature, then treated 
with 3,3'‑diaminobenzidine tetrahydrochloride substrate chro‑
mogen (cat. no. 415171; Simplestain DAB Solution; Nichirei 
Biosciences Inc.) for 5 min, and counterstained with hema‑
toxylin for 1 min at room temperature. Immuno‑positive cells 
were counted in three random fields under a high‑power field. 
All morphometric studies were performed by two examiners 
blinded to treatment conditions.

Statistical analysis. All experiments were performed indepen‑
dently in triplicate, and statistically analyzed using a software 
package (GraphPad Prism version 5.02; GraphPad Software, 
Inc.). Values are presented as the mean ± standard error of 
the mean (SEM). Comparisons between two groups were 
performed using a paired Student's t‑test, and comparisons 
among multiple groups were performed using a one‑way 
analysis of variance (ANOVA) followed by post hoc testing 
with Tukey's procedure. P<0.05 was considered to indicate a 
statistically significant difference.

Results

mRNA expression of osteoclast differentiation and osteo‑
lytic factors is increased in miR‑16‑CM and decreased in 
miR‑133a‑CM and miR‑223‑CM. RT‑qPCR analyses revealed 
that the expression level of miR‑16, miR‑133a, or miR‑223 was 
significantly increased in the transfected MDA‑MB‑231 cells 
(P<0.05) (Fig. 2A). To examine the effect of miRNA transfection 
on bone destruction, the expression of osteoclast differentiation 
markers and osteolytic factors (RANKL, IL‑1β, IL‑6, PTHrP, 
and TNF) in the CM of miRNA‑transfected MDA‑MB‑231 cells 
was evaluated by RT‑qPCR analysis. The mRNA expression of 
RANKL, IL‑1β, PTHrP, and TNF was significantly increased in 

miR‑16‑CM compared with that in GFP‑CM (P<0.05) (Fig. 2B). 
The mRNA expression of these genes was significantly decreased 
in miR‑133a‑CM (P<0.05) compared with that in GFP‑CM. The 
expression was also decreased in miR‑223‑CM, and the decrease 
in RANKL, IL‑6, and PTHrP was significant compared with that 
in GFP‑CM (P<0.05) (Fig. 2B).

mRNA expression of osteoclast differentiation markers in 
RAW264.7 pre‑osteoclasts is increased by miR‑16‑CM treat‑
ment, but decreased by both miR‑133a‑CM and miR‑223‑CM 
treatments. To investigate the effects of miR‑CM on the osteoclast 
differentiation process, the expression of osteoclast differen‑
tiation markers was evaluated in miR‑CM‑treated RAW264.7 
cells. The mRNA expression levels of NFATc1, OSCAR, 
β3‑integrin, and cathepsin‑K were significantly increased 
by miR‑16‑CM treatment compared with that in the control 
(P<0.05) (Fig. 2C). The expression of β3‑integrin, cathepsin‑K, 
and TRAP in miR‑133a‑CM treated‑cells, and that of OSCAR, 
β3‑integrin, cathepsin‑K, and TRAP in miR‑223‑CM‑treated 
cells was significantly decreased compared with the respective 
levels in the control (P<0.05) (Fig. 2C).

Osteoclast formation and activities are promoted by 
miR‑16‑CM treatment, but suppressed by both miR‑133a‑CM 
and miR‑223‑CM treatments. The effect of miR‑CM treat‑
ment on osteoclast formation was evaluated by TRAP staining 
of miR‑CM‑treated osteoclasts. The number of TRAP‑positive 
multinucleated osteoclasts was significantly higher in 
miR‑16‑CM‑treated cells, but lower in both miR‑133a‑CM‑ 
and miR‑223‑CM‑treated cells, compared with that of control 
cells (P<0.05) (Fig. 3A and B).

Considering that bone resorption is a characteristic feature 
of osteoclasts, the effect of miR‑CM treatment on osteoclastic 
resorptive function in dentin slices was evaluated. Significantly 

Figure 1. Schematic presentation of in vitro experiments.
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more resorption pits on dentin slices were observed in 
miR‑16‑CM‑treated osteoclasts, whereas the pits were lesser 
in miR‑133a‑ or miR‑223‑treated osteoclasts compared with 
those in the control (Fig. 3C). The area of resorption pits in 
miR‑16‑CM‑treated osteoclasts was as large as that in the 
RANKL‑treated osteoclasts. In contrast, in both miR‑133a‑ and 
miR‑223‑treated osteoclasts, the area of pits was significantly 
smaller than that in the control (P<0.05) (Fig. 3D).

Bone destruction by breast cancer cells is enhanced by miR‑16 
transfection, but suppressed by either miR‑133a or miR‑223 
transfection along with osteoclast activities. To evaluate the 
effects of each miRNA on osteoclast formation and bone 
destruction at the site of bone metastasis, miRNA‑transfected 

MDA‑MB‑231 cells were transplanted into the tibiae of nude 
mice, and histological and morphometric evaluation were 
performed. µCT analyses revealed that the bone volume of 
the tibia in the miR‑16 group was significantly lower with 
enhanced bone destruction compared with that in the control 
group, whereas the bone volume in both the miR‑133a and 
miR‑223 groups was significantly higher compared with that in 
the control group (P<0.05) (Fig. 4A‑C). Consistent with these 
findings, H&E staining of the tibia revealed that a larger area 
of breast cancer cells was observed with normal bone marrow 
destruction in the miR‑16 group, whereas the same area was 
smaller with less bone destruction in both the miR‑133a and 
miR‑223 groups compared with that in the control (Fig. 4D). 
Additionally, TRAP staining revealed that the number of 

Figure 2. Transfection of miR‑16, miR‑133a and miR‑223 in MDA‑MB‑231 cells and gene expression in the conditioned media of miRNA‑transfected cells 
(miR‑CM). (A) RT‑qPCR analyses of the expression levels of miR‑16, miR‑133a or miR‑223 in the cells of each miRNA‑transfected group. (B) RT‑qPCR 
analyses for mRNA expression of osteoclast differentiation and osteolytic factors in miR‑CM. (C) RT‑qPCR analyses of mRNA expression of osteoclast differ‑
entiation markers in RAW264.7 cells treated with miR‑CM. *P<0.05. miR, microRNA; CM, conditioned medium; RT‑qPCR, reverse transcription‑quantitative 
PCR; RANKL, receptor activator for nuclear factor‑κB ligand; NFATc1, nuclear factor of activated T‑cells cytoplasmic 1; OSCAR, osteoclast‑associated 
receptor; TRAP, tartrate‑resistant acid phosphatase; IL, interleukin; PTHrP, parathyroid hormone‑related protein; TNF, tumor necrosis factor.
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TRAP‑positive multinucleated osteoclasts was significantly 
increased in the miR‑16 group, but significantly decreased in 
both miR‑133a and miR‑223 groups compared with that in the 
control group (P<0.05) (Fig. 4E and F). Immunohistochemical 
staining for osteoclast differentiation markers and osteolytic 
factors, such as RANKL, IL‑1β, IL‑6, TNF and PTHrP, revealed 
that the number of immunopositive cells was significantly 
increased in the miR‑16 group, but significantly decreased in 
both the miR‑133a and miR‑223 groups compared with that in 
the control group (P<0.05) (Fig. 5A and B).

Discussion

In the present study, the roles of miR‑16, miR‑133a, and miR‑223 
on osteoclastic bone destruction by breast cancer metastasis 
were investigated using the MDA‑MB‑231 breast cancer cell 
line in vitro and breast cancer bone metastasis mouse model 
in vivo. It was demonstrated that the expression of osteolytic 
factors, such as RANKL, IL‑1β, IL‑6, PTHrP and TNF, was 

enhanced in the culture medium of breast cancer cells that 
were transfected with miR‑16, but decreased in that of cells 
transfected with miR‑133a or 223. In RAW264.7 preosteoclasts, 
the stimulation of osteoclast differentiation and function by 
the breast cancer culture medium was promoted by miR‑16 
overexpression, but was suppressed by miR‑133a or miR‑223 
overexpression. These findings indicated that osteolytic factors 
derived from breast cancer cells stimulated the osteoclast differ‑
entiation and function, and that the effects could be regulated 
positively by miR‑16, but negatively by miR‑133a or miR‑223. 
Consistent with these in vitro results, in vivo experiments using 
a breast cancer bone metastasis animal model demonstrated that 
miR‑16 enhanced bone destruction with increased osteoclast 
activities; by contrast, miR‑133a and miR‑223 prevented the 
destruction with decreased activities.

Bone lesions by cancer metastasis are caused as a result 
of an imbalance between bone formation and bone resorption 
in the bone microenvironment  (10,29,30). Both osteolytic 
and osteoblastic lesions could be caused by cancer bone 

Figure 3. Activity and function of osteoclasts treated with miR‑CM in vitro. (A) TRAP staining of osteoclasts treated with each miR‑CM (10%) or 100 ng/ml 
RANKL for 2 days. Arrows indicate TRAP‑positive osteoclasts. (B) The number of TRAP‑positive multinucleated osteoclasts containing three or more nuclei. 
(C) Resorption pits on dentin slices by osteoclasts treated with each miR‑CM (10%) or 100 ng/ml RANKL for 4 days. The area surrounded by the white 
dotted lines indicates resorption pits. (D) The area of resorption pits measured using the BZ‑X700 microscope and BZ‑X viewer. Scale bar, 100 µm. *P<0.05. 
miR, microRNA; CM, conditioned medium; TRAP, tartrate‑resistant acid phosphatase; RANKL, receptor activator for nuclear factor‑κB ligand; OC, osteoclast.
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metastases (31), and the majority of the lesions caused by breast 
cancer metastasis have been reported as osteolytic lesions due 
to the stimulation of osteoclast activities (32,33). Breast cancer 
cells themselves are unable to perform bone resorption but 
may stimulate the bone resorptive activity of osteoclasts by 
secreting RANKL (8,9). Breast cancer cells also secrete factors 
that promote RANKL production in osteoblasts, immune 
cells, and bone stromal cells (8,11,12), such as PTHrP, one of 
the most common tumor‑derived factors (34,35). In addition, 
it has been reported that breast cancer cells could secrete or 
induce bone stromal cells to release other factors enhancing 
osteoclast differentiation and bone resorption, such as IL‑1β, 

IL‑6, IL‑8, IL‑11, and TNF (11,36‑39). In addition, it has been 
reported that the conditioned medium of breast cancer cells 
could prolong the survival of osteoclasts, which die primarily 
by apoptosis within several days of formation (13). Our findings 
in the present study support the previous studies, and indicate 
that breast cancer cell‑derived factors, such as RANKL, IL‑1β, 
IL‑6, PTHrP, and TNF, promote bone resorption by affecting 
osteoclast differentiation and activity.

miRNAs have been recognized to be important in the regu‑
lation of various biological processes of cancer cells (40,41), 
and several miRNAs, such as miR‑16, miR‑133a, and miR‑223, 
have been reported to be involved in the progression of breast 

Figure 4. Effects of miRNA on bone destruction and osteoclast activity in vivo. (A) µCT images of proximal tibiae of mice following 4 weeks of cell transplan‑
tation. The area surrounded by the white dotted lines indicates the bone resorption area. (B) Bone volume and (C) bone volume/total volume assessed using an 
image analysis system, TRI/3D‑BON. (D) Hematoxylin and eosin and (E) TRAP staining of proximal tibiae of mice following 4 weeks of cell transplantation. 
Arrow heads indicate TRAP‑positive osteoclasts. (F) The number of TRAP‑positive multinucleated osteoclasts. Scale bar, 100 µm. *P<0.05. miR, microRNA; 
BV/TV, bone volume/total volume; OC, osteoclast; TRAP, tartrate‑resistant acid phosphatase.
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cancer, bone metastasis, and osteoclast differentiation or func‑
tion (14,17‑29). Previous studies have suggested that miR‑16 
could be a promoter of breast cancer bone metastasis (17,18,42). 
Elevated expression of miR‑16 was reported in clinical 
samples of bone lesions of breast cancer metastasis, compared 
with that in primary tumor samples (17). Microarray analysis 
of RAW264.7 preosteoclast cells treated with the culture 
medium of a highly metastatic breast cancer cell line revealed 
a significant upregulation of miR‑16 (17). In addition, miR‑16 
upregulation has also been reported in osteoclast differen‑
tiation associated with cancer bone metastasis  (18,42). By 
contrast, miR‑133a and miR‑223 have been widely reported as 
tumor suppressors in various cancers including breast cancer 
(43). The downregulation of miR‑133a was reported in both 
breast cancer tissues and cell lines, wherein miR‑133a inhibited 
proliferation, migration, and invasion of breast cancer cells by 
suppressing LASP1 (19). Both in vitro and in vivo experiments 
revealed negative regulation by miR‑133a on breast cancer 
metastasis via targeting mastermind‑like transcriptional 
coactivator  1  (44). Ell  et  al also reported that miR‑133a 

inhibited osteoclast differentiation and reduced osteoclast 
activities (17). In the case of miR‑223, Fabris et al reported that 
the overexpression of miR‑223 could prevent the recurrence 
of breast cancer by mediating the epidermal growth factor 
signaling pathway (45). Other studies revealed that miR‑223 
inhibited the invasion and migration of breast cancer cells, 
and promoted cell apoptosis by suppressing the expression of 
epithelial cell transforming sequence 2 oncogene (46), and that 
miR‑223 overexpression in RAW264.7 osteoclast precursors 
inhibited osteoclast formation in vitro (21). Our results are 
consistent with previous studies (17‑19,21,42,44), indicating 
that miR‑16 positively affects bone metastasis and osteoclast 
activity in breast cancer, whereas miR‑133a and miR‑223 
regulate them negatively. In the present study, the effect of 
the miRNAs on the bone resorptive ability of osteoclasts was 
additionally evaluated using dentin slices in vitro and the same 
effects were examined in the bone microenvironment using a 
bone metastasis model in vivo. The majority of the previous 
studies have assessed osteoclast function only by TRAP 
staining in vitro, and there are few studies that have evaluated 

Figure 5. Effects of miRNA on the expression of osteoclast differentiation markers and osteolytic factors in vivo. (A) Immunohistochemical staining for 
RANKL, IL‑1β, IL‑6, TNF and PTHrP of proximal tibiae of mice following 4 weeks of cell transplantation. Right upper panels in each image indicate high 
magnification image. Arrow heads indicate immunopositive cells. (B) The number of cells immunopositive for RANKL, IL‑1β, IL‑6, TNF, and PTHrP. Scale 
bar, 100 µm. *P<0.05. miR, microRNA; RANKL, receptor activator for nuclear factor‑κB ligand; IL, interleukin; PTHrP, parathyroid hormone‑related protein; 
TNF, tumor necrosis factor.



KITAYAMA et al:  ROLES OF miRNAs ON OSTEOCLASTIC BONE DESTRUCTION10

the effect of the miRNAs on the actual bone resorptive ability 
of osteoclasts using dentin slices  (3,21). Several miRNAs 
have been proposed as diagnostic or predictive biomarkers 
for breast cancer, but none have been validated for practical 
use in a clinical setting (47,48). In recent years, various studies 
on targeting miRNAs for therapeutic purposes have been 
conducted, and it has been demonstrated that miRNAs perform 
several functions. For example, miR‑133a not only acts as 
a tumor suppressor, but is also involved in muscle develop‑
ment or function, and cardiac remodeling (49,50). Similarly, 
miR‑223 is known to be engaged in the regulation of immune 
responses in respiratory and liver diseases (51,52). However, 
the functions of miRNAs have not been fully elucidated (17,19). 
Therefore, it is important to recognize that miRNA targeting 
for therapeutic purposes may have unexpected effects on gene 
expression and/or cause untoward side effects.

There are several limitations to the present study. Firstly, 
the effects of miRNAs on osteoblasts or stromal cells have 
not been investigated. As previously reported, bone resorption 
should be orchestrated by the interaction of various factors 
from not only osteoclasts or tumor cells but also osteoblasts or 
stromal cells (8,11). Secondly, the present study was conducted 
only in the bone microenvironment. Cancer bone metastasis 
involves multiple processes, including cancer cell dissemi‑
nation from the primary site and invasion into the vascular 
system, circulation and adhesion to the target site, and inva‑
sion and colonization in the bone microenvironment (53,54). 
Thirdly, it has been revealed that the miRNAs could affect 
osteoclast activity and bone destruction using MDA‑MB‑231 
human breast cancer cells; however, only one cell line was used 
in the present study. Last, only three miRNAs were employed 
and other miRNAs and/or their interactions were not exam‑
ined. Therefore, further investigations are required to clarify 
the effects of miRNAs on breast cancer bone metastasis.

In conclusion, it was demonstrated that miR‑16 may 
enhance bone destruction caused by breast cancer bone 
metastasis by promoting osteoclast function via increased 
expression of osteoclast differentiation markers and osteolytic 
factors, whereas miR‑133a and miR‑223 may suppress this 
process. Although further studies are required to further 
elucidate the effect of miRNAs on cancer bone metastasis, the 
three miRNAs could serve as biomarkers and/or therapeutic 
targets for metastatic bone destruction in breast cancer.
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