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Abstract. The aim of the present study was to investigate the 
expression of matrix metalloproteinase (MMP)9 and MMP2, 
and their potential roles in bone metastasis nests using a 
well‑standardized model of breast cancer bone metastasis 
in nude mice. BALB/c nu/nu mice (5‑week‑old; n=10) were 
subjected to intracardiac injection of MDA‑MB‑231 human 
breast cancer cells. After 4 weeks, the mice exhibiting radio-
lucent lesions in tibiae were sacrificed, and the tibiae were 
removed for histochemical analysis. The gene expression of 
MMP2 and MMP9 in the tumor cells, metaphysis and diaphysis 
of normal BALB/c nu/nu mice were determined using reverse 
transcription‑polymerase chain reaction analysis. The meta-
static tumor tissue occupied almost the entire bone marrow 
cavity. Numerous tartrate‑resistant acid phosphatase‑positive 
osteoclasts were found in the metastasized lesions. The 
invaded tumor cells positive for mammaglobin 1 exhibited 
different proliferation activities and apoptosis between the 
metaphysis and diaphysis. Proliferating cell nuclear antigen 
was expressed at high levels in the metaphyseal area, whereas 
TdT‑mediated dUTP nick‑end labeling (TUNEL)‑positive 
cells were more evident in the diaphysis area. Of note, MMP9 
was expressed predominantly in the proliferating cell nuclear 
antigen‑positive area, whereas the expression of MMP2 was 
observed predominantly in the diaphysis, which had more 
TUNEL‑positive cells. Taken together, the results suggested 
that MMP9 and MMP2 may have their own importance in 
extracellular matrix degradation and trabecular bone damage 

in different zones of bone metastasis, including the metaphysis 
and diaphysis.

Introduction

Breast cancer is one of the types of cancer, which readily 
metastasizes to bone. Coleman  (1) reported that between 
65 and 75% of patients with advanced breast cancer develop 
bone metastases. Bone metastases are usually accompanied 
by pain, pathological fractures, nerve compression syndromes 
and hypercalcemia (2). Histomorphological analyses of bone 
metastases have revealed two types of lesions, osteolytic and 
osteogenetic. In bone metastasis of breast cancer, 80% of 
stage IV cases are found to be osteolytic and are accompanied 
by increased osteoclast activity (3). The process of osteoclastic 
bone resorption leads to the release of several cytokines, 
including transforming growth factor‑β (TGF‑β) and 
insulin‑like growth factors, which stimulate the proliferation 
and invasion of tumor cells, thus promoting a ‘vicious cycle’ 
of tumor metastasis and bone destruction (4).

In our previous studies, it was found that matrix metal-
loproteinases (MMPs) are important in the development and 
expansion of tumor cells in bone metastasis and skeletal oste-
olysis (5,6). The degradation of extracellular matrix (ECM) 
by MMPs facilitates tumor cell invasion and proliferation in 
the metastatic environment (7‑9). Among all MMP members, 
MMP1, 2, 3, 9 and 13 have been reported to correlate with 
tumor metastasis (10,11). Lee et al demonstrated that the inhi-
bition of MMP2 and MMP9 undermines the capability of bone 
degradation by tumor metastasis (12,13). MMP2 is secreted 
predominantly by fibroblasts and osteoblasts (14,15), and is 
involved in the activation of MMP13 (16) and degradation of 
the basement membrane (17). MMP9 is produced principally 
by osteoclasts (15) and cells of the immune system, including 
macrophages and neutrophils, which have been reported to be 
important for tumor growth (10,18). MMP2 and MMP9 are 
able to cleave collagen type I, IV and V, and are important in 
the degradation of bone matrix (19).

Although the majority of the studies have focussed on 
host‑derived MMPs, there have been few reports on the 
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interrelation between MMPs and metastatic tumor cells. 
Therefore, the present study investigated the expression of 
MMPs in osteolytic bone metastasis nests originating from 
human breast cancer cells.

Materials and methods

Cell culture. Human MDA‑MB‑231 breast cancer cells were 
supplied by Professor Xiangzhi Li (Shandong University, 
Jinan, China). These cells were grown in RPMI 1640 media 
supplemented with 10% fetal bovine serum, 2 mM gluta-
mine, 1 mM sodium pyruvate, 0.02 mM non‑essential amino 
acids and 1% streptomycin/penicillin at 37˚C in a 5% CO2 
environment. All cells were cultured in 25 cm2 cell‑culture 
flasks to 70‑80% confluence.

Animal model of breast cancer bone metastasis and tissue 
preparation. All animal experiments were performed under 
the Guidelines for Animal Experimentation of Shandong 
University. The animal model of human breast cancer bone 
metastasis was established through intracardiac injection of 
the MDA‑MB‑231 human breast cancer cells into 5‑week‑old 
BALB/c nu/nu female mice (Vital River Laboratory Animal 
Technology Co. Ltd., Beijing, China) under anesthesia. 
On the day of injection, the flask‑cultured MDA‑MB‑231 
cells were trypsinized, counted with a hemocytometer, 
and diluted to a concentration of 2x106 cells/ml in ice‑cold 
Hank's balanced salt solution. Following anesthetization 
of the mice with 8% chloral hydrate (400 mg/100 g body 
weight), a 0.1 ml dilution (2x105 cells) was injected intracar-
dially into the left ventricle of each mouse (n=10), using a 
1 ml syringe, similar to a previously published method (5,6). 
The mice were housed in micro‑isolator solid‑bottomed, 
polycarbonate cages under standard laboratory conditions 
with a 12-h light/dark cycle and a constant temperature of 
20˚C and humidity of 48%. All mice were maintained on a 
standard commercial diet with autoclaved water available 
ad libitum. At 4 weeks post‑injection, upon confirmation of 
an visible bone metastasis in the tibiae through soft X‑ray 
analysis, the mice were anesthetized with an intraperitoneal 
injection of 10% chloral hydrate (400 mg/100 g body weight) 
and fixed with 4% formaldehyde in 0.1 M phosphate buffer 
(pH 7.4) by transcardial perfusion, and then the tibiae were 
removed for histological processing. Briefly, the samples 
were decalcified with 10% EDTA‑2Na solution for 3 weeks 
at 4˚C. The specimens were dehydrated using an ascending 
ethanol series and then embedded in paraffin using stan-
dard procedures. Serial sections of 5 µm in thickness were 
prepared for histochemical analysis.

Histological examination. Hematoxylin and eosin (H&E) 
staining was performed to investigate the morphology of 
tibia in both groups. Following dewaxing and hydration, the 
prepared sections were immersed in Erthlich's haematoxylin 
for 15 min. The sections were then washed with distilled water 
and differentiated in 1% HCl in 70% alcohol for 1 min and 
washed again for 2 mins. Following this, the sections were 
stained with 1% eosin for 10 min and washed with distilled 
water. Subsequently, all sections were dehydrated and 
mounted. The stained sections were observed and then digital 

images were obstained using a light microscope (Olympus 
BX-53; Olympus Corportation, Tokyo, Japan).

Immunohistochemical examinations for mammaglobin  1 
(MGB1), proliferating cell nuclear antigen (PCNA), MMP2, 
MMP9 and MMP13. The dewaxed paraffin sections were 
treated with 0.3% hydrogen peroxide for 30 min at room temper-
ature, and then pre‑incubated with 1% bovine serum albumin 
in phosphate‑buffered saline (BSA‑PBS) for 20 min at room 
temperature to reduce nonspecific binding. Subsequently, the 
sections were incubated with the following primary antibodies 
in BSA‑PBS at room temperature for 2 h: SCGB2A2/mamma-
globin A polyclonal antibody (MGB1; Proteintech; Sanying 
Biotechnology, Wuhan, China; cat.  no.  235‑1‑AP; 1:50), 
anti‑PCNA (Ab‑1) mouse monoclonal antibody (PC10l; 
Epitomics; Abcam, Burlingame, CA, USA; cat. no. NA03; 
1:50), mouse anti‑human MMP2 monoclonal antibody (EMD 
Millipore, Billerica, MA, USA; cat. no. MAB3308; 1:50), mouse 
MMP9 antibody antigen affinifty‑purified polyclonal goat IgG 
(EMD Millipore; cat. no. AF909; 1:50) and goat anti‑MMP‑13 
polyclonal antibody (EMD Millipore; cat. no. AB8120; 1:50). 
Following rinsing with PBS, the sections were incubated with 
the following secondary antibodies for 1 h at room tempera-
ture: Polyclonal swine anti‑rabbit immunoglobulin(Ig)/HRP 
from DakoCytomation, Denmark (cat. no. Nr.P 0399; 1:100), 
goat polyclonal anti‑mouse IgG+IgM+IgA‑H&L (HRP) from 
Abcam (cat. no. ab102448; 1:100), goat polyclonal anti‑mouse 
IgG+IgM+IgA‑H&L (HRP) from Abcam (cat. no. ab102448; 
1:100), peroxidase‑conjugated AffiniPure anti‑goat++IgG 
(H+L) from Jackson Immunoresearch Laboratories, Inc. 
(West Grove, PA, USA; cat.  no. 93894; 1:100) and perox-
idase‑conjugated AffiniPure anti‑goat++IgG (H+L) from 
Jackson Immunoresearch Laboratories, Inc. (cat. no. 93894; 
1:100). The immune complexes were then visualized using 
3,3'‑diamino‑benzidine tetrahydrochloride (Sigma‑Aldrich, 
St. Louis, MO, USA) as the substrate. All stained sections 
were faintly counterstained with methyl green for assessment 
using light microscopy (BX53; Olympus Corporation, Tokyo, 
Japan). The immunostaining intensities (optical density; OD) 
for all sections, with the exception of PCNA, were analyzed 
using Image‑Pro Plus 6.2 software (Media Cybernetics, Inc., 
Silver Spring, MD, USA). Areas exhibiting a positive reaction 
were manually selected using a colour cube‑based colour 
separate module in Image-Pro Plus. At least six sections from 
each sample were analyzed. All values are presented as the 
mean ± standard deviation. The differences in OD values 
between the metaphysis and diaphysis for each immunos-
taining, and differences in the OD values between MMP2 and 
MMP9 in the metaphysis and diaphysis were assessed using 
Student's t‑test. Differences among the MMP2 immunoin-
tensity in metaphysis group, MMP9 immunointensity in the 
metaphysis group, MMP2 immunointensity in the diaphysis 
group and MMP9 immunointensity in the diaphysis group 
were analyzed using analysis of variance (ANOVA). Statistical 
analysis was performed using GraphPad Prism, version 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.01 was 
considered to indicate a statistically significant difference.

Tartrate‑resistant acid phosphatase (TRAP) staining for osteo‑
clast localization. To evaluate the localization of osteoclasts, 
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TRAP staining was performed, as previously reported (20). 
In brief, the dewaxed paraffin sections were submerged in 
a mixture of 3.0 mg naphthol AS‑BI phosphate, 18 mg red 
violet LB salt and 100 mM L(+) tartaric acid (0.36 g) diluted 
in 30 ml of 0.1 M sodium acetate buffer (pH 5.0) for 15 min 
at 37˚C. The sections were then faintly counterstained with 
methyl green for assessment using light microscopy (BX53; 
Olympus Corporation).

In situ detection of apoptosis in breast cancer bone metas‑
tasis. In order to identify the apoptotic status of the cells in 
the metastatic tissues, TdT‑mediated dUTP nick‑end labeling 
(TUNEL) analysis was performed using a TACS 2 TdT‑blue 
label in  situ apoptosis detection kit (cat.  no.  4811‑30‑K; 
Trevigen, Inc., Gaithersburg, MD, USA). Briefly, the sections 
were placed in 1X  PBS for 10  min at room temperature 
following rehydration in ethanol, and then covered with 50 µl 
proteinase K solution and incubated for 15‑30 min at 37˚C. 
Following washing twice in deionized water (2 min per wash), 
the sections were immersed in quenching solution for 5 min 
at room temperature. Following washing in 1X PBS for 1 min 
at room temperature, the sections were immersed in 1X TdT 
labeling buffer for 5 min, following which they were covered 
with 50 µl labeling reaction mix and incubated at 37˚C for 1 h in 
a humidity chamber. Subsequently, the sections were immersed 
in 1X TdT Stop buffer for 5 min at room temperature to termi-
nate the labeling reaction. Following washing twice in 1X PBS 
for 5 min each at room temperature, the sections were covered 
in 50 µl streptavidin‑HRP solution and incubated for 10 min at 

37˚C. Following washing twice in 1X PBS for 2 min each, the 
sections were immersed in TACS‑Blue label solution for 4 min, 
following which the samples were washed in several changes 
of deionized water for 2 min each. Finally, the samples were 
counterstained using nuclear fast red. The numbers of PCNA‑ 
and TUNEL‑positive cells were counted using Image pro Plus 
6.2 software (Media Cybernetics, Inc., Silver Spring, MD, 
USA). The positively stained cells were manually selected. At 
least six sections from each sample were analyzed. All values 
are presented as the mean ± standard deviation. Differences 
between the numbers of PCNA‑ and TUNEL‑positive cells 
in the metaphysis/diaphysis were assessed using Student's 
t‑test. Difference among the numbers of PCNA‑positive cells 
in the metaphysis, TUNEL‑positive cells in the metaphysis, 
PCNA‑positive cells in the diaphysis and TUNEL‑positive cell 
cells in the diaphysis, was analyzed using ANOVA. Statistical 
analysis was performed using GraphPad Prism, version 5.0 
(GraphPad Software, Inc.). P<0.01 was considered to indicate 
a statistically significant difference.

RNA isolation and reverse transcription‑polymerase chain 
reaction (RT‑PCR) analysis. The BALB/c nu/nu mice were 
sacrificed by overdose of anesthesia. The tibiae were removed 
and separated into the metaphysis and diaphysis. For RT‑PCR, 
total RNA were extracted from the MDA‑MB‑231 cells, 
metaphysis and diaphysis of the normal BALB/c nu/nu mice 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), according to the manufacturer's 
protocol. The first‑strand complementary DNA was synthesized 

Figure 1. H&E staining, soft X‑ray examination and immunohistochemical analyses of MGB1 and TRAP staining. (A) H&E staining and soft X‑ray exami-
nation for breast cancer bone metastasis in tibiae. The metastatic tumor tissue occupied the majority of the spaces in the metaphysis and diaphysis. X‑ray 
examination (lower right corner) revealed a radiolucent lesion in the tibia (white arrow). (Ba and Bb) Immunohistochemical analyses for MGB1 in the areas 
indicated by the yellow boxes in the (Aa) metaphysis and (Ab) diaphysis. Positive MGB1 staining (brown color) indicated metastatic breast cancer tissue. 
(Ca and b) Histochemical analysis of TRAP. Abundant TRAP‑positive osteoclasts were found within the breast cancer metastasis nests and on the surface of 
the trabecular bone. Scale bars=250 µm for A; 50 µm for B and C. T, tumor cells; CB, cortical bone, *, normal bone marrow tissue; H&E, hematoxylin and 
eosin; MGB1, mammaglobin 1; TRAP, tartrate‑resistant acid phosphatase.
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using Superscript II reverse transcriptase (Invitrogen; Thermo 
Fisher Scientific, Inc.). The PCR analysis was performed 
using 2X Es Taq MasterMix (CWBio, Inc., Beijing, China) 
on a T100™ Thermal Cycler (Bio‑Rad, Berkeley, CA, USA) 
and performed using the following primers: Human MMP‑9 
(Gene ID: 4318) sense 5'‑GGG ACG CAG ACA TCG TCA 
TC‑3' and antisense 5'‑TCG TCA TCG TCG AAA TGG 
GC‑3'), Human‑MMP2 (Gene ID: 4313) sense 5'‑GAT ACC 
CCT TTG ACG GTA AGGA‑3' and antisense 5'‑CCT TCT 
CCC A AG GTC CAT AGC‑3', Mus‑MMP9 (Gene ID: 
17395) sense 5'‑GCA GAG GCA TAC TTG TAC CG‑3' and 
antisense 5'‑TGA TGT TAT GAT GGT CCC ACT TG‑3'; and 
Mus‑MMP2 (Gene ID: 17390) sense 5'‑ACC TGA ACA CTT 
TCT ATG GCTG‑3' and antisense 5'‑CTT CCG CAT GGT 
CTC GATG‑3'. Human‑β‑actin (Gene ID: 60) sense 5'‑CAT 
GTA CGT TGC TAT CCA GGC‑3' and antisense 5'‑CTC 

CTT AAT GTC ACG CAC GAT‑3' and Mus‑β‑actin (Gene 
ID: 11461) sense 5'‑GGC TGT ATT CCC CTC CAT CG‑3' 
and antisense 5'‑CCA GTT GGT AAC AAT GCC ATGT‑3' 
were used as internal controls (gene IDs from www.ncbi.nlm.
nih.gov/gene/). The conditions for RT‑PCR were similar to 
those previously described (21). The amplified PCR products 
were separated on 2% agarose gels and digitized using the 
SmartGel™ Image Analysis system (Sagecreation, Beijing, 
China).

Results

Development of breast cancer bone metastasis and 
TRAP staining. At 4 weeks post‑intracardiac injection of 
MDA‑MB‑231 cells, 7/10 mice developed osteolytic lesions 
in the tibia, detected on soft X‑ray examination (Fig. 1A; 

Figure 2. Immunohistochemical and statistical analyses of PCNA and TUNEL staining for apoptosis. (A) Immunohistochemical analysis of PCNA in the 
(a) metaphysis and (b) diaphysis in the normal bone marrow of the control group. Immunohistochemistry for PCNA in the (c) metaphyseal and (d) diaphyseal 
tumor metastases. More PCNA‑positive tumor cells (brown color) were detected in the metaphyseal tumor tissue, compared with the diaphyseal tumor 
tissue. (e and f) Higher magnification of c and d, respectively. (B) TUNEL staining for apoptotic tumor cells in the (a) metaphysis and (b) diaphysis in the 
normal bone marrow tissue of the control group. TUNEL staining for apoptotic tumor cells in the (c) metaphyseal and (d) diaphyseal tumor metastases. More 
TUNEL‑positive apoptotic tumor cells (blue color) were observed in the diaphyseal tumor tissue, compared with the metaphyseal tumor tissue. (e and f) High 
magnifications of c and d, respectively. (C) Statistical analyses of the numbers of PCNA/TUNEL‑positive tumor cells in the metaphysis and diaphysis. *P<0.01. 
Scale bar=50 µm in Aa‑d and Ba‑d; 25 µm in Ae and f, and Be and f. TUNEL, TdT‑mediated dUTP nick‑end labeling; Meta, metaphysis; Dia, diaphysis; T, 
tumor cells; CB, cortical bone; *, normal bone tissue.
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white arrow). Breast cancer cells positive for MGB1, which 
are exclusively overexpressed in primary and metastatic 
human breast cancer (22), were abundant in the metastatic 
lesions of the metaphysis (Fig. 1B) and diaphysis (Fig. 1C). 
The TRAP staining showed that several TRAP‑positive 
multinucleate cells were present within the breast cancer 
bone metastasis nests and on the surface of trabecular bone 
(Fig. 1D and E).

Immunolocalization of PCNA and in  situ detection of 
apoptosis. PCNA‑positive cells were observed in the 
metaphyseal area (Fig. 2Ab and c), but few were observed in 
the diaphyseal area (Fig. 2Ad and f). In the metaphyseal tumor 
nest, a few scattered TUNEL‑positive apoptotic cells were 
observed (Fig. 2Bb and c). However, in the diaphyseal tumor 
nest, a higher number of TUNEL‑positive tumor cells were 
present, compared with that in metaphyseal area (Fig. 2Be 
and f). ANOVA revealed that, in the metaphysis, the number 

of PCNA‑positive cells was significantly higher, compared 
with the number of TUNEL‑positive cells (307.78±27.04, vs. 
61.12±7.59 cells/mm2, respectively; P<0.01; n=7; Fig. 2C). In 
the diaphysis, the number of TUNEL‑positive cells was signif-
icantly higher, compared with the number of PCNA‑positive 
cells (291.96±20.78, vs. 8.04±1.09 cells/mm2, respectively; 
P<0.01; n=7; Fig. 2C). 

Immunolocalization of MMP2, MMP9 and MMP13. In 
the metaphyseal area containing numerous PCNA‑positive 
tumor cells, MMP9‑immunopositivity was significantly 
more marked (Fig. 3Ab and c), whereas staining for MMP2 
was faint (Fig.  3Bb and c). In contrast, the diaphyseal 
metastasis, containing more TUNEL‑positive cells, showed 
weak expression of MMP9 (Fig. 3Ae and f), compared with 
MMP2 (Fig.  3Be and f). No significant differences were 
found in the immunolocalization and immunoreactivity of 
MMP13 between PCNA‑positive and negative areas (data 

Figure 3. Immunohistochemical and statistical analyses of MMP9 and MMP2. (A) Immunohistochemical analysis of MMP9 in the (a) metaphysis and 
(b) diaphysis of normal bone marrow in the control group. Immunohistochemical analysis of MMP9 in tumor tissue of the (c) metaphysis and (d) diaphysis 
(brown color). The expression of MMP9 was significantly higher in the metaphysis, compared with the diaphysis. (e and f) High magnification of c and d, respec-
tively. (B) Immunohistochemical analysis of MMP2 in the (a) metaphysis and (b) diaphysis of normal bone marrow in the control group. Immunohistochemical 
analysis of MMP2 in tumor tissue of the (c) metaphysis and (d) diaphysis (brown color). The expression of MMP2 was significantly higher in the diaphysis, 
compared with the metaphysis. (e and f) High magnification of c and d, respectively. (C) Statistical analyses of the immunostaining intensity of MMP9 and 
MMP2 in the metaphysis and diaphysis. *P<0.01. Scale bars=50 µm in Aa‑d and Ba‑d; 25 µm in Ae and f, and Be and B. MMP, matrix metalloproteinase; Meta, 
metaphysis; Dia, diaphysis; T, tumor cells; CB, cortical bone; *, normal bone tissue.
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not shown). ANOVA revealed that, in the PCNA‑positive 
metastatic area (metaphysis), the staining intensity of MMP2 
was significantly weaker, compared with that of MMP9 
(0.126±0.007, vs. 0.300±0.036, respectively; P<0.01; n=7; 

Fig. 3C). In the TUNEL‑positive metastatic area (diaphysis), 
the staining intensity of MMP2 was significantly more 
marked, compared with that of MMP9 (0.205±0.020, vs. 
0.103±0.009; P<0.01; Fig. 3C).

Figure 5. Schematic model showing the distribution and functions of MMP9 and MMP2 in tumor cell proliferation and colonization within the osseous 
microenvironment. (A and B) Following colonization in the metaphyseal microenvironment, the tumor cells exhibited a high level of MMP9 production, 
with dynamic proliferation activity. As tumor cells migrated to the diaphysis, the tumor derived expression of MMP9 decreased, whereas an increase in the 
expression of MMP2 was detected. However, this process was accompanied by a wave of tumor cell apoptosis. Tumor derived MMPs and host‑derived MMPs 
further initiated bone matrix degradation. MMP, matrix metalloproteinase.

Figure 4. Reverse transcription‑polymerase chain reaction analysis of the mRNA expression of MMP2 and MMP9 in MDA‑MB‑231 cells, and the metaphysis 
and diaphysis of tibiae of BALB/c nu/nu mice. M, Tiangen DM:120227 DNA marker (50‑500 bp) C, Human‑β‑actin (250 bp); C1, Mus‑β‑actin (154 bp); 
T1, target gene 1 (Human‑MMP2) was positive in the MDA‑MB‑231 cells with a size of 112 bp). T2, target gene 2 (Human‑MMP9) was positive in the 
MDA‑MB‑231 cells with a size of 139 bp). T3, target gene 3 (Mus‑MMP2) was positive in the metaphysis of the tibiae of BALB/c nu/nu mice with a size of 
140 bp). T4, target gene 4 (Mus‑MMP9 was positive in the diaphysis of the tibiae of BALB/c nu/nu mice with a size of 229 bp. MMP, matrix metalloproteinase.
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RT‑PCR. The present study performed RT‑PCR to investigate the 
source of MMP2 and MMP9. The results revealed that MMP2 
and MMP9 mRNA were expressed in the MDA‑MB‑231 cells, 
metaphysis and diaphysis of the tibiae of the BALB/c nu/nu 
mice without tumor cell administration (Fig. 4).

Discussion

MMP9 and MMP2 belong to gelatinase, which is one of five 
groups of the MMP family, based on structure and substrate 
specificity (23). MMP9 and MMP2 are important in cancer 
invasion and metastasis by degrading the ECM and basement 
membrane (24). In the present study, the immunolocalization 
of MMP9 and MMP2 in osteolytic metastasis originating from 
human breast cancer cells were investigated. The results showed 
findings consistent with those of Ohshiba et al (15), that the 
expression levels of MMP9 and MMP2 were upregulated in bone 
metastasis nests. Notably, the present study found that MMP9 
was overexpressed in the metaphysis with high expression levels 
of PCNA, whereas MMP2 was detected predominantly in the 
diaphysis with marked TUNEL‑positive expression.

Metaphysis is the most common homing site for tumor 
cells due to its high level of vascularization. Once tumor 
cells home to metaphysis, they are stimulated to proliferate 
by MMP9 (25) and bone‑derived growth factors, including 
TGF‑β  (26), for their subsequent colonization in bone. 
Furthermore, Nutter et al demonstrated that the expression 
of MMP9 was increased on tumor cells colonization in 
bone (25). These findings were verified in the present study, 
which demonstrated that MMP9 was overexpressed in the 
metaphysis with a high level of PCNA‑positive expression in 
the tumor cells (Fig. 5A). Tumor cells become the predomi-
nant source of MMP9 production with the extension of the 
bone metastasis nests, although MMP9 are predominantly 
derived from osteoclasts and vascular endothelial cells prior 
to tumor invasion. As shown in Fig. 5B, the ‘vicious cycle’, 
in which the original MMP9 derived from osteoclasts stimu-
lates the proliferation of invaded tumor cells and subsequent 
colonization of tumor cells, accelerates the expression of 
MMP9 may provide a further explanation for tumor bone 
metastasis and offer a tumor prevention strategy. In addi-
tion, the increased MMP9 is involved in the recruitment of 
bone‑resorbing osteoclasts, which leads to further osteolytic 
lesions (27,28).

In the present study, the tumor cells appeared to expand 
towards the diaphysis following the initial invasion taking 
place in the metaphysis. Compared with the immunolocal-
ization of MMP9, MMP2 was expressed at high levels in 
the diaphysis, which exhibits weak proliferation/increased 
apoptosis of tumor cells. Ni et al reported that the upregula-
tion of MMP2 is important in breast cancer bone metastasis 
through the microRNA‑106b/MMP2/extracellular signal‑ 
regulated kinase pathway, which affects the balance of 
receptor activator of nuclear factor‑κB ligand and osteopro-
tegerin production (29). MMP2 is secreted predominantly by 
fibroblasts and osteoblasts (14,15), however, the results of the 
present study showed negative expression in the fibroblasts 
and osteoblasts adjacent to the metastatic tumor cells in the 
diaphysis. Further investigation is required for understanding 
the intricate interactions among tumor cells and host bone 

marrow cells. In addition, based on existing data, it is difficult 
to explain why a higher number of TUNEL‑positive cells 
were found in the diaphysis occupied by the invaded breast 
cancer cells. In view of a previous study, which demonstrated 
that breast cancer cells may induce osteoblast apoptosis (30), 
the present study hypothesized that the higher number of 
TUNEL‑positive cells in the diaphysis may be composed 
predominantly of apoptotic stromal cells and fibroblasts 
induced by the invaded breast cancer cells. Although, certain 
apoptotic tumor cells may be contained due to decreased blood 
supply in the diaphysis.

In conclusion, the results of the present study showed 
that the invaded tumor cells exhibited different proliferation 
activity and apoptosis status between metaphysis and diaphysis. 
MMP9 was predominantly expressed in the PCNA‑positive 
metaphysis, whereas MMP2 was predominantly expressed in 
the diaphysis, which contained more TUNEL‑positive cells. 
As a consequence, it was suggested that MMP9 and MMP2 
may have their own importance in ECM degradation and 
trabecular bone damage in different zones of bone metastasis. 
Further investigations are required to determine the exact 
mechanisms.
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