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Abstract. In recent years, mesenchymal stem cells (MSCs), 
which possess the ability to specifically home to tumor sites, 
with the potential of multi-directional differentiation and low 
immunogenicity, have been reported to inhibit the growth 
of various types of tumors. In the present study, we isolated 
MSCs from the rib perichondrium (PMSCs). By comparing 
PMSCs with bone marrow‑derived mesenchymal stem cells 
(BMSCs), we demonstrated that PMSCs present biological 
characteristics similar to those of BMSCs. Furthermore, we 
explored the effect and antitumor mechanism of PMSCs in 
rat SHZ-88 breast cancer cells. The growth, migration and 
invasion of the SHZ-88 cells were significantly inhibited, and 
the Wnt/β‑catenin pathway and its target genes were down-
regulated in the SHZ-88 cells by PMSC-conditioned medium. 
The expression level of dickkopf-1 (DKK-1) was higher in the 
PMSCs than that noted in the SHZ-88 cells. Neutralization 
of DKK-1 in the PMSC‑conditioned medium attenuated the 

inhibitory effects of PMSCs on SHZ-88 cells. Therefore, 
PMSC-secreted DKK-1 is involved in the inhibition of SHZ-88 
cell growth, migration and invasion, via the Wnt/β‑catenin 
signaling pathway. In addition, we demonstrated that PMSCs 
inhibited the growth of breast cancer in vivo and prolonged 
the survival time of tumor‑bearing rats. PMSCs inhibited 
the growth of transplanted breast tumors through the Wnt/β-
catenin signaling pathway. In conclusion, our data confirmed 
that MSCs derived from the perichondrium present biological 
characteristics similar to those of BMSCs and inhibit the 
growth of breast cancer cells through the Wnt/β-catenin 
signaling pathway in vitro and in vivo. DKK-1 secreted by 
PMSCs played a vital role in controlling the Wnt/β-catenin 
signaling pathway in breast cancer.

Introduction

Mesenchymal stem cells (MSCs), known as pluripotent stem 
cells, were initially isolated from the bone marrow and named 
bone marrow‑derived mesenchymal stem cells (BMSCs) (1-3). 
In-depth analysis has been performed for BMSCs (4,5), which 
exist in a wide range of tissues (6-8). Many researchers (6,8,9) 
believe that MSCs originate from adult stem cells.

MSCs possess the ability of self-renewal, multiple 
differentiation potential, specific homing to tumors, and low 
immunogenicity  (3,10,11). MSCs are being used increas-
ingly for cancer treatment (12-14). Various reports state that 
MSCs can promote the progression of breast cancer and colon 
cancer (15,16). Other reports have demonstrated that MSCs 
can inhibit the growth of pancreatic cancer, Kaposi's sarcoma 
and breast cancer (13,17,18). In breast cancer, the effect of 
MSCs is controversial. Studies reported that the regulated self-
renewal of stem cells mediated by the Wnt/β-catenin signaling 
pathway might be subverted in cancer cells to allow malignant 
proliferation (19,20). Likewise, the stem cell microenviron-
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ment plays an essential role in preventing carcinogenesis 
by inhibiting proliferation (21). MSCs were found to inhibit 
tumor proliferation through secretion of dickkopf-1 (DKK‑1), 
which acts as an inhibitor of the Wnt/β-catenin signaling 
pathway (22).

The rat rib perichondrium contains osteoprogenitor cells, a 
type of adult stem cells. In the present study, we first determined 
whether MSCs could be isolated from the perichondrium and 
whether perichondrium MSCs (PMSCs) present biological 
characteristics similar to those of BMSCs. We next explored 
the effect of PMSCs on rat SHZ-88 breast cancer cells 
in vitro and in vivo. We also investigated whether PMSCs 
affect breast cancer cells through the DKK-1/Wnt/β‑catenin 
signaling pathway. Our findings demonstrated that MSCs 
could be derived from the perichondrium and that they inhib-
ited the growth of SHZ-88 breast cancer cells through the 
DKK-1/Wnt/β-catenin signaling pathway.

Materials and methods

Cell culture. Specific pathogen-free 4-week-old female 
Sprague‑Dawley (SD) rats were obtained from the 
Experimental Animal Center of Xi'an Jiaotong University 
School of Medicine. All animals were cared for in accordance 
with the institutional guidelines for the use of experimental 
animals. The perichondrium was separated under a dissecting 
microscope and treated with 5 ml of 0.2% collagenase  II 
(Sigma-Aldrich St.  Louis, MO, USA) for 3  h in a 37˚C 
incubator shaker. We then collected the supernatant via 200 
mesh sieves and added 1 ml fetal bovine serum (FBS; HzSjq 
Co., Ltd., Hangzhou, China) to stop the digestion. After 
centrifugation at 1,200 x g for 10 min, the perichondrium 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM)/F12 (HyClone Co., Logan, UT, USA) with 10% 
FBS. Bone marrow cells were isolated from femurs and tibias 
as previously described (8), and cultured in DMEM/F12 with 
10% FBS. SHZ-88 cells were obtained from Shanghai Cell 
Research Institute (Shanghai, China) and cultured in Roswell 
Park Memorial Institute (RPMI)-1640 medium (HyClone) 
with 10% newborn calf serum (NBCS; HzSjq Co. Ltd.) and 
100 µg/ml penicillin/streptomycin (Gibco Life Technologies, 
Rockville, MD, USA). All cell lines were maintained in a 
humidified atmosphere at 37˚C with 5% CO2 and routinely 
passaged using trypsin (Invitrogen, Camarillo, CA, USA) 
when nearly confluent.

Immunofluorescence staining. The primary to 3rd-generation 
perichondrium cells and BMSCs were seeded at 4x105/ml in 
24-well plates covered with glass slides. When 70% conflu-
ency was reached, the slides were removed and the cells were 
fixed with 4% paraformaldehyde phosphate-buffered saline 
(PBS) for 30 min and stained with the following primary anti-
bodies overnight at 4˚C: anti-type II collagen rabbit polyclonal 
antibody (bs-8859R), anti-CD34 rabbit polyclonal antibody 
(bs-0646R), anti-CD90 rabbit polyclonal antibody (bs-0778R) 
(1:200 dilution), and anti-CD105 antibody rabbit polyclonal 
(bs-0579R; 1:100 dilution) (both from Bioss Biological 
Technology Co., Beijing, China). They were then incubated 
with the conjugated secondary CY3 antibody (BA1032; 1:500 
dilution; Boster Biological Technology Co., Wuhan, China). 

4',6-Diamidino-2-phenylindole (DAPI; C-0033; 1:10,000 dilu-
tion; Bioss) was used to stain the cell nuclei.

Adipogenic and osteogenic differentiation. The 3rd-generation 
PMSCs and BMSCs were seeded at 4x104/ml in 24-well 
plates covered with glass slides. After 3 days, we changed the 
culture medium to the corresponding conditioned medium for 
adipogenic or osteogenic differentiation (23-26). After 14 days 
of adipogenic and 21 days of osteogenic induction, the slides 
were removed and the cells were fixed for 30 min with 4% 
paraformaldehyde. The lipid droplets were stained by Oil Red O 
(Sigma-Aldrich). The mineralization nodes were stained by 5% 
silver nitrate (Sigma-Aldrich) and exposed to an ultraviolet lamp 
within 60 min. Hematoxylin was used to stain the cell nuclei.

Treatment of SHZ-88 cells with conditioned medium derived 
from PMSCs. The 3rd-generation PMSCs were cultured as 
indicated above. When the cells grew to full confluency, the 
medium was replaced by serum-free medium for 48 h. The 
supernatants derived from the PMSC cultures were harvested 
by centrifugation at 800 x g for 5 min. The SHZ-88 cells were 
treated with a mixture of RPMI-1640 and PMSC-conditioned 
medium (5:5) containing 10% NBCS for 72 h, during which 
time, the culture medium was replaced every 24 h. SHZ-88 
cells were cultured in normal medium as a control group. 
To neutralize DKK-1, PMSC-conditioned medium was incu-
bated with rabbit-anti-DKK-1 polyclonal antibody (Bioworld 
Technology, Inc., St. Louis Park, MN, USA) at a final concen-
tration of 100 ng/ml at 4˚C for 24 h (27,28), and subsequently 
used to treat SHZ-88 cells for 72 h. Normal rabbit IgG was 
used as a negative control.

Cell proliferation assessment. Colorimetric 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
was used to assess the proliferation of cells. SHZ-88 cells 
(100 µl) were seeded at a density of 4x104 cells/ml in 96-well 
plates and treated with PMSC-conditioned medium (control 
without PMSC-conditioned medium) for 24, 48 and 72 h. Ten 
microliters of a 5 mg/ml solution of MTT (Sigma-Aldrich) in 
PBS was added to each well and the plates were incubated 
for 4 h at 37˚C. One hundred fifty microliters of dimethylsulf-
oxide (Sigma, St. Louis, MO, USA) was added to each well and 
the plates were shaken for 15 min before reading the optical 
density (OD) of each well at 570 nm on a microplate reader.

Cell migration and invasion assays. After treatment of SHZ-88 
cells with 50% PMSC-conditioned medium for 48 h, migration 
and invasion assays were conducted using Transwell plates with 
8-µm pore size membranes (Millipore Inc., Billerica, MA, USA) 
as previously described (29,30). After incubation for 16 h (for 
migration assays) or 24 h (for invasion assays), cells remaining 
on the upper side of the filter were removed with cotton swabs. 
The cells that attached to the lower surface were fixed, stained 
using crystal violet and washed with PBS. Cells were counted in 
five high-power fields/membrane. The results are presented as 
the mean number of cells that migrated per field per membrane. 
All experiments were conducted in triplicate.

SHZ-88 cell transplantation in SD rats. SHZ-88 cells in the 
log-phase were diluted in normal saline (NS) and were subcu-
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taneously injected into the right armpit of 10-day-old SD 
female rats. Every rat was injected with 5x105 cells/0.2 ml. 
When subcutaneous tumors reached 5-8 mm in size, SD rats 
were randomly divided into PMSC and NS groups (n=16 
rats/group). Animals in the PMSC group were injected with 
3x106/0.2 ml PMSCs (diluted in NS) via the tail vein every 
3 days. Animals in the NS group were injected with 0.2 ml 
NS via the tail vein every 3  day as a control group. We 
measured the size of subcutaneous tumors every 6 days. The 
tumor volume was calculated using the following formula: 
Tumor volume = ½(long tumor diameter x short tumor diam-
eter2). The tumor growth curve was drawn by plotting tumor 
volumes according to the time in each group. Finally, 6 rats in 
each group were euthanized after 30 days and tumor growth 
inhibitory rate was calculated using the following formula: 
Tumor inhibition rate = [(average volume of control group 
- average volume of experimental group)/average volume 
of control group] x 100%. A piece of the tumor tissue from 
each animal was fixed in 4% paraformaldehyde while the 
remaining tumor tissue was stored at 80˚C. Surviving animals 
(the remaining 10 animals in each group) were observed daily 
for 60 days.

Western blot analyses. The proteins were extracted from the 
SHZ-88 cells treated with MSC-conditioned medium for 72 h 
and frozen tumors from the tumor-bearing rats according to 
standard procedures. Proteins were examined with specific 
primary antibodies: anti-DKK-1 rabbit polyclonal antibody 
(BS7731), anti-Bcl-2 rabbit polyclonal antibody (BS1031), 
anti-PCNA rabbit polyclonal antibody (BS6438), anti-survivin 
rabbit polyclonal antibody (BS8456) (1:1,000 dilution; Bioworld 
Technology), anti-β-catenin rabbit polyclonal antibody 
(51067-2-AP) (1:500 dilution; Proteintech, Huhan, China), 
anti-c-Myc rabbit polyclonal antibody (10057-1-AP) (1:100 dilu-
tion; Proteintech), and anti-β-actin rabbit polyclonal antibody 
(bs-0061R; 1:1,000 dilution; Bioss), followed by a conjugated 
secondary antibody: goat-anti-rabbit IgG antibody (1:3,000 dilu-
tion; Bioss). The reactions were visualized using the enhanced 
chemiluminescence (ECL) reagent (Millipore). The band inten-
sity of western blotting was measured by densitometry using the 
Quantity One software (Bio-Rad Laboratories, Hercules, CA, 
USA). The protein levels were normalized to the protein level of 
β-actin which was used as a loading control.

Immunohistochemical (IHC) staining. Tumor tissues fixed in 4% 
paraformaldehyde were processed for paraffin embedding and 
sectioned (5-µm thickness). Formalin-fixed paraffin‑embedded 
tumor sections from NS and PMSC-treated animals were 
analyzed by IHC staining using an anti-β-catenin rabbit poly-
clonal antibody (1:200; Proteintech) and a biotin‑conjugated 
secondary antibody. The staining was performed following 
the SP kit procedure (Golden Bridge International, Beijing, 
China). As a control, the primary antibody was replaced by 
PBS. IHC staining results were assessed independently by 
two pathologists in a semi-quantitative manner, scored by a 
semi-quantitative immunoreactivity scoring (IRS) system, and 
divided into high and low expression specimens.

Statistical analysis. All data are expressed as means with stan-
dard error (SE). One-way ANOVA and Student's t-test were 

used to test differences between the groups. The Kaplan-Meier 
method was used to test the survival time of tumor-bearing 
rats in different groups. P<0.05 was considered to indicate a 
significant result. All analyses were performed using SPSS 
software version 18.0 (IBM, Corp., New York, NY, USA).

Results

Biological characteristics of the PMSCs and BMSCs 
Growth and morphology. The primary perichondrium cells 
began to adhere to the plate after 12 h of culture. They were 
passaged after 5-6 days of culture when they presented a 
round or polygon shape (Fig. 1A). The primary bone marrow 
cells began to adhere to the plate after 4-5 h of culture and 
were passaged after 8-10 days of culture when they presented 
a spindle or polygon shape  (Fig.  1A). As the generations 
increased, from 3rd-generation, two types of cells showed 
spindle-shape with whirlpool arrangement (Fig. 1A) and the 
generation times of perichondrium cells and BMSCs were 
1-2 and 4-5 days, respectively. The perichondrium cells were 
passaged for 30 generations and retained their shape (data not 
shown).

Cell surface marker expression. Immunofluorescence 
staining indicated that type II collagen, CD34, CD90 and 
CD105 proteins were not expressed in primary and first 
generation perichondrium cells. From the 2nd-generation, 
cells began to express CD90 and CD105 proteins. The primary 
bone marrow cells were weakly positive for CD34, CD90 and 
CD105 proteins, but not for type II collagen. Subsequently, 
the cells only expressed CD90 and CD105 proteins. From the 
3rd-generation, the two cell types did not expressed type II 
collagen and CD34 proteins, but strongly expressed CD90 
and CD105 proteins (Fig. 1B). The 30th generation of peri-
chondrium cells still strongly expressed CD90 and CD105, 
but did not expressed CD34 and type II collagen (data not 
shown).

Multipotent differentiation ability. No change in term of 
the induction of differentiation was observed in the control 
group (Fig. 1C). After 14 days of adipogenic induction of the 
3rd-generation cells, perichondrium cells and BMSCs became 
round. Lipid droplets were observed in the cytoplasm of these 
cells after Oil Red O staining (Fig. 1C). After 21 days of osteo-
genic induction, the perichondrium cells grew as a stratified 
layer, some black mineralized nodules stained by silver nitrate 
were observed on the cell surface (Fig. 1C). BMSCs grew 
as a simple layer, but mineralized nodules gathered as bone 
nodules (Fig. 1C). The 30th generation perichondrium cells 
still presented lipid droplets and black mineralized nodules 
after induction (data not shown).

PMSC-conditioned media inhibits SHZ-88 cell growth, 
migration and invasion. Human MSCs can inhibit tumor 
growth (22,28). However, no study has reported such informa-
tion regarding PMSCs. In the present study, we explored the 
effect of PMSCs on breast cancer. The stem cell microenviron-
ment plays an essential role in preventing carcinogenesis by 
inhibiting proliferation (21). Thus, we investigated the inhibi-
tory effect of 50% PMSC-conditioned medium on SHZ-88 cells 
in vitro. MTT assay showed that PMSC-conditioned medium 
inhibited the proliferation of SHZ-88 cells in a time-dependent 
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manner (P<0.001 at 72 h; Fig. 2A). To further analyze the effect 
of 50% PMSC-conditioned medium on SHZ-88 cells, cell 
migration and invasion assays were conducted after treating 
SHZ-88 cells with 50% PMSC-conditioned medium for 48 h 
in vitro. SHZ-88 cell migration and invasion were signifi-
cantly reduced by the PMSC-conditioned medium (P<0.001; 
Fig. 2B and C). These data suggested that some factors in the 
conditioned medium from PMSCs were responsible for the 
inhibition of tumor cell proliferation, migration and invasion.

The Wnt/β-catenin signaling pathway is suppressed in the 
SHZ-88 cells treated with PMSC-conditioned medium. 
Studies have indicated that the self-renewal of stem cells by 
the Wnt/β-catenin signaling pathway was subverted in cancer 
cells, resulting in tumor progression  (19,20). The Bcl-2, 

c-Myc, PCNA and survivin genes are all targets of the Wnt/β-
catenin signaling pathway. Western blot analysis showed that 
β-catenin, Bcl-2, c-Myc, PCNA and survivin proteins were 
downregulated in SHZ-88 cells treated with 50% PMSC-
conditioned medium (P<0.001; Fig. 3). These results indicated 
that some soluble exocrine factors in the MSC-conditioned 
medium are involved in the inhibition of the Wnt/β-catenin 
signaling pathway in SHZ-88 cells.

DKK-1 derived from PMSCs contributes to the inhibition 
of SHZ-88 cells. MSCs have been shown to inhibit tumor 
proliferation by secreting DKK-1, which acts as an inhibitor 
of the Wnt/β-catenin signaling pathway  (28,31). Thus, we 
determined the expression levels of DKK-1 in the SHZ-88 
cells and PMSCs. Western blot analysis indicated that the 

Figure 1. Biological characteristics of the perichondrium cells and BMSCs. (A) Morphology of the primary and 3rd-generation perichondrium cells and 
BMSCs. Scale bar, 300 µm. (B) Surface markers in perichondrium cells and BMSCs. The expression of type II collagen, CD34, CD90 and CD105 proteins 
in the 3rd‑generation cells by immunofluorescence staining. Scale bar, 50 µm. (C) Multipotent differentiation ability of perichondrium cells and BMSCs. 
Adipogenic and osteogenic differentiation of the 3rd-generation cells assessed by Oil Red O and silver nitrate staining, respectively. Scale bar, 50 µm.
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DKK-1 expression level was higher in the PMSCs than that 
in the SHZ-88 cells (P<0.001; Fig. 4A). DDK-1 neutralization 
by the rabbit antibody against the rat DKK-1 in the PMSC-
conditioned medium abolished the inhibitory effect of the 
PMSC-conditioned medium on SHZ-88 cell proliferation as 
demonstrated by MTT assay (P>0.05; Fig. 4B). In addition, 
the inhibitory effect of the PMSC-conditioned medium on 

migration and invasion of SHZ-88 cells was also lost (P>0.05; 
Fig. 4C and D). Moreover, western blot analysis indicated that 
neutralization of DKK-1 in the PMSC-conditioned medium 
abrogated the downregulating effect of the conditioned 
medium on the expression of β-catenin, Bcl-2, c-Myc, PCNA 
and survivin in SHZ-88 cells (P>0.05; Fig. 4E). These data 
indicated that the inhibition of SHZ-88 cell growth, migra-

Figure 3. Effect of PMSC-conditioned medium on the Wnt/β-catenin signaling pathway of tumor cells in vitro. Western blot analyses showed that β-catenin, 
Bcl-2, c-Myc, PCNA and survivin were downregulated in the SHZ-88 cells treated with 50% PMSC-conditioned medium (***P<0.001).

Figure 2. Inhibitory effect of PMSC-conditioned medium on SHZ-88 cells. (A) MTT assay showed that the growth of SHZ-88 cells was reduced in the presence 
of 50% PMSC-conditioned medium for 72 h (P<0.001). (B and C) Cell Transwell assays were conducted to investigate the effect of PMSC-conditioned medium 
on breast cancer cell migration (B) and invasion (C). The results are presented as the mean ± SE of cell numbers obtained in three independent experiments 
(***P<0.001).
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tion and invasion mediated by PMSC-conditioned medium 
involved DKK-1 secreted by PMSCs in the medium.

PMSCs inhibit the growth of breast cancer in vivo
PMSCs inhibit the growth of transplanted tumors. To deter-
mine the effect of PMSCs on transplanted tumors in vivo, we 
established a subcutaneous tumor model of breast cancer in 
SD rats. When the tumor nodules reached 5-8 mm in length, 
the rats were injected with either PMSCs or NS (control group). 
Tumor volume gradually increased and the tumor growth rate 
was faster in the NS group than that determined in the PMSC 
group. On day 30, no necrosis was observed in the tumors from 
rats treated with PMSCs, while partial necrosis and a hemor-
rhagic tendency on the surface of tumors were observed in the 
tumors from rats treated with NS. Additionally, the size of the 
tumors in the NS group was larger than that of the tumors 
from the PMSC group (Fig. 5A). We measured the size of the 
subcutaneous tumors every 6 days and constructed the tumor 
growth curve based on tumor volumes (Fig. 5A). The tumor 

inhibition rate in the PMSC group reached 62.8%. These data 
indicated that treatment of the rats with PMSCs resulted in a 
significant growth inhibition in vivo when compared with the 
control group (P<0.001). The mean survival time of the rats in 
the NS group was 39.7±1.2 days, while that of the rats in the 
PMSC group was 53.4±2.0 days. The survival time of the rats 
in the NS group was significantly shorter than that of the rats 
treated with PMSCs (P<0.001; Fig. 5B).

PMSCs inhibit the growth of transplanted tumors via the 
Wnt/β-catenin signaling pathway. We further investigated 
the molecular mechanisms underlying the inhibitory effect 
of PMSCs on breast cancer. Immunohistochemistry staining 
indicated that the β-catenin protein in the tumors from rats 
treated with PMSCs was expressed at low levels, while it was 
highly expressed in the tumors of rats treated with NS when 
using the IRS system (Fig. 5C). Western blot analyses showed 
that β-catenin, Bcl-2, c-Myc, PCNA and survivin proteins 
were downregulated in the PMSC group (P<0.001; Fig. 5D). 
These results indicated that PMSCs inhibited the growth of 

Figure 4. Effect of DKK-1 secreted by PMSCs on tumor cells. (A) Western blot analyses showed that DKK-1 expression level was higher in PMSCs than that 
in the SHZ-88 cells (***P<0.001). (B) Reduction of SHZ-88 cell proliferation by exposure to PMSC-conditioned medium was abolished by neutralization of 
DKK-1 with a rabbit anti-DKK-1 antibody (P>0.05). (C and D) Transwell assays show that PMSC-conditioned medium lost its ability to reduce migration (C) 
and invasion (D) in SHZ-88 cells after DKK-1 neutralization (P>0.05). (E) Western blot analyses revealed that the downregulating effect of PMSC-conditioned 
medium on β-catenin, Bcl-2, c-Myc, PCNA and survivin expression in SHZ-88 cells was attenuated by DKK-1 neutralization.



ONCOLOGY REPORTS  36:  936-944,  2016942

transplanted tumors via the Wnt/β-catenin signaling pathway 
in vivo.

Discussion

Many researchers  (8,10,14) believe that MSCs originate 
from adult stem cells. The rib perichondrium contains osteo-
progenitor cells, a type of adult stem cells. In the present 
study, we investigated whether MSCs could be isolated 
from the perichondrium. Our results showed that, from the 
3rd-generation, the perichondrium cells presented a typical 
spindle-shape with whirlpool arrangement and strongly 
expressed CD90 and CD105 proteins  (32). Additionally, 
adipogenic and osteogenic differentiation could be induced 
in these cells. These data demonstrated that perichondrium 
cells presented biological characteristics similar to those of 

BMSCs. These findings strongly suggest that we successfully 
derived stem cells from the rib perichondrium, which were 
named PMSCs.

MSCs possess the ability to specifically home to tumors and 
to self-renew, and present low immunogenicity (3,10,11,16). 
Thus, they have been used for cancer treatment (13,33,34). 
However, the effects of MSCs on tumors are controversial. 
Various reports state that MSCs promote the progression of 
breast cancer and colon cancer cells (15,16). Other reports 
indicate that MSCs can inhibit the growth of pancreatic 
cancer, Kaposi's sarcoma, and breast cancer cells (13,17,18). 
In the present study, using MTT, cell migration and invasion 
assays, we found that PMSC-conditioned medium inhibited 
the growth, migration and invasion of SHZ-88 cells (P<0.001). 
Our findings are consistent with several reports (18,35). The 
Wnt/β-catenin signaling pathway plays an important role 

Figure 5. Effect of PMSCs on the growth of transplanted tumors. (A) Tumors from the NS group were larger than those from the PMSC group. The tumor 
growth curve was obtained by plotting the tumor volumes according to time. Treatment of the rats with PMSCs for 30 days resulted in a significant growth 
inhibition on tumor growth in vivo when compared with the NS group (P<0.001). (B) Kaplan-Meier survival curves of tumor-bearing rats in the NS and PMSC 
groups. Tumor-bearing rats in the NS group presented a poorer overall survival, while tumor-bearing rats treated with PMSCs presented a higher overall 
survival. The survival time of the animals in the NS group was significantly shorter than that of the rats treated with PMSCs (P<0.001). (C and D) Effect of 
PMSCs on the Wnt/β-catenin signaling pathway in tumors in vivo. (C) Immunohistochemistry staining showed that the β-catenin expression level in the tumors 
from rats treated with PMSCs was low, while it was high in the tumors from rats treated with NS. (D) Western blot analyses showed that β-catenin, Bcl-2, 
c-Myc, PCNA and survivin were downregulated in the tumors from rats treated with PMSCs (***P<0.001).
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in the self-renewal of stem cells (19), but abnormal activa-
tion of the Wnt/β-catenin signaling pathway can lead to 
human cancer  (20). The Wnt/β-catenin pathway is related 
to the efficacy of MSCs in suppressing hepatoma and breast 
cancer (18,28,35). The Bcl-2, c-Myc, PCNA and survivin genes 
are all targets of the Wnt/β-catenin signaling pathway (36,37). 
In the present study, western blot analyses confirmed that the 
Wnt/β-catenin signaling pathway in SHZ-88 cells was blocked 
by PMSC-conditioned medium. These results are consistent 
with the above report. These data suggest that various soluble 
factors in PMSC-conditioned medium are responsible for the 
inhibition of the growth, migration, invasion and Wnt/β‑catenin 
signaling pathway in SHZ-88 cells.

Next, we attempted to identify the inhibitors of the 
Wnt/β‑catenin signaling pathway in the PMSC-conditioned 
medium. It was previously reported that MSCs inhibit tumor 
proliferation via secretion of DKK-1, which acts as a negative 
regulator of the Wnt/β-catenin signaling pathway  (22,28). 
Accordingly, we speculated that DKK-1 secreted by PMSCs 
was involved in the inhibition of the Wnt/β-catenin signaling 
pathway in SHZ-88 cells. Western blot analyses showed that 
DKK-1 expression level in PMSCs was higher than that in 
SHZ-88 cells, which provided evidence that DKK-1 from 
PMSCs may play a vital role in controlling the Wnt/β-catenin 
signaling in SHZ-88 cells. These findings are consistent with 
various reports (18,22,28). In order to further confirm the role of 
DKK-1 secreted by PMSCs in the inhibition of the Wnt/β‑catenin 
signaling pathway in SHZ-88 cells, we neutralized DKK-1 in 
the PMSC-conditioned medium using an antibody against 
DKK-1 and demonstrated that the inhibition of SHZ-88 cell 
growth, migration and invasion mediated by PMSC-conditioned 
medium was reduced by DKK-1 neutralization. Additionally, 
the treated conditioned medium lost the ability to downregulate 
the expression of β-catenin, Bcl-2, c-Myc, PCNA and survivin 
in SHZ-88 cells. This provided evidence that DKK-1 secreted 
by PMSCs contributed to the inhibition of the Wnt/β-catenin 
signaling pathway in SHZ-88 cells. Moreover, we showed that 
PMSCs inhibited the growth of transplanted tumors in vivo. 
When compared with the NS group, injection of PMSCs signifi-
cantly inhibited tumor growth and prolonged the survival time 
of tumor-bearing rats. Wnt/β-catenin and its target genes were 
downregulated in the tumors from rats treated with PMSCs. 
These results indicate that PMSCs inhibit the growth of trans-
planted breast tumors through the Wnt/β-catenin signaling 
pathway as observed in vivo.

In summary, the present study is the first to report the 
isolation of mesenchymal stem cells from the perichondrium 
(PMSCs) of rat. Furthermore, PMSCs were found to inhibit 
breast cancer cell growth through the DKK-1/Wnt/β-catenin 
signaling pathway. The present study provided novel infor-
mation, which can be useful for the development of new 
therapeutics for breast cancer treatment.
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