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Abstract: Doxorubicin (DOX) is one of the widely used chemotherapeutic drugs for the treatment of human osteo-
sarcoma (OS). However, acquisition of DOX resistance is common in patients with OS, leading to local and distant 
failure. In this study, we demonstrate that survivin expression is significantly upregulated in OS primary tumors com-
pared to paired normal tissue. In addition, survivin expression was further increased in DOX resistant cells (MG63/
DOX) as compared to its parent cells (MG63). Thus, we hypothesize that targeting of survivin in OS could reverse the 
DOX resistant phenotype in tumor cells thereby enhancing the therapeutic efficacy of DOX. We test the efficacy of 
YM155, a small molecule survivin inhibitor, either as a single agent or in combination with DOX in vitro and in vivo. 
We found that combination treatment of YM155 and DOX in DOX resistant cells (MG63/DOX) could significantly 
inhibited cell proliferation and colony formation, induce cell apoptosis and promoted caspase-3, -8, and -9 activity in 
vitro, and promoted tumor regression in established OS xenograft models. Taken together, the evidence presented 
here supports the favorable preclinical evaluation that YM155 could overcome DOX the resistance in tumor cells 
thereby enhancing the effectiveness of DOX in OS, suggesting that YM155 in combination with DOX has potential in 
the treatment of osteosarcoma.
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Introduction

Osteosarcoma (OS) is the most common histo-
logical form of primary bone cancer in the child-
hood and adolescent [1]. It arises from the 
malignant transformation of mesenchymal 
cells, often occurring during cell differentiation 
in the formation of osteoid and immature bone, 
leads to a high mortality rate [1, 2]. Doxorubicin 
(DOX) well established to be used as chemo-
therapeutic drugs in osteosarcoma [3, 4]. 
However, patients with late-stage cancer often 
develop resistance to DOX, and possess poor 
prognosis with 5~20% survival rate after sur-
gery [5]. Therefore, it is urgent need to under-
stand the molecular mechanisms that contrib-
ute to drug resistance of tumors, and to identify 
novel therapeutic targets in human OS.

Survivin, the smallest and structurally unique 
member of the inhibitors of apoptosis protein 
(IAP) family, plays crucial role in various cellular 
proliferation, including cell division, surveil-

lance checkpoints and stress response [6]. 
Survivin protein is largely undetected or 
expressed at very low levels in normal tissues 
[7], whereas it is overexpressed in many malig-
nancies including OS and has also been linked 
to poor patient survival of OS [8, 9]. In addition, 
accumulating evidence suggest that survivin 
expression is associated with drug-resistance 
in cancer cells and cancer associated endothe-
lial cells [10-12]. Therefore, we hypothesize that 
targeting of survivin in OS may enhance the 
therapeutic efficacy of DOX by inhibiting its 
expression.

To date, several strategies to modulate the 
expression/activation of surviving have been 
developed. YM155, a novel small molecule 
inhibitor of survivin, was identified by cell-based 
high-throughput screening [13]. YM155 has 
been to exhibit potent anti-tumor activity in 
non-small cell lung cancer [14], hepatoblasto-
ma [15], melanomal [16], pancreatic cancer 
[17], prostate cancer [18]. In addition, in clinical 
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settings, YM155 was shown to be tolerable in 
phase II studies with advanced cancer patients 
and showed antitumor activity in those with 
advanced refractory non-small cell lung carci-
noma and unresectable melanoma [14, 19]. 
Interesting, YM155 could enhance sensitive 
chemotherapeutic drugs to tumor cell [14, 16, 
18, 20]. For OS, our recently study showed that 
YM155 significantly inhibits OS cell prolifera-
tion, colony formation, migration and invasion, 
and induces cell apoptosis and increases cas-
pase-3, -8 and -9 activities in vitro, and sup-
pressed tumor growth in vivo [21]. However, 
whether downregulation of survivin in OS by 
YM155 could enhance the therapeutic efficacy 
of DOX remains unclear.

Here, we evaluated the therapeutic potential of 
YM155 alone and in combination with DOX in 
vitro and in vivo. We found that YM155 could 
overcome DOX the resistance in tumor cells 
thereby enhancing the effectiveness of DOX in 
OS, suggesting that YM155 in combination with 
DOX was effective treatment of osteosarcoma 
method.

Materials and method

Reagents and antibodies 

The small-molecule survivin inhibitor YM155 
was brought from Selleck Chemicals (Houston, 
TX, USA) and was dissolved and diluted in 
saline before its use in treatments in vitro and 
in vivo. DOX was brought from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA) and was 
dissolved and diluted in saline and stored at 
-20°C. 

Patients and tissue samples

Twenty patients with osteosarcoma (12 male 
and 8 female) treated in the Department of 
Orthopedics, China-Japan Union Hospital of 
Jilin University, between June 2009 and August 
2014, were enrolled retrospectively in this 
study. All human osteosarcoma biopsy speci-
mens were obtained from primary lesions. After 
surgical resection, tumor tissues and adjacent 
normal tissues were collected and stored at 
-80°C until use. None of the patients had 
received chemotherapy or radiotherapy before 
surgery. Informed consent was obtained from 
all patients and the study was approved by the 
Research Ethics Committee of Jilin University 
(Changchun, China).

Cell culture

The human osteosarcoma cell lines MG-63 was 
obtained from Cell Bank of Type Culture 
Collection of Chinese Academy of Sciences 
(Shanghai, China). Cells were all routinely cul-
tured in Dulbecco’s modified Eagle’s medium 
(DMEM; GIBCO-BRL, Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum 
(FBS, GIBCO), 2 mM glutamine, 100 U/ml peni-
cillin and 100 mg/ml streptomycin in a 5% CO2 
humidified atmosphere at 37°C. 

Induction of doxorubicin resistance in OS cell 
lines

A DOX resistant cell line (MG-63/DOX) was 
established from its parental cell line MG-63 by 
gradually increasing the concentration of DOX 
to which the cells were exposed in a stepwise 
manner over a period of 6 months. In briefly, 
MG63 cells were initially cultured in DMEM con-
taining 5 nM DOX and the cells that proliferated 
were repeatedly sub-cultured in DMEM contain-
ing increasing concentrations of DOX over a 6 
month period. Cells that grew in 65 nM DOX 
were designated as MG63/DOX. The cells were 
incubated in drug-free medium for at least 1 
week before use.

Quantitative real time PCR analysis

RNA from the OS tumors, adjacent normal con-
trols, OS cell lines was extracted using TRIzol 
reagent (Invitrogen, USA) according to the man-
ufacturer’s instructions. M-MLV reverse tran-
scriptase (Fermentas, USA) was used to create 
cDNA following the manufacturer’s instruc-
tions. Quantitative real-time polymerase chain 
reaction (RT-PCR) assays were carried out 
using SYBR TAQ real-time kits (TaKaRa 
Biotechnology, Otsu, Japan) under ABI PRISM 
7900HT (Applied Biosystems, Foster City, CA, 
USA). The PCR primers of survivin and GAPDH 
were design as previous described [22]. GAPDH 
was used as internal control. The 2-ΔΔCT method 
was used to calculate the relative abundance 
of target gene expression generated using 
Rotor-Gene Real-Time Analysis Software 
6.1.81.

Immunohistochemistry

Sample were dewaxed in xylene, rehydrated in 
descending alcohols, and blocked for endoge-
nous peroxidase and avidin/biotin activities. 
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Sections were incubated with antibody against 
human survivin (Santa Cruz Biotechnology, 
Santa Cruz, CA) at a dilution of 1:5000 over-
night at 4°C, followed incubated with horserad-
ish peroxidase (HRP)-labeled goat anti-rabbit 
secondary antibody for 2 h at room tempera-
ture. After washing with PBS three times, immu-
nostaining was visualized by a streptavidin-per-
oxidase reaction system under an optical 
microscope. 

Cell proliferation assay

Cell proliferation was measured using the MTT 
method. In briefly, the cell density of cells was 
adjusted to 5×104/ml, and cells were added to 
a 96-well plate (100 μl /well). After 24 h, in the 
blank controls, 100 μl of medium alone was 
added. At 24 h after culture, cells were treated 
with the indicated concentration of YM155 (0, 
1, 10, 100 nM) or DOX (0, 1, 10, 50, 100, 200 
nM), and cultured for 72 h. For combination 
treatment, cells were pretreated with YM155 
for 6 hrs and then treated with DOX. At indicat-
ed time points, 20 μl methylthiazoletetrazolium 
(MTT) solution (5 mg/mL) was added into each 
well and cultured for 4 h, followed 200 μl of 
DMSO was added to each well for 10 min. Then 
absorbance was measured at 570 nm with a 
microplate reader (Molecular Devices Corp., 
Sunnyvale, CA, USA). The percentage cell 
growth inhibition for each treatment group was 
calculated by adjusting the untreated group to 
100%. All experiments were performed in 
triplicate.

Colony formation assay

1.0×103 treated cells were plated in six-well 
plates in growth medium and were cultured for 
14 days in drugs-free conditions, and the medi-
um was replaced every 3 days. The colonies 
were fixed with 4% paraformaldehyde for 20 
min and stained with 1% crystal violet for 10 
min. The percentage colony formation was cal-
culated by adjusting untreated cells to 100%.

Cell apoptosis assay

The effect of YM155 in combination with DOX 
on cell apoptosis was determined by flow 
cytometry. In briefly, 5.0×104 cells were plated 
in 60-mm dishes and treated with YM155 and 
DOX alone or combination for 48 h. Then cells 
were stained with AnnexinV (Molecular Probes) 
and propidium iodide (Sigma-Aldrich, USA) and 
analyzed by using flow cytometry (BD 
Biosciences, Mansfield, MA, USA). 

In addition, caspase-3, -8 and -9 activity was 
detected as an additional indicator of apopto-
sis using caspases colorimetric protease assay 
kits (Millipore Corporation, Billerica, MA, USA) 
after treatment with YM155 and DOX alone or 
both, as previously described [23]. The relative 
caspase-3, -8 and -9 activity of the control 
blank group was referred as 100.

Western blot assay

Tissue sample and cultured cells were harvest-
ed and homogenized with RIPA lysis buffer 
(Sigma). Total protein concentration was detect-
ed using a bicinchoninic acid (BCA) protein 
assay kit (Boster, China). Each twenty micro-
grams of sample was f in separated by 8%-12% 
SDS-polyacrylamide gels, and the separated 
proteins were transferred to nitrocellulose 
membrane (Bio-Rad, Munich, Germany). The 
membranes were blocked with 5% non-fat dry 
milk for 2 h at room temperature and incubated 
with antibody against human survivin (Santa 
Cruz Biotechnology) and GAPDH (Santa Cruz 
Biotechnology) overnight at 4°C. After rinsing 
for three times, the membranes were incubat-
ed withhorseradish peroxidase-conjugated 
goat anti-mouse IgG or goat anti-rabbit (Santa 
Cruz Biotechnology) for 2 h at room tempera-
ture. Protein bands were visualized with 
enhanced chemioluminescence reagent (ECL, 
Amersham, GE Healthcare, Velizy-Villacoublay, 
France). Protein loading was normalized by 
stripping the blots and then re-probing with 
anti-GAPDH antibody.

In vivo experiments

The in vivo antitumor activity of YM155 and 
DOX singly administered and in combination, 
was assessed on MG63/DOX cells xenotrans-
planted into five-week-old male BALB/c nude 
mice (Experiments Animal Center of Changchun 
Biological Institute, Changchun, China). Mice 
were maintained in laminar flow rooms keeping 
temperature and humidity constant and had 
free access to food and water. Experiments 
were approved by the Ethics Committee for 
Animal Experimentation of the Jilin University 
(Changchun, China).

2×106 exponentially growing MG63/DOX cells 
were subcutaneously injected into mouse right 
flank. When subcutaneous tumors reached a 
size of 100 mm3, xenografted animals were 
randomly divided randomly into control group 
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(PBS), YM155, DOX and combination group. 
The control group received PBS. The other 
three groups were treated with YM155 (10 mg/
kg body weight), DOX (10 mg/kg body weight), 
or YM155 plus DOX (2.5 mg/kg plus 2.5 mg/kg 
body weight, respectively) by subcutaneously 
administered as a 3-day continuous infusion 
per week for 4 weeks. Tumor growth was fol-
lowed by weekly measurements of tumor diam-
eters with a Vernier caliper according to the fol-
lowing formula: [π/6 × length × width × height]. 
4 weeks after inoculation, mice were sacrificed, 
and tumors were striped and weighed. The effi-
cacy of the drug treatment was assessed as 
tumor volume inhibition (TVI) percentage in 
treated vs. control mice, calculated as: TVI= 
(mean TV treated/mean TV control ×100). Part 
of tumor tissues was collected for analysis of 
the expression of survivin by western blot.

ed levels of survivn protein were found in OS 
tissues compared with paired adjacent normal 
tissue from the same patients by immuno-
chemical staining assay (Figure 1B).

Survivin expression is markedly elevated in 
DOX resistant OS cell line and YM155 signifi-
cantly down-regulates survivin expression in a 
dosed dependent manner

To examine the role of survivin in the acquisi-
tion of cisplatin resistance, we took a OS cell 
line (MG63) that is sensitive to DOX treatment 
(IC50 5.5 nM) and induced DOX resistance by 
increasing doses of DOX in MG63 cell over six 
months. This new cell line, designated MG63/
DOX (IC50 11.9 nM) was found to be significantly 
more resistant to DOX treatment (>18.2 folds) 
as compared to its parental cell line (Figure 

Figure 1. Levels of survivin are increased in OS clinical samples. A. 
mRNA expression level of survivin in 20 cases of OS tissue samples 
and adjacent normal tissue samples were determined by qRT-PCR. 
GAPDH was quantified as an internal standard. **P<0.01 compared 
to normal tissue. B. Survivin protein expression in OS tissue samples 
and matched adjacent non-tumoral tissue samples were detected by 
immunohistochemistry assay.

Statistical analysis

All data are expressed as mean ± 
SD (standard deviation) from at 
least three independent experi-
ments. Statistical analysis between 
two samples was performed using 
Student t test and more than two 
groups was performed using one-
way ANOVA followed by a Tukey post 
hoc test. Statistical analysis was 
performed with GraphPad Prism 5.0 
(GraphPad Software, San Diego, CA, 
USA). A P-value <0.05 was consid-
ered as statistically significant.

Results

Survivin is up-regulated in OS tis-
sue

To identify the potential roles of sur-
vivin in the development and pro-
gression of OS, we detected sur-
vivin expression levels in tumor tis-
sues and matched normal tissues 
from 20 patients with OS by real 
time quantitative RT-PCR (qRT-PCR) 
and immunohistochemistry. It was 
found that survivin expression on 
mRNA level was significantly up-reg-
ulated in OS tissues compared to in 
the matched adjacent normal tis
sues (Figure 1A, P<0.05). Con- 
sistent with qRT-PCR results, elevat-
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2A). Interestingly, MG63/DOX cells also showed 
a significant increase in survivin expression on 
mRNA level and protein level as compared to 
MG63 cells (Figure 2B, 2C). Next, we examined 
whether YM155 is effective at inhibiting sur-
vivin expression in MG63/DOX cell. We found 
that YM155 significantly decreased survivin 
protein expression in a dose-dependent man-
ner (Figure 2D).

YM155 significantly reverses DOX resistance 
in OS cells

Recent studies have reported the role of sur-
vivin in the acquisition of drug-resistance in 
cancer cells [14, 18, 20]. We examined if 
YM155 could reverse the DOX resistance in OS 
cells and enhance its anti-tumor effects. 
Treatment of MG63/DOX cells with 70 nM DOX 
showed 50.5% inhibition of cell proliferation, 
whereas it completely inhibited cell prolifera-
tion in MG63 cells (Figure 3A). However, pre-
treatment of MG63/DOX cells with YM155 (10 
nM) significantly reversed DOX resistance in 
DOX resistant cell line (Figure 3A). Then, we 

also investigated the effect of YM155 alone or 
in combination with DOX on MG63/DOX cell 
colony formation. MG63/DOX cells treated with 
YM155 and DOX alone or both had significantly 
inhibited colony formation compared to control 
group (Figure 3B), while YM155 and DOX com-
bination treatment has strongest inhibition 
effect on colony formation compared to single 
YM155 treatment or DOX treatment. In addi-
tion, YM155 in combination with DOX in MG63/
DOX cells could significantly induced cell apop-
tosis (Figure 3C), promoted caspase-3, -8 and 
-9 activities (Figure 3D-F). Taken together, 
these studies suggested that YM155 signifi-
cantly reverses DOX resistance in vitro.

YM155 enhances the therapeutic efficacy of 
DOX in DOX resistant OS cells

Our in vitro data suggest that YM155 signifi-
cantly reverses DOX resistance in MG63/DOX 
cells. To further validate our in vitro results, we 
assessed the in vivo therapeutic efficacy of 
YM155 and DOX alone or combination in male 
BALB mice bearing DOX resistant cells (MG63/

Figure 2. Survivin expression is increased in DOX resistant cells and YM155 inhibits survivin expression in a dose 
dependent manner. (A) Cell proliferation in MG63/DOX cells and its parental cell line MG63 cells was assessed 
by MTT assay after treated with different concentrations of DOX. (B, C) Survivin expression in MG63/DOX and its 
parental cell line MG63 was examined by RT-PCR (B) and Western blotting (C). GAPDH was quantified as an internal 
standard. (D) Survivin expression was examined by Western Blotting in MG63/DOX cells after treated with different 
doses of YM155. GAPDH was quantified as an internal standard. *P<0.05, **P<0.01 compared to untreated group. 
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DOX). We found that DOX treatment (10 mg/kg) 
of animal bearing MG63/DOX tumors did not 
significantly affect tumor growth compared to 
control group (Figure 4A-C, 15.4% inhibition at 
day 28), whereas YM155 (10 mg/kg) treatment 
of MG63/DOX tumors significantly inhibited 
tumor growth compared to control group 
(44.4% inhibition at day 28). YM155 in combi-
nation with DOX has strongest effect on tumor 
growth (73.6% inhibition at day 28), and can 
significantly decreased tumor volume (Figure 
4B) and weight (Figure 4C) compared to other 
groups. In addition, we also detected survivin 
expression in tumor tissue by western blot. We 
found that survivin protein expression was 
decreased in YM155 treatment group and 
YM155 in combination with YM155 group com-
pared to the untreated group and DOX group 
(Figure 4D). These findings suggested that 
YM155 enhances the therapeutic efficacy of 
DOX in DOX resistant OS by inhibiting survivin 
expression.

Discussion

Chemoresistance is a therapeutic problem that 
severely limits successful treatment outcomes 

for OS since OS has high rate of local and dis-
tant failure, leading to the acquisition of chemo 
and radio-resistance [24, 25]. Therefore, it is 
an urgent need to identify new therapeutic tar-
gets to improve the therapeutic efficacy and 
minimize the chemotherapeutic drugs toxic 
side effects for patients with OS. Survivin pro-
tein is one such therapeutic target for OS. 
Previous studies shown that survivin expres-
sion was highly expressed in most OS, and cor-
related with metastasis, poor survival and 
resistance against chemotherapy and radio-
therapy [13-21]. In the present study, we also 
showed that survivin expression on mRNA level 
and protein level is significantly increased in 
primary tumors from OS patients as compared 
to adjacent normal tissue, which is in consis-
tent with previous study. Of note, we found that 
survivin levels were further upregulated in DOX 
resistant cells as compared to their parental 
DOX sensitive cells. Therefore, we reasonable 
hypothesized that targeting of survivin in OS 
could reverse the DOX resistant phenotype in 
tumor cells thereby enhancing the therapeutic 
efficacy of DOX in OS treatment.

Figure 3. YM155 significantly reverses DOX resistance in OS cells. A. Cell proliferation was assessed by MTT assay in 
MG63 and MG63/DOX cells after treated with YM155 or DOX alone or both. B. Cell colony formation was determined 
in MG63/DOX cells after treated with YM155 or DOX alone or both. C. Cell apoptosis was determined in MG63/DOX 
cells after treated with YM155 or DOX alone or both. D-F. Caspase-3, -8 and -9 activity in MG63/DOX were detected 
cells after treated with YM155 or DOX alone or both. *P<0.05, **P<0.01 compared to untreated group.
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Growing evidence has demonstrated that inhi-
bition of survivin expression using antisense 
oligonucleotides, small molecule antagonists, 
or small interfering RNA (siRNA) could suppress 
tumor cells proliferation and invasion, induce 
cell apoptosis, suppressed tumor growth, and 
increased chemotherapy sensitivity [13-18, 
20]. YM155, a novel small molecule inhibitor of 
survivin, was identified by using a survivin pro-
moter luciferase assay [20]. Several reports 
have showed that YM155 could enhance sensi-
tive chemotherapeutic drugs to tumor cell [14, 
16-18, 21]. For example, YM155 potentiated 
chemosensitivity to gemcitabine in pancreatic 
cancer cells by suppressing survivin expression 
[17]. YM155 could reverse cisplatin resistance 
in head and neck cancers and enhance the 

therapeutic efficacy of cisplatin treatment by 
inhibiting tumor growth and tumor angiogene-
sis in head and neck cancers [26]. YM155 
could overcome the rapamycin resistance in 
renal cancer cells (RCC) and enhancing the 
effectiveness of rapamycin therapy in RCC by 
decreasing survivin [27]. In addition, recently a 
study showed that YM155 in combination with 
cisplatin treatment showed antiproliferative 
effects and induced a greater rate of apoptosis 
than the sum of the single-treatment rates and 
promoted tumor regression in established OS 
xenograft models [28]. Here, our study showed 
that YM155 pretreatment significantly reversed 
acquired DOX resistance cell line (MG63/DOX). 
YM155 treatment also significantly downregu-
lated survivin expression DOX resistant cell 

Figure 4. YM155 and DOX alone or combination inhibits tumor growth in nude model animals bearing MG63/DOX 
were treated with YM155 (10 mg/kg) or DOX (10 mg/kg) alone or in combination. A. Representative photomicro-
graphs of tumors from untreated, DOX, YM155, or DOX in combination with YM155 treatment groups. B. Growth 
curves for tumor volumes in xenografts of nude mice from different group were established based on the tumor 
volume measured each week until four weeks. C. Tumor weights were measured from different groups. D. Survivin 
protein expression was determined in tumor tissue of different group by western blot assay. *P<0.05, **P<0.01 
compared to untreated group.
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lines (MG63/DOX) in a dose dependent man-
ner. In vivo, YM155 in combination with DOX 
significantly suppressed tumor growth of 
MG63/DOX xenograft mice. These results, col-
lected with previous reports suggested that 
YM155 could reverse chemotherapeutic drugs 
resistant to tumor cells.

In summary, the results presented here demon-
strate that YM155 could reverse DOX resis-
tance in OS and enhance the therapeutic effi-
cacy of DOX treatment. These results suggest a 
potentially novel strategy to reverse DOX resis-
tance in OS.
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