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Abstract: Osteosarcoma is the most common type of aggressive bone cancer. Current treatment strategies include 
surgical resection, radiation, and chemotherapy. Doxorubicin has been widely used as a chemotherapeutic drug to 
treat osteosarcoma. However, drug resistance has become a challenge to its use. In this study, p53-wild type U2OS 
and p53-null MG-63 osteosarcoma-derived cells were used to investigate the mechanism of doxorubicin-induced 
cytotoxicity. In cell viability assays, doxorubicin effectively induced apoptosis in U2OS cells via the p53 signaling 
pathway, evidenced by elevated PUMA and p21 protein levels and activated caspase 3 cleavage. In contrast, p53-
null MG-63 cells were resistant to doxorubicin-induced apoptosis, while exogenous expression of p53 increased 
drug sensitivity in those cells. The role of TGF-β/Smad3 signaling was investigated by using TGF-β reporter lucifer-
ase assays. Doxorubicin was able to induce TGF-β signal transduction without increasing TGF-β production in the 
presence of p53. Knockdown of Smad3 expression by small hairpin RNA (shRNA) showed that Smad3 was required 
for p53-mediated TGF-β signaling in response to doxorubicin treatment in U2OS and MG-63 cells. Taken together, 
these data demonstrate that p53 and TGF-β/Smad3 signaling pathways are both essential for doxorubicin-induced 
cytotoxicity in osteosarcoma cells.
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Introduction

Osteosarcoma is a highly malignant bone tumor 
which predominately affects adolescents and 
young adults. In the majority of patients, the 
tumor grows rapidly, behaves aggressively, and 
metastasizes early [1]. Osteosarcoma is usually 
treated with intensive chemotherapy before or 
after tumor resection. Doxorubicin, a DNA inter-
calating agent, has been widely used in the 
treatment of various types of cancer [2]. It is 
often routinely included in the treatment regi-
men for osteosarcoma, but therapeutic efficacy 
varies dramatically among individual patients. 
In those patients who present a stable, continu-
ous resistance to doxorubicin, the clinical prog-
nosis is extremely poor [3]. Clinical evidence 
has suggested that around 10% of osteosarco-
ma patients show a variable degree of resis-
tance to doxorubicin treatment after surgery, 

contributing to relapse or metastasis. Therefore, 
it is necessary to investigate the mechanism by 
which doxorubicin induces apoptosis in osteo-
sarcoma cells, in order to overcome drug resis-
tance and to formulate adaptive therapy within 
the most effective time window for treating 
osteosarcoma.

Recent reports have suggested that doxorubi-
cin activates murine TGF-β signaling, and as a 
result, promotes lung metastasis of breast can-
cer [4, 5]. TGF-β is a cytokine that plays dual 
roles in various biological processes [6-8]. On 
one hand, TGF-β acts as an anti-proliferative 
factor with the function of triggering apoptosis 
via its downstream signaling pathway. When it 
binds to type I and recruits type II serine/threo-
nine kinase receptors at the cell surface, the 
receptor complex is activated and propagates 
the signal downstream by phosphorylating the 
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Smad complex, which subsequently translo-
cates to the nucleus to regulate the expression 
of specific genes, such as the CDK inhibitor p21 
(CDKN1A, WAF1), leading to apoptosis [9]. On 
the other hand, TGF-β contributes to malignant 
cell survival and invasion via both canonical 
and non-canonical signaling pathways [8]. Os- 
teosarcoma patients have a high risk of devel-
oping pulmonary metastasis. Therefore, we 
investigated how TGF-β signaling affects osteo-
sarcoma cells treated with doxorubicin.

It has been reported that the tumor suppressor 
gene p53 exerts its anticancer function by 
inducing cell cycle arrest and apoptosis in can-
cer cells. Previous investigation has demon-
strated that TGF-β-induced molecular respons-
es, including the nuclear translocation of Sm- 
ads and transcriptional activation of p21, are 
dependent on p53 [10]. p53 has been consid-
ered a pivotal factor that determines cytotoxic-
ity for most chemotherapeutic agents. Li-Fra- 
umeni syndrome is caused by germline muta-
tions or deletion of p53 and predisposes a per-
son to development of early-onset cancer, in- 
cluding some osteosarcoma cases [11].

In the present study, the effects of doxorubicin 
treatment were compared between two types 
of osteosarcoma-derived cells, U2OS cells with 
wild-type p53 and p53-deficient MG-63 cells. 
The roles of both p53 and TGF-β-dependent 
signaling pathways on osteosarcoma-derived 
cell survival in doxorubicin were explored. Our 
study demonstrates that p53 and TGF-β/Sm- 
ad3 signaling pathways are both essential for 
doxorubicin-induced cytotoxicity in osteosar- 
coma cells, with implications for treatment of 
osteosarcoma.

Materials and methods

Cell lines and cell culture

U2OS (derived from bone tissues of a 15-year-
old osteosarcoma patient), MG-63 (derived 
from bone tissues of a 14-year-old osteosarco-
ma patient) and HEK-293T cells (human embry-
onic kidney-293 cells expressing the large T- 
antigen of simian virus 40) were obtained from 
the Cell Resource Center in the Chinese Aca- 
demy of Sciences and Shanghai Institute for 
Biological Sciences (Shanghai, China). Cells we- 
re cultured in Dulbecco’s modified Eagle’s me- 
dium (DMEM; HyClone Laboratories, Logan, UT, 
USA) supplemented with 10% fetal bovine 

serum (FBS; Gibco BRL, Gaithersburg, MD, 
USA) at 37°C in 5% CO2.

Plasmid constructs and transfection

To make the p53 expression plasmid (pcDNA-
p53), the entire open reading frame of wild-type 
p53 was cloned into a pcDNA3 vector. To make 
the TGF-β-responsive luciferase reporter, a 
fragment of the CAGA-lux plasmid containing 
three copies of the consensus Smad2/Smad3 
binding site upstream of the firefly luciferase 
reporter gene was cloned into the pGL3-pro-
moter vector (Promega Biosciences, San Luis 
Obispo, CA, USA). For the TGF-β luciferase 
reporter assay, the pCMV-β-galactosidase plas-
mid (Invitrogen, USA) was used to normalize 
transfection efficiency. We purchased p53-tar-
geting shRNAs from Santa Cruz Biotechnology 
(Dallas, TX, USA, shRNA #1) and Cell Signaling 
Technology (Danvers, MA, USA, shRNA#2). To 
make the Smad3 shRNA targeting construct, 
the sense and antisense strands specific for 
Smad3 separated by a loop (5’-TTCAAGAGA-3’) 
and a polythymidine tract to terminate tran-
scription were cloned into the pRNAT-U6.1/
Hygro vector (GenScript Corporation, Piscata- 
way, NJ, USA). A negative control that contained 
scrambled shRNA (GACGCTTACCGATTCAGAA) 
with no significant homology to mouse or hu- 
man gene sequences was used to detect any 
nonspecific effect. HEK-293T cells were trans-
fected using the Calcium Phosphate Cell Tr- 
ansfection kit, and U2OS and MG-63 cells were 
transfected using LipofectamineTM2000 (In- 
vitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions.

Antibodies and reagents

Polyclonal antibodies against p53, PUMA, Ca- 
spase 3, Histone-H3 and a mouse monoclonal 
antibody against GAPDH were obtained from 
Abcam Biotechnology (Cambridge, UK). A Sm- 
ad3 polyclonal antibody was purchased from 
Santa Cruz Biotechnology. Horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse and 
goat anti-rabbit IgG were obtained from Jackson 
ImmunoResearch (West Grove, PA, USA). FITC-
conjugated secondary antibody was obtained 
from Beyotime (Shanghai, China). DAPI (4, 6- 
diamidino-2-phenylindole) was purchased fr- 
om Roche Diagnostics (Indianapolis, IN, USA). 
Doxorubicin and MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide] we- 
re obtained from Sigma-Aldrich (USA). The 
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RayBio Human TGF-β ELISA kit was purchased 
from RayBiotech (Norcross, GA, USA). TGF-β1 
and doxorubicin were purchased from Sigma 
Aldrich.

Development of stable RNAi cell lines

Cells were grown to 70%-80% confluence and 
transfected with either p53-targeting shRNA #1 
(indicated as I-p53) or Smad3-targeting shRNA 
(indicated as I-Smad3) using the GeneTran II 
transfection reagent (Biomiga, San Diego, CA). 
After transfection, cells were incubated for 
another 48 h and treated with 1.5 µg/ml puro-
mycin for selection. After two weeks, stable 
cells were harvested and the efficiency of gene 
silencing was confirmed by Western blot.

Cell viability analysis

A colorimetric MTT assay was performed to 
quantify the effect of doxorubicin on cell viabil-
ity. Cells were seeded in 96-well plates (1000-
5000 cells/well) in 100 μL of complete growth 
medium. After incubating for 24 h, medium was 
changed to DMEM containing 3% (v/v) FBS and 
doxorubicin at the concentration indicated in 
the figures. Cells were incubated for 24 or 48 h 
followed by addition of 20 μL MTT solution (5 
mg/mL in PBS). The plates were incubated for 
4 h until purple precipitate was visible. Next, 50 
μL DMSO was added to each well and agitated 
for 10 min to dissolve the formazan crystals. 
Absorbance in each well was read at 570 nm 
using an automated microplate reader (Bio-
Rad, Hercules, CA, USA).

Apoptosis analysis

Cells were harvested and washed twice with 
PBS at 48 h after doxorubicin treatment or post 
transfection. Cells were re-suspended with PBS 
and counted. Cells (5×105) were stained with 
the Annexin V-FITC Apoptosis Detection Kit (BD 
Biosciences, Franklin Lakes, NJ, USA). At least 
10,000 cells were analyzed using a FACS 
Calibur flow cytometer (BD Biosciences).

Western blot

Cells were harvested and total protein was iso-
lated in lysis buffer containing protease inhibi-
tor cocktail (Roche). The nuclear and cytoplas-
mic fractions from cells were isolated with the 
NE-PER Nuclear and Cytoplasmic Extraction Kit 
(Life Technologies, Grand Island, NY, USA) and 

quantified with the Pierce BCA Protein Qu- 
antification kit (Life Technologies). Equal amo- 
unts of protein were separated by 12% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to a PVDF 
membrane. Each membrane was blocked with 
5% non-fat dry milk in TBS-Tween-20 (TBS-T) for 
1 h, followed by incubation with primary anti-
bodies at 4°C overnight. The membrane was 
then washed three times and incubated with 
HRP-labeled secondary antibodies before visu-
alization using an enhanced chemilumines-
cence kit (Abcam, USA).

Luciferase reporter assay

To perform the TGF-β-responsive luciferase 
reporter assay, cells were seeded (1×105 cells/
well) in a 24-well plate, and transfected with 1 
μg reporter plasmid plus 0.1 μg pCMV-β-ga- 
lactosidase plasmid per well to normalize tr- 
ansfection efficiency. After 36 h, cells were 
switched to 500 μL serum-free medium in the 
presence of 20 ng TGF-β or 2 µg/mL doxorubi-
cin for 8 h. Cells were then harvested and 
washed twice with phosphate-buffered saline 
(PBS), and lysed in 85 μL cold lysis buffer (25 
mM glycylglycine [pH 7.8], 1% Triton X-100 [v/v], 
15 mM MgSO4, 4 mM ethylene glycol tetra-ace-
tic acid [EGTA], and 1 mM dithiothreitol). After 
gentle agitation, 100 μL of 25 mM luciferin (BD 
Biosciences, San Jose, CA, USA) and 5 μL assay 
cocktail (1 M adenosine triphosphate, 15 mM 
KH2PO4 [pH 7.8], 15 mM MgCl2) were added to 
45 μL cell lysate. Luciferase activity was then 
measured using a FLUOstar OPTIMA fluores-
cence reader (BMG LABTECH, Offenburg, Ger- 
many). β-Galactosidase activity was measured 
using a β-galactosidase assay system (Promega 
Biosciences).

ELISA

Cells were left untreated or treated with 2 μg/
mL doxorubicin for 48 h. Supernatant was col-
lected, and concentration of TGF-β was mea-
sured using a TGF-β specific ELISA kit following 
the manufacturer’s protocol.

Colony formation assay

Cells were transfected as indicated and treated 
with 2 µg/ml doxorubicin for 48 h. Cells were 
then trypsinized to a single-cell suspension, 
counted and seeded in a 6-well plate (1000 
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cells/well) for at least 10 days. At the end of the 
incubation period, cells were fixed with 4% 
paraformaldehyde and stained with hematoxy-
lin and eosin (H&E).

Xenograft model

Male BALB/c mice (6 weeks old) were pur-
chased from the Chinese Academy of Sciences 
and were housed under pathogen-free condi-
tions. Cells that stably overexpressed p53 or 
had Smad3 expression reduced by gene knock-
down were treated with 2 µg/ml doxorubicin for 
48 h. Then cells were harvested by trypsiniza-
tion, washed and re-suspended in PBS at 5×107 
cells/ml. The cell suspension (0.2 ml) was in- 
jected subcutaneously into athymic male mice. 
At the end of the experiments, mice were sacri-
ficed and xenografts were resected. The Ch- 
inese Academy of Sciences Animal Care and 
Use Committee gave approval for the animal 
experiments.

Statistical analysis

Statistical analysis of the data was performed 
using the Student’s t-test. A p value less than 
0.05 (P<0.05) was considered statistically si- 
gnificant.

Results

Doxorubicin induces cytotoxicity in U2OS but 
not in p53-null MG-63 cells

The tumor suppressor gene p53 has been sug-
gested to induce apoptosis when cellular DNA 
is damaged. Since doxorubicin is a DNA-da- 
maging agent that generates DNA double-st- 
rand breaks, we speculated that there might  
be significant difference in doxorubicin-induced 
cytotoxicity between U2OS and MG-63 cells. 
Doxorubicin was used to treat both types of 
cells under equivalent conditions. An MTT as- 
say was performed to measure the cytotoxicity 
of doxorubicin in these cells. As shown in Figure 
1A, the growth of U2OS was inhibited much 
more than MG-63 cells by doxorubicin at a con-
centration of 2 μg/mL; U2OS cell proliferation 
was decreased nearly 50%. Flow cytometric 
analysis was performed to examine whether 
the decreased cell viability was due to doxoru-
bicin-induced apoptosis. As shown in Figure 
1B, the percentage of U2OS cells undergoing 
apoptosis after doxorubicin treatment was sig-
nificantly higher than that of MG-63 cells (45% 

vs 7%). The MTT assay demonstrated that the 
Half Lethal Dose (HLD) of doxorubicin was 
1.74±0.22 µg/ml in U2OS cells and 9±0.61 µg/
ml in MG-63 cells (Figure 1C). These results 
suggest that doxorubicin-induced cytotoxicity  
is significantly enhanced by an intact p53 pa- 
thway. 

Difference in doxorubicin-induced cytotoxicity 
between U2OS and MG-63 cells is mediated 
by p53

In order to investigate the role of p53 in doxoru-
bicin-induced cytotoxicity, we first examined 
the amount of p53 in U2OS and MG-63 cells 
using a Western blot. p53 protein was detected 
in U2OS and the control HEK-293T cells, but 
not in MG-63 cells (Figure 2A). This result was 
consistent with previous reports indicating that 
MG-63 cells are p53-null. Next, we examined 
the effect of doxorubicin on expression of p53 
downstream effectors in U2OS and MG-63 ce- 
lls. p53 upregulated modulator of apoptosis 
(PUMA) is a key regulator of p53-dependent 
apoptosis [12]. p21 expression is tightly con-
trolled by p53 and mediates p53-dependent 
cell cycle arrest and apoptosis [13]. As shown 
in Figure 2B, expression of PUMA and p21 in 
U2OS was upregulated by treatment with doxo-
rubicin as early as 12 h, and the protein levels 
increased in a time-dependent manner. In con-
trast, the expression of PUMA and p21 could 
not be detected until 48 h after doxorubicin 
treatment in MG-63 cells (Figure 2C). Similarly, 
cleavage of the central apoptotic protease Ca- 
spase 3 was detected in U2OS cells 12 h after 
doxorubicin treatment, but not in MG-63 cells 
(Figure 2B and 2C). These results strongly sug-
gest that the difference in doxorubicin-induced 
cytotoxicity between U2OS and MG-63 cells is, 
at least partly, mediated by p53.

Exogenous expression of p53 enhances cyto-
toxicity of doxorubicin in MG-63 cells

In order to examine whether manipulating p53 
expression could have an impact on the sen- 
sitivity of osteosarcoma cells to doxorubicin 
treatment, MG-63 cells were transfected with 
the recombinant p53 expression vector pcDNA-
p53. Additionally, knockdown of p53 expres-
sion in U2OS cells was carried out by two inde-
pendent p53-targeting shRNAs (I-p53): shRNA 
#1 and #2. The expression of p53 in each of 
these cell lines was confirmed by Western blot 
(Figure 3A). Since p53-targeting shRNA #1 and 
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Figure 1. Cytotoxicity of doxorubicin in osteosarcoma-derived cells. A. U2OS and MG-63 cells were seeded in growth media containing 2 µg/mL doxorubicin for 24 
hours. An MTT assay was performed to measure cell viability. Untreated cells were included as controls. B. U2OS and MG-63 cells were seeded in growth media with 
or without 2 µg/mL doxorubicin for 24 hours. Cells were harvested and the Annexin V apoptosis assay was performed to measure the percentage of apoptotic cells. 
Representative images are shown in the upper panel and results from three independent experiments are summarized in the lower panel. C. U2OS and MG-63 cells 
were seeded in growth media containing increasing concentrations of doxorubicin for 24 hours. MTT assay was performed to measure cell viability and the IC50 of 
doxorubicin was determined. *Indicates P<0.05.
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#2 exhibited similar efficacy in knocking down 
p53 levels in U2OS cells, we decided to use 
shRNA #1 in further investigations unless oth-
erwise specified. Next, an MTT assay was per-
formed to evaluate doxorubicin-induced growth 
inhibition in these cells. As predicted, viability 
of MG-63 cells overexpressing p53 was signifi-
cantly decreased 48 h after doxorubicin treat-
ment compared with mock transfected MG- 
63 cells (Figure 3B). The inhibition ratio was 
approximately 60%. In addition, knockdown of 
p53 expression by both shRNA #1 and #2 par-
tially rescued doxorubicin-induced growth inhi-
bition in U2OS cells. Western blotting showed 
that the levels of PUMA and p21 were increased 
and Caspase 3 cleavage was induced by 2 µg/
mL doxorubicin in MG-63 cells with exogenous 
p53 expression (Figure 3C), suggesting that 
p53 is required for doxorubicin induced cell 
apoptosis. To our surprise, knocking down p53 
did not significantly affect the anti-proliferative 
function of doxorubicin in U2OS cells (Figure 
3B). However, when the protein level of p53 
was examined in these cells, we found that 
doxorubicin treatment increased the endoge-
nous p53 levels in U2OS cells, which offset the 
effect of shRNA-p53 (Figure 3D). These results 
provide further evidence suggesting that p53 is 
a determining factor for doxorubicin-induced 
cytotoxicity in osteosarcoma cells.

Doxorubicin functions through p53-mediated 
TGF-β signaling to induce apoptosis in osteo-
sarcoma cells

A recent report has suggested that doxorubicin 
could activate TGF-β signaling in mammalian 
cells. In TGF-β-induced mammalian cell apop- 
tosis, the transcriptional activation of p21 by 

nuclear translocation of Smads requires the 
assistance of p53. Whether doxorubicin per-
forms its pro-apoptotic function through activa-
tion of TGF-β has not been determined. To 
explore this possibility, a luciferase reporter 
assay was performed to measure TGF-β/Smad 
signal transduction in osteosarcoma cells. As 
shown in Figure 4A, treatment with TGF-β1 in 
U2OS cells significantly increased the lucifer-
ase activity of the TGF-β reporter compared  
to the mock treatment. A similar effect was 
observed in doxorubicin-treated U2OS cells. 
When p53 expression was knocked down, the 
luciferase activity was only slightly reduced, 
which confirmed that the increased endoge-
nous p53 levels induced by doxorubicin could 
contribute to the signaling activation (Figure 
4A). In MG-63 cells, Smad signaling activity 
could be induced by TGF-β1, but not by doxoru-
bicin. Exogenous expression of p53 compen-
sated the loss of p53 activity in those cells and 
doxorubicin was then able to activate the lucif-
erase reporter at a level similar to TGF-β1 
(Figure 4A). To find out whether doxorubicin 
stimulated production of TGF-β, an ELISA assay 
was performed. In both U2OS and MG-63 cells, 
no significant differences in TGF-β levels we- 
re found between untreated and doxorubicin 
treated groups (Figure 4B), suggesting that the 
activation of downstream signaling was not a 
result of increased TGF-β production. Next, we 
investigated the phosphorylation and nuclear 
translocation of Smad3. As shown in Figure 4C, 
in MG-63 cells overexpressing p53, the level of 
Smad3 in the nucleus increased 48 h after 
transfection compared to the mock transfected 
control. After treatment with 2 μg/mL doxorubi-
cin for 4 h, a large proportion of Smad3 was 

Figure 2. Expression of p53 and downstream ef-
fectors in U2OS and MG-63 cells after doxorubi-
cin treatment. A. Expression of wild-type p53 was 
examined in MG-63, U2OS and HEK-293T cells by 
Western blot. B, C. U2OS and MG 63 cells were 
incubated with 2 µg/mL doxorubicin for 0, 12, 24 
or 48 hours. Levels of PUMA, p21 and cleaved Cas-
pase 3 were determined by Western blot. GAPDH 
was used as a loading control.



Doxorubicin-induced cytotoxicity in osteosarcoma cells

120	 Am J Cancer Res 2016;6(1):114-125

translocated into the nucleus. In untreated 
U2OS cells, the level of nuclear Smad3 was 
much higher than the cytoplasmic level (Figure 
4D). p53 knockdown decreased the nuclear 
translocation of Smad3, and doxorubicin treat-
ment did not significantly change the cytoplas-
mic-nuclear distribution of Smad3 (Figure 4D). 
These results indicate that doxorubicin stimu-
lated TGF-β signaling and Smad3 activation in a 
p53-dependent manner.

Smad3 and p53 are both required for doxoru-
bicin induced apoptosis in osteosarcoma cells

Next, we investigated whether Smad3 and p53 
were both required for doxorubicin-induced ap- 
optosis in osteosarcoma cells. First, Smad3 
expression was knocked down in both U2OS 
and MG-63 cells (Figure 5A). Activation of TGF-
β signaling in response to TGF-β or doxorubicin 
treatment was examined by luciferase reporter 
assay. As shown in Figure 5B, knockdown of 
Smad3 led to a significant reduction in TGF-β 
signaling activity induced by both TGF-β1 and 
doxorubicin in U2OS cells, and a complete loss 
of TGF-β1-induced signaling activity in MG-63 

cells. These results indicated that Smad3 was 
required for transduction of TGF-β signaling 
and target gene responses. In addition, the ef- 
fect of Smad3 knockdown on doxorubicin in- 
duced apoptosis in p53-positive or -negative 
osteosarcoma cells was examined. As shown in 
Figure 5C (upper panel), approximately 50% of 
U2OS cells with p53 knockdown were undergo-
ing apoptosis after doxorubicin treatment, and 
further knockdown of Smad3 significantly sup-
pressed doxorubicin-induced apoptosis. In p53- 
null MG-63 cells, exogenous expression of p53 
greatly enhanced the pro-apoptotic function of 
doxorubicin (Figure 5C, lower panel). However, 
Smad3 knockdown reversed this phenotype. In 
addition, a colony formation assay was utilized 
to confirm that p53-Smad3 plays an important 
role in doxorubicin resistance. As shown in 
Figure 5D, U2OS cells with either reduced p53 
or Smad3 expression showed enhanced viabil-
ity. Simultaneous deficiency of both Smad3 and 
p53 significantly increased doxorubicin resis-
tance in these cells. To extend our studies into 
an animal model, xenografts were employed to 
investigate whether p53-Smad3 signaling cou- 
ld regulate doxorubicin resistance in vivo. As 

Figure 3. p53 is required for doxorubicin-mediated cytotoxicity. A. MG-63 and U2OS cells were transfected with a 
p53 expression plasmid (pcDNA-p53) or two different p53-targeting shRNAs (shRNA #1 and #2), respectively. Con-
trol cells were mock transfected. Total protein was isolated and a Western blot was performed to detect p53 protein. 
B. Transfected cells were incubated with or without 2 µg/mL doxorubicin for 48 hours. An MTT assay was performed 
to measure cell viability. **Indicates P<0.05. C. Mock or pcDNA-p53 transfected MG-63 cells were incubated with 
or without doxorubicin for 24 h. Protein levels of PUMA, p21, and cleaved Caspase 3 were examined by Western Blot. 
D. Mock or p53-targeting shRNA #1 transfected U2OS cells were incubated with or without doxorubicin for 24 h. The 
protein level of p53 was detected by Western blot. GAPDH was used as a loading control.
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shown in Figure 5E, for U2OS cell xenografts, 
tumor volume was markedly decreased after 
doxorubicin treatment, while knocking down 
Smad3 expression almost eliminated the cyto-
toxicity of doxorubicin. Moreover, simultaneous 
deficiency of p53 and Smad3 dramatically 
increased tumor size. For MG-63 cell xeno-
grafts, overexpression of p53 greatly enhanced 
sensitivity to doxorubicin and resulted in a sig-
nificant reduction in tumor size; knocking down 
Smad3 partially rescued the p53-overexpress-
ing phenotype (Figure 5E, lower panel). These 
results suggest that doxorubicin-induced apop-
tosis in osteosarcoma cells was mediated by 
both p53 and TGF-β signaling pathways.

Discussion

Doxorubicin is an anticancer chemotherapeutic 
agent that interferes with DNA transcription 
and replication by intercalating between DNA 
base pairs and stabilizing topoisomerase II, 
thereby preventing normal transcription, inhib-
iting helicase-catalyzed DNA dissociation and 
generating free radicals [2]. Doxorubicin has 

become the cornerstone of cancer therapy in 
treating osteosarcoma [1]. Unfortunately, it has 
been shown that only 40% of osteosarcoma 
cells exhibit sensitivity to doxorubicin, and a 
subgroup of osteosarcoma patients eventually 
demonstrate resistance to doxorubicin treat-
ment [14]. Increasing the dose of chemothera-
peutic drugs increases the risk for side effects. 
By understanding the mechanism of doxorubi-
cin-induced apoptosis in osteosarcoma cells, 
novel adaptive therapy could be developed in 
combination with doxorubicin to effectively tre- 
at osteosarcoma.

The tumor suppressor p53 plays a critical role 
in DNA damage-induced apoptosis and thus is 
considered as a pivotal factor for cytotoxicity of 
antitumor agents [15]. Multiple types of p53 
mutations have been found in osteosarcoma 
patients, including point mutations, deletions 
and rearrangements that result in overexpres-
sion or loss-of-function of p53 protein [16, 17]. 
In the present study, two different osteosarco-
ma-derived cell lines, p53-wild type U2OS and 
p53-null MG-63, were used to compare the effi-

Figure 4. Activation of TGF-β signaling pathway is dependent on p53. A. Cells were transfected with a TGF-β lucif-
erase reporter. After 36 h, U2OS and MG-63 cells were left untreated or treated with TGF-β or doxorubicin for 8 h. 
U2OS cells expressing p53-targeting shRNA (I-p53-U2OS) and MG-63 cells expressing pcDNA-p53 (p53-MG-63) 
were treated with doxorubicin for 8 h. Cells were lysed and a luciferase assay was performed. **Indicates P<0.05. 
B. U2OS and MG-63 cells were left untreated or treated with doxorubicin for 48 h. Supernatant was collected and an 
ELISA was performed to measure the relative level of secreted TGF-β. The experiment was repeated five times. Mean 
and standard deviation for each group are shown. C and D. Cytoplasmic (C) and nuclear (N) fractions were isolated 
from negative control, transfected (pcDNA-p53 in MG-63 and p53-targeting shRNA in U2OS cells) and doxorubicin 
treated transfected cells. Western blot was performed to examine the nuclear/cytoplasmic distribution of Smad3. 
GAPDH and Histone-H3 were used as cytoplasmic and nuclear loading controls, respectively.
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Figure 5. p53 and TGF-β signaling pathways are both required for doxorubicin induced apoptosis in osteosarcoma cells. A. U2OS and MG-63 cells were transfected 
with a Smad3 shRNA targeting vector (I-Smad3). After 48 h, total protein was isolated and a Western blot was performed to detect protein levels of Smad3. GAPDH 
was used as a loading control. B. Cells were transfected with a TGF-β luciferase reporter. After 48 h, U2OS and MG-63 cells were treated with PBS or TGF-β1 for 8 
h. I-Smad3 co-transfected U2OS and MG-63 cells were treated with TGF-β1 or doxorubicin for 8 h. A luciferase reporter assay was performed. C. U2OS cells were 
transfected with a p53-targeting shRNA alone or co-transfected with I-Smad3. MG-63 cells were transfected with pcDNA-p53 alone or co-transfected with I-Smad3. 
Cells were then treated with doxorubicin for 48 h and harvested for flow cytometric analysis of apoptosis. Representative flow plots are shown in the upper panel 
and results from three independent experiments were summarized in the lower panel. D. Cells stably expressing shRNAs targeting p53 (I-p53), Smad3 (I-Smad3), 
or both (I-Smad3+I-p53) were treated with 2 µg/ml doxorubicin for 48 hours, and then seeded in a 6-well plate (1000 cells per well) for at least 10 days. At the end 
of the incubation period, cells were fixed and stained with H&E and the colonies were counted. Representative images from U2OS and MG-63 cells are shown in 
the upper panel and results from three independent experiments are summarized in the lower panel. E. U2OS cells with reduced expression of Smad3 (I-Smad3) 
alone or of Smad3 and p53 (I-Smad3+I-p53), and MG-63 cells overexpressing p53 in the presence or absence of Smad3 knockdown were treated with 2 µg/ml 
doxorubicin for 48 hours. Then cells were harvested, and 0.2 ml cell suspension (5×107 cells/ml) was injected subcutaneously into athymic male mice. At the end 
of the experiments, xenografts were resected and size measured. Representative images from U2OS and MG-63 cell xenografts are shown in the upper panel and 
results from three independent experiments (8 mice per group) are summarized in the lower panel. The scale bar shows 1 mm.
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cacy of doxorubicin-induced cytotoxicity. We 
found that these two types of osteosarcoma-
derived cells exhibited significant difference in 
sensitivity to doxorubicin treatment, which is 
consistent with previous investigation [18]. Th- 
ese results indicate that p53 and its related 
signaling pathway might play an essential role 
in doxorubicin-induced cytotoxicity. As expect-
ed, doxorubicin treatment effectively induced 
apoptosis in U2OS cells via a p53-related path-
way. The protein level of PUMA was significantly 
increased following doxorubicin treatment, and 
cleavage of Caspase 3 was subsequently acti-
vated. Furthermore, the expression of down-
stream TGF-β target p21 was increased as well. 
Since p21 transcription has been shown to be 
cooperatively mediated by Smads and p53 
[19], we speculated that doxorubicin might fu- 
nction through a TGF-β-mediated signaling pa- 
thway to induce apoptosis. In p53-null MG-63 
cells, the pro-apoptotic effect of doxorubicin 
was profoundly downregulated. When p53 was 
overexpressed in these cells, the sensitivity to 
doxorubicin was restored, accompanied with 
elevated p21 and PUMA transcription, suggest-
ing that p53 is required for doxorubicin-induced 
apoptosis in osteosarcoma cells. Interestingly, 
as shown in a previous report [20], we found 
that doxorubicin treatment could upregulate 
endogenous p53 expression in U2OS cells, 
hence knocking down p53 expression in U2OS 
cells did not affect the response to doxo- 
rubicin.

Previous investigation has suggested that do- 
xorubicin could upregulate the expression of 
key players in the TGF-β signaling pathway, 
which consequently induces cardiotoxicity in 
rats [5]. In our study, treatment with TGF-β1 or 
doxorubicin independently activated Smad-
driven reporter activity in U2OS cells. However, 
in contrast to previous reports, activation of 
TGF-β signaling was not due to increased TG- 
FB1 expression. Compared to p53-wild type 
U2OS cells, the p53-null MG-63 line showed 
less reporter activity in response to TGF-β1 
stimulation, suggesting that TGF-β signal trans-
duction is partially dependent on p53. In addi-
tion, TGF-β target gene activity could not be 
induced by direct treatment with doxorubicin in 
mock-transfected MG-63 cells, while a high 
level of induction was achieved after exoge-
nous expression of p53. Based on these re- 
sults, we conclude that the doxorubicin-induced 
TGF-β signaling we observed in these osteosar-
coma-derived cells was mediated by p53.

Smad3 belongs to the Smad family and func-
tions as the key factor in the TGF-β signaling 
pathway. It has been shown to cooperate with 
p53 to synergistically regulate target gene tran-
scription [10]. Physical interactions of p53 and 
Smad family members have been reported, 
with evidence for nuclear translocation of the 
resulting complex [10, 19]. In our study, Smad3 
was found to be a crucial factor for doxorubicin-
induced apoptosis in both U2OS and MG-63 
cells. In the presence of Smad3, doxorubicin 
could mimic the effect of TGF-β in promoting 
Smad3 nuclear translocation, activating tar- 
get gene expression and inducing apoptosis. 
Knocking down Smad3 expression led to a 
complete loss of TGF-β-like signaling activity 
triggered by doxorubicin. Furthermore, doxoru-
bicin-induced apoptosis in U2OS and in p53- 
overexpressing MG-63 cells was greatly re- 
duced when Smad3 was knocked down in th- 
ese cells. Integrity of the TGF-β/Smad signaling 
pathway is essential for doxorubicin-induced 
cytotoxicity, which leads us to hypothesize that 
patients with Smad3 deficiency may demon-
strate a certain degree of resistance to doxoru-
bicin treatment.

The results of this study indicate that doxorubi-
cin-induced apoptosis in osteosarcoma-derived 
cells is dependent on p53 and is at least par-
tially mediated through the TGF-β signaling 
pathway. When treating osteosarcoma patients 
with chemotherapy, p53 status may be an im- 
portant indicator for doxorubicin efficacy. Defi- 
ciency or abnormalities of p53 in patients could 
be investigated before doxorubicin treatment 
to determine each patient’s sensitivity to doxo-
rubicin treatment and inform prognosis. In ad- 
dition, it has been previously shown that doxo-
rubicin could increase TGF-β signaling in animal 
models, which in turn promotes the generati- 
on of stem cell-like cancer cells and enhances 
metastasis of breast cancer cells to the lung [4, 
8]. If this phenomenon also occurs in osteo- 
sarcoma, chemotherapy with doxorubicin may 
increase the risk of metastasis in a subgroup of 
patients and contribute to drug resistance. In 
clinical practice, the dosage of doxorubicin 
could be carefully determined and TGF-β signal-
ing closely monitored to achieve the optimal 
efficacy of chemotherapy and eliminate poten-
tial risk.
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