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Abstract. Osteosarcoma is the most common primary bone 
cancer in children and adolescents. Despite aggressive treat-
ment regimens, survival outcomes remain unsatisfactory, 
particularly in patients with metastatic and/or recurrent 
disease. Unfortunately, treatment failure is commonly due 
to the development of chemoresistance, for which the under-
lying molecular mechanisms remain unclear. The aim of the 
present study was to investigate the role of hypoxia-inducible 
factor 1α (HIF‑1α) and its signalling pathways as media-
tors of drug-resistance in human osteosarcoma. Toward this 
aim, we established two osteosarcoma cell lines selected 
for resistance to doxorubicin, a drug of choice in the treat-
ment of this tumour. Our results showed that the multidrug 
resistance (MDR) phenotype was also mediated by HIF-1α, 
the most important regulator of cell adaptation to hypoxia. 
Our data showed that this transcription factor promoted the 
outward transport of intracellular doxorubicin by activating 
the P-glycoprotein (P-gp) expression in osteosarcoma cells 
maintained in normoxic conditions. In addition, it hindered 
doxorubicin-induced apoptosis by regulating the expression 
of c-Myc and p21. Finally, we observed that the doxorubicin-
resistant cells maintained for 2 months of continuous culture in 
a drug-free medium, lost their drug-resistance and this effect 
was associated with the absence of HIF-1α expression. The 
emerging role of HIF-1α in osteosarcoma biology indicates its 
use as a valuable therapeutic target.

Introduction

Osteosarcoma (OS) is the most common non-haematological 
primary malignant bone tumour in children and young 
adults (1). Although neoadjuvant chemotherapy and improved 
surgical technology have increased the survival rate to 65-75% 

(2), this combined treatment is still unsuccessful in 30-40% of 
patients with localised tumours and in 80-85% of patients with 
metastatic disease at presentation (3,4). Multidrug resistance 
(MDR), both intrinsic and acquired, is still a major concern 
regarding the clinical management of osteosarcoma patients 
and a key issue in the failure of current treatment (5,6). The 
development of an MDR phenotype can be mediated by 
several mechanisms, including energy-dependent efflux of 
chemotherapeutic drugs (7). The principal transmembrane 
transporter responsible for this mechanism is P-glycoprotein 
(P-gp), a drug efflux pump belonging to the ATP-binding 
cassette (ABC) protein superfamily, encoded by the multi-
drug resistance gene (MDR-1), which lowers intracellular 
drug concentrations to sub-lethal levels (8,9). Although P-gp 
appears to be involved in resistance or a poor response to 
chemotherapy (10), other undefined cellular factors also seem 
to participate in modulating drug cytotoxicity in osteosarcoma 
cells. Thus, the analysis of the molecular mechanisms under-
lying the resistance of osteosarcoma cells to chemotherapy is 
essential for the development of novel treatment strategies for 
this disease.

A growing body of evidence has demonstrated that the 
microenvironment of the host has an important effect on 
the MDR of tumours, including pH, temperature, partial 
pressure of oxygen nutrition and extracellular matrix compo-
nents (11-14). In particular, there is a general consensus that 
hypoxia dramatically decreases the chemosensitivity of 
tumour cells promoting drug resistance to anticancer agents in 
a large variety of neoplasias (15,16). A series of events occur 
during the adaptation of a tumour to hypoxia through a group 
of hypoxia-inducible factors (HIFs), of which HIF-1α appears 
to be the most important in many different systems (17,18). 
This is an heterodimeric protein that consists of a highly regu-
lated HIF-1α subunit and a constitutively expressed HIF-1β 
subunit (19). HIF-1α is a transcription factor which permits 
hypoxic tumour cells to upregulate proteins that promote their 
survival and increase their aggressiveness. When adequate 
oxygen (O2) is present, the subunit HIF-1α becomes hydroxyl-
ated at several proline residues and this leads to ubiquitination 
and proteasomal degradation. However, when O2 is absent, 
this molecule survives and translocates to the nucleus, where 
it forms a heterodimer with HIF-1β (20). This dimer then 
binds to highly conserved hypoxia-response elements (HREs) 
within promoters of hypoxia-responsive genes inducing their 
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transcription (21). Genes containing functional HREs encode 
proteins involved in angiogenesis (VEGF, endothelin-1), matu-
ration of red blood cells (erythropoietin, transferrin), energy 
metabolism (glucose transporter 1 and 3), and cell prolif-
eration and viability (insulin-like growth factor 2, p21) (18). 
Notably, it has been well documented that the MDR-1 gene, 
which encodes for P-glycoprotein, harbours different HREs 
which are HIF-1α inducible (22). The drug resistance induced 
by HIF-1α-mediated P-gp expression has been observed in a 
plethora of tumour cells including glioma, breast carcinoma, 
gastric cancer and colon cancer cells (23-26).

The aim of the present study was to investigate the role 
of HIF-1α and its signalling pathways underlying drug resis-
tance in human osteosarcoma. For this purpose we generated 
and characterised two drug-resistant osteosarcoma cell lines 
selected for resistance to doxorubicin, a drug of choice in 
the treatment of this tumour. Our data showed that the MDR 
phenotype in human osteosarcoma cells was mediated by 
HIF-1α. A new potential model of chemo-resistance in human 
osteosarcoma including target genes of the non-canonical 
pathway of HIF-1α is proposed.

Materials and methods

Drug. Doxorubicin (DXR) was purchased from Sigma-Aldrich 
(Milan, Italy). It was prepared as a 5 mg/ml fresh stock solution 
in phosphate-buffered saline (PBS) and was stored at -20˚C. 
The drug was subsequently freshly diluted to the appropriate 
concentration in the culture medium before each experiment.

Cell culture. The human osteosarcoma cell line MG-63 
was obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA) and grown in Iscove's modified 
Dulbecco's medium (IMDM), containing 10% heat inactivated 
fetal bovine serum (FBS) (Lonza) and antibiotics (100 U/ml 
penicillin and 100 µg/ml streptomycin) (Gibco). Each drug-
resistant variant was continuously cultured in the presence of 
the selective drug concentration. All cell lines were maintained 
at 37˚C in a humidified 5% CO2 atmosphere.

Isolation of DXR-resistant clones. DXR-resistant clones were 
established by continuous exposure of the MG-63 cell line to 
increasing doses of DXR. Initially, MG-63 cells were cultured 
in a medium containing 30 ng/ml DXR up to a concentration 
of 100 ng/ml. The DXR-resistant cell lines were selected at 30 
and 100 ng/ml and named MG-63DXR30 and MG-63DXR100, 
respectively. To maintain DXR resistance, MG-63DXR30 
and MG-63DXR100 cells were routinely cultured with the 
appropriate concentration of DXR. From time to time, the 
sensitivity of cells to DXR was evaluated by the analysis of 
their resistance to cell death.

In vitro growth characteristics and chemosensitivity. To deter-
mine the in vitro growth characteristics of each cell line, cells 
were seeded in IMDM 10% FBS in the absence of or with the 
appropriate concentration of DXR. Cell density and viability 
were assessed by the erythrosine B (Sigma-Aldrich) dye 
exclusion method. Doubling time was calculated during the 
logarithmic phase of growth (from 48 to 96 h after seeding). 
Drug sensitivity of each cell line was calculated from the drug 

dose-response curve and expressed as IC50 (drug concentration 
resulting in 50% inhibition of cell growth after 72 h of in vitro 
treatment). The degree of DXR resistance was expressed as 
the ratio of the IC50 value of the resistant variant to that of the 
parental cell line.

Immunoblot analysis. Whole-cell extracts from the parental 
MG-63 cells and the MG-63DXR30 and MG-63DXR100 
resistant variants were analysed by SDS-polyacrylamide 
gel electrophoresis (PAGE). The protein concentration was 
quantified by bicinchoninic acid (BCA) (Pierce) protein assay. 
Primary antibodies used were MDR-1/P-gp, HIF-1α, c-Myc, 
p21 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and 
β-actin (Sigma-Aldrich). Immunological complexes were visu-
alised by an ECL detection system (Amersham Biosciences, 
GE Healthcare) and analysed using Quantity One software 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. The IC50 value was determined by the 
linear regression method. All experiments were performed 
in triplicate, unless otherwise indicated, and data values 
were presented as means ± SE. Data were analysed using 
the Student's t-test; P-values of ≤0.05 were considered to 
indicate statistical significance (P<0.001, P<0.01, P<0.05 are 
indicated).

Results

Selection and establishment of DXR-resistant MG-63 sublines. 
DXR-resistant variants of the MG-63 human osteosarcoma cell 
line were obtained by initially exposing the parental cell line 
to 30 ng/ml DXR. Selection was then continued by stepwise 
increased DXR concentrations up to 100 ng/ml. Establishment 
of adequate in  vitro growth at each new DXR concentra-
tion required ~12-18 weeks (corresponding to between 8-20 
in vitro passages). All the experiments were performed on 
cell lines maintained in culture for at least 4-6 months after 
selection with DXR. The established resistant cell lines were 
selected at 30 and 100 ng/ml and named MG-63DXR30 and 
MG-63DXR100, respectively.

Figure 1. Comparison of the sensitivity to doxorubicin of the MG-63 human 
osteosarcoma cell line and its DXR-resistant variants. MG-63, MG-63 osteo-
sarcoma parental cell line; MG-63DXR30, MG-63 osteosarcoma cell line 
resistant to doxorubicin at 30 ng/ml; MG-63DXR100, MG-63 osteosarcoma 
cell line resistant to doxorubicin at 100 ng/ml. Each point represents the 
mean ± SD from three different experiments and is expressed as a percentage 
of the control.
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In  vitro growth characteristics. The IC50 values and the 
increased resistance to DXR in the selected variants were 
drawn from the DXR dose-response curve of each cell line 
(Fig.  1). The increase in DXR resistance compared with 
that of the parental cell line ranged from 10-fold for the 
MG-63DXR30 variant, to 28-fold for the MG-63DXR100 
variant (Table I). The analysis of in vitro growth character-
istics of the DXR-resistant variants showed that the doubling 
time of the MG-63DXR30 cells was similar to that of the 

MG-63 parental cell line whereas it was significantly longer in 
the MG-63DXR100 cells (Table I).

Analysis of protein expression. MDR-1/P-gp and HIF-1α are 
activated in DXR-resistant MG-63 cells. To evaluate whether 
the drug-resistance acquired by MG-63 cells is associated 
with MDR-1/P-gp activation, we examined its expression by 
western blot analysis. As shown in Fig. 2, a marked induction 
of this protein was evident in the DXR-resistant cell lines, 
whereas in the parental MG-63 cell line, MDR-1/P-gp was 
undetectable. In order to understand the mechanism of drug-
resistance induced by DXR in this cell line we investigated 
whether the drug exposure leads to the activation of HIF-1α, 
known to enhance MDR-1 gene transcription. As shown in 
Fig. 2, a strong induction of HIF-1α was noted both in the 
MG-63DXR30 and MG-63DXR100 cells when compared to 
that in the parental cell line that did not express this protein. 
Therefore, the continuous exposure to DXR seems to signifi-
cantly activate HIF-1α and consequently MDR-1/P-gp, the 
responsible factor of drug-resistance development.

HIF-1α inhibits DXR-mediated apoptosis. It is known that 
HIF-1α activity leads to the upregulation or downregulation 
of target genes that are involved in many aspects of cancer 
progression, cell proliferation and survival. To better under-
stand the role of HIF-1α in DXR resistance acquired by 
MG-63 cells, we analysed the expression of several proteins 
encoded by HIF-1α target genes involved in the apoptotic 
pathways induced by DXR. Using western blot analysis we 

Table I. IC50 values, the increase in the doxorubicin resistance 
and the doubling time of MG-63 cells and its doxorubicin-
resistant variants.

	 IC50 valuesa	 Increase in	 Doubling
Cell line	 (ng/ml)	 drug resistanceb	 time (h)

MG-63	 20±3.6	 -	 23.1
MG-63DXR30	 200±14.2	 10-fold	 29
MG-63DXR100	 559±29	 28-fold	 34.5

aIC50 values after incubation with doxorubicin for 72  h. bThe ratio 
of IC50 for the resistant subline to that of the corresponding parental 
cell line. MG-63DXR30, MG-63 osteosarcoma cell line resistant to 
doxorubicin at 30 ng/ml. MG-63DXR100, MG-63 osteosarcoma cell 
line resistant to doxorubicin at 100 ng/ml. Data are expressed as the 
means ± SD of three different experiments.

Figure 2. Expression of MDR-1/P-gp and HIF-1α in parental and DXR-resistant MG-63 cells. (A) Western blot analysis. Lane C, MG-63 osteosarcoma 
parental cell line; lane MG-63DXR30, MG-63 osteosarcoma cell line resistant to doxorubicin at 30 ng/ml; lane MG-63DXR100, MG-63 osteosarcoma cell 
line resistant to doxorubicin at 100 ng/ml. β‑actin was used as a protein loading control. (B) Densitometric analysis of the blots expressed as arbitrary units. 
Each bar represents the mean ± SD of three experiments. DXR, doxorubicin.

Figure 3. Expression of c-Myc and p21 in the parental and DXR-resistant MG-63 cells. (A) Western blot analysis. Lane C, MG-63 osteosarcoma parental cell 
line; lane MG-63DXR30, MG-63 osteosarcoma cell line resistant to doxorubicin at 30 ng/ml; lane MG-63DXR100, MG-63 osteosarcoma cell line resistant to 
doxorubicin at 100 ng/ml. β‑actin was used as a protein loading control. (B) Densitometric analysis of the blots expressed as arbitrary units. Each bar represents 
the mean ± SD of three experiments. DXR, doxorubicin.



RONCUZZI et al:  DOXORUBICIN INDUCES MULTIDRUG RESISTANCE OF HUMAN OSTEOSARCOMA CELLS VIA HIF-1α392

observed a significant decrease in the c-Myc expression levels 
in both DXR-resistant variants when compared to this level in 
the parental cell line (Fig. 3). Moreover, the downregulation 
of this protein was accompanied by an increased p21 protein 
expression (Fig. 3).

Stability of in vitro DXR resistance. The MG-63 DXR-resistant 
phenotypes were stable up to 2 months (8-10 in vitro passages) 
of continuous culture in drug-free medium. After this period, 
the level of DXR-resistance was significantly decreased with 
an IC50 value comparable to the MG-63 parental cell line (data 
not shown). In parallel, the expression of the markers identified 
and linked to DXR resistance in the MG-63 cells gradually 
returned to parental-like levels (Fig. 4).

Discussion

Neoadjuvant chemotherapy with subsequent surgical resection 
has produced great advancement in osteosarcoma therapy 
in the last 20 years, with a more favourable prognosis and 
a nearly 70% long-term survival rate. However, in certain 
cases, relapse occurs in initially responsive patients due to the 
emergence of tumour resistance to anticancer agents (27,28). 
This phenomenon may be caused by multiple factors including 
hypoxia (15). In the present study, using human doxorubicin-
resistant osteosarcoma cells under normoxic conditions, we 
demonstrated that the development of drug resistance described 
in this tumour may be related to the activation of HIF-1α, 
the main factor responsible for the adaptation of a tumour 
to O2 deficiency. The critical mechanism of drug resistance, 
both intrinsic and acquired, involves the ABC (ATP-binding 
cassette) protein transporters P-gp, MRP1 and ABCG2, which 
pump drug molecules out of cells (7). We first observed that 
selected doxorubicin-resistant MG-63 cells presented a strong 
induction of the MDR-1/P-gp protein, thus demonstrating that 
the resistance developed by these human osteosarcoma cells 
as a consequence of doxorubicin treatment was mediated by 
MDR-1 gene activation. This result is in agreement with data 
indicating that P-gp can detect and bind a large variety of 

anticancer drugs and other hydrophobic compounds, including 
anthracyclines such as daunorubin, epirubicin, mitoxantrone 
and doxorubicin (29). This drug binding activity results in 
the activation of one of the P-gp ATP binding domains and 
subsequent hydrolysis of ATP, leading to a major change in 
the shape of P-gp, which causes extrusion of the drug from the 
cancer cell (30).

Subsequently, we also observed that doxorubicin-resistant 
MG-63 osteosarcoma cells obtained and maintained in 
normoxic conditions showed a significant induction of HIF-1α 
expression, which may be caused by its decreased degrada-
tion in response to hypoxic stress induced by doxorubicin. 
Indeed, there are many toxic mechanisms caused by this drug 
in mammalian tissues, with an increase in free radical forma-
tion and in oxidative stress as the most likely (31). Doxorubicin 
undergoes chemical reduction to a semiquinone radical, which 
in turn reduces oxygen to a superoxide that may contribute to 
cytotoxicity (32).

Previous reports showed that an increase in MDR-1/P-gp 
expression associated with the activation of HIF-1α in tumour 
cells may be due to the presence of a functional HIF-1α binding 
site (HRE) within the MDR-1 gene promoter (16,22‑24). On 
the basis of these observations, we suggest that doxorubicin, 
by producing hypoxic stress in MG-63 cells, activates HIF-1α 
which in turn induces MDR-1 gene transcription, and conse-
quently the expression of MDR-1/P-gp, responsible for the 
doxorubicin resistance developed by this cell line.

Previous reports have demonstrated that HIF-1α not only 
controls P-gp expression, thus, limiting the drug accumula-
tion within cells, but that it is also able to modify the cellular 
response to the chemotherapeutic agent, for example by 
altering drug-induced apoptosis, thus nullifying its healthy 
effect (33). On the basis of this finding, we analysed the expres-
sion of molecules involved in the apoptotic pathways mediated 
by doxorubicin, and observed a significant downregulation of 
c-Myc in parallel with an increase in p21 protein expression 
in both doxorubicin-resistant clones. c-Myc is a transcription 
factor with a dual capacity, as it is involved both in cellular 
death and in cell proliferation, and is known to be required 

Figure 4. Expression of MDR-1/P-gp, HIF-1α, c-Myc and p21 in DXR-resistant MG-63 cells after continuous culture in DXR-free medium. (A) Western blot 
analysis. Lane 1, MG-63 human osteosarcoma parental cell line; lane 2, MG-63DXR30 after continuous culture in DXR-free medium; lane 3, MG-63DXR30: 
MG-63 osteosarcoma cell line resistant to doxorubicin at 30 ng/ml. β‑actin was used as a protein loading control. (B) Densitometric analysis of the blots 
expressed as arbitrary units. Each bar represents the mean ± SD of three experiments. DXR, doxorubicin.
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for the induction of apoptosis by doxorubicin (34). The c-Myc 
downregulation in doxorubicin-resistant MG-63 cells together 
with MDR-1/P-gp overexpression suggest an inverse correla-
tion between the two proteins in human osteosarcoma, as 
already described for N-Myc and MDR-1 in neuroblastoma (35) 
and for c-Myc and MDR-1 in rhabdomyosarcoma  (36). 
Importantly, HIF-1α has recently been found to repress the 
activity of various molecules, including c-Myc, by an innova-
tive HRE-independent mechanism that does not require DNA 
binding activity (37,38). Moreover, Hayashi et al (39) demon-
strated a non-canonical mechanism of action of HIF-1α that 
counteracts c-Myc effects on gene expression. In the present 
study, the HIF-1α-c-Myc pathway was shown to play a role 
in mediating drug resistance of human osteosarcoma cells. 
Therefore, our results are consistent with the study of Hayashi 
et al, which identified the escape from apoptosis driven by the 
HIF-1α-c-Myc pathway among the mechanisms of malignant 
progression in tumourigenesis.

In addition, several regulators of the cell cycle, notably 
p15, p18, p27, p57 and p21, are targets for repression by 
c-Myc (40,41) and the increase in p21 expression levels that 
we observed in the doxorubicin-resistant MG-63 cells may 
be explained by the lack of c-Myc inhibitory activity on its 
promoter. Although p21 was initially thought to be an inhibitor 
of cell cycle progression, other studies have suggested that this 
protein might also be a positive modulator of cell survival 
and cell cycle progression and may protect various types of 
cells from death following anticancer treatments (42,43). In 
particular, this pro-survival activity has been observed in 
breast adenocarcinoma cells treated with chemotherapeutic 
agents such as taxol, where high levels of p21 appeared to be 
correlated with enhanced survival and chemoresistance (44). 
Furthermore, high levels of p21 have also been associated with 
drug resistance in acute myelogenous leukaemia, head and 
neck carcinomas, and colon carcinoma (45-47). Moreover, in 
many late-stage glioblastomas, known to be extraordinarily 
resistant to chemotherapy and radiation (48,49), resistance 
to apoptosis has been linked to elevated p21 levels (50,51). 
Altogether, these data support a positive role for p21 in tumour 
cell survival; this protein may be induced by chemotherapeutic 
agents promoting its expression, as observed in our doxoru-
bicin-resistant MG-63 cells.

Lastly, we evaluated whether or not the doxorubicin-
resistant MG-63 cells maintained their acquired resistance 
with time. After 2 months of continuous culture in drug-free 
medium these cells lost their resistance and became sensitive 
to the doxorubicin cytotoxic activity similar to the MG-63 
parental cell line. Likewise, we observed that the HIF-1α, 
MDR-1/P-gp, c-Myc and p21 expression returned to parental 
cell-like levels. The cells no longer exposed to the drug 
appeared to gradually return to a basal condition, where 
HIF-1α is degraded by the ubiquitine-proteasome system, 
thus confirming the role of doxorubicin in the induction of its 
expression in tumour cells.

In conclusion, we suggest a key role for HIF-1α in MDR 
development in human osteosarcoma MG-63 cell lines. On the 
one hand, it facilitates the outward transport of intracellular 
doxorubicin by expressing P-glycoprotein; on the other hand, 
it contrasts the apoptotic drug effect by downregulating c-Myc 
and consequently inducing p21 overexpression. This may be 

considered a new model of chemo-resistance in human osteo-
sarcoma involving two different pathways of HIF-1α and may 
provide an experimental basis for clinical applications in the 
field of MDR in human osteosarcoma.
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