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Abstract

Purpose—Multidrug resistance (MDR) is a major obstacle to the successful treatment of
osteosarcoma with chemotherapy. Effectiveness of cancer therapy correlates with the ability to
induce a p53-dependent apoptotic response. p53 is a tumor suppressor gene that is mutated in 22%
of osteosarcomas. While impaired p53 has been implicated in the oncogenesis of osteosarcoma, it
is unclear whether overexpression of wild type p53 can increase chemosensitivity in MDR
osteosarcoma cells.

Methods—We transfected a plasmid encoding the wild type p53 gene to MDR osteosarcoma cell
lines, which have different p53 statuses, U-20SR2 with wild type p53 (Wt-p53) and KHOSR2
with mutant p53 (Mt-p53), and determined the effect of p53 overexpression on chemosensitivities.

Results—Both of the U-20SR2 and KHOSR?2 cell lines displayed similar trends in p53 induced
drug sensitivities. However, it seems that the impact of p53 overexpression is different based on
the differential intrinsic p53 status in these cell lines. In the KHOSR2 cell line (Mt-p53),
overexpression of p53 up-regulates the expression of pro-apoptotic protein p21 and Bax, while in
the U-20SR2 cell line (Wt-p53), overexpression of p53 down-regulates IGF-1r expression
significantly.

Conclusions—These results demonstrated that tansfection of wild type p53 increases
chemosensitivity through inhibiting either IGF-1r or through increasing the expression of pro-
apoptotic proteins p21 and Bax in human MDR osteosarcoma cell lines.
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Introduction

Osteosarcoma is the most common malignant primary bone tumor characterized by
malignant osteoid and osteoblastic differentiation, and commonly develops in children,
adolescents, and young adults. At present, effective chemotherapeutic agents, routinely
including high-dose methotrexate (MTX), cisplatin (DDP), and doxorubicin (ADM)
combined with advanced surgical technology, is the main therapeutic method of
osteosarcoma. The use of chemotherapy in treating osteosarcoma has improved the patient
5-year survival rate from 20% to 70% in the past 30 years. Unfortunately, the remaining
30% of patients eventually develop multidrug resistance (MDR). Moreover, the long-term
survival of patients with relapse is less than 20% [1-3]. MDR has been identified as one of
the mechanisms for the progression of resistance to not only the related drugs to which the
patient has been exposed, but also to multiple other types of structurally and functionally
unrelated drugs [4]. MDR is a major obstacle to the successful treatment of osteosarcoma
with chemotherapy. The MDR phenotype has been associated with many dysregulated
genes, such as MDR1, MRP, and LRP [5]. Other genes related to MDR include those
involved in alterations in the drug target through mutation, DNA repair, and reduced uptake
of the drug [6-8]. p53 is a tumor suppressor gene that is mutated in 22% of osteosarcomas
and frequently undergoes rearrangement, resulting in loss of its expression. Few genes have
been more extensively studied in tumor biology than p53. p53 is involved in multiple
cellular processes, including growth arrest, senescence, apoptosis, and DNA repair. Recent
evidence has also shown the important roles of p53 in drug chemosensitivity and drug
resistance [9,10].

Most chemotherapeutic drugs cause DNA damage and induce apoptosis in tumor cells. p53
mutations have been shown to result in impaired apoptosis and DNA repair mechanisms.
Effectiveness of cancer therapy correlates with the ability to induce a p53-dependent
apoptotic response [11,12]. While impaired p53 has been implicated in the oncogenesis of
osteosarcoma, it is unclear whether overexpression of wild type p53 can increase
chemosensitivity in MDR osteosarcoma cells. In this study, we used a Lipofectamine LTX
Plus-mediated transfection to overexpress a plasmid encoding wild type p53 gene in MDR
osteosarcoma cell lines, and determined the effect of p53 overexpression on
chemosensitivities.

Materials and methods

Cell Lines, cell culture, and drugs

Human osteosarcoma cell lines U-20S and KHOS were purchased from the American Type
Tissue Collection (Rockville, MD). Dr. Efstathios S. Gonos (National Health Research
Foundation, Athens, Greece) kindly provided the human osteosarcoma multidrug resistant
cell lines KHOSR2 and U-20SR2 [13,14]. All cell lines were cultured in RPMI 1640
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 100-units/ml
penicillin, and 100ug/ml streptomycin (Invitrogen). Cells were incubated at 37°C in 5%
C02-95% air atmosphere and passaged when near confluent monolayers were achieved
using 2% trypsin-EDTA solution. Doxorubicin, cisplatin, and Taxol (paclitaxel) were
obtained as unused residual clinical material at the Massachusetts General Hospital. Cells
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were free of mycoplasma contamination as tested by MycoAlert ® Mycoplasma Detection
Kit from Cambrex (Rockland, ME).

Transfection of p53

In this study, the wild type p53 and green fluorescent protein (GFP) fusion protein
expression vector pGFP-p53 was purchased from Addgene (Cambridge, MA, USA). This
pGFP-p53 was initially constructed with human wild type p53 and cloned upstream of GFP
(EGFP) in the pEGFP/N1 vector (Clontech, CA, USA). The GFP tag in this vector has been
shown to not alter the functions of the wild type or mutant p53 in several previous studies
[15-18]. U-20SR2 (wild type p53, Wt-p53) and KHOSR2 (mutant p53, Mt-p53) cells were
plated in 6-well plates or 96-well plates and cultured overnight. Before transfection, the cell
growth medium was replaced with serum-free RPMI 1640, cultured for 3 hours, and then
transfected with pGFP-p53 by Lipofectamine LTX Plus (Invitrogen) according to the
manufacturer's protocols. A control transfection of the empty vector was also used. The
expression of pGFP-p53 in the transfected cells was examined using fluorescence
microscopy (Nikon Corp.) equipped with a SPOT RT digital camera (Diagnostic
Instruments, Inc.).

Cell proliferation assay

Cell proliferation was determined by MTT assay. Briefly, 2 x 103 KHOSR2 or U-20SR2
cells per well were plated in 96-well plates in culture medium (RPMI11640 supplemented
with 10% FBS and penicillin/streptomycin). 1, 2, 3, and 4 days after transfection, cells were
stained with MTT (Sigma, St Louis, MO, USA) at 37°C for 4 hours. The resulting formazan
product was dissolved with acid-isopropanol and the absorbance at a wavelength of 490 nm
(A490) was read on a SPECTRAmax Microplate Spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA) The absorbance values were normalized by assigning the value of the
control line in the medium without drug to 1.0 and the value of the no cell control to 0.
Experiments were done in triplicate. Cell growth curves were calculated with use of
GraphPad PRISM 4 software (GraphPad Software, San Diego, CA, USA)

Cytotoxicity MTT assay

The drug cytotoxicities of Taxol, cisplatin, and doxorubicin were assessed in vitro using the
MTT (obtained from Sigma-Aldrich, St. Louis, MO, USA) assay as previously described
[14]. Briefly, 2 x 103 cells per well were plated in 96-well plates during this process. The
second day after transfection, cytotoxic drugs were added. Cytotoxic drug dilutions were
freshly prepared. The plates were incubated for another 5 or 6 days after chemotherapy drug
was added. Drugs at the concentrations utilized in the MTT assay were performed in the
absence of cells to verify no change in absorbance. After culturing for 7 days, 50 pl of MTT
(5 mg/ml in PBS) was added to each well and incubated for 4 hours. After dissolving the
resulting formazan product with acid-isopropanol, the absorbance was read at a wavelength
of 490 nm (A490) on a SPECTRAmax Microplate Spectrophotometer (Molecular Devices).
The concentration of drug causing 50% cell death (IC50 of the drug) was determined from a
plot of % survival versus cytotoxic drug concentration. The absorbance values were
normalized assigning the value of the parent line in media without drug to 1.0 and the value
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of the no-cell control to 0. Further experiments were performed in duplicate. Response
curves were fitted using GraphPad PRISM 4 software (GraphPad Software).

Western blotting

Bax, p21(CIP1/WAF1), BcL-X|, PARP, IGF-1r, Pgp, and p53 proteins were analyzed in
total cell lysates. Western blotting analysis was performed as previously described [14,19].
Protein lysates were harvested from osteosarcoma cells by using 1xRIPA Lysis Buffer
(Upstate Biotechnology, Charlottesville, VA, USA), and the concentrations were determined
using Protein Assay Reagent (Bio-Rad Laboratories, Hercules, CA, USA) and a
spectrophotometer (Beckman DU-640, Beckman Instruments, Inc., Columbia, MD, USA).
40 pg of total protein was run on a Nu-Page 4-12% Bis—Tris Gel (Invitrogen) and
transferred to a pure nitrocellulose membrane (Bio-Rad Laboratories). Primary antibodies
directed against Bax, p21, BcL-X| , PARP, IGF-1r, p53, and actin, which were obtained
from Santa Cruz Biotechnologies (Santa Cruz, CA, USA), were incubated at 1:1000 dilution
in Tris-buffered saline, pH 7.4, with 0.1% Tween-20 at 4°C overnight. After washing three
times with TBST, they were further incubated with respective secondary antibodies (LI-
COR Biosciences, Lincoln, NE, USA) in a dilution of 1:20,000 for 1 hour at room
temperature. The membranes were washed again with TBST and rinsed with PBS. Finally,
membranes were scanned using Odyssey CLx equipment (LI-COR Biosciences).
Densitometric analysis of Western blot results was performed with Image J as described in
the software’s User Guide. The relative expression of Pgp was normalized to its respective
actin expression.

Statistical data analysis

Values shown are representative of triplicate determinations in two or more experiments.
Treatment effects were evaluated using a two-sided Student’s t-test (GraphPadPRISM 4
software). Errors are SD of averaged results and p<0.05 values were accepted as a
significant difference between means.

Results

Transfection of wild type p53 inhibits cell proliferation and induces apoptosis

To determine the effect of overexpression of the wild type p53 gene on cellular proliferation
and apoptosis, drug sensitive and resistant osteosarcoma cell lines were transfected with a
p53 expression vector. Different time points (24, 48, 72 and 96 hours) were selected to
detect the effect of p53 transfection on osteosarcoma cells. The results showed that after
transfection with wild type p53 gene, all four of the different osteosarcoma cell lines,
KHOS, KHOSR2, U-20S, and U-20SR2, exhibited growth inhibition and apoptosis. In
each osteosarcoma cell line, transfection with the wild type p53 plasmid could remarkably
inhibit cell proliferation (p<0.05), while transfection with empty plasmid showed almost no
effect on cell growth (Figure 1). KHOSR2 and U-20SR2 are both MDR osteosarcoma cell
lines, which derive from KHOS and U-20S osteosarcoma cell lines, respectively. Each has a
different p53 status: U-20S/U-20SR2 with wild type p53, and KHOS/ KHOSR2 with
mutant p53. KHOS/ KHOSR2 retain loss of function p53 mutation (nucleotide sequence:
467G>C; protein sequence: R156P) [13,20,21]. We found that, in spite of different p53
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statuses, transfection of p53 resulted in significant cell growth arrest and induced apoptosis
in both KHOS/KHOSR2 and U-20S/U-20SR2 paired osteosarcoma drug sensitive and
resistant cell lines (Figure 1).

Transfection of wild type p53 increases chemosensitivity in human MDR osteosarcoma

cell lines

The chemosensitivities of Taxol, cisplatin, and doxorubicin in KHOSR2 and U-20SR2
transfected wild type p53 were assessed by MTT assay. The parental drug sensitive KHOS
and U-20S cell lines were used as controls for comparison. The results showed that
KHOSR2 and U-20SR2 were MDR and resistant to Taxol, cisplatin, and doxorubicin as
compared with KHOS and U-20S. Transfection of wild type p53 gene showed significant
reversal of drug resistance in both KHOSR2 and U-20SR2 to Taxol, cisplatin, and
doxorubicin (p<0.05). Both U-20SR2 and KHOSR2 cell lines displayed similar trends in
p53 induced drug sensitivities (Figure 2, Table 1). Overexpression of p53 increased the
cisplatin sensitivity in KHOSR2 and U-20SR2 even more than in KHOS and U-20S cell
lines (Figure 2, Table 1). Transfection of Wt-p53 significantly increased Taxol, cisplatin,
and doxorubicin sensitivity in MDR osteosarcoma cell lines, despite of their different p53
statuses.

Differential expression of pro-apoptotic proteins p21, Bax, and IGF-1r in p53 transfected
MDR osteosarcoma cell lines

Bax, p21, BcL-X|, PARP, IGF-1r, Pgp, and p53 proteins were analyzed in total cell lysates
of transfected cells. After transfection of p53, we observed a marked overexpression of
exogenous p53 protein in both KHOSR2 and U-20SR2 MDR cell lines, indicating a
successful transfection of the p53 gene. Due to the differential intrinsic p53 statuses in these
MDR cell lines, overexpression of p53 had different effects. In the KHOSR2 cell line with
intrinsic mutant p53, overexpression of p53 up-regulated the expression of pro-apoptotic
protein p21 and Bax, while in the U-20SR2 cell line with intrinsic wild type p53,
overexpression of p53 significantly down-regulated IGF-1r expression (Figure 3). In both of
these Pgp overexpressed MDR osteosarcoma cell lines, overexpression Wt-p53 had no
effect on Pgp and phosphorylated p53 expression (data were not shown),

Discussion

The present study demonstrated that transfection of wild type p53 inhibits osteosarcoma cell
growth and proliferation and induces apoptosis. Overexpression of p53 increases
chemosensitivities to Taxol, cisplatin, and doxorubicin in human MDR osteosarcoma cell
lines. We show by western blotting that different Pgp independent mechanisms may be
responsible for p53-based drug sensitivities. In the MDR cell line U-20SR2 with intrinsic
wild type p53, the increased chemosensitivities may be due to the inhibition of IGF-1r
expression by exogenous overexpression of p53; however, in the MDR cell line KHOSR2
with intrinsic mutant p53, the increased chemosensitivities may be due to up-regulated
expression of pro-apoptotic protein p21 and Bax.

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Page 6

MDR is a phenomenon in which the tumor cells develop resistance to chemotherapeutic
drugs that may exhibit completely different structures and mechanisms of action [19]. Many
studies have investigated strategies on how to reduce the MDR of the tumor cells [22,23].
IGF signaling is regulated by many factors, which are typically altered in cancer and has
been proven to lead to MDR [14,24]. For example, glioblastoma cells highly express IGF-1
[25]. Breast cancer can increase IGF ligand expression (IGF-2, IGF-2), which is related to
malignant resistance and transformation [26]. IGF-1r protein and mRNA levels have been
found to be more highly expressed in colorectal cancer MDR cell lines than in their parental
lines [27]. IGF-1r has also been found to be overexpressed in other types of MDR tumors
[26,11]. Inhibition of IGF-1r can increase the chemosensitivities in both drug sensitive and
resistant tumor cells [4,26]. Moreover, the IGF binding proteins (IGFBPs) have been shown
to be up-regulated and play a critical role in tumor cell growth and motility [28]; [29]. Six
IGFBPs have been identified and found to be expressed in cancer tissues, but only IGFBP-3
and IGFBP-5 have acid-labile subunit (ALS) binding sites, which can form a trimeric
complex of IGF/IGF-BP/ALS[29]. Interestingly, the IGFBP-3 gene is a target of the p53
gene [30]. p53 combines two elements on IGFBP-3 gene, which play roles in the induction
of apoptosis by p53 [30,31].

The development of MDR is a significant reason for failure of chemotherapy efficacy in
cancer treatment [3,5,22,23]. One mechanism by which tumor cells develop resistance to
cytotoxic agents is related to the resistance of chemotherapeutic drug induced apoptosis,
which is activated by a variety of pro-apoptosis genes[32,33]. The apoptosis deficiency is
considered to be a major cause of MDR in human osteosarcoma. It has been confirmed that
DNA damage and cellular stress factors involve activation of tumor suppressor p53. p53
induces transcriptional activation of pro-apoptotic genes such as Bax, Puma, and Fax. DNA
damage agent-induced apoptosis is dependent on the p53 status in tumor cells [34,35]. After
extensive and persistent damage to DNA, cells may undergo mitochondria-mediated
apoptotic death. The exact molecular mechanisms of cytotoxic drug resistance have not been
completely elucidated. However, it is generally accepted that multiple mechanisms may be
responsible for the MDR phenotype exhibited in different tumor cell types [36],[37]. In our
study, cisplatin sensitivity in KHOSR2 and U-20SR2 MDR cell lines were significantly
increased after p53 transfection, with greater increases seen in KHOSR2 cell lines. Because
of the mutant p53 status in KHOSR2 cells, these data suggest chemotherapeutic drugs, such
as cisplatin, and p53 may act together to amplify pro-apoptotic signaling by inhibiting both
mitochondrial and DNA replication functions, leading to synthetic lethal effects in these
MDR cells. The underlying mechanism for these observations may be mediated through Bax
and p21 proteins, whose deficiencies are frequently seen in many drug resistant tumors [38—
40]. Loss of Bax has been shown to lead to complete resistance to cisplatin [41,42]. p21
(CIP1/WAF1) was initially identified as a potent cyclin-dependent kinase (CDK) inhibitor
(CKI). The p21 protein binds to and inhibits the activity of CDK1, CDK2, and CDK4/6
complexes, and thus functions as a regulator of cell cycle progression at G1 and S phases
[43]. In addition to growth arrest, p21 can mediate cellular senescence and drug resistance
[44,45]. Several studies have shown that p21 can inhibit both proliferating cell nuclear
antigens and CDKSs, leading to subsequent cell cycle arrest in G1-, G2-, or S-phase [46—-49].
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These results support the hypothesis that MDR osteosarcoma would potentially show an
improved response to a p53/chemotherapy drug combination treatment.

Several studies have reported that mutant p53 may gain some new functions in the induction
of drug resistance in cancer cells. Knock in mutant p53 in mice shows a gain functions in
vivo [50,51]. Expression of multidrug resistance gene 1 (MDR1) in drug resistant cells is
highly associated with p53 mutations [52,53]. Transfection of mutant p53 (p53-V143A) into
human ovarian carcinoma A2780 cells induced significant resistance to radiation, cisplatin,
doxorubicin, and cytarabine [54]. Knockdown of mutant p53 decreased the resistance of
human colon cancer HT29 cells to doxorubicin, cisplatin, and etoposide [55]. In this study,
we also found gain-of-function mechanisms induced by overexpression of p53 in
osteosarcoma drug resistant cell lines KHOSR2 and U-20SR2. The results showed that
overexpression of p53 increased chemosensitivity in these drug resistant cells by up-
regulating the expression of pro-apoptotic protein p21 and Bax in KHOSR2, and down-
regulating IGF-1r expression in U-20SR2, respectively.

In conclusion, our study identifies that transfection of wild type p53 increases
chemosensitivity through inhibiting either IGF-1r or through increasing the expression of
pro-apoptotic proteins p21 and Bax in human MDR osteosarcoma cell lines. Although other
mechanisms may also exist in MDR osteosarcoma, our current study provides a potential
strategy toward the reversal or prevention of the MDR in osteosarcoma. Considering that the
development of MDR is a major obstacle in the treatment of osteosarcoma, further
preclinical investigations, including animal experiments, are warranted to test whether
observations in this study in vitro can also effectively reverse MDR in osteosarcoma mouse
models in vivo.
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p53 transfection inhibits osteosarcoma cell proliferation. The wild type p53 and green
fluorescent protein (GFP) fusion protein expression vector pGFP-p53 was transfected into
U-20S/U-20SR2 (wild type p53, Wt-p53) and KHOS/KHOSR2 (mutant p53, Mt-p53) cells.
Cells were plated in 96-well plates and cultured. Cell proliferation was determined by MTT
assay. Results were calculated from five (n=5) repeated experiments with triplicate wells to

reflect STD/SEM.
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Fig. 2.

Overexpression of p53 increases Taxol, cisplatin, and doxorubicin sensitivity. The drug
cytotoxicity of Taxol, cisplatin, and doxorubicin was assessed in vitro using the MTT assay.
2 x 103 cells per well were plated in 96-well plates during this process. The second day after
transfection, cytotoxic drugs were added. After culturing for 7 days, 50 pl of MTT (5 mg/ml
in PBS) was added to each well and incubated for 4 hours. After dissolving the resulting
formazan product with acid-isopropanol, the absorbance (A490) was read on a
SPECTRAmax Microplate Spectrophotometer at a wavelength of 490 nm. Results were
calculated from five (n=5) repeated experiments with triplicate wells to reflect STD/SEM.
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Fig. 3.

Di%ferential expression of either IGF-1r or pro-apoptotic proteins p21, Bax in p53
transfected MDR osteosarcoma cell lines U-20SR2 and KHOSR2. A: Bax, p21(CIP1/
WAF1), BcL-X|, PARP, IGF-1r, Pgp, and p53 proteins were analyzed in total cell lysates.
Protein lysates were harvested from osteosarcoma cells. 40 ug of total protein was run on a
Nu-Page 4-12% Bis—Tris Gel (Invitrogen) and transferred to a pure nitrocellulose
membrane (Bio-Rad Laboratories). Primary antibodies directed against Bax, p21, BcL-X|,
PARP, IGF-1r, p53, and actin were incubated at 1:1000 dilution in Tris-buffered saline, pH
7.4, with 0.1% Tween-20 at 4°C overnight. After washing three times with TBST, they were
further incubated with respective secondary antibodies (LI-COR Biosciences, Lincoln, NE,
USA) in a dilution of 1:20,000 for 1 hour at room temperature. The membranes were
washed again with TBST and rinsed with PBS. Finally, membranes were scanned using
Odyssey CLx equipment (LI-COR Biosciences). B: Western blots from A were analyzed by
densitometry as described in Materials and methods.
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Table 1

Effect of transfection of p53 on the drug sensitivities in osteosarcoma MDR cell lines

Cell line p53status Taxol (ICsg) Cisplatin (ICsg)  Doxorubicin (ICsgg)
KHOSR2 (n=5) Mt 0.1559" 3.468 0.709
KHOSR2/empty plasmid (n=5) Mt 0.1504 3.12 0.614
KHOSR2/p53 plasmid (n=5) Mt +Wt 0.097 0.673 0.343
KHOSR2 (n=5) Mt 0.026 2.157 0.117
U-20SR2(n=5) Wit 0.1477 12.58 0.746
U-20SR2/empty plasmid (n=5) Wt 0.116 13.07 0.597
U-20SR2/p53 plasmid (n=5) Wt + Mt 0.019 1.908 0.133
U-20S (n=5) Wt 0.007 3.313 0.053
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