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Aim: To investigate the antiproliferative activity and apoptosis-inducing effects
of bufalin on human osteosarcoma cell lines. Methods: U-20S and U-20S meth-
otrexate (MTX) 300-resistant cell lines were treated with bufalin. Cell viability was
assessed using the MTT assay. Cell-cycle status, apoptosis-inducing effects,
and the expression of apoptosis-related proteins were evaluated by flow cytometry,
fluorescent staining, DNA fragmentation assays, and Western blotting. The ef-
fect of bufalin on dihydrofolate reductase (DHFR) expression was studied by RT-
PCR and Western blotting. Results: Bufalin inhibited cell growth in both U-20S
and U-20S MTX300 cells. The induction of G,/M cell-cycle arrest was also seen
in the cells treated with bufalin. The induction of apoptosis by bufalin was con-
firmed by increased expression of the tumor suppressor protein p53 and the in-
creased ratio of the Bax/Bcl-2 proteins. Bufalin induced apoptosis to the same
extent in both cell lines without regard to DHFR levels in the cells. Conclusion:
Bufalin inhibited the growth of and induced apoptosis in both MTX-sensitive and
MTX-resistant human osteosarcoma U-20S cells. The apoptosis-inducing effect
of bufalin was not influenced by the presence of high levels of the DHFR protein.
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Introduction

Osteosarcoma is a common primary malignant tumor of
bones in children and adolescents, characterized by an
extremely aggressive clinical course with rapid development
of metastases! . The first choice of treatment for osteosa-
rcoma is neoadjuvant chemotherapy. Many anticancer drugs,
such as methotrexate (MTX), doxorubicin, cisplatin,
etoposide, and cyclophosphamide are commonly used,
either alone or in combination™. Although the adoption of
adjuvant and neoadjuvant chemotherapy has significantly
improved the prognosis, a considerable number of osteosa-
rcoma patients develop drug resistance and die as a result of
disease progression!"*~,

MTX, one of the most important drugs in osteosarcoma
treatment, is a potent inhibitor of the dihydrofolate reduc-
tase (DHFR) enzyme. DHFR catalyzes the reduction of folate
and 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate.

Resistance to MTX can arise through several mecha-
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nisms'®®. In osteosarcomas, these mechanisms include
increased levels of the DHFR enzyme because of DHFR gene
overexpression, and impaired intracellular transport of MTX,
as a consequence of decreased levels of the reduced folate
carrier in the cell membrane®. Enhanced levels of DHFR are
frequently present in proliferating tumor cells, which can be
associated with the amplification of the DHFR gene. Thus,
new treatments that circumvent the mechanisms responsible
for drug resistance could become the basis for innovative
therapeutic regimens aimed at increasing the drug response
rate and improving the clinical outcome of patients!'®'",
Bufalin is a major digoxin-like immunoreactive compo-
nent of “Chan’Su”, a traditional Chinese medicine obtained
from the skin and parotid venom glands of toads!**. Bufalin
has been reported to exhibit significant antitumor activity
against human leukemia cells'*'7), endometriotic stromal
cells!"®], and prostate cancer cells''?.. Its activities are medi-
ated by the induction of apoptosis and cell differentiation;
the regulation of various genes and proteins is also involved
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in the process.

Although the antitumor activities of bufalin have been
analyzed in several tumors, no data have been reported so
far about its effectiveness on human osteosarcoma cells.
Thus, we evaluated the effects of bufalin on the proliferation,
cell cycle arrest, and apoptosis in human osteosarcoma U-
20S and U-20S/MTX300 cell lines. Moreover, we assessed
the effect of bufalin on the DHFR expression. The aim of this
study was to determine the effects of this agent on human
osteosarcoma cell lines in vitro to assess whether it might
be useful for alternative chemotherapeutic regimens in os-
teosarcoma patients unresponsive (resistant) to MTX.

Materials and methods

Drugs and reagents Bufalin and MTX were purchased
from Sigma Chemical Co (St Louis, MO, USA) Doxorubicin,
cisplatin, and paclitaxel were purchased from the National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). Stock solutions of these drugs
were stored at 4 °C. Working concentrations were then pre-
pared by diluting stock solutions in culture medium immedi-
ately before use.

MTT (methyl thiazolyl tetrazolium) and Hoechst 33258
were purchased from Sigma Chemical Co (USA) The DNAzol
and TRIzol reagents were purchased from Invitrogen Life
Technologies (Paisley, Scotland, UK) and Gibco BRL (Grand
Island, NY, USA), respectively. Reagents for RT-PCR were
from Toyobo (Osaka, Japan). Antibodies to DHFR were pur-
chased from Becton-Dickinson (Mountain View, CA, USA).
Antibodies to Bax, Bcl-2, p53, p21, and -actin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell lines and culture The human osteosarcoma cell
lines U-20S and U-20S/MTX300 were gifts from Dr M SERRA
(Istituti Ortopedici Rizzoli, Bologna, Italy). Starting with the
MTX-sensitive U-20S osteosarcoma cell line, the MTX300-
resistant variant was obtained by exposing the parental line
in vitro to stepwise increased MTX concentrations™”. Such
continuous exposure to MTX resulted in cells resistant to
300 pg/L (U-20S/MTX300). The MTX300-resistant variant
was continuously cultured in the presence of 300 pg/L MTX.
All of the cells were cultured in Iscove’s modified Dulbecco’s
medium (IMDM, Gibco BRL, USA), supplemented with 10%
fetal calf serum (Hyclone, Logan, UT, USA), penicillin
(10 000 U/L), and streptomycin (100 mg/L) at 37 °Cin a 5%
CO, humidified atmosphere.

MTT assay The effects of bufalin on cell proliferation
and the viability of U-20S and U-20S/MTX300 cells were
assessed using the MTT assay. U-20S and U-20S/MTX300

cells were harvested and seeded in 96-well plates at 6.0x10°
cells/well in a final volume of 180 pL.. After 24 h of incubation,
drugs were added to duplicate plates at appropriate
concentrations. After 92 h, MTT solution (10 uL) was added
to each well. DMSO (100 pL) was added to each well 4 h
later. The concentrations required to inhibit cell growth by
50% (ICs,) were calculated from the cytotoxicity curves
(Bliss’s software; Bliss Co, CA, USA). The degree of resis-
tance was calculated by dividing the ICy, for the U-20S/
MTX300 cells by that of the parental MTX-sensitive cells.
The ICy, values were calculated from at least 3 independent
experiments.

Fluorescent staining The cells treated with the indi-
cated concentrations of bufalin for 48 h were collected by
centrifugation (1500%g, 5 min), washed twice with phosphate
buffered saline (PBS), and stained with the DNA-specific
dye Hoechst 33258 (10 mL, 10 mg/L). The cells were then
incubated at 37 °C for 10 min and again washed in PBS for
morphological observation using an Olympus photomicro-
scope with an epifluorescence attachment (Tokyo, Japan).
Cells displaying condensed, fragmented DNA were deemed
apoptotic.

DNA fragmentation assay The integrity of the cells’
genomic DNA was assessed by agarose gel electrophoresis.
The cells (1x10°) were added to DNAZOL (genomic DNA
isolation) reagent (0.5 mL) and lysed by agitation. The
lysate was gently pipetted into an assay tube, and the
homogenate was cleared by centrifugation (10 000 g, 10 min).
Following centrifugation, the resulting viscous supernatant
was transferred to a fresh tube, and DNA from the lysate was
precipitated by the addition of 100% ethanol (0.25 mL). The
precipitate was washed twice with 75% ethanol (0.8—1.0 mL).
After removing the ethanol, the DNA precipitate was dis-
solved in NaOH solution (8 mmol/L). The DNA samples
were loaded on 2% agarose gels for electrophoresis. The
gels were stained with ethidium bromide (0.5 mg/L) and pho-
tographed under UV illumination.

Western blot analyses The cells were washed in cold
PBS, then lysed and harvested by scraping with a protein
extraction reagent (Pierce Biotechnology, Rockford, USA).
Protein concentrations were determined using the Bradford
assay. For each sample, the protein extract (30 ng) was sepa-
rated on 15% SDS-PAGE and electroblotted onto polyvinyli-
dene difluoride membranes. The membranes were incubated
with primary antibodies for 12 h at 4 °C followed by 3 washes
in Tris-buffered saline with Tween-20 (TBST) for 5 min, and
were then incubated with horseradish peroxidase-conjugated
secondary antibody for 1 h at room temperature. Western
blot analyses were performed using anti-DHFR (Becton-
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Dickinson, USA), antihuman Bax, antihuman p53, antihuman
p21, and antihuman Bcl-2 (Santa Cruz Biotechnology, USA)
monoclonal antibodies. Protein bands were visualized on
X-ray film using an enhanced chemiluminescence detection
system. For each sample, the amount of protein was deter-
mined by densitometric analysis.

RT-PCR analysis The total RNA was extracted by using
TRIzol reagent, according to the manufacturer’s protocol.
The total RNA (1 pg) was denatured at 65 °C for 10 min and
then reverse transcribed at 42 °C for 40 min in a reaction mix
(20 pL) containing 5xRT buffer, 10 mmol/L deoxyribonucle-
otide triphosphate (ANTP) mix, 10 U/uL RNase inhibitor, and
10 umol/L oligo (dT; ReverTra Ace, Toyobo, Japan). Part (2
uL) of each RT reaction was amplified using ReverTra Dash
(Toyobo, Japan) in a total volume of 100 pL. Transcripts of
the gene for glyceraldehydes-3-phosphate dehydrogenase
(G3PDH) were used as internal controls.

After incubating the mix at 94 °C for 2 min, 30 PCR cycles
were conducted, consisting of 94 °C for 1 min, annealing at
60 °C for 1 min, and elongation at 72 °C for 1 min with a 5 min
extension at 72 °C following the last cycle. For DHFR, the
primerswere5-GTAGAAGGTAAACAGAATCTG-3' (forward
intron-spanning) and 5'-AGAACACCTGGG-TATTCTGG-3'
(reverse intron-spanning), and for G3PDH, the primers were
5'-ACCACAGTCCATGCCATCAC-3'(forward)and 5'-TCCA-
CCACCCTGTTGCTGTA-3' (reverse). Theamplified samples
were then electrophoresed on 1.5% agarose gels containing
ethidium bromide (0.5 mg/L).

Statistical analysis All data were derived from at least 3
independent experiments and results are expressed as
meantstandard error. Differences were assessed using the
Student’s #-test or the Kruskal-Wallis test. A P value of
<0.05 was deemed statistically significant.

Results
Effects of bufalin on the viability of the U-20S and

U-20S/MTX300 cell lines The effects of bufalin and other
drugs on the viability of U-20S and U-20S/MTX300 cells
were assessed using the MTT assay (Table 1). To investi-
gate the impact of MTX resistance, we first made a compari-
son between U-20S and U-20S/MTX300 cells. U-20S/
MTX300 were approximately 120-fold more resistant to MTX
than U-20S. Bufalin showed a potent cytotoxic effect on
both U20S and U-20S/MTX300 cells. The IC,, values of
bufalin for U-20S and U-20S/MTX300 cells were 8.49+2.1
pg/L and 10.19+1.7 pg/L, respectively; these values were
not statistically significantly different (P>0.05). The ICy,
value of bufalin was similar to that of doxorubicin, although
significantly lower than that of cisplatin or paclitaxel.
U-20S/MTX-300 cells showed no cross-resistance with
bufalin. Similar results were obtained with doxorubicin,
cisplatin, and paclitaxel.

The loss of viability could be the result of inducing
apoptosis, blocking the cell cycle at a specific point, such as
G,/M, or more generally, inhibiting growth. Thus, we next
investigated whether bufalin could induce apoptosis or block
the cell cycle in human osteosarcoma cells.

Effects of bufalin on apoptosis in the U-20S and U-20S/
MTX300 cell lines To examine whether bufalin could in-
duce apoptosis in human osteosarcoma U20S cells and the
MTX-resistant variant, we first used fluorescent staining
with Hoechst 33258 (Figure 1). U-20S and U-20S/MTX300
cells were treated with bufalin (0, 10, 50, or 100 pg/L) for 48 h.
Fluorescent observation shown that bufalin could induce
apoptosis in both cell lines. The cells showed typical
apoptotic morphology characterized by volume reduction,
chromatin condensation, nuclear fragmentation, and the
appearance of apoptotic bodies.

Next, we used flow cytometry to assess the degree of
bufalin-induced apoptosis in U20S cells and in U-20S/
MTX300 cells. After incubation for 48 h, bufalin induced
apoptosis in U-20S and U-20S/MTX300 cells in a dose-

Table 1. Comparison of the cytotoxic effect of bufalin and other anti-osteosarcoma drugs on U-20S and U-20S/MTX300 cell lines. Each
value represents the mean+SD of at least 3 independent experiments.

1Cs, of drugs+SD (ng/L)*

Cell line Bufalin Fold MTX Fold Doxorubicin  Fold Cisplatin Fold Paclitaxel ~ Fold
increase® increase increase increase increase
U-208 8.49+2.1 4.05+1.4 3.45+1.14 143.7+36.9 96.4+12.3
U-20S/MTX300 10.19+1.7 1.2 483.2+8.7 119.3 4.03+1.76 1.2 213.5+31.4 1.5 150.3+27.8 1.6

“[Cs, is defined as the concentration required to inhibit tumor cell growth by 50%. "Ratio between 1Cs, (ng/L) of U-20S/MTX300 to ICs,
(pg/L) of the U-208 cell line.
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Figure 1. Apoptosis-inducing effects of bufalin in the U-20S and U-20S/MTX300 cell lines. Cells were stained with Hoechst 33258 and
incubated with bufalin for 48 h. (A, E) control cells; (B, F) cells incubated with 10 pg/L bufalin; (C, G) cells incubated with 50 pg/L bufalin; (D,
H) cells incubated with 100 pg/L bufalin. Apoptotic cells show irregular staining of their nuclei as a result of chromatin and nuclear

fragmentation. Each picture was taken at a magnification of x100.

dependent manner (Figure 2). The sub-G, peak proportion
was assessed and the difference was significant between
the bufalin-treated (10, 50, and 100 pg/L) and the control
cells.

To further assess the apoptotic effect of bufalin, we
examined genomic DNA fragmentation using agarose gel elec-
trophoresis and DNA staining. After incubating the cells
with bufalin (0, 10, 50, and 100 pg/L) for 48 h, the characteris-
tic “ladder” of the fragmented DNA was evident (Figure 3).

Effects of bufalin on the cell cycle in the U-20S and U-
20S/MTX300 cell lines The effects of bufalin on the cell
cycle in U-20S and U-20S/MTX300 cells were examined by
flow cytometry. After culture for 48 h in the presence of
bufalin (0, 10, 50, and 100 pg/L), accumulation of cells in the
G,/M phase was observed in both U-20S and U-20S/
MTX300 cells in a dose-dependent manner (Figure 4). A
concomitant decrease in the proportion of cells in the G/G,
phase was also seen in U-20S cells, while no such decrease
was obvious in U-20S/MTX300 cells. Similar results were
obtained in repeated experiments, suggesting that bufalin
leads to the accumulation of cells in the G,/M phase in U-
208 and U-20S/MTX300 cells.

Effects of bufalin on the expression of apoptosis-related
proteins in the U-20S and U-20S/MTX300 cell lines Based

on the apoptotic analysis, we next examined the expression
of apoptosis-related proteins. We confirmed intracellular
apoptotic events biochemically by examining the expression
levels of p53, p21, Bcl-2, and Bax. Bufalin had obvious
effects on p53, Bcl-2, and Bax in both cell lines (Figure 5).
The expression of Bcl-2 was downregulated in bufalin-treated
cells, while p53, p21, and Bax were upregulated with an in-
crease in the bufalin concentration from 10 to 100 pug/L. The
ratio of Bax/Bcl-2 increased dose dependently after bufalin
treatment. These results suggest that bufalin can induce
apoptosis in U-20S and U-20S/MTX300 cells by affecting
these apoptosis-related proteins. With regard to the expres-
sion levels of p21, there was some difference between U-
20S and U-20S/MTX300 cells (Figure 5). In U-20S/MTX300
cells, the induction of p21 was evident; however, in U-20S
cells, there was no such difference between the bufalin-
treated and control cells.

Effects of bufalin on the gene expression and protein
levels of DHFR in the U-20S and U-20S/MTX300 cell lines
To assess whether bufalin could affect DHFR expression,
RT-PCR and Western blot analysis were conducted. After
treatment with bufalin (0, 10, 50, and 100 pg/L) for 48 h,
there was no obvious difference in DHFR at either the
mRNA or protein level (Figures 5, 6), suggesting that bufalin
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Figure 2. Apoptosis-inducing effects of
bufalin in U-20S (A-D) and U-20S/MTX300
(E-H) cells by flow cytometry. Cells were

3 incubated with bufalin for 48 h. (A, E) con-
trol cells; (B, F) cells incubated with 10 pg/L
bufalin; (C, G) cells incubated with 50 pg/L
bufalin; (D, H) cells incubated with 100 pg/L
bufalin. Data were derived from 3 indepen-
dent experiments and are expressed as
mean+SEM. °P<0.01 (for U-208), P<0.01
(for U-20S/MTX300), indicating a signifi-
cant difference between the control and

bufalin-treated groups as analyzed by
Student’s ¢-test.

A 2.43%+0.25% 11.2%+0.7%
_.-d‘\. - -
C 17.3% 10.96%* 31.06% 12.05%"
- -
E 1.83%£0.31% 18.2% 10.62%"
L]
G 24.5%£2.91%" 32.63% 1-2.84%"
s
DNA
A Bufalin/pg-L™! B Bufalin/pg-L!
Control 10 50 100 100
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Figure 3. Ethidium bromide staining pattern of DNA
from U-20S (A) and U-20S/MTX300 (B) cells after
treatment with bufalin (0, 10, 50, and 100 pg/L). Cells
were incubated with bufalin for 48 h. DNA fragmenta-
tion was analyzed by 2% agarose gel electrophoresis.
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Figure 4. Cell cycle analysis of U-20S and U-20S/MTX300 cells by
flow cytometry; bufalin caused G,/M arrest. Cells were incubated
with bufalin (0, 10, 50, and 100 pg/L) for 48 h. (A) U-20S cells; (B)
U-20S/MTX300 cells. °P<0.05 (for G,/G,), °P<0.05 (for G,/M) indi-
cates a significant difference between the control and bufalin-treated
groups, as analyzed by Student’s r-test.

does not affect DHFR expression in U-20S and U-20S/
MTX300 cells.

Control B

Bel-2

Control

Bufalin/pg-L"
A

500 bp

Control 10 50 100

DHFR
250 bp

500 bp G3PDH

250 bp

B Control 10 50 100
500 bp
DHFR

250 bp

500 bp
G3PDH

250 bp

Figure 6. Effect of bufalin on the mRNA level of DHFR in U-20S
(A) and U-20S/MTX300 (B) cells. After incubation with bufalin (0,
10, 50, and 100 pg/L) for 48 h, the level of DHFR was examined by
RT-PCR analysis.

Discussion

Despite significant advances in the treatment of
osteosarcoma, the development of drug resistance is a
common clinical problem that significantly decreases the
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Figure 5. Expression of the
p53, p21, Bax, Bcl-2, and DHFR
proteins in bufalin-treated U-
20S (A) and U-20S/MTX300
(B) cells. After treatment with
bufalin for 48 h, cell lysates were
extracted, and the levels of the

indicated proteins were ana-
lyzed by Western blotting. The
ratio of the Bax and Bcl-2 pro-
tein expression is shown as
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effectiveness of chemotherapy in high-grade osteosarcoma
patients. Responsiveness to chemotherapy is a critical fac-
tor that dramatically influences clinical outcome!'*, A strat-
egy that has been used is the search for new anticancer
agents in traditional medicine®!.,

Bufalin is a major component of Chan Su, a traditional
Chinese medicine obtained from the skin and parotid venom
glands of toads. Bufalin has been shown to exhibit antitu-
mor activity by inhibiting the growth of and inducing
apoptosis in several tumor cells. The mechanism of bufalin-
induced apoptosis has been examined and includes the
activation of AP-1"%, Rac1!', cdc2 kinase and casein kinase
1%, the induction of Tiam1 expression''”), and the elevation
of intracellular calcium concentrations'. Apoptosis-related
proteins have also been examined; bufalin downregulates
the expression of cyclin A, Bel-2, and Bel-X(L) and upregu-
lates the expression of p21 and Bax!">'®.. Jing et al reported
that apoptosis was not induced by bufalin in normal mono-
nuclear or polymorphonuclear cells™!. Nasu et a/ also indi-
cated that bufalin induced apoptosis in endometriotic cyst
stromal cells; in contrast, only marginal effects were observed
in normal endometrial stromal cells!"®. The induction of cell
cycle arrest by bufalin also differed among cells!"®**%; thus,
the effects of bufalin may be cell-type specific.

To date, no data have been reported regarding the activ-
ity of bufalin in osteosarcoma cells. To gain insight into the
effects of bufalin, we investigated its cytotoxicity and
efficacy in the human U-20S cell line and its variant U-20S/
MTX300. Our cell proliferation assays showed that bufalin
strongly inhibited the proliferation of U-20S and U-20S/
MTX300 in a dose-dependent manner. Based on these
results, we examined the morphological changes in the cells
by Hoechst 33258 staining (Figure 1). Flow cytometry analy-
sis was also used to examine the apoptosis-inducing effects
of bufalin (Figure 2). We also performed a DNA fragmenta-
tion assay to examine a late marker of apoptosis. After the
U20S cells were treated with bufalin at different concentra-
tions for 48 h, significant DNA fragmentation was detected
(Figure 3). In the cell cycle analysis, a significant increase in
the cell population in the G,/M phase was observed after 48
h treatment with bufalin (Figure 4), which was consistent
with previous studies?*",

To further examine the biological mechanism of bufalin-
induced apoptosis, we assessed the levels of the p53, p21,
Bcl-2, and Bax proteins by Western blot analysis. It is known
that the tumor suppressor protein p53 induces apoptosis
through several pathways and one of these involves pro-
apoptotic and anti-apoptotic proteins of the Bel-2 family.
Members of the Bcl-2 family elicit opposing effects on
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mitochondria. Bax is a target of p53 and is a member of the
Bcl-2 family that regulates apoptosis and cell prolifera-
tion™?%, Translocation of Bax to the mitochondria in
response to cell damage induces the mitochondrial perme-
ability transition, an event that releases cytochrome c and
culminates in the death of the cells®”. Bcl-2 is transcription-
ally suppressed by p53, helping to preserve the integrity of
the mitochondria®!, p21, a potent inhibitor of cyclin-depen-
dent kinases, is also a downstream effector of the p53 path-
way of growth control™,

We observed that bufalin increased the expression of
p53 and Bax, while it reduced the expression of Bcl-2 in both
U-20S and U-20S/MTX300 cells. Thus, the induction of
apoptosis in human osteosarcoma cells by bufalin was
associated with the p53 pathway and Bcl-2 family proteins.
Previous studies showed that the ratio of Bax to Bcl-2 (rather
than anti-apoptotic Bcl-2 alone) is important in cell survival
or apoptotic death in response to death stimuli®”. In our
study, the average ratio of Bax/Bcl-2 in p53-containing U20S
cells treated with bufalin was significantly higher than in the
control cells. These results further suggest that the mecha-
nism of bufalin-induced apoptosis in U20S cells includes
the modulation of the ratio of Bax/Bcl-2 by p53.

In this study, we found that bufalin leads to the accumu-
lation of cells in the G,/M phase in both U-20S and U-20S/
MTX300 cells. A concomitant decrease in the proportion of
cells in the G/G, phase was also seen in U-20S cells, while
no such decrease was obvious in U-20S/MTX300 cells. The
extent of p21 induction was also different between U-20S
and U-20S/MTX300 cells; it was almost absent in the U-20S
cell line. There are some differences between U-20S and
U-20S/MTX300 cells; specifically, U-20S/MTX300 cells
showed a higher doubling time, a lower cloning efficiency,
and a lower metastatic ability after iv injection than the cor-
responding parental cell line®!. Thus, the differences in the
cell cycle and p21 induction between U-20S and U-20S/
MTX300 after treatment with bufalin may be due to these
different characteristics and should be studied further.

In our study, we were particularly interested in the find-
ings that bufalin retained its efficacy in MTX-resistant cells,
which have an increased level of DHFR!"*'). Studies have
shown that an increase in DHFR levels is an important mecha-
nism responsible for the degree of clinical resistance to MTX
in osteosarcoma patients®™'?. Thus, we sought to evaluate
DHEFR gene expression and protein levels in bufalin-treated
U-20S and U-20S/MTX300 human osteosarcoma cells. Af-
ter treatment with bufalin for 48 h, there was no difference in
DHEFR at the mRNA or protein level (Figures 5, 6), suggest-
ing that bufalin does not affect DHFR expression in U-20S
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or U-20S/MTX300 cells. Furthermore, the apoptosis-induc-
ing effects of bufalin were apparently not affected by the
presence of high levels of DHFR protein. Indeed, bufalin
was able to induce apoptosis equally in both MTX-sensi-
tive and MTX-resistant cell lines without regard to and with-
out altering the DHFR expression. These data indicate the
lack of cross-resistance mechanisms between bufalin and
MTX, and that bufalin may be useful as an alternative che-
motherapeutic agent in osteosarcoma patients unresponsive
(resistant) to MTX.

In conclusion, we demonstrated that bufalin induced
apoptosis and G,/M phase cell cycle arrest in human osteo-
sarcoma U-20S and U-20S/MTX300 cells. The induction of
apoptosis is apparently mediated through a tumor suppres-
sor protein pS3-dependent pathway, which involves proteins
of the Bcl-2 family. These results suggest that bufalin may
be applicable as a medical treatment for osteosarcoma. In
addition, data from our study indicate that bufalin has strong
activity, not only in MTX-sensitive U-20S cells, but also in
MTX-resistant U-20S/MTX300 cells, without being affected
by or affecting DHFR expression. These findings indicate
that bufalin may be useful as an alternative chemotherapeu-
tic agent in osteosarcoma patients unresponsive to MTX.
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