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BACKGROUND. Zoledronic acid has been shown to be effective in the treatment of

osteoporosis, hypercalcemia, and metastatic bone tumors. The efficacy of

zoledronic acid on primary bone tumors has not been investigated.

METHODS. A primary bone tumor mouse model was established. Intratibia injec-

tion of TC71 cells resulted in an osteolytic bone tumor. Four days after injection the

mice were treated with zoledronic acid alone, paclitaxel alone, or zoledronic acid

plus paclitaxel. Control mice were treated with phosphate-buffered saline. Bone

tumor growth was assessed using a Faxitron Specimen Radiography System. The

gene expression was detected by reverse-transcription polymerase chain reaction

(RT-PCR), ELISA, and immunohistochemistry. Osteoclast formation was deter-

mined by tartrate-resistant acid phosphatase (TRAP) staining.

RESULTS. Zoledronic acid induced apoptosis in TC71 human Ewing sarcoma cells

and inhibited cell proliferation. Five weeks after injection, 89% of mice in the

control group developed osteolytic bone tumors. Paclitaxel had little effect on bone

tumor growth, with 78% of mice developing tumors. By contrast, 44% of mice

treated with zoledronic acid developed bone tumors. The most effective treatment

was zoledronic acid plus paclitaxel. Tumor incidence in the combination therapy

group was only 22%. Osteoclasts were quantified using TRAP staining. There was a

decrease in TRAP-positive osteoclasts in tumor tissues from zoledronic acid-

treated animals compared to control animals. RT-PCR, immunohistochemistry,

and ELISA assay demonstrated that zoledronic acid up-regulated osteoprotegerin

expression.

CONCLUSIONS. These results suggest that zoledronic acid induces apoptosis and

inhibits primary bone tumor growth in Ewing sarcoma through a mechanism

involving the up-regulation of osteoprotegerin. Zoledronic acid may provide a

novel therapeutic approach for the treatment of patients with Ewing sarcoma.
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B isphosphonates have a profound effect on bone resorption and
are widely used in the treatment of osteoporosis and other oste-

oclast-mediated bone diseases. Zoledronic acid (Zometa, Novartis,
East Hanover, NJ) is a new generation of nitrogen-containing
bisphosphonates that have demonstrated potent inhibition of bone
resorption and antitumor activity in vitro and in vivo.1–3 Recent stud-
ies have demonstrated the therapeutic benefits of bisphosphonates
for metastatic bone tumors in patients with prostate cancer or breast
cancer.4 –9 Zoledronic acid reduced the metastatic bone tumor and
prevented skeletal complications. However, the efficacy of zoledronic
acid on primary bone tumors has not been investigated. The mech-
anism of its inhibition of bone tumor growth is also unclear at this
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time. Ewing sarcoma is the second most common
malignant bone tumor in children and young adults.
In the past 15 years the survival rates for relapsed
patients have not changed, despite the use of intensive
chemotherapy and radiation therapy.10 New thera-
peutic approaches are therefore needed. We estab-
lished a Ewing sarcoma primary bone tumor animal
model for the purpose of evaluating new therapies.
Using this model, we demonstrated that zoledronic
acid up-regulated osteoprotegerin (OPG) expression,
inhibited osteoclast activity, and decreased bone tu-
mor growth. These results may provide a new ap-
proach to treating Ewing sarcoma bone tumors.

MATERIALS AND METHODS
Cell Lines
TC71 human Ewing sarcoma cells were cultured in
Eagle’s modified essential medium with 10% fetal bo-
vine serum, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 1� nonessential amino acid, and 2� MEM vita-
min solution (Life Technologies, Grand Island, NY).
Normal human osteoblast (HOB) cells were purchased
from Cambrex (East Rutherford, NJ) and cultured in
specific media according to the manufacturer’s in-
structions. All cells were screened with a Mycoplasma
Plus PCR Primer Set (Stratagene, La Jolla, CA) and
found to be free of mycoplasma.

Bone Tumor Animal Model
TC71 cells in log-growth phase were harvested and
resuspended in cold Hank’s balanced salt solution at 2
� 107 cells/mL. Athymic nude mice, 4 –5 weeks old,
were purchased from Charles River Breeding Labora-
tories (Kingston, MA). The mice were maintained in an
animal facility approved by the American Association
for Accreditation of Laboratory Animal Care and in
accordance with current regulations and standards of
the U.S. Department of Agriculture, the Department of
Health and Human Services, and the National Insti-
tutes of Health. Animals were housed for 1 week be-
fore experiments were begun, then 2 � 105 TC71 cells
were injected into the right tibia under anesthesia.
Four days after tumor cell injection the mice were
divided into groups and treated with zoledronic acid
alone (200 �g/kg, subcutaneously, twice weekly), pac-
litaxel (Taxol, Bristol-Myers Squibb, Princeton, NJ)
alone (6 mg/kg, intraperitoneally, once a week), or
zoledronic acid in combination with paclitaxel. Mice
in the control group were treated with phosphate-
buffered saline (PBS). The bone tumor size was mea-
sured after 5 weeks with the MX-20 Specimen Radio-
graph digital imaging system (Faxitron X-ray,
Wheeling, IL). To determine the extent of bone de-
struction, the bone tumors were scored from 0 – 4 ac-

cording to criteria previously described.11 Grade 0 rep-
resented no bone lysis; Grade 1, minimal but visible
bone lysis within the medullary canal; Grade 2, mod-
erate bone lysis in the medullary canal with preserva-
tion of the cortex; Grade 3, severe bone lysis with
cortical disruption; and Grade 4, massive destruction.

Cell Proliferation Assay
Five thousand cells were seeded onto 96-well cell cul-
ture plates and allowed to adhere overnight. Cells
were treated with different concentrations of
zoledronic acid or paclitaxel alone or paclitaxel plus 10
�M zoledronic acid. The antiproliferative activity was
determined by the 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide thiazolyl blue (MTT) assay
as described previously.12

Annexin V Assay
Apoptosis induced by zoledronic acid was quantified
using the Annexin V-FITC Apoptosis Detection Kit
(Calbiochem, La Jolla, CA). TC71 cells were treated
with PBS (control), 30 �M of zoledronic acid, 1 �M of
paclitaxel, or both drugs together for 24 hours. Cells
were trypsinized and counted, then 5 � 105 cells in 0.5
mL were incubated with 1.25 �L Annexin V-FITC at
room temperature for 15 minutes in the dark. After
centrifugation at 1000g for 5 minutes, the media were
aspirated, the cells resuspended in cold binding
buffer, and 10 �L propidium iodide was added. The
apoptotic cells were analyzed by flow cytometry.

Reverse-transcription polymerase chain reaction
(RT-PCR)
Total RNA was extracted from the cells. The cDNA was
synthesized using a reverse-transcription system
(Promega, Madison, WI). Reverse-transcription prod-
ucts were amplified by PCR using specific primers
for OPG (5�-TCCTGGCACCTACCTAAAACAGCA-3�, 5�-
CTACACTCTCGGCATTCACTTTGG-3�), RANKL (re-
ceptor activator of nuclear factor-kB ligand) (5�-CA-
GAGCAGAGAAAGCGATG-3�, 5�-GAAAGCAAATGTTG-
GCATACA-3�), and RANK (receptor activator of nu-
clear factor-kB) (5�-TTAAGCCAGTGCTTCACGGG-3�,
5�-ACGTACACCACGATGATGTCGC-3�). The initial de-
naturation was performed at 94 °C for 5 minutes.
Samples were then subjected to denaturation at 94 °C
for 1 minute, annealing at 59 °C (for OPG) or 54 °C (for
RANKL) or 56 °C (for RANK) for 1 minute, extension
for 1 minute at 72 °C for 30 cycles, and a final elonga-
tion at 72 °C for 10 minutes. The PCR products were
subjected to electrophoresis on 1.5% agarose gel with
ethidium bromide and observed under UV light. The
18S primers (Ambion, Austin, TX) were used as the
internal control.
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Immunohistochemistry Staining
Histologic sections were taken from mice bearing
TC71 Ewing sarcoma with or without treatment. The
expression of OPG was detected by incubating tissue
sections with OPG rabbit polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) as the primary
antibody and biotinylated goat antibody against rabbit
IgG as the secondary antibody, followed by incubation
with avidin– biotin–peroxidase complex (Vector Labo-
ratories, Burlingame, CA). Expression was detected
with diaminobenzidine. Gill’s hematoxylin was used
for counterstaining.

Tartrate-Resistant Acid Phosphatase Staining
Tartrate resistant acid phosphatase (TRAP) staining
was performed to detect osteoclasts in tissue samples.
The bone tumor tissues were decalcified in 10% eth-
ylenediamine tetraacetic acid for 10 days and paraffin
sections were then cut for detection. A TRAP staining
kit was purchased from Sigma (St. Louis, MO), and
staining was performed according to the manufactur-
er’s instructions. The osteoclast cells were counted
under a microscope and the average osteoclast num-
ber was calculated by counting five random fields.

ELISA Assay
TC71 cell or HOB cells were cultured with serum-free
media overnight, then treated with 30 �M of
zoledronic acid. The cultured supernatants were col-
lected at 24, 48, and 72 hours. The OPG protein levels
were measured by ELISA kit (R&D Systems, Minneap-
olis, MN) according to the manufacturer’s instruc-
tions.

RESULTS
Effect of Zoledronic Acid on Cell Proliferation and
Apoptosis in TC71 Cells
The MTT assays were used to determine the effect of
zoledronic acid and paclitaxel on Ewing sarcoma cell
growth. Zoledronic acid inhibited TC71 cell growth in
a dose-dependent fashion (Fig. 1A). The IC50 for
zoledronic acid was 50 �M. Paclitaxel also inhibited
TC71 cell growth. The IC50 for paclitaxel was 10 �M. A
combination of paclitaxel with zoledronic acid signif-
icantly enhanced the sensitivity of TC71 cells to pac-
litaxel and shifted the IC50 from 10 �M to 2 �M.

To determine the effects of zoledronic acid on
inducing apoptosis in TC71 cells, the Annexin V assay
was performed. As shown in Figure 1B, 30 �M
zoledronic acid alone induced 18% apoptotic cells and
1 �M paclitaxel alone caused 19% apoptosis in TC71.
However, treatment of TC71 with zoledronic acid in
combination with paclitaxel significantly increased

the apoptotic cells to 60%. These results indicate that
zoledronic acid induces apoptosis in TC71 cells and
had a synergistic effect with paclitaxel.

Effect of Zoledronic Acid on Bone Tumor Growth In Vivo
TC71 cells were injected intratibially in mice. Four
days later the mice were divided into different groups
and treated with PBS (control), zoledronic acid alone
(200 �g/kg, twice a week for 5 weeks), paclitaxel alone
(6 mg/kg, once a week for 5 weeks), or zoledronic acid
plus paclitaxel. The osteolytic bone tumors were mea-
sured by a digital imaging system 5 weeks after the
start of therapy (Fig. 2, top). The control mice had an

FIGURE 1. Effect of zoledronic acid and paclitaxel on Ewing sarcoma cells in

vitro. (A) TC71 cells were treated with different concentrations of zoledronic

acid or paclitaxel or paclitaxel plus 10 �M of zoledronic acid. Cell proliferation

was quantified by MTT assay. The mean value was calculated from three

independent experiments. The bar represents standard deviation (SD). (B) Cell

apoptosis were determined using the Annexin V assay. TC71 cells were treated

with PBS (control), 30 �M zoledronic acid, 1 �M paclitaxel, or zoledronic acid

plus paclitaxel. The mean value was calculated from three independent ex-

periments. The bar represents SD.
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89% incidence of tumor development, with an average
bone damage grade of 2.6. By contrast, the bone tu-
mor incidence in the mice treated with zoledronic
acid alone was only 44%, with an average bone dam-
age grade of 0.8. These results suggest that zoledronic
acid inhibited bone tumor growth and decreased bone
damage. The bone tumor incidence for paclitaxel-
treated mice was 78%, with a bone damage grade of
1.7. Combining paclitaxel with zoledronic acid
achieved the best effect, with a bone tumor incidence
of 22%. The average bone damage grade also signifi-
cantly decreased from 1.7 to 0.2 (Fig. 2, bottom). These
data indicate that zoledronic acid inhibited primary

bone tumor growth and enhanced the chemothera-
peutic effect of paclitaxel.

Zoledronic Acid Reduces Osteoclast Formation in Ewing
Sarcoma Bone Tumors
To explore a potential mechanism by which
zoledronic acid inhibited the osteolytic activity of tu-
mor cells, we determined the effect of zoledronic acid
on osteoclast formation in the TC71 tumors using
TRAP staining. Osteoclasts were identified as the
multinuclear purple-staining cells in bone (arrow in
Fig. 3). The number of osteoclasts was significantly
decreased in animals treated with zoledronic acid

FIGURE 2. Effect of zoledronic acid on bone tumor growth in vivo. TC71 cells were injected intratibia in mice. Four days later the mice were treated with PBS

(control), zoledronic acid alone, paclitaxel alone, or zoledronic acid plus paclitaxel for 5 weeks. Top: The bone tumors were assessed by the Faxitron X-ray digital

imaging system (Faxitron X-ray, Wheeling, IL). The representative picture was shown in each group. Bottom: The bone tumor was graded using standard criteria

as described in Materials and Methods. The average grading levels represents the mean (M) from different mice in each group � standard deviation (SD).
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(Fig. 3B) compared with untreated tumor (Fig. 3A).
The quantitative data show (Fig. 3, bottom) that the
average osteoclast number per microscope field
(mean number from counting 5 random microscope
fields) is 18 in untreated bone tumor, reduced to 7 in
zoledronic acid-treated bone tumor. These data in-
dicate that zoledronic acid inhibited osteoclast for-
mation in Ewing sarcoma bone tumor. The de-
creased bone damage in zoledronic acid-treated
animals was secondary to the drug’s effect on oste-
oclasts.

Effect of Zoledronic Acid on Osteoprotegerin Expression
In Vitro
The RANK/RANKL/OPG pathway is important in the
regulation of bone formation. We therefore wished to
determine whether zoledronic acid had an effect on
the expression of these genes. As shown in Figure 4,
zoledronic acid had no effect on the expression of
RANK or RANKL in either TC71 cells or HOB cells. By
contrast, zoledronic acid-treated cells demonstrated a
significantly higher expression of OPG. 18S was used
as an internal loading control. Densitometry analysis
showed that zoledronic acid induced 2.2- and 3.1-fold
increases in OPG expression in TC71 cells and HOB
cells, respectively.

An ELISA assay was performed to detect the OPG
protein levels in cell culture media after treatment

FIGURE 3. Zoledronic acid inhibited osteoclast formation in bone tissues.

Osteoclasts in bone tissue from untreated tumors and zoledronic acid-treated

tumors were detected using TRAP staining. Top: The purple cells (arrow) are

osteoclasts. Bottom: The average osteoclast number was determined by

counting TRAP-positive cells in five random microscope fields. The bar repre-

sents the standard deviation (SD).

FIGURE 4. Zoledronic acid up-regulated osteoprotegerin (OPG), but not RANK

or RABKL expression, in TC71 and normal human osteoblast cells (HOB). TC71

or HOB cells were treated with PBS (–) or 10 �M zoledronic acid (�) for 24

hours. The total RNA was extracted and RT-PCR was performed using specific

primers as described in Materials and Methods. 18S was used as the internal

control.
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with zoledronic acid in HOB cells (Fig. 5, top) and
TC71 cells (Fig. 5, bottom). The OPG protein level
increased following incubation with 10 �M zoledronic
acid for 24 hours. The protein expression reached
peak levels at 48 hours and then declined at 72 hours.
Zoledronic acid stimulated osteoprotegerin protein
production in both HOB and TC71 cells.

Effect of Zoledronic Acid on Osteoprotegerin Expression
In Vivo
To determine whether zoledronic acid increased OPG
expression in vivo, the bone tissues were examined by
immunohistochemical staining using a specific OPG
antibody. Bone tissue in zoledronic acid-treated ani-
mals (Fig. 6B) expressed more OPG compared to un-
treated tissues (Fig. 6A). These data demonstrate that
zoledronic acid increased OPG expression both in
vitro and in vivo.

DISCUSSION
A number of studies have demonstrated the beneficial
effects of bisphosphonates on bone metastases from
different solid tumors, including breast, prostate, and
renal cell carcinoma.13,14 The effect of bisphospho-
nates on primary bone tumors, however, has not been
determined. We established a primary Ewing sarcoma
animal model in nude mice. Using this model, we now
demonstrate that zoledronic acid significantly inhibits
osteolytic Ewing sarcoma growth in vivo and enhances
tumor sensitivity to paclitaxel (Fig. 2). Our in vitro data
suggest that zoledronic acid has a direct effect on
tumor cells, as it inhibited tumor cell proliferation and
induced apoptosis (Fig. 1).

In addition to its direct effect on tumor cells, our
data indicate that other mechanisms are involved in
zoledronic acid’s efficacy in vivo. Ewing sarcoma is a

FIGURE 5. Zoledronic acid stimulated the production of osteoprotegerin

protein in normal human osteoblast (HOB) and TC71 cells. HOB cells (top) or

TC71 cell (bottom) were treated with 10 �M zoledronic acid for 24, 48, and 72

hours. Cell cultured supernatants were collected and analyzed by ELISA kit. The

value represents the mean of three experiments; the bar represents the

standard deviation (SD).

FIGURE 6. Zoledronic acid increased osteoprotegerin expression in bone

tumor tissues. Bone tumor tissue was obtained from the (A) untreated tumor or

the (B) zoledronic acid-treated bone tumor. Immunohistochemical staining was

performed using a specific osteoprotegerin antibody as described in Materials

and Methods.
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lytic bone tumor, creating a “moth-eaten” appearance
to the bone as it invades the normal bone cortex and
destroys bone tissue (Fig. 2). Osteolytic tumors are
usually associated with enhanced osteoclast activity.
TRAP staining showed a significant reduction in the
number of osteoclasts in bone tumor tissue from mice
treated with zoledronic acid (Fig. 3). Therefore, de-
creased osteoclast activity may play a role in
zoledronic acid’s efficacy, as well as its alteration of
the phenotype of the tumor. Mechanisms involved in
decreasing osteoclast activity by zoledronic acid were
also investigated. RANKL has been shown to be critical
to osteoclast formation. We were unable, however, to
demonstrate a change in either RANK or RANKL fol-
lowing treatment with zoledronic acid. Zoledronic
acid did not inhibit RANK expression or affect the ratio
of RANK/RANKL. Osteoprotegerin also plays an im-
portant role in the regulation of osteoclast activity,
and OPG is a decoy receptor for RANK. Increased OPG
interferes with the binding of RANKL to the RANK
receptor, resulting in the inhibition of osteoclast ac-
tivity. The RANKL/OPG ratio is important in the reg-
ulation of bone formation. Higher ratios or amounts of
RANKL to OPG are associated with increased oste-
oclast activity. Our data indicate that zoledronic acid
up-regulated OPG expression, resulting in increased
OPG protein production (Figs. 4, 5). This would in turn
lead to a decrease in the RANKL/OPG ratio and de-
creased osteoclast activity.

The effect of zoledronic acid on the RANK/
RANKL/OPG pathway varies depending on the tu-
mor cell type. Zoledronic acid has been shown to
stimulate OPG but also to down-regulate RANKL in
osteoblast-like cells.15 Therefore, the mechanisms
involved for each specific tumor may be different.
Other studies have shown that bisphosphonates in-
hibit farnesyl diphosphonate synthase in the meva-
lonate pathway, in addition to its effect on the OPG
pathway.16,17

In summary, we have demonstrated that
zoledronic acid, one of the more potent bisphospho-
nates, inhibits the growth of Ewing sarcoma both in
vitro and in vivo and alters the phenotype of the
tumor. Alteration of the lytic phenotype is most likely
secondary to interference with osteoclast activity and
subsequent bone resorption. Zoledronic acid has been
shown to have clinical activity against breast, prostate,
and renal cell cancer bone metastasis, as well as hav-
ing a role in preventing skeletal complications.18 –20

Preclinical data also indicate that bisphosphonates
may be effective against osteosarcoma.21 Our data
suggest that another primary bone tumor, Ewing sar-
coma, may also be an appropriate tumor for therapeu-
tic evaluation. Given the dearth of effective agents for

treating patients with Ewing sarcoma, particularly
those with relapsed disease, and the dismal 2-year
metastasis-free survival, extending the application of
zoledronic acid to include Ewing sarcoma warrants
further evaluation.
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