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In vitro antitumor effect of sodium butyrate and zoledronic acid
combined with traditional chemotherapeutic drugs:
A paradigm of synergistic molecular targeting
in the treatment of Ewing sarcoma
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Abstract. Histone deacetylase inhibitors and bisphosphonates
have a promising future in the treatment of cancer as targeted
anticancer drugs, particularly when used together or in combi-
nation with other cytotoxic agents. However, the effects of
these combined treatments have not yet been systematically
evaluated in Ewing sarcoma. The in vitro effects on cellular
proliferation, viability and survival were investigated in two
Ewing sarcoma cell lines, SK-ES-1 and RD-ES. The cell
lines were treated with sodium butyrate, a histone deacetylase
inhibitor and zoledronic acid, a bisphosphonate, alone, together
or in combination with chemotherapeutic drugs recommended
for clinical treatment of Ewing sarcoma. The data demon-
strated that the combination of sodium butyrate and zoledronic
acid had a synergistic cytotoxic effect at 72 h following treat-
ment, persisting for 10-14 days post-treatment, in both cell
lines tested. All combinations between sodium butyrate or
zoledronic acid and the traditional antineoplastic drugs (doxo-
rubicin, etoposide and vincristine) demonstrated a synergistic
cytotoxic effect at 72 h in SK-ES-1 and RD-ES cells, except
for the combinations of sodium butyrate with vincristine and
of zoledronic acid with doxorubicin, which showed only an
additive effect in RD-ES cell lines as compared to each agent
alone. These acute effects observed in both Ewing sarcoma
cell lines were confirmed by the clonogenic assay. The present
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data suggest that combining histone deacetylase inhibitors and
bisphosphonates with traditional chemotherapeutic drugs is
a promising therapeutic strategy for the treatment of Ewing
sarcoma, and provides a basis for further studies in this field.

Introduction

Ewing sarcoma (ES), often referred to as Ewing's sarcoma
family tumors (ESFTs), is a peripheral primitive neuroecto-
dermal tumor (PNET). ES is the second most common solid
bone and soft tissue malignancy of children and young adults
following osteosarcoma, and accounts for ~3% of all malignan-
cies in pediatric patients (1-3). This disease most commonly
occurs in the second decade of life, and ~55% of affected
individuals are male (4). It is associated in 85% of cases with
the (11;22)(q24:q12) chromosomal translocation that generates
fusion of the 50 first segments of the EWS gene with the 30 last
segments of the FLI-1 gene of the ETS family. The resulting
EWS-FLI-1 fusion protein is believed to behave as an aberrant
transcriptional activator that contributes to ESFT development
by altering the expression of its target genes in a permissive
cellular environment (5). Current treatments comprise neoad-
juvant chemotherapy and local surgical resection with limb
salvage, followed by adjuvant chemotherapy with or without
radiotherapy. Most combination chemotherapeutic regimens
are based on alkylating agents, primarily ifosfamide and cyclo-
phosphamide and anthracyclines, supplemented with vinca
alkaloids, actinomycin D and etoposide (6). Before the era of
chemotherapy, the survival rate of ES patients was <10% (7).
The current use of an aggressive multimodal therapy has
improved long-term survival rates of patients with localized
disease in most clinical centers by 50-70%. However, patients
with clinically detectable metastases at diagnosis, who do not
respond to therapy or with disease relapse, have a significantly
poorer prognosis (20%). In addition, 30-40% of patients
with ES experience disease relapse. They have a particularly
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dismal prognosis, with a survival likelihood that does not
exceed 20% (3,5,8). Moreover, traditional chemotherapeutic
agents are often used in high doses, causing several toxic
side-effects, including neurotoxicity in the case of vincris-
tine, hematological side-effects in the case of ifosfamide or
etoposide or cardiotoxicity in the case of doxorubicin (9-12).
For these reasons, efforts to identify new therapies are still
warranted (6).

Epigenetic alterations, such as histone deacetylation, are
known to contribute to cellular transformation by silencing
critical genes. Histone deacetylase inhibitors (HDACIs or
HDIs), such as sodium butyrate (NaB), represent a poten-
tially novel class of antineoplastic agents with the potential
to act as adjuvants, since they promote or enhance a variety
of distinct anticancer mechanisms, including apoptosis, cell
cycle arrest, cellular differentiation, immune stimulatory and
antiangiogenic activities. A number of HDIs are currently
under clinical trials, owing to their ability to revert some of
the aberrant epigenetic states associated with cancer. These
studies have shown that histone hyperacetylation can be safely
achieved in humans, and that treatment with such agents is
plausible (13-15). The use of HDIs alone or in association with
other molecules, such as traditional chemotherapeutic drugs,
could be a promising alternative for the treatment of cancer
patients in the future (15-18).

The bisphosphonates (BPs) are generally well-known for
their antiresorptive effects on bone metabolism, providing
a reductive effect on the morbidity of skeletal metastasis
of different types of tumors, and also serving as a primary
therapeutic option for malignant hypercalcemia. Zoledronic
acid (ZA), the most potent member of the nitrogen-containing
bisphosphonate family (N-BPs), inhibits osteoclastic resorp-
tive activity partly through inhibition of farnesyl-diphosphate
synthase and protein prenylation. However, far beyond their
effect on bone turnover, bisphosphonates have pleiotropic
biological effects: they can mediate growth factor release, cell
adhesion, antiangiogenic effects and apoptosis in various types
of tumors (19). Recent in vitro and in vivo studies suggest that
bisphosphonates exhibit antitumor activity, especially when
associated with other cytotoxic agents, such as those employed
in traditional chemotherapy (20-22).

HDIs and bisphosphonates have a promising future in the
treatment of cancer as targeted anticancer agents, especially
when used together or in combination with other molecules,
such as traditional anticancer drugs. However in ES, the
possible effects of co-administering HDIs and bishosphonates,
and of associating HDIs or bisphosphonates with traditional
anticancer drugs have not yet been systematically investigated.
In the present study, we evaluated the in vitro cytotoxic effects
elicited by the co-treatment with NaB and ZA alone or in
combination with three anticancer drugs strongly recom-
mended for the treatment of ES (doxorubicin, etoposide and
vincristine) in two human ES cell lines, SK-ES-1 and RD-ES.

Materials and methods

Cell lines and reagents. The human Ewing sarcoma cell
lines SK-ES-1 and RD-ES were obtained from the American
Type Culture Collection (ATCC; Rockville, MD, USA) and
grown in RPMI-1640 medium (Gibco-BRL, Carlsbad, CA,
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USA), containing 0.1% Fungizone® (250 mg/kg; Invitrogen
Life Technologies, Sdo Paulo, Brazil), 100 U/l gentamicin
(4 mg/ml; Nova Pharma, Brazil) and 10% (SK-ES-1) or 15%
(RD-ES) fetal bovine serum (FBS; Sorali, Campo Grande,
Brazil), at 37°C in a humidified incubator under 5% CO,.
Sodium butyrate (NaB) and trypan blue were obtained from
Sigma-Aldrich (St. Louis, MO, USA); zoledronic acid (ZA),
vincristine (VCR) and doxorubicin (Doxo) were obtained from
Faulding/LIBBS (Sao Paulo, Brazil); and etoposide (VP-16)
was purchased from Bristol-Myers Squibb (Sao Paulo, Brazil).

Cellular proliferation and viability assay. The cells were
seeded at a density of 2.5x10* cells/well (SK-ES-1) and
3.5x10* cells/well (RD-ES) in 24-well plates and allowed to
grow for 24 h. The medium was replaced and different doses
of NaB, ZA, VCR, VP-16 and Doxo, alone or in combina-
tion, were added to the culture medium. To measure cellular
proliferation, the medium was removed 72 h following the
treatments, cells were washed with Hanks' balanced salt solu-
tion (Invitrogen Life Technologies) and were detached with
100 pl of 0.25% trypsin solution. To inactivate trypsin, 100 ul
of complete medium was added, and 10 pl of the resulting
cellular suspension was mixed with 10 ul trypan blue (0.4%).
Cells were then manually counted in a hemocytometer to
determine the ratio of dead to viable cells (23,24). The mean
of triplicate experiments for each dose was used to calculate
the ICs, and the combination index (CI) values. The results
were confirmed by an MTT assay (25).

Colony formation assay (clonogenic survival assay). Following
counting, SK-ES-1 and RD-ES cells were seeded into 6-well
plates without treatment (1,000 cells/well). After incubation
for 10-14 days, the cells were fixed with 70% ethanol and
counterstained with 0.5% crystal violet (26).

Optimized digital counting of colonies for the clonogenic
assays. To analyze the clonogenic assay data, colonies
were digitalized and an optimized digital colony counting
was performed using Imagel] software (version 1.37 for
Windows) (27). The method developed by Cai er al (27) was
validated according to the experimental conditions. After
drying the crystal violet stain, images from each plate were
obtained using a desktop scanner (Lexmark X342n XL).
Each plate was placed at the same position on the light table
by aligning it with the center of the exposed preview light
window. In order to separate colonies from the dark grey back-
ground, each plate was scanned in color or grey-scale mode.
The scanned images were saved as 16-bit tiff files with a reso-
lution setting of 600 dots per inch (DPI) and were analyzed
using the ImagelJ software as follows: First, image files of the
same plate were opened, then the background was subtracted
(‘Process\Subtract Background...”) to correct for unevenness
of transmission light. The default setting for a rolling ball
radius of 15.0 pixels was chosen and the light background was
checked. Following background subtraction, the images were
converted into 8-bit grey scale images. Second, the macro
‘Make_ovalscan.txt’ was run, resulting in the appearance of
the region of interest in the shape of a circle that corresponds
to a circular well area. Next, colony counting was performed
by setting the threshold values (‘Image\Adjust\Threshold..."),
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the measurements (‘Analyze\ Set Measurements...’) and the
parameters that were measured and displayed: the area, the
mean grey value, the standard deviation (SD), the integrated
density and the display label. The colonies were analyzed
(‘Analyze\Analyze Particles...”) with a range of predefined
values for particle (colony) size (‘5-Infinity’) and circularity
(‘0.30-1.00%). The effects of drugs on treated colonies were
expressed as the surviving fraction of the colonies (SF) and the
average size of the colonies (AS) evaluated with the following
formulas:

. Number of colonies in treated cells x 100

i) SF = —

Number of colonies in control

Total area of colonies in treated cells

i) AS =

Number of colonies in treated cells

To confirm the results, the colonies in each well were
also manually counted using light microscopy. Only colonies
consisting of at least 50 cells were counted.

Statistical analysis. Results are representative of three
independent experiments performed in triplicates, and are
expressed as mean values + standard deviation (SD) of
independent experiments. Data were analyzed by a one-way
analysis of variance (ANOVA), followed by the Tukey-Kramer
test, using the SPSS program, version 16.0. P-values (P) <0.05
were considered to indicate statistically significant differences.

Median dose-effect analysis. The combination index, a
measure of synergism and antagonism, is calculated based
on the method described by Chou and Talalay along with the
release of the computer software CalcuSyn (Biosoft, Ferguson,
MO, USA), designed to assess drug interactions. This method
takes into account both the potency of each drug or combi-
nation of drugs and the shape of the dose-effect curve. The
CalcuSyn software version 2.11 for Windows was used to
calculate the CI, with synergy, additivity and antagonism
defined as CI<0.9, CI=0.9-1.1 and CI>1.1 respectively, and
CI=<0.3 defined as strong synergy. For this analysis, we chose
clinically achievable concentrations of NaB, ZA, VCR, Doxo
and VP-16 that were below the IC,, values (28,29).

Results

A time- and dose-dependent decrease in the proliferation of
ES cell lines in response to sodium butyrate, zoledronic acid
or traditional antineoplastic drugs. To evaluate the cytotoxic
effects of sodium butyrate on the growth of Ewing sarcoma
cells, SK-ES-1 and RD-ES cell lines were exposed to increasing
concentrations of NaB (0.1-10 mM) for 24, 48 and 72 h, and
trypan blue counting assays were performed. There was an 8§,
27 and 55% decrease in the viability of SK-ES-1 cells exposed
to 0.1, 0.5 and 1 mM of NaB, respectively, as compared to the
untreated controls at 72 h (Fig. 1A). In addition, there was a 11,
30 and 75% decrease in the viability of RD-ES cells exposed
to 0.5, 0.75 and 3 mM of NaB, respectively, when compared to
the untreated controls at 72 h (Fig. 1B). The highest cytotox-
icity was observed at 72 h and ICs, values of NaB in SK-ES-1
and RD-ES cells were estimated at 0.77 and 1.08 mM,
respectively. The effect of zoledronic acid on SK-ES-1 and
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RD-ES cells was evaluated at increasing concentrations of ZA
(1-200 M) for 24, 48 and 72 h, and cell proliferation assays
were performed. There was a 15, 45 and 80% decrease in the
viability of SK-ES-1 cells exposed to 10,25 and 100 uM of ZA,
respectively, when compared to the untreated controls at 72 h
(Fig. 1C). In addition, there was a 7, 36 and 84% decrease in the
cell viability of RD-ES cells exposed to 10, 50 and 200 uM of
ZA, respectively, when compared to the suntreated controls at
72 h (Fig. 1D). The ICs, value of zoledronic acid was 34.31 yuM
for SK-ES-1 cells and 67.45 uM for RD-ES cells.

We also examined the effects of the traditional chemo-
therapeutic agents doxorubicin, etoposide and vincristine
on SK-ES-1 and RD-ES cell lines. The cells were exposed
to increasing concentrations of Doxo (0.1-200 nM), VP-16
(0.01-10 pM) and VCR (0.1-10 nM) for 24, 48 and 72 h, and
cell proliferation assays were performed. There was a 25, 40
and 79% decrease in cell viability of SK-ES-1 cells exposed
to 10, 15 and 50 nM of Doxo, respectively, when compared
to the untreated controls at 72 h (Fig. 1E). In addition, there
was a 10, 40 and 90% decrease in the viability of RD-ES
cells exposed to 10, 30 and 100 nM of Doxo, respectively,
as compared to the untreated controls at 72 h (Fig. 1F).
The highest cytotoxicity was observed at 72 h and the ICj,
values of Doxo in SK-ES-1 and RD-ES cells were estimated
at 19.83 and 32.48 nM, respectively. There was a 24, 44 and
91% decrease in the cell viability of SK-ES-1 cells exposed to
0.05, 0.1 and 0.5 uM of VP-16, respectively, when compared
to the untreated controls at 72 h (Fig. 1G). In addition, there
was a 14, 35 and 68% decrease in the viability of RD-ES cells
exposed to 0.05, 0.1 and 0.6 uM of VP-16, respectively, when
compared to the untreated controls at 72 h (Fig. 1H). The
highest cytotoxicity was observed at 72 h and ICs, values of
VP-16 in SK-ES-1 and RD-ES cells were estimated at 0.11 and
0.17 uM, respectively. A 28, 67 and 95% decrease in the cell
viability of SK-ES-1 cells was found when they were exposed
to 0.5, 1 and 5 nM of VCR, respectively, when compared to
the untreated controls at 72 h (Fig. 1I). In addition, there was a
25, 68 and 82% decrease in viability of RD-ES cells exposed
to 1,5 and 7.5 nM of VCR, respectively, when compared to the
untreated controls at 72 h (Fig. 1J). The highest cytotoxicity
was observed at 72 h and the ICs, values of VCR in SK-ES-1
and RD-ES cells were estimated at 0.71 and 2.09 nM, respec-
tively. All tested agents caused cytotoxicity in a time- and
dose-dependent manner in SK-ES-1 and RD-ES cells (data
not shown).

Sodium butyrate and zoledronic acid synergistically inhibit
growth in the ES cell lines. To study the potentially syner-
gistic/additive effects of NaB and ZA combined, SK-ES-1
and RD-ES cells were exposed to concentrations chosen as
clinically achievable and below or at the ICs, values of each
agent alone, and of their combination for 72 h. Synergism or
additivity was assessed via CI measures using the Calcusyn
software. Results revealed synergistic toxicity in human Ewing
sarcoma SK-ES-1 and RD-ES cells at 72 h, as compared to
each agent alone (Table I). The results indicated that 0.5 mM
NaB and 25 uM ZA led to a 24 and 44% decrease in the cell
viability of SK-ES-1 cells, respectively, but the combination
of both led to a 72% decrease (Fig. 2A). In RD-ES cells, the
results were similar: 0.75 mM NaB and 50 uM ZA led to a
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Figure 1. Dose-response study of the antitumor effect of sodium butyrate (A and B), zoledronic acid (C and D), doxorubicin (E and F), etoposide (G and H)
and vincristine (I and J) in human Ewing sarcoma (ES) SK-ES-1 and RD-ES cell lines, respectively. The IC, concentration of each drug was determined with
the trypan blue counting assay as described in Material and methods after a 72-h treatment of the cells with different drug concentrations. Cell viability was
assessed in triplicates, in at least three independent experiments. Data are expressed as dose-effect curves: effect (fraction affected vs. control) represented on
the y-axis, vs. dose (different doses of each agent tested), represented on the x-axis. The linear correlation coefficient (r) of the median-effect plot was >0.90 for
all tested agents, ensuring accuracy of measurements and conformity to the mass-action. Positive controls corresponding to 100% cell viability are denoted

as ‘0’ effect on the y-axis.
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Table I. Combination index values.
Cell line Concentration of drugs CI value Interpretation
SK-ES-1 NaB (0.5 mM) + ZA (25 uM) 0.687 Synergism

NaB (0.5 mM) + Doxo (15 nM) 0.503 Synergism

NaB (0.5 mM) + VP-16 (0.06 uM) 0.532 Synergism

NaB (0.5 mM) + VCR (0.5 nM) 0.533 Synergism

ZA (25 uM) + Doxo (15 nM) 0.689 Synergism

ZA (25 uM) + VP-16 (0.06 uM) 0.729 Synergism

ZA (25 uM) + VCR (0.8 nM) 0.769 Synergism

NaB (0.5 mM) + ZA (25 uM) + VP-16 (0.06 uM) 0.287 Strong synergism
RD-ES NaB (0.75 mM) + ZA (50 uM) 0.539 Synergism

NaB (0.75 mM) + Doxo (30 nM) 0491 Synergism

NaB (0.75 mM) + VP-16 (0.08 uM) 0.644 Synergism

NaB (0.75 mM) + VCR (1.5 nM) 0.987 Additivity

ZA (50 uM) + Doxo (30 nM) 0.922 Additivity

ZA (50 uM) + VP-16 (0.08 pu M) 0.738 Synergism

ZA (50 uM) + VCR (1.5 nM) 0.688 Synergism

NaB (0.75 mM) + ZA (50 uM) + VP-16 (0.08 M) 0.236 Strong synergism

Combination index values (CI) of sodium butyrate (NaB), zoledronic acid (ZA), doxorubicin (Doxo), etoposide (VP-16) and vincristine (VCR)
alone and in combination in SK-ES-1 and RD-ES cells. CI values were calculated from the cellular proliferation and viability assays. The data

represent the mean of three independent experiments.

19 and 36% decrease in cell viability, respectively, while the
combination of both led to a 73% decrease (Fig. 2A).

Sodium butyrate and traditional antineoplastic agents
exhibit synergistic or additive effects on growth inhibition
in the ES cell lines. These experiments were conducted in
a similar fashion as described above for the NaB and ZA
combination. Results showed synergistic toxicity or additive
effects in human Ewing sarcoma SK-ES-1 and RD-ES cells
at 72 h, when NaB was combined with Doxo, VP-16 or VCR,
as compared to each agent alone (Table I). In the SK-ES-1
cells, 0.5 mM NaB and 15 nM Doxo resulted in a 35 and 48%
decrease in cell viability, respectively, but the combination of
both resulted in a 83% decrease (Fig. 2B). In RD-ES cells, the
results were similar; 0.75 mM NaB and 30 nM Doxo resulted
in a 33 and 49% decrease in cell viability, respectively, but the
combination of both resulted in a 90% decrease (Fig. 2B). NaB
(0.5 mM) and 0.06 uM VP-16 led to a 24 and 30% decrease
in the cell viability of SK-ES-1 cells, respectively, but the
combination of both resulted in a 78% decrease (Fig. 2C). In
the RD-ES cells, the results were similar; 0.75 mM NaB and
0.08 uM VP-16 resulted in an 18 and 19% decrease in cell
viability, respectively, but the combination of both resulted in
a 67% decrease (Fig. 2C). Synergistic toxicity was observed
in the SK-ES-1 cells when NaB and VCR were combined,
however in RD-ES cells the effect of this combination was
classified as additive. In the SK-ES-1 cells, 0.5 mM NaB
and 0.5 nM VCR resulted in a 19 and 21% decrease in cell
viability, respectively, but the combination of both resulted
in a 61% decrease (Fig. 2D). In the RD-ES cells, 0.75 mM
NaB and 1.5 nM VCR led to a 33 and 40% decrease in cell

viability, respectively, but the combination of both resulted in
a 60% decrease (Fig. 2D).

Zoledronic acid and traditional antineoplastic agents show
synergistic or additive effects on growth inhibition in the
ES cell lines. Results showed synergistic toxicity or addi-
tive effect in human Ewing sarcoma SK-ES-1 and RD-ES
cells at 72 h when ZA was combined with Doxo, VP-16 or
VCR, as compared to each agent alone (Table I). Synergistic
toxicity was observed in the SK-ES-1 cells when ZA and
Doxo were combined, however in the RD-ES cells the effect
of this combination was classified as additive. In the SK-ES-1
cells, 25 yuM ZA and 15 nM Doxo led to a 46 and 48%
decrease in cell viability, respectively, but the combination
of both resulted in a 73% decrease (Fig. 2E). In the RD-ES
cells, 50 uM ZA and 30 nM Doxo resulted in a 36 and 47%
decrease in cell viability, respectively, but the combination
of both resulted in a 60% decrease (Fig. 2E). ZA (25 uM)
and 0.06 uM VP-16 resulted in a 44 and a 30% decrease
in the cell viability of SK-ES-1 cells, respectively, but the
combination of both resulted in a 70% decrease (Fig. 2F).
In the RD-ES cells, the results were similar: 50 yuM ZA and
0.08 M VP-16 resulted in a 36 and 19% decrease in cell
viability, respectively, but the combination of both resulted
in a 66% decrease (Fig. 2F). In the SK-ES-1 cells, 25 uM ZA
and 0.5 nM VCR resulted in a 45 and 25% decrease in cell
viability, respectively, but the combination of both resulted
in a 64% decrease (Fig. 2G). In the RD-ES cells, 50 uM ZA
and 1.5 nM VCR resulted in a 35 and 41% decrease in cell
viability, respectively, but the combination of both resulted in
a 68% decrease (Fig. 2G).
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Figure 2. Cytotoxic effects of different combinations of sodium butyrate (NaB), zoledronic acid (ZA), doxorubicin (Doxo), etoposide (VP-16) and vincristine
(VCR) on cellular proliferation and viability. SK-ES-1 and RD-ES cell lines were treated for 72 h with (A) NaB (0.5 or 0.75 mM) and ZA (25 or 50 uM), (B)
NaB (0.5 or 0.75 mM) and Doxo (15 or 30 nM), (C) NaB (0.5 or 0.75 mM) and VP-16 (0.06 or 0.08 xM), (D) NaB (0.5 or 0.75 mM) and VCR (0.5 or 1.5 nM),
(E) ZA (25 or 50 M) and Doxo (15 or 30 nM), (F) ZA (25 or 50 #M) and VP-16 (0.06 or 0.08 zM), (G) ZA (25 or 50 uM) and VCR (0.5 or 1.5 nM), (H) NaB
(0.5 or 0.75 mM), VP-16 (0.06 or 0.08 xuM) and ZA (25 or 50 uM), respectively. Cellular proliferation and viability were assessed in triplicates, in at least three
independent experiments. Data are expressed as mean percentage of the controls, and standard deviations (SD) are shown in the error bars. P-values (P) were
determined using a one-way analysis of variance (ANOVA), followed by the Tukey-Kramer test, with P<0.05 considered to indicate statistically significant
differences. All treatments led to a statistically significant reduction in cell growth when compared to the controls. "P<0.05 vs. single agents; "P<0.05 vs.
combined treatments.
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Figure 3. Representative images of cell survival experiments performed in triplicate with (A) SK-ES-1 and (B) RD-ES cells.

Strong synergistic growth inhibition by sodium butyrate,
zoledronic acid and etoposide in the ES cell lines. A syner-
gistic growth inhibition effect was observed when combining
etoposide with sodium butyrate or etoposide with zoledronic
acid as compared to each agent alone, in both SK-ES-1 and
RD-ES Ewing sarcoma cancer cells. Therefore, it was postu-
lated that this effect might increase by combining the three
agents (triple treatment). Results showed a strong synergistic
toxicity in SK-ES-1 and RD-ES cells at 72 h, as compared
to each agent alone (Table I). The triple treatment (0.5 mM
NaB plus 25 yM ZA plus 0.06 yuM VP-16) resulted in a 94%
decrease in cell viability of SK-ES-1 cells. This reduction was
higher than that observed in the double treatments (NaB plus
ZA,72%; NaB plus VP-16, 78% and ZA plus VP-16, 70%) and
much greater than that observed when each agent was admin-
istered alone (NaB, 24%; ZA, 44% and VP-16, 31%) (Fig. 2H).
In RD-ES cells, the results were similar; the 0.75 mM NaB
plus 50 uM ZA plus 0.08 uM VP-16 combination resulted in
a 96% decrease in cell viability. This reduction was higher
than those obtained with the double treatments (NaB plus ZA,
3%, NaB plus VP-16, 67% or ZA plus VP-16, 66%) and much
higher than those obtained with each agent alone (NaB, 18%,
ZA, 36%, or VP-16, 19%) (Fig. 2H).

Combination of sodium butyrate and zoledronic acid signifi-
cantly suppresses colony formation in the ES cell lines. To
analyze the effects of NaB and ZA on the survival and prolif-
eration of SK-ES-1 and RD-ES cells, a clonogenic assay was

performed. As shown in Figs. 3A and 4A, NaB did not signifi-
cantly suppress colony formation of SK-ES-1 cells (6%), while
ZA suppressed colony formation by 62%. Co-treatment with
NaB and ZA though, strongly suppressed colony formation
(84%) at the doses tested. In RD-ES cells, the results were
similar; NaB did not reduce colony formation (102%, not
significant), while ZA suppressed colony formation by 63%
and the NaB plus ZA co-treatment strongly suppressed colony
formation (85%) (Figs. 3B and 4A).

Co-treatment with sodium butyrate and traditional antineo-
plastic agents significantly reduces colony formation in the
ES cell lines. In the SK-ES-1 cells, at the doses tested, NaB
did not reduce colony formation, whereas Doxo reduced it by
68%. The combination of both strongly suppressed colony
formation (92%) (Figs. 3A and 4B). In the RD-ES cells, the
results were similar; NaB did not reduce colony formation,
(4%, not significant), Doxo suppressed it by 64%, and co-treat-
ment with both agents strongly suppressed colony formation
(92%) (Figs. 3B and 4B). The combination of NaB and VP-16,
at the doses tested, strongly suppressed colony formation
in SK-ES-1 cells (86%) and suppressed colony formation in
RD-ES cells (64%). NaB alone did not significantly reduce
colony formation in both cell lines, and VP-16 alone reduced
colony formation in SK-ES-1 and RD-ES cells by 45 and 24%,
respectively (Figs. 3A and B and 4C). At the doses tested, the
combination of NaB and VCR suppressed colony formation
by 44%. When compared to the single treatments with NaB
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Figure 4. Effects of different combinations of sodium butyrate (NaB), zoledronic acid (ZA), doxorubicin (Doxo), etoposide (VP-16) and vincristine (VCR) on
suppression of colony formation in Ewing sarcoma (ES) cells. Colony formation of SK-ES-1 and RD-ES cells treated with (A) NaB (0.5 or 0.75 mM) and ZA
(25 or 50 uM), (B) NaB (0.5 or 0.75 mM) and Doxo (15 or 30 nM), (C) NaB (0.5 or 0.75 mM) and VP-16 (0.06 or 0.08 uM), (D) NaB (0.5 or 0.75 mM) and
VCR (0.5 or 1.5 nM), (E) ZA (25 or 50 uM) and Doxo (15 or 30 nM), (F) ZA (25 or 50 M) and VP-16 (0.06 or 0.08 uM), (G) ZA (25 or 50 pM) and VCR
(0.5 or 1.5 nM), (H) NaB (0.5 or 0.75 mM), VP-16 (0.06 or 0.08 M) and ZA (25 or 50 uM), respectively, for 72 h. The assay was initiated by plating 1x10?
cells/well into 6-well plates. After 10-14 days, cells were fixed and stained with crystal violet as described in Material and methods. The formation of colonies
from the clonogenic assay was analyzed by optimized digital counting using ImageJ software. The results are shown as the mean percentage of the surviving
fraction, and standard deviations (SD) are shown in the error bars. P-values (P) were determined using a one-way analysis of variance (ANOVA), followed

by the Tukey-Kramer test, with P<0.05 considered to indicate statistically significant differences. "P<0.05 vs. control; “P<0.05 vs. single agents; ““P<0.05 vs.
combination treatments.
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Figure 5. Effects of sodium butyrate (NaB), zoledronic acid (ZA), doxorubicin (Doxo), etoposide (VP-16), vincristine (VCR) and different combinations of
these drugs on the average size of the colonies formed in the clonogenic assay in Ewing sarcoma (ES) cells. Following estimation of the number of colonies
formed in the clonogenic assay, their average size was determined by optimized digital counting using Image J software in SK-ES-1 (A) and RD-ES (B) cells.
The average size of the colonies for each treatment is expressed as mean percentage of the controls, and standard deviations (SD) are shown in the error bars.
P-values (P) were determined using a one-way analysis of variance (ANOVA), followed by the Tukey-Kramer test, with P<0.05 considered to indicate statisti-

cally significant differences. “P<0.05 vs. control; “P<0.05 vs. single agents; “““P<0.05 vs. combination treatments.

or VCR, colony formation was not significantly reduced in
SK-ES-1 cells (Figs. 3A and 4D). However, in the RD-ES
cells, co-treatment with NaB and VCR did not significantly
reduce colony formation when compared to VCR alone (38
and 36%, respectively) (Figs. 3B and 4D).

Zoledronic acid, traditional antineoplasic agents and sodium
butyrate significantly suppress colony formation in the ES cell
lines. In the SK-ES-1 cells, at the doses tested, ZA and Doxo
mono-treatment suppressed colony formation by 48 and 67%,
respectively. The combination of both strongly suppressed
colony formation (91%) (Figs. 3A and 4E). In the RD-ES

cells, the results were similar; ZA and Doxo mono-treatment
suppressed colony formation by 46 and 66%, respectively, and
the combination of both drastically suppressed colony forma-
tion (97%) (Figs. 3B and 4E). ZA and VP-16 mono-treatment
suppressed colony formation by 47 and 45%, respectively.
The combination of both strongly suppressed colony forma-
tion (84%) at the doses tested in the SK-ES-1 cells (Figs. 3A
and 4F). In the RD-ES cells, the results were similar;
ZA suppressed colony formation by 45%, VP-16 weakly
suppressed colony formation (24%) and the combination of
both strongly suppressed colony formation (83%) (Figs. 3B
and 4F). At the doses tested, ZA suppressed colony formation
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by 49%, whereas VCR did not significantly reduce colony
formation (10%). However, combined treatment with ZA and
VCR strongly suppressed colony formation (81%) (Figs. 3A
and 4G). In the RD-ES cells, the results were similar; ZA or
VCR suppressed colony formation (41 and 38%, respectively)
and the combination of both strongly suppressed colony
formation (79%) (Figs. 3B and 4G). The triple treatment
combining NaB, ZA and VP-16 at the doses tested, drastically
suppressed colony formation in SK-ES-1 (99%) and in RD-ES
(100%) cells. These effects were more pronounced than those
obtained with treatments combining only two agents (NaB
plus ZA, NaB plus VP-16) and were much greater than those
obtained with each agent alone (Figs. 3A and 3B and 4H).

Effects of sodium butyrate, zoledronic acid, doxorubicin,
etoposide, vincristine and combinations of these on the
average size of ES colonies. Through the use of optimized
digital counting, it was possible to evaluate not only the
surviving fraction of the colonies, but also their average size.
This is important for a more accurate assessment of the long-
term effects of the tested compounds. In SK-ES-1 cells, NaB
significantly enhanced the average colony size (48%), while
ZA, Doxo, VP-16 and VCR did not alter the average size of
the colonies formed in the clonogenic assay as compared
to control (20, 12, 20 and 1%, respectively; Fig. 5SA). The
combined treatments with NaB plus ZA, NaB plus Doxo,
NaB plus VP-16, ZA plus Doxo, ZA plus VP-16, ZA plus
VCR and NaB plus ZA plus VP-16 reduced colony size (43,
41, 50, 37, 40, 36 and 76%, respectively), whereas the NaB
plus VCR co-treatment increased (32%) the average size of
the colonies as compared to the control (Fig. 5A). The NaB
plus ZA, NaB plus Doxo and NaB plus VP-16 combinations
significantly reduced the average colony size as compared
to each drug alone (Fig. 5A). The NaB plus VCR combina-
tion increased the average size of the colonies as compared
to VCR alone and this effect was statistically similar to that
obtained with the NaB mono-treatment (Fig. 5A). A slight
reduction was observed when ZA plus Doxo, ZA plus VP-16,
and ZA plus VCR combinations were compared to each drug
alone, however these reductions were not significant (Fig. 5A).
The combination of NaB, ZA and VP-16 strongly reduced the
average size of the colonies. This reduction was higher that
the one obtained with the double treatments (NaB plus ZA,
NaB plus VP-16 and ZA plus VP-16) and much greater than
those obtained with each agent alone (Fig. 5A). As shown in
Fig. 5B, NaB enhanced the average size of RD-ES colonies by
24%, while ZA, Doxo, VP-16 and VCR reduced the average
size of RD-ES colonies when compared to the control (29,
26, 20 and 19%, respectively). However, the only statistically
significant difference was observed when ZA was compared
to its control. The combined treatments with NaB plus ZA,
NaB plus Doxo, ZA plus Doxo, ZA plus VP-16, ZA plus VCR
and NaB plus ZA plus VP-16 reduced colony size (58, 47,
53, 60, 52 and 82%, respectively), whereas NaB plus VP-16
increased (13%, not significant) and NaB plus VCR reduced
(5%, not significant) the average size of the colonies when
compared to controls (Fig. 5B). The NaB plus ZA, ZA plus
VP-16 and ZA plus VCR co-treatments reduced the average
size of the colonies when compared to each drug alone
(Fig. 5B). Co-treatments with NaB plus VCR and NaB plus
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VP-16 increased colony average size when compared with
VCR and VP-16 alone (respectively) and the strength of
the observed increase was similar to that obtained with the
NaB mono-treatment (Fig. 5B). A slight reduction in colony
size was observed when NaB plus Doxo and ZA plus Doxo
co-treatments were compared to each drug alone, however
these reductions were not significant (Fig. 5B). As observed
in the SK-ES-1 cells, the combination of NaB, ZA and VP-16
strongly reduced the average size of the colonies formed by
RD-ES cells. This reduction was more pronounced than the
ones obtained with the double treatments (NaB plus ZA, NaB
plus VP-16 and ZA plus VP-16) and much greater than the
ones obtained with each agent alone (Fig. 5B).

Discussion

HDAC inhibitors (HDIs) and bisphosphonates are considered
as promising alternatives in the treatment of cancer. Among
the different childhood sarcomas, Ewing sarcoma (ES)
appears particularly suitable for treatment with zoledronic
acid because of its role in the modulation of the bone micro-
environment (30).

In ES cells, the effects of HDIs have been evaluated.
Sakimura et al (31) demonstrated that the abnormal functions
of the EWS-FLII fusion oncoprotein are associated with both
histone acetylation and deacetylation (EWS-FLII represses
HAT and activates HDAC), suggesting that HDIs might
serve as a molecular-based therapeutic application for ESFTs.
Furthermore, another study concluded that HDIs may provide
a novel strategy for treatment of ES, either applied as a mono-
treatment or in combination with TRAIL (8). The molecular
mechanisms by which HDIs exert antitumor effects are not
well known. In ESFTs, some studies have been undertaken to
evaluate the effects of acetylation by the EWS-FLII protein
(32,33).

Among the different classes of compounds studied for
the treatment of ES, the bisphosphonates have been the
most intensely evaluated, since ES is characterized by a
marked bone resorption. Therefore, any therapeutic strategy
that targets osteoclasts, such as the bisphosphonates, is
promising (2,4,34). Potential antitumor effects observed in
osteosarcoma might be explained by a direct activity on tumor
cells (35), by a strong modulation of the tumor microenviron-
ment (36,37), or by stimulation of immune effectors (38,39).
In ES, bisphosphonates appear to have similar inhibitory
activities (21,22,40). The results obtained by Zhou et al (22)
suggest that ZA might represent a novel therapeutic approach
for the treatment of patients with ES, since it induces apoptosis
and inhibits primary bone tumor growth via a mechanism
involving the upregulation of osteoprotegerin. Moreover, ZA
showed a synergistic effect with paclitaxel in the TC71 human
ES cell line, both in vitro and in animal models (22). Other
studies have concluded that ZA is a new adjuvant therapeutic
strategy allows a decrease in the dosage of chemotherapeutic
agents employed for treating ES patients, since ZA, when
combined with ifosfamide, exhibited synergistic effects in a
soft tissue model: its combination with one cycle of ifosfamide
resulted in an inhibitory effect comparable to three cycles of
ifosfamide alone (21). In the clinic, one case was reported
where ZA combined with chemotherapy was an effective
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salvage treatment for recurrent ES (41). The use of zoledronic
acid in combination with first-line chemotherapy for localized
ES is being addressed in Europe, in randomized phase III
trials (Ewing 2008 and Euro-Ewing 2012). In juvenile models,
zoledronic acid decreases endochondral bone growth in a
reversible manner (30,34).

Recent studies strongly suggest that successful cancer
therapy is likely to involve a combination of HDIs or bisphos-
phonates with each other or with traditional chemotherapeutic
agents (13-22). Although the associations between HDIs or
bisphosphonates and traditional anticancer drugs (18,42,43)
and between HDIs and ZA (44) have been evaluated in other
types of cancer, to our knowledge, this is the first study to
evaluate the effects of these combinations in ES.

In the present study, the experiments were carefully
designed to evaluate how the co-treatment with antineo-
plastic drugs and NaB or ZA, and with NaB and ZA, may
affect in vitro cellular proliferation. Dose curves were
calculated so as to establish the lowest concentrations that
significantly reduced cellular proliferation when compared
to the controls, albeit without causing significant cell death.
Administering these drugs at lower concentrations allowed
us to assess with greater certaintly whether NaB and/or
ZA enhance the effects elicited by each drug when admin-
istered in combination. We hypothesized that NaB and ZA
might show synergistic cytotoxic effects when combined or
in association with traditional antineoplastic drugs, in the
human ES cell lines SK-ES-1 and RD-ES. Our results clearly
demonstrated that HDIs, NaB and ZA, when employed alone,
significantly inhibited proliferation and viability of both cell
lines. More importantly, the combination of NaB with ZA
exhibited a synergistic cytotoxic effect on both ES cell lines
as compared to each agent alone. Furthermore, these results
were confirmed by clonogenic assays, suggesting that the
effects were extended to, or intensified, for a longer period
of time. The co-treatments with NaB or ZA and traditional
chemotherapy agents also showed acute (72 h) and chronic
(10-14 days) synergistic cytotoxic effects in SK-ES-1 cells as
compared to each agent alone. As clearly demonstrated by the
results, the RD-ES cell line was more resistant to these treat-
ments. The combined treatments with NaB plus VCR and ZA
plus Doxo, for example, demonstrated only an additive effect
in RD-ES cells when compared to each agent alone at 72 h.
The effect of ZA and Doxo had long-term intensity (10-14
days), while this result was not observed for the combination
of NaB with VCR. On the other hand, the chemotherapeutic
agent etoposide (VP-16), in combination with NaB or ZA,
demonstrated a synergistic cytotoxic effect, and in combi-
nation with NaB and ZA (triple treatment) showed a strong
synergistic cytotoxic effect in both ES cell lines as compared
to any agent alone. These results were also confirmed by
colony formation assays. An additional evaluation of impor-
tance was the determination of the average colony size in the
clonogenic assay. This measure showed that NaB alone or in
any combination promoted an increase in the average size of
the colonies of both cell lines when compared to the controls.
On the other hand, ZA alone or in combination with different
agents not only reduced the number of colonies, but also
reduced the average colony size in both cell lines. Overall,
these results suggest that the combined treatments with NaB
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plus ZA, NaB or ZA plus Doxo and particularly, NaB and/or
ZA with VP-16 represent the most promising alternatives for
the development of new therapies for Ewing sarcoma.

The use of HDIs, bisphosphonates and traditional antineo-
plastic drugs as monotherapeutic agents has some limitations.
Recent findings suggest that clinical use of HDAC inhibitors
for conditions such as cancer and a multitude of other ailments
might have undesirable effects on bone cell populations (45,46).
Moreover, Battaglia er al suggested that endochondral
bone growth is transiently disturbed by high doses of ZA,
administered during the pediatric treatment of primary bone
tumors (34). It is unclear whether concurrent administration
of an osteogenic therapy (e.g., bisphosphonates) can attenuate
HDI-induced bone loss (46). On the other hand, the negative
skeletal consequences of broad-acting HDIs, currently under
clinical trials, might be considered as acceptable side-effects
from oncologists for patients with sarcoma or advanced meta-
static tumors, due to the beneficial effects of HDIs on tumors
within the bone (45). It is well established that the traditional
chemotherapeutic agents tested in the present study cause a
number of undesirable side-effects in patients. Furthermore,
while undergoing treatment, several patients become irrespon-
sive to these agents, especially when the latter are employed
as monotherapy. Since the NaB plus ZA combination
demonstrated a synergistic cytotoxic effect, and NaB or ZA
can potentiate the effects of traditional cytotoxic drugs, these
co-treatments might allow such drugs to be administered in
smaller doses, while preserving their effects. This fact consoli-
dates the idea that using NaB and ZA as anticancer adjuvant
drugs might decrease the toxic side-effects that are common to
the current anticancer protocols. This idea is further supported
by clinical studies that have shown that histone hyperacety-
lation can be safely achieved in humans, and that treatment
with these agents is plausible (13-15). The clinical use of these
co-treatments could reduce frequent disease complications
and allow to bypass the need for dose reductions or temporary
discontinuations of treatment as a means to address toxicity or
drug resistance. This approach has the potential to improve the
chances of success and the quality of life of patients per se. The
results from the present study provide a basis for evaluating, in
clinical trials, the combinations tested herein, as well as the
effects of administering traditional anticancer drugs combined
with NaB and/or ZA in lower concentrations.

An additional mechanism that remains largely unknown is
the one by which the combination of bisphosphonates, HDIs
and traditional chemotherapeutic agents exerts synergistic
antitumor effects. As described in the literature, traditional
drugs, such as doxorubicin and etoposide (VP-16), cause
DNA damage (Doxo by DNA intercalation, macromolecular
biosynthesis and topoisomerase II inhibition and VP-16 by
topoisomerase II inhibition). Vincristine inhibits microtubule
dynamics, which results in mitotic arrest and eventually, cell
death. These anticancer drugs can inhibit cellular proliferation
via p53-dependent and p53-independent mechanisms, resulting
in cell cycle arrest and/or apoptosis. In vitro studies have shown
clear antitumor effects for BPs, particularly zoledronic acid,
as demonstrated by the BP-mediated induction of tumor cell
apoptosis and their inhibitory effects on tumor cell adhesion,
invasion, tumor cell viability, proliferation and angiogenesis
(22). The mechanisms underlying this spectrum of antitumor
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Figure 6. Schematic representation of the antitumor activity of the nitrogen-containing bisphosphonate family (N-BP), histone deacetylase inhibitors (HDIs)
and traditional chemotherapeutic drugs (doxorubicin, etoposide and vincristine) as shown in pre-clinical studies. Recent studies have demonstrated synergistic
antitumor effects when combining BPs, HDIs and cytotoxic agents. The molecular mechanisms by which these combinations exert their antitumor effects have
not yet been elucidated, but it is possible that they constitute a complex combination of induction of proapoptotic proteins and suppression of cell cycle proteins.

activities are still under investigation. It was proposed that BPs
exert both indirect and direct antitumor cell effects by inhib-
iting the farnesyl diphosphonate synthase in the mevalonate
pathway. Cholesterol synthesis via the mevalonate pathway is
essential for all nucleated cells and, therefore, any cell type
that metabolizes N-BPs may be affected, including tumor cells
(direct antitumor effects) and osteoclasts (indirect antitumor
effects). Zoledronic acid-induced tumor cell apoptosis was
demonstrated to be associated with the release of cytochrome
C and the resulting activation of the caspase pathway (47). This
might occur via the inhibition of the mevalonate pathway and
the consequent inhibition of prenylation of essential signaling
G proteins such as Ras, Rac and Rho. As inhibitors of bone
resorption, BPs reduce the release of bone-derived cytokines
and growth factors, essentially rendering bone tissue less
attractive to tumor cells as a site for tumor migration, colo-
nization, adhesion and invasion, proliferation and survival.
Furthermore, especially in bone tumors, BPs might also exert
additional indirect antitumor effects of importance, since these
molecules inhibit RANK expression and osteoclast progenitor
migration during osteoclastogenesis while they increase osteo-
protegerin (OPG) expression (22,30,47-49). HDAC inhibitors
(HDIs) are enzymes that modify chromatin access to transcrip-
tion factors and to gene transcription. HDIs are potent inducers
of tumor cell apoptosis, which can be mediated by regulating

histone function and subsequently, gene transcription, and/or
by regulating the function or stability of non-histone proteins.
While induction of apoptosis appears to be the predominant
mechanism of HDI-mediated cell death, alternative cell death
mechanisms, such as autophagy, might be stimulated when
apoptotic proteins or pathways are disabled. However, the
molecular events required for HDI-mediated autophagy are
poorly understood. Depending on the stimulus, apoptosis can
proceed via two functionally distinct pathways, the ‘extrinsic’
death receptor pathway and the ‘intrinsic’ mitochondrial
pathway. Although the initiating phases of the two pathways
are molecularly separate, a number of the downstream events,
such as the activation of caspase-3, are shared between the two
pathways and, therefore, the biochemical and morphological
features of intrinsic and extrinsic apoptosis (including phos-
phatidylserine exposure, effector caspase activation and DNA
fragmentation) are similar. HDIs may sensitize tumor cells to
DNA-damaging agents through one or more of the following
mechanisms. First, according to a relatively simplistic view,
reversal of chromatin condensation following HDI-mediated
hyperacetylation of core histones might increase the acces-
sibility of DNA-damaging agents to their targets and thus,
enhance their cytotoxic effects. Second, chromatin remod-
eling by HDIs can induce a DNA damage-like response that
involves the activation of the DNA damage kinase ATM, and
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can enable the formation of DNA strand breaks. In ES cells,
EWS-FLII represses HAT and activates HDAC. HDAC inhi-
bition restores HAT activity, inhibits cell growth and induces
apoptosis. The HDI FK228 decreases EWS-FLI1 expression
and ES proliferation and induces TRAIL-dependent apop-
tosis. Furthermore, HDIs inhibit tumor proliferation and/or
survival and the associated inflammation/bone resorption via
neutralization of NF-«kB in osteoclasts. This dual effect of
HDISs could lead to reduced levels of proinflammatory cyto-
kines and growth factors in the tumor microenvironment and,
thus, contribute to tumor regression (30,50-52).

We present a schematic representation of the main
established anticancer mechanisms involving BPs, HDIs
and traditional chemotherapeutic drugs in Fig. 6. Based on
this overview scheme, one might infer that the molecular
mechanisms by which the co-treatment with NaB, ZA and
the traditional drugs tested in the present study exert their
effects are a complex combination of induction of proapoptotic
proteins and suppression of cell cycle proteins. This hypoth-
esis is supported by studies that evaluated similar associations
in ES or other types of cancer. For instance, Zhou et al (22),
using a primary ES animal model in nude mice, demonstrated
that zoledronic acid significantly inhibits osteolytic ES
growth in vivo, enhances tumor sensitivity to paclitaxel and
exhibits a synergistic apoptotic effect when combined with
paclitaxel. Ottewell er al (49) studied the anticancer effects
of doxorubicin and zoledronic acid on the metastatic growth
of breast cancer tumors in the bone. They showed that the
in vivo administration of doxorubicin followed by zoledronic
acid caused specific changes in gene/protein expression and
inhibited the mevalonate pathway in breast tumors metasta-
sizing in the bone. The roles of doxorubicin and zoledronic
acid in induction of apoptosis of tumor cells growing in the
bone are unclear. Both drugs have been shown to induce
apoptosis by disrupting the balance of proteins of the Bcl-2
family and mitochondrial membrane potential, leading to an
activation of caspase-9 and to cleavage of caspase-3. In addi-
tion to activating the mitochondrial pathway, both drugs can
induce the cleavage of caspase-8, resulting in activation of the
mitochondrial-independent pathway. According to the authors,
the induction of apoptosis following sequential treatment with
doxorubicin and zoledronic acid could be also caused by one
drug increasing the cytotoxicity of the other, or could be the
result of an additive effect of both drugs acting on the same
pathway (49).

Regarding the associations between HDIs and BPs,
Sonnemann et al found that the suberoylanilide hydroxamic
acid (SAHA) and ZA interacted cooperatively to induce cell
death in prostate carcinoma cells, and that this combination
was clearly synergistic in LNCaP and PC-3 cell lines (44).
Furthermore, experiments with two other HDIs, sodium
butyrate and MS-275, revealed that the effect of this combi-
nation was not specific to SAHA. The coadministration of
SAHA and ZA resulted in the initiation of apoptosis, potently
activated caspase-3 and led to the accumulation of sub-G1
cells. SAHA and ZA synergistically affected mitochondrial
function, indicating that the activities of these agents converge
upstream of the mitochondria. In addition, experiments using
the polycaspase inhibitor z-VAD-fmk revealed that caspase
activation was required for the cytotoxic effects observed
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when combining SAHA and ZA, as measured by propidium
iodide uptake and by quantifying DNA fragmentation, further
substantiating that the SAHA/ZOL-induced cell death is due
to apoptosis. Since ZA acts by inhibiting the mevalonate
pathway thereby preventing protein prenylation, the authors
explored whether the mevalonate pathway is also the target
of the cooperative action of ZA and SAHA. They found
that geranylgeraniol, but not farnesol, significantly reduced
ZA/SAHA-induced cell death, indicating that the synergistic
action of the agents was due to the inhibition of geranylgera-
nylation. Consistent with this hypothesis, a direct inhibitor of
geranylgeranylation, GGTI-298, was found to synergize with
SAHA to induce cell death, whereas an inhibitor of farnesyl-
ation, FTI-277, had no effect. In addition, SAHA synergized
with mevastatin, an inhibitor of the proximal enzyme in the
mevalonate pathway. Therefore, we argue that these are the
key pathways for a better understanding of the mechanisms
by which the tested combinations exert synergistic anticancer
effects. Our future efforts will focus on the better under-
standing of these mechanisms.

The study presented here is consistent with the objectives
of The European Network for Cancer Research in Children and
Adolescents (ENCCA), as described in ‘The First European
Interdisciplinary Ewing Sarcoma Research Summit’ (53), and
provides sufficient evidence to allow discussions on novel
therapeutic approaches for the treatment of Ewing's sarcoma
family tumors. The most promising results from our study rely
on the possibility of using combined regimens that enhance
cytotoxic effects, while reducing the undesirable side-effects
that are so commonly observed in the ES patient population.
Further investigations are needed to consolidate the use of
HDIs and bisphosphonates in the therapy of Ewing sarcoma.
Understanding the mechanisms by which NaB and ZA mutu-
ally enhance their respective effects is also necessary, in order
to potentiate their effects and to develop pharmacophore
models for the development of similar drugs that display a
broader, but safer, range when used in adjuvant therapy.
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