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1. ABSTRACT

Malignant tumors of mesenchimal origin such as
rhabdomyosarcoma and osteosarcoma are highly
aggressive pedriatic malignancies with a poor prognosis.
Indeed, the initial response to chemotherapy is followed by
chemoresistance. Diallyl disulfide (DADS), resveratrol
(RES) and curcumin (CUR) are dietary chemopreventive
phytochemicals which have been reported to have
antineoplastic  activity on rhabdomyosarcoma and
osteosarcoma cells as single drugs. In this study we
evaluated whether, as compared to the single compounds,
the combination of DADS+RES, DADS+CUR and
RES+CUR resulted in an enhancement of their antitumor
potential on malignant rhabdoid (SJ-RH4, RD/18) or
osteosarcoma (Saos-2) cell lines. Through FACS analysis
and activated caspase-3 labeling we demonstrate that CUR
induces apoptosis of rabdomyosarcoma and osteosarcoma
cells and that this effect is potentiated when CUR is
combined with RES or DADS. Further, we explored the
effects of the compounds, alone or in combination, on
signal transduction pathways involved in apoptosis and
growth of cancer cells and show that in rhabdomyosarcoma
cells the apoptotic effect of CUR, either alone or in
combination, is independent of p53 activity. Our findings
suggest that CUR and CUR-based combinations may have
relevance for the treatment of p53-deficient cancers, which
are often unaffected by conventional chemotherapies or
radiotherapy.
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2. INTRODUCTION

Malignant tumors of mesenchimal origin are in
most of the cases highly aggressive pedriatic malignancies
and although the prognosis of these tumors has improved, it
still remains poor (1-3). Current treatment modalities are
based on the combination of chemotherapy and
radiotherapy (1-3). However, the initial response to
chemotherapy is followed by chemoresistance (1-3). Thus,
discovery and development of innovative drugs can
supplement the pharmaceutical armamentarium presently
used for the treatment of rhabdomyosarcoma and
osteosarcoma (4-5). Diallyl disulfide (DADS), an organo-
sulfur compound derived from garlic (Allium sativum) has
been demonstrated to inhibit proliferation of various types
of tumors (6-9). Resveratrol (3,4’,5-trihydroxy-trans-
stilbene) (RES), a polyphenol compound isolated from grapes,
berries, plums, peanuts and pines, has several biological
properties, including antioxidant, anti-inflammatory, anticancer
and anti-aging activities (10-12). Curcumin [1,7-bis-(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] (CUR),
a polyphenol compound found in the spice turmeric, a product
of the plant Curcuma longa, has been revealed to have anti-
tumor, anti-inflammatory, antioxidant, immunomodulatory and
antimicrobial activities both in rodents and in humans (13-15).

It has been reported that DADS, RES and CUR
inhibit the growth of rhabdomyosarcoma and osteosarcoma
cell lines when employed as single drugs (16-23). In
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particular, RES has been found to inhibit the growth of
osteosarcoma cells through the activation of the
ERKs/p53 signaling pathway (17) and to induce
apoptosis with minor effects on normal osteoblasts (16).
Further, it exerts a strong inhibition of
rhabdomyosarcoma cell proliferation (18). CUR has
been demonstrated to induce cell cycle arrest and
apoptosis in human osteosarcoma cells (19-20) and to
inhibit growth of Rhl and Rh30 rhabdomyosarcoma
cells by inhibiting phosphorylation of the mammalian
target of rapamycin (mTOR) (21). In addition, CUR has
been reported to induce apoptosis and to regulate
radiosensitivity in Ewing's sarcoma cells (22, 23).
Finally, garlic extract and Diallyl trisulfide inhibited the
growth of rat sarcoma cells and the osteosarcoma cell
line Saos-2, respectively (24, 25).

The aim of this study was to determine whether
the combination of two of these dietary phytochemicals
(DADS+RES, DADS+CUR and RES+CUR) resulted in
an enhancement of their antitumor activities on
malignant rhabdoid (SJ-RH4, RD/18) or osteosarcoma
(Saos-2) cell lines, as compared to the single compounds.
In addition we explored their effect and interaction on
signal transduction pathways involved in apoptosis and
growth of cancer cells.

3. MATERIALS AND METHODS

3.1. Reagents

DMSO, diallyl disulphide (DADS), trans-
resveratrol (RES), curcumin from Curcuma Longa
(CUR), Sulforhodamine B (SRB), staurosporine and
Hoechst 33342 were purchased from Sigma-Aldrich
(Milan, Italy). Rabbit polyclonal anti-Bax and mouse
monoclonal anti-Bcl-2 antibodies were obtained from
BD Pharmingen (BD Biosciences). Antibodies against
ERK1/2 (C-14), phospho-ERK (E-4), AKT and p53
(DO-1) were obtained from Santa Cruz Biotechnology
(CA, USA). The anti-activated caspase 3 antibody was
purchased from Cell Signaling Technology (MA, USA).
The goat anti-rabbit IgG Alexa fluor-594-conjugated
secondary antibody was from Invitrogen (Milan, Italy)
and the goat anti-mouse or -rabbit IgG peroxidase-
conjugated secondary antibodies were from Sigma-
Aldrich.

3.2. Cell lines and treatments

Malignant rhabdoid (SJ-RH4, RD/18) and
osteosarcoma (Saos-2) cell lines were obtained from
Prof. P.L. Lollini (University of Bologna, Italy) and
Prof. C. Dominici (Sapienza University, Rome, Italy)
and maintained in RPMI containing 10% fetal bovine
serum, 100 u/ml penicillin, and 100 pg/ml streptomycin
(complete medium). Cells were grown at 37°C in a
humidified incubator with an atmosphere of 5% CO,.
SJ-RH4 and RD/18 cells are of alveolar and embryonal
histotype respectively (26). For treatments, cells were
incubated for the indicated times in the presence of
DADS, RES and CUR alone or in combination of two
compounds (dose range 6-50 uM) or vehicle control
(DMSO <0.1%).
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3.3. Sulforhodamine B (SRB) assay

Cells were seeded at 4 x 10*/well in 96-well plates
and incubated at 37°C to allow cell attachment. After 24
hours, the medium was changed and the cells were treated
with DADS, RES and CUR alone or in combination or with
DMSO and incubated for 48 hours. Cells were then fixed
with cold trichloroacetic acid (final concentration 10%) for
1 hour at 4°C. After 4 washes with distilled water, the
plates were air-dried and stained for 30 min with 0.4%
(wt/vol) SRB in 1% acetic acid. After 4 washes with 1%
acetic acid to remove the unbound dye, the plates were air-
dried and cell-bound SRB was dissolved with 200 pl/well
of 10 mM unbuffered Tris base solution, pH 10. The optical
density (O.D.) of the samples was determined at 540 nm
using a spectrophotometric plate-reader. The percentage
survival of the cultures treated with the compounds or
DMSO was calculated by normalization of their O.D.
values to those of untreated control cultures (27, 28). The
experiments were performed in triplicate and repeated three
times.

3.4. Ultrastructural analysis

Ultrastructural analyses were performed on SJ-
RH4 cells untreated or treated with DADS, RES and CUR,
alone or in combination. Cells were fixed in 2.5%
glutaraldehyde in PBS pH 7.4 and the samples were
processed for transmission electron microscopy following
routine procedures (29, 30).

3.5. FACS analysis

Asynchronized log-phase growing cells (60%
confluent, about 2.5 x 10°/well in 6-well plates) were
treated with DADS, RES and CUR alone or in combination
or with DMSO in complete culture medium. After 48
hours, adherent as well as suspended cells were harvested,
centrifuged at 1,500 rpm for 10 min and washed twice with
cold phosphate buffered saline (PBS) as previously
described (28, 31). Cell pellets were resuspended in 70%
ethanol for 1 hour at —20°C. Cells were then washed twice
with cold PBS, centrifuged at 1,500 rpm for 10 min,
incubated for 1 hour in the dark with propidium iodide (25
pg/ml final concentration in 0.1% citrate and 0.1% Triton
X-100) and analyzed by flow cytometry using a
FACSCalibur cytometer running CellQuest software.

3.6. In situ detection of apoptosis

For in situ detection of programmed cell death,
SJ-RH4 and Saos-2 cells were seeded at 5 x 10° cells/well
in 8-well chamber-slides and, after 24 hours, treated with
25 uM of DADS, RES and CUR alone or in combination of
two compounds, or with vehicle control. After 48 hours,
cells were fixed in 4% formaldehyde for 15 min, washed
and incubated with an anti-activated caspase-3 polyclonal
antibody for 1 hour. After additional washings the cells
were labeled with a goat anti-rabbit IgG Alexa fluor-594-
conjugated antibody for 30 min (32). After a third washing
the cells were incubated with 0.1 pg/ml Hoechst 33342 and
mounted under a coverslip with glycerol. Cells treated for
24 hours with staurosporine 1 uM were used as positive
control. The percentage of apoptotic cells was calculated by
determining the ratio between the cells positive for
activated caspase-3 and the total number of cells present in
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five randomly chosen microscopic fields. Cell counts were
done in a blinded fashion.

3.7. Preparation of cell lysates and Western Blotting

About 1 x 10° cells were seeded in 100 mm tissue
culture dishes 24 hours prior to the addition of 25 uM of
compounds alone or in combination or vehicle control. For
determining Erk phosphorylation levels upon serum
stimulation, SJ-RH4 cells were treated for 32 hours with 25
uM of compounds or DMSO, starved for 16 hours in
serum-free medium containing 0.2% bovine serum albumin
in the presence of compounds or DMSO and then either left
unstimulated or stimulated for 5 minutes with 20% of
serum. At the endpoint of the experiments, the cells were
harvested, washed twice with cold PBS and lysed in RIPA
buffer (Triton X-100 1%, SDS 0.1%, NaCl 200 mM, Tris
HCI 50 mM pH 7.5, PMSF 1 mM, NaOV 1 mM). After 30
minutes at 4°C, the mixtures were centrifuged at 12,000 g
for 15 minutes and the supernatants were analyzed by
western blotting (32, 33).

For immunoblot analysis, 50 pg of cell lysates
were resolved in 10% SDS-PAGE and then transferred to
nitrocellulose membranes. Equal loading and transfer of
proteins was verified by Ponceau red staining of the filters.
After blocking, the membranes were incubated with
specific primary antibodies at the concentration of 1-2
pg/ml overnight at 4°C. After washing, the filters were
incubated with goat anti-mouse or -rabbit IgG peroxidase-
conjugated antibodies and developed by
chemiluminescence as previously described (32-34).

3.8. Statistical analysis

Data distribution of cell survival and FACS
analyses were preliminarily verified by the Kolmogorov-
Smirnov test, and data sets were analyzed by one-way
analysis of variance (ANOVA) followed by Newman-
Keuls test. Differences were regarded as significant when p
value was less than 0.05. Differences in number of
apoptotic cells were evaluated by a two-tailed t-test.

4. RESULTS

4.1. Inhibition of malignant rhabdoid (SJ-RH4, RD/18)
and osteosarcoma (Saos-2) cell survival by DADS, RES
and CUR alone or in combination

Survival of malignant rhabdoid (SJ-RH4, RD/18)
or osteosarcoma (Saos-2) cells was evaluated by the SRB
assay after exposure to increasing doses of DADS, RES
and CUR (6 to 50 uM), alone or in combination of two
compounds (DADS+RES, DADS+CUR, RES+CUR) or
vehicle control for 48 hours. CUR was the most effective
compound inhibiting cell survival (Figure 1). The effect of
CUR was dose-dependent and gained statistical
significance at all doses tested as compared to vehicle
control treatments. RES significantly decreased cell
survival in all three cell lines at high doses (25-50 pM),
whereas at 12 uM it was effective only in
rhabdomyosarcoma cells. On the other hand, DADS
significantly inhibited cell growth of the SJ-RH4 cell line
only and only at the highest concentration (Figure 1).
Besides, the effects obtained with equimolar combinations
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of two compounds (DADS+RES, DADS+CUR,
RES+CUR) were not significantly different from those
obtained using the more potent compound present in each
combination (Figure 1).

4.2. Morphological features of SJ-RH4 cells after
treatment with DADS, RES and CUR alone or in
combination

Morphological features of SJ-RH4 cells after
treatment with DADS, RES and CUR, alone or in
combination at the concentration of 25 uM were examined
by transmission electron microscopy. Untreated and
DMSO-treated cells were used for comparison. Treatment
of cells with DMSO did not cause significant changes as
compared to untreated cells (not shown). DMSO-treated
SJ-RH4 cells (Figure 2, a) showed heterogeneous forms
with a predominance of stretched over round cells. The
nuclei appeared large, mainly formed of euchromatin with
low dense heterochromatin in the periphery. In the
cytoplasm numerous mitochondria in the condensed phase,
cisterns of rough endoplasmic reticulum, glycogen, rare
vacuoles, and not organized filaments were detected.
Conversely, treatment with DADS induced the presence of
numerous cytoplasmic vacuoles, surrounded by single or
double membrane, the latter being likely of autophagic
origin (Figure 2, b). In addition, some mitochondria were
swollen and the rough endoplasmic reticulum decreased.
Treatment with RES induced the presence of cracks in the
cytoplasm, while major alterations were found in the
mitochondria which appeared greatly shrunken and
condensed (Figure 2, c). Among all the treatments, CUR
was confirmed to be the most harmful to the cells. In fact,
most of the cells showed alterations related to apoptosis,
with condensation of cytoplasm, presence of vacuoles of
various sizes, intact mitochondria and nuclear pyknosis.
Rare features of necrosis were also observed (Figure 2, d).
Cells simultaneously treated with the combination
DADS+RES, appeared swollen with rarefaction of the
cytoplasm in which mitochondria appeared swollen as well
and with abnormal cristae. In addition several vacuoles
were observed (Figure 2, ). DADS+CUR and RES+CUR
combined treatments produced morphological effects
similar to those observed in the samples treated with CUR
only. In fact, apoptotic features such as cell shrinkage,
nuclear condensation and presence of numerous
cytoplasmic vacuoles were prevalent (Figure 2, f-g).

4.3. RES and DADS potentiate the apoptotic effect of
CUR on SJ-RH4 and Saos-2 cell lines

In order to determine the effect of the compounds
alone or in combination on apoptosis and cell cycle
distribution of malignant rhabdoid (SJ-RH4, RD/18) or
osteosarcoma (Saos-2) cells, a FACS analysis of DNA
content was performed. Figure 3 shows a representative
experiment in which the effects of increasing doses of
compounds administered alone or in combination are
compared with each other as well as with those obtained
with DMSO vehicle only. As compared to DMSO, DADS
treatment scarcely affected cell cycle in the different cell
lines, except that RD/18 cells treated with 6-50 uM DADS
accumulated in the G2/M phase (p<0.05). Treatment with
RES—resulted in a dose-dependent decrease in the



Resveratrol and diallyl disulfide and curcumin-induced apoptosis

DADS RES CUR
100 -
1 % i I Z *
Ar %
ﬁ 7 s % 5 = z
7 Z 1 % %
% 7] Z Z 7
7 % 7 Z 7
1 a 2 el a
7 Z| % Z = : %
so-fl| [ A Z ’ 2 Z 7
a AR N i
% % % Z Z 7 Zl1t
- AR i
g 4 1 f 4 a a a
S . ? ’ ’ ? ? é
7 % 7
5 2 1 ’ ’ 7 7 7 = DMSO
®  HRLAE | LIAL | 1 % L1E 11z % mggum
= 25 u
8 DADS + RES DADS + CUR RES + CUR EZZ212.5 M
o 100 6.2 uM
(=) - * ;
§
T

50

DN

]
Y

RRRERRNRRRRNNN
B

[ |

J-RH4 RD/18 Sa—2 SJI-RH4 RD/18 Saos-2 SJ-RH4 RD/18 Saos-2

Figure 1. Effect of DADS, RES and CUR alone or in combination on rhabdomyosacoma or osteosarcoma cell survival. Survival
of rthabdomyosacoma (SJ-RH4, RD/18) and osteosarcoma (Saos-2) cells was assessed by the SRB assay after 48 hours of
treatment with DMSO or DADS, RES and CUR alone or in equimolar combinations of two compounds (DADS+RES,
DADS+CUR, RES+CUR). The percentage survival of the cultures treated with compounds or DMSO as vehicle control was
calculated by normalization of their O.D. values to those of untreated control cultures. Results reported are mean £ SD values
from three experiments performed in triplicates. #: p<0.0001; §: p<0.001; *: p<0.05 vs. cultures treated with DMSO.

Figure 2. Morphological features of SJ-RH4 cells after treatment with DADS, RES and CUR alone or in combination.
Ultrastructural analysis performed on SJ-RH4 cells treated for 48 hours with (a) DMSO as vehicle control (original magnification
(o.m.) x3700), (b) DADS (0.m. x6500), (¢c) RES (0o.m. x6500), (d) CUR (o.m. x3700), (¢) DADS+RES (0o.m. x6500), (f)
DADS+CUR (0.m. x6500), and (g) RES+CUR (0.m. x5900), at 25 pM. The arrow in (b) indicates a double membrane vacuole
(high magnification in the square); the arrow in (c) indicates mitochondrial alterations (high magnification in the square).

percentage of cells in G0/G1 and G2/M phases (p<0.05) high doses (Figure 3 and Table 1). On the other hand, in all
and an increased percentage of cells in the S phase cell lines treatment with CUR resulted in a marked, dose-
(p<0.05). In addition, RES treatment induced a modest to dependent increase of the percentage cells in the sub-GO
moderate increase in the apoptotic sub-GO population at phase and a decrease in the number of cells in GO/G1,
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Table 1. Effects of DADS, RES and CUR alone or in combination on the percentage of rhabdomyosarcoma and osteosarcoma

cells in the sub GO phase
SJ-RH4 RD/18 Saos-2
mean' p mean p mean p
DMS0 1,09 0,98 1,10
DADS 6.2 0,82 0,63 0,82
DADS 12.5 1,18 0,58 1,10
DADS 25 1,06 0,49 1,43
DADS 50 1,88 0,89 1,34
RES 6.2 1,04 0,99 1,80
RES 12.5 121 1,49 1,81
RES 25 2,46 8,21 2 3,97 2
RES 50 3,29 2 19,84 2 6,46 2
CUR 6.2 0,78 1,18 1,03
CUR 12.5 7,69 2 2,70 1,53
CUR 25 54,26 2 73,37 2 17,6 2
CUR 50 72,18 2 80,37 2 66,3 2
DADS+RES 6.2 0,68 2,96 1,60
DADS+RES 12.5 1,24 1,34 3,10
DADS+RES 25 2,36 7,16 10,42
DADS+RES 50 5,33 28,54 4 14,48
DADS+CUR 6.2 0,38 0,82 1,10
DADS+CUR 12.5 10,42 2,74 1,57
DADS+CUR 25 64,82 3 75,13 25,40
DADS+CUR 50 81,98 3 83,55 66,80
RES+CUR 6.2 1,19 1,35 2,29
RES+CUR 12.5 18,70 3 6,67 6,72 3
RES+CUR 25 71,30 3 81,43 39,70 3
RES+CUR 50 84,60 3 90,44 82,23 3

TPercentage of cells in the sub GO phase were calculated using CellQuest software. The data are representative of three
experiments. DADS, RES and CUR were used in the range 6.2-50 uM. Statistical significance of the effects obtained with single-
compound treatments was calculated vs. those obtained with DMSO (*p<0.05 vs. DMSO); statistical significance of the effects
obtained with combined treatments was calculated vs. those obtained with the more potent compound present in each

combination (°p<0.001 vs. CUR; *p<0.001 vs. RES)

(p<0.001), S (p<0.001) and G2/M (p<0.001) (Figure 3 and
Table 1).

As for the effects of combined treatments, the
DADS+RES combination induced a dose-dependent
decrease in the percentage of SJI-RH4 and RD/18 cells in
GO0/G1 (p<0.05) and G2/M (p<0.01) phases and an increase
of those in S phase (p<0.01), similar to those obtained with
RES alone. Thus RES counteracted the increase of cells in
G2/M induced by DADS in the RD/18 cell line. In addition,
in RD/18 cells this combination treatment at the higher
dose induced an increase in the percentage of cells in sub-
GO as compared to treatment with RES alone (p<0.001)
(Figure 3 and Table 1). In particular, the apoptotic rate
obtained with the combined treatment was 1.4 times higher
than that obtained with RES alone, i.e. the more potent
compound present in the combination. Conversely, in the
Saos-2 cell line the treatment with DADS+RES
significantly decreased the percentage of cells in GO/G1 as
compared to DADS and RES alone (p<0.05), while it did
not affect the G2/M phase. Based on these results, DADS
and RES appeared to interact in a cell-context dependent
manner.

Although the effects of DADS+CUR were on the
whole similar to those obtained with CUR alone, at high
concentrations this combination induced a significant
increase in the percentage of SJ-RH4 cells in sub-GO as
compared to DADS and CUR alone (p<0.001) (Figure 3
and Table 1). Similarly, treatment with RES+CUR induced
in SJ-RH4 and Saos-2 a significant, dose-dependent
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increase in the percentage of apoptotic, sub-GO cells as
compared to either compound administered alone
(p<0.001), accompanied by a decrease in G2/M, G0/G1 and
S phases (p<0.001) (Figure 3 and Table 1). From the
comparison of the apoptotic rates obtained with the
RES+CUR combination and those obtained with CUR
alone, it emerged that in SJ-RH4 cells the combined
treatment allowed to reduce the dose of CUR required to
achieve an apoptotic rate of 30%, 50% or 70% by 1.2, 1.2
and 1.9 times, respectively. Similarly, in Saos-2 cells the
dose of CUR required to achieve an apoptotic rate of 30%
or 50% could be reduced 1.5 and 1.3 times, respectively,
through the combination of CUR with RES.

It is of note that, according to the results of the
SRB assays, the reduction of cell survival obtained with
DADS+CUR and RES+CUR was not significantly
different from that obtained using CUR alone, the more
potent compound present in the combinations, while the
results of FACS analysis indicate that CUR-induced
apoptosis was potentiated by the combination with DADS
in SJ-RH4 cells and by the combination with RES in SJ-
RH4 and Saos-2 cells. However, this apparent discrepancy
is reconciled when considering that SRB has been
demonstrated to stain live as well as recently died cells
(35). Still, to further corroborate the data on apoptotic cell
death obtained by FACS analysis, SJ-RH4 and Saos-2 cells
were labeled with an anti-activated caspase-3 polyclonal
antibody after treatment with DADS, RES and CUR alone
or in combination at 25 uM for 48 hours. Cells treated with
DMSO vehicle were used as negative control, while cells
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Figure 3. Effects of DADS, RES and CUR alone or in combination on apoptosis and cell cycle distribution of rhabdomyosacoma
and osteosarcoma cells. FACS analysis of DNA content performed on SJ-RH4, RD/18 and Saos-2 cells treated for 48 hours with
DMSO or DADS, RES and CUR alone or in combination. In all cell lines CUR induced an increase of the percentage of cells in
sub GO (M1) and a decrease of the percentage of cells in GO/G1 (M2), S (M3) and G2/M (M4) in a dose-dependent manner.
DADS increased the sub GO peak induced by CUR in SJ-RH4 cells when the compounds were used at the highest concentration.
RES increased the sub GO peaks induced by CUR in SJ-RH4 and Saos-2 cells in a dose-dependent manner.
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Figure 4. In situ detection of apoptosis. Induction of apoptosis in SJ-RH4 cells by DADS, RES and CUR alone or in
combination, DMSO as vehicle control and staurosporine as positive control, as assessed by immunolabeling with an anti-
activated-caspase 3 polyclonal antibody. DADS, RES and CUR alone or in combination were used at 25 uM for 48 hours;
staurosporine was used at 1 uM for 24 hours. Original magnification x200. Nuclei were counterstained with Hoechst.

treated with staurosporine at 1 uM for 24 hours were used
as positive control. Representative pictures of immunolabeled
SJ-RH4 cells are reported in Figure 4. According to activated
caspase 3 positivity, the treatment with staurosporine resulted
in apoptotic rates of about 95-96% in either cell line, whereas
treatment with DMSO, DADS and RES had no relevant effect
on the induction of apoptosis in SJ-RH4 and Saos-2. On the
other hand, CUR induced a significant increase of apoptosis in
both cell lines. Furthermore, the apoptotic rate of SJ-RH4 cells
treated with DADS+CUR was significantly higher than that
obtained with CUR alone (46.4% vs. 36.4%, p<0.001).
Similarly, the apoptotic rates of SJ-RH4 and Saos-2 cells
treated with the RES+CUR combination were higher than
those observed after treatment with CUR alone (50.8% vs.
36.4% for SJ-RH4 cells, p<0.001; 30% vs. 18.4% for Saos-2
cells, p<0.001), consistent with the results obtained by FACS
analysis.

4.4. Effect of DADS, RES and CUR alone or in
combination on apoptosis and pro-survival signaling
proteins

The expression levels of apoptosis and pro-
survival signaling proteins were investigated by western
blotting in SJ-RH4 and RD/18 cells treated for 48 hours with
the three compounds alone or in combination at 25 pM. A
representative experiment is illustrated in Figure 5, upper
panels. CUR either alone or in combination with DADS or
RES induced in both cell lines the appearance of the 18 kDa
Bax isoform (pl8 Bax), which is known as a more potent
inducer of apoptotic cell death than the full-length p21 Bax
(36). The appearance of pl18 Bax was concomitant with an
overall decrease of Bcl-2 expression in both cell lines.
Conversely, p18 Bax was not observed nor the ratio between
Bax and Bcl-2 significantly modified after treatment with
DADS and RES alone or in combination. In addition, DADS
and RES alone or in combination did not change or slightly
decreased the expression of the pro-survival signaling
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protein AKT. Conversely, CUR and CUR combinations
strongly reduced AKT expression levels. Collectively,
these results are in agreement with the reported apoptotic
activity of the compounds at the employed concentration.

Next, the expression of pS3 was analyzed in order to
determine whether apoptosis induced by CUR in SJ-RH4 and
RD/18 cells was p53-dependent. Unlike RD/18 cells, where
p53 expression was decreased by CUR treatment, SJ-RH4
cells did not express p53, indicating that CUR can trigger p53-
independent apoptosis in rhabdomyosarcoma cells.

Finally, it was investigated the effect of the
compounds on Erk phosphorylation (Figure 5, upper panels).
In both SJ-RH4 and RD/18 cells DADS had no notable effects
on phospho-Erk levels, RES increased Erk phosphorylation
and a further increase was observed after treatment with
DADS+RES. On the other hand, while CUR reduced
phospho-Erk levels in SJ-RH4 cells, the same compound
increased phospho-Erk in the RD/18 cell line. Of note, when
CUR was administered with RES it was able to counteract the
increased Erk phosphorylation induced by RES in SJ-RH4
cells. In order to substantiate the observed cell context-
dependent modulation of Erk signaling, both cell lines were
treated for 32 hours, starved for 16 hours in serum-free
medium and then stimulated for 5 minutes with 20% of serum
in the continuous presence of the three compounds alone or in
combination (Figure 5, lower panels). In SJ-RH4 cells all
compounds inhibited serum-mediated Erk phosphorylation as
compared to DMSO, the maximal inhibitory activity being
obtained with CUR either alone or in combination with DADS
or RES. Conversely, in RD/18 cells CUR, either alone or in
combination with DADS or RES, increased Erk
posphorylation upon serum stimulation as compared to
DMSO vehicle treatment, while no major effects were
observed with DADS and RES.
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Figure 5. Effect of DADS, RES and CUR alone or in combination on apoptosis and pro-survival signaling proteins. Upper
panels: assessment of Bax, Bcl-2, AKT, p53, phosphorylated Erk (p-Erk) and Erk levels by western blotting in SJ-RH4 and
RD/18 cells treated for 48 hours with DADS, RES and CUR alone or in combination at 25 uM or with DMSO as vehicle.
Lower panels: assessment of p-Erk levels upon serum stimulation of SJ-RH4 cells treated with DMSO or with the three
compounds alone or in combination: after 32 hours of treatment, the cells were starved for 16 hours and then stimulated for 5
minutes with 20% of serum in the continuous presence of compounds or DMSO. Shown are representative experiments.

5. DISCUSSION

Chemoprevention involves the use of natural or synthetic
substances to prevent certain diseases such as cancer.
Indeed, chemoprevention has been proven to be relatively
successful in preventing cancer (37-42) and several
chemopreventive agents are now being tested for their anti-
cancer therapeutic activity in tumor bearing hosts (37, 41-
43). Therapeutic approaches based on drug combinations
aim at increasing clinical responses while lowering toxicity
and the incidence of drug resistance. The advantage of
combining multiple agents stems from the fact that each
agent can have a single target or mechanism of action or
different agents may share the same target or mechanism of
action against cancer cells (44, 45). Therefore the
combination treatment could either increase the number of
targets and/or mechanisms of action or potentiate the
effects on the same target, thus lowering the drug

505

concentrations needed to exert a biological effect against
cancer cells.

CUR, RES and DADS have been demonstrated to
have anti-tumor activity both in vitro and in vivo using
animal models (6-25). Furthermore, some clinical trials
have highlighted the potential role of CUR as an
antineoplastic agent (37, 46). However, pharmacokinetic
studies have shown that this compound is poorly absorbed
and rapidly eliminated from the human body (37, 46). In
the first report of the joint FAO/WHO expert committee on
food additives it was established that an acceptable daily
intake (ADI) for CUR is of 0-0.1 mg/kg body weight (47).
Thus it may be beneficial to find other chemopreventive
agents that can potentiate the anti-cancer activity of CUR.

In this study we provide evidence that CUR
induces apoptosis of rhabdomyosarcoma and osteosarcoma
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cell lines and that the combination of RES or DADS plus
CUR potentiates the apoptotic effect of CUR. In particular,
in SJ-RH4 cells the RES+CUR combined treatment
allowed to reduce the dose of CUR required to achieve an
apoptotic rate of 30%, 50% or 70% by 1.2, 1.2 and 1.9
times, respectively. Similarly, in Saos-2 cells the dose of
CUR required to achieve an apoptotic rate of 30% or 50%
could be reduced 1.5 and 1.3 times, respectively, through
the combination of CUR with RES.

We also demonstrate that CUR induced the
expression of pl8 Bax in both SJ-RH4 and RD/18
rhabdomyosarcoma cell lines. This truncated isoform of
Bax is known as a more potent inducer of apoptotic cell
death than the full-lenght p21 Bax (36). Conversely, CUR
down-regulated the expression of the anti-apoptotic protein
Bcl-2 and strongly reduced the expression of the pro-
survival kinase AKT. Indeed, AKT promotes cell survival
and resistance to apoptosis by sequestering different protein
targets, including the FOXO family of forkhead
transcription factor and the pro-apoptotic protein Bad, as
well as by activating the pro-survival transcription factor
NF-kB (48). Most notably, we showed that CUR alone or
in combination induced apoptosis of rhabdomyosarcoma
cells independently of p53 activity. This finding indicates
that CUR may have relevance for the treatment of p53-
deficient cancers, which are often unaffected by
conventional chemotherapies or irradiation therapy.

Interestingly, the effects of CUR on the
modulation of basal and serum-induced Erk activity
appeared different in SJ-RH4 and RD/18 cells. Indeed,
while CUR reduced phospho-Erk levels in both
unstimulated and serum-stimulated SJ-RH4 cells, the
opposite effect was observed in the RD/18 cell line. In this
respect it has been demonstrated that, depending on the
specific context, Erk activation can either protect or
contribute to drug-induced cell death (49, 50). Indeed,
despite the opposite and cell type-specific modulation of
Erk activity induced by CUR in SJ-RH4 (alveolar
histotype) and RD/18 (embryonal histotype)
rhabdomyosarcoma cells, this compound was able to
produce a marked increase of the apoptotic rate of both cell
lines.

In conclusion, our study provides evidence that
the treatment of rhabdomyosarcoma or osteosarcoma cells
with combinations of CUR plus RES or DADS can be more
effective in inducing apoptosis than the treatment with
CUR as a single compound. Still, additional studies
performed both in vitro and in vivo will be needed to fully
define the therapeutic potential of these compounds.
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