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Abstract. Aim: Curcumin has been demonstrated to have
antitumor effects including radiosensitization by modulating
many molecular targets including p53. Herein, we
investigated the radiosensitizing effect of curcumin in p53
mutant Ewing’s sarcoma (ES) cells. Materials and Methods:
Cells exposed to radiation with or without curcumin were
examined for transcriptional and translational levels of p53
downstream targets and its influence in regulated apoptosis,
DNA fragmentation, cell survival and clonal expansion.
Results: Curcumin significantly caused radiation induced
expression of p21 and Bax, and reduced BclXl, Mcl1 with
only marginal Bcl2 modulation. As a positive control to the
study, both transcriptional and translational levels of p53
remained unchanged after radiation with/without curcumin.
Conversely, curcumin caused radiation-induced apoptosis
and DNA fragmentation. Consistently, curcumin enhanced
radiation-induced cytotoxicity and clonal expansion.
Conclusion: These results suggest that curcumin potentially
radiosensitizes p53-mutant ES cells by regulating IRmodulated p53-response genes. However, the curcuminassociated p53-independent regulation of downstream targets
remains to be explored.
Ewing’s sarcoma (ES), the third most frequent primary
sarcoma of bone (1) and the second most common bone tumor
(after osteosarcoma) occurring in children and adolescents,
accounts for ~3% of all pediatric and ~10% of all primary
bone malignancies (1). ES has a strong potential to
metastasize (28%) to the lungs, bone, bone marrow, lymph
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nodes, liver and/or brain (1). Despite advances in the treatment
of localized ES, the prognosis for detectable metastatic ES
remains poor with <10% 5-year event-free and overall survival
(1). Clinical and laboratory evidence suggests that several
common types of human cancer contain populations of rapidly
proliferating clonogens that can have substantial impact on
local control following chemoradiation or conventional
radiotherapy (RT) (2). To that end, RT has well-recognized
applications in the control of both primary and metastatic ES
(3, 4). The RT dose for local control is 55.8-60.0 Gy, with a
fractionation of 180 to 200 cGy/d, 5 days a week (4).
However, tumor radioresistance remains a critical obstacle in
clinical radiotherapy that results in local recurrence and RTinduced sarcomas (5). The risk of developing solid tumors,
including secondary ES, appears to be greatest in patients
treated with RT and is most pronounced in skeletally immature
patients (5). Over the years, particularly in the last decade,
molecular signaling and transcriptional regulations involved in
the induced radioresistance of cancer cells has been
extensively studied. Recently, studies have demonstrated that
despite p53 mutations, its downstream pathway and the DNA
damage signaling pathway are functionally intact in ES (6).
Thus, it is imperative to identify anticancer/radiosensitizing
agents that are highly effective in inducing cell death,
preferably in a p53-independent targeting of pro-apoptotic
molecules in ES cells.
Curcumin (diferuloylmethane), a dietary polyphenol derived
from turmeric, Curcuma longa, is a pharmacologically safe
and effective agent that has been demonstrated to have antiinflammatory, anti-proliferative, and anti-tumor effects by
modulating many potential molecular targets (7). Curcumin is
widely used at low doses as a food dye and at higher doses in
Ayurvedic medicine. Because of its use as a food additive and
its potential for cancer chemoprevention, curcumin has
undergone through extensive toxicological screening and preclinical investigations in rats, mice, dogs, and monkeys (8, 9).
In clinical trials, cancer patients have not shown adverse
effects with doses from 2000 to 8000 mg/day (10). More
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recently, it has been demonstrated that curcumin injected
peripherally crosses the blood-brain barrier (11). In the cancer
literature, voluminous data have demonstrated that curcumin
has a potent role in inhibiting cellular migration (12), antiproliferation (13), inhibiting cancer growth (14), preventing
the progression of cancer to a hormone-refractory state, (15)
and cell killing (16, 17). Recently, a number of studies in
various cancer cells demonstrated the involvement of p53 in
curcumin-induced apoptosis (18-22). Conversely, curcumin
has also been demonstrated to induce p53-independent cell
death by inhibiting ubiquitin-dependent proteasome pathways.
Accordingly, we investigated whether curcumin confers a
radiosensitizing effect in p53-mutant ES (SK-N-MC) cells.
Our results demonstrate that curcumin conferred IR-induced
apoptosis, DNA fragmentation, cytotoxicity and clonal
expansion in ES cells. Furthermore, the results suggest that
curcumin targets p53 response molecules involved in cell
cycle, apoptosis (Bcl2:Bax ratio) and DNA damage signaling
pathways in these p53 mutant ES cells.

Materials and Methods
Cell culture, curcumin treatment and irradiation experiment. Human
ES (SK-N-MC) cells were maintained as monolayer cultures as
previously described (23, 24). Cells plated in 100 mm tissue culture
plates (70-80% confluence) were exposed to single radiation (IR, 2
Gy) dose using Gamma Cell 40 Exactor (Nordion International Inc.,
Ontario, Canada) at a dose rate of 0.81 Gy/min. Mock irradiated
cells were treated identically except that the cells were not subjected
to IR. The experiments were repeated at least three times in each
group. Curcumin (Sigma-Aldrich, St. Louis, MO, USA) dissolved
in DMSO (36.8 mg/ml) to a stock concentration of 100 mM was
further serially diluted in plain medium to a working concentration
of 10 μM. For experiments with curcumin alone, ES cells were
treated with 10, 50 or 100 nM curcumin and allowed to incubate at
37˚C for an additional period of 3 hours. For IR experiments, cells
incubated with 10, 50 or 100 nM of curcumin for 3 hours were then
exposed to IR and collected at 24 hours post IR incubation, unless
otherwise indicated.
Transcriptional response of p53 and p53 target genes. Curcuminassociated alterations of IR-modulated transcriptional responses of p53
and its downstream molecules Bcl2, Bax, p21, Mcl1, Bclxl and
Gadd45 were analyzed using an RNAse protection assay and validated
using real-time QPCR. RPA was carried out using the RiboQuant™
Multi-Probe RNAse Protection Assay System (PharMingen,
Mississauga, ON, Canada) as described earlier (25). Similarly, total
RNA extraction and QPCR were performed as described in our earlier
studies (23, 24) using Bax (sense, 5'- GAG CGG CGG TGA TGG A3'; anti-sense, 5'- TGG ATG AAA CCC TGA AGC AAA-3'), Bcl2
(sense, 5'-TCG CCC TGT GGA TGA CTG A-3'; anti-sense, 5'-CAG
AGA CAG CCA GGA GAA ATC A-3'), BclXl (sense, 5'-CCA CTT
ACC TGA ATG ACC ACC TAG A-3'; anti-sense, 5'-CAG CGG TTG
AAG CGT TCC-3'), MCl1 (sense, 5’- TTC CAA GGC ATG CTT
CGG AAA C-3’; anti-sense, 5’- TCT GCT AAT GGT TCG ATG CAG
C-3’), p21 (sense, 5’- CAG AAC CGG CTG GGG AT-3’; anti-sense,
5’- CGG CGT TTG GAG TGG TAG-3’) and p53 (sense, 5’- ATG
GAG GAG CCG CAG-3’; anti-sense, 5’- AAA TCA TCC ATT GCT
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T-3’) gene specific primers. We used β-actin as a positive control
(sense, 5’- ATG ACC CAG ATC ATG TTT GA- 3’; anti-sense, 5’TAC GAC CAG AGG CAT ACA G- 3’) and a negative control without
template RNA was also included. Each experiment was carried out
four times and the ΔΔct values were calculated by normalizing the
gene expression levels to β-actin and the relative expression level was
expressed as a fold change. Group-wise comparisons were made using
ANOVA with Tukey’s post-hoc correction (Graph Pad, La Jolla, CA,
USA). A P-value of <0.05 is considered statistically significant.
Translational modifications of p53 and p53 target genes. Total protein
extraction and western blot analysis was performed as described in
our earlier studies (26, 27). For this study, the protein transferred
membranes were incubated with either anti-mouse p53 (Santa Cruz
Biotech, Santa Cruz, CA, USA), Bcl2 (Invitrogen, Carlsbad, CA,
USA) or anti-rabbit Mcl1, p21 (Santa Cruz Biotech), Bax (BD
biosciences, Mississauga, ON, Canada) antibodies in 1% BSA-PBST.
Blots were stripped and reblotted with mouse monoclonal anti-αtubulin antibody (Santa Cruz Biotech) to determine equal loading of
samples. Stripping was accomplished using 0.3 M NaOH
supplemented with 0.005% sodium azide for 10 min.
Radiosensitization. In order to assess curcumin-induced
radiosensitization in ES cells, we examined the induced apoptosis,
cytotoxicity and clonal expansion. Because induced apoptotic cell
death could not be precisely validated with a single assay, we
examined the curcumin-induced effect on cell killing by both DNA
fragmentation detection (Fluorescein-FragEL, Oncogene Research
Products, Boston, MA, USA) and annexin V-FITC staining as
described earlier (23, 24). Cell survival was analyzed using MTT
and clonal expansion using clonogenic assay as described in our
previous studies (23). For the colony-forming assay, ES cells were
seeded at a density of 2500 cells (Countess) per 30 mm plate in
3 ml complete media and exposed to 2 Gy with or without curcumin
pre-treatment, and were allowed to incubate at 37˚C for 14 days.
Plates for untreated (unirradiated) controls were also included.
Plates from all groups including untreated controls were transported
to the irradiation facility and handled similarly to normalize any
variations between groups. Digitalized images were subjected to
computed colony counting using Image Quant (GE Healthcare BioSciences Corp. Piscataway, NJ, USA) implying the standard
sensitivity, noise factor and background. For MTT assay, cells (1000
cells/300 μl in a 24-well plate) were either mock-irradiated, or
exposed to IR and treated with Curcumin, or exposed to IR and
treated
with
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide (30 μl/well from 5 mg/ml stock) for 4 hours.
Solubilization of the converted purple formazan dye was
accomplished by adding 200 μl/well of acid-isopropanol with
continuous shaking for 20 min at 37˚C. The reaction product was
quantified by measuring the absorbance at 570 nm using a Synergy
II microplate reader (Biotek, Winooski, VT, USA). Cell survival
response was compared using ANOVA with Tukey’s post-hoc
correction (Graph Pad, La Jolla, CA, USA).

Results
Curcumin significantly modulated p53 downstream apoptosisrelated molecules in a p53-independent manner. Compared to
the mock-irradiated controls, IR exposure with or without
curcumin did not reveal any significant variation in p53 mRNA

Veeraraghavan et al: Curcumin Targets p53-Response Genes

Figure 1. Effect of curcumin on p53 and its downstream molecular targets in p53-mutant human ES cells. A: Representative autoradiogram of RNase
protection assay showing the expression levels of BclXl, p53, Gadd45, cFos, p21, Bax, Bcl2 and Mcl1 mRNA. B: Densitometric analysis of RPA
showing the curcumin-dependent profound alterations of IR-modulated BclXl, p53, Gadd45, cFos, p21, Bax, Bcl2 and Mcl1 mRNA. C: Real time QPCR analysis showing Bcl2, p53, Mcl1, p21, BclXl and Bax mRNA expression in human ES (SK-N-MC) cells exposed to IR (2 Gy), curcumin (100
nM) or pretreated with curcumin and exposed to IR. β-Actin was used as the positive control. Negative controls without template RNA were also
included. D: Western blot analysis showing the expression of p53, p21, Bax, Bcl2 and Mcl1 proteins in mock-IR; IR (2 Gy) and harvested after 3 h
and 24 h; treated with curcumin (100 nm); and pretreated with curcumin (100 nM), exposed to IR and harvested after 3 h and 24 h. The expression
was digitally captured using Kodak image Station 4000R.
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Figure 2. Fluorescein Fragel DNA fragmentation analysis showing DNA fragmentation in ES cells. A: Exposed to mock-IR, B: treated with 10 nM
C: 50 nM and D: 100 nM curcumin, E: exposed to IR (2 Gy), or exposed to IR with F: 50 nM and H: 100 nM curcumin pre-treatment, H: histogram
showing the significant and dose-dependent effect of curcumin on IR-induced DNA fragmentation in human ES cells.

levels as evidenced with RPA analysis (Figures 1A and 1B).
Consistent with the RPA observation, real-time QPCR analysis
precisely demonstrated similar transcriptional levels of p53 in
these cells (Figure 1C). Consistently, immunoblot analysis
showed no variation in p53 expression after exposing the cells
to 2 Gy and harvested after 3 hours or 24 hours. Moreover,
compared to the mock irradiated controls, curcumin treatment
alone or with IR exposure showed minimal effect on the
cellular localization of p53 (Figure 1D). No alterations both in
p53 transcriptional and translational levels after IR exposure
with or without curcumin treatment in p53 mutant ES cells
served as positive controls for the study.
RPA analysis revealed a marked increase in p21
transactivation as opposed to mock IR controls. This IRinduced p21 mRNA levels were significantly enhanced in cells
pre-treated with curcumin (Figure 1A and B). Consistent with
RPA results, QPCR analysis revealed, IR-induced p21 mRNA
levels and to that end, significantly (P<0.001) enhanced levels
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with curcumin treatment (Figure 1C). Furthermore, Western
blot analysis revealed that IR induced p21 3h post-IR.
However, we observed a robust p21 cellular localization after
24 hours in these cells. More importantly, curcumin treatment
resulted in significant enhancement of IR-induced p21
expression both after 3 and 24 hours (Figure 1D).
Compared to Mock IR cells, IR exposure with or without
curcumin failed to modulate Bcl2 transcriptional levels at
least in these cells as evident from both RPA (Figures 1A
and B) and QPCR (Figure 1C) analysis. Furthermore,
immunoblot analysis revealed consistent Bcl2 protein levels
in cells exposed to mock-IR, IR or treated with curcumin and
exposed to IR (Figure 1D). Conversely, RPA analysis
revealed that IR significantly induced Bax mRNA levels in
SK-N-MC cells (Figures 1A and 1B). Consistently, QPCR
analysis validates the induced Bax mRNA levels in cells
exposed to 2 Gy (Figure 1C). IR-induced Bax transcriptional
levels were significantly enhanced in cells pretreated with
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Figure 3. A: Annexin V-FITC staining showing apoptosis in ES cells exposed to mock-IR, treated with curcumin (10, 50, 100 nM), exposed to IR (2
Gy) with or without curcumin pre-treatment. B: Histogram showing curcumin-induced significant and dose-dependent induction of apoptosis in ES
cells. C: Histogram showing the profound effect of curcumin on IR-induced apoptosis in human ES cells.

curcumin. As opposed to Bcl2 expression, Bax immunoblot
analysis revealed a time-dependent induction after IR
exposure. More importantly, this IR-induced Bax expression
was significantly increased with curcumin treatment (Figure
1D). Up-regulation of Bax and no changes in Bcl2 levels in
curcumin plus IR-treated cells altered the Bcl2:Bax ratio.
IR profoundly (Figures 1A and B) and significantly
(P<0.001) induced Mcl1 mRNA expression (Figure 1C) in
ES cells as opposed to mock IR exposed cells. This IRinduced Mcl1 mRNA expression was profoundly suppressed
in the presence of curcumin (Figures 1A-C). Similarly, we
observed an induced Mcl1 protein expression in cells
exposed to 2 Gy after 3 hours and this induced expression
was robust after 24 hours. However, curcumin pre-treatment
profoundly inhibited IR-induced Mcl1 expression both after
3 hours and 24 hours (Figure 1D).
Compared to mock-IR cells, 2 Gy significantly up-regulated
BclXl mRNA levels as evident by both RPA (Figures 1A and
1B) and QPCR (Figure 1C) analysis. However, the expression
of BclXl mRNA was significantly (P<0.001) suppressed in
cells pretreated with curcumin and exposed to IR.

Curcumin confers radiosensitization. Compared to mock-IR
cells, Fluorescein fragel DNA fragmentation analysis revealed
that curcumin at low (10 nM) concentration did not induce
any significant (1.7±0.3%) DNA fragmentation in human SKN-MC cells (Figures 2B and H). However, higher
concentrations (17.2±2.5% with 50 nM and 30.2±3.1% with
100 nM) of curcumin markedly induced DNA fragmentation
(Figures 2C, 2D and 2H). Conversely, compared to the
untreated controls (1±0.7%), IR significantly (20.8±1.8%)
induced DNA fragmentation (Figure 2E). Pretreatment with
either 50 nM (26.1±2.7%) or 100nM (32.2±2.9%) of
curcumin enhanced the IR-induced apoptosis (Figures 2F-H).
Similarly, annexin V-FITC staining revealed a significant
and dose dependent induction of apoptosis in cells exposed
to curcumin, with a maximum cell death at 100 nM
concentration (Figures 3A and B). Likewise we observed
significant induction of apoptosis in cells exposed to IR as
opposed to mock-IR exposed cells (Figures 3A and C). Pretreating the cells with 10 nM of curcumin marginally
increased the IR-induced apoptosis (Figure 3A). However,
cells pre-treated with higher concentrations of curcumin

4011

ANTICANCER RESEARCH 30: 4007-4016 (2010)

Figure 4. A: Effect of curcumin on IR-induced cytotoxicity in human ES cells exposed to mock-IR, treated with curcumin (10, 50, 100 nM), exposed
to IR (2 Gy) with or without curcumin pre-treatment. MTT assay was performed in triplicate. The reaction product was quantified by measuring the
absorbance at 570 nm. B: Colony-forming assay showing stained colonies in control, IR, curcumin and curcumin+IR treated plates. Cells (1000
cells/plate) seeded in 100 mm culture plates were exposed to IR with or without curcumin pre-treatement and incubated for 14 days. The colonies
were stained with crystal violet and counted manually under low magnification, C: Dose-dependent inhibition of colony-forming units in cells
pretreated with curcumin. D: Curcumin IR-suppression of colony-forming units in SK-N-MC cells. Group-wise comparisons were made using ANOVA
with Tukey’s post-hoc correction.

showed in increased and dose-dependent induction of IRinduced cell death (Figures 3A and C).
In order to assess the effect of curcumin on
radiosensitization, we examined the induced modulations
both in the metabolic and clonogenic activities of the cells.
MTT analysis showed that compared to the mock-IR cells,
IR significantly reduced cell survival (Figure 4A).
Similarly, curcumin treatment showed a dose-dependent
inhibition of cell survival in these ES cells. More
importantly, IR-induced inhibition of cell survival was
significantly increased with curcumin. To that end, we
observed a dose-dependent effect on IR-induced inhibition
of cell survival (Figure 4A). To delineate the curcumin
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effect in IR-inhibited clonal expansion in ES cells, human
SK-N-MC cells either mock-irradiated or exposed to 2 Gy
with or without different concentrations of curcumin were
assessed for colony-forming capacity (Figure 4B).
Compared to the mock-IR cells, IR significantly (P<0.001)
induced clonal expansion (Figure 4D). Consistent with
these findings, curcumin treatment exhibited significant
(P<0.001) dose-dependent inhibition of clonal expansion
(Figure 4C). The maximum inhibition was observed at a
concentration of 100 nΜ. More importantly, as opposed to
IR-exposed cells, cells pretreated with curcumin profoundly
(P<0.001) augmented the IR-suppressed clonal expansion
in a dose-dependent manner (Figure 4D).
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Discussion
The tumor suppressor p53 is mutated in more than 50% of all
tumors. Human SK-N-MC cells express mutant p53 with a
deletion in exons 2 and 3 at the N-terminus of p53 (28-30).
Importantly, most clinically useful antineoplastic and
radiosensitizing agents are less potent and efficacious in the
context of mutant p53. Similarly, loss of p53 function plays a
key role in sustained high level resistance to
chemoradiotherapy in childhood tumors (31). In the present
study we determined the effect of curcumin, a dietary
polyphenol in conferring radiosensitization in SK-N-MC cells
via molecular mechanisms independent of p53. Our results
showed that IR with or without curcumin failed to modulate
the expression of p53 in these cells. However, curcumin
significantly enhanced p53-responsive p21 that plays a key role
in G2/M arrest of the cell cycle, which is sensitive to IR and
therefore this leads to enhanced radiosensitization. A growing
body of evidence indicates that expression of the tumor
suppressor p21, a potent cyclin-dependent kinase (cdk)
inhibitor (32), was implicated in growth arrest in response to a
variety of conditions, including DNA damage and terminal
differentiation (33). Moreover, up-regulation of p21 was
required for growth inhibition of human cancer cells. In
contrast, in p21-deficient mouse embryo fibroblasts, γ-IR
induced arrest of the cell cycle was compromised (34).
Induction of p21 in response to DNA damage requires the
function of the p53 tumor suppressor protein (35). However,
p21 expression was shown to be induced in several cell lines
by agents that cause terminal differentiation through a p53independent mechanism (35). Consistently, in the present study,
we observed induced expression of p21 and Bax in curcuminpretreated cells with or without IR and no or little modulations
in p53 expression. The induction of p21 and Bax and inhibition
of BclXl and Mcl1 by curcumin was associated with the
induction of apoptosis and radiosensitization. Similarly,
numerous studies reported that curcumin can cause cell cycle
arrest and apoptosis in several tumor cell lines (18, 20, 36).
Recently, Chendil and colleagues (37) reported that in p53mutant PC3 cells, curcumin altered Tnfα induced NFκB
mediated Bcl2:Bax ratio and enhanced radiosensitization.
Likewise, Jaiswal and colleagues (38) demonstrated that
curcumin induced p53 independent growth arrest (G2/M) and
apoptosis in colon cancer cells. More recently, Li and
colleagues confirmed that curcumin exerts chemo- and
radiosensitization by modulating Mdm2, p21 and Bax in a p53independent manner (39). It is believed that cell cycle arrest is
an irreversible process leading to apoptosis if cells are unable
to repair their damaged DNA. Further studies need to be
performed to verify whether curcumin affects the activity of
cdks and their regulatory subunits important for cell cycle
transitions, that are controlled by p21. Moreover, the molecular
mechanism(s) involved in p21 induction by curcumin (i.e.

transcriptional up-regulation or posttranscriptional stabilization)
remains to be established.
Curcumin has been reported to be a potent anti-proliferative
agent for many tumor types and it acts as a pro-apoptotic agent
in a variety of cancer cell lines (40-44). Our results
demonstrate that curcumin enhanced IR-induced apoptosis and
increased IR-suppression of cell survival in human SK-N-MC
cells. Induction of p21 induces cell cycle arrest in response to
DNA damage, allowing repair enzymes to function. Apoptosis
of such arrested cells could well be mediated by a combination
of up-regulation of the pro-apoptotic Bax and down-regulation
of the anti-apoptotic protein Bcl-2. We found that curcumin
profoundly induced the expression of Bax and had no effect on
Bcl2 expression in SK-N-MC cells, which lead to the
modulation of the Bcl2:Bax ratio. To that end, curcumin also
significantly inhibited the IR-induced anti-apoptotic BclXl and
Mcl1 expression-thereby facilitating apoptosis. In recent
clinical trails, curcumin was given at a dosage of 8000 mg/day,
and the peak serum concentration of 1.77 to 2 μM after 2 hours
of intake of curcumin has been reported (10). In our results, a
significant enhancement of radiosensitizing effect was observed
at 100 nM of curcumin. Hence, it is possible to achieve
curcumin concentrations of 100 nM in the serum by
consumption of much less than 8000 mg/day and this dose of
curcumin in the serum will enhance the IR effect in ES
patients.
In summary, our studies demonstrate that curcumin
pretreatment in human ES (SK-N-MC) cells enhances IRinduced p21 expression, modulates the Bcl2:Bax ratio,
inhibits anti-apoptotic BclXl and Mcl1 expression, which
potentiates DNA fragmentation, cytotoxicity and cell death.
In view of the accumulating evidence that curcumin may
serve as a potent radiosensitizer, in p53 mutant cells in
particular, further efforts to explore this therapeutic strategy
are necessary.

Acknowledgements
This work was supported by the Department of Radiation Oncology
research development fund, the American Cancer Society (ACS- IRG05-066-01), and the Presbyterian Health Foundation (PHF-C5046201).

References
1 Maheshwari AV and Cheng EY: Ewing sarcoma family of
tumors. J Am Acad Orthop Surg 18: 94-107, 2010.
2 McGinn CJ and Kinsella TJ: The experimental and clinical
rationale for the use of S-phase-specific radiosensitizers to
overcome tumor cell repopulation. Semin Oncol 19: 21-28, 1992.
3 Dunst J and Schuck A: Role of radiotherapy in Ewing tumors.
Pediatr Blood Cancer 42: 465-470, 2004.
4 Bolek TW, Marcus RB, Jr., Mendenhall NP, Scarborough MT
and Graham-Pole J: Local control and functional results after
twice-daily radiotherapy for Ewing’s sarcoma of the extremities.
Int J Radiat Oncol Biol Phys 35: 687-692, 1996.

4013

ANTICANCER RESEARCH 30: 4007-4016 (2010)
5 Paulino AC: Late effects of radiotherapy for pediatric extremity
sarcomas. Int J Radiat Oncol Biol Phys 60: 265-274, 2004.
6 Kovar H, Pospisilova S, Jug G, Printz D and Gadner H:
Response of Ewing tumor cells to forced and activated p53
expression. Oncogene 22: 3193-3204, 2003.
7 Aggarwal BB and Shishodia S: Molecular targets of dietary
agents for prevention and therapy of cancer. Biochem Pharmacol
71: 1397-1421, 2006.
8 Chainani-Wu N: Safety and anti-inflammatory activity of
curcumin: a component of tumeric (Curcuma longa). J Altern
Complement Med 9: 161-168, 2003.
9 Kelloff GJ, Crowell JA, Hawk ET, Steele VE, Lubet RA, Boone
CW, Covey JM, Doody LA, Omenn GS, Greenwald P, Hong WK,
Parkinson DR, Bagheri D, Baxter GT, Blunden M, Doeltz MK,
Eisenhauer KM, Johnson K, Knapp GG, Longfellow DG, Malone
WF, Nayfield SG, Seifried HE, Swall LM and Sigman CC: Strategy
and planning for chemopreventive drug development: clinical
development plans II. J Cell Biochem Suppl 26: 54-71, 1996.
10 Cheng AL, Hsu CH, Lin JK, Hsu MM, Ho YF, Shen TS, Ko JY,
Lin JT, Lin BR, Ming-Shiang W, Yu HS, Jee SH, Chen GS, Chen
TM, Chen CA, Lai MK, Pu YS, Pan MH, Wang YJ, Tsai CC and
Hsieh CY: Phase I clinical trial of curcumin, a chemopreventive
agent, in patients with high-risk or pre-malignant lesions.
Anticancer Res 21: 2895-2900, 2001.
11 Yang F, Lim GP, Begum AN, Ubeda OJ, Simmons MR,
Ambegaokar SS, Chen PP, Kayed R, Glabe CG, Frautschy SA
and Cole GM: Curcumin inhibits formation of amyloid beta
oligomers and fibrils, binds plaques, and reduces amyloid in
vivo. J Biol Chem 280: 5892-5901, 2005
12 Lim JH and Kwon TK: Curcumin inhibits phorbol myristate
acetate (PMA)-induced MCP-1 expression by inhibiting ERK
and NF-kappaB transcriptional activity. Food Chem Toxicol 48:
47-52, 2010.
13 Hartojo W, Silvers AL, Thomas DG, Seder CW, Lin L, Rao H, Wang
Z, Greenson JK, Giordano TJ, Orringer MB, Rehemtulla A, Bhojani
MS, Beer DG and Chang AC: Curcumin promotes apoptosis,
increases chemosensitivity, and inhibits nuclear factor kappaB in
esophageal adenocarcinoma. Transl Oncol 3: 99-108, 2010.
14 Schaaf C, Shan B, Onofri C, Stalla GK, Arzt E, Schilling T,
Perone MJ and Renner U: Curcumin inhibits the growth, induces
apoptosis and modulates the function of pituitary folliculostellate
cells. Neuroendocrinology 91: 200-210, 2010.
15 Huang MT, Lou YR, Xie JG, Ma W, Lu YP, Yen P, Zhu BT,
Newmark H and Ho CT: Effect of dietary curcumin and
dibenzoylmethane on formation of 7,12-dimethylbenz[a]
anthracene-induced mammary tumors and lymphomas/leukemias
in Sencar mice. Carcinogenesis 19: 1697-1700, 1998.
16 Lee JC, Kinniry PA, Arguiri E, Serota M, Kanterakis S, Chatterjee
S, Solomides CC, Javvadi P, Koumenis C, Cengel KA and
Christofidou-Solomidou M: Dietary curcumin increases antioxidant
defenses in lung, ameliorates radiation-induced pulmonary fibrosis,
and improves survival in mice. Radiat Res 173: 590-601, 2010.
17 Watson JL, Greenshields A, Hill R, Hilchie A, Lee PW,
Giacomantonio CA and Hoskin DW: Curcumin-induced
apoptosis in ovarian carcinoma cells is p53-independent and
involves p38 mitogen-activated protein kinase activation and
downregulation of Bcl-2 and survivin expression and Akt
signaling. Mol Carcinog 49: 13-24, 2010.
18 Weir NM, Selvendiran K, Kutala VK, Tong L, Vishwanath S,
Rajaram M, Tridandapani S, Anant S and Kuppusamy P:

4014

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Curcumin induces G2/M arrest and apoptosis in cisplatinresistant human ovarian cancer cells by modulating Akt and p38
MAPK. Cancer Biol Ther 6: 178-184, 2007
Shankar S and Srivastava RK: Involvement of Bcl-2 family
members, phosphatidylinositol 3’-kinase/AKT and mitochondrial
p53 in curcumin (diferulolylmethane)-induced apoptosis in
prostate cancer. Int J Oncol 30: 905-918, 2007.
Liu E, Wu J, Cao W, Zhang J, Liu W, Jiang X and Zhang X:
Curcumin induces G2/M cell cycle arrest in a p53-dependent
manner and upregulates ING4 expression in human glioma.
J Neurooncol, 2007.
Choudhuri T, Pal S, Das T and Sa G: Curcumin selectively
induces apoptosis in deregulated cyclin D1-expressed cells at G2
phase of cell cycle in a p53-dependent manner. J Biol Chem 280:
20059-20068, 2005.
Liontas A and Yeger H: Curcumin and resveratrol induce
apoptosis and nuclear translocation and activation of p53 in
human neuroblastoma. Anticancer Res 24: 987-998, 2004.
Aravindan N, Madhusoodhanan R, Ahmad S, Johnson D and
Herman TS: Curcumin inhibits NFkappaB-mediated
radioprotection and modulate apoptosis related genes in human
neuroblastoma cells. Cancer Biol Ther 7: 569-576, 2008
Aravindan N, Madhusoodhanan R, Natarajan M and Herman TS:
Alteration of apoptotic signaling molecules as a function of time
after radiation in human neuroblastoma cells. Mol Cell Biochem
310: 167-179, 2008.
Aravindan N, Shanmugasundaram K and Natarajan M:
Hyperthermia-induced NFkappaB-mediated apoptosis in normal
human monocytes. Mol Cell Biochem, 2009.
Madhusoodhanan R, Natarajan M, Veeraraghavan J, Herman TS
and Aravindan N: NFkappaB activity and transcriptional
responses in human breast adenocarcinoma cells after single and
fractionated irradiation. Cancer Biol Ther 8, 2009.
Madhusoodhanan R, Natarajan M, Veeraraghavan J, Herman TS,
Nisha S, Jamgade A and Aravindan N: NFkappaB Signaling
Related Molecular Alterations in Human Neuroblastoma Cells
after Fractionated Irradiation. J Radiat Res (Tokyo), 2009.
Davidoff AM, Pence JC, Shorter NA, Iglehart JD and Marks JR:
Expression of p53 in human neuroblastoma- and neuroepithelioma-derived cell lines. Oncogene 7: 127-133, 1992.
Liang SX and Richardson DR: The effect of potent iron chelators
on the regulation of p53: examination of the expression,
localization and DNA-binding activity of p53 and the
transactivation of WAF1. Carcinogenesis 24: 1601-1614, 2003.
Unger T, Mietz JA, Scheffner M, Yee CL and Howley PM:
Functional domains of wild-type and mutant p53 proteins involved
in transcriptional regulation, transdominant inhibition, and
transformation suppression. Mol Cell Biol 13: 5186-5194, 1993.
Keshelava N, Zuo JJ, Chen P, et al.: Loss of p53 function confers
high-level multidrug resistance in neuroblastoma cell lines.
Cancer Res 61: 6185-6193, 2001.
Harper JW, Adami GR, Wei N, Keyomarsi K and Elledge SJ:
The p21 Cdk-interacting protein Cip1 is a potent inhibitor of G1
cyclin-dependent kinases. Cell 75: 805-816, 1993.
Santini G, Sciulli MG, Marinacci R, Fusco O, Spoletini L, Pace
A, Ricciardulli A, Natoli C, Procopio A, Maclouf J and Patrignani
P: Cyclooxygenase-independent induction of p21WAF-1/cip1,
apoptosis and differentiation by L-745,337, a selective PGH
synthase-2 inhibitor, and salicylate in HT-29 cells. Apoptosis 4:
151-162, 1999.

Veeraraghavan et al: Curcumin Targets p53-Response Genes

34 Brugarolas J, Chandrasekaran C, Gordon JI, Beach D, Jacks T
and Hannon GJ: Radiation-induced cell cycle arrest
compromised by p21 deficiency. Nature 377: 552-557, 1995
35 Macleod KF, Sherry N, Hannon G, Beach D, Tokino T, Kinzler
K, Vogelstein B and Jacks T: P53-dependent and independent
expression of p21 during cell growth, differentiation, and DNA
damage. Genes Dev 9: 935-944, 1995.
36 Shishodia S, Singh T and Chaturvedi MM: Modulation of
transcription factors by curcumin. Adv Exp Med Biol 595: 127148, 2007.
37 Chendil D, Ranga RS, Meigooni D, Sathishkumar S and Ahmed
MM: Curcumin confers radiosensitizing effect in prostate cancer
cell line PC-3. Oncogene 23: 1599-1607, 2004.
38 Jaiswal AS, Marlow BP, Gupta N and Narayan S: Beta-cateninmediated transactivation and cell-cell adhesion pathways are
important in curcumin (diferuylmethane)-induced growth arrest and
apoptosis in colon cancer cells. Oncogene 21: 8414-8427, 2002.
39 Li M, Zhang Z, Hill DL, Wang H and Zhang R: Curcumin, a
dietary component, has anticancer, chemosensitization, and
radiosensitization effects by down-regulating the MDM2
oncogene through the PI3K/mTOR/ETS2 pathway. Cancer Res
67: 1988-1996, 2007.
40 Dorai T, Cao YC, Dorai B, Buttyan R and Katz AE: Therapeutic
potential of curcumin in human prostate cancer. III. Curcumin
inhibits proliferation, induces apoptosis, and inhibits angiogenesis
of LNCaP prostate cancer cells in vivo. Prostate 47: 293-303,
2001.

41 Mukhopadhyay A, Bueso-Ramos C, Chatterjee D, Pantazis P and
Aggarwal BB: Curcumin down-regulates cell survival
mechanisms in human prostate cancer cell lines. Oncogene 20:
7597-7609, 2001.
42 Jiang MC, Yang-Yen HF, Yen JJ and Lin JK: Curcumin induces
apoptosis in immortalized NIH 3T3 and malignant cancer cell
lines. Nutr Cancer 26: 111-120, 1996.
43 Choudhuri T, Pal S, Agwarwal ML, Das T and Sa G: Curcumin
induces apoptosis in human breast cancer cells through p53dependent Bax induction. FEBS Lett 512: 334-340, 2002.
44 Ramachandran C, Rodriguez S, Ramachandran R, Raveendran
Nair PK, Fonseca H, Khatib Z, Escalon E and Melnick SJ:
Expression profiles of apoptotic genes induced by curcumin in
human breast cancer and mammary epithelial cell lines.
Anticancer Res 25: 3293-3302, 2005.

Received May 5, 2010
Revised June 29, 2010
Accepted July 6, 2010

4015

