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Mutant p53-Notchl Signaling Axis Is Involved in Curcumin-Induced
Apoptosis of Breast Cancer Cells
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Notchl has been reported to be highly expressed in triple-negative and other subtypes of breast
cancer. Mutant p53 (R280K) is overexpressed in MDA-MB-231 triple-negative human breast cancer
cells. The present study aimed to determine whether the mutant p53 can be a potent transcriptional
activator of the Notchl in MDA-MB-231 cells, and explore the role of this mutant p53-Notchl axis
in curcumin-induced apoptosis. We found that curcumin treatment resulted in an induction of apoptosis
in MDA-MB-231 cells, together with downregulation of Notchl and its downstream target, Hesl. This
reduction in Notchl expression was determined to be due to the decreased activity of endogenous
mutant p53. We confirmed the suppressive effect of curcumin on Notchl transcription by performing
a Notchl promoter-driven reporter assay and identified a putative p53-binding site in the Notchl
promoter by EMSA and chromatin immunoprecipitation analysis. Overexpression of mutant p53
increased Notchl promoter activity, whereas knockdown of mutant p53 by small interfering RNA
suppressed Notchl expression, leading to the induction of cellular apoptosis. Moreover, curcu-
min-induced apoptosis was further enhanced by the knockdown of Notchl or mutant p53, but it was
decreased by the overexpression of active Notchl. Taken together, our results demonstrate, for the
first time, that Notchl is a transcriptional target of mutant p53 in breast cancer cells and suggest
that the targeting of mutant p53 and/or Notchl may be combined with a chemotherapeutic strategy
to improve the response of breast cancer cells to curcumin.
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INTRODUCTION

Curcumin (diferuloylmethane), a polyphenol derived from
the plant turmeric (Curcuma longa Linn), is known for its
antioxidant and anti-inflammatory properties [1]. More-
over, quite a few studies, including our own, have shown
that curcumin exhibits anticancer activities against various
tumors, including pancreatic, colon, ovarian, and breast
cancers, by modulating multiple signaling pathways [2,3].
Curcumin has been reported to increase p53 signaling,
which upregulates the transcription of downstream genes
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such as p21 and Bax to induce apoptosis in a variety of
cancer cells [2]. In addition, curcumin causes cancer cell
apoptosis, in part via suppression of Notchl signaling [4-8].
However, in this case, little has been reported about the
underlying molecular mechanisms by which Notchl ex-
pression is modulated upon curcumin treatment.

Notch receptors (Notchl~4) are large single-pass type I
transmembrane proteins that regulate fate determination,
differentiation, proliferation, motility, and survival of vari-
ous cell types in different tissues [9]. Many studies have
shown the important role of Notch signaling not only in
normal embryonic development and postnatal tissue ho-
meostasis, but also in cancer [9]. Notchl has been shown
to act as either a tumor suppressor or an oncogene in hu-
man cancer [10]. When acting as an oncogene, the Notchl
receptor, ligands, and target genes are significantly upregu-
lated, resulting in stimulation of cellular proliferation, pre-
vention of differentiation, and inhibition of apoptosis
[10,11]. Recent evidence shows the role of Notchl as a bio-

ABBREVIATIONS: ChIP, chromatin immunoprecipitation; EMSA,
electrophoretic mobility shift assay; NICD, Notchl intracellular
domain; siRNA, small interfering RNA; TUNEL, terminal deoxy-
nucleotidyl transferase dUTP nick end labeling; RT-PCR, reverse
transcription polymerase chain reaction.
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marker in triple-negative breast cancer [12]. Moreover, the
abrogation of aberrant Notchl signaling was demonstrated
to lead to apoptosis of breast cancer cells [13]. Therefore,
targeting Notchl provides a potential novel strategy for
therapeutic intervention in breast cancer.

TP53 is a key tumor suppressor gene encoding the p53
transcription factor that is activated in response to a varie-
ty of cellular insults such as DNA damage, hypoxia, and
oncogene activation [14-16]. Activated wild-type p53 regu-
lates the transcription of target genes after binding to a
p53 DNA-binding consensus sequence and exerting an-
ti-proliferative functions by inducing DNA repair, cell
growth arrest, and apoptosis in damaged cells [17-19]. TP53
is mutated in >50% of human cancers, and mutant p53
proteins not only lose tumor-suppressive roles of wild-type
p53 and possess dominant-negative activities, but also ac-
quire new oncogenic gain-of-function activities [20]. So far,
several genes have been reported to be associated with the
gain-of-function properties of mutant p53, contributing to
the development and progression of tumorigenesis [21,22].
For example, ID2, ATF3, MST1, and Bcl-xLL are down-
regulated by mutant p53, whereas MDR-1, c-Myc, TERT,
VEGFA, and NF-« B are upregulated by mutant p53.
Although many targets of mutant p53 have been dis-
covered, more are believed to exist within mutant p53 sig-
naling pathway. Recently, wild-type p53 was demonstrated
to affect Notchl expression [23-26]. However, little has
been reported regarding the effect of mutant p53 on Notchl
expression in breast cancer cells.

Interestingly, we have found one p53-binding site on hu-
man Notchl gene promoter. Therefore, the purpose of this
study was to investigate whether Notchl is a downstream
target gene of mutant p53 in human breast cancer cell line
MDA-MB-231, which harbors a p53 missense mutation
(expressing p53-R280K), (35, 40), and to characterize the
role of curcumin as an inhibitor of mutant p53-Notch1 axis
in MDA-MB-231 cells.

METHODS
Materials

Curcumin and mouse IgG were purchased from Sigma
(St Louis, MO). Mouse monoclonal anti-p53 and anti- £ -ac-
tin antibodies were obtained from Calbiochem (San Diego,
CA) and Abcam (Cambridge, MA), respectively. Rabbit pol-
yclonal anti-cleaved Caspase-3 and anti-cleaved Notchl
(c-Notch1) antibodies were purchased from Cell signaling
Technology (Beverly, MA) and Milipore (Billerica, MA),
respectively. Rabbit polyclonal anti-total Notchl (t-Notchl),
anti-PARP, anti-Bcl-2 and mouse monoclonal anti-Cas-
pase-3 and c-Myc antibodies were acquired from Santa
Cruz Biotechnology (Santa Cruz, CA). Horseradish perox-
idase-conjugated goat anti-rabbit IgG and goat anti-mouse
IgG were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit anti-Heslantibody (Chemicon, AB5702)
was obtained from Chemicon (Temecula, CA).

Cell culture

MDA-MB-231 cells were obtained from the American
Type Culture Collection (Manassas, VA) and cultured in
Dulbecco’s modified eagle’s medium (DMEM: GIBCO BRL,
Grand Island, NY) containing 10% heat-inactivated fetal

bovine serum (FBS: GIBCO BRL, Grand Island, NY) and
1% antibiotics. Cells were maintained in a humidified 5%
CO: atmosphere at 37°C.

Reverse transcription polymerase chain reaction (RT-
PCR)

Total RNAs were isolated from MDA-MB-231 cells with
TRIzol reagent kit (Invitrogen, Carlsbad, CA). cDNA syn-
thesis was performed using 2 «g of total RNA with a re-
verse transcription kit (Promega, Madison, WI). The oligo-
nucleotide primers for PCR were designed as follows: 5 -ac-
tin, 5-GACTACCTCATGAAGATC-3" and 5-GATCCACAT-
CTGCTGG AA-3’; p53, 5-GGCCCACTTCACCGTACTAA-3
and 5-GTGGTTTCAAGGCCAGATGT-3’; Notchl, 5-GCAA-
CAGCTCCTTCCACTTC-3 and 5-GCCTCAGACACTTTGA-
AGCC-3’; Notch2, 5-CCCAATGGGCAAGAAGTCTA-3’ and
5-CACAATGTGGTGGTGGGATA-3’; Notch3, 5-TCTTGCT-
GCTGGTCA TTCTC-3 and 5-TGCCTCATCCTCTTCAGT-
TG-3’; Notch4, 5-TATTCTCATTGCCGGAGCCTCTCGGG-
AGTA-3 and 5-ACCCTCTCCTCCTTGGTTTATGGGCATT-
TC-3’; Hesl, 5-AGCACAGAAAGTCATCAAAGCC-3’ and 5'-
TTCATGCACTCGCTGA AGCC-3'.

Western blot analysis

Harvested cells were lysed in a lysis buffer (40 mM
Tris-Cl, 10 mM EDTA, 120 mM NaCl and 0.1% NP-40 with
protease inhibitor cocktail (Sigma, St Louis, MO). A con-
stant protein concentration (30 / g/lane) was used. The pro-
teins were separated by SDS/PAGE and transferred to a
nitrocellulose membrane (Amersham Pharmacia Biotech,
Piscataway, NdJ). The membrane was blocked with 5% skim
milk in phosphate buffered saline (PBS) containing 0.1%
Tween-20 for 1 h at room temperature and probed with ap-
propriate antibodies. The signal was developed using the
enhanced chemiluminescence (ECL) detection system
(Amersham Pharmacia Biotech, Piscataway, Nd). £ -actin
served as the loading control. Band intensities were quanti-
fied using MetaMorph software (Molecular Devices, Union
City, CA).

Construction of Notchl promoter-driven reporter vec-
tors and pCMV-p53 expression vectors

The human Notchl promoter regions -3288 to -3, 2368
to -3, -1275 to -3, and -486 to -3 (numbered relative to the
ATG) were amplified by PCR from genomic DNA isolated
from human microvascular endothelial cells with the fol-
lowing primer pairs: 5-GACGCGTGCAAGAGCCAAGATG-
AACTCCTGC-38 and 5-CAGATCTCTCCCCACCGGCTGC-
CCTCTG-3’ (3286 bp); 5-GACGCGTGACAAAGAGGAATG-
GGGAGC-3 and 5-CAGATCTCTCCCCACCGGCTGCCCT-
CTG-3’ (2366 bp); 5-GACGCGTTGCCATCGCACTCACCA-
CCCTGTG-3 and 5-CAGATCTCTCCCCACCGGCTGCCC-
TCTG-3’ (1273 bp); 5-GACGCGTAACGAGAAGTAGTCCC-
AGGC-3 and CAGATCTCTCCCCACCGGCTGCCCTCTG-
3’ (484 bp). The PCR amplified products were subcloned in-
to the pGEM-T easy vector (Promega, Madison, WI) and
checked by automatic DNA sequencing (Cosmo, Seoul,
Korea). The cloned sequences were released by restriction
digestion with Mlu I and Bgl II and subcloned into the
pGL3 basic vector (Promega, Madison, WI) at the same
sites. pPCMV-p53 expression vector, which harbors wild-type
p53, was purchased from Clontech Laboratories, Inc.
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Site-directed mutagenesis was performed to construct
pCMV-mutant p53, which contains mutant p53-R280K,
from pCMV-p53 by the QuickChange mutagenesis kit
(Stratagene, La. Jolla, CA) according to the manufacturer’s
instructions. The oligonucleotide primers used in site-di-
rected mutagenesis were designed as follows: p53-R280K,
5-TGTGCCTGTCCTGGGAAAGACCGGCGCACAGAG-3’
and 5-CTCTGTGCGCCGGTCTTTCCCAGGACAGGCACA-
3’. The sequences of the mutation construct were checked
by automatic DNA sequencing (Cosmo, Seoul, Korea).

Transient transfection and reporter gene analysis

For the luciferase assays, luciferase reporter plasmids
with pCMV- 3 -galactosidase were transfected into MDA-
MB-231 cells by using X-tremeGene HP DNA transfection
reagent (Roche Applied Science, Indianapolis, IN). Cell ly-
sates were then subjected to 5 -galactosidase enzyme assay
and were tested for luciferase activity by using an assay
kit (Promega, Madison, WI) and luminometer (Turner
Designs, Sunnyvale, CA).

Transient transfection of siRNA

We designed and synthesized double-stranded siRNA oli-
gonucleotides (Bioneer, Daejeon, Korea) against p53 (5-
GACUCCAGUGGUAAUCUACTT-3 and 5-GUAGAUUAC-
CACUGGAGUCTT-8) and Notchl (5-GAACGGGGCUAA-
CAAAGAUTT-3 and 5-AUCUUUGUUAGCCCCGUUCTT-
3’). A non-silencing fluorescein labeled siRNA (Bioneer,
Daejeon, Korea) was used as control for transfection effi-
ciency as well as for monitoring the effect of silencing dur-
ing all experiments. Transfection of MDA-MB-231 cells
with siRNA (200 nM) was performed using Oligofectamine
(Invitrogen, Carlsbad, CA) according to the recommenda-
tions of the manufacturer.

Nuclear protein extraction and electrophoretic mobility
shift assay (EMSA)

Nuclear extracts from MDA-MB-231 cells were prepared
and analyzed by EMSA as previously described [3]. Binding
reactions containing equal amounts of nuclear extracts (10
1 g) and biotin-labeled oligonucleotide probes were per-
formed for 20 min in binding buffer (10 mM Tris-HC1, 50
mM KCI, 1 mM DTT, 5 mM MgCl; and 0.05% NP-40) at
room temperature. The binding reactions were analyzed us-
ing 6% native PAGE. After blotting onto a nylon membrane,
labeled oligonucleotides were detected with the Light Shift
Chemiluminescent EMSA Kit following the instructions of
the manufacturer (Pierce, Rockford, IL). The oligonucleo-
tide sequences for EMSA were as follows: p53-binding site
on human Notchl promoter (Bioneer, Daejeon, Korea),
5-AGCCTCACTAGTGCCTCGGCCGCGGGAGGGAGCGC
AAGGGCGCGG-3 and 5-CCGCGCCCTTGCGCTCCCTCC-
CGCGGCCGAGGCACTAGT GAGGCT-3..

Chromatin immunoprecipitation assay (ChIP)

Chromatin immunoprecipitation analysis was performed
on MDA-MB-231 cells with the ChIP assay kit (Milipore,
Billerica, MA) following the manufacturer’s protocol. After
curcumin treatment, the cells were treated with 1% form-
aldehyde for 10 min followed by sonication. Immunoprecipi-
tation was performed with control IgG and anti-p53 anti-

bodies (2 1« g). The region containing a putative p53-binding
site on human Notchl promoter was amplified by PCR with
specific primers (273 bp): 5-GACTCTGAGCCTCACTAG-
TGCC-3 and 5-CTCCCCACCGGCTGCC CTCT-3.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

Apoptotic cells were confirmed with the DeadEndTM
Fluorometric TUNEL System (Promega, Madison, WI), in
accordance with the manufacturer’s instructions. Exponen-
tially growing cells were treated with curcumin for the in-
dicated times or transfected with the indicated siRNAs or
expression vectors. At 24 h after transfection, cells were
treated with curcumin for the indicated times, fixed in 4%
paraformaldehyde for 25 min at 4°C, and then permiabi-
lized with 0.2% Triton X-100 for 5 min at room tem-
perature. Free 3’ ends of fragmented DNA were enzymati-
cally labeled with the TdT-mediated dUTP nick end label-
ing (TUNEL) reaction mixture for 60 min at 37°C in a hu-
midified chamber. Labeled DNA fragments were monitored
by fluorescence microscopy (Nikon, Instech Co., Ltd., Kana-
gawa, Japan).

Statistical analysis

Data are the meantstandard deviation (S.D.) obtained for
at least 3 independent experiments. Statistical comparisons
between groups were performed by the one-way analysis
of variance followed by the Student t-test.

RESULTS

Notchl promoter contains a pb53-binding site that
functions as a curcumin-response element

To investigate whether Notchl expression is affected by
curcumin, the cells were treated with different concen-
trations of curcumin for 24 h, and Notch gene expression
was measured by RT-PCR. Treatment of MDA-MB-231 cells
with curcumin caused a significant reduction in Notchl
mRNA level and a slight reduction in Notch4 mRNA level,
whereas the levels of Notch2 and Notch3 mRNA remained
unchanged (Fig. 1A). In addition, curcumin significantly de-
creased the levels of total Notchl protein (t-Notch) and
cleaved Notch protein (c-Notch) in MDA-MB-231 cells in a
dose- and time-dependent manner compared with the re-
sults obtained in the untreated control (Fig. 1B). We sub-
sequently examined the expression pattern of Hesl, one of
the well-known Notchl target genes and found the level
of Hes1 protein was reduced by curcumin (Fig. 1B). We next
constructed a human Notchl promoter-driven luciferase re-
porter plasmid, p(3286)luc (Supplementary Fig. 1A) and
performed a reporter assay. The luciferase activity of
p(38286)luc was significantly decreased by curcumin in a
dose-dependent manner (Supplementary Fig. 1B). The
pGL3 control vector without the Notchl promoter sequence
was unaffected by curcumin (Supplementary Fig. 1B), thus
indicating that the cloned promoter region is sufficient for
responding to curcumin. We next constructed luciferase re-
porter vectors named p(2366)luc, p(1273)luc, and p(484)luc,
respectively (Fig. 1C). The reporter activities of the 3 con-
structs were repressed by curcumin (Fig. 1C), suggesting
that the curcumin response element(s) might be located
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Fig. 1. Localization and identification of a 53-binding site in human
Notchl promoter. MDA-MB-231 cells were treated with different
concentrations of curcumin (0~20 #M) for 24 h. (A) The mRNA
levels of human Notchl, Notch2, Notch3, Notch4, and 5 -actin were
detected by RT-PCR analysis. (B) The protein levels of Notchl,
c-Notch1l, Hesl, and /#-actin were confirmed by Western blot
analysis using the specific antibodies. (C) A schematic representa-
tion showing the deletion constructs of the human Notchl promoter.
(D) MDA-MB-231 cells were transfected with the indicated luci-
ferase reporter vectors and subsequently treated with curcumin (20
#M) for 24 h. Cell extracts were prepared and analyzed for
luciferase activity. **p<0.001 vs control, n=3. (E) The p53-binding
activity in nuclear extracts was measured by EMSA. MDA-MB-231
cells were incubated with curcumin (20 ~M) for 24 h. Nuclear
extracts from MDA-MB-231 cells were incubated with biotin-
labeled P(p53) oligonucleotide as a Notchl promoter-specific p53
probe. In competition assay, 20x and 50x excess unlabeled probe
were added to the reaction mixture. ns: nonspecific band. (F)
MDA-MB-231 cells were treated with or without curcumin (20 M)
for 24 h. ChIP analysis was performed with control IgG or anti-p53
antibodies. IP, immunoprecipitation.

within the 484 bp fragment of the Notchl promoter. We
analyzed the sequence of the cloned 484 bp Notchl pro-
moter region and found one putative p53-binding site span-
ning from -264 to -228 bp relative to the translation ini-
tiation site in the human Notchl promoter (Supplementary
Fig. 1A). To examine whether p53 can directly bind to the
putative p53-binding site in the Notchl promoter, we per-
formed EMSA by using a biotin-labeled oligonucleotide
probe spanning the p53-binding sequence in the Notchl
promoter. As shown in Fig. 1E, a clear and strong pro-
tein-probe complex was observed in the nuclear extracts
from MDA-MB-231 cells not treated with curcumin (lanes
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Fig. 2. Effects of p53 silencing on Notchl expression. MDA-MB-231
cells were transfected with control siRNA or with p53 siRNA for
48 h. (A) The mRNA levels of human p53, Notch1, Notch2, Notch3,
Notch4, Hesl, and £-actin were detected by RT-PCR analysis;
representative RT-PCR. (B) The protein levels of human p53, total
Notch1l (t-Notch1), cleaved Notchl (c-Notchl), Hesl, and A -actin
were detected by Western blot analysis; representative Western blot.
(C) MDA-MB-231 cells were cotransfected with p(484)luc vector
together with the indicated siRNAs, followed 48 h later by luciferase
activity assay. *p<0.01 vs control siRNA, n=3. (D) MDA-MB-231
cells were cotransfected with p(484)luc together with a mammalian
expression vector encoding wild-type p53 (p53WT) or mutant p53
(p53 Mut), or with control vector (pCMV-neo). After 48 h of
transfection, cell extracts were prepared and analyzed for luciferase
activity. **p<0.001; *p<0.01 vs control vector, n=3.

2 and 5), whereas this complex was disrupted by curcumin
treatment (lane 3). Specificity of the binding was validated
by competition with an excess of unlabeled probe (lanes 6
and 7). We next investigated whether p53 binds to the
Notch1 promoter in vivo by using ChIP assay with specific
antibodies against p53 on the chromatin fragments from
MDA-MB-231 cells (Fig. 1F). ChIP results showed that the
association between p53 and the p53-binding site on the
endogenous Notchl promoter was detected in untreated
cells. However, this binding was decreased in response to
curcumin treatment (Fig. 1F).

Notchl expression is downregulated by p53 silencing

To examine the role of mutant p53 in Notch gene ex-
pression, we used siRNA targeting p53 to knockdown p53
expression. Both RT-PCR and western blot analyses showed
reductions in p53 mRNA (Fig. 2A and Supplementary Fig.
2A) and protein (Fig. 2B) levels, respectively, in p53 siRNA-
transfected cells. Among the 4 Notch genes, only Notchl
was downregulated by p53 knockdown at both mRNA (Fig.
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2A and Supplementary Fig. 2A) and protein levels (Fig. 2B
and Supplementary Fig. 2B). The cells transfected with p53
siRNA had lower levels of Hesl mRNA and protein than
the control siRNA-transfected cells (Fig. 2A and B). To con-
firm the involvement of p53 in regulation of Notchl gene
expression, we analyzed the activity of the Notch1l promoter
with p53 silencing or overexpression. In MDA-MB-231 cells
cotransfected with p(484)luc and p53 siRNA, the luciferase
activity decreased by ~40% compared with that in control
cells (Fig. 2C). In addition, while the overexpression of
wild-type p53 had a suppressive effect on Notchl promoter
activity, overexpression of mutant p53 induced the activa-
tion of Notchl promoter (Fig. 2D).

Curcumin-induced apoptosis is modulated by the p53-
Notchl axis

To investigate whether the p53-Notch1 axis plays a role
in curcumin-induced cell apoptosis, we knocked down mu-
tant p53 and Notchl in MDA-MB-231 cells by siRNAs.
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Fig. 3. Effects of down-regulation of mutant p53-Notchl axis on
curcumin-induced apoptosis. MDA-MB-231 cells were transfected
with control siRNA or Notchl siRNA. After 24 h of transfection,
cells were treated with curcumin (20 £~M) and incubated for 24
h. (A) Apoptosis was detected by TUNEL assay. DAPI stains nuclear
DNA. Scale bar: 50 «m. (B) Values are expressed as the percentage
of TUNEL-positive cells divided by total DAPI-positive cells
counted. **p<0.001 vs control siRNA without curcumin, #p<0.001
vs control siRNA with curcumin, n=3.

Downregulation of p53 or Notchl was confirmed at both
mRNA and protein levels (Fig. 2A and B, and Supplemen-
tary Fig. 3). Then, the cells were treated with 20 1M curcu-
min for 48 h. As shown in Fig. 3, Notch1 siRNA- transfected
MDA-MB-231 cells were more sensitive to spontaneous and
curcumin-induced apoptosis than that of control cells,
which was similar to p53 silencing. Next, we examined
whether active Notchl levels can block curcumin-induced
apoptosis. There was a significant reduction in TUNEL-pos-
itive nuclear staining intensity among curcumin/Notch1 in-
tracellular domain (NICD)-overexpressing cells compared
with those treated with curcumin alone (Fig. 4A). Moreover,
the number of TUNEL-positive apoptotic cells was reduced
upon myc-tagged NICD overexpression compared with that
of curcumin treatment (Fig. 4B). In addition, consistent
with this observation, we observed a reduction in the levels
of cleaved PARP and Caspase-3, and an increase in Bcl-2
level in accordance with the overexpressed level of exoge-
nous NICD proteins (Fig. 4C).

DISCUSSION

Recent studies have demonstrated that wild-type p53 is
involved in Notchl gene induction in normal human epi-
thelial cells, including keratinocytes [20,21]. In addition,
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Fig. 4. Effects of overexpression of active Notchl on curcumin-
induced apoptosis. MDA-MB-231 cells were transfected with an
empty vector control or a mammalian expression vector encoding
Myec-tagged NICD. After 24 h of transfection, cells were treated with
curcumin (20 M) and incubated for 48 h. (A) Apoptosis was
detected by the TUNEL assay. DAPI stains nuclear DNA. Scale bar:
50 pm. (B) Values are expressed as the percentage of TUNEL-
positive cells divided by total DAPI-positive cells counted. *p<0.01;
#¥p<0.001 vs control without curcumin, *p<0.01; #p< 0.001 vs
control with curcumin n=3. (C) Western blot analysis of Myc, NICD,
PARP, Caspase-3, and Bcl-2 protein levels in NICD-transfected cells
in the presence or absence of curcumin (20 «M).
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the ectopic expression or restoration of wild-type p53 func-
tion in human cancer cell lines, which are deficient in p53
function or express wild-type p53, upregulates the ex-
pression of Notchl [22]. On the other hand, p53 has been
reported to downregulate Notchl expression in mouse thy-
moma cells and human mesothelial cells [23,24]. Thus,
these results suggest a cell type-specific mechanism of
wild-type p53 control of Notchl gene expression. However,
very little is known with regard to a relationship between
mutant p53 and Notchl. In this study, we demonstrated
that Notchl is a direct target of mutant p53 (R280K) in
MDA-MB-231 cells. Overexpression of mutant p53 in-
creased Notchl promoter activity, whereas the knockdown
of mutant p53 level by siRNA led to reduced expression
of Notchl and its target gene Hesl. In addition, mutant
p53 bound to p53-response element in the Notch promoter
in vitro and in vivo, indicating that mutant p53 is positively
involved in the regulation of Notchl gene expression in
MDA-MB-231 cells.

Previous studies have identified MAP2K3, ID4, and che-
mokines CXCL5, CXCLS8, and CXCL12 as transcriptional
targets of endogenous gain-of-function p53 mutants, includ-
ing R175H, R273H, and R280K, which are frequently de-
tected in human breast cancers [27-29]. At present, we do
not know whether other mutant p53 proteins such as
R273H and R175H have the ability to induce Notchl gene
expression. Thus, further studies are needed to investigate
the effects of other mutant p53 proteins on Notchl gene
expression in breast cancer cells.

Our data showed in this study that Notchl expression
was negatively regulated by ectopic wild-type p53 over-
expression in MDA-MB-231 cells. This is in disagreement
with previous reports showing the role of wild-type p53 as
a positive regulator of Notchl gene expression in MCF7 hu-
man breast cancer cells [22]. In the context of a mutant
p53 (R280K)-expressing MDA-MB-231 cells, ectopic ex-
pression of wild-type p53 is unlikely to be sufficient to drive
Notchl transcription. Considering that mutant p53 ac-
quires dominant-negative activity via its hetero-oligomeri-
zation with wild-type p53 [17-19], our data can be explained
by the possibility that exogenous wild-type p53 proteins
may bind to endogenous mutant p53, but forms nonfunc-
tional oligomers that are unable to induce Notchl gene ex-
pression, although the Notchl gene is likely to be a common
target of wild-type p53 and mutant p53 (R280K).

Some of endogenous p53 mutants have additional proper-
ties (gain-of-function), contributing to drug resistance and
a higher rate of tumor growth and metastasis [18,19,30].
Among these p53 mutations, p53 mutant R280K is highly
expressed in triple-negative breast cancer cell line, MDA-
MB-231 cells [25,26]. Because patients with triple-negative
breast cancers (negative for estrogen receptor, progesterone
receptor, and HER2 expression: TNBC) typically have a
poor prognosis [31], there is an increasing need for novel
therapeutic approach that target TNBC. Our previous
study showed that curcumin induced the apoptosis of
MDA-MB-231 human breast carcinoma cells. It has been
reported that mutant p53 mediates the survival of breast
cancer cells [32] and that the downregulation of Notchl ex-
pression regulates cell death through apoptosis [33].
Therefore, it is likely that mutant p53-Notchl axis may
have a close relationship with curcumin-induced apoptosis
in MDA-MB-231 cells. Supporting this idea, in this study,
we found that the knockdown of endogenous mutant p53
mutant (R280K) or Notchl by siRNA induced apoptosis of

MDA-MB-231 cells, which effects were further enhanced
when combined with curcumin, whereas the ectopic ex-
pression of active Notchl can rescue the survival defect in-
duced by curcumin, suggesting that curcumin-induced
apoptosis in MDA-MB-231 cells could be a consequence of
a suppression of mutant p53-Notchl axis. Thus, the target-
ing of mutant p53 and/or Notchl may be combined with
a chemotherapeutic strategy to improve the response of
breast cancer cells to therapeutic agents such as curcumin.

We report, for the first time, that Notchl suppression by
curcumin is due to, at least in part, a reduction in the mu-
tant p53 level, which may contribute to the curcumin-in-
duced apoptotic response in vitro. Further in vivo studies
will be needed to determine whether the combination of p53
or Notchl siRNA and curcumin can be a possible ther-
apeutic approach for better management of human breast
cancer.

SUPPLEMENTARY MATERIALS

Supplementary data including one figure can be found
with this article online at http:/pdf.medrang.co.kr/paper/
pdf/Kjpp/Kjpp017-04-06-s001.pdf.

ACKNOWLEDGEMENTS

The authors are grateful to Dr. Raphael Kopan (Washing-
ton University School of Medicine) for providing the human
activated Notchl (NICD) expression vector. This work was
supported by a 2-Year Research Grant of Pusan National
University (to S.-K. Bae).

REFERENCES

1. Menon VP, Sudheer AR. Antioxidant and anti-inflammatory
properties of curcumin. Adv Exp Med Biol. 2007;595:105-125.

2. Kunnumakkara AB, Anand P, Aggarwal BB. Curcumin inhibits
proliferation, invasion, angiogenesis and metastasis of different
cancers through interaction with multiple cell signaling pro-
teins. Cancer Lett. 2008;269:199-225.

3. Kim SR, Park HJ, Bae YH, Ahn SC, Wee HdJ, Yun I, Jang HO,
Bae MK, Bae SK. Curcumin down-regulates visfatin expression
and inhibits breast cancer cell invasion. Endocrinology. 2012;
153:554-563.

4. Zhou H, Beevers CS, Huang S. The targets of curcumin. Curr
Drug Targets. 2011;12:332-347.

5. Wang Z, Zhang Y, Banerjee S, Li Y, Sarkar FH. Notch-1
down-regulation by curcumin is associated with the inhibition
of cell growth and the induction of apoptosis in pancreatic
cancer cells. Cancer. 2006;106:2503-2513.

6. Chen Y, Shu W, Chen W, Wu Q, Liu H, Cui G. Curcumin, both
histone deacetylase and p300/CBP-specific inhibitor, represses
the activity of nuclear factor kappa B and Notch 1 in Raji cells.
Basic Clin Pharmacol Toxicol. 2007;101:427-433.

7. Liao S, Xia J, Chen Z, Zhang S, Ahmad A, Miele L, Sarkar
FH, Wang Z. Inhibitory effect of curcumin on oral carcinoma
CAL-27 cells via suppression of Notch-1 and NF-kB signaling
pathways. J Cell Biochem. 2011;112:1055-1065.

8. Li Y, Zhang J, Ma D, Zhang L, Si M, Yin H, Li J. Curcumin
inhibits proliferation and invasion of osteosarcoma cells
through inactivation of Notch-1 signaling. FEBS J. 2012;279:
2247-2259.

9. Penton AL, Leonard LD, Spinner NB. Notch signaling in
human development and disease. Semin Cell Dev Biol. 2012;
23:450-457.


http://pdf.medrang.co.kr/paper/pdf/Kjpp/Kjpp017-04-06-s001.pdf

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

The Role of Mutant p53-Notchl Axis in Curcumin-Induced Apoptosis

Lobry C, Oh P, Aifantis I. Oncogenic and tumor suppressor
functions of Notch in cancer: it's NOTCH what you think. JJ
Exp Med. 2011;208:1931-1935.

Fassl A, Tagscherer KE, Richter J, Berriel Diaz M, Alcantara
Llaguno SR, Campos B, Kopitz J, Herold-Mende C, Herzig S,
Schmidt MH, Parada LF, Wiestler OD, Roth W. Notchl
signaling promotes survival of glioblastoma cells via EGFR-
mediated induction of anti-apoptotic Mcl-1. Oncogene. 2012;31:
4698-4708.

Simmons MdJ, Serra R, Hermance N, Kelliher MA. NOTCH1
inhibition in vivo results in mammary tumor regression and
reduced mammary tumorsphere-forming activity in vitro. Brea-
st Cancer Res. 2012;14:R126. [Epub ahead of print]

Speiser J, Foreman K, Drinka E, Godellas C, Perez C, Salhadar
A, Ersahin C, Rajan P. Notch-1 and Notch-4 biomarker expre-
ssion in triple-negative breast cancer. Int J Surg Pathol. 2012;
20:139-145.

Selivanova G. p53: fighting cancer. Curr Cancer Drug Targets.
2004;4:385-402.

Horn HF, Vousden KH. Coping with stress: multiple ways to
activate p53. Oncogene. 2007;26:1306-1316.

Molchadsky A, Rivlin N, Brosh R, Rotter V, Sarig R. p53 is
balancing development, differentiation and de-differentiation to
assure cancer prevention. Carcinogenesis. 2010;31:1501-1508.
Wijnhoven SW, Speksnijder EN, Liu X, Zwart E, vanOostrom
CT, Beems RB, Hoogervorst EM, Schaap MM, Attardi LD,
Jacks T, van Steeg H, Jonkers J, de Vries A. Dominant-
negative but not gain-of-function effects of a p53.R270H
mutation in mouse epithelium tissue after DNA damage.
Cancer Res. 2007;67:4648-4656.

Brosh R, Rotter V. When mutants gain new powers: news from
the mutant p53 field. Nat Rev Cancer. 2009;9:701-713.
Walerych D, Napoli M, Collavin L, Del Sal G. The rebel angel:
mutant p53 as the driving oncogene in breast cancer. Carcino-
genesis. 2012;33:2007-2017.

Yugawa T, Handa K, Narisawa-Saito M, Ohno S, Fujita M,
Kiyono T. Regulation of Notchl gene expression by p53 in
epithelial cells. Mol Cell Biol. 2007;27:3732-3742.

Lefort K, Mandinova A, Ostano P, Kolev V, Calpini V,
Kolfschoten I, Devgan V, Lieb J, Raffoul W, Hohl D, Neel V,
Garlick J, Chiorino G, Dotto GP. Notch1 is a p53 target gene
involved in human keratinocyte tumor suppression through
negative regulation of ROCK1/2 and MRCKalpha kinases.
Genes Dev. 2007;21:562-577.

Alimirah F, Panchanathan R, Davis FdJ, Chen J, Choubey D.
Restoration of p53 expression in human cancer cell lines
upregulates the expression of Notchl: implications for cancer
cell fate determination after genotoxic stress. Neoplasia. 2007;

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

297

9:427-434.

Laws AM, Osborne BA. p53 regulates thymic Notchl activation.
Eur J Immunol. 2004;34:726-734.

Bocchetta M, Miele L, Pass HI, Carbone M. Notch-1 induction,
a novel activity of SV40 required for growth of SV40-trans-
formed human mesothelial cells. Oncogene. 2003;22:81-89.
Mehta SA, Christopherson KW, Bhat-Nakshatri P, Goulet RJ
Jr, Broxmeyer HE, Kopelovich L, Nakshatri H. Negative
regulation of chemokine receptor CXCR4 by tumor suppressor
p53 in breast cancer cells: implications of p53 mutation or
isoform expression on breast cancer cell invasion. Oncogene.
2007;26:3329-3337.

Bartek J, Iggo R, Gannon J, Lane DP. Genetic and immuno-
chemical analysis of mutant p53 in human breast cancer cell
lines. Oncogene. 1990;5:893-899.

Gurtner A, Starace G, Norelli G, Piaggio G, Sacchi A, Bossi
G. Mutant p53-induced up-regulation of mitogen-activated
protein kinase kinase 3 contributes to gain of function. J Biol
Chem. 2010;285:14160-14169.

Fontemaggi G, Dell'Orso S, Trisciuoglio D, Shay T, Melucci E,
Fazi F, Terrenato I, Mottolese M, Muti P, Domany E, Del
Bufalo D, Strano S, Blandino G. The execution of the
transcriptional axis mutant p53, E2F1 and ID4 promotes tumor
neo-angiogenesis. Nat Struct Mol Biol. 2009;16:1086-1093.
Yeudall WA, Vaughan CA, Miyazaki H, Ramamoorthy M, Choi
MY, Chapman CG, Wang H, Black E, Bulysheva AA, Deb SP,
Windle B, Deb S. Gain-of-function mutant p53 upregulates
CXC chemokines and enhances cell migration. Carcinogenesis.
2012;33:442-451.

Petitjean A, Achatz MI, Borresen-Dale AL, Hainaut P, Olivier
M. TP53 mutations in human cancers: functional selection and
impact on cancer prognosis and outcomes. Oncogene. 2007;26:
2157-2165.

Lara-Medina F, Pérez-Sanchez V, Saavedra-Pérez D, Blake-
Cerda M, Arce C, Motola-Kuba D, Villarreal-Garza C,
Gonzalez-Angulo AM, Bargall6 E, Aguilar JL, Mohar A, Arrieta
O. Triple-negative breast cancer in Hispanic patients: high
prevalence, poor prognosis, and association with menopausal
status, body mass index, and parity. Cancer. 2011;117:3658-
3669.

Lim LY, Vidnovic N, Ellisen LW, Leong CO. Mutant p53
mediates survival of breast cancer cells. Br J Cancer. 2009;
101:1606-1612.

Zang S, Chen F, Dai J, Guo D, Tse W, Qu X, Ma D, Ji C.
RNAi-mediated knockdown of Notch-1 leads to cell growth
inhibition and enhanced chemosensitivity in human breast
cancer. Oncol Rep. 2010;23:893-899.



