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Abstract

The PI3K/Akt and mTOR signaling pathways are important for cell survival and growth, and they are highly activated in
cancer cells compared with normal cells. Therefore, these signaling pathways are targets for inducing cancer cell death. The
dual PI3K/Akt and mTOR inhibitor NVP-BEZ235 completely inhibited both signaling pathways. However, NVP-BEZ235 had
no effect on cell death in human renal carcinoma Caki cells. We tested whether combined treatment with natural
compounds and NVP-BEZ235 could induce cell death. Among several chemopreventive agents, curcumin, a natural
biologically active compound that is extracted from the rhizomes of Curcuma species, markedly induced apoptosis in NVP-
BEZ235-treated cells. Co-treatment with curcumin and NVP-BEZ235 led to the down-regulation of Mcl-1 protein expression
but not mRNA expression. Ectopic expression of Mcl-1 completely inhibited curcumin plus NVP-NEZ235-induced apoptosis.
Furthermore, the down-regulation of Bcl-2 was involved in curcumin plus NVP-BEZ235-induced apoptosis. Curcumin or
NVP-BEZ235 alone did not change Bcl-2 mRNA or protein expression, but co-treatment reduced Bcl-2 mRNA and protein
expression. Combined treatment with NVP-BEZ235 and curcumin reduced Bcl-2 expression in wild-type p53 HCT116 human
colon carcinoma cells but not p53-null HCT116 cells. Moreover, Bcl-2 expression was completely reversed by treatment with
pifithrin-a, a p53-specific inhibitor. Ectopic expression of Bcl-2 also inhibited apoptosis in NVP-BE235 plus curcumin-treated
cells. In contrast, NVP-BEZ235 combined with curcumin did not have a synergistic effect on normal human skin fibroblasts
and normal human mesangial cells. Taken together, combined treatment with NVP-BEZ235 and curcumin induces apoptosis
through p53-dependent Bcl-2 mRNA down-regulation at the transcriptional level and Mcl-1 protein down-regulation at the
post-transcriptional level.
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Introduction

The phosphoinositide 3-kinase (PI3K)/Akt and mammalian

target of rapamycin (mTOR) signaling pathway is important for

many cellular functions such as cell proliferation, growth control,

metabolism, and cell survival. In cancer, PI3K-Akt-mTOR is

activated via multiple mechanisms, including phosphatase and

tensin homolog (PTEN) mutation (PI3K-Akt signaling negative

regulator) [1,2], Akt overexpression [3,4], and the activation of

upstream signaling pathways (receptor tyrosine kinase and Ras)

[5,6] that are associated with cancer cell proliferation, tumor

growth, metastasis, and cell survival [7–10].

mTOR is composed of two functionally different multiprotein

complexes, TORC1 and TORC2. TORC1 is composed of

mTOR, mammalian LST8 (mLST8), proline-rich Akt substrate

40 (PRAS40), and raptor (regulatory-associated protein of

mTOR), while TORC2 contains mTOR, mLST8 (GbL), mSIN1,

PRR5 (protor), and rictor (rapamycin-insensitive companion of

TOR) [11–14]. TORC1 is rapamycin-sensitive; thus, rapamycin

induces the de-phosphorylation of TORC1 substrates [eukaryotic

initiation factor 4E-binding protein 1 (4E-BP) and S6 kinase 1

(S6K1)] [15]. In contrast, TORC2 is known as a rapamycin-

insensitive complex, and it modulates Akt phosphorylation at

serine 472 [15]. TORC1 inhibitors, such as temsirolimus and

everolimus, are used to treat patients with renal cell carcinoma,

but only a small population of patients have good responses to

these drugs [16,17]. Furthermore, only TORC1 inhibition can

activate TORC2 signaling, resulting in the activation of Akt [18].
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Therefore, inhibition of TORC1/2 could improve therapeutic

efficiency.

Since PI3K/Akt/mTOR signaling is hyperactivated in renal

cell carcinoma (RCC), inhibition of PI3K/Akt/mTOR pathway is

one of target for cancer treatment [19–21]. Although inhibitors of

PI3K/Akt have anti-cancer effect in pre-clinical studies [19],

however, the clinical use of inhibitors (LY294002 and wortman-

nin) is limited due to several problems. For examples, both

inhibitors did not have specificity against PI3K family members,

low solubility and aqueous instability [22,23]. mTORC1 inhibitors

(temsirolimus and everolimus) have approved for the treatment of

patient with RCC. However, many patients have acquired drug

resistance during treatment, due to feedback activation of PI3K/

Akt [24]. Therefore dual PI3K/Akt/mTOR inhibitor is more

effective to treatment against RCC.

NVP-BEZ235 is a PI3K/Akt and mTOR inhibitor. NVP-

BEZ235 inhibits class 1 PI3K activity via binding to its ATP-

binding domain, and it also obstructs TORC1 and TORC2

activity via binding to their ATP-binding domain [25]. NVP-

BEZ235 has a cytotoxic effect on T-cell acute lymphoblastic

leukemia [26] and Waldenstrom macroglobulinemia [27], and it

has a growth inhibitory effect in hepatocellular carcinoma cells

[28] and ovarian cancer cells [28]. In RCC, NVP-BEZ235 also

has anti-cancer effects. NVP-BEZ235 reduced viability and cell

proliferation [21,29,30]. Although NVP-BEZ235 is a more

effective strategy to enhance cancer treatment than the

inhibition of only TORC1 or PI3K/Akt, the effect of NVP-

BEZ235 on apoptosis in renal carcinoma cells is not well

characterized. Furthermore, since NVP-BEZ235 is reversible

inhibitor, inhibition effect of PI3K/Akt/mTOR is transient

[25]. Therefore, to overcome the drug resistance and improve

clinical effects, evaluation of novel therapeutic strategy that

have maintain anti-cancer effect and less toxicity for normal cell

are important.

Curcumin, which is a polyphenolic phytochemical extracted

from the rhizomes of the Curcuma longa plant, has multiple

functions including anti-tumor, anti-inflammatory, and im-

mune modulatory effects [31–33]. In particular, curcumin

induces cell death in several types of cancer cells. For example,

in our previous study, curcumin (.50 mM) induced apoptosis

through the production of reactive oxygen species (ROS), and

the down-regulation of Bcl-xL and inhibitor of apoptosis

protein (IAP) in Caki cells [34]. In addition, curcumin also

increased apoptosis in B-cell lymphoma [35], colon carcinoma

[36], gastric carcinoma [37], Ehrlich’s ascites carcinoma cells

[38], melanoma [39], and multiple myeloma [40]. Further-

more, curcumin has a synergistic effect with other anti-cancer

drugs. Our group and others reported that curcumin sensitized

tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL)-induced apoptosis [41–43], increased radio sensitivity

[44,45], and potentiated the anti-cancer effect of 5-fluorouracil

and gemcitabine [46,47].

We consider that the combination therapy of molecularly

targeted anticancer agents provide new approaches to improve

the effectiveness of therapy for cancer. Many researchers

investigate mechanisms and effects of combination therapy to

induce cell death in cancer cells. In this study, we investigated

whether natural compounds enhance NVP-BEZ235-induced

PI3K-Akt-mTOR signaling inhibition and cell death in human

renal carcinoma Caki cells, and the molecular mechanisms

underlying co-treatment with curcumin and NVP-BEZ235

were analyzed in human renal carcinoma Caki cells.

Materials and Methods

Cells and Materials
Caki, ACHN, A498, MDA-MB231 and U87MG cells were

purchased from the American Type Culture Collection (Manassas,

VA). The normal human skin fibroblasts (HSFs) cells were

purchased form Korea Cell Line Bank (Seoul, Korea). Primary

cultures of human mesangial cells (MCs) were purchased from

Clonetics (San Diego, CA). The cells were cultured in Dulbecco’s

modified Eagle’s medium that contained 10% fetal bovine serum,

20 mM HEPES buffer, and 100 mg/ml gentamicin. The PCR

primers were purchased from Microgen (Seoul, Korea). NVP-

BEZ235 was purchased from LC Laboratories (Woburn, MA).

Curcumin was purchased from Biomol (Biomol Research Labo-

ratories, Inc., PA). Kahweol was purchased from LKT Labs (St.

Paul, MN). Anti-pro-caspase 3, anti-cleaved caspase 3, anti-DR4,

anti-phospho S6K, anti-phospho-Akt, anti-PSMD/S5a, and anti-

PSMA5 antibodies were purchased from Cell Signaling Technol-

ogy (Beverly, MA). Anti-DR5, anti-Bcl2, anti-Bcl-xL, anti-Mcl-1,

anti-XIAP, anti-cIAP2, anti-cFLIP, anti-p53, and anti-PARP

antibodies were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). The anti-actin antibody was obtained from Sigma (St.

Louis, MO). Lactacystin was purchased from ENZO (Enzo

Biochem Inc., NY). Pifithrin-a was obtained from Millipore

(Bedford, MA). Triptolide was purchased from Alexis Biochemical

(San Diego, CA). z-VAD-fmk (a pan-caspase inhibitor) and

baicalein were obtained from Calbiochem (San Diego, CA), and

the other chemicals were purchased from Sigma (St. Louis, MO).

Western Blot Analysis
Cells were washed with cold PBS and lysed on ice in modified

RIPA buffer (50 mM Tris–HCl, pH 7.4, 1% NP-40, 0.25% Na-

deoxycholate, 150 mM NaCl, 1 mM Na3VO4, and 1 mM NaF)

containing protease inhibitors (100 mM phenylmethylsulfonyl

fluoride, 10 mg/ml leupeptin, 10 mg/ml pepstatin, and 2 mM

EDTA). Lysates were centrifuged at 13,0006g for 15 min at 4uC,

and the supernatant fractions were collected. Proteins were

separated by SDS-PAGE and transferred to an Immobilon-P

membrane. Specific proteins were detected using enhanced

chemiluminescence.

Flow Cytometry Analysis
Approximately 16106 cells were suspended in 100 ml PBS, and

200 ml 95% ethanol was added while vortexing. The cells were

incubated at 4uC for 1 h, washed with PBS, and resuspended in

250 ml 1.12% sodium citrate buffer (pH 8.4) together with 12.5 mg

RNase. Incubation was carried out at 37uC for 30 min. The

cellular DNA was then stained by applying 250 ml propidium

iodide (50 mg/ml) for 30 min at room temperature. The stained

cells were analyzed by fluorescence activated cell sorting (FACS)

on a FACScan flow cytometer (E5464, Becton Dickinson, USA)

for relative DNA content based on red fluorescence.

Cell Viability Assay
The cytotoxic effect was investigated using a commercially

available proliferation kit (WelCount Cell Viability Assay Kit,

WELGENE, Daegu, Korea). Briefly, the cells were plated in 96-

well culture plates at a density of 3,000 cells/well in phenol red

free medium and allowed to attach for overnight. After treatment

with NVP-BEZ235 and/or curcumin, 20 ml of XTT reaction

solution (2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazoli-

um-5-carboxanilide inner salt and phenazine methosulfate; mixed

in proportion 50:1) was added to the wells and measured by

spectrophotometry at 450 nm with a microplate reader.
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Determination of Synergy
The possible synergistic effect of NVP-BEZ235 and curcu-

min was evaluated using the isobologram method. In brief, the

cells were treated with different concentrations of NVP-

BEZ235 and curcumin alone or in combination. After 48 h,

relative survival was assessed and the concentration effect

curves were used to determine the IC50 (the half-maximal

inhibitory concentration) values for each drug alone and in

combination with a fixed concentration of the second agent

[48].

49,69-Diamidino-2-phenylindole staining for nuclear condensa-

tion and fragmentation.

To examine cellular nuclei, the cells were fixed with 1%

paraformaldehyde on glass slides for 30 min at room temperature.

After the fixation, the cells were washed with PBS and a 300 nM

49,69-diamidino-2-phenylindole solution (Roche, Mannheim, Ger-

many) was added to the fixed cells for 5 min. After the nuclei were

stained, the cells were examined by fluorescence microscopy.

DNA Fragmentation Assay
The cell death detection ELISA plus kit (Boerhringer

Mannheim; Indianapolis, IN) was used to determine the level

of apoptosis by detecting fragmented DNA within the nuclei of

NVP-BEZ235-treated cells, curcumin-treated cells, or cells

that had been treated with a combination of NVP-BEZ235 and

curcumin. Briefly, each culture plate was centrifuged for

10 min at 200 6 g, the supernatant was removed, and the cell

pellet was lysed for 30 min. Then, the plate was centrifuged

again at 200 6 g for 10 min, and the supernatant that

contained the cytoplasmic histone-associated DNA fragments

was collected and incubated with an immobilized anti-histone

antibody. The reaction products were incubated with a

peroxidase substrate for 5 min and measured by spectropho-

tometry at 405 and 490 nm (reference wavelength) with a

microplate reader. The signals in the wells containing the

substrate alone were considered as background and were

subtracted.

Asp-Glu-Val-Asp-ase (DEVDase) Activity Assay
To evaluate DEVDase activity, cell lysates of NVP-BEZ235-

treated cells, curcumin-treated cells, or cells that were treated with

a combination of NVP-BEZ235 and curcumin were prepared.

Assays were performed in 96-well microtiter plates by incubating

20 mg cell lysate in 100 ml reaction buffer (1% NP-40, 20 mM

Tris-HCl, pH 7.5, 137 mM NaCl, and 10% glycerol) containing a

caspase substrate [Asp-Glu-Val-Asp-chromophore-p-nitroanilide

(DVAD-pNA)] at 5 mM. Lysates were incubated at 37uC for 2 h,

and the absorbance at 405 nm was measured with a spectropho-

tometer.

Reverse Transcription Polymerase Chain Reaction (RT-
PCR)

Total RNA was isolated using TRIzol reagent (Life

Technologies; Gaithersburg, MD), and the cDNA was

prepared using M-MLV reverse transcriptase (Gibco-BRL;

Gaithersburg, MD) according to the manufacturer’s instruc-

tions. The following primers were used for the amplification of

human Bcl-2, Mcl-1, and actin: Bcl-2 (sense) 59- GGT GAA

CTG GGG GAG GAT TGT-39 and (antisense) 59- CTT CAG

AGA CAG CCA GGA GAA-39; Mcl-1 (sense) 59- GCG ACT

GGC AAA GCT TGG CCT CAA-39 and (antisense) 59- GTT

ACA GCT TGG ATC CCA ACT GCA-39; and actin (sense)

59- GGC ATC GTC ACC AAC TGG GAC -39 and (anti-

sense) 59- CGA TTT CCC GCT CGG CCG TGG -39. The

PCR amplification was carried out using the following cycling

conditions: 94uC for 3 min; followed by 17 (actin) or 23 cycles

(Bcl-2 and Mcl-1) of 94uC for 45 s, 58uC for 45 s, and 72uC for

1 min; and a final extension at 72uC for 10 min. The amplified

products were separated by electrophoresis on a 1.5% agarose

gel and detected under UV light.

Proteasome Activity Assay
Chymotryptic proteasome activities were measured with Suc-

LLVY-AMC (chymotryptic substrate, Biomol International,

Plymouth Meeting, PA). Lysate from NVP-BEZ235-treated cells

was prepared. A mixture containing 1 mg cell lysate protein in

100 mM Tris-HCl (pH 8.0), 10 mM MgCl2, and 2 mM ATP was

incubated at 37uC for 30 min with 50 mM Suc-LLVY-AMC.

Enzyme activity was measured with a fluorometric plate reader at

an excitation wavelength of 380 nm and an emission wavelength

of 440 nm.

Construction of Bcl-2 and Mcl-1 Stable Caki Cells
The Caki cells were stably transfected with pMAX-Bcl-2

(provided by Dr. Rakesh Srivastava, NIH/NIA),

pcDNA3.1 Mcl-1 plasmid, or control plasmid pcDNA 3.1 vector

using LipofectAMINE2000 as recommended by the manufacturer

(Invitrogen). After 48 h of incubation, transfected cells were

selected in cell culture medium containing 700 mg/ml G418

(Invitrogen). After 2 or 3 weeks, to eliminate the possibility of

clonal differences between the generated stable cell lines, the

pooled Caki/pcDNA 3.1 and Caki/Bcl-2, Caki/Mcl-1 clones were

tested for Bcl-2 and Mcl-1 expression by immunoblotting, and the

cells were used in this study.

DNA Transfection and Luciferase Assay
Transient transfection was performed in 6-well plates. One

day before the transfection, Caki cells were plated at

approximately 60 to 80% confluence. The Bcl-2/23254

promoter plasmid was transfected into the cells using

LipofectamineTM 2000 (Invitrogen; Carlsbad, CA). To assess

the promoter-driven expression of the luciferase gene, the cells

were collected and disrupted by sonication in lysis buffer

(25 mM Tris-phosphate, pH 7.8, 2 mM EDTA, 1% Triton X-

100, and 10% glycerol), and aliquots of the supernatant were

used to analyze the luciferase activity according to the

manufacturer’s instructions (Promega; Madison, WI).

Small Interfering RNA (siRNA)
The p53 siRNA duplexes used in this study were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA). Cells were

transfected with siRNA oligonucleotides using Oligofectamine

reagent (Invitrogen, Carlsbad, CA) according to the manufactur-

er’s recommendations.

Densitometry
The band intensities were scanned and quantified using the gel

analysis plugin for the open source software ImageJ 1.46 (Imaging

Processing and Analysis in Java; ttp://rsb.info.nih.gov/ij).

Statistical Analysis
The data were analyzed using a one-way ANOVA and post-hoc

comparisons (Student-Newman-Keuls) using the Statistical Pack-

age for Social Sciences 8.0 software (SPSS Inc.; Chicago, IL).
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Results

NVP-BEZ235 has No Effect on Apoptosis in Human Renal
Carcinoma Caki Cells

NVP-BEZ235 inhibits the activation of PI3K/Akt and mTOR

signaling, which is important for cell survival, and consequently

induces cell death in non-small lung cancer [49] and breast cancer

cells [50]. Therefore, we tested whether NVP-BEZ235 induces cell

death in renal carcinoma Caki cells. Although NVP-BEZ235

markedly inhibited Akt and S6K phosphorylation (Figure 1A),

NVP-BEZ235 had no effect on the sub-G1 population and

caspase-3-mediated PARP cleavage, which are markers of

apoptosis, in Caki cells (Figure 1B and C).

Synergistic Effect of Curcumin and NVP-BEZ235 on
Apoptosis

Because natural compounds have anti-cancer potential, we

investigated whether combined treatment with natural compounds

and NVP-BEZ235 could modulate cell death in Caki cells. As

shown in Figure 2A and Figure S3A, curcumin markedly

increased the sub-G1 population in NVP-BEZ235-treated cells,

but other compounds only had a minor effect on apoptosis. When

we treated Caki cells with NVP-BEZ235 and/or curcumin,

treatment with NVP-BEZ235 alone or curcumin alone did not

cause morphological changes, but NVP-BEZ235 plus curcumin

provoked cell shrinkage, membrane blebbing (Figure 2B, upper

panel), and chromatin damage in the nuclei (Figure 2B, lower

panel). DNA fragmentation was also increased by combined

treatment with NVP-BEZ235 and curcumin (Figure 2C). Next, we

determined whether apoptosis that is mediated by NVP-BEZ235

plus curcumin is dependent on caspase activation. Co-treatment

with NVP-BEZ235 and curcumin markedly increased caspase

activity and cleavage (Figure 2D–E). Moreover, z-VAD-fmk, a

pan-caspase inhibitor, completely blocked the sub-G1 population,

and PARP and caspase-3 cleavage in NVP-BEZ235 plus

curcumin-treated cells (Figure 2E and Figure S3B). Next, we

examined whether combined treatment with NVP-BEZ235 and

curcumin have synergistic effects. Treatment with NVP-BEZ235

(0.5,4 mM) alone had no effect on cell viability. However,

combined treatment with a fixed concentrations of NVP-BEZ235

and varied concentrations of curcumin or with a fixed concentra-

tions of curcumin and varied concentrations of NVP-BEZ235

markedly reduced cell viability (Figure 2F). The isobologram

analysis suggested that combined treatment with NVP-BEZ235

and curcumin have synergistic effects (Figure 2G). Therefore, these

data indicated that combined treatment with NVP-BEZ235 and

curcumin induces apoptosis in a caspase-dependent manner, and

have a synergistic effect in human renal Caki cells.

Combined treatment with NVP-BEZ235 and curcumin induces

down-regulation of Mcl-1 and Bcl-2 expression.

Figure 1. Effect of NVP-BEZ235 on apoptosis in human renal carcinoma Caki cells. Caki cells were treated with the indicated
concentrations of NVP-BEZ235 for 48 h. (A) Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed by western blotting
for phospho (p)-Akt and p-S6K as well as actin as a control for protein loading. (B and C) Caki cells were treated with 100 nM TNF-a and 20 mg/ml
cycloheximide for 48 h and used as a positive control (p.c.). The sub-G1 fraction was measured by flow cytometry (upper panel) as an indicator of the
level of apoptosis. Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed by western blotting for PARP and actin as a
control for protein loading (lower panel). The values in (B) represent the mean 6 SD from three independent samples. The data represent three
independent experiments.
doi:10.1371/journal.pone.0095588.g001
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Next, to identify the mechanism of NVP-BEZ235 plus

curcumin-mediated apoptosis, we examined the expression of

proteins that are associated with extrinsic (receptor-mediated) and

intrinsic (mitochondria-mediated) apoptosis signaling. The expres-

sion levels of death receptors [(DR)4 and DR5], inhibitor of

apoptosis protein (IAPs), and c-FLIP did not change in NVP-

BEZ235 plus curcumin-treated cells. However, combined treat-

ment with NVP-BEZ235 and curcumin, but not NVP-BEZ235 or

curcumin alone, markedly reduced Mcl-1 and Bcl-2 expression

(Figure 3A). The expression levels of Mcl-1 and Bcl-2 protein were

down-regulated within 30 h and 48 h in NVP-BEZ235 plus

curcumin-treated cells, respectively (Figure 3B). Furthermore,

NVP-BEZ235 plus curcumin inhibited Bcl-2 mRNA expression,

but Mcl-1 mRNA expression was unchanged (Figure 3B–C).

Therefore, these data suggested that combined treatment with

NVP-BEZ235 and curcumin modulates the expression of Mcl-1 at

the post-translational level and Bcl-2 at the transcriptional level.

Down-regulation of Mcl-1 is Involved in Combined
Treatment with NVP-BEZ235 and Curcumin-induced
Apoptosis

Because combined treatment with NVP-BEZ235 and curcumin

had no effect on Mcl-1 mRNA expression, we subsequently

examined the protein stability of Mcl-1. Caki cells were treated

with or without NVP-BEZ235 plus curcumin in the presence of

cycloheximide (CHX) (20 mg/ml) for various time points. As

shown in Figure 4A, combined treatment with NVP-BEZ235 and

curcumin reduced the stability of the Mcl-1 protein. Because Mcl-

1 is mainly degraded by the proteasome [51], we tested the effect

of proteasome inhibitors (MG132 and lactacystin) on Mcl-1

degradation. Proteasome inhibitors completely reversed the NVP-

BEZ235 plus curcumin-mediated down-regulation of Mcl-1

(Figure 4B). Furthermore, NVP-BEZ235 plus curcumin markedly

increased proteasome activity (Figure 4C). We further examined

whether NVP-BEZ235 plus curcumin induces the protein

Figure 2. Synergistic effect of NVP-BEZ235 and curcumin on apoptosis in Caki cells. (A) Caki cells were treated with the indicated
concentrations of baicalein, baicalin, silibinin, triptolide, kahweol, and curcumin in the absence or presence of 2 mM NVP-BEZ235 for 48 h. The sub-G1
fraction was measured by flow cytometry. (B–C) Caki cells were co-treated with 2 mM NVP-BEZ235 and 30 mM curcumin for 48 h. Cell morphology was
detected by interference light microscopy (B, upper panel). The condensation and fragmentation of the nuclei were detected by 49, 69-diamidino-2-
phenylindole staining (B, lower panel). The DNA fragmentation detection kit determined the fragmented DNA (C). Caspase activities were determined
with colorimetric assays using caspase-3 DEVDase assay kits (D). (E) Caki cells were pretreated with 50 mM z-VAD-fmk (z-VAD) for 30 min, and then
2 mM NVP-BEZ235 plus 30 mM curcumin were added for 48 h. The sub-G1 fraction was measured by flow cytometry (upper panel) as an indicator of
the level of apoptosis. Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed by western blotting for PARP, pro-caspase
3, cleaved caspase-3 and actin as a control for protein loading (lower panel). (F) Caki cells were treated with the indicated concentrations of curcumin
alone, NVP-BEZ235 alone or combined treatment with NVP-BEZ235 and curcumin for 48 h. The cell viability was assessed by XTT assay. (G) Isoboles
were obtained by plotting the combined concentrations of each drug required to produce 50% cell death. The straight line connecting the IC50

values obtained for two agents when applied alone corresponds to an additivity of their independent effects. Values below this line indicate synergy,
whereas values above this line indicate antagonism. The values in A, C, D, E, F, and G represent the mean 6 SD from three independent samples. * p,
0.001 compared to the NVP-BEZ235 alone and curcumin alone. # p,0.001 compared to the NVP-BEZ235 plus curcumin. The data represent three
independent experiments.
doi:10.1371/journal.pone.0095588.g002
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expression of two critical proteasome subunits [20S proteasome

subunit alpha type 5 (PSMA5) and 19S proteasome non-ATPase

regulatory subunit 4 (PSMD4/S5a)] [52], but the up-regulation of

proteasome activity was not associated with PSMA5 and PSMD4/

S5a expression in the NVP-BEZ235 plus curcumin-treated Caki

cells (Figure 4C). To confirm the functional significance of Mcl-1

down-regulation, Mcl-1 protein was over-expressed in Caki cells.

As expected, when Mcl-1 was over-expressed, we observed a

significant decrease in apoptosis and PARP cleavage in NVP-

BEZ235 plus curcumin-treated cells (Figure 4D and Figure S4A).

Down-regulation of Bcl-2 is Involved in Combined
Treatment with NVP-BEZ235 and Curcumin-induced
Apoptosis

Next, we examined the mechanism of Bcl-2 down-regulation in

NVP-BEZ235 plus curcumin-treated cells. Combined treatment

with NVP-BEZ235 and curcumin led to a reduction in Bcl-2

protein expression at the transcriptional level (Figure 3B–C). To

confirm these data, Caki cells were transfected with a Bcl-2

promoter (Bcl-2/23254) construct. The promoter activity of Bcl-2

was markedly reduced in NVP-BEZ235- and curcumin-treated

cells (Figure 5A). Among the regulatory mechanisms of Bcl-2

expression at the transcriptional level, we found that pifithrin-a, a

p53 inhibitor, reversed the NVP-BEZ235 plus curcumin-mediated

down-regulation of Bcl-2 expression (Figure 5B). Furthermore, the

down-regulation of p53 expression by p53 siRNA also overcame

the down-regulation of Bcl-2 expression (Figure 5C). To further

determine the role of p53 on the down-regulation of Bcl-2

expression, we compared the response to NVP-BEZ235 plus

curcumin in isogenic human colon carcinoma cell lines differing

only in the presence or absence of p53 [HCT116/p53(+/+) and

HCT116/p53(2/2)]. Combined treatment with NVP-BEZ235

and curcumin had no effect on Bcl-2 expression in HCT116/p53

(2/2) cells, while Bcl-2 expression was dramatically reduced in

HCT116/p53 (+/+) cells (Figure 5D). Therefore, these results

indicated that the combination of NVP-BEZ235 and curcumin

down-regulates Bcl-2 expression through the activation of p53.

Next, to verify the functional importance of reduced Bcl-2

expression, we determined the effect of combined treatment with

NVP-BEZ235 and curcumin on apoptosis in Bcl-2-over-expressing

cells (Caki/Bcl-2). As shown in Figure 5E and Figure S4B, ectopic

expression of Bcl-2 blocked the induction of the sub-G1

population and PARP cleavage in NVP-BEZ235 plus curcumin-

treated cells.

Effects of combined treatment with NVP-BEZ235 and curcu-

min on the other renal carcinoma cells and normal cells.

We investigated whether NVP-BEZ235 and curcumin could

enhance apoptosis in other renal carcinoma cell lines (ACHN and

A498) and normal cells [human skin fibroblasts (HSFs) and mouse

mesangial cells (MCs)]. We found that combined treatment with

NVP-BEZ235 and curcumin enhanced the sub-G1 population

and PARP cleavage in ACHN and A498 cells (Figure 6A–B, and

Figure S5A). Furthermore, the expression of Mcl-1 and Bcl-2 was

reduced in NVP-BEZ235 plus curcumin-treated cells (Figure 6B).

Combined treatment with NVP-BEZ235 and curcumin also

induced the sub-G1 population and PARP cleavage in other cells

[breast carcinoma (MDA-MB231) and glioma (U87MG) cells]

Figure 3. Effect of combined treatment with NVP-BEZ235 and curcumin on apoptosis-related proteins. (A) Caki cells were treated with
2 mM NVP-BEZ235 in the presence or absence of 30 mM curcumin for 48 h. Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and
analyzed by western blotting for DR4, DR5, cFLIP, cIAP2, XIAP, Bcl-xL, Bcl-2, and Mcl-1 and actin as a control for protein loading. (B and C) Caki cells
were treated with 2 mM NVP-BEZ235 in the presence or absence of 30 mM curcumin for the indicated time periods. Equal amounts of cell lysate
(40 mg) were subjected to electrophoresis and analyzed by western blotting for Mcl-1 and Bcl-2, as well as actin as a control for protein loading (B,
upper panel). The Bcl-2 and Mcl-1 mRNA expression level was determined using RT-PCR (C, upper panel). The band intensities of Mcl-1 and Bcl-2
protein (B, upper panel) and mRNA (C, upper panel) were measured using the public domain JAVA image-processing program ImageJ (B and C, lower
panel). The values in B and C represent the mean 6 SD from three independent samples. * p,0.001 compared to NVP-BEZ235 alone and curcumin
alone. The data represent three independent experiments.
doi:10.1371/journal.pone.0095588.g003
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(Figure S1). In contrast, combined treatment with NVP-BEZ235

and curcumin had no effect on apoptosis in HSFs and MCs

(Figure 6C–D, Figure S2, and Figure S5B).

Finally, we examined whether the effect of NVP-BEZ235 on

apoptosis is comparable to that of PI3K/Akt inhibitor (LY294002)

and mTORC1 inhibitor (rapamycin) treatment in curcumin-

treated cells. LY294002 and rapamycin markedly inhibited the

phosphorylation of Akt and S6K, respectively (Figure 7A).

Combined treatment with NVP-BEZ235 and curcumin had the

strongest effect on the induction of apoptosis (Figure 7B and

Figure S6). These data indicated that dual PI3K/Akt and mTOR

inhibition is more effective for improving the anti-cancer effect.

Taken together, our results demonstrate that combined

treatment with NVP-BEZ235 and curcumin has a synergistic

effect on apoptosis in human renal carcinoma cells via protea-

some-dependent Mcl-1 protein degradation and p53-dependent

inhibition of Bcl-2 expression.

Discussion

In this study, we demonstrated that NVP-BEZ235 plus

curcumin have a synergistic effect on apoptosis in human

carcinoma Caki cells through the modulation of Mcl-1 protein

stability and the inhibition of Bcl-2 expression in a p53-dependent

Figure 4. Combined treatment with NVP-BEZ235 and curcumin reduced Mcl-1 expression in a proteasome-dependent manner. (A)
Caki cells were treated with or without 2 mM NVP-BEZ235 plus 30 mM curcumin in the presence of cycloheximide (CHX) (20 mg/ml) for the indicated
time periods. The band intensities of Mcl-1 protein were measured using the public domain JAVA image-processing program ImageJ (lower panel).
(B) Caki cells were pretreated with 0.5 mM MG132 and 5 mM lactacystin for 30 min, and then 2 mM NVP-BEZ235 plus 30 mM curcumin were added for
48 h. (C) Caki cells were treated with 2 mM NVP-BEZ235 plus 30 mM curcumin for the indicated time periods. The cells were lysed, and proteasome
activity was measured as described in the Materials and Methods section. (D) Cells that were transfected with the empty vector (Caki/Vec) and cells
that over-expressed Mcl-1 (Caki/Mcl-1) were treated with 2 mM NVP-BEZ235 in the presence or absence of 30 mM curcumin for 48 h. Equal amounts of
cell lysate (40 mg) were subjected to electrophoresis and analyzed by western blotting for Mcl-1 (A, B, and D, lower panel), PSMD4/S5a (C), PSMA5 (C),
and PARP (D), as well as actin as a control for protein loading. The sub-G1 fraction was measured by flow cytometry (D, upper panel) as an indicator of
the level of apoptosis. The values in A, C, and D represent the mean 6 SD from three independent samples. * p,0.001 compared to CHX alone. # p,
0.001 compared to control. { p,0.001 compared to Caki/Vec, which combined treatment with 2 mM NVP-BEZ235 plus 30 mM curcumin. The data
represent three independent experiments.
doi:10.1371/journal.pone.0095588.g004
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manner. Furthermore, combined treatment with NVP-BEZ235

and curcumin also induced apoptosis in other renal carcinoma

cells (ACHN and A498), but not normal cells (HSFs and MCs).

Therefore, our results suggest that combined treatment with NVP-

BEZ235 and curcumin is a more efficient and safe strategy to

induce cancer cell death.

Bcl-2 is an anti-apoptotic protein, and the down-regulation of

Bcl-2 is important for the induction of apoptosis by anti-cancer

drugs. The expression of Bcl-2 is modulated at the transcriptional

and/or post-transcriptional levels. Two promoters, including P1

and P2, are key control sites that modulate Bcl-2 expression [53].

P1 promoter is major promoter, and it is located 715 bp upstream

of the Bcl-2 transcriptional start site. The P1 promoter is a GC-

rich and TATA-less promoter. It contains multiple transcription

initiation sites and includes seven Sp1 binding sites [53]. The P2

promoter is located 1.3 kb downstream of the P1 promoter, and it

contains TATA and CAAT boxes. The positive regulation of Bcl-2

transcription is modulated by cAMP responsive element binding

protein [54], C/EBP [55], and NF-kB [56]. In addition, Bcl-2 is

also negatively regulated by p1 [57], WT1 [58], and p53 [59]. In

our study, p53 was involved in the down-regulation of Bcl-2

expression in NVP-BEZ235 plus curcumin-treated cells

(Figure 5B–D). Although combined treatment with NVP-

BEZ235 and curcumin did not increase p53 expression

(Figure 5C), pifithrin-a (p53 inhibitor) and the down-regulation

of p53 by p53 siRNA markedly reversed the effect of the combined

treatment with NVP-BEZ235 and curcumin-mediated down-

regulation of Bcl-2 expression (Figure 5B–C). Furthermore, Bcl-2

Figure 5. Combined treatment with NVP-BEZ235 (NVP) and curcumin decreased Bcl-2 expression in a p53-dependent manner. (A)
Caki cells were transiently transfected with a plasmid harboring the luciferase gene under the control of the Bcl-2/23254 promoter. After
transfection, the Caki cells were treated with 2 mM NVP-BEZ235 plus 30 mM curcumin for 48 h. After treatment, the cells were lysed, and the luciferase
activity was analyzed. (B) Caki cells were pretreated with pifithrin-a for 30 min and were then treated with 2 mM NVP-BEZ235 plus 30 mM curcumin for
48 h. (C) Caki cells were transiently transfected with a control (Cont. siRNA) or p53 siRNA. Twenty-four hours after transfection, cells were treated with
2 mM NVP-BEZ235 plus 30 mM curcumin for 48 h. (D) p53 wild-type (HCT116/p53+/+) and p53-null HCT116 cells (HCT116/p532/2) were treated with
2 mM NVP-BEZ235 and 30 mM curcumin for the indicated time periods. (E) Cells that were transfected with the empty vector (Caki/Vec) and cells that
over-expressed Bcl-2 (Caki/Bcl-2) were treated with 2 mM NVP-BEZ235 plus 30 mM curcumin for 48 h. The sub-G1 fraction was measured by flow
cytometry. Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed by western blotting for Bcl-2 (B, C, D, and E), p53 (C
and D), PARP (E), and actin as a control for protein loading. The band intensities of Bcl-2 protein were measured using the public domain JAVA image-
processing program ImageJ (B and C). The values in A, B, C, and E represent the mean 6 SD from three independent samples. * p,0.001 compared to
control. # p,0.001 compared to 2 mM NVP-BEZ235 and 30 mM curcumin. & p,0.001 compared to cont siRNA, which combined treated with 2 mM
NVP-BEZ235 and 30 mM curcumin. { p,0.001 compared to Caki/Vec, which combined treated with 2 mM NVP-BEZ235 plus 30 mM curcumin. The data
represent three independent experiments.
doi:10.1371/journal.pone.0095588.g005
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expression did not change due to combined treatment with NVP-

BEZ235 and curcumin in p53 null HCT116 cells (HCT116/

p532/2). Therefore, p53 is a key regulator to reduce Bcl-2

expression in NVP-BEZ235 plus curcumin-treated cells.

PI3K/Akt and mTOR are well-known major regulatory

signaling pathways that modulate cell survival in cancer cells.

Therefore, several inhibitors, that block these signaling pathways

have been developed and used for treatment to increase apoptosis

in cancer cells. It has been previously demonstrated that

LY294002 and wortmannin, which inhibit the activation of

PI3K/Akt signaling, are effective compounds against tumors

in vivo [22,60]. However, the PI3K/Akt signaling pathway also

regulates physiological response, such as insulin action. Thus, it is

risky to use a broad spectrum inhibitor of PI3K/Akt signaling, and

its chronic administration is very dangerous [61]. To inhibit the

mTOR signaling pathway, many researchers have used rapamy-

cin. However, rapamycin only inhibits mTOR complex (TORC)

1, and it consequently induces Akt phosphorylation via feedback

activation [18]. These actions reduce the anti-cancer effect of

rapamycin. NVP-BEZ235 inhibits PI3K/Akt and mTOR

(TORC1 and TORC2); thus, it efficiently reduces tumor growth

in in vivo models [62,63]. However, NVP-BEZ235 is a reversible

inhibitor; thus, in vivo Akt phosphorylation is reversed at 24 h

[25]. Therefore, tumor cells can be treated repeatedly with NVP-

BEZ235. However, when cells were co-treated with NVP-BEZ235

and curcumin, inhibition of Akt and S6K phosphorylation was

maintained at 48 h (data not shown). Although curcumin alone

did not inhibit PI3K/Akt and mTOR signaling under the

conditions that we used, curcumin could help NVP-BEZ235 to

act as an inhibitor of PI3K/Akt and mTOR. Further experiments

are required to verify curcumin’s mechanism of action. In our

study, although NVP-BEZ235 markedly inhibited Akt and S6K

phosphorylation, NVP-BEZ235 was not sufficient to induce

apoptosis in human renal Caki cells (Figure 1). Furthermore,

LY294002 and rapamycin inhibited the phosphorylation of Akt

and S6K, respectively, but they did not induce apoptosis (Figure 7).

Thus, we developed a combined treatment strategy using a natural

compound, curcumin. Combined treatment with NVP-BEZ235

and curcumin has a synergistic effect on the induction of apoptosis.

NVP-BEZ235 induced apoptosis more effectively in curcumin-

treated cells, compared with LY294002 or rapamycin (Figure 7).

These findings probably result from the dual PI3K/Akt and

mTOR inhibition of NVP-BEZ235.

Curcumin has been known as an extremely safe compound at

high dose. Lao et al., reported although healthy volunteers were

administered doses from 500 to 12,000 mg, only 30% of

volunteers had minimal toxicity that was not related with dose

of curcumin [64]. For chemoprevention in human, curcumin is

required daily 1.6 g/person [65]. However, it is not pharmaco-

kinetically possible to take the human blood volume and calculate

concentration of drug on the basis of the dose ingested. Clinical

trials of oral curcumin cannot be utilized because of low

Figure 6. Effect of combined treatment with NVP-BEZ235 (NVP) and curcumin on apoptosis in other renal cancer cells and normal
cells. Other renal cancer cells (ACHN and A498) and normal cells (HSFs and MCs) were treated with 2 mM NVP-BEZ235 plus 30 mM curcumin for 48 h.
The sub-G1 fraction was measured by flow cytometry (A and D). Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed
by western blotting for PARP, Mcl-1, and Bcl-2 and actin as a control for protein loading (B). Cell morphology was detected by interference light
microscopy (C). * p,0.001 compared to NVP-BEZ235 alone and curcumin alone. The values in A and D represent the mean 6 SD from three
independent samples. The data represent three independent experiments.
doi:10.1371/journal.pone.0095588.g006
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bioavailability, poor absorption, rapid elimination and/or low

target organ concentration. However, adjuvant could increase

curcumin bioavailability through inhibition of metabolism. Co-

ingestion of curcumin with piperine, which is a inhibitor of hepatic

and intestinal glucuronidation, appeared 2000% increase bio-

availability of curcumin [66]. In addition, micronized powder and

liquid micelles markedly induced 9-folds and 185-folds better

bioavailability than native curcumin, respectively [67].

Taken together, our results suggest that combined treatment

with NVP-BEZ235 and curcumin could be an effective anti-cancer

therapy.

Supporting Information

Figure S1 Synergistic effect of NVP-BEZ235 and curcu-
min on apoptosis in MDA-MB231 and U87MG cells.
MDA-MB231 (A) and U87MG cells (B) were treated with 2 mM

NVP-BEZ235 plus 30 mM curcumin for 48 h. The sub-G1

fraction was measured by flow cytometry (upper panel). Equal

amounts of cell lysate (40 mg) were subjected to electrophoresis and

analyzed by western blotting for PARP and actin as a control for

protein loading (lower panel). The values represent the mean 6

SD from three independent samples. * p,0.001 compared to the

NVP-BEZ235 alone and curcumin alone. The data represent

three independent experiments.

(TIF)

Figure S2 Effect of NVP-BEZ235 on apoptosis in normal
cells [human skin fibroblasts (HSF) and mouse mesan-
gial cells (MC)]. HSF, MC and Caki cells were co-treated with

2 mM NVP-BEZ235 plus 30 mM curcumin for 48 h. (A) The

condensation and fragmentation of the nuclei were detected by

49,69-diamidino-2-phenylindole staining (B) The DNA fragmenta-

tion detection kit determined the fragmented DNA. (C) Caspase

activities were determined with colorimetric assays using caspase-3

DEVDase assay kits. The values in B and C represent the mean 6

SD from three independent samples. The data represent three

independent experiments.

(TIF)

Figure S3 Histograms of Fig. 2A (A) and Fig. 2E (B). The

sub-G1 fraction was measured by flow cytometry. Histograms of

Fig. 2A (A) and Fig. 2E (B).

(TIF)

Figure S4 Histograms of Fig. 4D (A) and Fig. 5E (B). The

sub-G1 fraction was measured by flow cytometry. Histograms of

Fig. 4D (A) and Fig. 5E (B).

(TIF)

Figure S5 Histograms of Fig. 6A (A) and Fig. 6D (B). The

sub-G1 fraction was measured by flow cytometry. Histograms of

Fig. 6A (A) and Fig. 6D (B).

(TIF)

Figure S6 Histograms of Fig. 7B. The sub-G1 fraction was

measured by flow cytometry. Histograms of Fig. 7B.

(TIF)
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Figure 7. Effect of rapamycin, LY294002, and NVP-BEZ235 on apoptosis in curcumin-treated cells. (A) Caki cells were treated with the
indicated concentrations of LY294002 (left panel) and rapamycin (right panel) for 6 h. Equal amounts of cell lysate (40 mg) were subjected to
electrophoresis and analyzed by western blotting for phospho (p)-Akt, Akt, and p-S6K, as well as actin as a control for protein loading. (B) Caki cells
were treated with the indicated concentrations of LY294002, rapamycin, and NVP-BEZ235 in the absence or presence of 30 mM curcumin for 48 h.
The sub-G1 fraction was measured by flow cytometry. Equal amounts of cell lysate (40 mg) were subjected to electrophoresis and analyzed by
western blotting for PARP and actin as a control for protein loading. The values in (B) represent the mean 6 SD from three independent samples. The
data represent three independent experiments.
doi:10.1371/journal.pone.0095588.g007

Curcumin Enhances NVP-BEZ235-Mediated Apoptosis

PLOS ONE | www.plosone.org 10 April 2014 | Volume 9 | Issue 4 | e95588



References

1. Sun X, Huang J, Homma T, Kita D, Klocker H, et al. (2009) Genetic alterations

in the PI3K pathway in prostate cancer. Anticancer research 29: 1739–1743.

2. Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, et al. (1999)
Mutation of Pten/Mmac1 in mice causes neoplasia in multiple organ systems.

Proceedings of the National Academy of Sciences of the United States of

America 96: 1563–1568.
3. Tang JM, He QY, Guo RX, Chang XJ (2006) Phosphorylated Akt

overexpression and loss of PTEN expression in non-small cell lung cancer

confers poor prognosis. Lung cancer 51: 181–191.

4. Altomare DA, Testa JR (2005) Perturbations of the AKT signaling pathway in
human cancer. Oncogene 24: 7455–7464.

5. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, et al. (2007)

MET amplification leads to gefitinib resistance in lung cancer by activating
ERBB3 signaling. Science 316: 1039–1043.

6. Lim KH, Counter CM (2005) Reduction in the requirement of oncogenic Ras

signaling to activation of PI3K/AKT pathway during tumor maintenance.
Cancer cell 8: 381–392.

7. Gao N, Zhang Z, Jiang BH, Shi X (2003) Role of PI3K/AKT/mTOR signaling

in the cell cycle progression of human prostate cancer. Biochemical and
biophysical research communications 310: 1124–1132.

8. Altomare DA, Wang HQ, Skele KL, De Rienzo A, Klein-Szanto AJ, et al.

(2004) AKT and mTOR phosphorylation is frequently detected in ovarian
cancer and can be targeted to disrupt ovarian tumor cell growth. Oncogene 23:

5853–5857.

9. Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, et al. (2011) mTORC1

and mTORC2 regulate EMT, motility, and metastasis of colorectal cancer via
RhoA and Rac1 signaling pathways. Cancer research 71: 3246–3256.

10. Meng Q, Xia C, Fang J, Rojanasakul Y, Jiang BH (2006) Role of PI3K and

AKT specific isoforms in ovarian cancer cell migration, invasion and
proliferation through the p70S6K1 pathway. Cellular signalling 18: 2262–2271.

11. Wullschleger S, Loewith R, Hall MN (2006) TOR signaling in growth and

metabolism. Cell 124: 471–484.

12. Jacinto E, Facchinetti V, Liu D, Soto N, Wei S, et al. (2006) SIN1/MIP1
maintains rictor-mTOR complex integrity and regulates Akt phosphorylation

and substrate specificity. Cell 127: 125–137.

13. Pearce LR, Huang X, Boudeau J, Pawlowski R, Wullschleger S, et al. (2007)
Identification of Protor as a novel Rictor-binding component of mTOR

complex-2. The Biochemical journal 405: 513–522.

14. Martin J, Masri J, Bernath A, Nishimura RN, Gera J (2008) Hsp70 associates
with Rictor and is required for mTORC2 formation and activity. Biochemical

and biophysical research communications 372: 578–583.

15. Meric-Bernstam F, Gonzalez-Angulo AM (2009) Targeting the mTOR signaling

network for cancer therapy. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology 27: 2278–2287.

16. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, et al. (2007)

Temsirolimus, interferon alfa, or both for advanced renal-cell carcinoma. The
New England journal of medicine 356: 2271–2281.

17. Motzer RJ, Escudier B, Oudard S, Hutson TE, Porta C, et al. (2008) Efficacy of

everolimus in advanced renal cell carcinoma: a double-blind, randomised,
placebo-controlled phase III trial. Lancet 372: 449–456.

18. O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, et al. (2006) mTOR inhibition

induces upstream receptor tyrosine kinase signaling and activates Akt. Cancer
Res 66: 1500–1508.

19. Sourbier C, Lindner V, Lang H, Agouni A, Schordan E, et al. (2006) The

phosphoinositide 3-kinase/Akt pathway: a new target in human renal cell

carcinoma therapy. Cancer Res 66: 5130–5142.
20. Loeb S, Roehl KA, Catalona WJ, Nadler RB (2007) Prostate specific antigen

velocity threshold for predicting prostate cancer in young men. J Urol 177: 899–

902.

21. Elfiky AA, Aziz SA, Conrad PJ, Siddiqui S, Hackl W, et al. (2011)
Characterization and targeting of phosphatidylinositol-3 kinase (PI3K) and

mammalian target of rapamycin (mTOR) in renal cell cancer. J Transl Med 9:
133–142.

22. Ng SS, Tsao MS, Nicklee T, Hedley DW (2001) Wortmannin inhibits pkb/akt

phosphorylation and promotes gemcitabine antitumor activity in orthotopic
human pancreatic cancer xenografts in immunodeficient mice. Clin Cancer Res

7: 3269–3275.

23. Gupta AK, Cerniglia GJ, Mick R, Ahmed MS, Bakanauskas VJ, et al. (2003)

Radiation sensitization of human cancer cells in vivo by inhibiting the activity of
PI3K using LY294002. Int J Radiat Oncol Biol Phys 56: 846–853.

24. Santoni M, Pantano F, Amantini C, Nabissi M, Conti A, et al. (2014) Emerging

strategies to overcome the resistance to current mTOR inhibitors in renal cell
carcinoma. Biochim Biophys Acta 1845: 221–231.

25. Maira SM, Stauffer F, Brueggen J, Furet P, Schnell C, et al. (2008) Identification

and characterization of NVP-BEZ235, a new orally available dual phosphati-
dylinositol 3-kinase/mammalian target of rapamycin inhibitor with potent

in vivo antitumor activity. Mol Cancer Ther 7: 1851–1863.

26. Chiarini F, Grimaldi C, Ricci F, Tazzari PL, Evangelisti C, et al. (2010) Activity
of the novel dual phosphatidylinositol 3-kinase/mammalian target of rapamycin

inhibitor NVP-BEZ235 against T-cell acute lymphoblastic leukemia. Cancer

research 70: 8097–8107.

27. Roccaro AM, Sacco A, Husu EN, Pitsillides C, Vesole S, et al. (2010) Dual

targeting of the PI3K/Akt/mTOR pathway as an antitumor strategy in
Waldenstrom macroglobulinemia. Blood 115: 559–569.

28. Masuda M, Shimomura M, Kobayashi K, Kojima S, Nakatsura T (2011)

Growth inhibition by NVP-BEZ235, a dual PI3K/mTOR inhibitor, in

hepatocellular carcinoma cell lines. Oncology reports 26: 1273–1279.

29. Roulin D, Waselle L, Dormond-Meuwly A, Dufour M, Demartines N, et al.

(2011) Targeting renal cell carcinoma with NVP-BEZ235, a dual PI3K/mTOR

inhibitor, in combination with sorafenib. Mol Cancer 10: 90–101.

30. Cho DC, Cohen MB, Panka DJ, Collins M, Ghebremichael M, et al. (2010) The
efficacy of the novel dual PI3-kinase/mTOR inhibitor NVP-BEZ235 compared

with rapamycin in renal cell carcinoma. Clin Cancer Res 16: 3628–3638.

31. Aggarwal BB, Sung B (2009) Pharmacological basis for the role of curcumin in
chronic diseases: an age-old spice with modern targets. Trends Pharmacol Sci

30: 85–94.

32. Gescher A (2004) Polyphenolic phytochemicals versus non-steroidal anti-
inflammatory drugs: which are better cancer chemopreventive agents?

J Chemother 16 Suppl 4: 3–6.

33. Esatbeyoglu T, Huebbe P, Ernst IM, Chin D, Wagner AE, et al. (2012)
Curcumin–from molecule to biological function. Angew Chem Int Ed Engl 51:

5308–5332.

34. Woo JH, Kim YH, Choi YJ, Kim DG, Lee KS, et al. (2003) Molecular

mechanisms of curcumin-induced cytotoxicity: induction of apoptosis through
generation of reactive oxygen species, down-regulation of Bcl-XL and IAP, the

release of cytochrome c and inhibition of Akt. Carcinogenesis 24: 1199–1208.

35. Han SS, Chung ST, Robertson DA, Ranjan D, Bondada S (1999) Curcumin
causes the growth arrest and apoptosis of B cell lymphoma by downregulation of

egr-1, c-myc, bcl-XL, NF-kappa B, and p53. Clinical immunology 93: 152–161.

36. Chen H, Zhang ZS, Zhang YL, Zhou DY (1999) Curcumin inhibits cell
proliferation by interfering with the cell cycle and inducing apoptosis in colon

carcinoma cells. Anticancer research 19: 3675–3680.

37. Moragoda L, Jaszewski R, Majumdar AP (2001) Curcumin induced modulation
of cell cycle and apoptosis in gastric and colon cancer cells. Anticancer research

21: 873–878.

38. Pal S, Choudhuri T, Chattopadhyay S, Bhattacharya A, Datta GK, et al. (2001)

Mechanisms of curcumin-induced apoptosis of Ehrlich’s ascites carcinoma cells.
Biochemical and biophysical research communications 288: 658–665.

39. Bush JA, Cheung KJ, Jr., Li G (2001) Curcumin induces apoptosis in human

melanoma cells through a Fas receptor/caspase-8 pathway independent of p53.
Experimental cell research 271: 305–314.

40. Bharti AC, Donato N, Singh S, Aggarwal BB (2003) Curcumin (diferuloyl-

methane) down-regulates the constitutive activation of nuclear factor-kappa B
and IkappaBalpha kinase in human multiple myeloma cells, leading to

suppression of proliferation and induction of apoptosis. Blood 101: 1053–1062.

41. Deeb D, Xu YX, Jiang H, Gao X, Janakiraman N, et al. (2003) Curcumin
(diferuloyl-methane) enhances tumor necrosis factor-related apoptosis-inducing

ligand-induced apoptosis in LNCaP prostate cancer cells. Mol Cancer Ther 2:

95–103.

42. Jung EM, Lim JH, Lee TJ, Park JW, Choi KS, et al. (2005) Curcumin sensitizes
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced

apoptosis through reactive oxygen species-mediated upregulation of death
receptor 5 (DR5). Carcinogenesis 26: 1905–1913.

43. Gao X, Deeb D, Jiang H, Liu YB, Dulchavsky SA, et al. (2005) Curcumin

differentially sensitizes malignant glioma cells to TRAIL/Apo2L-mediated
apoptosis through activation of procaspases and release of cytochrome c from

mitochondria. J Exp Ther Oncol 5: 39–48.

44. Sandur SK, Deorukhkar A, Pandey MK, Pabon AM, Shentu S, et al. (2009)

Curcumin modulates the radiosensitivity of colorectal cancer cells by suppressing
constitutive and inducible NF-kappaB activity. Int J Radiat Oncol Biol Phys 75:

534–542.

45. Kunnumakkara AB, Diagaradjane P, Guha S, Deorukhkar A, Shentu S, et al.
(2008) Curcumin sensitizes human colorectal cancer xenografts in nude mice to

gamma-radiation by targeting nuclear factor-kappaB-regulated gene products.
Clin Cancer Res 14: 2128–2136.

46. Vinod BS, Antony J, Nair HH, Puliyappadamba VT, Saikia M, et al. (2013)

Mechanistic evaluation of the signaling events regulating curcumin-mediated

chemosensitization of breast cancer cells to 5-fluorouracil. Cell Death Dis 4:
e505.

47. Kunnumakkara AB, Guha S, Krishnan S, Diagaradjane P, Gelovani J, et al.

(2007) Curcumin potentiates antitumor activity of gemcitabine in an orthotopic
model of pancreatic cancer through suppression of proliferation, angiogenesis,

and inhibition of nuclear factor-kappaB-regulated gene products. Cancer Res
67: 3853–3861.

48. Tallarida RJ (2001) Drug synergism: its detection and applications. J Pharmacol

Exp Ther 298: 865–872.

49. Xu CX, Zhao L, Yue P, Fang G, Tao H, et al. (2011) Augmentation of NVP-
BEZ235’s anticancer activity against human lung cancer cells by blockage of

autophagy. Cancer Biol Ther 12: 549–555.

50. Brachmann SM, Hofmann I, Schnell C, Fritsch C, Wee S, et al. (2009) Specific

apoptosis induction by the dual PI3K/mTor inhibitor NVP-BEZ235 in HER2

Curcumin Enhances NVP-BEZ235-Mediated Apoptosis

PLOS ONE | www.plosone.org 11 April 2014 | Volume 9 | Issue 4 | e95588



amplified and PIK3CA mutant breast cancer cells. Proc Natl Acad Sci U S A

106: 22299–22304.

51. Zhong Q, Gao W, Du F, Wang X (2005) Mule/ARF-BP1, a BH3-only E3

ubiquitin ligase, catalyzes the polyubiquitination of Mcl-1 and regulates

apoptosis. Cell 121: 1085–1095.

52. Groll M, Huber R (2003) Substrate access and processing by the 20S proteasome

core particle. Int J Biochem Cell Biol 35: 606–616.

53. Seto M, Jaeger U, Hockett RD, Graninger W, Bennett S, et al. (1988)

Alternative promoters and exons, somatic mutation and deregulation of the Bcl-

2-Ig fusion gene in lymphoma. EMBO J 7: 123–131.

54. Wilson BE, Mochon E, Boxer LM (1996) Induction of bcl-2 expression by

phosphorylated CREB proteins during B-cell activation and rescue from

apoptosis. Mol Cell Biol 16: 5546–5556.

55. Heckman CA, Wheeler MA, Boxer LM (2003) Regulation of Bcl-2 expression by

C/EBP in t(14;18) lymphoma cells. Oncogene 22: 7891–7899.

56. Heckman CA, Mehew JW, Boxer LM (2002) NF-kappaB activates Bcl-2

expression in t(14;18) lymphoma cells. Oncogene 21: 3898–3908.

57. Chen HM, Boxer LM (1995) Pi 1 binding sites are negative regulators of bcl-2

expression in pre-B cells. Mol Cell Biol 15: 3840–3847.

58. Heckman C, Mochon E, Arcinas M, Boxer LM (1997) The WT1 protein is a

negative regulator of the normal bcl-2 allele in t(14;18) lymphomas. J Biol Chem

272: 19609–19614.

59. Miyashita T, Harigai M, Hanada M, Reed JC (1994) Identification of a p53-

dependent negative response element in the bcl-2 gene. Cancer Res 54: 3131–

3135.

60. Bondar VM, Sweeney-Gotsch B, Andreeff M, Mills GB, McConkey DJ (2002)

Inhibition of the phosphatidylinositol 3’-kinase-AKT pathway induces apoptosis
in pancreatic carcinoma cells in vitro and in vivo. Mol Cancer Ther 1: 989–997.

61. Stein RC (2001) Prospects for phosphoinositide 3-kinase inhibition as a cancer

treatment. Endocr Relat Cancer 8: 237–248.
62. Serra V, Markman B, Scaltriti M, Eichhorn PJ, Valero V, et al. (2008) NVP-

BEZ235, a dual PI3K/mTOR inhibitor, prevents PI3K signaling and inhibits
the growth of cancer cells with activating PI3K mutations. Cancer Res 68:

8022–8030.

63. Doghman M, Lalli E (2012) Efficacy of the novel dual PI3-kinase/mTOR
inhibitor NVP-BEZ235 in a preclinical model of adrenocortical carcinoma. Mol

Cell Endocrinol 364: 101–104.
64. Lao CD, Ruffin MTt, Normolle D, Heath DD, Murray SI, et al. (2006) Dose

escalation of a curcuminoid formulation. BMC Complement Altern Med 6: 10–
13.

65. Perkins S, Verschoyle RD, Hill K, Parveen I, Threadgill MD, et al. (2002)

Chemopreventive efficacy and pharmacokinetics of curcumin in the min/+
mouse, a model of familial adenomatous polyposis. Cancer Epidemiol

Biomarkers Prev 11: 535–540.
66. Shoba G, Joy D, Joseph T, Majeed M, Rajendran R, et al. (1998) Influence of

piperine on the pharmacokinetics of curcumin in animals and human volunteers.

Planta Med 64: 353–356.
67. Schiborr C, Kocher A, Behnam D, Jandasek J, Toelstede S, et al. (2014) The

oral bioavailability of curcumin from micronized powder and liquid micelles is
significantly increased in healthy humans and differs between sexes. Mol Nutr

Food Res. 58: 516–527.

Curcumin Enhances NVP-BEZ235-Mediated Apoptosis

PLOS ONE | www.plosone.org 12 April 2014 | Volume 9 | Issue 4 | e95588


