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Curcumin inhibits protein phosphatases 2A and 5, leading to activation of
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Curcumin can induce p53-independent apoptosis. However, the un-
derlying mechanism remains to be defined. Here, we show that
curcumin-induced apoptosis in a panel of tumor cells with mutant
p53. Curcumin rapidly induced activation of the mitogen-activated
protein kinases (MAPKSs) including extracellular signal-regulated
kinase 1/2 (Erk1/2) and c-Jun N-terminal kinase (JNK). Inhibition
of JNK (with SP600125) or Erk1/2 (with U0126) partially prevented
curcumin-induced cell death in the cells. Similarly, expression
of dominant negative c-Jun or downregulation of Erk1/2 in part
attenuated curcumin-induced cell death. It appears that curcumin-
induced activation of MAPKSs and apoptosis was due to induction of
reactive oxygen species (ROS), as pretreatment with N-acetyl-L-
cysteine, a ROS scavenger, blocked these events. Furthermore, we
found that curcumin-induced activation of MAPK pathways was
related to inhibition of the serine/threonine protein phosphatases
2A (PP2A) and 5 (PP5). Overexpression of PP2A or PPS partially
prevented curcumin-induced activation of JNK and Erk1/2 phos-
phorylation as well as cell death. The results suggest that curcumin
induction of ROS activates MAPKSs, at least partially by inhibiting
PP2A and PPS5, thereby leading to p53-independent apoptosis in
tumor cells.

Introduction

Curcumin (diferuloylmethane) is a polyphenol natural product iso-
lated from turmeric, a powder produced from the rhizome of the plant
Curcuma longa (1,2). Curcumin has been shown to produce a wide
range of medicinal benefits in the human body and has proven to be
a powerful therapeutic agent against many human disease processes
(1,2). In recent years, curcumin has been shown to be a potential
anticancer agent against various human tumors in both in vitro and
in vivo models as well as in clinical trials (1,2). Preclinical studies
have revealed that curcumin can affect and disrupt virtually every
major stage of carcinogenesis, including cell proliferation, survival,
angiogenesis and metastasis (1,2). The mechanisms underlying the
anticancer activities of curcumin have been extensively studied.
Multiple signaling molecules have been identified to be targeted by
curcumin, including ornithine decarboxylase (3), p53 (4,5), c-myc
(4,5), cyclin D1 (6,7), nuclear factor-xB (3,5,8), activator protein-1
(5,9), protein tyrosine kinases (10,11), Akt (12,13), protein kinase C
(14) and mammalian target of rapamycin (15-18).

Curcumin can induce p53-dependent and -independent apoptosis in
a variety of tumor cell lines including those derived from breast

Abbreviations: FBS, fetal bovine serum; JNK, c-Jun N-terminal kinase;
MAPK, mitogen-activated protein kinase; NAC, N-acetyl-L-cysteine; ROS,
reactive oxygen species.
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carcinoma, prostate carcinoma, colon carcinoma, kidney cancer,
hepatocellular carcinoma, leukemia, lymphoma, basal cell carcinoma,
melanoma and rhabdomyosarcoma (1,2). It has been described that
curcumin can induce p53-dependent apoptosis by induction of p53,
p21¢iPl and Bax expression in certain tumor cell lines, such as
hepatoblastoma (4), neuroblastoma (19), glioma (20), melanoma
(21) and breast carcinoma cells (3). On the other hand, it has also
been found that curcumin can induce p53-dependent apoptosis by
downregulation of p53 in breast carcinoma (5) and B lymphoma cells
(22). For example, in B cell lymphoma (BKS-2) cells, curcumin
decreased expression of p53 and pro-survival proteins, including
Egr-1, c-myc and Bcl-X; (22). In colon cancer (RKO) cells, curcumin
disrupted the conformation of the p53 protein required for its tumor
suppression functions, including serine phosphorylation, binding to
DNA, transactivation of p53-responsive genes and p53-mediated cell
cycle arrest (23). The finding of reduced p53 activity by curcumin was
also observed in normal thymocytes and myeloid leukemic cells,
where curcumin induced p53 degradation. Mechanistically, curcumin
promoted the dissociation of NAD(P)H:quinone oxidoreductase
1 (NQO1)-p53 complexes by suppressing the activity of NQOI,
a flavoenzyme that binds and stabilizes wild-type p53 (24).
Therefore, the molecular mechanism of curcumin induction of
p53-dependent apoptosis appears to be ‘cell-type dependent.’
Despite these findings, the molecular mechanism by which curcumin
induces p53-independent apoptosis is not well understood.
Increasing evidence has implicated that members of the mitogen-
activated protein kinase (MAPK) family play a critical role in
p53-independent apoptosis (25-27). In mammalian cells, there exist
at least three distinct groups of MAPKSs, including extracellular
signal-regulated protein kinase 1/2 (Erk1/2), c-Jun N-terminal kinase
(JNK) and p38 MAPK (28,29). Erk1/2 is primarily activated by growth
factors and controls cellular proliferation, differentiation and develop-
ment, whereas JNK and p38 are preferentially activated by environmen-
tal stress and inflammatory cytokines and regulates survival/apoptosis
(28,29). In response to oxidative stress or reactive oxygen species
(ROS), all three MAPK family members could be activated, leading
to apoptosis (30-32). Phosphorylation of MAPKSs is balanced by
specific MAPK kinases and phosphatases (28,29). Studies have shown
that cross-talk between parallel pathways of the MAPK cascade is
dependent on increases in activity and expression of protein phospha-
tases, such as MAPK phosphatase 1 (MKP-1), serine/threonine protein
phosphatase 2A (PP2A), and protein phosphatase 5 (PP5), which have
been identified to directly dephosphorylate and thereby inactivate JNK,
Erk1/2 or p38 (27,31-35). Accumulating data have demonstrated that
MKP-1 and PP2A are the major phosphatases that negatively regulate
phosphorylation of Erk1/2, INK and/or p38, whereas PP5 negatively
regulates JNK/p38 pathway, involved in stress response (27,31-35).
Here, we show that curcumin induces p53-independent apoptosis in
a panel of tumor cell lines, including human rhabdomyosarcoma cells
(Rh30), Ewing sarcoma (Rhl), colon adenocarcinoma (HT29) and
cervical cancer (HeLa) cells, through induction of ROS. Furthermore,
we identified that curcumin induction of ROS activates phosphoryla-
tion of Erk1/2 and JNK pathways, partially by inhibiting PP2A and
PP5, thereby leading to p53-independent apoptosis of tumor cells.

Materials and methods

Materials

Curcumin (Sigma, St. Louis MO) was dissolved in 100% ethanol to prepare
a stock solution (10 mM), aliquoted and stored at —20°C. RPMI 1640 and
Dulbecco’s Modified Eagle Medium were purchased from Mediatech
(Herndon, VA). Fetal bovine serum (FBS) was from Hyclone (Logan, UT),
whereas 0.05% Trypsin-EDTA was from Invitrogen (Grand Island, NY).
Enhanced chemiluminescence solution was from Perkin—Elmer Life Science
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(Boston, MA). CellTiter 96® AQycous One Solution Cell Proliferation Assay kit
was from Promega (Madison, WI). Annexin V-FITC Apoptosis Detection Kit I
was purchased from BD Biosciences (San Jose, CA). U0126 and SP600125 were
obtained from LC Laboratories (Woburn, MA), and 5-(and-6)-chloromethyl-
2',7'-dichlorodihydrofluorescein diacetate (CM-H,DCFDA) was from Invitrogen
(Carlsbad, CA). Dihydroethidium was purchased from AnaSpec (Fremont, CA).

Cell lines and culture

Human rhabdomyosarcoma (Rh30) (p53 mutant, R273C) and Ewing sarcoma
(Rh1) (p53 mutant, Y220C) cells (26) were generously provided by Dr Peter J.
Houghton (Nationwide Children’s Hospital, Columbus, OH) and were grown in
antibiotic-free RPMI 1640 medium supplemented with 10% FBS at 37°C and
5% CO,. Human colon adenocarcinoma (HT29) (p53 mutant, R273H) (36) and
cervical carcinoma (HeLa) cells (expressing wild-type p53, but the protein prod-
uct is inactivated by human papillomavirus type 16 E6) (37) (American Type
Culture Collection, Manassas, VA) were grown in antibiotic-free Dulbecco’s
Modified Eagle Medium supplemented with 10% FBS at 37°C and 5% CO,.
Human embryonic kidney 293A and 293TD cells (Invitrogen) were grown in
antibiotic-free Dulbecco’s Modified Eagle Medium supplemented with 10%
heat-inactivated FBS and non-essential amino acids at 37°C and 5% CO..

Recombinant adenoviral constructs and infection

The recombinant adenoviruses encoding hemagglutinin (HA)-tagged wild-type
(wt) human PP5 (Ad-PP5), FLAG-tagged wt rat PP2ACa (Ad-PP2A), FLAG-
tagged dominant negative c-Jun (FLAG-A169) (Ad-dn-c-Jun), GFP (Ad-GFP)
and B-galactosidase (Ad-LacZ) were described previously (26,27,32). For experi-
ments, cells were grown in the growth medium and infected with the individual
adenovirus for 24 h at 5 of multiplicity of infection (MOI = 5). Subsequently,
cells were used for experiments. Ad-GFP or Ad-LacZ served as a control.
Expression of FLAG-tagged dn-c-Jun or PP2A and HA-tagged PP5 was deter-
mined by western blotting with antibodies to FLAG and HA, respectively.
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Lentiviral shRNA cloning, production and infection

Lentiviral shRNAs to Erk1/2 and GFP were generated as described previously
(31). For experiments, cells, when grown to ~70% confluence, were infected
with lentiviral shRNA to Erk1/2 or GFP (control) in the presence of 8 pg/ml
polybrene and then exposed to 2 pg/ml puromycin after 24 h of infection. In
5 days, cells were used for experiments.

Cell viability assay

Cell viability was evaluated using CellTiter 96® Aqyeous One Solution Cell Pro-
liferation Assay kit (Promega), which is a colorimetric method to determine the
number of viable cells in proliferation or the cytotoxicity of a compound. Briefly,
cells suspended in the growth medium were seeded in a 96-well plate at a density
of 1 x 10* cells/well (in six replicates) and were grown overnight at 37°C in
a humidified incubator with 5% CO,. Next day, cells were treated with curcumin
(040 puM) for 48 h or with/without curcumin (10 and 20 pM) following pre-
incubation with 20 M JNK inhibitor SP600125 or 5 uM MEK1/2 (upstream of
Erk1/2) inhibitor U0126, respectively or were treated with/without curcumin
(10 and 20 uM) following 1 h of N-acetyl-L-cysteine (NAC) (5 mM) preincuba-
tion. Additionally, cells, infected with Ad-c-Jun, Ad-GFP, Ad-PP2A, Ad-PP5
and Ad-LacZ, or Erk1/2 shRNA, and GFP shRNA, respectively, were exposed
to curcumin (0-20 uM). After incubation for 48 h, each well was added 20 pl of
one solution reagent and incubated for 3 h. Cell viability was determined by
measuring the optical density at 490 nm using a Wallac 1420 Multilabel Counter
(PerkinElmer Life Sciences, Wellesley, MA).

Apoptosis assay

Rh30 or HT29 cells were seeded in 100-mm dishes at a density of 1 x 10°
cells/dish in the growth medium and were grown overnight at 37°C in a hu-
midified incubator with 5% CO,. Cells were treated with 20 pM curcumin for
72 h, followed by apoptosis assay using the Annexin V-FITC Apoptosis De-
tection Kit I (BD Biosciences), as described previously (15).
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Fig. 1. Curcumin induction of ROS triggers cell death in tumor cells. Rh30, Rh1, HeLa and HT29 cells were exposed to curcumin at indicated concentrations for 24 h
(for ROS detection) and 48 h (for cell viability assay), respectively, followed by cell viability assay using one solution reagent (A) and ROS detection using CM-
H,DCFDA (B). Results (A and B) are presented as mean + SE (n = 6). *P < 0.05, P < 0.01, difference versus control group. Rh30 and HeLa cells were pretreated
with/without NAC (5 mM) for 1 h and then exposed to curcumin (10 and 20 pM) for 24 h (for ROS detection) and 48 h (for cell viability assay), respectively, followed
by ROS detection using CM-H,DCFDA (C), and cell viability assay using one solution reagent (D). Results (C and D) are presented as mean + SE (n = 6). *P < 0.05,
difference versus control group; P < 0.05, difference versus 10 pM curcumin group; <P < 0.05, difference versus 20 pM curcumin group.
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Fig. 2. Curcumin induction of ROS activates Erk1/2 and JNK in tumor cells.
(A) Rh30 cells were treated with 0-40 pM curcumin for 24 h, (B) with 20 uM
curcumin for 0-24 h or (C) pretreated with NAC (5 mM) for 1 h and then
exposed to curcumin (0-20 uM) for 24 h. The lysates were subjected to
western blot analysis using indicated antibodies. The blots were probed for
B-tubulin for a loading control.

Cell morphological analysis

Cells were seeded at a density of 1 x 10° cells/well in a 6-well plate. Next day,
cells were treated with curcumin (040 pM), following preincubation with/with-
out SP600125 (40 pM), U0126 (5 pM) or NAC (5 mM) for 1 h. Additionally,
cells, which were infected with Ad-PP2A, Ad-PP5 and Ad-GFP, respectively,
were exposed to curcumin (040 pM). After incubation for 24 h, images were
taken with an Olympus inverted phase-contrast microscope (Olympus Optical
Co., Melville, NY) (x200) equipped with the Quick Imaging system.

ROS assay

The ROS level was measured by using CM-H,DCFDA (31). Cells were seeded
at a density of 1 x 10* cells/well in 96-well plates. Next day, cells were loaded
with 10 pM CM-H,DCFDA following the manufacturer’s protocol, incubated
in the presence of curcumin (0-20 uM) for 0-24 h with six replicates of each
treatment. In some cases, cells were treated curcumin (0-20 pM) for 24 h
following 1 h of NAC (5 mM) preincubation and then loaded with 10 uM
CM-H,DCFDA for 3 h. Fluorescent intensity was recorded by excitation at
485 nm and emission at 535 nm using a Wallac 1420 Multilabel Counter
(PerkinElmer Life Sciences).

O, detection

Dihydroethidium was used to detect O, - level produced in intact cells, as
described (38). Briefly, cells (4 x 10%/well) were seeded onto a sterilized glass
coverslip in the bottom of a 6-well plate. Next day, the cells were treated with
curcumin (0-20 uM) for 24 h, followed by incubation with dihydroethidium
(40 uM) for 30 min. The cells were then rinsed with PBS and fixed with 4%
paraformaldehyde for 2 h at 4°C. The coverslip was mounted on a microscope
slide and visualized and photographed with a Nikon Eclipse TE300 fluores-
cence microscope (Nikon Instruments Inc., Melville, NY) (x200) equipped
with a digital camera.

In vitro Ser/Thr phosphatase assay

Cells were lysed in 50 mM Tris—HCl buffer, pH 7.0, containing 1% Nonidet P-
40, 2 mM EDTA and protease inhibitor cocktail (Sigma, 1:1000). PP2Ac or PP5
was immunoprecipitated with antibodies to PP2Ac (Millipore, Temecula, CA) or
PP5 (BD Biosciences) and protein A/G-agarose (Santa Cruz Biotechnology,
Santa Cruz, CA). Subsequently, the beads were washed three times with the
above lysis buffer and twice with the phosphatase assay buffer (50 mM Tris—
HCI, pH 7.0, 0.1 mM CaCl,). The phosphatase activity of immunoprecipitated
PP2A or PP5 was assayed with a Ser/Thr Phosphatase Assay kit 1 using
KRpTIRR as the substrate peptide (Millipore) following the manufacturer’s
instructions. Absorbance was measured at 595 nm using a Wallac 1420 Multi-
label Counter (PerkinElmer Life Sciences). Because the optical density values
varied from experiment to experiment, PP2A or PP5 activity was calculated
using the fold change (arbitrary units) in each experiment. Finally, all data
(from different batches of experiments) were pooled for statistical analysis.

870

Western blot analysis

Western blotting was performed as described previously (15). The following
antibodies were used: phospho-Erk1/2 (Thr202/Tyr204), phospho-p38
(Thr180/Tyr182) (Cell Signaling Technology, Beverly, MA), PP2ACa, PP5
(BD Biosciences), PP2A-A subunit, PP2A-B subunit, (Millipore, Billerica,
MA), phospho-PP2A (Tyr307) (Epitomics, Burlingame, CA), JNKI,
phospho-JNK (Thr183/Tyr185), c-Jun, phospho-c-Jun (Ser63), Erk2, p38,
demethylated-PP2A, HA (Santa Cruz Biotechnology), FLAG, B-tubulin
(Sigma), goat anti-mouse IgG-horseradish peroxidase and goat anti-rabbit
IgG-horseradish peroxidase (Pierce, Rockland, IL).

Statistical analysis

Results were expressed as mean values + standard error. The data were ana-
lyzed by one-way analysis of variance followed by post hoc Dunnett’s ¢-test for
multiple comparisons. A level of P < 0.05 was considered to be statistically
significant.

Results

Curcumin-induced apoptosis is associated with induction of ROS

Recently, we have shown that curcumin induces apoptosis in rhabdo-
myosarcoma (Rh30) (p53 mutant, R273C) and Ewing sarcoma (Rh1)
(p53 mutant, Y220C) cells in a p53-independent manner (15). To
substantiate the notion that curcumin is able to induce p53-
independent cell death, human colon adenocarcinoma (HT29) (p53
mutant, R273H) (36) and cervical carcinoma (HeLa) cells (expressing
wild-type p53, but the protein product is inactivated by human pap-
illomavirus type 16 E6) (37) were also employed in this study. In
agreement with our previous finding (15), curcumin reduced cell vi-
ability in Rh1 and Rh30 cells in a concentration-dependent manner
(Figure 1A). Similar results were also observed in HT29 and HeLa
cells (Figure 1A). It appeared that treatment with 10-20 pM curcumin
for 48 h was able to reduce the viability significantly in all cell lines
tested. This is consistent with our morphological analysis. Under
a phase-contrast microscope, more round or shrunken cells were
observed, when exposed to curcumin (10-20 pM) for 48 h (data not
shown), suggesting induction of cell death.

As curcumin is an antioxidant and also an oxidant (1,2), we
wondered whether curcumin-induced cell death is associated with
induction of ROS. As shown in Figure 1B, treatment with curcumin
(040 uM) for 24 h resulted in a concentration-dependent increase of
ROS level in Rh1, Rh30, HeLa and HT29 cells, which is in agreement
with a decreased cell viability shown in Figure 1A. Furthermore, we
observed that curcumin elevated ROS levels in the cells rapidly.
Consistent with a previous report (39), we found that 10 pM curcumin
was able to elevate ROS level in Rh30 cells by ~1.5 fold within 1-2 h
treatment (Supplementary Figure 1S, available at Carcinogenesis On-
line), which was sustained by ~24 h (Figure 1B). Similar results were
observed in Rh30 cells treated with 20 uM curcumin (data not shown).
Among the ROS, such as superoxide anion radical (O,-), hydrogen
peroxide (H,O,) and hydroxyl radical (-OH), treatment with curcumin
(20 uM) for 24 h was able to obviously induce O, - in Rh30 and HeLa
cells, as detected by dihydroethidium staining (Supplementary
Figure 28, available at Carcinogenesis Online). Although we cannot
rule out the possibility that cuarcumin may also induce H,O, and -OH,
our current data at least suggest that curcumin-induced ROS may
contribute to cell death of the tumor cells.

To confirm whether curcumin-induced cell death is indeed due to
ROS induction, Rh30 and HeLa cells were pretreated for 1 h with
NAC (5 mM), an antioxidant and ROS scavenger, and then exposed to
curcumin (10 and 20 uM) for 24 h. As expected, NAC strongly
blocked curcumin induction of ROS in the cells (Figure 1C). Also,
NAC potently suppressed curcumin-induced loss of cell viability in
the cells (Figure 1D). Similarly, morphological analysis revealed that
NAC itself did not alter cell shape but obviously prevented 10 and
20 pM curcumin-induced rounding and shrinkage of Rh30, Rhl,
HeLa and HT29 cells (data not shown). Taken together, the findings
indicate that curcumin-induced cell death through induction of ROS
in the tumor cells.
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Fig. 3. Inhibition of JNK or Erk1/2 attenuates curcumin-induced cell death. (A and B) Inhibition of JNK or Erk1/2 with selective inhibitors attenuates curcumin-
induced cell death. Rh30 cells were pretreated with SP600125 (20 pM) or U0126 (5 uM) for 30 min and then exposed to curcumin (0-20 uM) for 24 h (for western
blotting) or 48 h (for cell viability assay). (A) Western blot analysis was performed with indicated antibodies. (B) Cell viability was evaluated using one solution
reagent. Results are presented as mean = SE (n = 6). P < 0.05, difference versus control group; °P < 0.05, difference versus 10 pM curcumin group; P < 0.05,
difference versus 20 UM curcumin group. (C-F) Overexpression of dominant negative c-Jun or downregulation of Erk1/2 attenuates curcumin-induced cell death.
Rh30 cells, infected with recombinant adenovirus encoding FLAG-tagged dominant negative c-Jun (Ad-dn-c-Jun) or GFP (control) for 24 h, were exposed to

curcumin (0-20 uM) for 24 h (for western blotting) or 48 h (for cell viability assay). (C) Western blot analysis was performed with indicated antibodies. (D) Cell
viability was evaluated using one solution reagent. Results are presented as mean = SE (n = 6). *P < 0.05, difference versus control group; *P < 0.05, difference
versus 10 tM curcumin group with Ad-GFP infection; °P < 0.05, difference versus 20 pM curcumin group with Ad-GFP infection. Rh30 cells were infected with
lentiviral shRNA to Erk1/2 or GFP for 5 days, followed by western blotting with indicated antibodies (E) or further exposed to curcumin (0-20 uM) for 48 h,
followed by cell viability assay using one solution reagent (F). Results are presented as mean = SE (n = 6). *P < 0.05, difference versus control group; P < 0.05,

difference with 20 pM curcumin group with shRNA-GFP infection.

Curcumin-induced ROS activate JNK and Erkl/2,
apoptosis

Previous studies have demonstrated that oxidative stress may trigger
apoptosis by activation of MAPK pathways (30-32). We reasoned
that curcumin-induced cell death is through ROS activation of
MAPK cascade. To this end, Rh30 cells were treated with curcumin
(0-20 uM) for 24 h, followed by western blot analysis. We found that
curcumin treatment induced phosphorylation of JNK and Erk1/2 in
a concentration-dependent manner (Figure 2A), although there was no
obvious effect on phosphorylation of p38 MAPK (data not shown).
Noticeably, curcumin activation of JNK also resulted in a robust phos-
phorylation of c-Jun, a substrate of JNK (Figure 2A). We also found
that curcumin activated MAPKs in a time-dependent manner. Within
2-4 h, curcumin obviously increased phosphorylation of JNK and
Erk1/2, and such phosphorylation was sustained for ~48 h

leading to

(Figure 2B and Supplementary Figure 38S, available at Carcinogenesis
Online). Consistently, a high level of phospho-c-Jun was induced.
Furthermore, pretreatment with NAC (5 mM) for 1 h dramatically
inhibited curcumin-induced phosphorylation of Erk1/2 and JNK in
the cells (Figure 2C). Similar results were observed in Rh1 cells (data
not shown). Therefore, the findings suggest that curcumin induction
of ROS activates JNK and Erk1/2.

To determine the roles of Erk1/2 and JNK in curcumin-induced
apoptosis in tumor cells, Rh30 cells were exposed to curcumin
(020 uM) for 24 h after pretreatment of MEK1/2 (upstream of
Erk1/2) inhibitor U0126 or JNK inhibitor SP600125 for 30 min, re-
spectively. As shown in Figure 3A, curcumin-induced phosphoryla-
tion of c-Jun, as the readout of JNK activity, was dramatically blocked
by SP600125 (20 uM). Similarly, U0126 (5 pM) blocked curcumin-
induced phosphorylation of Erk1/2. As these inhibitors were able to
inhibit JNK and Erk1/2 phosphorylation induced by curcumin at 10 and
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20 pM, we next investigated whether the individual inhibitor could
attenuate curcumin-induced death of tumor cells. Rh30 cells were pre-
treated with each inhibitor for 30 min, followed by exposure of curcu-
min (10 or 20 pM) for 48 h. As shown in Figure 3B, SP600125 or
U0125 alone did not obviously alter the cell viability, but both attenu-
ated curcumin-reduced cell viability. Similar results were also seen in
Rh1, HeLa and HT29 cells (data not shown). In addition, we further
confirmed the above finding by genetic manipulation. Infection of Rh30
with Ad-dn-c-Jun resulted in expression of a FALG-tagged dominant
negative c-Jun as detected by western blotting with antibodies to FLAG
(Figure 3C). Expression of the dominant negative c-Jun attenuated
curcumin-reduced cell viability in Rh30 cells (Figure 3D, and Supple-
mentary Figure 4SA, available at Carcinogenesis Online). In addition,
infection of Rh30 with lentiviral shRNA to Erkl1/2 downregulated
expression of the proteins by ~90% (Figure 3E). Silencing Erk1/2 also
partially reduced curcumin-induced cell death in Rh30 cells (Figure 3F
and Supplementary Figure 4SB, available at Carcinogenesis Online).
Similar results were observed in HT29 cells (data not shown). The data
indicate that curcumin-induced apoptosis of tumor cells is at least in
part by activation of JNK and Erk1/2 pathways.

Curcumin-induced ROS downregulate protein phosphatase activity

Studies have demonstrated that MKP-1 and PP2A negatively regulate
phosphorylation of Erk1/2, JNK and/or p38, and PP5 negatively reg-
ulates JNK/p38 cascade, involved in oxidative stress (27,31-35).
Therefore, we hypothesized that curcumin may activate JNK and
Erk1/2 pathways by downregulation of MKP-1, PP2A and/or PP5 pro-
tein levels or activities. To test this hypothesis, Rh30 cells were exposed
to 040 pM curcumin for 24 h or to 20 pM curcumin for 0-24 h,
followed by western blotting. As shown in Figure 4A and B,
curcumin did not apparently alter cellular protein level of MKP-1,
PP2Ac or PP5, but increased expression of demethylated- and
phospho-PP2A, two events that are related to decreased activity of
PP2A (40), in a dose- and time-dependent manner. PP2A is a

872

heterotrimeric holoenzyme composed of a catalytic subunit (PP2Ac),
an A subunit (also termed PR65), and members of the B subunit
families, such as B (PR55), B’ (PR61), B’ (PR72) and B'"’
(PR93/PR110) (40). As the phosphatase activity of PP2Ac or PP5 is
modulated by the association with PP2A-A and PP2A-B regulatory
subunits (27), we also examined whether curcumin affects expression
of PP2A-A or PP2A-B. It turned out that curcumin did not alter
cellular protein levels of PP2A-A or PP2A-B (Figure 4A and B).
However, using Ser/Thr phosphatase assay, we found that curcumin
inhibited PP2A and PP5 activities (Figure 4C). Similar data were also
observed in HT29 cells (data not shown). The results suggest that
curcumin inhibits PP2A and PP5 activities.

Since curcumin-induced ROS activate MAPK pathway in cancer
cells (Figure 2C), we next asked whether curcumin inhibition of protein
phosphatase activities is related to ROS induction. By western blot
analysis, we found that NAC potently blocked curcumin-induced de-
methylated- and phospho-PP2A expression in Rh30 cells (Figure 4D).
Similarly, NAC prevented curcumin from inhibition of PP2A and PP5
activities (Figure 4C), as determined by the in vitro Ser/Thr phosphatase
assay. Our findings imply that curcumin-induced ROS may inhibit
PP2A and PPS5, resulting in activation of JNK and Erk1/2.

Overexpression of PP2A and PP5 partially prevents curcumin-
induced activation of JNK and Erkl/2, as well as tumor cell death

To further verify the roles of PP2A and PPS5 in curcumin-induced acti-
vation of MAPKs and tumor cell apoptosis, we next studied whether
overexpression of PP2Ac or PP5 affects curcumin activation of JNK
and Erk1/2, as well as cell death. Rh30 cells, infected with Ad-PP2A,
Ad-PP5 and Ad-LacZ (as control), were exposed to curcumin (10 and
20 uM) for 4 h (for western blotting) or 48—72 h (for cell viability assay,
apoptosis assay or morphological analysis). We observed that overex-
pression of PP2A partially prevented curcumin-induced activation of
JNK and Erk1/2 (Figure 5A), as well as cell death (Figure 5C and
Supplementary Figure SSA and B, available at Carcinogenesis Online).
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Fig. 5. Overexpression of PP2A or PP5 partially prevents curcumin-induced
activation of JNK and Erk1/2, as well as cell death. Rh30 cells, infected with
Ad-PP2A, Ad-PPS5 or Ad-LacZ (as control), were exposed with curcumin (0—
20 pM) for 4 h (for western blotting) or 72 h (for apoptosis assay), followed
by western blot analysis using indicated antibodies (A and B) or apoptosis

assay using Annexin V-FITC Apoptosis Detection Kit I (C). Results (C) are
presented as mean + SE (n = 3). *P < 0.05, difference versus control group;
bP < 0.05, difference with 10 uM curcumin group with Ad-LacZ infection;
¢P < 0.05, difference with 20 pM curcumin group with Ad-LacZ infection.

Similarly, overexpression of PP5 in part rescued curcumin-induced cell
death by inactivation of JNK and Erk1/2 (Figure 5B and C and Sup-
plementary Figure 5SA and B, available at Carcinogenesis Online).
Together, our data indicate that curcumin-induced apoptosis of tumor
cells is at least in part by inhibiting protein phosphatase activities of
PP2A and PP5, leading to activation of JNK and Erk1/2.

Discussion

Curcumin can induce p53-dependent apoptosis (1,2). Recently, we have
shown that curcumin can induce p53-independent apoptosis in human
rhabdomyosarcoma (Rh30, p53 mutant, R273C) and Ewing sarcoma
(Rh1, p53 mutant, Y220C) cells (15). Here, we further found that
curcumin was able to induce p53-independent cell death in more cell
lines, including human colon adenocarcinoma (HT29) (p53 mutant,
R273H) (36) and cervical carcinoma (HeLa) cells (expressing wild-type
p53, but inactivated by human papillomavirus type 16 E6) (37). Y220C,
the most common mutation outside the DNA-binding core domain of
p53, restricts pS3 predominantly in the cytoplasm (41) and destabilizes
the protein (42), whereas R273C and R273H mutations make p53 pro-
tein defective in sequence-specific DNA binding to p53 responsive
elements in the p53 target genes (42). All these mutations result in loss
of p53 function (41,42). Among the tumor cell lines tested, Rh1 cells
were the most sensitive to curcumin (Figure 1A). Whether this is related
to the specific mutation at Y220C remains to be defined. Our results are
in agreement with the previous observations in human melanoma cells
(43), lung cancer cells (44) and ovarian carcinoma cells (45). The ability
of curcumin to induce apoptosis regardless of p53 status strongly
support the idea that curcumin is able to induce not only p53-dependent
but also p53-independent apoptosis in tumor cells.

In this study, we noticed that curcumin reduced the cell viability in
a concentration-dependent manner. Exposure to curcumin at 2.5 uM
for 48 h was able to reduce cell viability significantly in Ewing
sarcoma (Rh1) and rhabdomyosarcoma (Rh30) cells (Figure 1A).

Curcumin inhibition of PP2A and PP5

Phase I clinical trials have demonstrated that oral administration of
curcumin at a dose of 8 g/day did not show deleterious side effects,
and the average peak serum concentration of curcumin was 1.77 +
1.87 uM (46). Addition of a low dose of piperine (from black pepper)
can increase the uptake of curcumin by 2000% in humans (47). If
a nanoparticle-based delivery system is utilized, the pharmacologic
properties, such as the bioavailability and the half-life of curcumin
could be much improved (47,48). Our finding suggests that curcumin
can induce tumor cell death at pharmacologically relevant concentra-
tions and may be explored for cancer prevention and treatment.

To gain insight into the mechanism by which curcumin induces
p53-independent apoptosis in tumor cells, at the very beginning, we
examined whether curcumin affects expression of pro-apoptotic (e.g.
BAX, BAK, BAD and BIM) or anti-apoptotic proteins (e.g. Bcl-2,
Bcl-X; and Mcl-1). However, to our surprise, curcumin failed to alter
expression of those proteins in Rh1 and Rh30 cells (data not shown).
Since activation of MAPK cascade also contributes to p53-
indepenednt apoptosis (25-27), we further studied whether curcumin-
induced apoptosis links to activation of MAPK pathways. Here, we
provide evidence that curcumin-induced p53-independent apoptosis is
indeed attributed to activation of JNK and Erk1/2 in Rh1 and Rh30
cells. This is evidenced by the findings that curcumin activated JNK
and Erk1/2, resulting in cell death, which could be partially attenuated
by SP600125 (JNK inhibitor) and U0126 (inhibitor of MEK1/2,
upstream kinases of Erk1/2) (Figure 3B), by expression of dominant
negative c-Jun (Figure 3D) or by downregulation of Erk1/2 in Rh30
cells (Figure 3F). The result is, to some degree, in agreement with the
findings in other cells (49,50). For instance, in human colon cancer
cells (HCT116, p53 status not mentioned), curcumin-induced
sustained phosphorylation and activation of JNK and p38 MAPK,
but only activation of INK was associated with curcumin-induced cell
death (49). In human leukemia cells (HL-60, p53-null), tetrahydro-
curcumin, a major metabolite of curcumin, induced a transient
phosphorylation of Erk1/2 and JNK within 1-3 h, but inhibited
phosphoryaltion of p38 MAPK (51). In murine splenic lymphocytes,
curcumin and dimethoxycurcumin (a synthetic curcumin analog)
stimulated the basal phosphorylation of JNK, Erk1/2 and p38 MAPK,
although they inhibited Con A-induced phosphorylation of the
MAPKSs (52). From the above findings, we have noticed that there
exist discrepant effects of curcumin on Erk1/2, JNK and p38 MAPK.
Likely, this is related to different phenotype each cell line has or
different experimental conditions used.

In this study, we further identified that curcumin-induced activation of
MAPK cascade is due to induction of ROS, leading to inhibition of PP2A
and PPS5, two serine/threonine protein phosphatases that negatively reg-
ulate MAPKs. This is supported by the following findings. First,
curcumin-induced ROS and cell death in a spectrum of tumor cells
(Rh1, Rh30, HT29 and HeLa), which was almost completely blocked
by NAC (Figure 1), a ROS scavenger. Secondly, curcumin-induced acti-
vation of the MAPK signaling could be remarkably inhibited by NAC
(Figure 2C). Finally, curcumin inhibited the activities of PP2A and PP5
(Figure 4), and overexpression of PP2A or PP5 partially prevented cur-
cumin-induced activation of JNK and Erk1/2, as well as cell death
(Figure 5). Recent studies have shown that curcumin-induced apoptosis
via induction of ROS in small cell lung cancer cells (NCI-H446) (53),
mantle cell lymphoma cells (Granta and NCEB) (54), and nasopharyn-
geal carcinoma cells (NPC-TW 076) (55). To our knowledge, this is the
first report showing that curcumin-induced ROS inhibit PP2A and PP5,
leading to MAPKSs activation and cell death.

We observed that curcumin inhibits PP2A or PP5 not through al-
tering cellular protein expression of the catalytic subunit (PP2Ac or
PP5) and the regulatory proteins (PP2A-A and PP2A-B) (Figure 4A
and B). Current data indicate that curcumin inhibits the phosphatase
activity of PP2A at least by enhancing demethylation and phosphor-
ylation of PP2Ac (Tyr307) (Figure 4A and B), two events responsible
for PP2A inactivation (40). It is unclear how curcumin inhibits PP5.
Rapamycin inhibits PP5 by dissociating PP2A-B from PP5 (27).
Whether curcumin inhibits PP5 by dissociating PP2A-A or PP2A-B
from PP5 remains to be determined. It should be mentioned that in the
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present study, we did not notice an apparent effect of curcumin on the
cellular protein level of MKP-1 (Figure 4A and B), a phosphatase that
dephosphorylates Erk1/2, JNK and p38 MAPK. However, we could
not exclude the possibility that curcumin might actually inhibit the
phosphatase activity of MKP-1, by unknown mechanism.

In conclusion, we have shown that curcumin activates MAPK
cascade by induction of ROS, and inhibition of PP2A and PP5 activ-
ity, leading to p53-independent apoptosis in tumor cells. Our findings
reveal a novel antitumor mechanism of curcumin.

Supplementary material

Supplementary Figures 1S-5S can be found at http://carcin.
oxfordjournals.org/.
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