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Induction of G2/M arrest and inhibition of cyclooxygenase-2
activity by curcumin in human bladder cancer T24 cells
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Abstract. Curcumin, a polyphenol compound derived from
Curcuma longa Linn, has been recognized as a promising
anti-cancer drug due to its multiple properties including anti-
inflammatory, anti-oxidant and anti-carcinogenic activities.
To elucidate the mechanisms by which curcumin inhibits
human bladder carcinoma T24 cell proliferation, we tested
the effects of curcumin on specific cell cycle pathways and
on the expression of cyclooxygenases (COXs). Curcumin
inhibited the growth of T24 cells and induced G2/M arrest in
a concentration-dependent manner, effects associated with
the down-regulation of cyclin A and up-regulation of cyclin-
dependent kinase (Cdk) inhibitor p21 (WAF1/CIP1). However,
other G2/M regulatory molecules, such as cyclin A, Cdc2,
Cdk2, Weel and Cdc25C, were not modulated by curcumin
treatment. Furthermore, curcumin decreased the levels of
COX-2 mRNA and protein expression without significant
changes in the levels of COX-1, which correlated with a
decrease in prostaglandin E, (PGE,) synthesis. These
observations suggest that curcumin may have therapeutic
potential for bladder cancer patients.
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Introduction

Cell cycle checkpoints ensure the maintenance of genomic
integrity by protecting dividing cells from the potentially
fatal consequences of DNA damage. The detection of DNA
damage relies on a cascade of enzymes, conveying the
signal(s) generated by different genotoxic stresses that block
key cell cycle transitions until DNA repair has occurred (1).
In the case of irreparable damage, the cells may be forced to
withdraw definitively from the cell cycle or die by apoptosis
so that they do not replicate or segregate chromosomes
bearing unrepaired lesions. Defects in the DNA damage
checkpoint and/or related cell cycle regulation network could
contribute to the development of diverse types of mutations
or chromosome rearrangements and promote tumorigenesis
(2.3).

In experimental studies, induction of cyclooxygenase
(COX)-2, the enzyme catalyzing the rate-limiting step in
prostaglandin biosynthesis from the substrate arachidonic
acid, has been shown to promote cell growth, inhibit apoptosis
and enhance cell motility (4). Moreover, compelling evidence
from genetic and clinical studies indicates that COX-2 up-
regulation is a key step in carcinogenesis, and there is a
clear positive correlation between COX-2 expression and the
inhibition of cell proliferation. Overexpression of COX-2 is
sufficient to cause tumorigenesis in animal models, and
inhibition of the COX-2 pathway results in a reduction in
tumor incidence and progression. Therefore, inhibition of
COX-2 activity promises to be an effective approach in the
prevention and treatment of cancer (5).

Curcumin is a phenolic compound from the turmeric plant
(Curcuma longa Linn, Zingiberaceae) and related species.
This compound is widely used as a coloring and flavoring
agent in food, and has been shown to exert a wide array of
pharmacological and biological activities (6,7). To elucidate
a possible mechanism of curcumin, previous studies have
focused on the capability of curcumin to inhibit the growth or
proliferation of human cancer cells. Curcumin interrupts the
cell cycle (most often in G2/M phase), disrupts the mitotic
spindle structure, and induces cell death (including apoptosis
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Table I. Gene-specific primers for RT-PCR.
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Name Sequence of primers

Cyclin A Sense 5-TCC-AAG-AGG-ACC-AGG-AGA-ATA-TCA-3'
Antisense 5-TCC-TCA-TGG-TAG-TCT-GGT-ACT-TCA-3'

Cyclin B1 Sense 5-AAG-AGC-TTT-AAA-CTT-TGG-TCT-GGG-3'
Antisense 5-CTT-TGT-AAG-TCC-TTG-ATT-TAC-CAT-G-3'

Cdc2 Sense 5'-GGG-GAT-TCA-GAA-ATT-GAT-CA-3'
Antisense 5-TGT-CAG-AAA-GCT-ACA-TCT-TC-3'

Cdk2 Sense 5-GCT-TTC-TGC-CAT-TCT-CAT-CG-3'
Antisense 5-GTC-CCC-AGA-GTC-CGA-AAG-AT-3'

p53 Sense 5-GCT-CTG-ACT-GTA-CCA-CCA-TCC-3'
Antisense 5-CTC-TCG-GAA-CAT-CTC-GAA-GCG-3'

p21 Sense 5'-CTC-AGA-GGA-GGC-GCC-ATG-3'
Antisense 5-GGG-CGG-ATT-AGG-GCT-TCC-3'

plé Sense 5-CGG-AAG-GTC-CCT-CAG-ACA-TC-3'
Antisense 5-TCA-TGA-AGT-CGA-CAG-CTT-CCG-3'

p27 Sense 5-AAG-CAC-TGC-CGG-GAT-ATG-GA-3'
Antisense 5-AAC-CCA-GCC-TGA-TTG-TCT-GAC-3'

COX-1 Sense 5-TGC-CCA-GCT-CCT-GGC-CCG-CCG-CTT-3'
Antisense 5-GTG-CAT-CAA-CAC-AGG-CGC-CTC-TTC-3'

COX-2 Sense 5-TTC-AAA-TGA-GAT-TGT-GGG-AAA-AT-3'
Antisense 5-AGA-TCA-TCT-CTG-CCT-GAG-TAT-CTT-3

GAPDH Sense 5'-CGG-AGT-CAA-CGG-ATT-TGG-TCG-TAT-3'
Antisense 5-AGC-CTT-CTC-CAT-GGT-GGT-GAA-GAC-3'

and necrosis) by inhibition of signal cascades involving cell
survival (depending upon the cell type), thereby acting as an
anti-proliferative agent in a variety of tumor cells (8-12). In
addition to the inhibition of cell proliferation and increased
apoptosis, many mechanisms have been proposed to explain
the anti-carcinogenic effect of curcumin (13-15). However,
the molecular mechanisms of curcumin in malignant cells are
not yet clearly understood.

In this study, we investigated the effect of curcumin on
the growth inhibition in human bladder carcinoma T24 cells.
Moreover, the effects of this compound were tested on the
activity of COXs and production of prostaglandin E, (PGE,).
The results demonstrated that curcumin treatment resulted in
the arrest of the G2/M checkpoint of the cell cycle, which
was related to down-regulating the intracellular levels of
cyclin A and up-regulating the cyclin-dependent kinase
(Cdk) inhibitor p21. Furthermore, down-regulation of COX-2
expression by curcumin treatment was associated with an
inhibition of PGE, release.

Materials and methods

Cell culture, curcumin and growth study. T24 cells were
purchased from the American Type Culture Collection
(Rockville, MD) and maintained in RPMI-1640 medium
supplemented with 10% FBS, penicillin, and streptomycin.
Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione, diferuloyl methane; Sigma Chemical
Co., St. Louis, MO] was prepared as a 20 mM solution in
dimethyl sulfoxide and then further diluted in cell culture
medium. Measurement of cell proliferation was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, which is based on the conversion of
MTT to MTT-formazan via the mitochondria. For morpho-
logical study, cells were treated with curcumin for 48 h and
directly photographed using an inverted microscope.

Flow cytometric analysis. After treatment with curcumin,
cells were trypsinized, washed with phosphate-buffered
saline (PBS), and fixed in 75% ethanol at 4°C for 30 min.
Prior to analyses, cells were again washed with PBS, suspended
in cold propidium iodide (PI; Sigma) solution, and incubated
at room temperature in the dark for 30 min. Flow cytometric
analyses were performed using a FACScan flow cytometry
system (Becton-Dickinson, San Jose, CA).

RNA extraction and reverse transcription-PCR. Total RNA
was isolated, and single-strand cDNA was synthesized from
2 ug of total RNA using M-MLYV reverse transcriptase (Gibco
BRL, Gaithersburg, MD). The mRNAs were amplified by
polymerase chain reaction (PCR) using the primers in Table I.
Conditions for PCR reaction were: 1 cycle at 94°C for 3 min;
35 cycles at 94°C for 45 sec, 58°C for 45 sec and 72°C for
1 min; and 1 cycle at 72°C for 10 min. Amplification products
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Figure 1. Growth inhibition, morphological changes and G2/M arrest by curcumin treatment in T24 cells. (A) Cells were plated at 4x10* cells per 60-mm
plate, and incubated for 24 h. The cells were treated with variable concentrations of curcumin for 48 h and growth inhibition was measured by the metabolic-
dye-based MTT assay. Data are the mean of two different experiments. (B) After incubation with curcumin for 48 h, the cells were examined under light
microscopy. The data are representative examples for duplicate tests. Original magnification, x200. (C) Exponentially growing cells were treated with
different concentrations of curcumin for 48 h, then analyzed by flow cytometry as described in Materials and methods. The data are representative examples

for duplicate tests. Data are the mean of two different experiments.

obtained by PCR were electrophoretically separated on 1%
agarose gel and visualized by ethidium bromide (EtBr; Sigma)
staining.

Gel electrophoresis and Western blot analysis. Western blot
analysis was performed as described (16). Briefly, an equal
amount of protein was subjected to electrophoresis on SDS-
polyacrylamide gels and transferred to nitrocellulose
membranes. Blots were probed with the desired antibodies for
1 h, incubated with diluted enzyme-linked secondary antibody
and then visualized using enhanced chemiluminescence (ECL)
according to the recommended procedure (Amersham Corp.,
Arlington Heights, IL). Antibodies were purchased from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and
Calbiochem (Cambridge, MA). Peroxidase-labeled donkey
anti-rabbit immunoglobulin and peroxidase-labeled sheep anti-
mouse immunoglobulin were purchased from Amersham.

PGE, EIA analysis. After treatment with curcumin, the medium
was removed, and the PGE, release by cells was measured.
To measure PGE, accumulation, enzyme immunoassay (EIA)
was performed using a commercial kit (Cayman Chemicals,
Ann Arbor, MI) according to the manufacturer's protocol.
PGE, production was normalized with respect to the number
of viable cells present in the particular culture.

Results

Growth inhibition and morphological changes by curcumin.
To evaluate the effects of curcumin on cell proliferation, we
initially determined the effect of curcumin on the growth of
T24 cells. As shown in Fig. 1A, curcumin had a strong
inhibitory effect on cell proliferation in a dose-dependent
manner, which was associated with a distinct morphological
change (Fig. 1B).

Induction of G2/M arrest by curcumin. To determine whether
curcumin treatment of cells resulted in the alteration of cell
cycle progression, the cell cycle patterns of the T24 cells were
examined. Analysis of the cell cycle distribution of cells after
exposure to curcumin showed that these cells accumulated
in the G2/M phase of the cell cycle (Fig. 1C). This was
accompanied by a significant decrease in the G1 phase when
compared with the untreated control cells, which suggested
that the growth inhibitory effect of curcumin in T24 cells was
the result of a block during the G2/M phase.

Inhibition of cyclin A expression by curcumin. Since curcumin
arrested T24 cells in the G2/M phase of the cell cycle, we
determined the expression levels of cell cycle regulating
factors at the G2/M boundary by RT-PCR and/or Western
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Figure 2. Inhibition of cyclin A by curcumin treatment in T24 cells. (A) Cells
were cultured for 48 h in the absence (0) or presence of curcumin (5.0-
12.5 pM), and total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with cyclin A and cyclin Bl
primers and the reaction products were subjected to electrophoresis in 1%
agarose gels and then visualized by EtBr staining. GAPDH was used as an
internal control. (B) After 48-h incubation with curcumin, the cells were
lysed and cellular proteins were separated by 10% SDS-polyacrylamide
gels, then transferred onto nitrocellulose membranes. The membranes were
probed with antibodies against cyclin A and cyclin B1. Proteins were
visualized using an ECL detection system. Actin was used as an internal
control.
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Figure 3. Effect of curcumin on cellular Cdks, Weel and Cdc25C expression
in T24 cells. (A) Cells were incubated with variable concentrations of
curcumin. After incubation for 48 h, total RNAs were isolated and reverse-
transcribed. The resulting cDNAs were subjected to PCR with Cdk2 and
Cdc2 primers, and the reaction products were subjected to electrophoresis in
1% agarose gels and visualized by EtBr staining. GAPDH was used as an
internal control. (B and C) Cells were lysed and equal proteins were
resolved on 10% SDS-polyacrylamide gels, then transferred onto nitro-
cellulose membranes. Western blots were detected with the indicated
antibodies and ECL. Actin was used as an internal control.

blot analysis (Figs. 2 and 3). The protein and mRNA levels
of cyclin A were gradually decreased by curcumin treatment,
but the levels of cyclin B1, Cdc2, Cdk2, Weel and Cdc25C
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Figure 4. Induction of Cdk inhibitor p21 by curcumin treatment in T24 cells.
(A) Cells were cultured for 48 h in the absence or in the presence of
curcumin and total RNAs were isolated and reverse-transcribed. The
resulting cDNAs were subjected to PCR with indicated primers and the
reaction products were subjected to electrophoresis in 1% agarose gels and
visualized by EtBr staining. GAPDH was used as an internal control.
(B) After 48 h incubation with curcumin, the cells were lysed and then
cellular proteins were separated by 10% SDS-polyacrylamide gels and
transferred onto nitrocellulose membranes. The membranes were probed
with the indicated antibodies. Proteins were visualized using an ECL
detection system. Actin was used as an internal control.

and the phosphorylation states of Cdc2 and Cdc25C proteins
were unchanged. These results suggest that the suppressive
effects of curcumin on the growth of T24 cells are partly
caused by down-regulating the levels of cyclin A.

Induction of Cdk inhibitor p21 by curcumin. Cdk inhibitors
are known to interfere with cell cycle progression and
cause phase-specific cycle arrest. These kinase inhibitors
perturb the phosphorylation process by directly interacting
with their target proteins, i.e. cyclins or Cdks. We examined
the possible up-regulation of Cdk inhibitors in cells treated
with curcumin. Our results showed that curcumin treatment
increased the expression level of p21 and its mRNA in a dose-
dependent manner (Fig. 4). However, it did not significantly
affect other Cdk inhibitors, such as p16 and p27. Because the
levels of tumor suppressor pS3 were not induced by curcumin,
it is likely that the induction of p21 is mediated through a
pS3-independent pathway.

Inhibition of COX-2 activity and PGE, production by curcumin.
We next determined whether the curcumin-induced anti-
proliferative effect of T24 cells was connected to reduced
activity of COXs. RT-PCR and Western blot analyses showed
a significant decrease in COX-2 mRNA and protein expression
over time after curcumin treatment, but curcumin was
ineffective regarding COX-1 expression (Fig. 5A and B).
To confirm that PGE, production was associated with the
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Figure 5. Inhibition of COX-2 expression and PGE, production in T24 cells after exposure to curcumin. (A) After 48-h incubation with curcumin, total RNAs
were isolated and reverse-transcribed. The resulting cDNAs were subjected to PCR with COX-1 and COX-2 primers and the reaction products were subjected
to electrophoresis in a 1% agarose gel and visualized by EtBr staining. GAPDH was used as an internal control. (B) Cells were treated with the indicated
concentrations of curcumin for 48 h and collected. The cells were lysed and cellular proteins were separated by 10% SDS-polyacrylamide gels. Proteins were
visualized by Western blotting using anti-COX-1 and anti-COX-2 antibodies, and ECL detection. Actin was used as an internal control. (C) Cells were treated
with the indicated concentrations of curcumin for 48 h and collected. The PGE, accumulation in the medium was determined by an EIA kit as described in
Materials and methods. Data represent the relative mean values of two independent experiments.

catalytic activity of COX-2, cells were cultured in the absence
or presence of curcumin, and PGE, levels were measured. As
shown in Fig. 5C, the synthesis of PGE, was concentration-
dependent and this production was significantly decreased
over time after curcumin treatment, which correlated with the
down-regulation of COX-2 expression.

Discussion

In terms of cell cycle regulation, Cdks play a most critical
role. Two major mechanisms for Cdk regulation are the
binding with its catalytic subunit cyclin followed by activation
of Cdk/cyclin complexes and the binding with Cdk inhibitors
followed by inactivation of Cdk/cyclin complexes (3). An
alteration in the formation of these complexes could lead to
increased cell growth and proliferation and decreased cell
growth and proliferation followed by differentiation and/or
cell death by apoptosis (2). Cyclin A, which interacts with
Cdk2, has been found to play an important role in the
regulation of phases S and G2/M (17). The ultimate target of
the G2/M checkpoint signaling pathway is Cdc2/cyclin B1.
Cdc2 forms a heterodimeric complex with cyclin B1, which
is maintained in an inactive form by phosphorylation of
residues Thr14 and Tyr15 in the ATP-binding domain of Cdc2

by Weel kinase (18) and converted to an active form by
dephosphorylation of these residues by phosphatase Cdc25C
(19). This dephosphorylation/activation is an absolute
requirement for the onset of mitosis. It has been shown that
Cdc25C is negatively regulated by phosphorylation of its
Ser216 residue during interphase or in response to DNA
damage or incomplete DNA replication (20). In this study,
flow cytometric analysis clearly revealed that human bladder
carcinoma T24 cells were arrested by curcumin at the G2/M
phase of the cell cycle (Fig. 1),as observed in several cell lines
(8-10). Results from RT-PCR and immunoblotting analyses
demonstrated that curcumin inhibited both the mRNA and
intracellular protein levels of cyclin A but not cyclin Bl in
T24 cells in a concentration-dependent manner (Fig. 2).
However, the expression of Cdc2 and Weel kinase protein
and the levels of phospho-Cdc2 at Tyr15 remained unchanged
in curcumin-treated cells. Curcumin also did not affect the
levels of Cdc25C protein or the phosphorylation of Cdc25C
at Ser216 in T24 cells (Fig. 3). The results suggest that the
induction of phosphorylation of Cdc2 and Cdc25C is not a
universal feature of the curcumin-induced G2/M arrest of the
cell cycle in T24 cells.

The activity of Cdks is negatively regulated by binding to
Cdk inhibitors in response to a variety of anti-proliferative
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signals. Of several Cdk inhibitors, p21, the archetypal member
of this family that was isolated as a Cdk2-associated protein
and an inhibitor of Cdk2, is an important mediator of cell
cycle arrest imposed by tumor suppressor pS3 in response to
DNA damage (21). It was shown that a novel form of p21
protein can inhibit growth by acting not at G1, but at G2/M
(22,23). In addition to being induced by p53, p21 is also
induced by other factors in a p53-independent pathway
(24.25). Additional studies have demonstrated that relative
levels of p21 may be critical in determining the threshold
kinase activity of various Cdk/cyclin complexes suggesting
that appropriate levels of p21 may be critical in the regulation
of cell growth (3,26,27). The present results clearly indicated
that curcumin enhanced the expression of Cdk inhibitor p21,
but not p16 and p27 at both the transcriptional and translational
level without altering the p53 expression (Fig. 4). Therefore,
the induction of p21 and G2/M arrest by curcumin in T24
cells may be regarded as p53-independent events, which is in
agreement with other reports (10,28).

Epidemiological observations and laboratory research
have suggested that non-steroidal anti-inflammatory drugs
(NSAIDs) reduce the risk of cancer and the inhibition of
carcinogenesis by NSAIDs is mediated through the
modulation of prostaglandin production from the substrate
arachidonic acid by rate-limiting enzymes known as COXs.
Two isoforms of COXs have been identified: COX-1, which
is considered to be the constitutively expressed form and
thought to serve housekeeping functions; and COX-2, which
is expressed at very low basal levels and rapidly induced by
different products, such as tumor promoters, growth factors
or inflammatory cytokines (4). Thus, COX-2 up-regulation is
a key step in carcinogenesis, and inhibition of COX-2 activity
promises to be an effective approach in the prevention and
treatment of cancer (5). Lee et al demonstrated that curcumin
inhibits the interferon (IFN)-a-induced expression of COX-2
(29). The suppression of IFN-a-induced COX-2 activation by
curcumin is consistent with a previous study, which showed
that the tumor necrosis factor-a-induced COX-2 expression
in human colon cancer cells was inhibited by curcumin via
NF-«B activation (30). Zhang et al also reported that treatment
of several human gastrointestinal cell lines with curcumin
suppressed the expression of COX-2 protein and mRNA and
PGE, production by chenodeoxycholate or phorbol ester
(31). To further elucidate the mechanisms by which curcumin
inhibits T24 cell proliferation, we investigated whether the
curcumin-induced growth inhibitory effect of T24 cells
was associated with an inhibition of basal COX-2 expression
and activity. As shown in Fig. 5, curcumin treatment down-
regulated both the mRNA and protein expression of COX-2
and inhibited the production of PGE, in a concentration-
dependent manner. The data suggested that the inhibition of
COX-2 expression and PGE, production is consistent with the
anti-proliferative effect of curcumin in T24 cells.

In conclusion, our present findings indicated that curcumin
potently suppresses the growth of T24 human bladder
carcinoma cells by the induction of G2/M arrest of the cell
cycle through the inhibition of cyclin A and induction of Cdk
inhibitor p21, and concomitantly causes a loss of PGE, by
decreasing COX-2 expression. Although further studies are
needed, these results suggest that the induction of p21 and

PARK et al: G2/M ARREST AND COX-2 INHIBITION BY CURCUMIN

loss of COX-2 activity may be good surrogate biomarkers for
assessing the anti-tumor activity of curcumin.
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