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Curcumin induces G2/M cell cycle arrest in a p5S3-dependent
manner and upregulates ING4 expression in human glioma
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Abstract Gliomas are the most common and lethal pri-
mary tumors of the central nervous system (CNS). Despite
current rigorous treatment protocols, effect of chemother-
apy has failed to improve patient outcome significantly.
Curcumin is a potent antioxidant that possesses both anti-
inflammatory and anti-tumor activities, can suppress the
initiation, promotion, and metastasis of different tumors. Its
anti-tumor properties in various cancer models and negli-
gible toxicity in normal cells make it a promising chemo-
therapeutic candidate. But the effect and the molecular
mechanism of curcumin on gliomas are still recognized
limitedly. The goal of the study is to elucidate the inhibi-
tory effect and possible mechanisms of curcumin on gli-
oma. After the treatment of curcumin, glioma cells U251
growth in vitro were significantly inhibited in a dose-
dependent manner, and the low dose of curcumin induced
G2/M cell cycle arrest. The high dose of curcumin not only
enhanced G2/M cell cycle arrest, but also induced S phase
of cell cycle arrest. But no obvious pre-Gl peak was
observed at the different doses of curcumin. Genome DNA
electrophoresis further confirmed that no DNA ladder was
formed after the treatment of curcumin in U251 cells.
Results of Western blot analysis demonstrated that ING4
expression was almost undetectable in U251 cells, but
significantly up-regulated during cell cycle arrest induced
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by curcumin, and p53 expression was up-regulated
followed by induction of p21VAFYC™P~1 4nd ING4. The
results demonstrate that curcumin exerts inhibitory action
on glioma cell growth and proliferation via induction of
cell cycle arrest instead of induction of apoptosis in a
p53-dependent manner, and ING4 possibly is in part
involved in the signal pathways.
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ING  Inhibitor of growth

CNS  The central nervous system
GBM Glioblastoma multiforme

Introduction

Gliomas are the most common and lethal primary tumors
of the central nervous system (CNS) with a median sur-
vival of less than 2 years. According to the malignancy,
gliomas are divided into grade I, grade II (low grade),
grade III (anaplastic) and grade IV (astrocytic phenotype or
glioblastoma multiforme (GBM)) [1, 2]. Beginning in the
1980s chemotherapy has been incorporated into the treat-
ment protocol of intractable gliomas, and remains part of
the treatment triad that includes microneurosurgery and
radiation therapy. Several anticancer drugs have resurfaced
as potential agents for adjuvant brain tumor therapy.
Unfortunately, for many intracranial neoplasms, effect of
chemotherapy has failed to improve patient outcome sig-
nificantly and the prognosis for the majority of patients
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harboring these tumors continues to be poor. The difficult
clinical situation has fostered significant interest in defining
novel therapeutic modalities for this heterogeneous group
of neoplasms.

Curcumin is a diferuloylmethane derived from the plant
Curcuma longa. It is a potent antioxidant that possesses
both anti-inflammatory and antitumor activities [3]. Mul-
tiple lines of evidence from in vitro studies and animal
models indicate that curcumin is a promising candidate for
treating cancer by suppressing the initiation, promotion,
and metastasis of various types of tumors [4—6]. Timiras
et al. firstly reported that curcumin suppressed the prolif-
eration and growth of glioma cells in vitro in a time-dose-
dependent manner [7]. Kim et al. found that curcumin
strongly repressed MMP-1, -3 and -9 gene expression via
the inhibition of the PKC to MAP kinase signaling
pathways and the repression of the DNA-binding and
transcription activities of AP-1 in human astroglioma cells,
and also significantly repressed the in vitro invasion of
glioma cells [8]. In addition, curcumin is believed to be
pharmacologically safe because it is a naturally occurring
substance that is used in both the diet as well as in
traditional oriental medicine to treat various diseases in
East-Asian countries as well as in India. The anti-tumor
efficacy and minimal toxicity indicate that curcumin can be
used as an adjuvant agent with the traditional chemother-
apeutic drugs for treating gliomas. The properties of
curcumin have been attributed, at least in part, to its ability
to inhibit COX-2 [9]. Recent studies indicate curcumin
exerts its effect by down-regulating the transcription fac-
tors, NF-kB, AP-1 and Egr-1, and repressing the genes for
cell adhesion molecules, chemokines, TNF, COX-2, and
MMP-9 [10-12]. However, the molecular mechanism
responsible for the anti-tumor action of curcumin on glio-
mas has not been entirely understood.

Inhibitor of growth (ING) gene family is characterized
by a highly conserved C-terminal plant homeodomain
(PHD)-like zinc-finger domain, including five members to
date identified [13]. Recent studies have demonstrated that
some members of ING gene family are implicated in a
variety of processes including oncogenesis, apoptosis,
DNA repair, and cell cycle control [14-16]. The best-
studied ING family members reside in the nucleus where
they positively or negatively regulate gene expression
through interactions between their N terminus and
chromatin-remodeling complexes containing histone
acetyltransferases, histone deacetyltransferases, or factor
acetyltransferases [17]. ING1 can negatively regulate cell
proliferation in a p53-dependent manner through induction
of G1 phase arrest of cell cycle and apoptosis, where ING1
can physically associate with p53 and promote apoptosis
[18-20]. ING?2 increases the acetylation of p53 at Lys-382
and strongly enhances the transcriptional-transactivation
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activity of p53 although there is no physical interaction
between both the proteins [21]. ING3 can activate p53-
transactivated promoters, including promoters of p21 and
Bax; and meanwhile, the overexpression of ING3 induces a
decreased population of cells in S phase and apoptosis [22].
The transient overexpression of INGS5 could induce a
decreased cell population in S phase of cell cycle and
apoptosis in a p53-dependent manner, along with the
increased p21 expression in RKO cells.

The ING4 was initially identified in a screen for novel
tumor suppressors as a novel member of ING family [23].
Characterized as a candidate tumor suppressor gene, it has
been reported that ING4 is frequently mutated in human
cancer [24]. Recently Garkavtsev et al. reported that
expression of ING4 is significantly reduced in gliomas as
compared with normal human brain tissue, and the extent
of reduction correlates with the progression from lower to
higher grades of tumors, and ING4 physically interacted
with p65 (RelA) subunit of nuclear factor NF-xB, and
regulated brain tumor angiogenesis through transcriptional
repression of NF-kB-responsive genes [25]. Hence, ING4
possibly has critical role in brain tumor pathogenesis.
Moreover, ING4 can increase the acetylation of p53 via
interaction with p300, negatively regulate the cell growth
with significant G2/M arrest of cell cycle, and enhance the
chemosensitivity of some tumor cells to DNA-damage
drugs [26]. Downregulation of ING4 expression in brain
tumor cells could significantly upregulate the expression of
COX-2, indicating ING4 correlated with an increase in
expression of COX-2 [25].

In current study, we first found that curcumin can sig-
nificantly repress growth and proliferation of glioma cells
via the induction of S phase and G2/M phase arrest of cell
cycle, along with expression of ING4, p21 and p53
upregulated. It indicates that curcumin possibly exerts its
inhibitory action on cell cycle in a p5S3-dependent manner,
in which ING4 is also involved.

Materials and methods
Antibodies and reagents

Curcumin was purchased from Sigma-Aldrich, Inc (St.
Louis, MO), proteinase inhibitors were purchased from
Roche Diagnostics (Mannheim, Germany). Rabbit
polyclonal antiserum to recombinant human ING4 was
obtained from Rocklland (Gilbertsville, PA). Mouse
monoclonal antibodies against p21 and p53 and HRP-la-
beled sencondary antibodies were obtained from Santa
Cruz (Santa Cruz, CA). Enhanced chemiluminescence
(ECL) system was obtained from Roche Molecular
Biochemicals (Mannheim, Germany).
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Cell cultures and drug treatment

Glioma cells U251 were purchased from Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences, and cultured at 37°C in an atmosphere of 5%
CO2 and 95% air in RPMI-1640 supplemented with 10%
FBS, penicillin and streptomycin (Gibco BRL, Life Tech-
nologies, NY) and harvested for use as indicated. Curcumin
was freshly prepared in dimethyl sulfoxide (DMSO) before
use.Vehicle control of DMSO (<0.1%) was included in the
studies. When cells reached 60-80% confluence, they were
treated with various concentrations of Curcumin as indi-
cated. They were then cultured for times ranging from 12
to 24 h. The presence of 0.5% DMSO did not affect cell
growth in repeated experiments.

MTT assay

Cell proliferation was measured by MTT assay. Exponen-
tially growing cells were plated into 96 well plates con-
taining 5,000 cells/well in 200 pl medium for 24 h. Then
cells were treated with different concentrations of curcu-
min for 24 h. About 20 pl of MTT stock solution (5 mg/
ml) was added into each well, and cells were further
incubated at 37°C for 4 h. The supernatant was replaced
with 200 pl isopropanol to dissolve formazan production.
The absorbance at wavelength 595 nm was measured with
a micro-ELISA reader (Bio-Rad, Hercules, CA). The
negative control well, into which only the medium had
been added, was used for zeroing the absorbance. Each
assay was performed three times in triplicate. The ratio of
the absorbance of treated cells relative to that of the control
cells were calculated and expressed as percentage of
growth inhibition.

Fluorescence-activated cell sorter (FACS) analysis

The distribution of cells in the cell-cycle phases was
determined using FACS analysis of DNA content. Expo-
nentially growing cells were plated into 100 mm plates
containing 1 x 10° cells/plate in 5 ml medium overnight.
Then cells were treated with 4 or 10 uM of curcumin for
24 h. Cells were collected and washed with ice-cold PBS
twice. After centrifuge, 5 ml of 70% ethanol was added to
fix cells at 4°C overnight. Prior to analysis, the cells were
washed with ice-cold PBS for three times, and resuspended
at 1 x 10° cells/ml in PBS. Cells were incubated with
0.1 mg/ml RNase I and 40 mg/ml propidium iodide at
37°C for 30 min. Samples were analyzed using a FACS
scanner (Coulter Epics XL, Luton, UK). The resultant
histogram was analyzed using Multicycle AV software
(Phoenix Flow System, San Diego, CA, USA). The apop-

totic cells can be observed on a DNA histogram as a
subdiploid or pre-G1 peak.

Apoptosis assay

After the treatment of 10 uM of curcumin for 24 h, an
equal number of cells was lysed with lysis buffer (10 mM
Tris, 10 mM EDTA, 0.5% Triton X-100, pH 7.5) at 4°C for
10 min, and centrifuged at 13,000g x 15 min at 4°C. The
supernatant was collected and DNA was precipitated with
50% isopropynol/0.5 M NaCl at —20°C overnight. DNA
pellet was dissolved in TE solution containg 1 mg/ml
RNase and incubated at 37°C for 30 min, then 2 mg/ml
proteinase K was added and digested at 37°C for 1 h. DNA
fragment was electrophoresed on a 1% agarose gel, and
examined after being stained with ethidium bromide.

Western blotting analysis

Cells were treated with or without curcumin(10 pM) for
24 h, and then extracted with RIPA lysis buffer containing
protease inhibitors (20 mM Tris-HCI, 1 mM EDTA, 1 mM
EGTA, 1 mM sodium vanadate, 0.2 mM phenylmethyl-
sulfonyl fluoride, 0.5% NP-40). The protein concentration
was determined by bicinchoninic acid assay with bovine
serum albumin (Sigma-Aldrich, Inc) as the standard. Equal
aliquots of total cell lysates (50 pg) of each sample were
solubilized in 2x sample buffer(100 mmol/l Tris,
200 mmol/l DTT, 4%SDS, 0.2% bromine blue, 20%
glycerol)and electrophoresed on 12% SDS-PAGE gel. The
proteins were then transferred to PVDF membrane (Milli-
pore) using transfer buffer for 2 h. Non-specific binding
was blocked with TTBS (10 mM pH 7.6 Tris-HCI buffer
saline plus 0.05% Tween-20) containing 5% nonfat milk
for 1 h at room temperature. The blots were probed with
primary antibodies overnight at 4°C. The primary anti-
bodies included rabbit anti-human ING4 polyclonal anti-
body (1:500), mouse anti-human p21 monoclonal antibody
(1:500), mouse anti-human p53 monoclonal antibody
(1:1,000) and mouse anti-human actin antibody (1:1,000).
Antigen—antibody complexes were visualized by the ECL
system.

Statistical analyses

All experiments were performed in triplicate and were
repeated at least three times. Mean values + SEM were
calculated to represent the three experiments. Statistical
difference was determined by Student’s r-test, or
one-way ANOVA. A P value of <0.05 was considered
significant.
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Results
The ING4 protein expression in glioma cells

The ING4 protein expression in glioma cells was detected
by Western blot. Normal brain tissue was used as the
positive control. In U251 cells, ING4 protein was hardly
detectable (Fig. 1).

Inhibitory effect of curcumin on growth of U251

Different concentrations of curcumin were used to treated
U251 cells for 24 h. MTT assay showed that curcumin
repressed U251 cell growth in a dose-dependent manner
(Fig. 2). At low dose (4 pM), curcumin did not signifi-
cantly inhibit U251 cell growth, but at high dose (10 uM),
curcumin suppressed cell growth to 35% (P < 0.05,
one-way ANOVA) The concentration of curcumin for
further experiments was chosen at 10 uM based on the
MTT assay results.
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Fig. 1 Western blot analysis for ING4 protein expression in U251

cells. (A) Normal brain tissue was the positive control. (B) ING4
protein was hardly detectable in U251 cells
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Fig. 2 Inhibitory effects of curcumin on U251 cell growth. Curcumin
inhibited U251 cell growth in dose-dependent manner, low dose of
curcumin (4 pM) slightly inhibited U521 cell growth, but high dose
of curcumin(10 pM) significantly inhibited U251 cell growth with the
growth inhibitory rate to 35%(compared with the control, *P < 0.05)
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Effect of curcumin on cell cycle in glioma cells

Different doses of curcumin treated U251 cells for 24 h,
FACS showed that after treatment with 4 uM of curcumin,
the percentage of U251 cells in GO/Gl phase was
decreased, and in G2/M phase was increased; and at the
high dose of curcumin (10 uM), the percentage of U251
cells in GO/G1 phase significantly decreased, in G2/M
phase significantly increased (Fig. 3). And interestingly,
the percentage in S phase was also significantly increased
from 11.2 to 28.8% at the high dose of curcumin. But no
significant increases in the percentage of apoptosis were
induced at the different doses of curcumin, which sug-
gested that curcumin played its inhibitory roles on glioma
cells mainly via the induction of cell cycle arrest instead of
apoptosis. The percentage of U251 cells distributed in the
phases of cell cycle was shown in the Table 1.

No apoptosis induced by curcumin in glioma cells

DNA ladder formation is the golden standard of apoptosis.
After the treatment of curcumin (10 uM) for 24 h, no
obvious DNA ladder was observed, which indicated no
apoptosis was significantly induced (Fig. 4).

Effect of curcumin on the expression of p21 and p53
in glioma cells

Western blot showed that after the treatment of curcu-
min(10 pM) for 16 h, the expression of p21 and p53 was
up-regulated, and for 24 h the expression up-regulated
significantly. It indicated that curcumin potentially induced
the cell cycle arrest in a pS3-dependent manner (Fig. 5).

Inducement of ING4 expression by curcumin in glioma
cells

Western blot showed that after the treatment of curcumin
(10 uM) for 24 h, ING4 protein expression was induced
significantly in glioma cells U251, indicating that ING4
possibly was involved in pathways in the cell cycle arrest
induced by curcumin (Fig. 6).

Discussion

Curcumin(diferuloylmethane), a major active component
of turmeric (Curcuma longa Linn), is a crystalline com-
pound that has been traditionally used in medicine and
cooking in Eastern-Asia. Preclinical studies have revealed
the chemopreventive potential of curcumin in several dif-
ferent animal tumor bioassay systems, including colon,
duodenal, stomach, prostate, and breast carcinogenesis,
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Fig. 3 Effect of curcumin on cell cycle in glioma cells. After the
treatment of curcumin (4 uM) for 24 h, the percentage of U251 cells
in GO/G1 phase decreased slightly and in G2/M phase increased. And
at high dose of curcumin (10 uM), the percentage of U251 cells in

Table 1 The percentage of U251 cells distributed in the phases of
cell cycle

Cell line Curcumin (uM) Apoptotic GO0/G1 S G2/M G2/Gl

U251 0 3.5 81.7 1.2 7.1 175
4 5.8 74.7 145 18.8 1.888
10 2.5 44.4 28.8 34.8 1.792
1
0 10 (uM) curcumin

Fig. 4 Curcumin did not induced the formation of DNA ladder in
U251 cells. After the treatment of curcumin (10 pM) for 24 h, no
obvious DNA ladder was observed

both in vitro and in vivo [27-30]. Curcumin can blocks
tumor initiation, suppresses tumor proliferation and pro-
gression, and reduces the invasion and subsequently
metastasis of various cancer cells [31, 32]. The absence of
dose-limiting toxicity, even when curcumin is administered
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GO0/G1 phase was significantly decreased, and in S phase and G2/M
phase increased obviously. But no significant increases in the
percentage of apoptosis were observed at the different doses of
curcumin

up to 8 g/day in human clinical trials suggests it as a
promising and safe anti-cancer drug [33]. Timiras et al.
firstly reported that curcumin could inhibit glioma cells
proliferation and growth in a dose-time-dependent manner
[34]. Kim et al. found that curcumin could repress the
expression of MMP-1, MMP-3 and MMP-9 in astroglioma
cells via the suppression of PKC and MAPK signal
pathways and the inhibition of the DNA binding and
transcription activities of AP-1, and in vitro assay also
showed curcumin effectively reduced astroglioma cells
invasion [35]. It has been described in many studies the
molecular targets of cancer that are modulated by curcumin
as a consequence of its effect on NF-xB and other
prominent transcription factors [36, 37]. In addition to
suppressing various cell survival and cell proliferative
genes, including Bcl-2, cyclin DI, IL-6, cyclooxygenase-
2(COX-2), and MMP-9, curcumin induced apoptosis, as
pointed out by caspase activation and poly(ADP-ribose)
polymerase (PARP) cleavage. It has been proved that
curcumin could induce apoptosis in human astrocytoma
cells via the activation of procaspases and the release of
cytochrome c from the mitochondrial, enhanced the sen-
sitivity of malignant glioma cells to apoptosis mediated by
TRAIL/Apo2L, enhance the caspase-3-dependent glioma
cells death by suppressing the acetylation of histone, and
activate the protein degradation pathways mediated by
receptors and mitochondrial to induce glioblastoma cell
apoptosis [38, 39]. Although a number of studies have
described the potential use of curcumin in the prevention
and treatment of brain tumor, its molecular mechanism has
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Fig. 5 Effect of curcumin on the expression of p21 and p53 in glioma cells. After the treatment of curcumin (10 pM) the expression of p21 and

p53 was significantly up-regulated
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Fig. 6 Inducement of ING4 expression by curcumin in glioma cells. After the treatment of curcumin (10 pM) for 24 h, ING4 expression was

significantly induced in glioma cells

not been elucidated clearly. In our study, curcumin sig-
nificantly inhibited cell proliferation and growth via the
induction of S phase and G2/M phase of cell cycle arrest,
instead of significant apoptosis in U251 glioma cells. At the
low dose, curcumin mainly induced G2/M phase of cell
cycle arrest, but at the high dose in addition to increase in
G2/M cell cycle arrest, S phase of cell cycle arrest
happened.

In order to elucidate the molecular mechanism, we tes-
ted p53 expression and function after the treatment of
curcumin. The results showed curcumin up-regulated p53
expression in a time-dependent manner, followed by
induction of p21WAFVCIP1 expression. Observations sug-
gested that the cell cycle arrest induced by curcumin may
be mediated via functionally activated p53 and merit
further study. Most interesting, it was observed that ING4,
a novel member of ING tumor suppressor family, was
up-regulated along with cell cycle arrest induced by curc-
umin in U251 glioma cells.

To date, five members of the ING family have been
identified, all containing a highly conserved plant home-
odomain finger (PHF) motif in the C-terminal end of the
proteins. The PHF is found in transcription factors that
modulate chromatin structure, and the ING gene products
interact with protein complexes containing histone acetyl-
transferase and deacetylase [15]. Thus, although the exact
functions of ING genes have not been elucidated, the gene
products are thought to participate in transcriptional
regulation by means of chromatin remodeling [14]. The
products of ING genes have been shown to interact with
and enhance the function of p53 in gene transcription,
apoptosis, and DNA repair [40]. It has been described that
INGI was involved in the regulation of apoptosis and cell
cycle in a p53-dependent manner in several cancers and
cell lines as a candidate tumor suppressor [41, 42].
ING2 could negatively regulate cell proliferation in a
p53-dependent manner through induction of G1 phase
arrest of cell cycle and apoptosis [21]. ING3 could activate
pS3-transactivated promoters, including promoters of p21
and Bax, and induce a decreased population of cells in S
phase and apoptosis [22]. Shiseki et al. also described some
characteristics of ING4 and ING5, which the transient
overexpression of ING4 or INGS5 could induce a decreased
cell population in S phase of cell cycle and apoptosis in a
p53-dependent manner, along with the increased p21
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expression in RKO cells [43]. Moreover, ING4 could
physically interact with p300 and p53 in vivo, as well as
enhance p53 acetylation at Lys-382 [44]. Most interest-
ingly, Garkavtsev et al. reported that ING4 was involved in
regulating brain tumor growth and angiogenesis by asso-
ciating with p65(RelA) subunit of NF-«B [25]. Ze-Guang
Han et al. found that ING4 could regulate negatively the
cell growth with significant G2/M arrest of cell cycle and
enhance chemosensitivity to certain DNA-damage agents
in HepG2 cells [26]. Hence, we presumed that cell cycle
arrest in U251 glioma cells induced by curcumin was in
part attributed to up-regulation of ING4, which exert its
function via a p53-dependent manner. But further evi-
dences need to be clarified the signal pathways responsible
for ING4 up-regulation induced by curcumin and whether
physical interaction with p53 exists.

Barnett and Jain et al. found that the expression of ING4
at the level of mRNA was two to three times lower in the
low-grade gliomas (grade II-III), and six times lower the
ING4 mRNA in the glioblastomas than in the normal brain
tissues [25]. Immunochemical staining showed that in the
normal brain tissues ING4 was located in the nucleus [45].
In our previous immunostaining study, it was also proved
that in gliomas the expression of ING4 at the level of
protein was significantly lower than in the normal brain
tissue, and the protein level of ING4 was reversely corre-
lated with the progression from lower to higher grades of
tumors (data not shown). The reverse correlation indicated
that ING4 potentially plays critical roles on the develop-
ment and progression of gliomas. In current study, we
detected the expression of ING4 protein in glioma cells. In
U251 cells the expression of ING4 at the level of protein
was almost undetectable, however in another glioma cell
line SGH the expression of ING4 protein was obviously
detectable and located in the cytoplasm instead of the
nucleus (data not shown). It suggested that in the initiation,
promotion and progression of gliomas, the expression of
ING4 is possibly repressed or only nominal repression
because of gene deletion or mutation. Mutated ING4 pro-
tein was distributed in the cytoplasm and lost its tumor
suppressor functions. Michael Bishop et al. found that
mutations in /ING4 transcripts were prevalent in a number
of tumor cells, such as the nuclear localization signal
(KGKK) deletion, C-terminal truncation mutation, and an
amino acid substitution mutation [23]. Such mutations
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were functionally inactive as tumor suppressor and have a
dominant-negative effect, which has the potential to create
a null state in even those cells that are heterozygous for the
wild-type ING4 gene. Harris et al. recently identified three
novel splice variants of ING4 with differing activities in
controlling cell proliferation, cell spreading, and cell
migration [46].

Taken together, this study suggested that curcumin
could induce S phase and G2/M phase of cell cycle arrest in
a p53-dependent manner associated with increase expres-
sion of p2l1 and ING4. ING4 up-regulated possibly
enhanced the binding to p53, and then increased p21
expression to negatively regulate cell proliferation by
inducing cell cycle arrest. However the functionary
mechanisms of ING4 have not revealed clearly and its
potential use in the treatment of brain tumors need more
deepen studies.
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