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Involvement of nucleophosmin/B23 in the cellular response to curcumin
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Abstract

Nucleophosmin (NPM/B23) is a nucleolar phosphoprotein involved in cellular response to many different stimuli. Herein, we studied the molecular
mechanism of NPM/B23 induction by curcumin, a natural AP-1 inhibitor with antitumor properties. Exposure to 5–30 μM curcumin significantly and dose-
dependently increased the level of NPM/B23 in non-transformed NIH 3T3 cells but not HeLa cells and F9 cells. Besides, the transformed F9 and HeLa cells are
more sensitive to curcumin-induced cell death and growth inhibition than NIH 3T3 cells. Overexpression of c-Jun, but not c-Fos, decreased ∼40% of NPM/B23 and
enhanced the sensitivity of NIH 3T3 cells to 30 μM curcumin. Furthermore, down-regulation of NPM/B23 by transfection with NPM/B23 antisense plasmid
enhanced the sensitivity to curcumin-induced cell death and growth inhibition. These results indicated that NPM/B23 expression regulates cellular sensitivity to
curcumin. Besides, NPM/B23 knockdown may facilitate as a novel strategy to promote the sensitivity of cancer cells to curcumin.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Chemoprevention is defined as a pharmacological approach used to
arrest or reverse the process of cancer development prior to invasion
and metastasis occurring [1]. Many dietary compounds are believed to
be chemopreventive agents, which suppress the transformative,
hyperproliferative and inflammatory processes that initiate carcino-
genesis [1,2]. Curcumin, a natural component deriving from the
Curcuma species, is commonly used as a yellow coloring and flavoring
agent in foods [2]. This agent has been shown to possess potent
antitumor, anti-inflammatory and anti-oxidative properties [1–3].
Curcumin induces apoptosis in many tumor cell lines [1–8] and
specifically displays protective activity against tumor in animal models,
including colon cancers [3], histocytic tumor [7] and brain tumor [8].
Additionally, curcumin is an efficient inhibitor of 12-O-tetradecanoyl-
phorbol-13-acetate (TPA)-induced tumor promotion onmouse skin [9]
and carcinogen-induced tumorigenesis in rat intestine [10]. It has been
previously suggested that the antitumor promotion activity of curcumin
is attributed to its ability to suppress activator protein-1 (AP-1)
signaling [11]. AP-1 is a sequence-specific transcriptional factor,
including members of the Jun and Fos families [12]. Both c-Jun and
c-Fos are implicated in many cellular processes [13]. The induction of
c-Fos and c-Jun is suggested to protect cells from stress-induced
apoptosis [12,13]. c-Jun regulates gene expression and cell function by
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participating in the formation of homodimers or heterodimers with
c-Fos and subsequently binding to TPA-response elements [13]. The
DNA-binding ability of AP-1 can be suppressed by curcumin, and thus,
AP-1 transcriptional activity is blockedby thepresenceof curcumin [11].

Nucleophosmin/B23 (NPM/B23, also called protein B23), a
nucleolar phosphoprotein, is more abundant in cancer cells than in
normal resting cells [14]. Biosynthesis of NPM/B23 is increased
markedly and promptly in association with mitogensis [15] or certain
cell stresses [16–19]. NPM/B23 binds both DNA and RNA [20] and acts
as a molecular chaperone during the assembly of new nucleosomes
and DNA repair [21]. The expression of NPM/B23 is crucial for
rendering cancer cells resistant to induction of differentiation and
apoptosis [22,23]. NPM/B23 is rapidly up-regulated following UV
irradiation as p53 or AP-1, and the UV-induced NPM/B23 expression
is an immediate-early gene response induced by UV-damaged DNA
[16–18]. Recent reports suggested that NPM/B23 interacts with
MDM2 to stabilize p53 [24], and thus, NPM/B23 can regulate the
stability and transcriptional activity of p53 [24,25]. Additionally,
NPM/B23 binds p53 and prevents p53 phosphorylation at Ser 15 in
response to low-dose UV irradiation and acts as a repressor of p53 by
setting a threshold for p53 activation [26]. Similarly, NPM/B23 is also
induced in response to hypoxia, thereby protecting against cell death
through inhibition of p53 activation [19].

Although many biological functions of curcumin have been
identified, the precise molecular mechanisms underlying its actions
remain unknown. In the present study, we investigated the role of AP-
1 in molecular mechanism underlying curcumin-mediated NPM/B23
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Fig. 1. HeLa cells and F9 cells were more sensitive to curcumin-induced cell death than
NIH 3T3 cells. (A) The relative growth [proportion (%) of each untreated cell line at the
same time point] for NIH 3T3 cells, HeLa cells and F9 cells at 24 h following curcumin
treatment. Cell numbers were obtained by counting with a hemocytometer by trypan
blue exclusion staining. Bars, means of triplicates±S.D. ⁎Pb.05, as compared with the
relative growth of each untreated cell line. (B) Determination of the levels of viable
cells and dead cells after NIH 3T3 cells, HeLa cells and F9 cells incubated with curcumin
(5–20 μM) for 24 h. Viable and dead cells were determined by trypan blue exclusion
staining. Bars, means of triplicates±S.D. ⁎Pb.05, as compared with the percentage of
cell death in each of the corresponding untreated cell line.
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induction. Our results suggest that up-regulation of NPM/B23 in
response to curcumin is important for cellular resistance to
cytotoxicity of curcumin in certain cell species.

2. Materials and methods

2.1. Chemicals

All chemicals were purchased from Sigma (St. Louis, MO, USA), unless indicated
otherwise. Curcumin was dissolved in dimethyl sulfoxide and diluted to 2 mM with
ethanol. The range of curcumin concentrations used was in accordance with previous
studies (Refs. [4,7,27–30]).

2.2. Antibodies

Anti-β-actin monoclonal antibody was purchased from Sigma. Anti-c-Jun
polyclonal antibody and anti-c-Fos polyclonal antibody were from Santa Cruz (Santa
Cruz, CA, USA). Polyclonal anti-NPM/B23-specific antibody was purified from anti-
NPM/B23 rabbit serum by an affinity column packed with Escherichia coli-over-
expressed NPM/B23-Sepharose 4B (GE Healthcare, Piscataway, NJ, USA). Secondary
antibodies and horseradish peroxidase-conjugated goat anti-mouse IgG antibody were
obtained from Jackson ImmunoResearch (Baltimore, PA, USA), and horseradish
peroxidase-conjugated goat anti-rabbit IgG antibody was acquired from Chemicon
(Temecula, CA, USA).

2.3. Cell cultures

Cells were cultured in Gibco Dulbecco's modified Eagle's medium (DMEM;
Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated serum (Hyclone,
Logan, UT) (bovine calf serum for NIH 3T3 cells; fetal bovine serum for HeLa cells and F9
cells), antibiotics (50 U/ml penicillin and 50 μg/ml streptomycin) and 3.7 g/L sodium
bicarbonate (Merck, Darmstadt Germany) in a 5% CO2 humidified incubator at 37°C.

2.4. Western blotting

Cell extracts were prepared as described previously [17]. After normalizing for
protein content, extracts were separated by 10% SDS-polyacrylamide gels, transferred
to polyvinylidene difluoride membranes (GE Healthcare) and probed with antibodies
against NPM/B23, c-Jun, c-Fos or β-actin. The resultant immunobandswere detected by
enhanced chemiluminescence reaction (Amersham Biosciences). For quantification of
NPM/B23 induced by curcumin, NPM/B23 and β-actin immunoband intensities were
determined by densitometric scanning. The values of NPM/B23 were normalized with
respect to intensities of β-actin. Data were analyzed by LabWork analysis software
(UVP, Upland, CA, USA).

2.5. RNA preparation and RT-PCR

Total RNA was isolated with UltraspecTM RNA isolation system (Biotecx, Houston,
TX, USA) following the manufacturer's procedure. Reverse transcription was
performed with random hexamers and Superscript II RT (Invitrogen Life Technologies,
Carlsbad, CA, USA) and was carried out at 50°C for 60 min and then stopped by a
transition to 75°C for 15 min. The products of reverse transcription were mixed with
1 μl of (10 μM) NPM/B23-specific primer (forward primer sequence: 5′
TCGGCTGTGAACTAAAGGCT 3′; reverse primer sequence: 5′ GAGCAGATCGCTTTCCA-
GAC 3′) or β-actin (forward primer sequence: 5′ GGGAATGGGTCAGAAGGACT 3′;
reverse primer sequence: 5′ ATACAGGGACAGCACAGCCT 3′), 1 μl of (10 μM) dNTP, 2 μl
of 10×PCR buffer and 5 U Taq DNA polymerase (Violet, Taiwan) in 20 μl H2O. These
reactions were followed by PCR using the following procedure: 95°C for 5 min; 24
cycles at 95°C for 1min, 55°C for 1min and 72°C for 1min; and a final extension at 72°C
for 7 min. PCR products were then run on a 1.0% agarose gel and analyzed by means of
ethidium bromide staining.

2.6. Plasmids

The c-Jun expression plasmid (pECP4-c-Jun) and the pBluescript KS-c-Fos plasmid
were generously given by Dr. Yu-Sun Chang (Graduate Institute of Basic Medical
Science, Chang-Gung University). The characterization of pECP4-c-Jun and pBluescript
KS-c-Fos plasmid was as described previously [31]. The c-Fos expression plasmid
(pCR3.1-c-Fos) was constructed by inserting cDNA of c-Fos (cutting from pBluescript
KS-c-Fos by restriction enzymes HindIII and BamHI) into pCR3.1 vector. The
characterization of cDNA reverse orientation plasmid antisense NPM/B23 (pCR3-
ASB23) plasmid was as described previously [16,17]. pCEP4-c-Jun, pCR3.1-c-Fos and
pCR3-ASB23 utilize CMV promoter to express c-Jun, c-Fos or antisense B23.

2.7. Cell transfection and establishment of stable clones

Transient transfections were performed using the Lipofectamine Reagent (Invitro-
gen) method [17]. Before transfection, cells (8×105 per dish) were seeded in a 6-cm
dish overnight. Plasmid DNA (4 μg) and Lipofectamine Reagent (25 μg) were each
diluted in serum-freemedium (300 μl). Plasmids and Lipofectamine Reagent were then
mixed and incubated for 30 min at room temperature to allow for DNA–liposome
complex formation. Cells were then rinsed twice with phosphate-buffered saline and
then the medium was replaced by serum-free medium (1.4 ml). Finally, cells were
overlaid with DNA–liposome complexes. After 6 h of incubation at 37°C in CO2

incubator, the DNA-containing medium was replaced by fresh medium containing 10%
serum. Two days post-transfection, the transfected cells were maintained in DMEM
containing 200 μg/ml hygromycin B (Calbiochem, San Diego, CA) or 600 μg/ml G418
(Calbiochem) for selection of stably transfected c-Jun- or c-Fos-expressing plasmid
clones, respectively. After selection with hygromycin B or G418 for 2 weeks, stably
transfected clones were expanded tomass cultures and subsequently assayed for c-Jun,
c-Fos and NPM/B23 expression. The transfectants were maintained in culture medium
supplemented with 100 μg/ml hygromycin B or 250 μg/ml of G418.

2.8. Statistical analysis

Data were expressed as means±standard deviation (S.D.) throughout this article.
All experiments were performed, independently, three times. Statistical analyses were
performed with one-way ANOVA test. P values b.05 were considered to represent
statistically significant difference between compared data sets.

3. Results

3.1. NIH3T3 cells were more resistant to curcumin than F9 cells and
HeLa cells

The NIH 3T3 cell line is considered as a non-transformed cell line,
and HeLa and F9 cells are derived from tumor cell lines. We compared
the effect of curcumin on these three cell lines by detection of cell
growth and death. Twenty-four hours of 5 μM curcumin treatment
resulted in ∼37% relative cell growth (∼63% of cell growth inhibition)
and ∼38% cell death among F9 cells, but such conditions did not affect
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the growth and death of HeLa cells and NIH 3T3 cells (Fig. 1). These
doses of curcumin N10 μM caused nearly complete growth inhibition
and cell death in F9 cells. The dose of curcumin-induced growth
inhibition for HeLa cells and NIH 3T3 cells was greater than 15 μM
(Fig. 1A). It was obvious that 15–20 μM curcumin induced some level
of cell death for HeLa cells, but F9 cells were almost all dead under
such conditions (Fig. 1B). In contrast to HeLa cells and F9 cells, most of
NIH 3T3 cells showed no morphological changes or indication of cell
death in response to 5–30 μM curcumin, and the dose of curcumin-
induced NIH 3T3 cell death should be at least more than 40 μM (data
not shown). These data indicated that HeLa cells and F9 cells were
more sensitive to curcumin-induced cell death than NIH 3T3 cells.
Therefore, we hypothesized that cancer cells and non-transformed
cells may differ in their response to curcumin.

3.2. Curcumin dose-dependently induced NPM/B23 in NIH 3T3 cells but
not in HeLa cells and F9 cells

Dose-dependent induction of NPM/B23 in NIH 3T3 cells was
observed following 6 h of treatment with curcumin at a dose range of
10–30 μM (Fig. 2A). Further, NPM/B23 was also induced in NIH 3T3
cells by 20 μM curcumin, in a time-dependent manner (Fig. 2B). NPM/
B23 was increased at the 3-h time point and reached a maximum at
12 h post-curcumin stimulation. Thereafter, NPM/B23 level remained
high for at least 24 h (Fig. 2B). Similarly, NPM/B23 was induced by
Fig. 2. NPM/B23 was significantly induced by 6 h of exposure curcumin in NIH 3T3, but not i
curcumin treatment. Total cell lysates (20 μg/lane) were analyzed by Western blot using anti
after curcumin (Cur; 5–30 μM) treatment in NIH 3T3 cells. (B) The kinetics of NPM/B23 inducti
after treatment of curcumin in HeLa cells. (D) The protein level of NPM/B23 subsequent to ex
protein level during treatment of F9 cells with 20 μM curcumin. (F–H) Quantification of NPM/
HeLa and F9 cells. These data are summarized from Fig. 1A, C and D. NPM/B23 and β-actin
triplicate±S.D. ⁎Pb.05, as compared with the corresponding values for NPM/B23 normalized w
with curcumin (control group).
curcumin in HeLa cells, but the induction of NPM/B23 did not occur in
a dose-dependent manner at curcumin concentration greater than 15
μM (Fig. 2C). F9 cells, an embryonal carcinoma cell line, are
considered to lack endogenous AP-1 activity [31,32], and therefore,
F9 cells were used as a model to examine the variation in NPM/B23
level following treatment of such cells with curcumin. As Fig. 2D
reveals, stimulation of F9 cells with various doses of curcumin did not
significantly increase the cellular level of NPM/B23 protein in F9 cells,
even following treatment of cells with curcumin at a concentration of
30 μM.Moreover, the level of NPM/B23 protein did not change during
exposure of such cells to curcumin at a concentration of 20 μM for 12 h
(Fig. 2E). Practically, no F9 cell lysate was available following F9 cell
exposure to 20 μM curcumin for 24 h, because most of the F9 cells
were dead after 24 h treatment of curcumin. To compare precisely the
level of NPM/B23 induced by various doses of curcumin, the
immunoband intensities for NPM/B23 were quantified and normal-
ized with respect to the corresponding intensities of β-actin (Fig. 2A,
C and D). Fig. 2F depicts the quantification of NPM/B23 subsequent to
the exposure of NIH 3T3 cells, HeLa cells and F9 cells to various doses
of curcumin. In NIH 3T3 cells, curcumin dose-dependently stimulated
expression of NPM/B23, and the level of NPM/B23 was increased by
1.8-, 2.3-, 3.2- and 4-fold in response to a 6-h exposure to 5, 10, 20 and
30 μM curcumin, respectively (Fig. 2F). In HeLa cells, the level of NPM/
B23 was also increased after treatment of curcumin and peaked at a
curcumin concentration of 10 μM (Fig. 2C and G). There was a 1.2-, 2-,
n HeLa cells and F9 cells. Cells were harvested and lysed at indicated conditions after
bodies specific for NPM/B23 and β-actin. (A) The dose response of NPM/B23 induction
on following 20 μM curcumin treatment in NIH 3T3 cells. (C) The induction of NPM/B23
posure of F9 cells to various concentration of curcumin (3–30 μM). (E) The NPM/B23
B23 protein level in cellular response to various concentration of curcumin in NIH 3T3,
immunoband intensities were determined by densitometric scanning. Bars, means of
ith respect to the immunoband intensities of β-actin in cells, which were not treated



Fig. 4. The effect of AP-1 on the NPM/B23 protein level. (A) NPM/B23 was decreased in
c-Jun-overexpressed cells. Transfections were performed by Lipofectamine Reagent
method in NIH 3T3 cells. Transfected cells were lysed and cellular lysates of equal
amount of proteins (30 μg/lane) from control-vector-transfected cells (lane 1: PCR3.1),
c-Fos-expressing plasmid-transfected cells (lane 2: c-Fos) and c-Jun-expressing
plasmid-transfected cells (lane 3: c-Jun) were analyzed by Western blot using
antibodies specific for c-Fos, c-Jun, NPM/B23 and β-actin. (B) Folding expression of
NPM/B23 subsequent to transfection of PCR3.1, c-Fos- or c-Jun-expressing plasmid.
Bars, means of triplicate±S.D. ⁎Pb.05, as compared with the values of NPM/B23
normalized with respect to intensities of β-actin in cells transfected with control-
vector plasmid (PCR3.1).
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2.5- and 1.3-fold increase of NPM/B23 in response to a 6-h exposure
of HeLa cells to 3, 5, 10 and 15 μM curcumin, respectively (Fig. 2G). In
contrast to the 3- to 10-μM range of curcumin exposure for HeLa cells,
where NPM/B23 increased, in the concentration range of 15–30 μM
curcumin, NPM/B23 decreased, and at 30 μM, it was less than that for
untreated cells (Fig. 2G). In F9 cells, NPM/B23 was not significantly
induced by curcumin treatment, and NPM/B23 was decreased after
treatment of 30 μM curcumin (Fig. 2D and H).

3.3. The up-regulation of NPM/B23 by curcumin does not occur through
a transcriptional level

In order to study the mechanism by which curcumin elevates the
intracellular level of NPM/B23, NPM/B23mRNAwas examined by RT-
PCR method following curcumin treatment. Curcumin did not elicit a
significant change in NPM/B23 mRNA level in NIH 3T3 cells (Fig. 3).
Our previous investigations also revealed that curcumin did not affect
NPM/B23 promoter activity and mRNA level in NIH 3T3 cells [18].
Therefore, curcumin-induced NPM/B23 may be regulated at a
translational level, rather than at a transcriptional level.

3.4. Overexpression of c-Jun but not c-Fos down-regulated NPM/B23 and
enhances cytotoxicity of curcumin in NIH 3T3 cells

Activity of AP-1 transcriptional factors might be an important
signaling process for regulation of NPM/B23. AP-1 is a dimeric
transcriptional factor that contains members of the Jun and Fos
protein families [12]. It is hard to reconstitutewith c-Jun expression in
F9 cells, because F9 cells died rapidly after c-Jun-expressing plasmid
transfection (data not shown). It has been reported that constitutive
expression of the c-jun gene results in the differentiation of F9 cells
[32], and the differentiated F9 cells were dead during hygromycin B
selection in this study (data not shown). It is also reported that NPM/
B23 is decreased in differentiated cells [23]. Overexpression of AP-1
did not cause cellular differentiation in NIH 3T3 cells (data not
shown), and therefore, the transfection of AP-1-expressing plasmid
studies were performed in NIH 3T3 cells. NIH 3T3 cells were
transfected with c-Jun- or c-Fos-expressing plasmids, and the protein
level of NPM/B23 was further examined after transfection. As shown
in Fig. 4A, NIH 3T3 cells overexpressed c-Jun or c-Fos protein after
transfection with c-Jun- or c-Fos-expressing plasmids, respectively.
The level of NPM/B23 protein evidently decreased after transfection
with c-Jun-expressing plasmids but did not significantly change after
transfection with c-Fos-expressing plasmids (Fig. 4A). Fig. 4B
illustrates the quantification of NPM/B23 after transfection with c-
Jun- or c-Fos-expressing plasmids in NIH 3T3 cells, and NPM/B23 was
decreased about 40% after transfection with c-Jun-expressing plas-
mids. Transfection with c-Fos-expressing vector did not cause
significant change in NPM/B23 level.
Fig. 3. The curcumin-induced expression of NPM/B23 was not mediated through a
transcriptional level in NIH 3T3 cells. cDNA was synthesized from total RNAs extracted
from NIH 3T3 cells incubated with 0 (as the control), 10, 20 or 30 μM curcumin and
subjected to RT-PCR analysis. RT-PCR products were then run on a 1.0% agarose gel
and analyzed by ethidium bromide staining.
3.5. Overexpression of c-Jun enhances cytotoxicity of curcumin, but
overexpression of c-Fos reduces cytotoxicity of curcumin

It has been reported that down-regulation of NPM/B23makes cells
more sensitive to stress-induced apoptosis [16,22,33]. We have noted
herein that overexpression of c-Jun reduced cellular NPM/B23 and
that c-Fos did not significantly affect the level of NPM/B23 (Fig. 4A).
Therefore, cellular susceptibility to curcumin was tested in control
vector, c-Jun-expressing plasmid or c-Fos-expressing plasmid stably
transfected NIH 3T3 cells. After 24 h of curcumin (30 μM) treatment,
curcumin inhibited most of cells' growth and caused ∼25% relative
cell growth (∼75% of cell growth inhibition) (Fig. 5A) and low-level
(∼3%) cell death in control-vector-transfected cells (Fig. 5B). We
observed that c-Jun-overexpressed cells were more sensitive to
curcumin-induced cell growth inhibition, as compared with control-
vector-transfected cells (∼90% of cell growth inhibition) (Fig. 5A). By
contrast, c-Fos-overexpressed cells were less sensitive to curcumin-
induced cell growth inhibition (∼65% of cell growth inhibition) and
more resistant to curcumin-induced cell death compared with
control-vector-transfected cells (Fig. 5). c-Jun-overexpressed cells
increased cell death following curcumin treatment by nearly 7-fold as
compared with control-vector-transfected cells, whereas c-Fos-over-
expressed cells were significantly resistant to curcumin-induced cell
death by a decrease of ∼1.8-fold as compared with control-vector-
transfected cells (Fig. 5B). Similar results were obtained from c-Jun-
or c-Fos-expressing plasmid-transfected HeLa cells following curcu-
min treatment (data not shown).



Fig. 5. The effect of AP-1 on cellular susceptibility to curcumin. NIH 3T3 cells were
stably transfected with control vector (PCR 3.1 plasmid), c-Jun-expressing plasmid or
c-Fos-expressing plasmid, and then the susceptibility of these cells to curcumin was
tested. Transfections and establishment of stable clones were described under Section
2. (A) The relative growth (proportion of each untreated cell line at same time point) of
control-vector-transfected cells (PCR 3.1), c-Jun-expressing plasmid-transfected cells
(c-Jun) or c-Fos-expressing plasmid-transfected cells (c-Fos) at 24 h after curcumin
(30 μM) treatment. Cell numbers were obtained by counting with a hemocytometer.
Bars, means of triplicates±S.D. ⁎Pb.05, as compared with the relative growth of each
untreated cell line. (B) Determination of the levels of viable cells or dead cells after NIH
3T3 cells incubated with curcumin (30 μM) for 24 h. Viable and dead cells were
determined by trypan blue exclusionmethod. Bars, means of triplicates±S.D. ⁎Pb.05, as
compared with the percentage of cell death in each untreated cell line.

Fig. 6. Down-regulation of NPM/B23 increased cellular susceptibility to curcumin. (A)
Cellular NPM/B23 was declined after transfection of NPM/B23 cDNA antisense
expression plasmid. NIH 3T3 cells were stably transfected with control vector (PCR
3.1 plasmid) as control cells or NPM/B23 cDNA antisense expression plasmid (B23 AS)
to reduce endogenous NPM/B23. Total cell lysates (30 μg/lane) were analyzed by
Western blot using antibodies specific for NPM/B23 and β-actin. (B) The relative
growth (proportion of each untreated cell line at the same time point) of control-
vector-transfected cells (PCR 3.1) or NPM/B23 cDNA antisense-expressing plasmid-
transfected cells at 24 h after curcumin (30 μM) treatment. Cell numbers were
obtained by counting with a hemocytometer. Bars, means of triplicates±S.D. ⁎Pb.05, as
compared with the relative growth in vector (PCR3.1)-transfected cells, which were
treated with the same dose of curcumin for 24 h. (C) Determination of the levels of
viable cells or dead cells after control-vector-transfected cells (PCR 3.1) or NPM/B23
cDNA antisense-expressing plasmid-transfected cells incubated to curcumin (30 μM)
for 24 h. Viable and dead cells were determined by trypan blue exclusion staining. Bars,
means of triplicates±S.D. ⁎Pb.05, as compared with the percentage of cell death in
vector (PCR3.1)-transfected cells, which were treated with the same dose of curcumin
for 24 h.
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3.6. NPM/B23 is involved in regulating the susceptibility of NIH 3T3 cells
to curcumin-induced death

Overexpression of c-Jun or c-Fos altered cellular susceptibility to
curcumin (Fig. 5), and overexpression of c-Jun also decreased the
level of NPM/B23 (Fig. 3). Such findings initially tempted us to
hypothesize that curcumin-induced cell death was associated with
the intracellular level of NPM/B23. In order to test the hypothesis,
NPM/B23 antisense cDNA plasmid was employed to reduce cellular
NPM/B23 in NIH 3T3 cells. A stable clone of NPM/B23 cDNA antisense
plasmid-transfected cells was established subsequent to G418
selection. As Fig. 6A shows, the cellular NPM/B23 protein was
decreased after transfection of NPM/B23 cDNA antisense plasmid.
The relative sensitivity of curcumin-induced cell death and growth
inhibition was also partially enhanced after transfection of NPM/B23
cDNA antisense plasmid (Fig. 6B and C). NPM/B23 cDNA antisense
plasmid-transfected cells increased cell death after curcumin (30 μM,
24 h) treatment by nearly threefold, as compared with control-
vector-transfected cells (Fig. 6B). These data suggested that NPM/B23,
at least in part, was associated with curcumin-induced cell death.

4. Discussion

Curcumin has been shown to possess potent antitumor activity in
vivo [3,7,8]. The specific molecular mechanism for the selective
cytotoxicity of curcumin may be important to elucidate the action of
chemopreventive agents. In NIH 3T3 cells, NPM/B23 was induced by
curcumin in a dose- and time-dependentmanner (Fig. 2). InHeLa cells,
NPM/B23 was also evidently increased at 6 h after exposure to
curcumin at 5–10 μM(Fig. 2). However, induction of NPM/B23was not
dose-dependently responsive at 6 h subsequent to curcumin treat-
ment at a concentration range of 15–20 μM curcumin (Fig. 2C and G),
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with obvious cell death occurring at 24 h after exposure of 15–20 μM
curcumin in HeLa cells (Fig. 1B). In F9 cells, NPM/B23 was not dose-
and time-responsive to curcumin stimulation (Fig. 2D, E and H), and
among these cell lines, F9 cells were the most sensitive to curcumin-
induced cell death (Fig. 1). The specific expression pattern of NPM/B23
in response to curcumin stimulation might be important for cell
survival. Previous studies have reported that NPM/B23 is an anti-
apoptosis molecule [16–19] and that the anti-apoptosis effect of NPM/
B23 is mediated through inhibition of p53, which is a pro-apoptosis
molecule [16,24–26]. In addition, NPM/B23 acts as nuclear phospha-
tidylinositol 3,4,5-triphosphate [PI(3,4,5)P3] receptor, and the NPM/
B23–PI(3,4,5)P3 complex inhibits DNA fragmentation activity of
caspase-activated DNase [34]. Transfection of antisense B23 plasmid
enhanced the cytotoxicity of curcumin to NIH 3T3 cells (Fig. 6),
revealing that the cellular level of NPM/B23 is associated with
cytotoxicity of curcumin.

Overexpression of c-Jun decreased cellular NPM/B23 level (Fig. 4)
and rendered cells more susceptible to cytotoxicity of curcumin
(Fig. 5), indicating that the cellular level of c-Jun is an important factor
that may determine curcumin-induced cell death and growth
inhibition. By contrast, overexpression of c-Fos made cells more
resistant to cytotoxicity of curcumin (Fig. 5), indicating that the
cellular level of c-Fos is another important factor to prevent
curcumin-induced cell death and growth inhibition. Because c-Fos
tends to form heterodimers with c-Jun, it cannot form homodimers by
itself [12]. Transcriptional factors, such as c-Jun/c-Fos heterodimers,
may regulate genes involved in cell survival, while c-Jun/c-Jun
homodimers may regulate genes involved in cell death and level of
NPM/B23 protein. Therefore, the expression ratio of c-Jun and c-Fos
may affect the level of NPM/B23 and other proteins, which may alter
cellular susceptibility to curcumin's cytotoxicity.

Induction of NPM/B23 in NIH 3T3 cells following curcumin
exposure is associated with inhibition of c-Jun, and curcumin-
induced NPM/B23 did not arise via transcriptional level (Fig. 3).
This is consistent with the fact that the promoter sequence of the
NPM/B23 gene lacks an AP-1 binding site [14], and therefore, the
AP-1 inhibitor, curcumin, did not directly affect the gene
expression of NPM/B23. Thus, it may be that c-Jun regulates
expression of other factors involving the translation or post-
translation of NPM/B23.

The mechanisms responsible for curcumin-induced apoptosis
appear to be quite varied, including effects such as the activation of
caspase 3 [5,7] and caspase 9 [5], the release of cytochrome c and the
generation of reactive oxygen species [4], the phosphorylation of p53
and the expression of certain apoptosis-related protein [4,27].
Curcumin has also been reported to selectively lead to apoptosis in
deregulated cyclin D1-expressed cells and scleroderma lung fibro-
blasts without affecting normal mammary epithelial cells and normal
lung fibroblasts, respectively [28,29]. Curcumin induces apoptosis in
various cancer cells, whereas curcumin either is inactive or inhibits
proliferation in many types of normal cells and primary cells [6].
However, curcumin is able to inhibit chemotherapeutic effects by
reducing camptothecin-, mechlorethamine- or doxorubicin-induced
apoptosis in breast cancer cells [35]. Furthermore, curcumin also
decreases UV-induced apoptosis in A431 cells [30]. Therefore,
curcumin on induction or prevention of cell death may be associated
with factors such as cell species, kinds of stress and/or doses of
curcumin administered.

In summary, curcumin induces NPM/B23 through inhibiting c-Jun
signal transduction pathways, and the curcumin-increased NPM/B23
may be important for cell survival, whereas the selective cytotoxicity
of curcumin may be associated with AP-1 and NPM/B23. These
results appear to imply that the effect of curcumin on NPM/B23
might be useful for elucidation and application on cancer chemo-
prevention or chemotheraphy.
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