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a b s t r a c t

Oxaliplatin, the first line chemotherapeutic of colon cancer, induces damage to tumors via

induction of apoptosis. PUMA (p53 up-regulate modulator of apoptosis) is an important pro-

apoptotic member of Bcl-2 family and regulated mainly by p53. Here we investigated the role

of PUMA in oxalipaltin-induced apoptosis and the potential mechanism. We showed that

oxaliplatin-induced PUMA expression in a time- and dose-dependent manner and suppres-

sion of PUMA expression by stable transfecting anti-sense PUMA plasmid decreased oxa-

liplatin-induced apoptosis in colon cancer cells. By abrogating the function of p53, we

further demonstrated that the induction was p53-independent. We also found that oxali-

platin could inactivate ERK and suppression of ERK activity by its specific inhibitor

(PD98059), and dominant negative plasmid (DN-MEK1) enhanced the oxaliplatin-induced

PUMA expression and apoptosis in a p53-independent manner. Taken together, our data

suggest that PUMA plays an important role in oxaliplatin-induced apoptosis and the

induction could be both p53-dependent and p53-independent. Moreover, PUMA expression

and apoptosis in oxaliplatin-treated colon cancer cells could be regulated partly by ERK

inactivation. Identification of the molecular components involved in regulating the cellular

sensitivity to oxaliplatin may provide potential targets for development of novel compounds

that may be useful in enhancement of oxaliplatin cytotoxicity in p53 deficient colon cancer.

# 2006 Elsevier Inc. All rights reserved.
1. Introduction

Oxaliplatin (1R, 2R-diaminocyclohexane) is the first of

several analogs from the diaminocyclohexane platinum

family to be successfully developed in the clinic and has a

non-hydrolyzable diaminocyclohexane (DACH) carrier

ligand which is maintained in the final cytotoxic metabo-
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lites of the drug [1,2]. It produces the same type of inter- and

1, 2-GG intrastrand cross-links like cisplatin but has a

spectrum of activity and mechanisms of action and

resistance different from those of cisplatin and carboplatin

[3]. Oxaliplatin has shown a wide spectrum of antitumor

effects both in vitro and in vivo and has a better safety

profile than cisplatin. A lack of cross-resistance with
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cisplatin and carboplatin makes it a promising chemother-

apy agent [4,5].

Inducing cancer cells to apoptosis is an important action of

oxaliplatin [6], but the precise molecular mechanism is not

very clear. As Bcl-2 family members play a pivotal role in the

intrinsic apoptotic cascade [7–9], therefore, we investigated

the roles of PUMA (p53 up-regulate modulator of apoptosis) in

oxiliplatin-induced apoptosis. PUMA was identified by Yu and

Nakano et al. in 2001 [10]. It belongs to BH3-only protein family

and is found to locate at mitochondrial membrane and

interacts with Bcl-2 and Bcl-XL through a BH3 domain

[11,12]. When apoptotic stimuli induces PUMA expression, it

will make Bax translocates to the mitochondria membrane

and multimerizes [13], cytochrome c releases and apoptosis

appears. Previous studies have shown that PUMA is a direct

mediator of p53 through the cytochrome c/Apaf-1-dependent

pathway [14] and plays an important role in stress-induced

apoptosis [15,16]. The balance between p21WAF1/CIP1 and PUMA

is pivotal in determining the cells to cycle arrest or apoptosis in

human cancer.

Mitogen-activated protein kinases (MAPKs) are serine/

threonine kinases that play an important role in signal

transduction from the cell surface to the nucleus. The

mammalian MAPKs can be divided into extracellular signal-

regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs),

and p38 MAPKs. In response to a wide range of extracellular

stimuli, the MAPK cascades determine cell fate, including

cell growth, differentiation, and apoptosis [17]. Generally,

the ERK cascade is mainly involved in the regulation of cell

proliferation in a variety of cells [18], while the JNK and p38

MAPK pathways are responsible for induction of differen-

tiation and apoptosis [19]. In our present study, we

determined the role of PUMA in oxaliplatin-induced colon

cancer cell apoptosis and attempted to find the potential

role of MAPK signaling pathway in this process. Our data

showed that oxaliplatin induced PUMA expression in a p53-

independent manner. Suppression of PUMA expression

decreased oxaliplatin-induced apoptosis in colon cancer

cells. Blockade of ERK activity increased the PUMA expres-

sion and apoptosis in oxaliplatin-treated colon cancer cells

in a p53-independent manner. These results suggest that

oxaliplatin-induced ERK inactivation is involved in the

regulation of oxaliplatin-induced PUMA expression and

apoptosis.
2. Materials and methods

2.1. Materials

RPMI 1640 medium, FBS (fetal bovine serum) were purchased

from GIBCO. Oxaliplatin (1R, 2R-diaminocyclohexane) and

pifithrin-alpha (p53 inhibitor) were obtained from Sigma

(Poole, Dorset, UK). SP600125 (2-(4-morpholinyl)-8-phenyl-

4H-1-benzopyran-4-one) and PD98059 (2V-amino-3V-methox-

yflavone) were purchased from Calbiochem (La Jolla, CA). p53

(DO-1) antibody, p73 antibody, p21/Waf-1 antibody, p38 MAPK

(Tyr183/Tyr185) antibody, phospho-specific JNK (Tyr183/

Tyr185) antibody, phospho-specific ERK1/2 antibody, total

(unphosphorylated) ERK1/2, JNK1/2 antibodies, actin antibody
and secondary antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA). PUMA antibody and Hoechst

dye 33258 were obtained from Sigma. All other chemicals were

of analytical grade. The plasmid pEF HA (hs) Puma hygro

containing PUMA full sequence was a gift from Andreas

Strasser (The Walter and Eliza Hall Institute of Medical

Research Melbourne, Australia). pSUPER-p53 plasmid was a

gift from Thijn R. Brummelkamp (Division of Molecular

Carcinogenesis, The Netherlands Cancer Institute, Nether-

lands). DN-MEK1 plasmid was constructed as previously

described [20].

2.2. Cell culture

Human colon cancer cell lines lovo and SW1116 were

obtained from American Type Culture Collection (Manassas,

VA). Cells were cultivated in 75 cm2 flasks in RPMI 1640

medium supplemented with 10% (v/v) FBS and penicillin-

streptomycin (100 U/ml). Cells were maintained at 37 8C in a

humidified 5% CO2 atmosphere until confluency and sub-

cultured using trypsin (0.05%, w/v)/EDTA (0.02%, w/v). The

inhibitors SP600125 and PD98059 were dissolved in dimethyl

sulphoxide (DMSO). Control was treated with 0.1% DMSO

alone. Cells for Western blotting were grown in six-well

cluster dishes, whereas cell viability assays were performed

using 96-well plates. All treatments were carried out on cells

at 85–90% confluence, p53 inhibitor and kinases inhibitors

were added an hour before cytotoxic drug subsequently

added.

2.3. Reverse transcriptase-polymerase chain reaction

0.5 mg total RNA was isolated from the cells using TRIZOL

(Gibco). PUMA mRNA expression was determined by RT-PCR

analysis using a RevertAid First Strand cDNA Synthesis Kit

(MBI) and PCR kit (SBS Genetech Co. Ltd., Beijing, China). The

two gene-specific primers used for amplification were as

follows: (upper) gacgacctcaacgcacagta and (lower) ccagggtgt-

caggaggtg. PCR products were electrophoresed in 1.5% agarose

gel. Beta-actin mRNA was also amplified as an internal control.

The experiment was repeated twice.

2.4. Western blotting analysis of PUMA, p73 and ERK1/2,
JNK, p38 MAPK activation

Cells were washed with ice-cold PBS twice and lysed with

ice-cold lysis buffer (20 mM Tris–HCl, 1 mM EDTA, 1 mM

EGTA, 1 mM sodium vanadate, 0.2 mM phenylmethylsulph-

ony1 fluoride, 0.5% NP-40, 1 mg/ml leupeptin, 1 mg/ml

aprotinin, 1 mg/ml Pepstatin) and PMSF (1:100). The lysates

were transferred to 1.5 ml eppendorf microcentrifuge tubes

on ice and vortex 5–6 times in 20 min. Insoluble material was

removed by centrifugation. Soluble protein was removed to a

new tube and stored at �20 8C until required. Protein

samples (15 mg) were separated by sodium dodecyl sul-

phate/polyacrylamide gel electrophoresis (SDS/PAGE; 12%

acrylamide gel) using a Bio-Rad Mini-Protean III system

(45 mA for about 2 h). Proteins were transferred to PVDF

membranes using a Hoefer1 semiphorTM system, 92 mA for

3.5 h in transfer buffer (48 mM Tris base, 39 mM glycine,
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0.037% SDS and 20% methanol). Following transferring, the

membranes were blocked for 1 h at room temperature with

5% (w/v) skimmed milk powder in Tris buffered saline–

Tween 20 (0.1% by volume, TBS-T). Blots were then

incubated at room temperature with primary antibodies in

1% (w/v) skimmed milk powder dissolved in TBS-T (1:500

dilution). Primary antibodies were removed and the blots

were extensively washed with TBS-T for three times. Blots

were then incubated for 1 h at room temperature with the

secondary antibodies (donkey anti-goat or anti-rabbit anti-

body coupled to horseradish peroxidase, 1:2000 dilution) in

1% (w/v) skimmed milk powder dissolved in TBS-T. Follow-

ing removal of the secondary antibody, blots were exten-

sively washed as above for an hour and developed using the

Enhanced Chemiluminescence detection system (Amer-

sham Pharmacia Biotech, Piscataway, NJ) and quantified

using the GeneTools systems.

2.5. Construction of PUMA inserted into pcDNA3.1- vector

To make the construct for stable transfections in lovo cells,

PUMA anti-sense cDNA was inserted into the mammalian

expression vector pcDNA3.1- (Invitrogen) (pcDNA3.1-/

PUMAAS). Briefly, a 592-bp PUMA cDNA fragment that

included the start codon region was obtained by digesting

the plasmid pEF HA (hs) Puma hygro with BamH1 and XbaI

sites of pcDNA3.1-. This vector contains a neomycin gene for

selection of genetincin resistant colonies. The orientation of

the insert was confirmed by sequencing.

2.6. Transient and stable transfections

Transient transfection was performed 24 h before oxaliplatin

was added using Lipofectamine reagent (Invitrogen) according

to the manufacturer’s instructions. Briefly, cells were seeded

at 80% density in six-well plates and a DNA/liposome mix

containing 1 mg plasmid (if necessary) and 6 ml lipofectmine

2000 was used. Transfections were allowed to proceed for 3 h

in the absence of serum and the cells recovered in medium

supplemented with reduced serum level (2.5%) for 21 h. For the

stable transfections, the transfection mix (serum-free) was

removed from 10 cm dishes and replaced with RPMI 1640

medium with 10% FBS after 3 h. Cells were passaged at 1:5 into

fresh medium 24 h after transfection. Stable transfectants

were selected in the presence of 600 mg/ml G418 48 h later.

After selection, a resistant colony to G418 that we chose as

total population was cloned by limiting dilution to a single-

cell/well until that anti-sense expression was stable along the

passages.

2.7. Flow cytometric analysis of apoptosis

A TACSTM Annexin V-FITC Apoptosis Detection Kit (R and D

systems) was used to detect apoptosis. Briefly, 1 � 106 cells

harvested by trypsinization, were pooled, washed in 500 ml

cold phosphate-buffered saline, and re-suspended in 200 ml

incubation reagent. After incubate in the dark for 15 min at

room temperature, stained cells were added another 800 ml

1� binding buffer and immediately analyzed by flow

cytometry.
2.8. Cell morphology and immunofluorescence staining for
apoptosis

For analysis of apoptosis by nuclear staining with Hoechst

dye 33258 (Sigma Chemical Co.), cells were stimulated

according to experimental protocols, washed once with PBS

and then fixed with ice-cold methanol (500 ml/well) for

10 min. After fixing, cells were washed twice with PBS,

stained with 1 mM Hoechst dye 33258 for 10 min, and then

extensively washed twice with PBS and distilled water.

Apoptosis was indicated by the presence of condensed or

fragmented nuclei which bound the Hoechst dye with high

affinity. For analysis of cell structure by photo-microscopy,

coverslips were washed once with PBS and then inverted and

mounted on to glass slides. Cells were visualized using an

Olympus microscope. Two hundred cells in three randomly

chosen fields were counted and scored for the incidence of

apoptotic chromatin changes under fluorescence micro-

scopy.

2.9. MTT assay

Cultured cells were harvested from 90% confluent mono-

layer cultures by a brief trypsinization with 0.1% trypsin and

0.1% EDTA. The cells were seeded at a density of 2000 cells

per well of 96-well tissue culture plates and cultured for 12 h

in the regular medium. The cells were washed with PBS

twice and treated under conditions mentioned in Section 3.

Cell growth was monitored after 24 h by 3-(4, 5-

dimethylthiazol-2yl)-2, 5 diphenyltetrazolium bromide

(MTT) assay [21].

2.10. Statistical analysis

Data were presented as mean W S.D. of three independent

experiments. Comparison of the effects of various treatments

was performed using one-way analysis of variance and a two-

tailed t-test. Differences with a p value of <0.05 were

considered statistically significant.
3. Results

3.1. Oxaliplatin induced PUMA expression in colon cancer
cells in a time- and dose-dependent manner

PUMA plays an important role in stress-induced apoptosis,

but its role in oxaliplatin-induced apoptosis is unknown. To

assess the effects of oxliplatin on PUMA expression, we

exposed lovo cells to a dose range of oxaliplatin at different

time points as described in Section 2 and measured its

expression by Western blotting. As shown in Fig. 1, oxali-

platin induced PUMA expression in colon cancer cells and

the induction was in a time- and dose-dependent manner.

The PUMA expression reached a maximum of 2.5-fold

increase at a concentration of 4.8 mM (Fig. 1A), and

oxaliplatin-induced up-regulation of PUMA expression

reached the peak at 24 h (Fig. 1B). To investigate whether

oxaliplatin increases PUMA mRNA at the level of transcrip-

tion, a standard RT-PCR experiment described in methods
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Fig. 1 – Oxaliplatin induced PUMA expression in a time- and dose-dependent manner in colon cancer cells. (A) Lovo cells

were treated with indicated concentrations of oxaliplatin for 24 h and PUMA expression was assessed by Western blotting.

(B) Lovo cells were treated with 4.8 mM oxaliplatin at the time points shown. The cells were then lysed and PUMA

expression was assessed by Western blotting. Data were presented as the percentage of the basal level of PUMA expression

(control = 100%) in the absence of oxaliplatin and expressed as mean W S.D. from three independent experiments. *p < 0.05,

significant difference between cells treated with oxaliplatin and untreated cells. (C) Lovo cells were treated with indicated

concentrations of the drug. mRNA expression was detected by RT-PCR using 0.5 mg total RNA. Beta-actin mRNA was

amplified as an internal control. (D) An oxaliplatin dose-response curve on cell viability. Lovo cells were harvested from 90%

confluent monolayer cultures by a brief trypsinization and were reseeded into 96-well culture dishes for 12 h. The cells

were then treated with oxaliplatin for 24 h and growth was assessed by MTT assay. Each value is the mean of three

independent experiments.
was performed. As seen in Fig. 1C, oxaliplatin increased

PUMA mRNA in a time- and dose-dependent manner.

Therefore, the data suggested that oxaliplatin up-regulated

PUMA expression at transcription level. An oxaliplatin dose-

response curve on cell viability was also determined by MTT

assay (Fig. 1D), which indicated that oxaliplatin induced cell

death in a dose-dependent manner.

3.2. Oxaliplatin-induced PUMA expression was p53-
independent

PUMA is a direct mediator of p53 in stress-induced apoptosis. To

determine the role of p53 in oxaliplatin-induced PUMA

expression in colon cancer cells, pifithrin-alpha (PFT-alpha)

was used, which was a stable, water soluble inhibitor of p53-
dependent apoptosis and was also shown to reduce the

activation of p53-regulated genes, including cyclin G, p21/

Waf-1 and MDM2 [22]. The effect of PFT-alpha on oxaliplatin-

treated colon cancer cells was assessed by MTT assay. PFT-

alpha enhanced cell survival after oxaliplatin treatment

(Fig. 1A). p21 expression was also decreased in the cells treated

with PFT-alpha (20 mM), suggesting that p53 signaling was

inhibited. Moreover, oxaliplatin could induce PUMA expression

even when the function of p53 was abrogated by PFT-alpha

(Fig. 2B). We also used SW1116, a p53 mutated colon cancer cell

line, to confirm the result shown in Fig. 2B. We found that

oxaliplatin induced PUMA expression in both p53 wide-type cell

line (lovo) and p53 mutated cell line (SW1116) (Fig. 2C). These

results suggested that oxaliplatin-induced PUMA expression

could be both p53-dependent and p53-independent.
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Fig. 2 – Oxaliplatin induced PUMA expression in a p53-independent manner. (A) Lovo cells were incubated with 4.8 mM

oxaliplatin at the time point indicated in the presence (+) or absence (S) of 20 mM PFT-alpha and cell survival was assessed

by MTT assay. (B) Lovo cells were incubated with 4.8 mM oxaliplatin for 24 h in the presence (+) or absence (S) of 20 mM PFT-

alpha and expression of PUMA and p21 was assessed by Western blotting analysis. (C) Oxaliplatin-induced PUMA

expression was detected in both lovo (p53 wild-type) and SW1116 (p53 mutated) cell lines by Western blotting analysis.

Data were presented as the percentage of the basal level of PUMA expression (control = 100%) in the absence of oxaliplatin

and expressed as mean W S.D. from three independent experiments. *p < 0.05, significant difference between cells treated

with oxaliplatin and untreated cells. #p > 0.05 no significant difference was observed between cells treated with PFT-alpha

and untreated. $p > 0.05, no significant difference between lovo cells and SW1116 cells treated with oxaliplatin.
3.3. Suppression of PUMA expression decreased
oxaliplatin-induced apoptosis

To determine the role of PUMA in oxaliplatin-induced

apoptosis, we suppressed PUMA expression by stable trans-

fection of PUMA anti-sense vector into lovo cells. As shown in

Fig. 3A, six clones expressing low level of PUMA protein,

named as lovo puma�/� cells, were confirmed by Western

blotting. The effects of PUMA suppression in oxaliplatin-

induced apoptosis in lovo cells were assessed by flow

cytometry and Hoechst 33258 staining. As shown in Fig. 3B–

D, comparing with lovo puma wide-type cells, oxaliplatin-
induced apoptosis was significantly decreased in lovo puma�/

� cells. To verify the function of PUMA in this process, we

assessed PUMA expression by Western blotting and found that

oxaliplatin-induced PUMA expression was abrogated in lovo

puma�/� cells (Fig. 3E).

3.4. Oxaliplatin induced inactivation of ERK1/2 and
activation of JNK1/2, but it had no effect on p38 or the
expression of p73

Since MAPKs pathway is associated with cell survival and

stress-induced apoptosis, we determined the effects of
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Fig. 3 – Suppression of PUMA expression conferred resistance to oxaliplatin-induced apoptosis. (A) PUMA expression was

suppressed by stable transfection of the PUMA anti-sense vector as described in the methods and suppression of PUMA

expression was confirmed by Western blotting. Lovo cells stable transfected with pcDNA3.1- vector were as a control. (B)

Apoptosis was assessed by flow cytometry. 1 � 106 lovo puma wide-type cells and lovo pumaS/S cells were treated with

oxaliplatin (4.8 mM) for 24 h and were analyzed using Annexin V-FITC and propidium iodide (PI) staining as described in the

methods. Each panel showed a typical flow cytometric histogram of 1000 cells/sample from a representative experiment.

(C) Composite data (mean W S.D.) from three experiments performed as in (B). *p < 0.05, significant difference between

oxaliplatin treated and untreated lovo cells; #p < 0.05, significant difference between lovo and love pumaS/S cells after

oxaliplatin treatment. (D) Apoptosis was assessed by Hoechst 33258 staining. Two hundred cells in three different views

were chosen to count the apoptotic cells. Results were shown in the table and expressed as mean W S.D. from three

independent experiments. (E) Lovo puma wide-type cells and love pumaS/S cells were treated with oxaliplatin (4.8 mM) for

24 h and PUMA expression was assessed by Western blotting. (a) p < 0.05, significant difference between cells stable

transfected with pcDNA3.1- vector and cells treated with pcDNA3.1- vector plus oxaliplatin (4.8 mM). (b) p < 0.05, significant

difference between lovo pumaS/S cells and lovo pumaS/S cells plus oxaliplatin (4.8 mM). (c) p < 0.05, significant difference

between cells stable transfected with pcDNA3.1- vector plus oxaliplatin and lovo pumaS/S cells plus oxaliplatin. (oxa:

oxaliplation; AS-puma: lovo pumaS/S cells; WT-puma: lovo puma wide-type cells).
oxaliplatin on the activities of ERK1/2, JNK1/2 and p38 MAPK in

colon cancer cells. Lovo cells were starved in serum-free RPIM

1640 medium for 12 h before incubating with 4.8 mM oxali-

platin. Our data showed that ERK1/2 was inactivated and JNK1/
2 was activated by oxaliplatin in a dose-dependent manner

(Fig. 4A and B). However, oxaliplatin had no effect on the

expression of p73 expression (Fig. 4C) or p38 activation (data

not shown).
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Fig. 4 – Oxaliplatin induced activation of JNK1/2 (A) and

inactivation of ERK1/2 (B), but not p38 (data not shown) or

expression of p73 (C) in colon cancer cells. 2 � 105 per well

lovo cells were seeded in six-well-plate one day before the

experiment and incubated with serum-free RPIM1640

medium for 12 h. The starved cells were treated with

oxaliplatin for 24 h under the indicated concentrations,

thereafter cells were lysed, MAPKs activity and p53

expression were assessed by Western blotting analysis.
3.5. Suppressing the activation of ERK enhanced
oxaliplatin-induced PUMA expression and apoptosis in a
p53-independent manner

Starved cells were treated with JNK inhibitor SP600125 (20 mM)

and ERK inhibitor PD98059 (20 mM) separately an hour before

oxaliplatin (4.8 mM) was added. PUMA expression was

determined by Western blotting analysis. Fig. 5A indicated

that PD98059 enhanced oxaliplatin-induced PUMA expres-

sion, which is consistent with the result that oxaliplatin

inactivated ERK. And SP600125 had no effect on PUMA
Fig. 5 – Inhibition of ERK up-regulated the oxaliplatin-induced P

inhibitor enhanced oxalipaltin-induced apoptosis in colon canc

PUMA expression while JNK inhibitor had no effect. Cells were

Starved cells were treated with SP600125 (20 mM) and PD98059

PUMA expression was determined by Western blotting analysi

plasmid was transiently transfected into lovo cells 24 h before o

ERK. PUMA expression was determined by Western blotting an

oxaliplatin and ERK inhibitor up-regulated PUMA expression in

with pifithrin-alpha two hours before oxaliplatin was added an

expression was assessed by Western blotting analysis 24 h late

4.8 mM oxaliplatin for 24 h in the absence (control) or presence

the treatment of oxaliplatin. Each column is the mean W S.D. fr

difference between PD98059 treated cells and untreated cells. #p

and untreated cells. $p > 0.05, no significant difference between
expression. To confirm this result, we suppressed the

activation of ERK by transient transfection of DN-MEK1

plasmid into the cells and our data suggested that suppres-

sing the activation of ERK further enhanced oxaliplatin-

induced PUMA expression (Fig. 5B). Both lovo (p53 wide-type)

and SW1116 (p53 mutated) cells were treated with PD98059.

As shown in Fig. 5B, PD98059 up-regulated oxaliplatin-

induced PUMA expression in both p53 wide-type cells (lovo)

and p53 mutated cells (SW1116), suggesting that the PUMA

induction by oxaliplatin is p53-independent. Subsequently,

we inhibited p53-dependent gene transcription by PFT-alpha

(20 mM). PD98059 up-regulated PUMA expression in lovo cells

even the function of p53 was abrogated (Fig. 5C), further

suggesting that the induction is p53-independent and that

ERK signaling pathway is involved in oxaliplatin-induced

PUMA expression.

To investigate the role of PD98059 and the relationship

between ERK and p53 status in oxaliplatin-induced apoptosis,

lovo p53 wide-type cells and lovo p53 deficient cells (lovo

p53�/� cells) were treated with PD98059 an hour before 4.8 mM

oxaliplatin was added. As shown in Fig. 5D, oxaliplatin and

PD98059 could induce apoptosis synergistically and there was

no significant difference between p53 wide-type and p53

deficient cells.

3.6. PUMA played a role in ERK inhibitor enhanced-
apoptosis in colon cancer cells

Having shown that PD98059 can enhance oxaliplatin-induced

PUMA expression and apoptosis in colon cancer cells, we

subsequently determined the role of PUMA in PD98059

enhanced apoptosis. Apoptosis was evaluated by Hoechst

dye 33258. When PUMA expression was suppressed by

transfecting PUMA anti-sense vector, apoptosis induced by

oxalipaltin and PD98059 was significantly reduced in puma�/

� cells comparing with that in the control puma wide-type

cells (Fig. 6).
4. Discussion

In the present study, we determined the role of PUMA in

oxaliplatin-induced colon cancer cell apoptosis and the

potential mechanism in this process. Our data showed for
UMA expression in a p53-independent manner and ERK

er cells. (A) ERK inhibitor up-regulated oxaliplatin-induced

incubated with serum-free PRIM1640 medium for 12 h.

(20 mM) an hour before oxaliplatin (4.8 mM) was added.

s 24 h later. (B) To confirm the result in (A), DN-MEK1

xaliplatin (4.8 mM) treatment to suppress the activation of

alysis. (C) Lovo and SW1116 cells were treated with 4.8 mM

both lovo and SW1116 cell lines. (D) Lovo cells were treated

d with PD98059 an hour before the drug was added. PUMA

r. (E) p53 wide type and p53 deficient cells were exposed to

of PD98059 (20 mM). Inhibitor was applied an hour prior to

om three independent experiments. *p < 0.05, significant

> 0.05, no significant difference between SP600125 treated

PFT-alpha treated and untreated cells.
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Fig. 6 – Suppression of PUMA expression abrogated the

apoptosis induced by PD98059. lovo puma wide-type cells

and pumaS/S cells were treated with PD98059 (20 mM) an

hour before oxaliplatin (4.8 mM) was added. Each column

is the mean W S.D. from three independent experiments.

*p < 0.05, significant difference between lovo puma

wide-type cells and pumaS/S cells.
the first time that oxaliplatin could induce PUMA expression

and the induction is p53 independent. ERK signaling pathway

also appears to be essential in the regulation of oxaliplatin-

induced PUMA expression and apoptosis.

Induction of apoptosis in cancer cells is a critical feature of

chemotherapeutics [23]. The major mechanism of oxaliplatin-

induced damage to tumors is via induction of apoptosis, but

the cellular and molecular mechanism of oxaliplatin action

has not yet been fully elucidated. Recent evidence indicated

that PUMA, an important member of Bcl-2 family protein, was

an important mediator of apoptosis induced by a number of

chemotherapeutics and radiation [24,25]. These findings

suggested that PUMA may be a potential common target for

stress induced apoptosis and led us to hypothesize that PUMA

may also play a role in platinum-induced apoptosis in colon

cancer cells.

Our data showed that oxaliplatin but not cisplatin (data not

shown) treatment of colon cancer cells resulted in induction of

PUMA expression in a time- and dose-dependent manner and

the up-regulation was at transcriptional level, suggesting that

the mechanisms of cytotoxicity of these two drugs are

different and need to be further studied. Furthermore to

determine the effects of PUMA expression on oxaliplatin-

induced apoptosis, we suppressed PUMA expression by stably

transfecting the anti-sense PUMA vector into lovo cells. In

consistent with our hypothesis, oxaliplatin-induced apoptosis

was reduced by the suppression of PUMA expression. These

data indicated that oxaliplatin-induced apoptosis was

mediated by PUMA in colon cancer cells.

Previous study has shown that p53 plays an important role

in the apoptotic cascade initiated by oxaliplatin and inactiva-

tion of p53 can lead to significant increased resistance to

oxaliplatin [26]. Recently, PUMA protein was shown to be
mainly responsible for the apoptotic responses of colorectal

cancer cells to p53 induction [27]. However, it has also been

shown that PUMA is an essential mediator of both p53-

dependent and -independent apoptotic pathways [28,29] and

other factors such as E2F1 are involved in the physiological

regulation of PUMA expression [30]. Therefore, we determined

the role of p53 in oxaliplatin-induced PUMA expression. To

abrogate the function of p53 in lovo cells, PFT-alpha, a

reversible inhibitor of p53 was used. Recent research showed

that neither PFT-alpha nor beta can be regarded as a

ubiquitous inhibitor of p53 function [31]. We determined the

effect of PFT-alpha on p53 function in lovo cells by analyzing

the expression of p21 and determined the cell survival after

PFT-alpha treatment by MTT assay. Our result showed that

PFT-alpha can abrogate p53 function effectively in lovo cells

and found that oxaliplatin could induce PUMA expression

even p53 function was abrogated. Similar data were obtained

in SW1116 cells, a p53 mutated colon cancer cell line,

suggesting that the induction is not linked with a particular

p53 status and that there were other factors to be involved in

oxaliplatin-induced PUMA expression. p73, like its homologue

p53, is able to induce apoptosis in several cell types by directly

transactivating PUMA [32]. We therefore determined the

expression of p73 after oxaliplatin treatment and found that

oxaliplatin has no effect on its expression. Previous studies

have shown that MAP kinase signaling cascades are associated

with cell proliferation, differentiation, apoptosis [33,34] and

response to exposure to the DNA damage-inducing che-

motherapeutic agent in both p53-dependent and p53-inde-

pendent manner [35], we analyzed the activities of MAPKs

with oxaliplatin treatment in colon cancer cells. We found that

oxaliplatin induced inactivation of ERK and activation of JNK,

but had no effect on the activity of p38. These results were

inconsistent with the previous study [36], suggesting that the

effect of p73 on PUMA and the role of p53 in the cellular

response to oxaliplatin was cell type- and context-dependent.

To further explore the roles of JNK and ERK in oxaliplatin-

induced PUMA expression and apoptosis, we inhibited the

activation of JNK and ERK separately by selective MAPKs

inhibitors SP600125 and PD98059. Our results showed that ERK

inhibitor could enhance PUMA expression and apoptosis

induced by oxaliplatin, even when the p53 function was

inhibited by stable transfection of the pSUPER-p53 vector,

which can reduce endogenous and over-expressed p53 protein

[37]. This data was confirmed by transient transfection of DN-

MEK1 plasmid into lovo cells. Furthermore, oxaliplatin and

ERK inhibitor-induced apoptosis was abrogated by suppres-

sion of PUMA expression. These data therefore suggest that

the inactivation of ERK in colon cancer cells may partly

contribute to the oxaliplatin-induced PUMA expression and

apoptosis in a p53-independent manner. But the precise

mechanisms need to be further investigated.

p53 plays a pivotal role in controlling cell cycle checkpoint

regulation, DNA repair, transcription, and induced apoptosis.

Lack of p53 function impairs these cellular processes, and

increases resistance to chemotherapeutic regimens [38–40].

Our results showed that PUMA plays an important role in

oxaliplatin-induced apoptosis in colon cancer cells and ERK

signaling is also involved in oxaliplatin-induced PUMA

expression and apoptosis in a p53-independent manner.
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Identification of the molecular components involved in

regulating the cellular sensitivity to oxaliplatin may provide

potential targets for development of novel compounds that

may be useful in enhancement of oxaliplatin cytotoxicity in

p53 deficient colon cancer. Further investigation will be

required to elucidate the downstream factors by which the

ERK pathway modulates the oxaliplatin-induced PUMA

expression.

Acknowledgments

The authors thank Dr. Thijn R. Brummelkamp for providing

the pSUPER-p53 plasmid. This work was supported by the

Science and Technology Program of Guangdong province,

China (2002C30307). This work was also supported in part

by an AoE scheme of UGC and grants from the Research

Grants Council of the Hong Kong Special Administrative

Region, China (HKU 7243/02M to MCL) and grants from Li

Ka Shing Institute of Health Sciences, Hong Kong, China

(to HFK).
r e f e r e n c e s
[1] Di Francesco AM, Ruggiero A, Riccardi R. Cellular and
molecular aspects of drugs of the future: oxaliplatin. Cell
Mol Life Sci 2002;59:1914–27.

[2] Jerremalm E, Eksborg S, Ehrsson H. Hydrolysis of
oxaliplatinevaluation of the acid dissociation constant for
the oxalato monodentate complex. J Pharm Sci 2003;92:
436–8.

[3] Spingler B, Whittington DA, Lippard SJ. A crystal
structure of an oxaliplatin 1, 2-d (GpG) intrastrand cross-
link in a DNA dodecamer duplex. Inorg Chem 2001;40:
5596–602.

[4] Raymond E, Faivre S, Chaney S, Woynarowski J, Cvitkovic E.
Cellular and molecular pharmacology of oxaliplatin.
Mol Cancer Ther 2002;1:227–35.

[5] Harrap KR. cis-Diamminedichloroplatinum (II)-induced cell
death through apoptosis in sensitive and resistant human
ovarian carcinoma cell lines. Cancer Chemother Pharmacol
1996;37:463–71.

[6] Li GM. The role of mismatch repair in DNA damage-induced
apoptosis. Oncol Res 1999;11:393–400.

[7] Ormerod MG, O’Neill C, Robertson D, Kelland LR, Harrap KR.
cis Diamminedichloro-platinum (II)-induced cell death
through apoptosis in sensitive and resistant human
ovarian carcinoma cell lines. Cancer Chemother Pharmacol
1996;37:463–71.

[8] Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis
2000;21:485–95.

[9] Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link
between cancer genetics and chemotherapy. Cell
2002;108:153–64.

[10] Nakano K, Vousden KH. PUMA, a novel proapoptotic gene,
is induced by p53. Mol Cell 2001;7:683–94.

[11] Yu J, Zhang L, Hwang PM, Kinzler KW, Vogelstein B. PUMA
induces the rapid apoptosis of colorectal cancer cells. Mol
Cell 2001;7:673–82.

[12] Puthalakath H, Strasser A. Keeping killers on a tight leash:
transcriptional and post-translational control of the pro-
apoptotic activity of BH3-only proteins. Cell Death Differ
2002;9:505–12.
[13] Yamaguchi H, Chen JD, Bhalla K, Wang HG. Regulation of
Bax activation and apoptotic response to microtubule-
damaging agents by p53 transcription-dependent and -
independent pathways. J Biol Chem 2004;279:39431–7.

[14] Schuler M, Green DR. Mechanisms of p53-dependent
apoptosis. Biochem Soc Trans 2001;29:684–7.

[15] DeHaan RD, Yazlovitshaya EM, Persons DL. Regulation of
p53 target gene expression by cisplatin-induced
extracellular signal-regulated kinase. Cancer Chemother
Pharmacol 2001;48:383–8.

[16] Futami T, Miyagishi M, Taira K. Identification of a network
involved in thapsigargin-induced apoptosis using a library
of siRNA-expression vectors. J Biol Chem 2005;280:826–31.

[17] Chang L, Karin M. Mammalian MAP kinase signalling
cascades. Nature 2001;410:37–40.

[18] Widmann C, Gibson S, Jarpe MB, Johnson GL. Mitogen-
activated protein kinase: conservation of a three-kinase
module from yeast to human. Physiol Rev 1999;79:143–80.

[19] Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME.
Opposing effects of ERK and JNK-p38 MAP kinases on
apoptosis. Science 1995;270:1326–31.

[20] Au W-S, Kung H-F, Lin MC. Regulation of microsomal
triglyceride transfer protein gene by insulin in HepG2 cells
roles of MAPKerk and MAPKp38. Diabetes 2003;52:1073–80.

[21] Alley MC, Scudiero DA, Monks A, Hursey ML, Czerwinski
MJ, Fine DL, et al. Feasibility of drug screening with panels
of human tumor cell lines using a microculture tetrazolium
assay. Cancer Res 1988;48:589–601.

[22] Komarov PG, Komarova EA, Kondratov RV, Christov-
Tselkov K, Coon JS, Chernov MV, et al. A chemical inhibitor
of p53 that protects mice from the side effects of cancer
therapy. Science 1999;285:1733–7.

[23] Raymond E, Faivre S, Woynarowski JM, Chaney SG.
Oxaliplatin: mechanism of action and antineoplastic
activity. Semin Oncol 1998;25:4–12.

[24] Giannakakou P, Nakano M, Nicolaou KC, O’Brate A, Yu J,
Blagosklonny MV, et al. Enhanced microtubule-dependent
trafficking and p53 nuclear accumulation by suppression of
microtubule dynamics. Proc Natl Acad Sci USA
2002;99:10855–60.

[25] Middelburg R, de Haas RR, Dekker H, Kerkhoven RM,
Pohlmann PR, Fuentes-Alburo A, et al. Induction of p53
up-regulated modulator of apoptosis messenger RNA by
chemotherapeutic treatment of locally advanced breast
cancer. Clin Cancer Res 2005;11:1863–9.

[26] Arango D, Wilson AJ, Shi Q, Corner GA, Aranes MJ, Nicholas
C, et al. Molecular mechanisms of action and prediction of
response to oxaliplatin in colorectal cancer cells. Br J
Cancer 2004;91:1931–46.

[27] Yu J, Wang Z, Kinzler KW, Vogelstein B, Zhang L. PUMA
mediates the apoptotic response to p53 in colorectal cancer
cells. Proc Natl Acad Sci USA 2003;100:1931–6.

[28] Jeffers J, Parganas E, Lee Y, Yang C, Wang J, Brennan J, et al.
Puma is an essential mediator of p53-dependent and -
independent apoptotic pathways. Cancer Cell 2003;4:321–8.

[29] Ito H, Kanzawa T, Miyoshi T, Hirohata S, Kyo S, Iwamaru A,
et al. Therapeutic efficacy of PUMA for malignant glioma
cells regardless of p53 status. Hum Gene Ther 2005;
16:685–98.

[30] Hershko T, Ginsberg D. Up-regulation of Bcl-2 homology 3
(BH3)-only proteins by E2F1 mediates apoptosis. J Biol
Chem 2004;279:8627–34.

[31] Walton MI, Wilson SC, Hardcastle IR, Mirza AR, Workman
P. An evaluation of the ability of pifithrin-alpha and -beta to
inhibit p53 function in two wild-type p53 human tumor cell
lines. Mol Cancer Ther 2005;4:1369–77.

[32] Melino G, Bernassola F, Ranalli M, et al. p73 Induces
apoptosis via PUMA transactivation and Bax mitochondrial
translocation. J Biol Chem 2004;279:8076–83.



b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 5 4 0 – 1 5 5 01550
[33] Vasilevskaya IA, Rakitina TV, O’Dwyer PJ. Quantitative
effects on c-Jun N-terminal protein kinase signaling
determine synergistic interaction of cisplatin and 17-
allylamino-17-demethoxygeldanamycin in colon cancer
cell lines. Mol Pharmacol 2004;65:235–43.

[34] Persons DL, Yazlovitskaya EM, Cui W, Pelling JC.
Cisplatin-induced activation of mitogen-activated protein
kinases in ovarian carcinoma cells: inhibition of
extracellular signal-regulated kinase activity increases
sensitivity to cisplatin. Clin Cancer Res 1999;5:1007–14.

[35] Woessmann W, Chen XB, Borkhardt A. Ras-mediated
activation of ERK by cisplatin induces cell death
independently of p53 in osteosarcoma and neuroblastoma
cell lines. Cancer Chemother Pharmacol 2002;50:397–404.
[36] Rakitina TV, Vasilevskaya IA, O’Dwyer PJ. Additive
interaction of oxaliplatin and 17-allylamino-17-
demethoxygeldanamycin in colon cancer cell lines results
from inhibition of nuclear factor B signaling. Cancer Res
2003;63:8600–5.

[37] Brummelkamp TR, Bernards R, Agami R. A system for
stable expression of short interfering RNAs in mammalian
cells. Science 2002;296:550–3.

[38] Levine AJ. p53, the cellular gatekeeper for growth and
division. Cell 1997;88:323–31.

[39] Ko LJ, Prives C. p53: puzzle and paradigm. Genes Dev
1996;10:1054–72.

[40] Vogelstein B, Lane D, Levine AJ. Surfing the p53 network.
Nature 2000;408:307–10.


	The BH3-only protein, PUMA, is involved in �oxaliplatin-induced apoptosis in colon cancer cells
	Introduction
	Materials and methods
	Materials
	Cell culture
	Reverse transcriptase-polymerase chain reaction
	Western blotting analysis of PUMA, p73 and ERK1/2, JNK, p38 MAPK activation
	Construction of PUMA inserted into pcDNA3.1- vector
	Transient and stable transfections
	Flow cytometric analysis of apoptosis
	Cell morphology and immunofluorescence staining for apoptosis
	MTT assay
	Statistical analysis

	Results
	Oxaliplatin induced PUMA expression in colon cancer cells in a time- and dose-dependent manner
	Oxaliplatin-induced PUMA expression was p53-independent
	Suppression of PUMA expression decreased oxaliplatin-induced apoptosis
	Oxaliplatin induced inactivation of ERK1/2 and activation of JNK1/2, but it had no effect on p38 or the expression of p73
	Suppressing the activation of ERK enhanced oxaliplatin-induced PUMA expression and apoptosis in a �p53-independent manner
	PUMA played a role in ERK inhibitor enhanced-apoptosis in colon cancer cells

	Discussion
	Acknowledgments
	References


