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Abstract

Gemcitabine is a promising compound for the treatment of human lung cancer. Although apoptosis has been shown to play a role in

certain cell types with gemcitabine, the steps leading to cell death after the drug–target interaction are not well understood. We studied the

molecular mechanisms of gemcitabine-induced apoptosis and determined the role of p53 function on the cytotoxic effects of gemcitabine in

human nonsmall cell lung cancer (NSCLC) H1299 and H1299/p53 cells. Here, we found that gemcitabine induced an apoptotic cell death via

a Bcl-2-dependent caspase-9 activation pathway. Moreover, phosphorylated activation of extracellular signal-regulated kinase (ERK) was

observed upon gemcitabine treatment. Genetical or pharmacological inhibition of ERK activation markedly blocked gemcitabine-induced

cell death. Furthermore, inactivation of Akt was also involved in this event. Taken together, our observations indicate that ERK activation and

Akt inactivation mediated gemcitabine-induced apoptosis independently of p53 in human NSCLC H1299 cells.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Lung cancer remains the leading cause death in the

world, both in men and women. The poor lung cancer

survival rates argue powerfully for effective approaches to

control this disease. Gemcitabine (2V,2V-difluoro-2V-deoxy-
cytidine), a nucleoside analogue, is structurally related to

deoxycytidine with two fluorine substitutes for the two

hydrogen atoms in the 2Vposition of the deoxyribose sugar

and has been demonstrated to be one of the most active
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chemotherapeutic agents in several solid tumors, especially

nonsmall cell lung cancer (NSCLC) (Bunn and Kelly,

1998). Gemcitabine enters the cell via a nucleoside

transport system (Graham et al., 2000; Mackey et al.,

1998) and is activated to its difluorodeoxycytidine triphos-

phate, which is incorporated into DNA or RNA, con-

sequently leading to chain termination. These are

potentially important mechanisms of action of this drug.

Although the cytotoxic action of gemcitabine has been

shown to be correlated with the amount of drug incorpo-

rated into DNA and RNA (Nabhan et al., 2001), the

molecular pathway by which this drug caused cell death

has not been fully defined.

The signaling events implicated in survival, growth

arrest, or programmed cell death in response to DNA-

damaging stress include the activation of mitogen-acti-
logy 502 (2004) 169–183
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vated protein kinase (MAPK) pathways (Tang et al.,

2002). Three major mammalian MAPK superfamilies

have been identified: the extracellular signal-regulated

kinase (ERK), c-Jun N-terminal kinase (JNK; also called

stress-activated protein kinase), and p38 kinases. ERK5 is

the largest known MAPK family member (about 100

kDa); the core catalytic domain is at its N-terminus and is

51% identical to ERK2. Each MAPK is activated through

a specific phosphorylation cascade (Chen et al., 2001).

The importance of MAPK signaling pathways in regulat-

ing apoptosis during conditions of stress has been widely

investigated. Previous studies have demonstrated that

activation of the ERK pathway delivers a survival signal

that counteracts proapoptotic effects associated with JNK

and p38 activation (Xia et al., 1995; Chen et al., 1996;

Graves et al., 1996; Brenner et al., 1997). However, ERK

activation plays an active role in mediating DNA-

damaging drug-induced apoptosis and functions upstream

of caspase activation to initiate the apoptotic signal (Wang

et al., 2000; Tang et al., 2002; Woessmann et al., 2002).

There is also mixed evidence for the role of MAPK in

influencing the cell survival of chemotherapeutic drug-

treated cells. Several studies have highlighted the cross-

talk between the MAPK pathway and the PI3K–Akt

signaling cascade (Shelton et al., 2003). PI3K functions in

multiple signal transduction pathways by interacting with

oncogenes, which leads to cellular transformation in

ovarian, breast, and nonsmall cell lung cancers (Stambolic

et al., 1999). The amplification or upregulation of PI3K–

Akt signaling results in the development of cancer; thus,

targeting and downregulating PI3K or Akt activity are

critical for cancer therapy. Whether gemcitabine induced

signaling events leading to the activation of MAPK and its

downstream targets or inactivation of Akt signaling remains

unclear. In the present study, the roles of Akt, MAPK, and

its downstream transcription factor nuclear factor-kappa B

(NF-kB), and caspase cascade in regulating gemcitabine-

induced apoptosis were examined in human NSCLC H1299

cells.

p53, a nuclear phosphoprotein, plays an important role

in apoptosis, growth arrest, genomic stability, cell

senescence, and differentiation. p53 mutations are the

most common genetic changes found in human cancer,

and mutations in this gene result in loss of its function

and inactivation (Hollstein et al., 1991; Ko and Prives,

1996), suggesting its pivotal role in human carcinogenesis

and outcome of treatment. Numerous studies have

identified mutations of the p53 gene in lung cancer

(p53 is mutated in the majority of small cell lung cancers

and in over 50% of NSCLC) and have shown a

correlation of p53 status with disease progression and

prognosis (Chiba et al., 1990). Characterizing how the

presence of wild-type functional p53 compared with

functionally mutated p53 affects the susceptibility of lung

cancer to specific chemotherapeutic compounds could

impact clinical decisions regarding adjuvant or therapeutic
use of such drugs. However, the effect of p53 alterations

and response to chemotherapy is complex. Cellular

induction of apoptosis clearly does not occur by a single

p53-dependent pathway. In addition, chemotherapeutic

agents have varying mechanisms of action. With increas-

ing interest in the clinical significance of p53 mutation

for managing lung cancer therapy, a better definition of

drug activity in p53-mutated and wild-type lung cancers

could help direct clinical studies and applications.

Although the in vitro activity of gemcitabine against

NSCLC has been demonstrated previously (Pace et al.,

2000), the relationship between gemcitabine sensitivity

and p53 status in NSCLC remains controversial. In

support of a role for p53 in the cytotoxic mechanism of

gemcitabine, several studies demonstrated that disruption

of p53 function afforded drug resistance (Chen et al.,

2000; Achanta et al., 2001; Galmarini et al., 2002).

Conversely, cell lines that do not exhibit a predominant

apoptotic response to gemcitabine were sensitized to

gemcitabine by the inactivation of p53 (Kielb et al.,

2001). Therefore, another aim of this study was to

characterize the effects of gemcitabine on the distribution

of the cell cycle and the expression of apoptosis-related

genes in human lung cancer cell line with p53-null and

wild-type p53. We transfected a wild-type p53 gene into

human NSCLC H1299 cells, in which p53 is homozy-

gously deleted (Nguyen et al., 1996), to investigate

whether ectopic expression of p53 could modulate the

apoptosis induced by gemcitabine and to determine the

role of p53 in the downstream biochemical signals, cell

cycle arrest, and cell death induced by this drug. Our

results clearly show that ERK-dependent Bcl-2 down-

regulation and caspase activation were involved in

gemcitabine-induced apoptosis. In addition, elimination

of the survival pathway of AKT per se may be partly a

lethal condition for gemcitabine treatment. Whereas p53 is

an important factor in the short-term response to drug

treatment, wild-type p53 function is not an absolute

requirement for gemcitabine-induced cytotoxicity.
2. Materials and methods

2.1. Materials

Gemcitabine was provided by Eli Lilly (Indianapolis,

IN, USA). Anti-ERK1/2, anti-ERK1/2 phospho-specific

antibodies, and 2-[4-morpholinyl]-8-phenyl-4H-1- benzo-

pyran-4-one (LY294002) were purchased from Calbio-

chem Chemical (CN Biosciences Notts, UK). Anti-Bcl-XL

and anti-Bad antibodies were purchased from Trans-

duction Laboratory. Anti-p27KIP1, anti-Bcl-2, anti-Bax,

and anti-Bak antibodies were obtained from Santa Cruz

Biotechnologies. Anticytochrome c, anti-p21CIP1/WAF1, and

anti-p53 antibodies were obtained from Upstate Biotech-

nology. Anti-phospho-Akt antibodies and 1,4-diamino-2,3-
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dicyano-1,4-bis[2-amino phenylthio]-butadiene (U0126)

were purchased from Cell Signaling Technology (Beverly,

MA, USA). 2-[2-Amino-3-methoxyphenyl]-4H-1-benzo-

pyran-4-one (PD98059) and ammonium pyrrolidinedine-

dithiocarbamate (PDTC) were obtained from Sigma (St.

Louis, MO, USA). The inhibitors of caspase-3 (Z-DEVD-

FMK), caspase-8 (Z-IETD-FMK), and caspase-9 (Z-

LEHD-FMK) were obtained from Kamiya (Thousand

Oaks, CA, USA). The expression plasmid for MAP

kinase phosphatase (MKP3) in the pSG5 vector was

provided by J. Pouyssegur (Universite de Nice, Nice,

France).

2.2. Cell culture and p53 plasmid transfection

H1299 cells (a human nonsmall cell lung carcinoma cell

line that contains a homozygous deletion of the p53 gene)

(Nguyen et al., 1996) were obtained from the American

Type Culture Collection (Rockville, MD, USA) and main-

tained in RPMI 1640 supplemented with 10% heat-

inactivated fetal bovine serum in a 37 8C incubator

containing 5% carbon dioxide. H1299 cells were transfected

by pC53SN plasmids, which were kindly given by Dr. W.H.

Lee. Expression plasmid was the derivative of pCDNA3

(Invitrogen) constructed by ligation of a 1192-bp EcoRI and

XbaI fragment derived from pC53SN by polymerase chain

reaction. Primer A (GGAATTCATGGAGGAGCCGCAGT-

CAGATCC) and primer B (AGTCTAGATCAGTCTGAGT-

CAGGCCCTTCTG) contained the entire p53 coding

sequence in frame and were used to insert the fragment

into the EcoRI/XbaI sites of pCDNA3. Stable clones were

selected by G418 treatment. In addition, expression of

exogenous p53 was also conducted by adenovirus p53

construct and was verified by immunoprecipitation with

specific anti-p53 antibody.

2.3. Growth inhibition and apoptotic cell determination

Cells were seeded into 12-well plates at 3�104 cell/

well. After 24 h, cells were treated with various concen-

tration of gemcitabine (0.01, 0.1, and 1 AM) for the

indicated time points. Cell numbers were determined by

Trypan blue dye exclusion, using a hemocytometer.

Apoptotic cells were determined by in situ terminal

transferase-mediated dUTP fluorescein nick end-labeling

(TUNEL) assay (Boehringer Mannheim, Roche Applied

Science). Cells were seeded at a density of 3�104 cells/

well onto a 12-well plate 24 h prior to drug treatment.

Gemcitabine was added to the medium at various concen-

trations and times. For in situ TUNEL assay, cells were

fixed with 80% ethanol or 2% paraformaldehyde at room

temperature for 30 min and permeabilized with 0.1%

Triton X-100 in phosphate-buffered saline (PBS), then

exposed to terminal transferase reaction mixture (34 mU/

ml terminal transferase, 280 pmol of dATP, 90 pmol of

fluorescein-11 dUTP, 30 mM Tris–HCl, 140 mM sodium
cacodylate, 1 mM CoCl2, pH 7.2) for 1 h at 37 8C in the

dark. Cells were subsequently washed with PBS and

assessed using a flow cytometer (Becton Dickinson

Instruments) or examined using a fluorescence microscope.

2.4. Cell cycle analysis

Cells were treated with or without gemcitabine for the

indicated time periods, and cell cycle distribution was

analyzed using flow cytometry. Briefly, 1�106 cells were

trypsinized, washed with PBS, and fixed in 80% ethanol;

then washed with PBS, incubated with 100 Ag/ml RNase at

37 8C for 30 min, stained with propidium iodide (50 Ag/
ml), and analyzed on a FACScan flow cytometer. The

percentage of cells in different phases of the cell cycle was

analyzed using Cell-FIT software (Becton Dickinson

Instruments).

2.5. Measurement of caspase activity

Caspase activity was measured according to the manu-

facturer’s protocol (R&D Systems). Briefly, cell lysates (100

Ag of total protein) were added to reaction mixtures (final

volume 50 Al) containing fluorogenic substrate peptides

specific for caspase-3 (DEVD-AFC), caspase-8 (IETD-

AFC), and caspase-9 (LEHD-AFC). The reaction was

performed at 37 8C for 2 h. Fluorescence was measured

with a fluorescence microplate reader (Thermo Labsystem,

Finland) (excitation wavelength 400 nm, emission wave-

length 505 nm).

2.6. Protein preparation an immunoblotting

H1299 and H1299/p53 cells were cultured without or

with 1 AM gemcitabine for the indicated time points. After

treatment, cell extracts were prepared and protein concen-

trations were determined using the Bradford method. Equal

amounts of sample lysates were separated by sodium

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) and immunoblotting with specific primary anti-

bodies, including anti-Bcl-2, Bcl-XL, Bax, Bak, Bad, p53,

p21CIP1/WAF1, p27KIP1, ERK, and phospho-ERK antibodies.

Determinations were made using enhanced chemilumines-

cence kits (ECL kit; Amersham).

2.7. MEK inhibition assay

H1299 cells were cultured with MEK inhibitor (20 AM
U0126 or 40 AM PD98059) for 2 h in dark. Then 1 AM
gemcitabine was added for indicated time periods. Cell

numbers were determined by Trypan blue dye exclusion,

using a hemocytometer. Or apoptotic cell number was

measured by TUNEL assay. Cell extracts were prepared and

protein concentrations were determined using the Bradford

method. Equal amounts of sample lysates were separated by

SDS-PAGE and immunoblotting with primary antibodies,
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including anti-Bcl-2, Bcl-XL, ERK, and phospho-ERK

antibodies.

2.8. Transient transfection analysis

H1299 and H1299/p53 cells were transiently transfected

with MKP3-pSG5 vector and control vector by the lipofect-

amine method according to the manufacturer’s protocol

(Invitrogen, Life Technologies). After transfection for 24 h,

cells were treated with or without 1 AM gemcitabine for

another 72 h, apoptotic cells were determined, and cell

lysates were prepared for the detection of phosphorylated

ERK.

2.9. Electrophoretic mobility shift assay

The DNA-binding assay for the detection of activated

AP-1 and NF-nB was performed as described elsewhere

(Berger et al., 1993; Rodgers et al., 2000). Nuclear extracts

were prepared from untreated or gemcitabine-treated H1299

or H1299/p53 cells for the indicated time periods. Specific

oligonucleotides containing consensus DNA-binding site

for AP-1 (5V-biotin-CGCTTGATGAGTCAGCCGGAA-
Fig. 1. Gemcitabine-induced apoptosis in H1299 cells. (A) Both H1299 and H129

AM) for 1–4 days as indicated in the figure. The cells were then counted for the

analysis of H1299 cells treated with or without 1 AM gemcitabine for 2 or 3 days. (

treated with or without 1 AM gemcitabine for 1, 2, or 3 days. The expression level

(D) Induction of apoptosis. Cells were treated with or without 1 AM gemcitabine

assay. Scale bar, 20 Am.
3Vand 5V-biotin-TTCCGGCTGACTC ATCAAGCG-3V) and
NF-nB (5V-biotin-AGTTGAGGGGACTTTCCCAGGC-

3Vand 5V-biotin-GCCTGGGAAAGTCCCCTCAACT-3V),
respectively. The single-stranded sense and antisense were

boiled and annealed to generate a double-stranded oligonu-

cleotide. DNA binding was performed at 30 8C for 20 min

in a final volume of 20 Al, which contained 5 Ag of nuclear

extract, 5 pmol of biotin-labeled NF-nB or AP-1-specific

consensus oligonucleotide, 20 Ag of poly(dI/dC) (Pharma-

cia, Freiburg, Germany), 2 Al of buffer A (20 mM HEPES,

pH 7.9, 20% glycerol, 100 mM KCl, 0.5 mM EDTA, 0.25%

NP-40, 2 mM dithiothreitol, and 0.1 mM phenylmethylsul-

fonyl fluoride), 4 Al of buffer B [20% Ficoll 400

(Pharmacia), 100 mM HEPES, pH 7.9, 300 mM KCl, 10

mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl

fluoride]. The DNA–protein complexes were separated in

a 6% nondenaturing polyacrylamide gel and transferred

onto nitrocellulose membrane. Subsequently, the membrane

was fixed with UV light and blocked with 5% nonfat milk.

Streptavidin–horseradish peroxidase conjugate was added at

4 8C overnight. Activation of AP-1 and NF-nB was detected

using Supersignal Chemiluminescent substrate kits (Pierce,

Rockford, USA).
9/p53 cells were treated with various doses of gemcitabine (0.01, 0.1, and 1

ir survival rate by Trypan blue dye exclusion method. (B) Flow cytometry

C) Regulation of p53, p21CIP1/WAF1, and p27KIP1 by gemcitabine. Cells were

s of p53, p21CIP1/WAF1, and p27KIP1 were detected by Western blot analysis.

for 3 days. Apoptotic cells were determined by DAPI staining and TUNEL
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2.10. Analysis of data

All data are presented in this study as meanFS.D. of 12

replicates from four separate experiments. For comparisons

of two groups, a t test for independent samples was used and

considered significant at the *pb0.05, **pb0.01, or

***pb0.001 levels. All the figures shown in this article

were obtained from at least four independent experiments

with a similar pattern.
3. Results

3.1. Gemcitabine-induced apoptosis in H1299 and H1299/

p53 cells

The effects of gemcitabine on the cell viability of

H1299 (p53 null) and H1299/p53 were examined. Cells

were exposed to various concentrations of gemcitabine for
indicated time points (0–4 days). The results showed that

gemcitabine exhibited the antiproliferative effects in a

dose-dependent manner in both p53-null and wild-type

p53 cell lines (Fig. 1A). It seemed that the p53-null cells

were slightly sensitive than the wild-type p53-expressed

cells in this assay, especially at a low concentration (0.01

AM) of gemcitabine treatment. Flow cytometry analysis

indicated that administration of 1 AM gemcitabine to

H1299 caused S-phase arrest (with approximately 85% of

cells in S-phase for 2-day treatment) and subsequently

resulted in apoptosis in a time-dependent increase in the

proportion of cells in the sub-G1 phase (Fig. 1B). In

contrast, cell cycle analysis revealed that the gemcitabine-

treated H1299/p53 cells accumulated in the both G1- and

S-phases of the cell cycle (Fig. 1B), with approximately

54% and 46%, respectively. Western blot analysis showed

that the p21CIP1/WAF1 protein was markedly induced in

gemcitabine-treated H1299/p53 cells but slightly induced

in gemcitabine-treated H1299 cells (Fig. 1C), providing a
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possible explanation for the observed G1 arrest of H1299/

p53 cells. However, the induction of p53 by gemcitabine

in H1299/p53 cells could not be detected. The level of

p53 protein was constantly expressed in untreated or

gemcitabine-treated H1299/p53 cells.

In addition, treatment of H1299 cells with 1 AM
gemcitabine resulted in progressive morphological changes

typical of apoptosis, including cell shrinkage, rounding, and

detachment of the cells from the plate, as observed with

phase contrast microscopy (Fig. 1D). Examination of these

cells under a fluorescent microscope after TUNEL assay and

DAPI staining showed characteristic chromatin condensa-

tion and nuclear fragmentation into clearly visible apoptotic

bodies in gemcitabine-treated H1299 cells (Fig. 1D). There

were no typical morphological features of apoptosis found
Fig. 2. Gemcitabine-induced caspase activation and cytochrome c release. H1299

points followed by (A) assay of specific caspase activities. (B) Prevention of gemci

gemcitabine in the presence or absence of caspase inhibitors for 3 days. Apoptotic

of cytosolic cytochrome c was measured as described in Materials and Methods.
in the control groups. Similar results were obtained with

TUNEL assay and DAPI staining of the H1299/p53 cells

(data not shown). Moreover, treatment with 1 AM gemci-

tabine caused a direct apoptotic effect on tested cells—a

significantly higher number of apoptotic cells (subG1

population) in the p53-null cells than in wild-type p53-

expressed cells (Fig. 1B).

3.2. Gemcitabine-induced apoptosis through mitochondrial

cellular execution pathway

It has been well documented that caspase activation was

important for the execution phase of apoptosis (Cohen,

1997). We therefore examined the activation of caspases in

cells treated with 1 AM gemcitabine. Data from caspase
and H1299/p53 cells were treated with 1 AM gemcitabine for various time

tabine-induced apoptosis by caspase inhibitors. Cells were treated with 1 AM
cells were determined by TUNEL assay using flow cytometer. (C) The level
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activity analysis indicated that caspase-3 and caspase-9, but

not caspase-8, were activated upon gemcitabine treatment

(Fig. 2A). The inhibitor of caspase-9 or caspase-3, but not

caspase-8, could markedly block the gemcitabine-triggered

apoptosis (Fig. 2B). Based on our observations, the

activation of caspase-9 suggests that mitochondrial apop-

totic pathway might be involved in gemcitabine-induced

cell death in H1299 cell lines. Next, the subcellular location

of cytochrome c, which normally resides in the mitochon-

dria but is released into the cytoplasm following exposure of

cells to certain apoptotic stimuli, has been suggested to
Fig. 3. Involvement of Bcl-2 in gemcitabine-induced apoptosis. (A) H1299 and H1

(24, 48, 72, and 96 h). After treatment, the protein expression profiles of several a

blot using specific antibodies. (B) Overexpression of Bcl-2-protected cells from

vector. After 8 h, 1 AM gemcitabine was then added to the cells, which were further

c were determined by Western blot, and the apoptotic cells were measured using
participate in activating the cell death process (Joza et al.,

2002). As shown in Fig. 2C, addition of gemcitabine to

H1299 and H1299/p53 cells caused the accumulation of

cytochrome c in the cytosolic fraction.

Bcl-2 and related proteins are important regulators of

mitochondrial-mediated apoptosis (Joza et al., 2002). To

provide a mechanistic view of how gemcitabine-induced

H1299 underwent apoptosis, a panel of apoptosis and

antiapoptosis-related Bcl-2 molecules was tested for their

protein expression as determined by Western blotting. Fig.

3A showed that a significant decrease in Bcl-2 and Bcl-
299/p53 cells were treated with 1 AM gemcitabine for indicated time periods

poptotic and antiapoptotic Bcl-2-related proteins were analyzed by Western

gemcitabine-induced apoptosis. Cells were transfected with adeno-Bcl-2

cultured for 3 days. The levels of expressed Bcl-2 and cytosolic cytochrome

TUNEL assay by flow cytometry.
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XL protein level was observed in H1299 and H1299/p53

cells treated with gemcitabine for 48, 72, and 96 h, as

compared with control cultures, whereas there were no

significant differences in the protein expression level of

Bax, Bad, and Bak. Since treatment of H1299 cells with

gemcitabine reduced the Bcl-2 protein level, this obser-

vation prompted us to examine the role of Bcl-2 in

gemcitabine-induced apoptosis in these cells. Both cell

lines were infected with adenovirus Bcl-2 construct and

then were exposed to 1 AM gemcitabine. Ectopic
Fig. 4. Requirement of ERK activation in gemcitabine-induced apoptosis. H1299 a

periods (24, 48, and 72 h). After treatment, (A) total ERK or phosphorylated-ER

PD98059-protected cells against gemcitabine-triggered apoptotic cell death. Cells w

1 AM gemcitabine for 3 days. Apoptotic cells were quantified by TUNEL assay us

induced apoptosis. Cells were transfected with 1 Ag of pcDNA3 or pMKP3 express

the presence or absence of gemcitabine for another 48 h. Apoptotic cells were de
expression of Bcl-2 proteins in H1299 and H1299/p53

cells was confirmed by Western blot analysis with

specific anti-Bcl-2 antibody (Fig. 3B). Moreover, over-

expression of Bcl-2 partially prevented H1299 and

H1299/p53 cell apoptosis, reduced cytosolic cytochrome

c accumulation (Fig. 3B), and inhibited caspase-3

activation in response to gemcitabine (data not shown),

suggesting that gemcitabine-induced apoptosis might

mediate, in part, through the downregulation of Bcl-2

protein. Taken together, these results indicate that the
nd H1299/p53 cells were treated with 1 AM gemcitabine for indicated time

K was analyzed by Western blot using specific antibodies. (B) U0126- and

ere pretreated with 20 AM U0126 or 40 AM PD98059 for 3 h before adding

ing flow cytometry. (C) Ectopic expression of MKP3 inhibited gemcitabine-

ion plasmid. After transfection for 24 h, cells were washed and incubated in

termined by TUNEL assay.



Fig. 5. Bcl-2 and cytochrome c as downstream targets of ERK activation in

gemcitabine-treated cells. H1299 and H1299/p53 cells were pretreated with

20 AM U0126 for 3 h before adding 1 AM gemcitabine for 2 days. The

lysates were prepared and subjected to Western blot analysis for the

expression pattern of ERK, phospho-ERK, Bcl-2, and cytochrome c.

G.-C. Chang et al. / European Journal of Pharmacology 502 (2004) 169–183 177
mitochondrial cellular execution pathway plays a critical

role in gemcitabine-induced apoptosis in both H1299 and

H1299/p53 cells.

3.3. Gemcitabine-induced apoptosis is mediated, in part,

through the ERK pathway

The MAPK signaling pathway has been shown to be

activated in response to certain chemotherapeutic drugs (Lee

and McCubrey, 2002). To investigate whether gemcitabine

treatment could lead to MAPK activation, lysates obtained

at various times from gemcitabine-treated cells were

subjected to Western blot analysis using anti-MAPKs and

anti-phospho-MAPKs antibodies to detect phosphorylated

(and therefore activated) MAPKs. The protein level of

ERK1/2 of H1299 cells treated with gemcitabine did not

change compared with control cultures. However, the

phospho-ERK1/2 increased in both H1299 and H1299/p53

cells treated with gemcitabine (Fig. 4A). ERK1/2 activation

was observed at 24 h after gemcitabine treatment and was

sustained up to 72 h. The total protein and phosphorylated

JNK and p38 were not altered in gemcitabine-treated cells

(data not shown). MAP/ERK kinase (MEK), the kinase

lying directly upstream of ERK1/2, are responsible for

ERK1/2 activation. Two specific inhibitors of MEK,

PD98059 and U0126, have been developed, which are

highly selective in their inhibition of the ERK1/2 pathway

(English and Cobb, 2002). These two inhibitors were used

in our study to evaluate whether ERK1/2 activation is

required for gemcitabine-induced apoptosis. Cells were

pretreated with various doses of PD98059 or U0126 for 1

h before addition of gemcitabine. Quantitation of phos-

phorylated ERK1/2 and apoptotic cells demonstrated that 20

AM U0126 could significantly inhibit apoptosis in response

to gemcitabine treatment (Fig. 4B). Similar results were also

obtained when H1299 cells were treated with PD98059

despite the fact that U0126 exhibited higher protective

efficacy than PD98059 (Fig. 4B). Next, we expressed the

MKP3 in H1299 and H1299/p53 cells to further determine

whether the phosphorylated ERK is a critical event required

for gemcitabine-induced cell death. MKP3, a cytosolic

phosphatase, has been shown to specifically dephosphor-

ylate phosphor-ERK (Burnet et al., 1999). As shown in Fig.

4C, in the presence of MKP3 expression, gemcitabine-

induced apoptosis was significantly decreased. These data

suggest that ERK activation is necessary for gemcitabine-

induced apoptosis.

3.4. Role of ERK in mediating Bcl-2 downregulation,

cytochrome c release, and caspase activation in gemcita-

bine-treated cells

We next investigated whether Bcl-2 downregulation and

cytochrome c release in response to gemcitabine treatment

were dependent on ERK activation. Cells were treated with

1 AM gemcitabine in the absence or presence of 20 AM
U0126, after which cell extracts were prepared and the

protein levels of Bcl-2 and cytochrome c were measured by

Western blotting. Similar to Figs. 2C and 3A, cytosolic

cytochrome c increased and Bcl-2 decreased in the

gemcitabine-treated cells compared with control cultures.

These processes were inhibited in the presence of the

inhibitor of ERK signaling pathway, U0126 (Fig. 5). These

findings suggest that ERK acts upstream of Bcl-2 reduction

and cytochrome c release to exert its apoptotic influence in

gemcitabine-treated H1299 and H1299/p53 cells.

3.5. Akt inactivation correlated with gemcitabine-triggered

apoptosis

Growing evidence indicate that inactivation of Akt is

closely linked to the cell death of cancer cell to a broad

spectrum of apoptotic stimuli (Datta et al., 1999). To

determine whether Akt is also inactivated in gemcitabine-

induced apoptosis, Akt activation was analyzed by Western

blotting using antibodies recognizing the Thr308- and

Ser473-phosphorylated form of Akt. Fig. 6A shows that

basal Akt phosphorylation was found in H1299 and H1299/

p53 cells. However, there was a significant decline in the

levels of phosphorylated Akt at 24–72 h of gemcitabine

treatment. To assess the role of inactivated Akt in the

apoptosis induced by gemcitabine, cell-permeable

LY294002, which is a PI3K inhibitor, was used to inhibit

the Akt pathway. As shown in Fig. 6B, LY294002

significantly accelerated gemcitabine-mediated apoptosis

in H1299 and H1299/p53 cells.

3.6. Induction of NF-kB DNA-binding activity by

gemcitabine

It is well documented that NF-kB and AP-1 are the

nuclear targets of ERK signaling pathways. We further

examined whether AP-1 and/or NF-kB could be activated in



Fig. 6. Inactivation of Akt by gemcitabine. (A) Cells were treated with 1 AM gemcitabine for various time points. The expression levels of phosphor-Akt

proteins were analyzed by Western blot using anti-phospho-Akt antibodies. (B) Promotion of gemcitabine-induced apoptosis by LY294002. Cells were treated

with gemcitabine in the presence or absence of LY294002 for 48 h. After treatment, apoptotic cells were measured by TUNEL assay.

Fig. 7. Enhancement of NF-kB DNA-binding activity by gemcitabine. (A) DNA-binding activity. Cells were treated with 1 AM gemcitabine for indicated time

periods. Nuclear extracts were prepared, and electrophoretic mobility shift assay was performed using biotin-labeled NF-kB and AP-1 consensus-binding

sequence. (B) Inhibition of NF-kB signaling accelerated gemcitabine-induced apoptosis. Cells were treated with or without 1 AM gemcitabine in the presence

or absence of various concentrations of PDTC for 48 h. Apoptotic cells were determined by TUNEL assay.
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Fig. 8. The schematic representation of gemcitabine-induced p53-inde-

pendent apoptotic pathway in human NSCLC H1299 and H1299/p53 cell

lines.
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gemcitabine-treated H1299 and H1299/p53 cells; the DNA-

binding activity of AP-1 and NF-kB in nuclear extracts was

analyzed by electrophoretic gel mobility shift assay using

biotin-labeled oligonucleotides, which contained the con-

sensus-binding motif of AP-1 or NF-kB. As depicted in Fig.

7A, DNA-binding activity of NF-kB was persistently

increased upon gemcitabine treatment. This binding is

specific since it could be blocked by preincubation with a

100-fold excess amount of unlabeled NF-kB response

oligonucleotides. Densitometric analysis showed that the

binding activity of NF-kB at 24 h gemcitabine treatment

was increased to 3- and 2.5-fold vs. controls in H1299 and

H1299/p53 cells, respectively. The NF-kB DNA-binding

activity remained enhanced for 48–72 h after gemcitabine

treatment. In contrast, the DNA-binding activity of AP-1

was not affected upon gemcitabine treatment (Fig. 7A).

To determine the effect of inhibition of NF-kB activation

on gemcitabine-triggered apoptosis, we examined the

impact of a NF-kB inhibitor, PDTC (Wright et al., 2002).

As depicted in Fig. 7B, treatment with PDTC alone did not

alter the incidence of apoptosis. However, PDTC treatment

sensitized cells to gemcitabine. The fraction of apoptotic

cells increased significantly in the combined PDTC/gemci-

tabine treatment compared with the gemcitabine treatment

alone.
4. Discussion

The ability of cytotoxic agents to limit tumor growth may

be due to their capacity to inhibit cancer cell proliferation or

to increase cancer cell death. Gemcitabine is a promising

drug for treatment of lung cancer (Bunn and Kelly, 1998).

However, the cell-killing mechanism of gemcitabine in

NSCLC is still not well characterized, and there have been

no reports on the correlation between growth inhibition, cell

cycle, and apoptosis. Since p53 influences cell cycle

progression and apoptotic response, mutation of the p53

gene is the most commonly identified genetic abnormality

in lung cancer. Thus, we investigated the effect of

gemcitabine on a large cell lung cancer H1299 cell line

(which is a p53-null cell line) (Nguyen et al., 1996) while

altering the p53 status by ectopic expression of wild-type

p53 gene and allowing a direct comparison between

cytotoxicity of this drug in the presence or absence of

functional p53 protein (Fig. 8). We found that treatment of

H1299 cells with gemcitabine resulted in S-phase arrest and

treatment of H1299/p53 cells resulted in G1- and S-phase

accumulation, with constitutively expressed p53 only

detected in H1299/p53 cells, indicating a role for p53 in

controlling G1 checkpoints. In our study, the p21CIP1/WAF1

protein was markedly induced during gemcitabine treatment

of the H1299/p53 cells but slightly induced in H1299 cells

(Fig. 1C), providing a possible explanation for the observed

G1 accumulation. However, the induction of p53 by

gemcitabine in H1299/p53 cells could not be detected. This
result was unexpected because p21CIP1/WAF1 is transcrip-

tionally regulated by p53 (Bargonetti and Manfredi, 2002)

and is specifically induced in p53-dependent cellular

responses to DNA damage (Bargonetti and Manfredi,

2002). Several studies have reported the existence of p53-

independent G1 arrest and p21CIP1/WAF1 induction (Strasser

et al., 1994; Ko and Prives, 1996; Loignon et al., 1997).

This pathway seems to be selectively activated by different

chemotherapeutic agents, depending on the cellular context.

Details about this issue remain to be further explored.

Loss of p53 is linked to resistance to chemotherapy in

some tumor cells and to increased sensitivity in others

(Chang et al., 2000; Pirollo et al., 2000). Several studies

have demonstrated that reintroduction of wild-type p53 into

tumor cells has led to a variety of effects, including growth

arrest and apoptosis (Gomez-Manzano et al., 1996; Chang et

al., 2000; Pirollo et al., 2000). But the results obtained for

most of tumor cell types are controversial. In the study by

Galmarini et al. (2002), cancer cells carrying a wild-type

p53 are more sensitive to gemcitabine than cells with a mut-

p53, which were also observed by others (Chen et al., 2000;

Feng et al., 2000). Inactivation of p53 by transfection of p53

normal colon cancer cells with the human papillomavirus

E6 gene resulted in decreased gemcitabine-mediated cyto-

toxicity and apoptosis than p53 normal cells (Chen et al.,

2000). Conversely, it has been reported that p53 function

did not impact gemcitabine cytotoxicity in human bladder

cancer cells (Kielb et al., 2001; Fechner et al., 2003) and in

NSCLC cell lines (Edelman et al., 2001). In the present

study, there was a definitely higher tendency of the null-p53

H1299 cells to undergo apoptosis as compared with the

wild-type p53 cells (H1299/p53 cells). However, H1299/

p53 cells also retained the capability to die by apoptosis; this

process must probably be executed by an alternative p53-

independent pathway. Our data suggest that whereas p53 is

an important factor influencing the cell cycle distribution in
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response to gemcitabine treatment, wild-type p53 function is

not an absolute requirement for gemcitabine-induced

cytotoxicity; apoptosis of cells with both functional and

nonfunctional p53 were observed and attributed to the

activation of a p53-independent pathway. In the study by

Cascallo et al. (2000), viral transfection of p53 first with p53

overexpression severely compromised treatment with gem-

citabine. If p53 is reintroduced into cells that have already

been treated with gemcitabine, p53 recognizes DNA

damage and commits to apoptosis. Under different sched-

ules of administration, exogenous p53 could lead to differ-

ent results. The introduction of wild-type p53 gene via

adenovirus, under appropriate sequence of administration,

will be a very promising approach to improve the efficiency

of chemotherapeutic agents. These results demonstrated that

the interaction between p53 function and gemcitabine

activity is not a predictable event, and may be dependent

on cellular context and experimental differences.

Proteins including the MAPK family are activated

through a specific phosphorylation cascade, and constitute

important mediators of signal transduction processes that

serve to coordinate the cellular response to a variety of

extracellular stimuli (Chen et al., 2001). The ERK pathway

plays a major role in regulating cell growth and differ-

entiation, which is highly induced in response to growth

factors, cytokines, and phorbol esters (Aikawa et al., 1997).

Many studies have concluded the general view that

activation of the ERK pathway drives a survival signal that

counteracts proapoptotic effects, especially with JNK, p38,

and two MAPK subfamilies (Xia et al., 1995; Graves et al.,

1996; Chen et al., 1996; Brenner et al., 1997). It has been

reported that an inhibition of ERK signaling leads to

increased sensitivity of ovarian cancer cell lines to cisplatin

(cis-diamminedichloroplatinum; CDDP) (Hayakawa et al.,

1999; Persons et al., 1999). However, in the present study,

we have provided evidence that activation of ERK is

important for the induction of gemcitabine-induced apopto-

sis in both H1299 and H1299/p53 cells. Gemcitabine

treatment resulted in a high and sustained activation of

ERK in these cells. Similarly, the increased level of ERK

activity was observed on gemcitabine-induced apoptosis on

breast MDA-MB-453 cells (Nelson and Fry, 2001). Accu-

mulating evidence showed that, in different cell types such

as HeLa cells, osteosarcoma cells, neuroblastoma cells, and

mouse embryonic fibroblasts, activation of ERK by means

of different agents such as cisplatin, paclitaxel, adriamycin,

and etoposide is involved in the induction of apoptosis and

cell cycle arrest (Wang et al., 2000; Bacus et al., 2001; Tang

et al., 2002). Survival was increased in tumor cells through

the inhibition of signaling through ERK by the MEK1

inhibitor PD98059 or U0126 in these studies and also in our

study. Our result also showed that ectopic expression of

MKP3, a specific phosphor-ERK phosphatase (Burnet et al.,

1999), markedly decreased gemcitabine-mediated ERK

phosphorylation and apoptotic cell death (Fig. 4C). It has

been reported that gemcitabine caused a considerable
percentage of the cell population to commit to apoptosis,

and the major effect on signaling pathways was an

accompanying elevation of activated p38 in MDA-MB-

453 (Nelson and Fry, 2001) and in human pancreatic cancer

cells (Habiro et al., 2004). However, the activation of p38

and JNK could not be detected in gemcitabine-treated

H1299 and H1299/p53 cells in the present study. Such

differential effects observed from one study to another could

reflect cell type or treatment specificity. Recently, it has

been shown that ERK phosphorylates and stabilizes p53 and

alters p53 target gene expression after cisplatin treatment,

but the biological consequences have not yet been studied

(Persons et al., 2000; DeHaan et al., 2001). It has been

suggested that ERK may mediate cisplatin-induced accu-

mulation of p53 to trigger apoptosis (Park et al., 2001). In

our study, the proapoptotic effect of gemcitabine-induced

activation of ERK is independent of the p53 status of the

cells.

Growing evidence indicated that NF-kB is a nuclear

target of ERK signaling pathways. NF-kB is a ubiquitously

expressed transcription factor that is involved in a wide

spectrum of cellular functions like cell cycle control, stress

adaptation, inflammation, and control of apoptosis (Bours et

al., 2000). Several studies have indicated that chemo-

therapeutic agents, such as etoposide, CPT-11, adriamycin,

vincristine, and taxol, can induce NF-kB activation (Das and

White, 1997; Wang et al., 1999a,b). Once activated by

chemotherapy, NF-kB has been shown to provide an

antiapoptotic function by promoting cell survival of color-

ectal carcinoma and NSCLC cell lines (Wang et al.,

1999a,b; Jones et al., 2000). The present study showed that

gemcitabine induced NF-kB activation in NSCLC H1299

cells in a p53-independent manner. This observed gemcita-

bine-induced NF-kB activation is supported by other studies

(Jones et al., 2000; Arlt et al., 2003). Furthermore, treatment

with the NF-kB inhibitor, PDTC, significantly enhanced

gemcitabine-induced cell death. These finding suggests that

NF-kB activation provides a cell survival signal following

gemcitabine treatment. Other studies have confirmed that

inhibition of NF-kB would sensitize tumor cells to undergo

gemcitabine-induced apoptosis (Jones et al., 2000). Previous

reports demonstrate that NF-kB may contribute to anti-

apoptotic survival responses by transcriptional regulation of

cIAPs and Bcl-2 homologue A1 (Wang et al., 1998,

1999a,b). In contrast, NF-kB is also considered a proapop-

totic factor because of its involvement in the expression of

some apoptotic molecules, including Fas and FasL (Kasib-

hatla et al., 1998; Ashkenazi and Dixit, 1999). The reason

for these controversial findings in the role of NF-kB

activation in apoptosis remains to be determined, but may

relate to differences in the biological differences between

the investigated cell types and/or different stimuli. However,

it seems to be the integration of some additional signals in

combination with NF-kB activation that ultimately deter-

mines the role of NF-kB in proapoptotic or antiapoptotic

responses to extracellular stimuli.
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The serine/threonine protein kinase Akt is increasingly

recognized as a key cellular signal that promotes cell

proliferation and survival. Akt activation has been inves-

tigated in NSCLCs, whereas the downregulation of Akt has

been found for taxol and MAPK inhibitor-induced apoptosis

(MacKeigan et al., 2002). Our results indicate that gemci-

tabine leading to tumor cell apoptosis is attributable to the

inactivation of the PI3K–Akt pathway because the level of

phosphorylated Akt was gradually and persistently reduced

after exposure to gemcitabine. Importantly, our study

provides strong evidence to support the conclusion that the

enhanced apoptosis observed with a combination of gemci-

tabine and PI3K inhibitor (LY294002) is associated with a

reduction of the activated Akt. It has been reported that Akt

plays a role in gemcitabine resistance of the pancreatic

adenocarcinoma cell lines (Ng et al., 2000). Conversely, a

recent report showed that gemcitabine did not affect the Akt

phosphorylation in pancreatic carcinoma cell lines; further-

more, treatment with the specific PI3K/Akt inhibitor,

LY294002, did not enhance gemcitabine-induced cell death

(Arlt et al., 2003). These discrepant findings may be

attributed to the differences of cellular context and/or stimuli.

Two major apoptosis pathways have been described from

mammalian cells. One is receptor-related and involves

caspase-8, such as Fas/APO-1-associated death domain

protein to death receptors on extracellular ligand binding

(Cryns and Yuan, 1998; Muzio et al., 1998). The other

pathway is associated with mitochondria and involves

cytochrome c release-dependent activation of caspase-9

through Apaf-1 (Zou et al., 1997, 1999). The Bcl-2 family

of proteins has been identified as a key regulator of

apoptosis in many cellular systems. This family is common

divided into both antiapoptotic (Bcl-2, Bcl-XL, Mcl-1, and

A1) and proapoptotic members (Bax, Bak, Bad, Bid, Bik,

and Bcl-Xs). It had been reported that cellular Bcl-2 content

was directly correlated with the cytotoxicity of gemcitabine

in pancreatic carcinoma (Bold et al., 1999). Bcl-XL

antisense oligonucleotide treatment increases the sensitivity

of pancreatic cancer cells to gemcitabine (Xu et al., 2001).

In the current study, downregulation of Bcl-2 and Bcl-XL

increased levels of cytosolic cytochrome c, and activation of

caspase-9 in gemcitabine-treated cells is observed. Over-

expression of Bcl-2 protein by adeno-Bcl-2 viral vector

infection markedly blocked gemcitabine-mediated apoptotic

cell death in both H1299 and H1299/p53 cells, suggesting

that Bcl-2 family-dependent mitochondrial pathway plays a

role in mediating gemcitabine-induced apoptosis. The

ability of the U0126 to reduce this effect implies that the

ERK signaling pathway functions upstream of Bcl-2

downregulation and cytochrome c release in the induction

of cell death upon gemcitabine treatment. Our findings may

indeed be true, but differential effects observed from one

study to another could reflect cell type specificity and need

caution with respect to the generality of this pathway.

In conclusion, the current study showed that gemcitabine

exerts its antitumor effect by the activation of the apoptotic
machinery in NSCLC H1299 cells at clinically relevant

concentrations around 1 AM. Although apoptosis could

more easily be induced in the H1299 (null-p53 cells), the

process was also inducible in the H1299/p53 (wild-type p53

cells), indicating the presence of alternative p53-independ-

ent pathways. Our observations suggest that the p53-

independent ERK activation plays an important role in

mediating gemcitabine-induced apoptosis of H1299 and

H1299/p53 cells, and functions upstream of reduction of the

Bcl-2 protein and accumulation of cytosolic cytochrome c

to initiate the apoptotic signal (Fig. 8). Furthermore,

inactivation of Akt was also attributed to gemcitabine-

induced apoptosis.
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