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Abstract Gefitinib, a selective epidermal growth factor

receptor tyrosine kinase inhibitor, is under clinical testing

and use in cancer patients, including glioma. However, the

molecular mechanisms involved in gefitinib-mediated anti-

cancer effects against glioma remain largely uncharacter-

ized. Gefitinib inhibits cell growth and induces apoptosis in

human glioma cells. Gefitinib also induces death of H4 cells

with characteristics of the intrinsic apoptotic pathway,

including Bax mitochondrial translocation, mitochondrial

outer membrane permeabilization, cytochrome c cytosolic

release, and caspase-9/caspase-3 activation. The importance

of Bax in mediating gefitinib-induced apoptosis was

confirmed by the attenuation of apoptosis by Bax siRNA and

Bax channel blocker. Gefitinib caused Bad dephosphoryla-

tion, particularly in serine-112, and increased its binding

preference to Bcl-2 and Bcl-xL. The dephosphorylation of

Bad in gefitinib-treated cells was accompanied by reduced

intracellular cyclic AMP content and protein kinase A (PKA)

activity. Adenylyl cyclase activator forskolin attenuated, but

PKA inhibitor H89 augmented, gefitinib-induced Bad

dephosphorylation, Bax mitochondrial translocation, cas-

pase-9/caspase-3 activation, and viability loss. Intriguingly,

a nonselective protein phosphatase inhibitor okadaic

acid alleviated gefitinib-induced alterations, except Bad

dephosphorylation. In parallel with the higher basal PKA

activity, response of U87 cells to gefitinib treatment was

delayed and relatively resistant compared with that of H4 and

T98G cells. Inactivation of PKA sensitized H4, T98G, and

U87 cells to gefitinib cytotoxicity, Bad dephosphorylation in

serine-112, and caspase-9/caspase-3 activation. Our findings

suggest the involvement of the Bad/Bax signaling pathway

in gefitinib-induced glioma apoptosis. Furthermore, the

inactivation of PKA was shown to play a role in triggering

the proapoptotic function of Bad.
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Introduction

Gliomas are among the most lethal types of human adult

cancer. Malignant gliomas generally prove refractory to

treatment by surgery, irradiation, and conventional che-

motherapy. They have several genetic and signaling

abnormalities that lead to uncontrolled growth, invasive-

ness, and angiogenesis, and ultimately facilitate cell pro-

liferation and survival [1, 2]. These dysregulated pathways
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provide the basis for designing molecular-targeted therapy

for treatment of gliomas.

The intracellular tyrosine kinase of the epidermal

growth factor receptor (EGFR) activates signaling cascades

leading to cell proliferation, angiogenesis, and inhibition of

apoptosis [3]. Therefore, the EGFR is an attractive target

for cancer therapy. Gefitinib (ZD1839, Iressa; AstraZene-

ca) is a novel, oral, low-molecular weight tyrosine kinase

inhibitor that reversibly inhibits tyrosine kinase activity

associated with EGFR [4]. Gefitinib has been clinically

approved for treatment of non-small cell lung cancer in

some countries [5]. Somatic mutations in the EGFR tyro-

sine kinase domain are important predictors of an indi-

vidual’s response to gefitinib [6]. However, some patients

in whom EGFR tyrosine kinase domain mutations are

absent also respond to gefitinib [7]. In addition to non-

small cell lung cancer, gefitinib also has antitumor activity

against variety of human cancer cell lines and xenograft

models [8].

EGFR gene amplification is one of the most frequent

alterations, occurring in 30–40% of malignant gliomas. In

gliomas with this gene amplification, *40% also express

a constitutively autophosphorylated variant of the EGFR

that lacks the extracellular ligand-binding domain known

as EGFR variant III (EGFRvIII). EGFR amplification in

gliomas has been associated with tumor invasiveness,

angiogenesis, poor survival, and resistance to radiation

therapy [9, 10]. Given the presence of EGFR amplifica-

tion and EGFRvIII in malignant gliomas, inhibition of

EGFR seems to be a promising antiglioma therapy. A cell

study has shown that gefitinib can induce apoptosis in

several human glioma cells but requires high doses [11].

Clinically, monotherapy with gefitinib is of marginal

benefit in recurrent malignant gliomas [12]. There is

ample evidence that the family of Bcl-2 related proteins is

important in glioma cell resistance. Silencing Bcl-2/Bcl-

xL protein expression renders gliomas sensitive to apop-

totic execution [13]. Exogenous administration of Bad

protein induces glioma cell apoptosis [14]. The expression

of Bax protein is correlated with increased survival of

glioma patients and its silenced expression has marked

resistance to multiple cell death inducers [15, 16].

Therefore, better understanding of the involvement of

signatures of gefitinib resistance in Bcl-2-mediated cell

survival and death signaling may be useful in the devel-

opment of new therapeutic strategies which can overcome

gefitinib resistance and improve patient outcomes.

Bax is of central importance in regulating cell apoptosis

[17]. The role of Bax and upstream regulatory mechanisms

involved in gefitinib-mediated apoptosis remain largely

uncharacterized in human glioma cells. In this study, the

cellular and molecular mechanisms of gefitinib action

against human glioma cells were examined.

Materials and methods

Cell cultures

Human neuroglioma (H4) and glioblastoma (U87 and

T98G) cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine

serum (FBS). During experiments, cells were maintained in

DMEM containing 2% FBS.

Viability assessment

For cell proliferation, cells were seeded into six-well plates

(6.6 9 104 cells/well). The number of viable cells was

determined by the Trypan blue dye exclusion method. MTS

(Promega, Madison, WI, USA) assay was performed to

measure cell viability in a 96-well plate (4 9 103 cells/

well), in accordance with the manufacturer’s instructions.

Cell damage was assessed by measuring the activity of

lactate dehydrogenase (LDH) in the culture media by using

an LDH diagnostic kit (Promega) in a 96-well plate

(4 9 103 cells/well). The cytotoxicity index was indicated

by the ratio of released LDH to total LDH activity.

Small interfering RNA (siRNA) transfection

The siRNAs against human Bax (SignalSilence Bax siRNA

I) and Bad (SignalSilence Bad siRNA I) and control siRNA

(SignalSilence Control siRNA) were purchased from Cell

Signaling Technology (Beverly, MA, USA). H4 cells were

transfected with siRNAs by use of INTERFERin siRNA

transfection reagent (Polyplus-transfection, New York, NY,

USA) in accordance with the manufacturer’s instructions.

Caspase activity assay

After treatment, cells were homogenized on ice in a lysis

buffer containing 20 mM HEPES, pH 7.4, 4 mM EDTA,

1 mM EGTA, 5 mM MgCl2, and 1 mM DTT. The super-

natant (50 ll) was incubated with an equal volume of the

reaction buffer containing 20 mM HEPES, pH 7.4,

4 mM EDTA, 0.2% CHAPS, 10 mM DTT, and caspase-

specific fluorogenic peptide substrates (BioVision, Moun-

tain View, CA, USA). Enzymatic release of free AMC was

measured at an excitation wavelength of 380 nm and an

emission wavelength of 460 nm. The arbitrary activity was

expressed as the fluorescence change per amount of protein.

Western blot

Obtained cell extracts were separated by SDS-PAGE and

electrophoretically transferred to poly(vinylidene difluo-

ride) membranes. After blocking, the membranes were
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incubated with the indicated antibodies against: PARP-1,

FAK, Bax, cytochrome c, cytochrome oxidase IV (COX

IV), Bad, phospho-Bad (Ser-112), phospho-Bad (Ser-136),

phospho-Bad (Ser-155), Bcl-2, Bcl-xL, EGFR, phospho-

EGFR (Tyr-845 and Tyr-1068), Akt, phospho-Akt (Ser-

473) (Santa Cruz Biotechnology, Santa Cruz, CA, USA),

14-3-3 (Zymed, San Francisco, CA, USA), and b-tubulin

(Sigma–Aldrich, St Louis, MO, USA). The membranes

were then incubated with horseradish peroxidase-labeled

IgG. The blots were developed using enhanced chemilu-

minescence (ECL) Western blotting reagents. The intensity

of each signal was determined by use of a computer image-

analysis system (IS1000; Alpha Innotech).

Mitochondria membrane potential measurement

The change of mitochondria membrane potential was

measured by use of the fluorescent probe JC-1 (Molecular

Probes, Eugene, OR, USA). After treatment, cells were

incubated in medium containing 5 lg/ml JC-1 for 30 min.

The cells were then washed twice with phosphate-buffered

saline (PBS). When excited at 485 nm, the fluorescence

emission of JC-1 was measured at wavelengths corre-

sponding to its monomer (538 nm) and J aggregate

(590 nm) forms. Fluorescence was measured in a fluores-

cent plate reader. A decrease of the Em590-to-Em538 ratio

indicates a drop in mitochondria membrane potential.

Subcellular fractionation

Cells were resuspended in buffer containing 75 mM NaCl,

8 mM Na2PO4, 1 mM NaH2PO4 (pH 7.4), 250 mM sucrose,

1 mM EDTA, 0.4 mM PMSF, 20 lM leupeptin, 0.005 U/ml

aprotinin, and 2 lg/ml soybean trypsin inhibitor on ice for

20 min. Cells were disrupted by passage through 26-gauge

needles 20 times. Cell lysates were centrifuged at

750 9 g for 10 min at 4�C to eliminate unlysed cells and

nuclei. Supernatant was were centrifuged at 10,000 9 g for

20 min at 4�C. The pellet served as the mitochondrial frac-

tion and the supernatant as the cytosolic fraction.

Immunoprecipitation

Cells were washed twice with PBS and harvested in RIPA

buffer [18]. Protein A-agarose beads were washed with

RIPA buffer and then incubated with antibodies for 1 h at

room temperature. After removal of the unbound antibod-

ies, protein extracts (200 lg) were added with gentle

shaking and incubated for an additional 4 h at room tem-

perature. Immunoprecipitates were washed with RIPA

buffer and then eluted for further analysis.

Cyclic AMP (cAMP) measurement

The amount of cellular cAMP was measured by use of a

commercially available cyclic AMP EIA kit (Cayman

Chemical Company, Ann Arbor, MI, USA) in accordance

with the manufacturer’s instructions.

Protein kinase A (PKA) activity measurement

PKA activity was measured by use of a commercially

available PKA kinase activity assay kit (Assay Designs,

Ann Arbor, MI, USA) in accordance with the manufac-

turer’s instructions.

Statistical analysis

Data are expressed as mean values ± standard deviation.

Statistical analysis was carried out using one-way analysis

of variance, followed by Dunnett’s test to assess the sta-

tistical significance of differences between treated and

untreated groups. A level of P \ 0.05 was considered

statistically significant.

Results

Gefitinib had cytostatic and cytotoxic effects on human

glioma cells

To determine the effect of gefitinib on human glioma cell

proliferation, H4 cells were treated with different concen-

trations of gefitinib and viable cells were measured daily by

the Trypan blue dye exclusion method. As shown in

Fig. 1a, at concentrations lower than 25 lM gefitinib

inhibited the growth of H4 cells in a concentration-

dependent manner. After incubation for three days the cell

number of 1, 5, and 10 lM gefitinib-treated cultures was

reduced by approximately 6, 35, and 55%, respectively.

The growth of H4 cells was almost completely suppressed

in the presence of 20 lM gefitinib for three days. The cell

numbers were similar to those of initial seeding. When

treated with 25 lM gefitinib, there was no increase of cell

number and an apparent decrease of cell number was found

after incubation for 48 h (reducing to 80% of initial cell

number) and 72 h (reducing to 66% of initial cell number).

In contrast, treatment with 40 and 50 lM gefitinib caused a

dramatic reduction in cell number after incubation for 24 h,

and this continued to decrease. These two concentrations of

gefitinib caused indistinguishable cytotoxicity. The cell

numbers were maintained at approximately 55, 30, and 5%

of those observed at the initial seeding after incubation for

24, 48, and 72-h, respectively. These results suggest that
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Fig. 1 Gefitinib caused glioma cell death. H4 cells were treated with

different concentrations of gefitinib for different times. The number of

viable cells was determined by the Trypan blue dye exclusion method

(a). H4 cells were treated with different concentrations of gefitinib for

24 h. Representative phase contrast images were obtained (b). Scale

bar 50 lm. Cell viability was determined by MTS reduction assay

(c) and cell damage was measured by LDH efflux assay (d).

*P \ 0.05 and **P \ 0.01 vs. each control (0 lM group) and
#P \ 0.05 and ##P \ 0.01 vs. the corresponding control (0 h group),

n = 4
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gefitinib has both cytostatic and cytotoxic effects against

human glioma H4 cells.

Gefitinib induced apoptosis in human glioma cells

To further characterize gefitinib-induced cytotoxicity, cell

morphology was observed with a light microscope after

treatment with different concentrations of gefitinib for

24 h. There was no remarkable morphological change in 10

and 20 lM gefitinib-treated cells. Slight morphological

change was observed in H4 cells after treatment with

25 lM gefitinib. Distinctive morphological changes,

including cellular rounding, shrinkage, membrane bleb-

bing, and separation from neighboring cells were observed

Fig. 2 Gefitinib induced glioma cell apoptosis. H4 cells were treated

with gefitinib (40 lM) for different times. Protein extracts were

isolated and subjected to fluorogenic protease assay. *P \ 0.05 and

**P \ 0.01 vs. each control, n = 4 (a). H4 cells were treated with

medium or gefitinib (40 lM) or gefitinib (40 lM) in combination

with Z-VAD-FMK (broad-spectrum caspase inhibitor, Pan-C,

10 lM), Z-DEVD-FMK (caspase-3 inhibitor, C-3, 10 lM),

Z-IETD-FMK (caspase-8 inhibitor, C-8, 10 lM), Z-LEHD-FMK

(caspase-9 inhibitor, C-9, 10 lM), or Z-ATAD-FMK (caspase-12

inhibitor, C-12, 10 lM) for 24 h. Cell viability was determined by

MTS reduction assay. **P \ 0.01 vs. control (without gefitinib) and
#P \ 0.05 and ##P \ 0.01 vs. gefitinib control, n = 3 (b)

J Neurooncol (2011) 105:507–522 511

123



for H4 cells treated with 40 lM gefitinib (Fig. 1b). In

parallel with these morphological changes, gefitinib

reduced cell viability (Fig. 1c) and increased cell damage

(Fig. 1d) in a concentration-dependent manner. To inves-

tigate whether the cytotoxic effect of gefitinib was because

of induction of apoptosis, proteolytic activity of caspase

family proteases was measured. Elevated caspase-8,

caspase-9, and caspase-3 activity was detected in gefitinib-

treated cells, and maximum activity was seen 3 and 6 h

after incubation. However, in the same treated cells,

change in caspase-12 activity was not found (Fig. 2a). To

determine whether particular caspases are crucially

involved in gefitinib-induced apoptosis, specific caspase

inhibitors were investigated. As depicted in Fig. 2b,
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non-selective caspase and specific caspase-8, caspase-9,

and caspase-3, but not caspase-12 inhibitors protected the

cells from death because of gefitinib treatment. These

observations suggest that caspase-8, caspase-9, and cas-

pase-3 activation are of crucial importance in the gefitinib-

triggered apoptotic process in H4 cells.

Bax involvement in gefitinib-induced apoptosis

The activation of caspase-9 implies that the mitochondria-

mediated intrinsic apoptotic pathway is involved in gefiti-

nib-induced glioma cell apoptosis. The integrity of the

outer mitochondrial membrane and formation of mito-

chondrial permeability transition pores are critical deter-

minants in regulating the release of cytochrome c and other

proapoptotic factors which control the initiation of mito-

chondria-mediated apoptosis [19]. To determine the

involvement of mitochondrial events in apoptosis in H4

cells after gefitinib treatment, the change in mitochondrial

membrane permeability was measured. Mitochondrial

damage is often associated with loss of mitochondrial

membrane potential, which is measurable by use of JC-1

staining [20]. A high JC-1 ratio (Em590 nm/Em538 nm)

was detected in control H4 cells. Treatment with gefitinib

caused a drop in JC-1 ratio, indicating a collapse of

mitochondrial membrane potential (Fig. 3a). Treatment

with mitochondrial permeability transition pore inhibitor,

cyclosporin A [21], attenuated the gefitinib-induced col-

lapse in mitochondrial membrane potential (Fig. 3a). The

restoration of mitochondrial membrane potential by

cyclosporin A also alleviated gefitinib-induced caspase-9

and caspase-3 activation (Fig. 3b). These results show that

mitochondrial membrane permeability is a crucial target in

determining gefitinib-triggered apoptosis. Bax is a critical

gateguard in the regulation of mitochondrial membrane

permeability [17]. Western blotting revealed that gefitinib

caused PARP-1 and FAK protein cleavage, indicating the

execution of apoptosis. Expression of Bax was unchanged

(Fig. 3c). However, the collapse of mitochondrial mem-

brane potential caused by gefitinib was associated with

elevated mitochondrial distribution of Bax and mitochon-

drial release of cytochrome c into the cytosol (Fig. 3d).

Silencing Bax expression by siRNA (Fig. 3e) and inhibi-

tion of Bax channel activity by Bax-channel blocker all

caused reduction in gefitinib-induced caspase-9 and cas-

pase-3 activity (Fig. 3f, g). These results suggest that the

Bax membrane permeabilization pathway might be

involved in gefitinib-induced apoptosis.

Gefitinib decreased Bad phosphorylation in human

glioma cells leading to apoptosis

Mitochondrial membrane permeability is regulated by Bcl-

2 family proteins. Among the BH3-only Bcl-2 family

proteins, Bad promotes mitochondrial membrane perme-

abilization and apoptosis and its function can be neutral-

ized by phosphorylation [17, 22]. A change in total Bad

protein expression was not found in gefitinib-treated H4

cells. Western blot analysis for phospho-Bad revealed that

gefitinib treatment reduced the phosphorylation of serine-

112, serine-136, and serine-155 residues. Dephosphoryla-

tion of serine-112 occurred before that of serine-136 and

serine-155 (Fig. 4a). To directly address the possible

ivolvement of Bad in gefitinib-induced apoptosis, expres-

sion of endogenous Bad was down-regulated by siRNA.

Silencing of Bad expression (Fig. 4b) alleviated gefitinib-

induced caspase-9 and caspase-3 activity (Fig. 4c). In most

theories, protein–protein interaction is important in proa-

poptotic activation or inactivation of preexisting Bad.

Phosphorylation of Bad changes its interactive binding

partners between 14-3-3 and antiapoptotic Bcl-2 family

proteins and the consequences of apoptosis [17, 19]. Gef-

itinib had a negligible effect on total protein expression in

Bad, 14-3-3, Bcl-2, and Bcl-xL (Fig. 4d). In controlled H4

cells, Bad formed protein complexes with 14-3-3, Bcl-2,

and Bcl-xL (Fig. 4e). Immunoprecipitation/Western blot

analysis showed that Bad had tendency to bind with 14-3-3

rather than Bcl-2 and Bcl-xL in controlled H4 cells. The

binding preference of Bad for Bcl-2 and Bcl-xL was

increased in gefitinib-treated cells (Fig. 4f). These results

show that Bad is a crucial molecule in mediating gefitinib-

induced apoptosis by dephosphorylation and consequent

sequestration of Bcl-2 and Bcl-xL.

Gefitinib reduced PKA activity

Depending on the cellular environment, multiple protein

kinases and phosphatases have been implicated in dynamic

Fig. 3 Gefitinib activated Bax. H4 cells were treated with medium,

gefitinib (40 lM), or cyclosporine A (5 lM), alone or in combination

for 3 h. The level of mitochondrial membrane potential was

determined by JC-1 staining. The Em590/Em538 ratio was determined

(n = 4) (a). Proteins were isolated and subjected to fluorogenic

protease assay. n = 4 (b). H4 cells were treated with medium or

gefitinib (40 lM) for 3 h. Proteins were isolated and subjected to

Western blot with antibodies against PARP-1, FAK, Bax, and

b-tubulin (c). Proteins obtained from the cytosolic and mitochondrial

fractions were subjected to Western blot with antibodies against Bax,

cytochrome c, b-tubulin, and COX IV (d). H4 cells were transfected

with mock, control siRNA (1 nM), or Bax siRNA (1 nM) for 48 h.

Proteins were isolated and subjected to Western blot with antibodies

against Bax and b-tubulin. **P \ 0.01 vs. mock, n = 3 (e). The

resulting transfected cells were treated with medium or gefitinib

(40 lM) for 3 h. Proteins were isolated and subjected to fluorogenic

protease assay. n = 4 (f). H4 cells were treated with medium,

gefitinib (40 lM), Bax channel blocker (1 lM), alone or in combi-

nation for 3 h. Proteins were isolated and subjected to fluorogenic

protease assay. n = 3 (g). One of four independent experiments is

shown (c, d, and e). *P \ 0.05 and **P \ 0.01

b
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regulation of Bad phosphorylation. Evidence shows that

PKA is one upstream kinase for the phosphorylation of Bad

[22]. Gefitinib treatment reduced intracellular cAMP con-

tent (Fig. 5a) and PKA activity (Fig. 5b). The results show

that gefitinib has a negative effect on PKA activity.

PKA and protein phosphatases were involved

in gefitinib-induced apoptosis

Because gefitinib modulates PKA activity, we conducted

experiments to elucidate the effects of pharmacological

agents of PKA and protein phosphatases on gefitinib-

induced Bad dephosphorylation and apoptosis. Western blot

analysis revealed that adenylyl cyclase activator forskolin

attenuated and PKA inhibitor H89 augmented gefitinib-

induced Bad dephosphorylation in serine-112. Surprisingly,

nonselective protein phosphatase inhibitor okadaic acid did

not prevent gefitinib-induced Bad dephosphorylation in

serine-112 (Fig. 6a). Subcellular fractionation and bio-

chemical assay further showed that forskolin alleviated

gefitinib-induced Bax mitochondrial translocation (Fig. 6b),

caspase-9 and caspase-3 activation (Fig. 6c), and viability

loss (Fig. 6d). These gefitinib-induced alterations were

potentiated by H89 (Fig. 6b–d). In contrast with its effect on

Bad dephosphorylation, okadaic acid attenuated gefitinib-

induced Bax mitochondrial translocation (Fig. 6b), caspase-

9 and caspase-3 activation (Fig. 6c), and viability loss

(Fig. 6d). The results show that activation of PKA or

Fig. 4 Gefitinib caused Bad dephosphorylation. H4 cells were treated

with medium or gefitinib (40 lM) for 1 or 3 h. Proteins were isolated

and subjected to Western blot with antibodies against b-tubulin, Bad,

and phospho-Bad (Ser112, Ser136, and Ser155) (a). H4 cells were

transfected with mock, control siRNA (1 nM), or Bad siRNA

(1 nM) for 48 h. Proteins were isolated and subjected to Western

blot with antibodies against Bad and b-tubulin. **P \ 0.01 vs. mock,

n = 3 (b). The resulting transfected cells were treated with medium

or gefitinib (40 lM) for 3 h. Proteins were isolated and subjected to

fluorogenic protease assay. n = 4 (c). H4 cells were treated with

medium or gefitinib (40 lM) for 3 h. Proteins were isolated and

subjected to Western blot with antibodies against Bcl-2, Bcl-xL, Bad,

14-3-3, and b-tubulin (d). Proteins obtained from medium-controlled

H4 cells were immunoprecipitated (IP) by IgG or anti-Bad antibody,

and the immunoprecipitates were subjected to Western blot with

antibodies against Bad, 14-3-3, Bcl-2, and Bcl-xL (e). Proteins

obtained from both groups were immunoprecipitated by anti-Bad

antibody, and the immunoprecipitates were subjected to Western blot

with antibodies against Bad, 14-3-3, Bcl-2, and Bcl-xL (f). One of

three independent experiments is shown (a, b, d, e, and f). *P \ 0.05

and **P \ 0.01
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inactivation of protein phosphatase has a protective effect

against gefitinib-induced apoptosis in H4 cells.

Gefitinib induced apoptosis in U87 and T98G

glioblastoma cells

To determine whether PKA inactivation is a general event

contributing to gefitinib-induced apoptosis, U87 and T98G

cells were also included for investigation. There was

greater basal PKA activity in U87 than H4 and T98G cells

(Fig. 7a). Gefitinib concentration-dependently reduced cell

viability in U87 and T98G cells (Fig. 7b). Similar to that in

H4 cells, gefitinib also caused both cytostatic and cytotoxic

effects on T98G (Fig. 7c) and U87 (Fig. 7d) cells. How-

ever, U87 cells were more resistant to gefitinib-induced cell

death than H4 and T98G cells. Despite the presence of

Fig. 5 Gefitinib inactivated

PKA. H4 cells were treated with

medium or gefitinib (40 lM) for

3 h. The cAMP content was

measured (a). Whole-cell

lysates were isolated and

subjected to enzymatic assay for

measurement of PKA (b).

**P \ 0.01 vs. control, n = 4

Fig. 6 Forskolin, H89, and okadaic acid differently affected gefiti-

nib-induced alterations. H4 cells were treated with medium or

gefitinib (40 lM) alone or in combination with forskolin (5 lM), H89

(5 lM), or okadaic acid (5 nM) for 3 h. Proteins were isolated and

subjected to Western blot with antibodies against Bad, phospho-Bad

(Ser112), and b-tubulin. The intensity of phospho-Bad in the

gefitinib-untreated control is defined as 100%. *P \ 0.05 and

**P \ 0.01 vs. gefitinib-untreated control and #P \ 0.05 vs. gefiti-

nib-treated control (a). Proteins obtained from the cytosolic and

mitochondrial fractions were subjected to Western blot with antibody

against Bax. The relative amount of mitochondrial distribution of Bax

in the gefitinib-untreated group is defined as 100%. **P \ 0.01 vs.

gefitinib-untreated control and #P \ 0.05 vs. gefitinib-treated control

(b). One of four independent experiments is shown (a and b). Proteins

were isolated and subjected to fluorogenic protease assay. **P \ 0.01

vs. gefitinib-untreated control and #P \ 0.05 and ##P \ 0.01 vs.

gefitinib-treated control, n = 4 (c). H4 cells were treated with

medium or gefitinib (40 lM) alone or in combination with forskolin

(5 lM), H89 (5 lM), or okadaic acid (5 nM) for 24 h. Cell viability

was determined by MTS assay. **P \ 0.01 vs. gefitinib-untreated

control and #P \ 0.05 and ##P \ 0.01 vs. gefitinib-treated control,

n = 4 (d)
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different basal PKA activity, reduced cAMP content

(Fig. 8a), PKA activity (Fig. 8b), and Bad phosphorylation

in serine-112 (Fig. 8c), and elevated caspase-9 (Fig. 8d)

and caspase-3 (Fig. 8e) activity were also observed in

gefitinib-treated U87 and T98G cells. These alterations

were detected 3 h after treatment of T98G and H4 cells.

Intriguingly, changes were not apparent until 8 h after

treatment for U87 cells. Forskolin attenuated and H89

augmented gefitinib-induced alteration in U87 and T98G

cells (Fig. 8c–e). To further investigate the crucial impor-

tance of PKA activity in cell viability, intracellular PKA

activity was inhibited by H89. As shown in Fig. 8f, H89

had different cytotoxicity against H4, T98G, and U87 cells,

in a concentration-dependent manner. These results show

that gefitinib cytotoxicity involves PKA inactivation.

H89 increased cytotoxic sensitivity to gefitinib

The abovementioned results suggested the importance of

PKA in the viability of H4, T98G, and U87 cells. To

investigate the potential involvement of PKA in deter-

mining cytotoxic sensitivity to gefitinib, a sub-toxic con-

centration of H89 was used. H89 (5 lM) increased cell

sensitivity to gefitinib treatment and potentiated gefitinib-

induced cytotoxicity. In the presence of a sub-toxic con-

centration of H89, the concentration of gefitinib required

for induction of cytotoxicity was higher in U87 cells

(20 lM) than in H4 (10 lM) and T98G (10 lM) cells

(Fig. 9a). The combination of non-toxic concentrations of

H89 and gefitinib elevated caspase-9 and caspase-3 activity

(Fig. 9b) and reduced Bad phosphorylation in serine-112

(Fig. 9c). These results show that H89 might increase cell

sensitivity to gefitinib cytotoxicity and trigger Bad-related

apoptotic signaling.

Gefitinib blocked EGF/EGFR signaling

To demonstrate the inhibitory effect of gefitinib on EGF/

EGFR signaling in glioma cells, the activation of EGFR

and its downstream effector Akt were analyzed by mea-

suring their phosphorylation levels (Fig. 10). H4 and U87

cells expressed similar levels of EGFR protein. However,

T98G cells expressed a lower level of EGFR protein

(*70% of that of H4 or U87 cells). Intriguingly, gefitinib

treatment reduced EGFR protein (reduction by 20–35% in

H4, T98G, and U87 cells) and the reduction was blocked

by EGF. Although gefitinib itself slightly reduced basal

level of EGFR protein, a low concentration of gefitinib

(10 lM) had profound inhibitory effects on basal and EGF-

stimulated EGFR phosphorylation and Akt phosphoryla-

tion. Despite the distinct expression levels of EGFR

protein, these results suggest that H4, T98G, and U87 cells

all expressed functional EGFR and their signaling could be

blocked by a low concentration of gefitinib.

Fig. 7 Gefitinib caused different cytotoxicity in U87 and T98G cells.

Proteins (50 lg) were isolated from subconfluent H4, T98G, and U87

cells and subjected to PKA analysis, n = 4 (a). U87 and T98G cells

were treated with different concentrations of gefitinib for 24 h. Cell

viability was determined by MTS assay. *P \ 0.05 and **P \ 0.01

vs. vehicle control, n = 4 (b). T98G (c) and U87 (d) cells were

treated with different concentrations of gefitinib for different times.

The number of viable cells was determined by the Trypan blue dye

exclusion method. **P \ 0.01 vs. each control (0 lM group) and
##P \ 0.01 vs. the corresponding control (0 h group), n = 4
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Discussion

Apoptosis has been described as multiple pathways con-

verging from numerous different initiating events and

insults. Accumulating evidence shows that efficacy of

antitumor agents is related to the intrinsic propensity of the

target tumors cells to respond to these agents by apoptosis.

In addition to cytostatic effect, gefitinib induced cytotox-

icity in glioma cells involving apoptotic mechanism. Sev-

eral pathways have been reported to be involved in the

induction of apoptosis by gefitinib. The Fas/Fas-ligand

death-signaling pathway and subsequent activation of the

caspase-8/caspase-3 cascade have been reported to relay

the apoptotic signaling in cells exposed to gefitinib [23–

26]. Apoptotic cascades other than the death receptor

pathway are also of major importance in gefitinib-induced

apoptotic cell death. Inactivation of antiapoptotic Bcl-2

and/or activation of proapoptotic Bim, Puma, Bad, or Bax

has been observed in gefitinib-treated cells, implying the

mitochondrial apoptotic signaling pathway is involved in

gefitinib-triggered apoptosis [24, 27–29]. An increase in

caspase-8 and caspase-9 activity was observed after gefi-

tinib treatment, and gefitinib-induced cytotoxicity could be

attenuated by caspase-8 or caspase-9 inhibitor. By mea-

surement of mitochondrial membrane potential and bio-

chemical assays, we found that mitochondrial outer

membrane permeabilization was associated with gefitinib-

induced cytochrome c cytosolic release and caspase-9 and

caspase-3 activation. Inhibition of mitochondrial outer

membrane permeabilization alleviated gefitinib-induced

mitochondrial membrane potential loss and caspase-9/cas-

pase-3 activation. Evidence suggests that Bax is important

in the apoptotic response of cells and is a crucial mediator

in gefitinib-induced apoptosis [27]. There was no change in

the level of Bax protein expression; instead, its mito-

chondrial distribution was promoted by gefitinib. The

Fig. 8 Gefitinib caused apoptosis in U87 and T98G cells. U87 and

T98G cells were treated with medium or gefitinib (40 lM) for 8 and

3 h, respectively. The amount of cAMP was measured (a). The

whole-cell lysates were isolated and subjected to enzymatic assay for

measurement of PKA (b). *P \ 0.05, n = 4. U87 and T98G cells

were treated with medium or gefitinib (40 lM) alone or in combi-

nation with forskolin (5 lM) or H89 (5 lM) for 8 and 3 h,

respectively. Proteins were isolated and subjected to Western blot

with antibodies against Bad and phospho-Bad (Ser112). The intensity

of phospho-Bad in gefitinib-untreated control is defined as 100%.

*P \ 0.05 and **P \ 0.01 vs. gefitinib-untreated control and
#P \ 0.05 and ##P \ 0.01 vs. gefitinib-treated control, n = 3 (c).

Proteins were isolated and subjected to enzymatic assay for caspase-9

(d) and caspase-3 (e). **P \ 0.01 vs. gefitinib-untreated control and
#P \ 0.05 and ##P \ 0.01 vs. gefitinib-treated control, n = 4. H4,

U87, and T98G cells were treated with different concentrations of

H89 for 24 h. Cell viability was determined by MTS assay. *P \ 0.05

and **P \ 0.01 vs. vehicle control, n = 4 (f)

J Neurooncol (2011) 105:507–522 517

123



importance of Bax in gefitinib-induced glioma cell apoptosis

was further supported by the findings that inactivation of Bax

either by siRNA or Bax channel blocker reduced gefitinib-

induced caspase-9/caspase-3 activation and apoptosis. These

observations suggest that gefitinib induces apoptosis in gli-

oma cells through both the death receptor and mitochondria

signaling pathways.

Much independent evidence indicates that Bcl-2 family

proteins are important in the control of mitochondrial

integrity. The Bax or Bak proteins are proapoptotic and

perturb mitochondrial membrane permeability when acti-

vated. To prevent mitochondrial membrane permeabiliza-

tion and cell apoptosis, Bax and Bak are bound and

inhibited by the antiapoptotic members of the Bcl-2 family

(for example Mcl-1, Bcl-2, and Bcl-xL). The BH3-only

proteins, for example Bid, Puma, Noxa, Bim, and Bad,

promote mitochondrial membrane permeabilization and

initiate apoptosis signaling by binding and antagonizing the

prosurvival Bcl-2 family members, thereby causing acti-

vation of Bax and Bak [17, 19]. Bad, a ligand of the pro-

survival protein 14-3-3, is a switch protein for the

mitochondria-induced apoptotic pathway. When dissoci-

ated from 14-3-3, Bad may interact with Bcl-2/Bcl-xL and

release Bax, revealing its apoptotic activity. Binding of

Bad to Bcl2/Bcl-xL has also been reported to free activator

BH3-only molecules, for example Bim, Bid, and Puma, to

directly activate Bax [17, 19, 22, 30, 31]. We found no

change in the level of expression of Bad protein or its

binding partners, for example 14-3-3, Bcl-2, and Bcl-xL in

gefitinib-treated cells. However, gefitinib slightly changed

Bad’s binding preference from 14-3-3 to Bcl-2 and Bcl-xL.

Our findings suggest that Bad binds and antagonizes Bcl-2/

Bcl-xL activity and serves as an upstream activator of Bax.

This hypothesis was further supported by the reduced

Fig. 9 H89 increased cell sensitivity to gefitinib cytotoxicity. H4,

T98G, and U87 cells were treated with different concentrations of

gefitinib in the absence (0 lM) or presence (5 lM) of H89 for 24 h.

Cell viability was determined by MTS assay (a). *P \ 0.05 and

**P \ 0.01 vs. vehicle control, n = 4. H4, T98G, and U87 cells were

treated with medium, H89, or gefitinib alone or in combination for

8 h. Proteins were isolated and subjected to enzymatic assay for

caspase-9 and caspase-3 (b). **P \ 0.01 vs. gefitinib/H89-untreated

control, n = 4. Proteins were isolated and subjected to Western blot

with antibodies against Bad and phospho-Bad (Ser112) (c).

**P \ 0.01 vs. untreated control. One of three independent experi-

ments is shown
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phosphorylation of Bad by gefitinib, because phosphory-

lated Bad binds 14-3-3 with preference and hypophosph-

orylated Bad dissociated from 14-3-3 and targeted Bcl-2/

Bcl-xL [17, 19, 22, 30, 31]. We found that gefitinib reduced

Bad phosphorylation in serine-112 with greater preference.

The dephosphorylation of Bad in serine-112 occurred

before the changes in serine-136 and serine-155. Studies

have proposed a sequential model of Bad dephosphoryla-

tion initiated by serine-112, which may then expose serine-

136 and serine-155 residues for dephosphorylation [30,

32]. Therefore, serine-112 dephosphorylation may be the

initial dephosphorylation event required for promoting the

apoptotic activity of Bad in gefitinib-treated glioma cells.

Protein kinases are of crucial importance in the regula-

tion of Bad phosphorylation. For example, serine-136 is a

preferred substrate for Akt [33]. Mitogen-activated protein

kinase (MAPK) and PKA phosphorylate Bad on serines

112 and 155 [22, 34]. The event of Bad dephosphorylation

in serine-112 is critical to gefitinib-induced Bad inactiva-

tion and resulting cell apoptosis. The involvement of

MAPKs in Bad dephosphorylation was primarily excluded

because their activity is up-regulated by gefitinib (data not

shown). The dephosphorylation of Bad was accompanied

by reduced intracellular cAMP content and PKA activity.

The gefitinib-induced dephosphorylation of Bad in serine-

112 was attenuated by forskolin and augmented by H89.

Other biochemical assays showed that forskolin alleviated

gefitinib-induced Bax mitochondrial translocation, cas-

pase-9/caspase-3 activation, and viability loss, and that

H89 exacerbated these gefitinib-induced alterations. It has

been shown that combination of PKA antisense and EGFR

inhibitors results in cooperative antitumor activity [35].

Although there might be other potential triggering factors,

the inactivation of PKA seemed to be a general event

contributing to gefitinib-induced apoptosis, because of the

occurrence of apoptosis in H4, T98G, and U87 cells.

Dramatic PKA inactivation by higher concentrations of

H89 (more than 10 lM) caused viability loss in H4, T98G,

and U87 cells. In parallel with the higher basal PKA

activity, U87 cells had a delayed and relatively resistant

response to gefitinib treatment compared with H4 and

T98G cells. Despite the different response to gefitinib

treatment, inactivation of PKA by a sub-toxic concentra-

tion of H89 (5 lM) sensitized H4, T98G, and U87 cells

towards gefitinib cytotoxicity, Bad dephosphorylation in

serine-112, and caspase-9/caspase-3 activation. Taken

together, our findings provide evidence which supports the

postulate that PKA inactivation contributes to gefitinib-

mediated Bad dephosphorylation and subsequent mito-

chondrial apoptotic signaling.

In addition to protein kinase inhibition, activation of pro-

tein phosphatase also leads to protein dephosphorylation.

However, okadaic acid, a classic protein phosphatase inhibi-

tor, failed to reverse gefitinib-induced Bad dephosphorylation

Fig. 10 Gefitinib inhibited

EGF/EGFR signaling. H4,

T98G, and U87 cells were

treated with medium, EGF

(10 ng/ml), or gefitinib (10 lM)

alone or in combination for 1 h.

Proteins were isolated and

subjected to Western blot with

antibodies against EGFR,

phospho-EGFR (P-EGFR1068),

phospho-EGFR (P-EGFR845),

Akt, phospho-Akt (P-Akt473),

and b-tubulin. One of three

independent experiments is

shown
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in serine-112. This raised uncertainty about whether pro-

tein phosphatases are involved in gefitinib-induced Bad

dephosphorylation. In contrast with its insensitivity to Bad

phosphorylation in serine-112, okadaic acid alleviated gefiti-

nib-induced Bax mitochondrial translocation, caspase-9/cas-

pase-3 activation, and viability loss. There is evidence that

okadaic acid can protect against apoptosis by modulating Bax

phosphorylation [36, 37]. The Bax conformational change and

relocation to mitochondria is also controlled by phosphory-

lation [38]. Therefore, the beneficial effect of okadaic acid

against gefitinib-induced apoptosis might be independent of

Bad phosphorylation and may exert its effect via other

mechanisms. The event of Bax phosphorylation might be a

potential target.

The coexpression of the EGFRvIII oncogene and the

PTEN tumor suppressor protein is strongly associated with

clinical response to EGFR inhibitor therapy [39]. In early

clinical trials, 10–20% of malignant glioma patients

seemed to derive benefit from the EGFR inhibitor gefitinib

[12]. H4 glioma cells harbor genetic mutations in PTEN

but are not EGFRvIII variant. U87 cells are PTEN-deficient

and EGFR-wild type. In contrast, T98G cells contain wild-

type PTEN and EGFR [40–43]. Although H4, T98G, and

U87 cells expressed different basal amounts of EGFR

protein, successful EGFR signaling of these cells showed

was observed in response to EGF stimulation. Low

concentrations of gefitinib were able to inhibit cell prolif-

eration and almost completely inhibit basal and EGF-

stimulated EGFR activity. Because EGFR signaling is

important in cell proliferation [3], our findings suggest that

the cytostatic effect of low concentration of gefitinib on

glioma cells was probably mediated by inhibition of EGFR

activation. However, the concentrations of gefitinib needed

to induce apoptotic cell death were higher than the con-

centrations needed to inhibit EGFR phosphorylation. Other

investigators also observed similar phenomena in different

human glioma cell lines [11, 44–46]. Compared with the

cytotoxic concentration of gefitinib, the non-apoptotic

concentration of gefitinib (10 lM in H4 and T98G cells

and 20 lM in U87 cells) had a negligible effect on Bad

dephosphorylation in serine-112. Our findings suggest that

gefitinib at higher concentrations might act on additional

targets other than EGFR, leading to apoptosis in glioma

cells. The low response of these three glioma cell lines to

apoptosis might be explained by genetic diversity and/or

gefitinib resistance. According to the results of this study,

cellular PKA activity and PKA/Bad crosstalk might be

crucial determinants. Therefore, it seems that gefitinib

induces apoptosis not simply by blocking the tyrosine

kinase activity of EGFR but by being involved in multiple

mechanisms. A combination of gefitinib and various

cytotoxic drugs has been found to have an additive or

synergistic antitumor effect. Therefore, new therapeutic

strategies incorporating logical combinations of molecular

targeted agents may be critical to improving patient outcomes.

Evidence suggests that a combination of gefitinib with heat

shock protein 90 antagonist (17-AAG), mTOR inhibitor

(sirolimus), 3-hydroxy-3-methylglutaryl-coenzyme A reduc-

tase inhibitor (lovastatin), or radiation might be a potent

strategy for treatment of patients with malignant gliomas [11,

46–48]. In considering expression levels of EGFR protein and

gefitinib sensitivity of H4, T98G, and U87 cells, the expres-

sion level of EGFR protein and functional EGFR signaling

seemed not to be crucial in gefitinib-induced glioma apopto-

sis. These findings contradicted previous reports showing that

EGFR-null human head and neck squamous cell carcinoma

cells were resistant to EGFR inhibitors [49]. The detailed

signatures of glioma towards gefitinib treatment require fur-

ther investigation via EGFR-null glioma cells.

Despite advances in the development of diagnosis, the

limited treatment options for patients with malignant gli-

omas emphasize the need for investigation of new agents

with novel mechanisms of action. Amplification of the

EGFR gene is one of the most common oncogenic altera-

tions in malignant gliomas making it a prime target for

therapy. Unfortunately, small-molecule inhibitors of the

EGFR, including gefitinib, have little activity in clinical

trials for malignant gliomas. Recently, a clinical trial

showed that an extremely high gefitinib concentration

(*40 lM) is occasionally reached in some human glio-

blastoma tumors and produces an off-target effect to reg-

ulate EGFR downstream effectors irrespective of EGFR

inhibition [50]. Our in-vitro study suggests that high con-

centrations of gefitinib were able to cause glioma cell

apoptosis, presumably in an off-target effect involving

PKA inactivation. Currently, the translational implication

of this study is limited and requires further investigation

because of the potential difficulties of achieving such

tumor concentrations of gefitinib while avoiding adverse

effects on normal tissues.

In conclusion, gefitinib is capable of inhibiting growth

and inducing apoptosis of human glioma cells. The Bax-

mediated mitochondrial outer membrane permeabilization

and consequent intrinsic apoptotic signaling pathway is

involved in gefitinib-induced apoptosis of glioma cells. The

inactivation of PKA by gefitinib is an upstream signal

which triggers Bax activation, a process in which the

dephosphorylation of Bad is a crucial event. It should be

noted that gefitinib-induced apoptosis was alleviated partly

by pharmacological agents in this study. Therefore, the

anticancer effects of gefitinib in glioma cells may result

from multiple mechanisms. Among these, the cytostatic

contribution and extrinsic apoptotic mechanisms caused by

gefitinib were not addressed in this study.
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