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Inhibition of apoptosis facilitates necrosis induced by
cisplatin in gastric cancer cells
Lin Jie Zhanga, Yuan Zhang Haoa, Chun Song Hua, Yan Yea, Qi Peng Xiea,
Rick F. Thorneb, Peter Herseyc and Xu Dong Zhanga,c

Although cisplatin has been shown to induce both

apoptosis and necrosis in cancer cells, the potential

interconnections between these modes of cell death

induced by the drug remain unknown. We studied this

phenomenon in gastric cancer cell lines and identified one

cell line (SGC-7901) that underwent apoptosis, and

another cell line (BGC-823) that primarily underwent

nonapoptotic cell death, in response to cisplatin. Apoptosis

in cisplatin-treated SGC-7901 cells seemed to be caspase

dependent and was mediated, at least in part, by the

BH3-only protein, Noxa. This was evidenced by the rapid

upregulation of Noxa and inhibition of apoptosis by small

interfering RNA knockdown of Noxa. Nonapoptotic cell

death induced by cisplatin in BGC-823 cells was

characterized by lack of DNA fragmentation, delayed

externalization of phosphatidylserine, caspase

independence, plasma membrane disruption, and

intracellular vacuole formation, indicative of necrosis.

Surprisingly, blockage of apoptosis induction by a general

caspase inhibitor or by Noxa small interfering RNA in

SGC-7901 failed to protect against cisplatin-induced cell

death. Under such conditions, SGC-7901 cells displayed

cellular features associated with necrosis. Cisplatin-

induced apoptosis, thus, seems to precede necrosis when

the apoptotic machinery is operative. When the apoptosis

program is defective, necrotic cell death takes place as an

alternative pathway leading to cell demise. Induction of

different modes of cell death that are interrelated in the

same cells by cisplatin has the potential to be exploited in

formulating new adjuvant cancer therapies. Anti-Cancer

Drugs 19:159–166 �c 2008 Wolters Kluwer Health |

Lippincott Williams & Wilkins.
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Introduction
Apoptosis and necrosis are the two major forms of cell

death that were originally defined with morphological

and biochemical differences [1–4]. Apoptosis is an

energy-driven process by which a cell actively destroys

itself in response to extracellular or intracellular signals,

and is characterized by nuclear condensation and

fragmentation, ordered degradation of cellular proteins

and organelles, and packaging of the intracellular con-

tents into apoptotic bodies without plasma membrane

rupture [1,2]. In contrast, necrosis is often considered as

a passive process in which a cell dies as a result of

chemical and/or mechanical damage, and is characterized

by vacuolation of the cytoplasm, loss of plasma membrane

integrity, and release of cellular contents into the

extracellular environment [1,3].

Many chemotherapeutic agents used against cancer,

including DNA-damaging drugs, mediate their effects

by induction of apoptosis, which is commonly executed

by the mitochondrial-mediated ‘intrinsic’ apoptotic

pathway [4,5]. This involves release of mitochondrial

apoptotic proteins, and activation of the caspase cascade.

The Bcl-2 family members play a central role in re-

gulating mitochondrial apoptotic events by preserving or

damaging the integrity of the outer mitochondrial

membrane [6,7]. Among them, BH-3-only proteins such

as Bim, Noxa, and PUMA can act as apoptosis ‘sensors’, to

initiate apoptotic cascade in response to stimuli [6,7].

In addition to inducing apoptosis, a number of chemo-

therapeutic agents have been shown to induce non-

apoptotic forms of cell death [1,8,9]. The significance of

nonapoptotic cell death in chemotherapy and the

mechanism(s) by which they are induced remain less

understood. Given the fact that most cancer cells have

defects in the response to induction of apoptosis [4,5], it

would be desirable if therapeutic agents can still kill

cancer cells resistant to apoptosis through alternative

mechanisms.

In the current study, we have examined one gastric cancer

line that is sensitive to cisplatin-induced apoptosis and

another that is susceptible to cisplatin-induced necrosis.

We report that apoptosis induced by cisplatin was caspase

dependent and mediated, at least in part, by the BH-3-only
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protein of the Bcl-2 family, Noxa. Inhibition of apoptosis by

either a general caspase inhibitor or small interfering RNA

(siRNA) knockdown of Noxa converted the mode of cell

death to necrosis in the apoptosis-sensitive cell line,

indicating that cisplatin-induced apoptosis and necrosis

are interrelated in gastric cancer cells.

Materials and methods
Cell culture and reagents

Human gastric adenocarcinoma cell lines SGC-7901 and

BGC-823 were purchased from the Type Culture Collec-

tion of the Chinese Academy of Sciences (Shanghai,

China). The cells were cultured in Dulbecco’s modified

Eagle’s medium containing 10% fetal calf serum (Com-

monwealth Serum Laboratories, Melbourne, Australia).

Cisplatin was supplied by Pharmacia Upjohn (Sydney,

New South Wales, Australia). The cell-permeable pan-

caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (z-VAD-

fmk) was purchased from Calbiochem (La Jolla, Califor-

nia, USA). The rabbit monoclonal antibody against the

active form of caspase-3, the rabbit polyclonal anti-

bodies against poly(ADP ribose) polymerase (PARP), and

fluorescein isothiocyanate (FITC)-conjugated annexin V

were purchased from Pharmingen (Bioclone, Marrickville,

Australia). The rabbit polyclonal antibody against Bim

and the monoclonal antibodies against Noxa and PUMA

were from Imgenex (San Diego, California, USA).

Cell-viability assays

The cytotoxic effect of cisplatin was determined using

MTT assay, as described previously. Briefly, cells were

seeded at 5000/well onto flat-bottomed 96-well culture

plates and allowed to grow for 24 h, followed by the

desired treatment. Cells were then labeled with MTT

from the Vybrant MTT Cell Proliferation Assay Kit

(Molecular Probes, Eugene, Oregon, USA) according to

the manufacturer’s instructions.

Apoptosis

Quantitation of apoptotic cells by measurement of

sub-G1 DNA content using the propidium iodide (PI)

method or by annexin V staining was carried out as

described elsewhere [10]. 40,6-Diamidino-2-phenylindole

(DAPI) staining was performed according to the manu-

facturer’s instructions (Molecular Probes), and was

described previously [11].

Propidium iodide-uptake assay

Tumor cells were seeded at 1� 105 cells/well in 24-well

plates and allowed to reach exponential growth for 24 h

before treatment. The PI-uptake assay was performed, as

described previously [11]. Briefly, adherent cells and

nonadherent cells were collected and washed with ice-

cold phosphate-buffered saline. Cells were then resus-

pended in 100 ml of binding buffer at 1� 106/ml and

stained with PI. After incubation at room temperature for

15 min, an additional 400 ml of binding buffer was added,

and cells were analyzed by flow cytometry within 1 h.

Analysis of nontreated cells was used to create a threshold

that defines live cells that exclude PI. Data are expressed

as the percentage of dead cells that clearly exceeded this

fluorescence-intensity threshold.

Measurement of intracellular ATP content

Intracellular ATP of melanoma cells was measured by a

luciferin–luciferase bioluminescence assay using the ATP

Determination Kit (Molecular Probes). Cells were

washed and collected in ice-cold phosphate-buffered

saline. Then, 10 ml of cell lysate was added to 90 ml of

working buffer containing 0.5 mmol/l luciferin, 1.25 mg/ml

luciferase, 25 mmol/l Tricine buffer (pH 7.8), 5 mmol/l

MgSO4, 100 mm EDTA, and 1 mmol/l DTT. Lumines-

cence was then analyzed with a luminometer. A standard

curve was generated from known concentrations of ATP

supplied with the kit, and was used to calculate the

concentration of ATP in each sample.

Western blot analysis

Methods used were as described previously [10,11].

Briefly, a total of 20–30 mg of protein was electrophoresed

on 10–15% SDS–PAGE gels and transferred to nitro-

cellulose membranes. Membranes were blocked, incu-

bated with primary antibodies at the appropriate

concentration, and subsequently incubated with horse-

radish peroxidase-conjugated goat antirabbit or goat

antimouse immunoglobulin (1 : 3000 dilution, respec-

tively; Bio-Rad, Regents Park, New South Wales,

Australia). Labeled bands were detected by Renaissance

Western Blot Chemiluminescence Reagent (New Eng-

land Nuclear Life Science Products, Boston, Massachu-

setts, USA) and exposed on Hyper MP autoradiography

film (Amersham, Piscataway, New Jersey, USA).

Transmission electron microscopy

Cells were rinsed with serum-free Dulbecco’s modified

Eagle’s medium, and fixed with prewarmed 2.5%

glutaraldehyde or 2% formaldehyde in 0.1 mol/l sodium

cacodylate buffer for 1 h. Cells were washed, postfixed

with 2% osmium tetroxide, dehydrated with ascending

grades of ethanol and propylene oxide, and embedded in

LX-112 medium (Ladd, Research Industries, Burlington,

Vermont, USA). After polymerization, ultrathin (90 nm)

sections were cut with a diamond knife, collected on

uncoated copper grids, and stained with uranyl acetate

(1%) and lead citrate (0.2%). Samples were examined

with a JEOL-1010 electron microscope (JEOL, Tokyo,

Japan) operated at 80 kV.

Small interfering RNA

Cells were seeded at 4� 104 cells/well in 24-well plates

and allowed to reach approximately 50% confluence on

the day of transfection. The siGENOME SMARTpool

Noxa (M-004380-01-0010) and the nontargeting siRNA

control SiConTRolNon-targeting SiRNA pool (D-001206-
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13-20) were obtained as the siGENOME SMARTpool

reagents (Dharmacon, Lafayette, Colorado, USA), Cells

were transfected with 50–100 nmol/l siRNA in Opti-MEM

medium (Invitrogen, Carlsbad, California, USA) using

Lipofectamine reagent (Invitrogen), according to the

manufacturer’s protocol. Efficiency of siRNA was mea-

sured by Western blot analysis.

Results
Cisplatin exhibits similar cytotoxic potential in

SGC-7901 and BGC-823 cells

We examined the cytotoxic potential of cisplatin in two

gastric cancer cell lines, SGC-7901 and BGC-823, by

MTT assays after treating the cells with a range of con-

centrations of the compound for 48 h. As shown in Fig. 1a,

cisplatin induced reduction in cell viability in a dose-

dependent manner, with an IC50 value of approximately

3 mg/ml in both cell lines. Figure 1b shows that cisplatin

at 3 mg/ml induced reduction in cell viability in a time-

dependent manner in both cell lines with similar kinetics.

Cisplatin induces apoptosis in SGC-7901, but

nonapoptotic cell death in BGC-823 cells

We studied whether cisplatin-mediated cytotoxicity

against gastric cancer cells was due to the induction of

apoptosis, by measuring sub-G1 content of SGC-7901 and

BGC-823 cells after exposure to cisplatin at 3 mg/ml for

varying time periods. Figure 2a shows that cisplatin

induced relatively high levels of apoptosis in SGC-7901

cells, which could be detected as early as 8 h after

treatment, with 48% of the cells being apoptotic at 48 h.

In contrast, BGC-823 cells seemed to be resistant to

cisplatin-induced apoptosis, with less than 20% of the

cells being apoptotic at 48 h. The difference in sensitivity

to cisplatin-induced apoptosis between SGC-7901 and

BGC-823 cells was further confirmed by visualization of

DNA fragmentation by DAPI staining (Fig. 2b). Although

DNA fragmentation and/or chromatin condensation was

frequently observed in SGC-7901 cells, the majority of

nuclei of BGC-823 cells did not exhibit the apoptotic

characteristics after exposure to cisplatin. Collectively

these results suggest that cisplatin induced apoptosis

largely in SGC-7901, but nonapoptotic cell death in

BGC-823 cells (Fig. 2c).

Cisplatin induces necrosis in BGC-823 cells

Exclusion of PI is a test for plasma membrane integrity and

indicates primary necrosis when observed in the absence of

apoptosis [11,12]. As shown in Fig. 3a, marked uptake of PI

was observed in BGC-823 cells as early as 8 h after

treatment with cisplatin when minimal PI uptake was seen

in SGC-7901 cells. By 48 h, 52% of BGC-823 cells and 38%

of SGC-7901 cells seemed to be PI-positive. We analyzed

the relationship between the uptake of PI induced by

cisplatin and an early apoptotic event, externalization of

phosphatidylserine (PS), detected by fluorescein isothio-

cyanate-conjugated annexin V. Figure 3a also shows that

the percentages of PI-positive cells were higher than those

of annexin V-positive cells in BGC-823, but lower in SGC-

7901 cells at all the time points tested. This indicates that

unlike SGC-7901 cells, the loss of plasma membrane

integrity visualized by PI exclusion in cisplatin-treated

BGC-823 cells preceded the externalization of PS

detected with annexin V binding.

Next we examined intracellular ATP levels in SGC-7901

and BGC-823 cells before and after treatment with

cisplatin as loss of ATP levels occurs rapidly during

necrosis but not during the early stages of apoptosis.

Figure 3b shows that the levels of ATP in SGC-7901 cells

were relatively stable with 74% of the control

levels remaining at 8 h after treatment with cisplatin.

In contrast, BGC-823 cells showed a rapid decrease in the

levels of ATP with only 43 and 18% of the control levels

remaining after 4 and 8 h, respectively.

We also examined the morphologic features of cell

death in SGC-7901 and BGC-823 cells induced by
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Cisplatin (CDDP) exhibits cytoxic effects against gastric cancer cell
lines. (a) SGC-7901 and BGC-823 cells seeded onto flat-bottomed
96-well plates at a fixed density for 24 h hours were treated with
cisplatin at indicated concentrations for 48 h, followed by MTT assays.
The data shown are the mean ± SE of three individual experiments.
(b) Cells seeded as in (a) were treated with cisplatin at 3mg/ml for the
indicated time periods, followed by MTTassays. The data shown are the
mean ± SE of three individual experiments.
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cisplatin by electron microscopy (Fig. 3c). After treat-

ment with cisplatin for 48 h, BGC-823 cells exhi-

bited morphologic changes characteristic of necrosis,

including organelle swelling, intracellular vacuole forma-

tion, and plasma membrane disintegration. In contrast,

SGC-7901 cells displayed apoptotic morphological

changes such as condensed chromatin and no notable

disintegration of the cell body. Taken together,

these results indicate that cisplatin induced primarily

necrotic cell death in BGC-823 cells and apoptosis in

SGC-7901 cells.

The BH-3-only protein Noxa plays an important role

in cisplatin-induced apoptosis of SGC-7901 cells

We examined whether cisplatin-induced apoptosis in

SGC-7901 is caspase dependent by treating the cells with

the pan-caspase inhibitor, z-VAD-fmk, 1 h before the

addition of cisplatin. Figure 4a shows that z-VAD-fmk

markedly inhibited apoptosis. The involvement of the

caspase cascade in cisplatin-induced apoptosis was also

evidenced by the activation of caspase-3 and the cleavage

of its substrate PARP in SGC-7901, but not in BGC-823

cells (Fig. 4b and data not shown).

To understand further the mechanism(s) by which

cisplatin induces apoptosis, we evaluated expression of

the BH3-only proteins of the Bcl-2 family, Noxa and Bim,

before and after treatment with cisplatin. As shown in

Fig. 5a, Noxa was markedly upregulated in SGC-7901

cells as early as 8 h after treatment. In contrast, Noxa was

not induced in BGC-823 cells by cisplatin and remained

low throughout the experiment. Little change was found

in the overall protein levels of Bim in SGC-7901 cells, but

the levels of Bim in BGC-823 cells seemed to be reduced

within 24 h presumably owing to general protein degrada-

tion accompanying necrosis.

To confirm the role of Noxa in cisplatin-induced

apoptosis of gastric cancer cells, we silenced Noxa

expression in SGC-7901 cells using siRNA. Figure 5b
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flow cytometry. The data shown are the mean ± SE of three individual experiments. Right panel: representative flow cytometric histograms of
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(b) Representative microphotographs of nuclear morphology. SGC-7901 and BGC-823 cells were treated with cisplatin (3 mg/ml) for 48 h, followed
by visualization of DNA by staining with 40,6-diamidino-2-phenylindole. Images were then recorded using a fluorescent microscope. The data shown
are representative of three individual experiments. (c) A summary of studies of cell death relative to apoptosis induced by cisplatin in SGC-7901
and BGC-823 cells. Cells were treated with cisplatin at 3 mg/ml for 48 h, followed by either MTT assays or quantitation of apoptotic cell death by
measuring sub-G1 content with PI in flow cytometry. The data shown are the mean ± SE of three individual experiments.
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shows that siRNA-mediated knockdown of Noxa mark-

edly inhibited its expression before and after exposure to

cisplatin, but had no effect on the expression of Bim that

was used as a control for the specificity of the siRNA.

Inhibition of Noxa by siRNA markedly reduced the level

of apoptosis induced by cisplatin, in comparison with

cells transfected with control RNA (Fig. 5c). Similarly,

siRNA knockdown of Noxa markedly attenuated caspase-

3 activation induced by cisplatin (Fig. 5d).

Inhibition of apoptosis facilitates necrosis in

gastric cancer cells

Although apoptosis was inhibited, a large proportion of

SGC-7901 cells still seemed to be rounded and detached

from culture plates after incubation with cisplatin in the

presence of the pan-caspase inhibitor z-VAD-fmk (Fig. 6a),

and this also occurred following siRNA-mediated knock-

down of Noxa (data not shown). In view of this, we

compared uptake of PI in SGC-7901 cells treated with

cisplatin alone or cisplatin in the presence of z-VAD-fmk or

inhibition of Noxa. Figure 6b illustrates that the proportion
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of PI-positive cells induced by cisplatin remained largely

unchanged with or without pretreatment with z-VAD-fmk.

This result contrasts with the effects of z-VAD-fmk, which

strongly inhibits apoptosis under the same conditions

(Fig. 4a). Similar effects were observed with the SGC-7901

cells that had been treated with Noxa siRNA (Fig. 6b).

Therefore, we undertook kinetic studies to measure the

uptake of PI in relation to the externalization of PS in the

presence of z-VAD-fmk. We observed that, in contrast to

the cells treated with cisplatin alone (Fig. 3a), SGC-7901

cells now displayed higher staining for PI: this was

observed before they became positive for annexin

V (Fig. 6c). Taken together, these results indicate that

inhibition of apoptosis cannot inhibit reduction in

the viability of SGC-7901 cells induced by cisplatin,

but it can change the mode of cell death from apoptosis

to necrosis.

Discussion
We demonstrated in this study that the commonly used

chemotherapeutic drug cisplatin kills gastric cancer cells

by the induction of dual modes of cell death – apoptosis

and necrosis. Induction of apoptosis by cisplatin seemed

to be caspase dependent and was mediated, at least

in part, by the BH3-only protein of the Bcl-2 family,

Noxa. Inhibition of apoptosis, however, did not seem to

attenuate the cytotoxicity of cisplatin against gastric

cancer cells. Instead, it converted the mode of cell death

from apoptosis to necrosis.

As a typical DNA-damaging agent, cisplatin can induce

apoptosis by a p53-dependent mechanism(s) [13]. In

particular, the transcriptional activity of p53 seems to be

critical [14]. The current study shows that the BH-3-only

protein of the Bcl-2 family, Noxa, plays a critical role in

cisplatin-induced apoptosis of gastric cancer cells. This is

because (i) Noxa was rapidly upregulated by cisplatin

in the apoptosis-sensitive, but not in the resistant,

gastric cancer cell line, and (ii) knockdown of Noxa by

siRNA markedly inhibited cisplatin-induced apoptosis. As

a BH-3-only protein, Noxa can directly, or indirectly

through neutralization of antiapoptotic Bcl-2 family

members by binding to proteins such as Mcl-1, Bcl-2,

and Bcl-XL, activate the multidomain proapoptotic

proteins Bax and/or Bak [15,16]. This, in turn, leads to

Fig. 5
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the permeabilization of the mitochondrial outer mem-

brane, release of mitochondrial apoptosis mediators

such as cytochrome c and Smac/DIABLO, activation of

caspases, and eventually apoptosis [6,15]. It remains

unknown how Noxa is unregulated by cisplatin in one but

not in another gastric cancer cell line. Given the high

frequency of p53 mutations in gastric cancer [17], it is

conceivable that p53 might be mutated in the cells in

which Noxa cannot be transcribed as a p53 target gene in

response to DNA damage.

Of significance, the apoptosis-resistant gastric cancer cells

were still susceptible to cisplatin-mediated cytotoxicity.

Several lines of evidence suggest that the cytotoxic effect

of cisplatin on the cells was due to induction of necrosis.

These included lack of DNA fragmentation, delayed

externalization of PS, plasma membrane perturbations,

organelle swelling, and intracellular vacuole formation.

Although cisplatin has been reported to induce necrotic

cell death when used at relatively high concentrations

[18,19], our results indicate that cisplatin predominantly

induces necrosis in gastric cancer cells resistant to

apoptosis at the same doses that otherwise primarily

induce apoptosis. How cisplatin induces necrosis in gastric

cancer cells remains unclear. It was previously shown that

increased PARP activity can play an important role in

cisplatin-induced necrosis in apoptosis-resistant mela-

noma cells, in that rapid PARP activation and depletion

of ATP preceded the features of necrosis [11].

The most important finding of this study is that

inhibition of apoptosis cannot inhibit reduction in cell

viability induced by cisplatin, but can convert the mode

of cell death from apoptosis to necrosis in the same cell

line (SGC-7901). This indicates that although apoptosis

might be the first line of response of gastric cancer cells

to cisplatin-induced killing, necrosis can serve as an

alternative way for cisplatin to exert its cytotoxicity

against gastric cancer cells when the apoptotic machinery

is defective. Although it is well known that DNA damage

can initiate apoptosis [13], it has been recently reported

that DNA-damaging agents could kill Bax – / – , Bak – / – , or
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p53 – / – cells by induction of primary necrosis, indicating

that an intact apoptotic pathway is not required for killing

of cells with DNA damage [8]. In fact, it has also been

suggested that the initiation of apoptosis might actively

suppress necrotic cell death because activated caspases

might degrade the proteins required for necrosis [20].

Our results support these views, in that cisplatin induced

necrosis only in apoptosis-resistant gastric cancer cells or

in apoptosis-sensitive cells when apoptosis was inhibited.

Although numerous mechanisms involved in resistance to

chemotherapeutic drugs were discovered in recent years,

acquired resistance of tumor cells to apoptosis is believed

to be a major obstacle for cancer chemotherapy [4,21].

Our finding that cisplatin can induce necrosis in cells that

are rendered resistant to apoptosis can have important

clinical implications. Gastric cancer cells that acquire

resistance to apoptosis in vivo might still be able to

respond to cisplatin treatment by committing necrotic

cell death. This knowledge can be exploited in designing

optimal combinations of adjuvant therapies. In addition,

our results indicate that the sensitivity to both apoptotic

as well as necrotic cell death must be considered when

defining the susceptibility of individual gastric cancers to

cisplatin.
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