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Release of Cytochrome c from Isolated Mitochondria by Etoposide
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The efficacy of chemotherapeutic agents on tumor cells has

been shown to be modulated by tumor suppressor gene

p53 and its target genes such as Bcl-2 family members

(Bax, Noxa, and PUMA). However, various chemotherapeutic

agents can induce cell death in tumor cells that do not

express the functional p53, suggesting that some

chemotherapeutic agents may induce cell death in a p53-

independent pathway. Here we showed that etoposide can

induce the similar degree of cell death in p53-deficient

HCT 116 cells, whereas 5'-FU-mediated cell death is

strongly dependent on the existence of functional p53 in

HCT 116 cells. Further, we provide the evidence that

etoposide can induce the cytochrome c release from

isolated mitochondria, and etoposide-induced cytochrome

c release is not accompanied with the large amplitude

swelling of mitochondria. These data suggest that etoposide

can directly induce the mitochondrial dysfunction irrespective

of p53 status, and it may, at least in part, account for the

p53-independent pathway in cell death induced by

chemotherapeutic agents.
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Introduction

Cell killing activity of chemotherapeutic agents has been

shown to be dependent on interactions between drugs and

cellular proteins, and tumor suppressor gene p53 was

suggested to be a key player in these cellular processes to

induce cell death in tumor cells (Lowe et al., 1993a). For

example, tumor cells expressing p53 wild type protein are

extremely susceptible to the induction of cell death by various

chemotherapeutic agents such as 5'-fluoro-uracil (5'-FU),

whereas various tumor cells having mutation in p53 are

resistant to drug-induced cell death (Lowe et al., 1993b; Lowe

et al., 1994; Bunz et al., 1999). Importantly, cancers with p53

mutations are often resistant to chemotherapy (Lowe et al.,

1994; Carson and Lois, 1995; Galmarini et al., 2003), and

reintroduction of wild type p53 into p53 mutant tumors regains

susceptibility to drug-treatment (Fujiwara et al., 1993).

Chemotherapeutic drugs are believed to induce cell death

through stabilization of p53 which regulates transcription of

target genes. The mechanism whereby p53 induces cell death

is to modulate mitochondrial function, at least in part, by

either upregulating the transcription of proapoptotic genes or

by downregulating the transcription of antiapoptotic genes.

For instance, p53 has been shown to transactivated Noxa and

PUMA that cause the efflux of mitochondrial death-promoting

proteins including cytochrome c (Oda et al., 2000; Nakano

and Vousden, 2001; Yu et al., 2001; Seo et al., 2003). In

addition, transcriptional repression of p53 target genes is

likely to play an important role in p53-induced cell death; for

example, RNAi-mediated knock-down of PLK and PPTG1 is

sufficient to induce cell death (Kho et al., 2004). Interestingly,

recent studies demonstrate that p53 protein directly

translocates to the mitochondria and permeabilizes the outer

membrane of mitochondria by interacting with Bax and Bak

(Leu et al., 2004).

Although p53-dependent apoptosis plays a crucial role in

chemotherapeutic agent-mediated cell death, the evidence that

supports the existence of p53-independent cell death induced

by chemotherapeutic agents has been accumulating ( Lanni et

al., 1997; Marchini et al., 1999; Abeysinghe et al., 2001; Petit

et al., 2003). However, the mechanism by which chemotherapeutic

agents induce cell death in a p53-independent way is not fully

understood. In present study we showed that etoposide can

directly induce the release of cytochrome c from isolated

mitochondria, suggesting that etoposide may cause the

mitochondrial dysfunction in a more direct way rather than

indirect way through p53 function.

Materials and Methods

Cell culture and reagents The HCT 116 parental cells derived
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from human colorectal cancer, HCT 116 p53-deficient cells, and

HCT 116 Bax-deficient cells were kind gifts from Dr. B. Vogelstein

at the Johns Hopkins University, Baltimore, USA (Bunz et al.,

1999; Zhang et al., 2000). The HCT 116 cells were cultured in

McCoy’s 5A medium containing 10% FBS, 100 units/ml of

penicillin, and 100 µg/ml of streptomycin. 10-N-nonyl acridine

orange (NAO) were purchased from Molecular probes (Eugene,

USA). All chemical reagents including Etoposide, 5’-FU,

Cyclosoporin A (CsA), and CaCl2 were purchased from Sigma (St.

Louis, USA) unless it is indicated. Antibody against cytochrome c

was purchased from PharMingen (San Diego, USA). Recombinant

TRAIL protein was purified as previously described (Seol and

Billiar, 2000).

Crystal violet assay The HCT 116 cells were plated on 24-well

plates, and upon the treatment of indicated reagents the attached

cells were stained with 0.4% crystal violet for 10 minutes at room

temperature. Then the plates were washed with tap water and air-

dried. The pictures were taken by Olympus Digital camera (Japan).

Densities were measured using the imaging analysis program,

AlphaEaseFC software (San Leandro, USA).

Isolation of mitochondria and cytochrome c release assay

Murine liver mitochondria were isolated as previously described

(Kim et al., 2000). Liver of BALB/c mice was homogenized with a

Douncer homogenizer in Buffer A containing 250 mM mannitol,

70 mM sucrose, 0.5 mM EGTA, 5 mM HEPES-NaOH, pH 7.2, and

0.1 mM phenylmethylsulfonyl fluoride. The homogenates were

centrifuged at 1,000 × g for 10 minutes at 4oC to remove intact cells

and nuclei, and the supernatants were further centrifuged at 10,000

× g at 4oC for 10 minutes to precipitate the heavy membrane

fractions (mitochondria). The mitochondrial pellets were resuspended

in Buffer B containing 250 mM sucrose, 10 mM HEPES-NaOH,

pH 7.5, 2 mM KH2PO4, 5 mM sodium succinate, 25 mM EGTA,

and 0.1 mM phenylmethylsulfonyl fluoride. Mitochondria were

kept on ice and used within 2-4 hours after preparation. For

cytochrome c release assay, 100 µl of mitochondria (0.5 mg/ml)

were treated with indicated amounts of etoposide and then

incubated for 1 hour at 30oC. The mitochondria were pelleted by

centrifugation at 10,000 × g for 10 minutes, and 30 µl of supernatants

were analyzed by SDS-PAGE followed by immunoblot with

antibody against cytochrome c.

Fig. 1. Etoposide induces cell death in p53-deficient cells. HCT 116 parental cells, HCT 116 p53-deficienct cells, and HCT 116 Bax-

deficient cells were treated with the indicated amount of etoposide (A), 5'-FU (B), and TRAIL (C) for 24 hours. The attached cells

were stained with crystal violet for 10 minutes and then destained with tap water. The pictures were taken by Olympus Digital camera.

Densities were measured using the imaging analysis program, AlphaEaseFC software (San Leandro, California, USA). Data are

representative of five experiments individually carried out.
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Mitochondrial swelling assay Mitochondrial swelling was

measured as previously described (Kim et al., 2000). In brief, the

mitochondria were suspended in Buffer B at 1 mg/ml (800 mg

total) to which different chemicals were added as indicated in the

figure legends. Light absorbance at 540 nm was measured at the

designated time points during the 75 minutes incubation period at

30oC using a spectrophotometer (Amersham Pharmacia Biotech,

Ultrospec Plus). A decreased light absorbance is consistent with an

increase in mitochondrial volume (Petronilli et al., 1993).

Results and Discussion

p53 has been known to play a key role in cell death induced

by chemotherapeutic agents. To see whether p53 function is

essential in cell death induced by etoposide or 5'-FU, HCT

116 parental cells derived from human colorectal cancer or

HCT 116 p53-deficient cells that are deleted by homologous

recombination were treated with etoposide or 5'-FU. HCT 116

parental cells were substantially killed by either etoposide or

5'-FU in a dose-dependent manner; however, HCT 116 p53-

deficient cells showed differential responses to etoposide and

5'-FU in a way that HCT 116 p53-deficient cells were

sensitive to etoposide, but resistant to 5'-FU (Fig. 1A and B).

In addition, TRAIL which is a potent death-inducing ligand of

TNF superfamily induces cell death in both HCT 116 parental

cells and HCT 116 p53-deficient cells (Fig. 1C), consistent

with previously report that TRAIL can induce cell death

irrespective of p53 status (Ravi and Bedi, 2002; Song et al.,

2003). Whereas TRAIL failed to induce cell death in HCT

116 Bax-deficient cells that are deleted by homologous

recombination (Fig. 1C), etoposide was able to induce cell

death in HCT 116 Bax-deficient cells (Fig. 1A). However,

HCT 116 Bax-deficient cells were partially resistant to 5'-FU.

This suggests that 5'-FU induced cell death is dependent to

p53 status in that Bax plays a crucial role as previously

described. Etoposide, however, induces cell death irrespective

of p53 status, suggesting that etoposide has another pathway

to induce cell death in HCT 116 cells.

A huge line of evidence showed that mitochondria play a

crucial role in chemotherapeutic agent-induced cell death

including etoposide such that cytochrome c is released from

mitochondria in response to chemotherapeutic agents. This

mitochondrial dysfunction caused by chemotherapeutic agents

was believed to be an indirect process mediated through Bax,

Noxa, or PUMA that are transactivated by p53 (Oda et al.,

2000; Nakano and Vousden, 2001; Yu et al., 2001; Seo et al.,

2003); however, this transactivation mediated by p53 is likely

to be true in case of 5'-FU but not of etoposide. Thus, we

hypothesized that etoposide may cause mitochondrial

dysfunction in a more direct way than an indirect way like

transactivation. To test the possibility that etoposide can

directly release cytochrome c from mitochondria, isolated

mitochondria were treated with etoposide and then released

cytochrome c was observed by Western blot analysis. As

shown in Fig. 2A, etoposide was able to release cytochrome c

from isolated mitochondria in a dose-dependent manner.

Cardiolipin, a lipid exclusively localized in mitochondrial

membrane, has been suggested to be a targeting site of tBid,

the most potent protein that causes mitochondrial dysfunction

(Lutter et al., 2000; Kuwana et al., 2002; Kim et al., 2004). To

investigate whether cardiolipin plays a role in etoposide-

induced cytochrome c release, isolated mitochondria were

treated with NAO, which has been shown to inhibit tBid

targeting to mitochondria leading to reduction of cytochrome

c release (Kim et al., 2004). Etoposide-induced cytochrome c

release was not affected with NAO treatment (Fig. 2B),

suggesting that cardiolipin is not associated with etoposide-

induced cytochrome c release.

Many studies showed that chemotherapeutic agents can

release the cytochrome c from mitochondria by opening

permeability transition (PT) pore in cells, which is inhibited

by CsA (Cassarino et al., 1999; Brustovetsky et al., 2002). To

examine whether PT pore is opened by etoposide or not, we

have checked the large amplitude mitochondrial swelling

using isolated mitochondria by measuring light scattering at

540 nm. Isolated mitochondria are sensitive to 50 µM calcium

ions to induce the large amplitude swelling which is completely

suppressed by CsA as shown in Fig. 3A. Under this condition,

etoposide was not able to induce the large amplitude swelling

of mitochondria, suggesting that etoposide-induced cytochrome

c release is not mediated by PT pore opening. Although

etoposide is unlikely to induce the large amplitude swelling of

mitochondria, we do not exclude the possibility that etoposide

can induce the small amplitude swelling of the mitochondria.

To further check that PT pore is not involved in etoposide-

Fig. 2. Etoposide induces cytochrome c release from isolated

mitochondria. (A) Murine liver mitochondria were isolated as

mentioned in Materials and Methods. 100 µl of mitochondria

(0.5 mg/ml) were incubated with indicated amounts of etoposide

for 1 h at 30oC. The mitochondria were precipitated by

centrifugation at 10,000 × g for 10 min, and 30 µl of supernatants

were analyzed by SDS-PAGE followed by immunoblot using

antibody against cytochrome c. (B) Isolated mitochondria were

pretreated with indicated amount of NAO for 15 min at room

temperature, and then etoposide was added. After incubation for

1 h at 30oC, the mitochondria were precipitated by centrifugation

at 10,000 × g for 10 min. Supernatants were analyzed by SDS-

PAGE followed by immunoblot using antibody against

cytochrome c.
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induced cytochrome c release, we examined whether CsA can

affect the release of cytochrome c in response to etoposide. As

expected, CsA failed to suppress the cytochrome c release

induced by etoposide (Fig. 3B), indicating that there exists

another pathway of cytochrome c release from isolated

mitochondria in response to etoposide rather than PT pore.

In summary, we showed that etoposide can induce the

cytochrome c release from isolated mitochondria in vitro,

suggesting that etoposide may directly cause the mitochondrial

damage in cell to activate the intrinsic death signaling

pathway irrespective of p53 status. This process may not be

mediated through PT opening or cardiolipin; however, the

detailed mechanism in this process is still obscure, and further

studies are needed.
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