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Abstract

Platinum anticancer drugs, such as cisplatin, are thought to exert their activity by DNA damage. Oxaliplatin, a clinically active

diaminocyclohexane platinum compound, however, requires fewer DNA-Pt adducts than cisplatin to achieve cell growth inhibition. Here

we investigated whether secondary DNA damage and apoptotic responses to oxaliplatin compensate for the reduced formation of DNA

adducts. Oxaliplatin treatment of leukemic CEM and ovarian A2780 cancer cells resulted in early (4 hr) induction of DNA single-strand

breaks measured by nucleoid sedimentation. These infrequent early lesions progress with time into massive double-stranded DNA

fragmentation (fragments >50 kbp) paralleled by characteristic apoptotic changes revealed by cell morphology and multivariate flow

cytometry. Profound oxaliplatin-induced apoptotic DNA fragmentation was detectable following a 24 hr treatment of A2780 and CEM

cells with 2 and 10 mM oxaliplatin, respectively. This DNA fragmentation was inhibited completely by the broad-spectrum caspase

inhibitor Z-VAD-fmk. Cisplatin, which forms markedly more DNA-Pt adducts in CEM and A2780 cells than equimolar oxaliplatin, was

similarly potent as oxaliplatin in terms of early strand breaks and later apoptotic responses. Oxaliplatin was also profoundly apoptotic in

several other tumor cell lines of prostate origin but had only a marginal effect in normal prostate PrEC cells. Collectively, the results

demonstrate that, relative to the magnitude of the primary DNA-Pt lesions, oxaliplatin is disproportionately more potent than cisplatin in

the induction of apoptosis. Apoptosis induction, possibly enhanced by a contribution of targets other than DNA, seems to be an important

factor in the mechanism of action of oxaliplatin.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Oxaliplatin, L-OHP, oxalatoplatinum, eloxatin (Fig. 1) is

a third generation platinum antitumor analog in which 1,2-

diaminocyclohexane (DACH) ligand substitutes for the

amine groups of cisplatin (for review see [1,2]). Oxaliplatin

has demonstrated a broad spectrum of activity in a wide

range of human tumors in vitro and in vivo. Oxaliplatin also

exhibits a safe toxicity profile and in various clinical

situations is superior to cisplatin by being less toxic and

retaining activity against cisplatin-resistant tumors [3–5].

Oxaliplatin is approved for use in the treatment of

advanced colorectal cancer in the United States, Europe,

Asia, and Latin America.

Oxaliplatin shares various mechanistic properties with

the parent platinum drug, cisplatin. Both drugs react with

the same GC-rich sites in naked DNA and similarly prefer
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GC-enriched regions of cellular DNA [6]. Like cisplatin,

oxaliplatin induces mainly intrastrand crosslinks but forms

also interstrand crosslinks (ISC) and DNA-protein cross-

links (DPC) in cellular DNA [6,7]. All these oxaliplatin-

induced DNA lesions are likely to play a role in cell growth

inhibition. Oxaliplatin tends to be at least as cytotoxic as

cisplatin but is often more active in various cisplatin-

refractory cell lines [7–12].

Several studies repeatedly show that oxaliplatin is mark-

edly less reactive with naked DNA [6,13] and forms fewer

adducts with cellular DNA than equimolar cisplatin

[6,7,12]. For example, our investigations demonstrated

that total platination, ISC, and DPC induced by oxaliplatin

in human leukemic CEM cells and ovarian carcinoma

A2780 cells under various treatment schemes amount to

approximately one-half of the respective lesions induced

by equimolar cisplatin [7]. Yet, oxaliplatin is as potent as

cisplatin in growth inhibition of these cell lines. Recent

studies by Pendyala and coworkers using several models of

cisplatin and oxaliplatin-sensitive and -resistant cell lines

concluded that, compared to cisplatin, lower intracellular

concentration and fewer DNA-Pt adducts are sufficient for

oxaliplatin to exert its cytotoxicity [12].

It is not always apparent whether and how different

responses to DNA adducts might compensate for the

reduced initial platination levels by oxaliplatin. Although

differential adduct repair plays a role in cellular responses

to platinum drugs [14–17], oxaliplatin-induced DNA

damage appears to be no more difficult to repair than

cisplatin-induced damage in cellular systems [7,12] and

in cell-free excision repair systems [18]. A potentially

important difference between cisplatin and oxaliplatin is

that only cisplatin-DNA adducts are recognized by MMR

proteins, probably reflecting the different structure of the

oxaliplatin adduct, in which the bulky and hydrophobic

DACH ring protrudes directly outward into the major

groove [19,20]. Cisplatin cytotoxicity is thought to be

actually enhanced by the MMR system due to futile cycles

of trans-lesion synthesis [21,22]. Loss of MMR that

desensitizes cells to cisplatin but not to oxaliplatin, might

thus explain the higher oxaliplatin cytotoxicity in some

MMR-deficient cells, although cisplatin cytotoxicity

showed no correlation with the levels of MMR proteins

in the NCI panel of 60 cell lines [23]. The differences in

MMR-proficient cells must, on the other hand, reflect other

factors, possibly including a contribution of targets other

than DNA.

For various anticancer drugs, regardless of their specific

mechanism of action, diverse initial signals are integrated

by apoptotic machinery, giving rise either to cell commit-

ment to death or to cell survival. The higher cytotoxicity of

oxaliplatin in various MMR-proficient cell systems might

reflect death responses beyond the level anticipated when

only the magnitude of DNA adducts is considered. Little is

known, however, about the apoptotic potential of oxali-

platin and, especially, how it compares to the apoptotic

potential of cisplatin.

In this study, we determined the timing of early cellular

responses to oxaliplatin, including secondary DNA lesions,

and their progression to massive apoptosis. Oxaliplatin and

cisplatin were compared using two human neoplastic cell

lines, leukemic CEM and ovarian carcinoma A2780, for

which the levels of drug-induced lesions have been char-

acterized previously [7]. The results demonstrate that

oxaliplatin is disproportionately more potent than cispla-

tin, given the lower levels of DNA adducts, in inducing

early secondary DNA strand breaks and massive apoptosis.

These findings are further expanded by documenting that

oxaliplatin promotes apoptosis in other cancer cell lines but

not in normal cells.

2. Materials and methods

2.1. Drugs

Oxaliplatin and DACH-PtCl2 were obtained from

Sanofi-Synthelabo Research. Cisplatin was purchased

from Sigma. Stock solutions of oxaliplatin and cisplatin

were made in water and in saline, respectively, and stored

at �208.

2.2. Cell culture

Human cell lines, ovarian carcinoma A2780 (from Dr. S.

Chaney, originally provided by Dr. T. Hamilton) and

leukemia CEM (from Dr. W.T. Beck), were cultured as

described previously [7] using RPMI 1640 (Gibco) and

minimal essential medium Eagle, Joklik’s modification

(Sigma), respectively, each supplemented with 10% fetal

bovine serum. Prostate cancer cells LNCaP-Pro5, LNCaP-

LN3 (provided by Dr. C.A. Pettaway), PC-3 (from Amer-

ican Type Culture Collection, ATCC), and normal prostate

PrEC cells having a finite life span (from Clonetics) were

cultured as described elsewhere [24].

Fig. 1. The structures of oxaliplatin, cisplatin, and the reactive form of

oxaliplatin, DACH-PtCl2.
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2.3. Cytotoxic activity

Growth inhibitory activities of oxaliplatin and cisplatin

in CEM and A2780 cells, based on cell counting with an

electronic counter following a 48 hr continuous incubation

were reported previously [24]. Cytotoxic activities in other

cell lines were determined by the standard microplate

colorimetric assay that follows the accumulation of a

formazan dye generated by the conversion of MTT by

mitochondrial dehydrogenases in living cells as described

elsewhere [24]. Briefly, exponentially growing cells were

incubated with a series of drug concentrations for 72 hr

(approximately 2–3� generation times). Following a 4 hr

incubation with MTT, absorbance at 595 nm was measured

on a BioRad model 3550 microplate reader. The MTT

results given in Table 1 represent means � SE from two

independent experiments each carried out with six repli-

cates/condition. All the cytotoxicity data are expressed as

drug concentrations that inhibit net cell growth by 50%

(GI50) [24].

2.4. Nucleoid sedimentation

Nucleoids are residual nuclear structures, sometimes

referred to as ‘‘halo’’ structures, in which partially depro-

teinized large DNA loops remain attached to the nuclear

matrices maintaining their supercoiling status [25,26].

Relaxation of this supercoiling results in slower sedimen-

tation of nucleoids. Since one SSB completely relaxes a

given DNA loop, nucleoid sedimentation provides a sen-

sitive method for SSB detection in intact cells [25].

Nucleoid sedimentation was analyzed essentially as

described previously [27]. Briefly, cells were incubated

with drugs, washed with PBS and loaded on the top of 15–

30% linear sucrose gradients (10 mL) overlaid with a lysis

layer (0.4 mL) containing 0.7% Triton X-100 (all in 1.9 M

NaCl, 50 mM Tris–HCl, 20 mM EDTA, pH 8.0). After

30 min of lysis at 208, the gradients were centrifuged in an

SW 41 rotor (Beckman Instruments) at 17,500 rpm

(52,400 g) for 120 min (CEM cells) or for 180 min

(A2780 cells). Following gradient fractionation, the radio-

activity of the collected fractions was determined in a

scintillation counter. The results show either the sedimen-

tation profiles or relative sedimentation (RS) normalized to

the sedimentation of DNA from control cells.

The RS data are used to coarsely estimate the frequency

of drug-induced strand breaks. In this normalization,

RS ¼ 1 reflects the original state of nucleoid supercoiling

with no drug-induced SSB. Fully relaxed nucleoids

migrate at a RS of 0.4–0.5 (RSREL), as found with saturat-

ing concentrations of ethidium bromide (data not shown).

Any given RS would thus reflect a remaining fraction of

original supercoiling FS:

FS ¼ RS � RSREL

1 � RSREL

(1)

Since one SSB per DNA loop is sufficient for its

relaxation, the frequency of SSB/bp (f) is estimated using

a Poisson formula:

f ¼ �lnðFSÞ
L

(2)

where L is the size of DNA loops, assumed typically to be

100 kbp [28].

2.5. Quantitative apoptotic DNA fragmentation assay

Unlike the nonquantitative laddering assay that follows

only short oligonucleosomal fragments, the quantitative

assay employed in this study measures both short as well as

long (up to at least 150 kbp) DNA fragments based on their

extractability from nuclear structures from drug-treated

cells [27,29]. The assay was performed as described pre-

viously [24,27,29] with slight modifications. For suspen-

sion cells (CEM), cells were prelabeled overnight with

0.05 mCi/mL [14C]-thymidine and resuspended in a fresh

medium at 0:25 � 106 cells/mL for drug treatment as

indicated. For monolayer cultures (A2780 and prostate

cancer and normal cell lines), cells were plated

(0:2 � 106 cells/35 mm dish) 1 day before treatment and

prelabeled in medium with [14C]-thymidine, treated with

drugs as indicated, and trypsinized.

Further steps were common to suspension and mono-

layer cells. Aliquots of cell suspension were washed with

PBS, resuspended in 300 mL hypotonic buffer (10 mM

Table 1

Summary of cytotoxic activity and apoptotic potential of oxaliplatin in human cancer and normal cell lines

Cell line Type/propertiesa
GI50 (mM)b Apoptosis (%)c

CEM ALL leukemia, mutated p53, MMR: possibly deficient [MLH1(�)] 1.19 � 0.17 33 � 4

A2780 Ovarian cancer, w.t. p53, MMR: competent 0.21 � 0.04 31 � 5

LNCaP-Pro5 Prostate cancer, androgen responsive nonmetastatic, w.t. p53, Bcl-2(þ) 0.16 � 0.02 25 � 3

LNCaP-LN3 Prostate cancer, androgen responsive metastatic, w.t. p53, Bcl-2(þþ) 0.23 � 0.04 13 � 4

PC-3 Prostate cancer, androgen-independent p53-negative, Bcl-2(þþ), MMR: competent 2.6 � 0.17 2.1 � 0.6

PrEC Normal prostate, w.t. p53, MMR: ? (presumably competent) 5.2 � 0.2 1.2 � 1.2

a Cell line characteristics based on [23,30–33]; w.t.: wild-type.
b Mean values (�SEM or 1/2 range for N ¼ 2) determined by MTT assay after 72 hr incubation except for CEM cells in which cell counts after a 48 hr

incubation were used (approximately 3� cell generation time). Data for CEM and A2780 cells were reported previously [7].
c Percentage of fragmented DNA after 24 hr continuous treatment with 25 mM drug (corrected for the levels of fragmentation in control cells, mean values

� SEM or 1/2 range for N ¼ 2) based on quantitative DNA fragmentation assay shown in Figs. 3 and 7.
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Tris, pH 7.5, 10 mM EDTA, 0.1 mM PMSF, 0.2% Triton

X-100), and incubated on ice for 1 hr. Permeabilized cells

were centrifuged (10 min at 48 at 200 g). The supernatants

(S1) were collected, the pellets (P1) were suspended in

300 mL of 2 mM EDTA and incubated for 2 hr on ice to

extract fragmented DNA. Samples were centrifuged 5 min

at 20,000 g, and the supernatants (S2) were collected.

Remaining pellets (P2) containing unfragmented DNA

were hydrolyzed in 300 mL 0.5 M PCA 30 min at 708.
Supernatants, hydrolyzed pellets, and the culture medium

combined with PBS washes were counted on a microplate

liquid scintillation counter (Top Count, Packard Instru-

ments). The results are expressed as the percentage of the

total DNA released (Eq. (3)):

released fragments ð%Þ

¼ cpm S1 þ cpm S2 þ cpm ðmediumÞ
cpm S1 þ cpm S2 þ cpm P2 þ cpm ðmediumÞ (3)

If DNA fragmentation determinations were carried out

in the presence of caspase inhibitors Ac-DEVD-CHO and

Z-VAD-fmk, the inhibitors were added to cell cultures at

100 mM 2 hr prior to drug addition and were constantly

present during the incubation with oxaliplatin.

2.6. Determination of DNA fragment size distribution

Aliquots of the double-stranded DNA fragments gener-

ated by drug treatment and extracted as described above for

the quantitative fragmentation assay were analyzed by

field-inversion gel electrophoresis (FIGE) using a BioRad

FIGE apparatus (BioRad Laboratories) and the manufac-

turer’s program 4. The gel was stained with SyBr Green to

visualize the high molecular weight markers (CHEF DNA

size standards, 8–48 kbp, BioRad) and next dried and

autoradiographed to detect 14C-labeled DNA fragments.

2.7. Terminal transferase apoptotic flow cytometry assay,

cell morphology and ‘‘viability’’

Multiparametric flow cytometry assay used terminal

deoxynucleotidyl transferase-mediated deoxyuridine tri-

phosphate nick end-labeling and propidium iodide staining

as a measure of DNA content. The assay was performed as

exactly as described previously [24,27].

Cell morphology was examined under fluorescence

microscope after staining with Hoechst 33258 and cell

membrane integrity (cell ‘‘viability’’) was measured under

visual microscopy based on trypan blue exclusion.

3. Results

3.1. Model cell lines and drug cytotoxic activities

In the main part of this study, we compared oxaliplatin

and cisplatin for various effects pertinent to apoptosis

induction, with the focus on drug-induced DNA fragmen-

tation. These experiments were carried out in MMR-profi-

cient human leukemic CEM and ovarian carcinoma A2780

cells, for which we have previously determined the levels

of total DNA adducts and specific types of DNA lesions

and their localization at the genomic level [6,7]. While

A2780 cells are more sensitive than CEM cells, in both cell

lines, oxaliplatin and cisplatin are similarly cytotoxic with

the respective GI50 values of 1:19 � 0:17 mM and

1:11 � 0:05 mM in CEM cells and 0:21 � 0:04 mM and

0:38 � 0:16 mM in A2780 cells (Table 1) [7]. The slopes or

the cytotoxicity curves were also similar for both drugs, for

instance 80% inhibition of CEM cell growth required

approximately 25 mM of either drug (data not shown).

Findings with CEM and A2780 cells were next expanded

by establishing the ability of oxaliplatin to induce apoptosis

in several human prostate cancer cell lines and in normal

prostate cells. These cell lines ranged from highly sensitive,

e.g. LNCaP-Pro5, to relatively resistant normal prostate

cells PrEC (GI50 values of 0:16 � 0:02 mM and

5:2 � 0:2 mM, Table 1). These cell lines differed also in

their p53 status and other properties (Table 1).

3.2. Early DNA single-strand breaks (SSB) by

oxaliplatin and cisplatin

To quantitate the induction of SSB by cisplatin and

oxaliplatin, the sensitive technique of nucleoid sedimenta-

tion was used. Unlike other methods involving alkaline

conditions that would detect also alkali-labile sites, this

method uses neutral conditions and assesses the formation

of true SSB based on changes in DNA supercoiling status.

The decreased rate of nucleoid sedimentation produced

by both oxaliplatin and cisplatin is an unequivocal indica-

tion of strand breaks. These changes are illustrated for

oxaliplatin by shifts of peak positions of nucleoid sedi-

mentation profiles from fraction 15 to 9 for 0 and 50 mM

drug, respectively (Fig. 2A). The normalized sedimenta-

tion data (Fig. 2B) summarize the concentration- and time-

dependence of these effects for oxaliplatin and cisplatin in

CEM and A2780 cells. For instance, treatment of CEM

cells for 4 hr with 50 mM oxaliplatin reduced nucleoid

sedimentation to 75% of control rate (an estimated five

SSB/106 bp). After a 24 hr exposure, 50 mM oxaliplatin

further reduced nucleoid sedimentation (to �50%, esti-

mated 18 SSB/106 bp). Even oxaliplatin at low 2 mM level

produced a noticeable change (Fig. 2B), indicating roughly

one SSB every 250–500 kbp. The magnitude of oxalipla-

tin-induced strand breakage was higher in A2780 than in

CEM cells. A 4 hr incubation of A2780 cells with oxali-

platin (Fig. 2B, bottom panel) produced a similar reduction

of nucleoid sedimentation as a 24 hr incubation of CEM

cells. A 6 hr treatment of A2780 cells produced an even

greater effect (an estimated 10 SSB/106 bp at 5 mM oxa-

liplatin). Cisplatin treatment of both cell lines resulted in a

similar pattern of decreased nucleoid sedimentation.
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Whereas 25 mM cisplatin was slightly more potent and

10 mM cisplatin less potent than equimolar oxaliplatin,

these differences are insignificant (Fig. 2B).

3.3. Double-strand breakage of DNA in oxaliplatin-

and cisplatin-treated cells

To follow the progression of the initial drug-induced

SSB, we examined the ability of both drugs to generate

DSB. The size distribution of DNA fragments resulting

from DSB induction in CEM cells was analyzed by FIGE

(Fig. 3A). The majority of fragments generated by both

oxaliplatin and cisplatin are markedly larger than 50 kbp

after 24 hr (Fig. 3A, left, lanes 3–6 and 7–10, respectively).

After a prolonged incubation (48 hr), the fragments seem

to be shorter, approaching 50 kbp at higher drug concen-

trations (Fig. 3A, right, lanes 6 and 10, respectively). Thus,

both drugs cause a high molecular weight fragmentation in

CEM cells with no significant amounts of oligonucleoso-

mal ‘‘ladder’’. A similar pattern was seen for oxaliplatin in

some other cell lines (data not shown). The induction of

DSB after prolonged incubation with platinum drugs is

consistent with an advanced apoptotic process.

Further experiments used the quantitative fragmentation

assay to corroborate that both platinum drugs induce

massive DNA breakage and to characterize time- and

concentration-dependence of these effects. In CEM cells

treated continuously for 24 hr with 10 mM oxaliplatin,

24 � 6% of total cellular DNA becomes fragmented,

compared to the base level of 9 � 2% in untreated cells

(Fig. 3B, top). The magnitude of the oxaliplatin effect

increases to 67 � 1% at 50 mM drug. A massive progres-

sion of fragmentation is also seen for a 48 hr continuous

treatment (e.g. to �52% for 10 mM oxaliplatin, Fig. 3B,

open symbols). The elapsed time from the initial insult,

rather than just drug presence, seems to be an important

factor for such progression as drug removal after a 24 hr

treatment and additional 24 hr incubation in drug-free

medium resulted in similar levels of DNA fragmentation

(data not shown). Also, a 4 hr pulse treatment of CEM cells

followed by a 17 hr postincubation in drug-free medium

produced a reduced, but still quite high effect (18 and 30%

of fragmented DNA for oxaliplatin at 25 and 50 mM,

respectively), compared to the continuous treatment by a

similar elapsed time.

Importantly, cisplatin induced similar levels of DNA

fragmentation as oxaliplatin in both CEM and A2780 cells.

In CEM cells, the profiles for both drugs are nearly

identical (Fig. 3B, top). A product of oxaliplatin bio-

conversion DACH-PtCl2 was also as potent as cisplatin

in fragmenting DNA in CEM cells (data not shown). In

A2780 cells, cisplatin at the higher drug concentrations (25

and 50 mM) appears to be somewhat more potent than

equimolar oxaliplatin, although these differences are not

dramatic (Fig. 3B, bottom). Like it was the case with the

early cellular responses, these data demonstrate again that

despite the lower level of platinum adducts, oxaliplatin is

as capable as cisplatin of inducing advanced secondary

lesions in cellular DNA.

3.4. Apoptotic nature of cellular responses

to oxaliplatin

The pattern of cellular responses to oxaliplatin is con-

sistent with a typical progression of apoptosis. Massive

Fig. 2. Sedimentation of nucleoids from oxaliplatin- and cisplatin-treated

CEM and A2780 cells. Panel A: Representative sedimentation profiles of

nucleoids from CEM cells incubated with oxaliplatin at 0 mM (^), 10 mM

(5), 25 mM (&), and 50 mM (&) for 4 hr. The arrow indicates the

direction of sedimentation. Panel B: Relative nucleoid sedimentation

(normalized for sedimentation of nucleoids from untreated cells) in CEM

(top) and A2780 (bottom) cells treated with oxaliplatin for 4 hr (&), 6 hr

(5) or 24 hr (&) or cisplatin for 4 hr (*). The points represent mean

values from two to four independent determinations (�SEM or 1/2 range

for N ¼ 2) except for the data for 24 hr incubation which are from a single

experiment. Decrease in nucleoid sedimentation is indicative of DNA

single-strand breakage.
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DNA fragmentation coincides with the appearance of

apoptotic cell morphology for CEM cells treated with

oxaliplatin (Fig. 4A) as well as cisplatin (data not shown).

Moreover, drug-induced massive DNA fragmentation is

caspase-dependent. The pan-caspase inhibitor Z-VAD-fmk

completely abrogates oxaliplatin-induced DNA fragmen-

tation after 24 hr treatment (Fig. 4B). Partial inhibition

effected by the caspase-3 inhibitor Ac-DEVD-CHO is also

observed. Furthermore, after a 24 hr incubation, CEM cells

treated with oxaliplatin up to 25 mM concentration show an

essentially unaltered ‘‘viability’’ (Fig. 4C). Thus, the above

mentioned massive DNA fragmentation observed at 25 mM

drug (Fig. 3) precedes the changes in cell ‘‘viability’’

(Fig. 4C), which is a hallmark of the apoptotic process.

Higher drug levels and prolonged incubation (48 hr) result

in significant decreases in cell ‘‘viability’’, indicative of

severely compromised membrane integrity (Fig. 4C). Such

changes that follow apoptosis are usually referred to as

‘‘secondary necrosis’’. The distinction between various

modes of cell death, however, is not always clear and

some contribution of direct necrosis at high drug levels

cannot be ruled out. A similar pattern was observed for

cisplatin in CEM cells (Fig. 4C) and for both drugs in

A2780 cells (data not shown).

A further comparison of the apoptotic potential of

oxaliplatin and cisplatin is provided by multiparametric

flow cytometry determinations. This assay simultaneously

measured DNA content and cells or cell fragments positive

for apoptotic strand breaks with 30-OH groups that were

determined by the terminal transferase reaction (TUNEL).

The 2D histograms for drug-treated CEM cells (examples

shown in Fig. 5A) show profound increases in cells with a

high signal for apoptotic breaks. At the same time, DNA

content indicates the appearance of sub-G1 particles inde-

pendently indicative of apoptotic events (Fig. 5A and data

not shown). Both oxaliplatin and cisplatin produced a

persistent accumulation of cells in the S phase. For exam-

ple, the percentage of cells in the S phase increased from

� 41 to 44% in control cells to 70 � 11% and 85 � 0:3% in

cells treated with oxaliplatin for 24 and 48 hr, respectively.

The 2D histograms, like the ones depicted in Fig. 5A,

demonstrate that many of the TUNEL-positive cells are

recruited from the S phase compartment. Apoptotic events,

however, also comprise cells from other phases of the cell

cycle (Fig. 5A and data not shown).

As was the case with the other endpoints, the magnitude

of the oxaliplatin-induced apoptotic events determined by

flow cytometry closely compares to the effects of cisplatin.

For example, with a marginal level of spontaneous apop-

tosis in untreated CEM cells (2:4 � 0:9%), the apoptotic

events produced by 25 mM oxaliplatin and cisplatin after

24 hr incubation amounted, respectively, to 15:0 � 2:9%

and 19:8 � 4:3% (Fig. 5B). The temporal progression of

apoptotic events by flow cytometry (Fig. 5B) also closely

Fig. 3. Double-stranded DNA fragmentation by platinum drugs in oxaliplatin- and cisplatin-treated CEM and A2780 cells. Panel A: Size distribution of drug-

induced DNA fragments in CEM cells. Cells with [14C]-thymidine-prelabeled DNA were incubated for 24 or 48 hr with no drugs (lanes 1, 2), with oxaliplatin

at 2, 5, 10, and 25 mM (lanes 3–6, respectively) and with cisplatin at 2, 5, 10, and 25 mM (lanes 7–10, respectively). Double-stranded DNA fragments were

extracted as described for the quantitative DNA fragmentation assay and analyzed by FIGE electrophoresis and autoradiography. Bars indicating the positions

of size markers between the markers for 8.6 and 48.5 kbp correspond to 10.1, 17.1, 19.4, 22.6, 24.8, 29.9, 33.5, and 38.4 kbp. Gels shown are representative

for two independent experiments. Panel B: Quantitation of fragmented DNA in CEM (top) and A2780 cells (bottom). Cells with [14C]-thymidine-prelabeled

DNA were treated with oxaliplatin (&) or cisplatin (*) for 24 hr or with oxaliplatin for 48 hr (&). Double-stranded DNA fragments were extracted as

described in Section 2. Each point represents the mean value from two to three determinations (�SEM or 1/2 range for N ¼ 2).
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parallels the data from the fragmentation assay (Fig. 3B) in

that both indices increase profoundly between 24 and

48 hr. After 48 hr with 25 mM oxaliplatin, nearly one-half

of all the recorded flow cytometry events (51:5 � 2:5%)

corresponds to apoptotic events.

3.5. Apoptotic potential of oxaliplatin in

other cancer cells

To expand the findings with CEM and A2780 cells, we

examined the ability of oxaliplatin to induce apoptosis

in several prostate cancer cell lines that differ in their

molecular characteristics and apoptotic propensity.

Normal prostate cells were also examined. The rationale

for selecting prostate cancer cells is that this type of

neoplasia typically tends to exhibit a reduced rate of

spontaneous cell death reflecting various deficiencies in

the apoptotic machinery [34,35]. The selected cell lines

included androgen-dependent LNCaP-Pro5 and LNCaP-

LN3 and apoptosis-resistant androgen-independent PC-3

(Table 1). These cell lines differ also in the p53 status,

the levels of antiapoptotic factors such as Bcl-2, and

their metastatic potential, which was reported to correlate

with apoptotic resistance [30]. To account for possible

Fig. 4. Apoptotic nature of responses to oxaliplatin in CEM cells. Panel A: Cell morphology by Hoechst 33258 staining of cells after 24 hr incubation with 0

and 50 mM oxaliplatin. Panel B: The effects of a caspase-3 inhibitor, Ac-DEVD-CHO (100 mM), and a pan-caspase inhibitor, Z-VAD-fmk (100 mM) on

oxaliplatin-induced DNA fragmentation in CEM cells (24 hr treatment, means � SE from two independent experiments). Panel C: Changes in the membrane

integrity (‘‘cell viability’’ by trypan blue exclusion) of CEM cells incubated with oxaliplatin and cisplatin for 24 hr (solid symbols) and 48 hr (open symbols).

The results represent means from one to three independent experiments (�SEM for N ¼ 3 or 1/2 range for N ¼ 2).
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differences in the timing of responses, three different

treatment schemes were tested: ranging from a 4 hr pulse

drug treatment followed by a 20 hr postincubation in a

drug-free medium (4/20 hr), through 24 hr continuous

treatment (24/0 hr), to 24 hr treatment and 24 hr postin-

cubation (24/24 hr).

Quantitative DNA fragmentation assay demonstrates

that oxaliplatin induces apoptosis in all three tested pros-

tate cancer cell lines, although the magnitude and timing of

these effects vary (Fig. 6). LNCaP-Pro5 cells show a

profound apoptosis even after a 4/20 hr pulse treatment.

Cisplatin, also analyzed in LNCaP-Pro5 cells, induced

similar levels of apoptotic DNA fragmentation as oxali-

platin, except for the highest concentration (50 mM) in 24/0

scheme, where cisplatin was somewhat more potent.

LNCaP-LN3 cells were as sensitive to oxaliplatin as

LNCaP-Pro5 at the 24/0 and 24/24 hr schemes, although

the 4/20 hr scheme was less effective. PC-3 cells, known

for their resistance to apoptosis by other agents, are also

relatively resistant to oxaliplatin. Still, the 24/24 hr scheme

results in a small but clear increase in DNA fragmentation

for 25 and 50 mM drug. In striking contrast to tumor cells,

normal prostate cells (PrEC) and normal fibroblasts WI-38

tend to be remarkably resistant to the induction of apop-

tosis by oxaliplatin, regardless of treatment schedule

(Table 1 and data not shown).

4. Discussion

Cytotoxic effects of platinum compounds, such as cis-

platin, are believed to be exerted through drug-induced DNA

adducts. Oxaliplatin, a third generation clinical platinum

analog, is also definitely a DNA-reactive drug. It is puzzling,

however, that oxaliplatin needs to form markedly fewer

primary DNA lesions than cisplatin for equitoxic effects,

even though the types of Pt-DNA adducts formed by oxa-

liplatin, their location and their removal closely resemble the

respective attributes of cisplatin-DNA adducts [6,7,12]. This

investigation demonstrates that, given the reduced level of

Pt-DNA adducts, oxaliplatin displays a disproportionately

greater ability to induce secondary lesions in DNA that

are precursors to massive apoptosis. These results are the

first to systematically characterize apoptosis induction by

oxaliplatin in comparison to cisplatin and to relate the

apoptotic potential to the primary lesions in DNA.

In drug-treated CEM and A2780 cells, both oxaliplatin

and cisplatin induce early SSB as unequivocally demon-

strated by the nucleoid sedimentation analysis (Fig. 2). For

both drugs, the timing (commencing with 4 hr) and con-

centration-dependence of SSB induction are comparable to

the conditions needed for the previously reported induction

of various types of DNA-Pt lesions [7]. These early SSB,

however, probably reflect a secondary, not primary, DNA

Fig. 5. Apoptosis by oxaliplatin and cisplatin in CEM cells by terminal transferase assay. Panel A: Examples of multiparametric flow cytometry profiles for

control cells and cells treated for 24 hr with 25 mM oxaliplatin and cisplatin. Panel B: Quantitation of apoptotic events in cells treated with oxaliplatin (&, &)

and cisplatin (*) for 24 hr (solid symbols) and 48 hr (open symbols). The results represent means (1/2 range) from two determinations.
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damage, as neither cisplatin nor oxaliplatin are capable of

direct cleavage of naked DNA [6]. Early SSB induction by

cisplatin has been known for a long time [36], although its

nature has not been clearly characterized.

Unlike the similar induction of SSB, previous investiga-

tions demonstrated that cisplatin consistently produces

more primary DNA lesions than equimolar oxaliplatin

[6,7]. For example, depending on a treatment schedule,

cisplatin formed 1.3–2.7-fold more DNA-Pt adducts than

oxaliplatin in both CEM and A2780 cells. After a contin-

uous 4 hr treatment of CEM cells, cisplatin formed 2.6-fold

more ISC and 2.3-fold more DPC. Under the same condi-

tions in A2780 cells, cisplatin produced 2.4-fold more ISC

and 1.4-fold more DPC than oxaliplatin. Also, the level of

platinum adducts induced by oxaliplatin in various regions

of DNA from drug-treated A2780 cells was two to six times

lower than that of cisplatin [6]. Contrasting with these data,

the similar levels of the early DNA fragmentation (SSB)

reveal the disparity between the primary and secondary

DNA lesions by these two platinum drugs.

The properties of the early oxaliplatin-induced strand

breaks and their temporal progression to massive DSB

(Figs. 2 and 3, summarized in Fig. 7) are noticeably

reminiscent of apoptotic DNA fragmentation, which is,

in general, known to progress in discrete steps that are

presumably mediated by distinct sets of gradually activated

nucleases [37]. Early SSB detected by nucleoid sedimen-

tation (for instance after 4 hr with 25–50 mM oxaliplatin in

CEM cells) seem to occur approximately every few hun-

dred kbp, which matches the early long-range apoptotic

cleavages to �300–1000 kbp sizes [37–39]. DSB detected

by FIGE and the quantitative fragmentation assay (Fig. 3)

produce smaller fragments that approach �50 kbp after

48 hr in CEM cells. Such fragment sizes are characteristic

of advanced apoptosis in various systems [37–39]. DNA

fragments of 50–300 kbp were also reported for cisplatin-

induced apoptosis in A2780 cells [40]. An analogous high

molecular weight but progressing fragmentation was

reported for cisplatin in the genomic and extrachromoso-

mal DNA in human epidermoid KB-V1 cells [41]. On the

other hand, neither cisplatin nor oxaliplatin produced

oligonucleosomal size fragmentation (Fig. 3). While

cisplatin was reported to produce the oligonucleosomal

‘‘ladder’’ of fragments in some systems, including A2780

cells [42,43], this historical hallmark of apoptosis is now

regarded as a late and dispensable step of the cell death

process [27,37,44]. As it is common to various apoptotic

stimuli, oxaliplatin-induced cell death may have also

nonapoptotic components, but rather only at high drug

levels and prolonged treatment times.

The connection between the early SSB by oxaliplatin

and later double-stranded, presumably apoptotic fragmen-

tation, is further documented by the dependence of both

effects on caspase inhibitors. DEVD-type caspase, such as

caspase-3, a main apoptosis executioner, is likely to be

involved, similar to the execution of apoptosis induced

by cisplatin [45–48]. Other characteristic indicators of

apoptotic death by oxaliplatin include the appearance of

condensed chromatin that parallels massive DSB induction

but clearly precedes decreases in membrane integrity

(Fig. 4) and sub-G1 events with high TUNEL signal in

flow cytometry (Fig. 5). Collectively, these findings

Fig. 6. Apoptosis by oxaliplatin and cisplatin in prostate tumor cells. Cells

were treated with oxaliplatin (circles and triangles) and cisplatin (squares)

using three different schemes before the determination of apoptotic DNA

fragmentation: 4 hr with drug followed by a 20 hr postincubation in drug-

free medium (*, &, 4/20); continuous drug treatment for 24 hr (*, &,

24/0); or 24 hr with drug followed by a 24 hr postincubation in drug-free

medium (~, 24/24). The points are means from one to three independent

experiments carried out in duplicate (�SEM for N ¼ 3 or 1/2 range for

N ¼ 2).

Fig. 7. Summary of cellular responses to oxaliplatin in CEM cells.

Horizontal bars indicate the timing when specific responses become

prominent. Arrows (!, ) indicate whether a specific effect is sustained,

or progresses.
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demonstrate that oxaliplatin is an apoptosis inducer as

potent as cisplatin at equimolar levels.

Given the close resemblance of the cellular effects of

oxaliplatin and cisplatin, the mechanisms of apoptosis

induction by both drugs might be qualitatively similar.

Consistent with a role of cisplatin-DNA adducts as apop-

totic stimulus, various proteins that recognize and process

DNA lesions, such as p53, MDM2, DNA-PK, and p21WAF

were implicated in cisplatin effects [42,43,46,49–54]. Like

other responses to cisplatin, apoptotic propensity is also

thought to be dictated by the levels and persistence of Pt

adducts in cellular DNA [40,55]. As mentioned in Section

1, oxaliplatin and cisplatin adducts are similarly persistent

[7,12].

The lower level of DNA adducts formed by equimolar

oxaliplatin would thus suggest that oxaliplatin should be

inferior, not equal, to cisplatin in apoptosis induction.

Moreover, differential recognition and removal of DNA-

Pt adducts, if any, would be expected to manifest itself in

rather late responses. In contrast, the early induction of

SSB indicates that cellular responses to oxaliplatin match

those of cisplatin right from their early onset and oxali-

platin is as potent apoptosis inducer as cisplatin.

It remains unknown what factors might compensate for

the reduced levels of DNA-Pt adducts by oxaliplatin but

one possibility to consider would be targets other than

DNA. The apoptotic process integrates various signal

transduction pathways and apoptotic stimuli are not limited

to DNA damage. DNA adducts of platinum drugs consti-

tute probably only a minor fraction (1%) of cell-associated

drug molecules [56]. Cisplatin adducts to DNA amount to

�10% whereas protein adducts comprise 75–85% of all

cellular adducts to macromolecules [57,58]. Using the

ratios of DNA/protein adducts reported by Akaboshi et

al. [57,58], and the frequency of DNA-Pt lesions in CEM

cells [7], we estimate that 25 mM cisplatin produces,

respectively, �5 � 104 vs. (1–2Þ � 106 DNA and protein

adducts/cell. Such massive reactivity with protein sulfhy-

dryls is likely to distort the redox homeostasis of the cell,

analogous to various protein-reactive agents for which the

ability to damage proteins only (no DNA adducts) is

sufficient for apoptosis [59–62].

It is likely that targeting critical protein regulators of

redox homeostasis contributes to apoptosis by platinum

drugs. One such protein, thioredoxin, has been implicated

in the resistance of cancer cells to cisplatin [63–65]. A

recent investigation demonstrated that cisplatin can

directly inactivate thioredoxin and its regenerating enzyme

thioredoxin reductase [64]. Our preliminary data show that

both enzymes are also inhibited by oxaliplatin.2 Other

potentially important protein targets probably exist, but

they remain obscure due to the scarcity of published studies

on the protein reactivity of platinum drugs. However,

analogies to protein-reactive single-action agents with well

defined roles in apoptosis can point to some candidate

proteins. For example, given the crosslinking properties of

platinum drugs, adenine nucleotide transporter (ANT), a

mitochondrial membrane protein, could perhaps be rele-

vant as a target. Crosslinking of critical sulfhydryl groups

in ANT by some protein-reactive agents directly results in

mitochondrial dysfunction, a ‘‘point of no return’’ in

apoptosis [59,66]. While further studies are needed to

investigate the ability of oxaliplatin to damage specific

proteins, such reactivity might be facilitated, compared to

cisplatin, by the interaction of the hydrophobic DACH

moiety with hydrophobic protein pockets ([7] and refer-

ences therein).

In a separate study, we have compared apoptotic poten-

tial of drugs that react with both DNA and proteins (dual-

action drugs), including cisplatin and oxaliplatin, to single-

action drugs that react only with proteins or only with DNA

[67]. The results showed that dual-action drugs tend to

be more potent apoptosis inducers than single-action

agents when the effects are related to equitoxic drug levels.

Dual-action drugs induced apoptosis at concentrations

comparable to a nearly complete cell growth inhibition

((1–2Þ� gi80). Agents that react only with proteins, diamide

and helenalin, although somewhat less potent, were still

apoptotic at �2 � gi80. In contrast, the purely DNA-dama-

ging drugs (bizelesin and adozelesin) produced more than

marginal apoptosis only at concentrations equal or greater

than 5–10 times the IC80. Also, ionizing radiation, which is

believed to kill cells by DNA damage (although it can also

affect proteins via free radical generation), was consistently

observed by us and others to produce only marginal apop-

tosis at clinically relevant doses. As reviewed recently, based

on these and other data, we propose that DNA damage and

protein damage may be mutually-potentiating factors in

apoptosis induction [68].

Deficiencies in the apoptotic machinery are linked to

some cases of resistance to cisplatin [40,69–74]. Cancer

cells with the naturally high expression of Bcl-2 may be

less susceptible to apoptosis by cisplatin [75]. Cisplatin

effects are sometimes but not always affected by p53 status

[52,54,74,76–80]. Data in this report indicate that p53-

defective cells are not necessarily less sensitive to growth

inhibition and apoptosis induction by oxaliplatin (Table 1).

Apoptosis definitely plays an important role in the cis-

platin’s antiproliferative effects in cancer cells [42,43,81–

83]. The ability of oxaliplatin to induce apoptosis is not

limited to leukemic CEM and ovarian carcinoma A2780

cells, as illustrated by the results with several prostate

cancer cell lines (Fig. 6, Table 1). Apart from our pre-

sentation of the results covered by this report [84,85], only

recently was oxaliplatin-induced apoptosis reported in

other systems including myeloma and colon carcinoma

cells [86,87]. Interestingly, stable transfection of human

ovarian carcinoma cells with antiapoptotic survivin inhi-

bited apoptosis induction by taxanes but not by oxalipla-

tin and cisplatin [88]. Resistance to oxaliplatin-induced2 Woynarowska et al., unpublished results.
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apoptosis was implicated in the oxaliplatin-resistant

phenotype [87].

Profound apoptotic responses of cancer cells to oxali-

platin are observed after rather brief treatments. In contrast,

normal prostate cells seemed refractory even to prolonged

incubations with oxaliplatin. The ability to induce differ-

ential apoptosis in cancer but not normal cells has been

extensively documented for another structurally unrelated

dual-action alkylating drug of clinically promising proper-

ties, irofulven [24,29,68]. This aspect remains to be inves-

tigated for platinum drugs. Cisplatin-induced apoptosis

was implicated not only in the context of anticancer effects

but also in the renal and neurological toxicity of the drug

[46,89,90]. An intriguing possibility is that the superior

toxicological profile of oxaliplatin might in part reflect

oxaliplatin’s potential to differentiate between tumor cells

and normal cells in apoptosis induction. Collectively, this

report and other studies point to the significance of apop-

tosis in the antiproliferative effects of oxaliplatin and

warrant further investigations to determine its underlying

mechanism.
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