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Abstract

Despite increasing evidence on the formation of 1H NMR-detectable mobile lipid (ML) domains in cells induced to programmed cell

death by continuous exposure to anticancer drugs, the time course of ML generation during the apoptotic cascade has not yet been fully

elucidated. The present study shows that ML formation occurs at two different stages of apoptosis induced in human erythroleukemia

K562 cells by a brief (3 hr) exposure to paclitaxel (Taxol), an antitumour drug with a stabilising effect on microtubules, or to paclitaxel

plus tyrphostin AG957, a selective inhibitor of the p210BCR-ABL tyrosine kinase activity. A first wave of ML generation was in fact

detected in paclitaxel-treated cells at the onset of the effector phase (8–24 hr after exposure to the drug), plateaued at 24–48 hr and was

eventually followed by further ML accumulation during the degradative phase (48–72 hr). Addition of AG957 to paclitaxel shifted to the

3–8 hr interval in both the early ML production and the onset of apoptotic events, such as chromatin condensation, phosphatidylserine

externalisation, cytochrome c release and caspase-3 activation. A significant loss of mitochondrial membrane potential was almost

concomitant with the second wave of ML accumulation, associated in both cell systems with the phase of terminal cell degeneration, likely

connected to non-regulated degradation of cell lipid components.

# 2003 Elsevier Science Inc. All rights reserved.

Keywords: Apoptosis; Nuclear magnetic resonance spectroscopy; K562 cells; Mobile lipids; Paclitaxel; Tyrphostin

1. Introduction

Several studies have reported the appearance of narrow

mobile lipid (ML) signals in 1H nuclear magnetic reso-

nance (NMR) spectra of cells induced to apoptosis by long-

term exposure to antitumour drugs or by addition of anti-

Fas antibodies [1–4]. The amount of ML in Jurkat cells,

evaluated from their 1H NMR spectra as an increase in the

intensity of the hydrocarbon chains’ methylene (1.3 ppm)

over the methyl (0.9 ppm) signals, has been correlated to

the apoptotic cell fraction induced by exposure to anthra-

cyclines or to dexamethasone [2,3], suggesting that 1H

NMR might be proposed as a new, quantitative method for

a noninvasive evaluation of apoptosis in cell cultures and in

tissues. This methodology can even be used [5] to differ-

entiate apoptosis from cell necrosis. The appearance of ML

can however hardly be considered, by itself, as a peculiar

feature of apoptotic cells, since similar spectral patterns

have also been found in activated lymphocytes and lym-

phoblasts [3,6,7], in tumours [8,9], in embryo-derived cells

[10] and even in some adult tissues, such as colon sub-

mucosa and striated muscle [11,12]. ML signals are usually

believed to arise from lipids organised in nonlamellar
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domains, such as those present in cytoplasmic lipid dro-

plets and/or in membrane embedded microdomains, char-

acterised by a high level of isotropic mobility that allows

their detection in the high resolution NMR time window

[13–17].

In this work, the objective was to study in more detail the

time course of ML formation in relation to the typical

enzymatic and morphological changes occurring during

the apoptotic cascade, specifically including the early

stages along with the more generally studied advanced

stages of apoptosis. To this end, NMR analyses were

performed on intact human erythroleukemia K562 cells,

exposed for 3 hr to the anticancer drug paclitaxel (Taxol1),

which freezes microtubule dynamics, inhibits growth and

cell cycle progression [18–21]. Since these erythroleuke-

mic cells express the p210BCR-ABL fusion protein, that

reportedly confers resistance to drug-induced apoptosis

[22–24] through its high tyrosine kinase activity which

is specifically inhibited by tyrphostin AG957 [25,26], some

experiments were performed by exposing the cells to a

combination of Taxol plus AG957, so as to increase their

sensitivity to apoptosis inducing events. After this rela-

tively short (pulsed) exposure to the drug(s), the cells were

kept at 378 in drug-free medium for three more days,

during which NMR spectra of the intact cells were

recorded (at 3, 8, 24, 48 and 72 hr), whilst assessing the

evolution of the apoptotic process and its extent on the

basis of typical features, such as structural alterations of

cell nuclei (that became hypodiploid, with a condensed

chromatin and DNA laddering), Annexin-V binding to the

outer side of the cell membrane, cytochrome c release,

caspase-3 activation and irreversible mitochondrial mem-

brane potential (DCm) loss.

2. Materials and methods

2.1. Materials

RPMI 1640 medium, fetal calf serum and proteinase K

were from Labtek-EUROBIO. Paclitaxel (Taxol1), acridine

orange, ethidium bromide, propidium iodide, Nonidet P-40,

RNase A, Triton X-100 and valinomycin were purchased

from Sigma. Tyrphostin AG957 (4-amino-N-[2,5-dihydrox-

ybenzyl]methyl benzoate) was from Calbiochem. JC-1

(5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazole car-

bocyanine iodide) was obtained from Molecular Probes.

Fluoresceinated Annexin-V (Annexin-V-Fluos), monoclo-

nal anti-Bcl-2 and anti-actin antibodies were purchased from

Roche Molecular Biochemicals. Monoclonal anti-cyto-

chrome c antibody was purchased from PharMingen. Cas-

pase-3 fluorogenic substrate Ac-DEVD-AMC (acetyl-Asp-

Glu-Val-Asp-aminomethyl-coumarin) from Alexis Bio-

chemicals. Reagents for enhanced chemiluminescence

(ECL) detection were obtained from Amersham Life

Science. All other chemicals were reagent grade.

2.2. Cell culture and treatment

K562 human erythroleukemic cells were maintained in

exponential growth at 378 in a humidified atmosphere

containing 5% CO2, using an RPMI 1640 medium supple-

mented with 10% heat-inactivated fetal calf serum, 2 mM

L-glutamine, 50 units/mL penicillin and 50 mg/mL strep-

tomycin. The cells (4 � 105 cells/mL) were exposed for

3 hr to 200 nM Taxol, either alone or in combination with

50 mM tyrphostin AG957. After two washes, the cells were

resuspended and incubated in drug-free medium for up to

72 hr. Cell counting and viability were determined at

various times by trypan blue exclusion method.

2.3. Analysis of cell morphology

Nuclear morphology and cell viability were analysed by

double AO- and EB-staining. After mixing with an equal

volume of a solution that contained 100 mg/mL EB and

100 mg/mL AO, the cell suspension was examined with a

fluorescence microscope [27]. Green clumped nuclei indi-

cated chromatin condensation with intact membrane struc-

tures (early apoptosis); orange cells with clumped nuclei

indicated later apoptosis. Nuclei of necrotic cells appeared

uniformly stained by EB.

2.4. Cell cycle analysis

K562 cells (1:0 � 106), collected by centrifugation,

were gently resuspended in 1.0 mL of a hypotonic solution

containing 50 mg/mL PI in 0.1% (w/v) sodium citrate plus

0.1% (v/v) Triton X-100, and left overnight in the dark at

48. The distribution of fluorescence among individual

nuclei, measured with an EPICS XL-MCL cytometer

equipped with a 488 nm argon laser lamp, as previously

described [28], was converted, by a MULTICYCLE pro-

gram, into percentage of cells in the different phases of the

cell cycle.

2.5. Fluorescein isothiocyanate (FITC)

Annexin-V assay

Cells (1:0 � 106) were washed in PBS and resuspended

in 100 mL of a staining solution that contained 2 mL of

Annexin-V-FITC (Annexin-V-Fluos) and 1 mg/mL PI in

10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 5 mM

CaCl2. After incubation at room temperature for 15 min,

the cells were examined in the fluorescence microscope.

2.6. DNA fragmentation assay

Control and treated samples of 1:0 � 106 cells, collected

after 3, 8, 24, 48 and 72 hr after drug(s) removal, were

washed with PBS and the pelleted cells were resuspended

in 100 mL of lysis buffer (50 mM Tris–HCl, pH 8.0, 10 mM

EDTA, 0, 25% Nonidet P-40, 1 mg/mL RNase A). After
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1 hr incubation at 378 the suspension was supplemented

with 1 mg/mL proteinase K and further incubated at 378 for

1 hr. Crude extracts were then diluted with a 6� ‘‘loading

buffer’’ [29] that contained 0.25% bromophenol blue and

40% (w/v) sucrose, and DNAwas fractionated by 2% (w/v)

agarose gel electrophoresis.

2.7. Mitochondrial membrane potential (DCm)

Changes in DCm were measured by using the lipophilic

cationic probe JC-1. This molecule, able to selectively

enter into mitochondria, exists in a monomeric form

emitting at 527 nm upon excitation at 488 nm. However,

depending on the membrane potential, JC-1 is able to form

J-aggregates characterised by a large bathochromic shift in

emission (590 nm). Thus, the colour of the dye changes

reversibly from green to greenish orange, as the mitochon-

drial membrane becomes more polarised [30]. K562 cells

were stained for 15 min in the dark, at 378, with 2.5 mg/mL

of JC-1 and, after two washes with ice-cold PBS, they were

immediately analysed in the EPICS XL-MCL flow cyt-

ometer. A positive control sample, obtained by adding

100 nM valinomycin (a well known Kþ-ionophore), was

included in each experiment. Loss of DCm in K562 cells

was evaluated by measuring the variations of fluorescence

emission at 527 nm.

2.8. Assay of caspase-3-like protease activity

Frozen cell pellets were dissolved by leaving them for

30 min on ice in a lysis buffer containing 50 mM Tris–HCl

(pH 7.4), 10 mM EGTA, 1 mM EDTA and 1% (v/v) Triton

X-100. The protein concentration of the cleared lysates

was determined according to Bradford’s method [31] and

60 mg of proteins were incubated at 378 for 30 min in a

reaction mixture containing 20 mM Ac-DEVD-AMC.

Fluorescence was monitored, on a Perkin-Elmer LS-50B

spectrofluorometer, setting excitation at 380 nm and emis-

sion at 460 nm.

2.9. Western blotting

Proteins were extracted from cells by suspending them

for 30 min at 48 in a buffer that contained 10 mM Hepes,

pH 7.2, 0.142 M KCl, 5 mM MgCl2, 1 mM EDTA, 0.2%

Nonidet P-40 and an appropriate cocktail of protease

inhibitors. Cell lysates were centrifuged at 48 in an Eppen-

dorf microfuge at 15,000 g and the clear supernatants

subjected to 12.5% SDS–PAGE followed by electroblot-

ting to polyvinylidene difluoride membranes. The mem-

branes were then probed with a monoclonal anti-Bcl-2

antibody (1:100 dilution) or with a monoclonal anti-actin

antibody (1:7000 dilution), followed by an anti-mouse

peroxidase-conjugated secondary IgG antibody. Immune

complexes were detected by ECL and exposed to a Kodak

X-OMAT film.

2.10. Cytochrome c release

Cells were washed twice with PBS and pellets were

resuspended in permeabilisation buffer (250 mM sucrose,

20 mM HEPES, 10 mM KCl, 1.5 mM Na-EGTA, 1.5 mM

Na-EDTA, 1 mM MgCl2, 1 mM dithiothretol, 50 mg/mL

digitonin, pH 7.4, containing a suitable cocktail of protease

inhibitors) for 10 min at 48. Permeabilised cells were

centrifuged (800 g, 15 min) at 48. The clear supernatants

were further centrifuged (18,000 g, 30 min) at the same

temperature. After determination of protein concentration

[31], a 25 mg sample was loaded and separated on a 15%

SDS–PAGE and probed with anti-cytochrome c antibody

(7H8.2C12) as described above.

2.11. NMR spectra and data analysis

One-dimensional 1H NMR experiments on intact K562

cell preparations (30–40 � 106 in 0.5 mL PBS/D2O) were

carried out at 400 MHz on a Bruker AVANCE 400 WB

spectrometer, at 258, using 608 pulses preceded by 1.0 s

presaturation for water signal suppression (spectral width

10 ppm), the total measurement time being 17 min for 320

scans. Signal processing and quantitative data analysis on

proton spectra of (CH2)n arising from fatty acid chains of

ML, lactate and other water-soluble metabolites were

performed using the Bruker WIN-NMR software package.

Signal processing consisted of zero-filling the free induc-

tion decays from 32 K data points to 64 K before discrete

Fourier transformation. After having fitted the baseline in

the frequency domain with a cubic splines model through

appropriate points, the peaks of interest (and nearby inter-

fering peaks) were modelled by deconvolution, assuming

Lorentzian lineshapes. Since the intensity of the contribu-

tion of b and d methylene protons of lysine to the signal at

1.7 ppm remained apparently invariant during cell sample

manipulation, the deconvoluted area of the lysine signals

was preferred, as a reference, to the more generally used

CH3 peak at 0.9 ppm. In this study, however, this change of

reference did not influence the global courses of the signals

under investigation, indicating that also the CH3 peak

intensity remained largely stable.

2.12. Statistical analysis

Differences were considered statistically significant

for P-values, determined by Student’s t-test, lower than

0.05.

3. Results

3.1. Effects of pulsed Taxol treatment

As mentioned in Section 1, we have examined the time

course of the apoptotic response of K562 cells exposed
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either to Taxol alone or to Taxol plus tyrphostin AG957.

After 3 hr-exposure to 200 nM Taxol, K562 cells

showed—as already reported by other authors [32]—no

apparent immediate cell damage. During their subsequent

incubation in drug-free medium at 378, a sizeable fraction

of these Taxol-treated cells (K562-TX) underwent a tran-

sient cell cycle arrest in the G2M phase and progressively

exhibited—though remaining for over 72 hr impermeable

to trypan blue—morphological and enzymatic features of

programmed cell death, such as alterations of nuclear

staining properties, phosphatidylserine (PtdSer) externali-

sation, cytochrome c release, caspase-3 activation, DCm

loss, and DNA laddering. These apoptotic parameters were

quantitatively monitored, in parallel with NMR measure-

ments of ML production, at different times of cell incuba-

tion after exposure to the drug. 1H NMR analyses,

illustrated in Fig. 1 by some representative spectra and

quantified in detail in Fig. 2, showed between 8 and the

24 hr a significant, progressive increase in the intensity of

ML (CH2)n signals from K562-TX cells. After an inter-

mediate plateau (24–48 hr), a second sharp increase in

the intensity of these signals occurred at 48–72 hr (Figs. 1

and 2). The amount of ML formed at 8–24 hr represented

about one-third of the total ML produced by K562-TX cells

during the overall 72 hr of post-Taxol incubation.

The first wave of ML formation occurred in parallel

with the detection in these cells of typical apoptotic

features, such as chromatin condensation (Fig. 3A) and

PtdSer externalisation (Fig. 3B). These parameters started

to increase between 8 and 24 hr after the pulsed exposure

to Taxol, and progressively increased thereafter. More-

over, a substantial hypodiploid (‘‘sub-Go’’) subpopula-

tion accumulated in the same time interval (Fig. 4A),

following a sharp but transient peak of the cell fraction in

the G2M phase of the cycle (Fig. 4B). As compared to this

series of relatively early markers, cytochrome c release

started to be detected around 24 hr (Fig. 5A), when

first signs of caspase-3 activation and DCm dissipation

were also observed (Fig. 5B and C). As shown in Fig. 6, a

distinct DNA laddering was detected at a much later stage

(72 hr).

In no case was it possible to detect, in K562 cells, any

quantitative alteration in the levels of Bcl-2, Bcl-XL, Bad

and Bax proteins (data not shown). A qualitative immuno-

blot analysis showed, however, 8 hr after the end of the

treatment with Taxol, the presence of a second, more slowly

migrating Bcl-2 band (Fig. 7), that can probably be attrib-

uted—in line with the well known post-translational mod-

ification of this protein in cells treated with tubulin-targeted

agents [33]—to a transient phosphorylation, associated

with the mitotic arrest in G2M phase.

Fig. 1. 1H NMR spectra of intact K562 cell preparations. Cells

underwent treatment for 3 hr and were subsequently observed after

different time intervals of incubation in drug-free medium. (A) Control

cells, observed after 3 hr; (B) cells treated with 200 nM Taxol

plus 50 mM tyrphostin AG957 (K562-TX/AG), observed after 8 hr; and

(C) cells treated with 200 nM Taxol (K562-TX), observed after 72 hr.

Peak assignments: (1) CH3 from amino acids or small proteins and MLs,

with a possible contribution of cholesterol (C-18, -19, -21, -25, -26);

(2) (CH2)n from MLs, as well as from lactate CH3, whose resonance can

be isolated by appropriate deconvolution; (3) CH2 (b, d) from lysine,

whose partial overlap with the COCH2CH protons can be resolved by

deconvolution.

Fig. 2. Time course of the relative peak area of 1H NMR visible ML

(CH2)n signals in K562 cells treated with either 200 nM Taxol (K562-TX,

—&—) or Taxol plus 50 mM tyrphostin AG957 (K562-TX/AG, –~-) or

as untreated control (����*����) for 3 hr. NMR spectra were recorded after 3,

8, 24, 48 and 72 hr incubation in drug-free medium. The (CH2)n peak areas

were quantified with respect the CH2 (b, d) peak from lysine. Values are

expressed in arbitrary units and the results represent the mean � SD values

obtained from at least three independent experiments. Statistically

significant differences were present at 8 hr in K562-TX/AG vs. control

and vs. K562-TX cells (0:02 < P < 0:05); at 24 and 72 hr in both K562-

TX/AG and K562-TX vs. control (P < 0:005). For K562-TX cells, the

bimodal pattern was confirmed by statistical analysis: the (CH2)n peak area

changed significantly (P < 0:025) during the 8–24 and 48–72 hr intervals,

but remained practically invariant (P > 0:2) from 24 to 48 hr.
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3.2. Modifications by combined pulsed treatment with

Taxol and tyrphostin AG957

When tyrphostin AG957 (which by itself did not affect

any of these apoptotic markers—data not shown) was

added to Taxol during the pulsed 3 hr preincubation, the

first wave of ML production in the cells (K562-TX/AG)

was shifted from 8–24 to 3–8 hr of incubation in drug-free

medium (as shown by a representative spectrum in Fig. 1

and the quantitative data in Fig. 2, dashed line). After a

plateau between 24 and 48 hr, a second wave of ML

production occurred at 48–72 hr—similar to that observed

in cells treated with Taxol alone.

The earlier formation of ML in K562-TX/AG cells was

concomitant with an earlier onset (at 3–8 hr) and a more

rapid increase in time of apoptotic markers, such as

chromatin condensation and PtdSer externalisation

(Figs. 3A and B). The anticipated appearance of these

apoptotic markers in cells treated with Taxol plus AG957

was followed by a temporary decline up to 48 hr, and then

Fig. 3. Time course of nuclear condensation (A) and of PtdSer

externalisation (B) in K562 cells treated for 3 hr with either 200 nM

Taxol (K562-TX, —&—) or Taxol plus 50 mM tyrphostin AG957 (K562-

TX/AG, –~–), or in untreated controls (����*����). These apoptotic cell

death parameters were evaluated either immediately or after 3, 8, 24, 48

and 72 hr incubation in drug-free medium. The percentage of condensed or

fragmented nuclei was estimated on AO- and EB-double-stained cells,

examined in the fluorescence microscope. PtdSer externalisation was

estimated by an Annexin-V-FITC assay on cells examined in the

fluorescent microscope; data are expressed as percent of Annexin-V-

positive cells. Slides were examined in a random order and at least 400

cells were counted for each determination. The results represent the

mean � SD values obtained from three independent experiments. Statis-

tically significant differences were present both in Fig. 3A and B at 8 hr in

K562-TX/AG vs. control (P < 0:02); at 24 hr in K562-TX/AG vs. control

(P < 0:001) and in K562-TX vs. control (P < 0:01).

Fig. 4. Cytofluorimetric analysis of cell cycle in PI-stained K562 cells

after treatment with either 200 nM Taxol (K562-TX, —&—) or Taxol

plus 50 mM tyrphostin AG957 (K562-TX/AG, –~–) or untreated control

(����*����) for 3 hr. Measurements were performed after 3, 8, 24, 48 and

72 hr incubation in drug-free medium. Data represent mean � SD values

of the percentages of cells with hypodiploid nuclei (A) or in the G2M

phase (B), measured in at least three independent experiments.

Statistically significant differences were observed in the percent

of hypodiploid cells at 24 hr in K562�TX vs. control as well as vs.

K562-TX/AG (P < 0:002 in both cases); at 72 hr in K562-TX vs. control

(P < 0:004) and vs. K562-TX/AG (P < 0:02). Also the percent of cells

in G2M phase were significantly different (P < 0:04 in both cases),

at 3 hr, in K562-TX vs. either control or K562-TX/AG, as well as, at

24–48 hr, in K562-TX vs. control (P < 0:007) or vs. K562�TX/AG

(0:01 < P < 0:05).
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by a final ‘‘late’’ increase, that generated an overall bipha-

sic behaviour. The first detection of cytochrome c release

and caspase-3 activation were also shifted from 24 to 3–8 hr

(Figs. 5A and B), while DCm started to undergo a slowly

progressing loss (Fig. 5C). On the other hand, as shown in

Fig. 4B, K562-TX cells underwent, 3–8 hr after drug treat-

ment, a clear but transient G2M block, while in K562-TX/

AG cells, in spite of the accelerated induction of most

apoptotic markers, a substantial and more prolonged altera-

tion in the G2M population took place in K562-TX/AG cells

only at 24–48 hr. Correspondingly, also the more slowly

migrating Bcl-2 band was only detected at a later stage, that

is, 24 hr after the end of exposure to the drug combination

(Fig. 7). Furthermore, the final extent of Taxol-dependent

cell death—estimated on the basis of hypodiploidy in the

48–72 hr time interval (Fig. 4A)—was also lower in K562-

TX-AG than in K562-TX cells and no DNA laddering could

be detected at least up to 72 hr (Fig. 6).

Fig. 5. Time course of (A) cytochrome c release, (B) caspase-3-like activity, and (C) loss of mitochondrial membrane potential (DCm) in K562 cells in

K562 cells treated for 3 hr with either 200 nM Taxol (K562-TX, —&—) or Taxol plus 50 mM tyrphostin AG957 (K562-TX/AG, –~–) or untreated

control (����*����). These apoptotic parameters were measured after 3, 8, 24, 48 and 72 hr of incubation in drug-free medium. Cytochrome c was

detected in the supernatant of permeabilised cells by protein separation on 15% SDS–PAGE and detection with anti-cytochrome c antibody. No

cytochrome c band could be detected in control cells at any time of incubation (data not shown). The caspase-3-like activity was measured in the

cytosol of cells by using DEVD-aminomethylcoumarin as a substrate; the results represent the mean � SD values of at least three independent

experiments. DCm was estimated by cytofluorimetric analysis of JC-1 stained cells and was expressed in arbitrary units of fluorescence intensity. The

data represent mean green fluorescence intensity (527 nm) �SD values. No significant differences were detected in the loss of DCm in K562-TX vs.

either control or K562-TX/AG at 24 hr; statistically significant differences were instead found at 48 hr in K562-TX vs. control (P < 0:01), in K562-

TX/AG vs. control (P < 0:02) and in K562�TX vs. K562�TX/AG (P < 0:05); at 72 hr in K562-TX/AG vs. control (P < 0:02) and vs. K562-TX

(P < 0:004).
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4. Discussion

Cellular apoptosis, from the point of view of ML gen-

eration, might in principle be just one of a number of

stressful conditions which induce cells to generate, from

microdomains of the endoplasmic reticulum that contain

enzymes involved in lipid biosynthesis [34], lipid bodies

that are not necessarily identical under all conditions.

Recent 1H NMR studies have indeed shown that detection

of ML signals was associated to the intracellular accumu-

lation of distinct osmiophilic lipid bodies in rat glioma

cells induced to apoptosis by gene therapy in vivo [35], as

well as in T-lymphoblastoid cells exposed in vitro for 72 hr

to an apoptotic agent [3]. In some cell systems, such as

NIH-3T3 fibroblasts and T-lymphoblastoid cells ‘‘acti-

vated’’ by treatment with phorbol myristate plus ionomy-

cin, not only cytoplasmic lipid bodies (of about 1 mm

diameter) but also smaller (60–100 nm diameter) amor-

phous lipid aggregates were detected in the context of their

plasma membranes, whose likely contribution to the ML

signals is still to be clarified [3,13]. As suggested by

Kroemer et al. [36], the apoptotic process can be schema-

tically divided in at least three functionally distinct phases,

initiation, effector and degradation. By adapting a similar

description to our system, our data would indicate that,

following the initiation phase during the pulsed exposure to

Taxol, the effector phase became detectable between 8 and

24 hr of further incubation of K562�TX cells in drug-free

medium. During this time interval, a coordinated series of

regulated metabolic reactions led to the onset of typical

apoptotic events, such as chromatin condensation, PtdSer

externalisation, release from mitochondria of an apopto-

genic factor (cytochrome c), caspase-3 activation and

hypodiploidy. Our results on the time course of the cell

cycle block in G2M in K562-TX cells are in good agree-

ment with the well known reversibility of the effects of

Taxol on microtubule dynamics [37]. Whether the G2M

block is indeed involved in the pathway to Taxol-induced

apoptosis is still under debate [38,39]. According to Wang

et al. [21], ‘‘paclitaxel-induced apoptosis can occur either

directly after a mitotic arrest or following an aberrant

mitotic exit into a G1-like ‘multinucleate state’ ’’. In this

context, it is interesting to note that in K562-TX/AG cells,

as compared to K562-TX, a delayed (at 24–48 hr) and

more prolonged block in G2M was actually associated with

a lower extent of late apoptosis. When the initiation phase

was triggered by Taxol in the presence of tyrphostin

AG957, the onset of the effector phase was anticipated

to be 3–8 hr. Cytochrome c release also had an earlier onset

at 3–8 hr. These phenomena were most likely a conse-

quence of the specific inhibition by AG957 of the p210BCR-

ABL tyrosine kinase activity, a mechanism which would in

fact be expected to facilitate apoptosis.

However, not all apoptotic steps were accelerated by

AG957 throughout the cell death programme. In fact, the

cell population in G2M increased much more slowly and

was maintained for a longer time in K562-TX/AG than in

K562-TX cells. Both the delay in the G2M block and the

later detection of a second Bcl-2 electrophoretic compo-

nent would actually be in line with the existence of a tight

connection of Bcl-2 phosphorylation with the G2M phase

Fig. 7. Western blot analysis of Bcl-2 protein, detected by monoclonal anti-Bcl-2 antibody, in lysates (60 mg proteins/lane) of (C) untreated, (TX) Taxol- and

(TX/AG) Taxol þ tyrphostin AG957-treated K562 cells after 8 and 24 hr of incubation in drug-free medium. A monoclonal anti-actin antibody was used as a

control.

Fig. 6. Agarose gel electrophoresis of DNA isolated from (1) untreated

K562; (2) K562-TX cells (treated with 200 nM Taxol) and (3) K562-TX/

AG cells (treated with 200 nM Taxol plus 50 mM tyrphostin AG957). Cell

preparations were analysed after 3, 8, 24, 48, and 72 hr of incubation in

drug-free medium. (M) DNA molecular weight markers.
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of the cell cycle [40] rather than with a reduced inhibition

of the apoptotic process. Moreover, some markers detected

at both early and late stages (e.g. chromatin condensation

and PtdSer externalisation) instead of continuing to

increase in time, as in K562-TX cells, exhibited a biphasic

behaviour in K562-TX/AG cells (i.e. a first increase within

the first 24 hr was followed by a decline at 24–48 hr and

then by a further increase at the latest stage of the apoptotic

process). Lastly, cell exposure to Taxol plus AG957

resulted in a significant delay and/or inhibition of some

of the latest apoptotic steps (such as DNA laddering). The

delay or slowing-down in the detection of intermediate and

late markers of apoptosis in K562-TX/AG cells can be

tentatively explained on the basis of the well known

competition of tyrphostins with ATP binding sites of

several proteins, with the consequent transient paralysis

of ATP-dependent steps of the apoptotic enzymic cas-

cade—including presumably those involved in the lad-

der-type DNA fragmentation [26].

As a first set of conclusions, the results obtained in this

study indicate that (a) in spite of the differences in the time

course (and underlying mechanisms) of the apoptotic

events respectively monitored in K562-TX and in K562-

TX/AG cells, a rather clear-cut distinction was allowed

between some early and late markers of the apoptotic

cascade; (b) during this process, a first production of

ML occurred, in both cell systems, more or less concomi-

tant to chromatin condensation, PtdSer externalisation and

cytochrome c release, even before major caspase-3 activa-

tion and DCm loss; (c) the second wave of ML generation

occurred during the degradative phase of programmed cell

death (48–72 hr) after an intermediate plateau (24–48 hr),

concomitant with the loss of mitochondrial membrane

potential; and (d) only in K562-TX cells a marked DNA

ladder was detectable at 72 hr upon drug exposure.

Analysis of the two-step pattern of ML formation, in

parallel with that of concomitant apoptotic markers, opens

new possibilities of monitoring the time course of the

apoptotic cascade in an intact cell system and also allows

additional hypotheses on the molecular mechanisms pos-

sibly responsible for the generation of ML during the

apoptotic cascade.

There are still unanswered questions regarding biogen-

esis, nature and time course of generation of NMR-detect-

able MLs during the apoptotic process. At variance from

other markers, ML formation can be monitored in intact

cells undergoing apoptosis, but their relationship to apop-

tosis itself and to the known pathways of propagation of

this process is as yet to be clarified.

An earlier 1H NMR study [2] had for instance suggested,

on the basis of a correlation between ML signals and

exposure of PtdSer on the outer membrane leaflet, that

generation of ML domains be associated with the loss of

membrane phospholipid asymmetry in the course of the

apoptotic process, similar to that observed. This hypothesis

might hold for the ML signals generated at early times

(8 hr) in K562-TX/AG cells (Fig. 2) which are also char-

acterised by a significantly higher exposure of PtdSer, as

compared to the control (P < 0:02), (Fig. 3B). However, an

even higher PtdSer externalisation was observed in K562-

TX/AG cells at 24 hr after drug treatment, which was not

associated with further ML signal enhancement with

respect to the same cells at 8 hr, nor vs. K562-TX cells

at 24 hr. These data seem to indicate that PtdSer externa-

lisation may not be sufficient, by itself, to provide a full

explanation to the first wave of ML production in our cell

systems.

A more recent study [5] suggested that the higher ML

visibility could be due to an increase in ceramide during

apoptosis. Generation and accumulation of ceramides,

either through the sequential activation of a phosphatidyl-

choline-specific phospholipase C and of an acidic sphin-

gomyelinase [41] or through a block in glucosylceramide

formation [42], has indeed been linked to enhanced apop-

totic responses [43,44]. Ceramides and related metabolites,

though probably only if present in relatively large amounts,

can also contribute to the formation of NMR visible ML

structures, such as cytoplasmic lipid droplets [45] and/or

mobile-lipid membrane domains [46]. Moreover, by coa-

lescing into these structures, ceramide metabolites would

be partially diverted from activating the mitochondrial

pathway to apoptosis, a mechanism that might also explain

the delay in mitochondrial membrane potential dissipation,

observed in our cell systems.

It has been proposed that mitochondrial function impair-

ment is associated with the formation of NMR visible

lipids in cells treated with drugs interfering with the

mitochondrial structure and function [47]. However, in

our system the first signs of cytochrome c release could

be detected only somewhat later than the first wave of ML

production, and before detection of any substantial DCm

loss. On the other hand, the fact that cytochrome c release

was not simultaneous with, but rather started to occur

before mitochondrial membrane depolarisation seems to

be consistent with a series of recent reports on different

apoptotic cell systems [48,49]. It should therefore be

concluded that, under our conditions, NMR visible lipids

formed during the effector phase are unlikely due to

mitochondrial impairment.

The mitochondrial potential loss detected at the latest

stage of the apoptotic cascade may, instead, represent one

of the mechanisms responsible for the second wave of ML

formation observed in both K562-TX and K562-TX/AG

cells, together with the irreversible activation of degrada-

tive enzymes, such as caspases and phospholipases during

terminal cell degeneration [50,51].

In conclusion, the novel observation that NMR visible

ML are produced in K562 cells by two-step process,

respectively related to the effector and to the degradative

phase of apoptosis may offer new ways of monitoring the

evolution of the cell death programme in intact cancer cells

exposed to some antitumour drugs.

1278 F. Brisdelli et al. / Biochemical Pharmacology 65 (2003) 1271–1280



Acknowledgments

The present work is dedicated to the memory of Pro-
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