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Caspase-independent apoptosis is activated
by diazepam-induced mitotic failure in HeLa cells,
but not in human primary fibroblasts
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DZ, a benzodiazepine known to affect centrosome sep-
aration at prophase, leads to a higher degree of mi-
totic arrest in HeLa cells than in primary human fibrob-
lasts. In fact, differently from fibroblasts, which undergo
a transient block in prophase-to-prometaphase transi-
tion, a high proportion of tumor cells attempt to escape
from the DZ-imposed mitotic block, fail to undergo com-
plete mitosis and die by mitotic failure. DZ-treated sam-
ples showed certain biochemical hallmarks of apopto-
sis, such as induction of the proapototic Bax protein,
mitochondrial alterations assessed by JC-1 staining and
TEM analysis, PARP cleavage, and DNA fragmentation.
However, in DZ-treated cells, we observed a very low or
absent caspase activation as shown by immunofluores-
cence and immunoblot experiments with antibodies di-
rected to activated caspases and by staining with the pan-
caspase inhibitor FITC-VAD-FMK. Experiments on mito-
chondrial depolymerization and apoptosis induction car-
ried out in the presence of specific inhibitors of caspase-2
and caspase-3/7 indicated a caspase-independent apop-
totic process induced by DZ. Accordingly, TEM analysis
of treated cells revealed ultrastructural features resem-
bling those reported for caspase-independent apopto-
sis. In conclusion, we hypothesize that HeLa cells over-
ride the prophase block imposed by DZ, producing a
high rate of aberrant pro-metaphases, which, in turn,
activates caspase-independent, apoptosis-like mitotic
catastrophe.

Keywords: caspase-3; caspase-9; cell death; centrosome; di-
azepam; mitotic catastrophe.

Introduction

Programmed cell death is an essential process in develop-
ment. In addition to this, apoptosis can be induced both in
in vitro and in vivo systems by a variety of toxic stimuli, in-
cluding DNA damage and ligand activated molecules.1–3

Morphological criteria such as chromatin condensation,
collapse into highly condensed bodies, and internucleoso-
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mal DNA fragmentation, define apoptosis. Typical mor-
phological alterations are also accompanied by specific
biochemical changes, among which MMP (mitochondrial
membrane permeability), phosphatidyl exposure and ac-
tivation of caspases4 are the more relevant.

An imbalance between pro- and anti-apoptotic Bcl-2
family members may lead to the release from the mi-
tochondrion of factors such as cytochrome c, Apaf-1,
AIF (apoptosis-inducing factor), and Smac/Diablo (sec-
ond mitochondria-derived activator of caspase), which are
in turn responsible for the activation of initiator factors
and execution caspases.4,5

Microtubule-interfering agents are able to induce mi-
totic arrest and apoptosis by disruption or stabilization of
the mitotic spindle in dividing cells.6 Furthermore, func-
tioning spindle poles have been reported to protect cells
from apoptosis. In fact, the overduplication or failed sep-
aration of centrosomes leading to multipolar mitosis and
failure in chromosome segregation, respectively, trigger
cell death,7,8 although the molecular pathways is yet to
be elucidated.

The failure to complete mitosis in the presence of dis-
turbing agents has also been termed “mitotic catastro-
phe”, a type of cell death resulting from a combination of
deficient cell-cycle checkpoints and cellular damage.9 In
this condition cells are prevented from arresting before or
at mitosis, and show chromosomal aberrant segregation,
which is responsible for the activation of an apoptotic
pathway, usually ending with the formation of multinu-
cleated cells displaying decondensed chromatin.10,11

Many different molecules are involved in mitotic failure
or mitotic catastrophe. Among them, an aberrant mitotic
entry, before completion of DNA synthesis, has been at-
tributed to a premature nuclear entry and activation of
the Cdk1(cyclin-dependent kinase 1)/cyclinB1 complex,
or to inhibition of the checkpoint kinase Chk2.9 Fol-
lowing induction of DNA damage, Chk2 colocalizes and
interacts with Plk1 (Polo-like kinase) at centrosomes,12

and is responsible for the phosphorylation of several key
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substrates, such as p53,13 CDC25C,14 and Plk1.15 Chk2
acts in turn as a negative regulator of a mitotic catastrophe
in human cells.9 Very recently, a mitotic catastrophe has
been reported to occur in a p53-independent manner and
to involve a caspase-2 activation upstream of cytochrome
c release, followed by caspase-3 activation and chromatin
condensation.9 By contrast, in tumor cells mitotic catas-
trophe induced by microtubule interfering agents, such as
paclitaxel, epothilone B or combretastatin-A4, has been
reported to be a caspase-independent process.16–19 These
results are strengthened by the observation that the inhi-
bition of effector caspase activation does not necessarily
protect against cell death. In fact, an alternative apop-
totic pathway, referred to as “apoptosis-like”, has recentely
been uncovered by pan-caspases inhibitors and in caspase
mutated cell lines.2,3,20 Mitochondrial alterations are in-
volved even in an “apoptosis-like” process. In fact, AIF
release promotes caspase-independent formation of large
chromatin clumps, whereas oligonucleosomal DNA frag-
ments are generated only when caspase-activated DNase
CAD is activated.1,21 In addition, the electron micro-
scope analysis revealed that the biochemical differences
between “classical apoptosis” and the “apoptosis-like” are
associated with distinctive morphological ultrastructural
features, particularly concerning the shape and degree of
chromatin condensation.2,22

Much recent experimental evidence points to lyso-
somal proteases, such as cathepsins, calpains and
granzymes,2,3,23 as mediators of caspase-independent cell
death. In non-small cell lung cancer cells microtubule sta-
bilizing agents have been shown to trigger the disruption
of lysosomal membranes and the release and activation of
cathepsin B, while the enzyme inhibition prevents aber-
rant mitoses.19

DZ (Diazepam) is a benzodiazepine and the active con-
stituent of several sedative drugs.24 At the cellular level,
DZ has been reported to inhibit centrosome separation
at prophase, leading to monopolar mitotic spindle in hu-
man primary fibroblasts.25 Furthermore, DZ acts as an
aneuploidy-inducing agent in both human and hamster
cultured cells.26–29

Here, we report direct evidence that in HeLa cells ab-
normal chromosomal segregation caused by impairment
of centrosome functionality may lead to a mitotic catas-
trophe, as a consequence of caspase-independent mecha-
nisms. By contrast, primary human fibroblasts appear to
be resistant to DZ-induced cell death.

Materials and methods

Cell cultures and DZ-treatment

Human primary fibroblasts (HFFF2), supplied by the
ECACC General Cell Collection, and human epitheloid

carcinoma cervix cells (HeLa) were maintained in D-MEM
with 10% (v/v) fetal calf serum, 1% (v/v ) L-glutamine and
antibiotics (all from Gibco, Paisly, UK). Cells were grown
in a 5% CO2 atmosphere at 37◦C. Forty-eight h before
experiments, 200,000 cells were seeded in 35 mm Petri
dishes (Falcon, Becton Dickinson, Franklin Lakes, NJ,
USA) containing sterile glass coverslip. DZ (Salars, Como,
Italy) was freshly prepared in DMSO (dimethyl sulfoxide)
prior to each experiment at a 100-fold concentration. Cells
were treated with 281 µM DZ for 12 h whereas control
cultures received 1% (v/v) DMSO. Caspase-2 inhibitor Z-
VDVAD-FMK (carbobenoxy-Val-Ala-Asp-[O-methyl]-
fluomethylketone) and Caspase 3/7 inhibitor (5-[(S)-
(+)-2-(Methoxymethyl)pyrrolidino]sulfonylisatin) (both
from Calbiochem, La Jolla, CA, USA) were used at con-
centration 100 µM and 25 µM respectively dissolved in
DMSO.

Mitotic arrest

Cells were treated for different times with 281 µM of
DZ or 5 µM colchicine (Sigma-Aldrich, St. Louis, MO,
USA), then fixed in 3:1 methanol:acetic acid for 30 min
and stained with 5% (v/v) Giemsa. The mitotic index
was calculated by scoring mitotic figures in a total of
1000 cells per experimental point/experiment in repeated
experiments.

Immunofluorescence staining of centrosome
and mitotic spindle

Cells were fixed in absolute methanol for 10 min and
in acetone for 20 sec at −20◦C. After washing with
PBS, cells were incubated in a humid chamber for 1 h
at 37◦C with a non-diluted mouse anti-γ -tubulin anti-
body (Sigma-Aldrich). Then, slides were rinsed in 1%
(w/v) BSA/PBS and incubated for 1 h at 37◦C with
a diluted 1:15 FITC-conjugated secondary anti-mouse
antibody (Vector Laboratories, Burlingame, CA, USA)
in 2% (w/v) BSA/PBS. After extensive washing in 1%
(w/v) BSA/PBS cells were kept for 1 h in the pres-
ence of a diluted 1:50 mouse anti-α-tubulin antibody
(Sigma-Aldrich,). Cells were then incubated for 1 h at
37◦C with a 1:15 anti-mouse secondary antibody conju-
gated with Texas Red (Amersham Biosciences, Bucking-
hamshire, England). DNA was counterstained for 10 min
with 0.2 µg/ml DAPI (4′ ,6′-diamidino-2-phenylindole)
(Sigma-Aldrich) and slides mounted with an anti-fade so-
lution (Vectaschield; Vector Laboratories).

At least 100 mitotic figures were scored for each exper-
iment to assess the percentage of monopolar and bipolar
mitotic spindles in repeated experiments.

A fluorescence microscope Axiophot (Zeiss, Gottingen,
Germany) was used and images were captured with a

910 Apoptosis · Vol 10 · No 4 · 2005



Diazepam-induced mitotic failure in hela cells

Cooled Charged Device (CCD camera) and re-elaborated
with an appropriate program (Adobe Photoshop 7.0).

Transmission electron microscopy

Control and DZ-treated cells, grown in to near conflu-
ence, were harvested, centrifuged at 1000 rpm for 5 min
and fixed with 2.5% (v/v) glutaraldehyde in 0.1 M ca-
codylate buffer pH 7.2, at room temperature for 1 h.
After post-fixation with OsO4 1% (v/v) in cacodylate
buffer pH 7.2, at room temperature for 1 h, cells were
dehydrated through graded ethanol concentrations with
propylene oxide final dehydration. Samples were em-
bedded in Epon 812 (Electron Microscopy Science, Fort
Washington, U.S.A). Ultrathin sections, obtained with
a LKB ultramicrotome (Ultratome Nova), were stained
with uranyl acetate and lead citrate and examined with a
Philips 208S electron microscope.

Mitochondrial function and integrity

Changes in the mitochondrial membrane potential (� m)
were analyzed using JC-1 (JC-1,5,5′ ,6,6′-tetrachloro-
1,1′ ,3,3′ tetraethylbenzimidazolylcarbocyanine iodide)
(Molecular Probes, Eugene, OR, USA). This cyanine dye
accumulates in the mitochondrial matrix under the in-
fluence of the �m and forms JC-1 aggregates which
have characteristic absorption and emission spectra. JC-1
changes colour from green to orange as membrane po-
tentials increase. Reversible formation of JC-1 aggregates
causes shift of emitted light from 530 nm to 590 nm.30

For flow cytometric analysis, 5·105 trypsinized cells
were washed with cold medium, then resuspended in
500 µl of medium and incubated with 10 µg/ml of JC-1
for 10 min at 37◦C before analysis. Biparametric fluores-
cence emissions were analyzed by Galaxy flow cytometer
(Dako, Glostrup, Denmark).

For microscopic fluorescence analysis, slides were
washed once with cold medium and then incubated with
10 µg/ml of JC-1 in 1 ml of medium for 10 min at 37◦C.
As a positive control for reduction of �m, parallel cell
cultures were treated with 45 µM of the K+ ionophore
valinomycin (Molecular Probes).

Immunofluorescence staining for activated
caspase-3 and caspase-inhibitor treatment with
FITC-VAD-FMK (fluorescein-isothiocyanate-Val-
Ala-Asp-[O-methyl]-fluoromethylketone)

For immunofluorescnce staining for active caspase-3 cells
were fixed in 3% (w/v) paraformaldehyde/PBS for 20 min
at 4◦C. After 3 washing with TBS-T (tris-buffered saline-
tween) (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1%
Tween) cells were kept for 1 h with blocking buffer (5%

Normal Goat Serum in TBS-T) at room temperature and
then incubated overnight at 4◦C in a humid chamber
with of a diluited 1:100 rabbit anti-cleaved caspase-3 an-
tibody (Cell Signaling Technology, Beverly, MA, USA) in
5% (w/v) BSA/TBS-T. Slides were rinsed in TBS-T and
incubated for 1 h at RT with a diluted 1:60 FITC Alexa
secondary anti-rabbit antibody (Molecular Probes) in 5%
(w/v) BSA/TBS-T. DNA was counterstained with DAPI
and slides mounted with an anti-fade solution.

At least 100 apoptotic figures per experiment, based
on morphological parameters, were scored to assess the
percentage of cells positive or negative to the staining.

To determine caspase activation, treated cells were in-
cubated for 20 minutes at 37◦C with 10 µM of the
caspases inhibitor FITC-VAD-FMK (Promega, Madison,
WI, USA) which binds selectively to active caspases. Then
cells were fixed in buffered formalin for 30 minutes at
room temperature. The slides were rinsed with PBS, DNA
was counterstained for 10 min with 0.2 µg/ml DAPI and
slides mounted with an anti-fade solution. Images were
captured as reported above.

The role of caspases in DZ-induced aberrant mi-
toses was analyzed by incubating HeLa cells for 12 h
in the presence of DZ alone or in combination with
50 or 100 µM Z-VAD-FMK (carbobenoxy-Val-Ala-
Asp-[O-methyl]-fluomethylketone)(Promega) dissolved
in DMSO. Cells were fixed in 3:1 methanol:acetic acid
for 30 min and stained with 5% (v/v) Giemsa. The mi-
totic index was calculated by scoring mitotic figures in
2000 cells per experimental point, whereas the frequency
of aberrant mitosis was scored in 200 mitotic figures.

Protein extraction and immunoblotting

Non aderent and aderent cells were washed on ice in cold
PBS, collected using a scraper, centrifuged for 10 min at
1000 rpm, then the pellet was lysed for 30 min on ice in
40 µl of extraction buffer solution (20 mM Tris HCl pH
8.0, 137 mM NaCl, 10% (v/v) glycerol, 1% (v/v) NP-40,
10 mM EDTA, 1 µg/ml of aprotinin, 1 µg/ml pepstatin,
1 µg/ml and leupeptin, 1 mM orthovanadate, and 2 mM
PMSF) or in nuclear protein extraction buffer according
to the procedure of Dignam et al.31 Protein concentration
was evaluated with a Micro BCA protein assay (Pierce,
Rockford, IL, USA) as follows. Briefly, 25 µg of soluble
proteins were boiled for 5 min in SDS loading buffer and
separated by electrophoresis on a 7% or 12% (w/v) SDS
polyacrylammide gel and transferred to a polyvinylidene
difluoride membrane (Millipore, Bedford, MA, USA). The
efficiency and homogeneity of running and transfer were
evaluated using Comassie Blue and Ponceau Red, respec-
tively. Blotted filters were blocked for 30 min in 5% (w/v)
skim milk at RT and then incubated over/night with
1 µg/ml antibody anti-Bax (Santa Cruz Biotechnology,
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Santa Cruz, CA, USA), PARP (poly-(ADP-ribose) poly-
merase) (Roche Applied Science, Penzberg, Germany),
α-tubulin (Santa Cruz Biotechnology), caspase-9, caspase-
3, caspase-6 and caspase-8 (Cell Signaling Technology)
activated antibodies.

Filters were then incubated for 1 h at 37◦C with sec-
ondary anti-mouse or anti-rabbit antibodies (Amersham
Biosciences) diluted 1:2000 in skim milk. The antibody
reaction was checked by the enhanced chemiolumines-
cence detection procedure according to the manufacturer’s
instructions (Amersham Biosciences).

Fluorescein-FragELTM DNA fragmentation
analysis

Apoptosis was analysed by the in situ Fluorescent-
FragELTM DNA fragmentation kit (Oncogene Research
Products, San Diego, CA, USA). Briefly, both control and
DZ-treated cells were fixed in 4% (w/v) paraformalde-
hyde/PBS for 10 minutes at room temperature and rehy-
dratated. Slides were then permeabilized with 20 µg/ml
of proteinase K for 5 min at room temperature. After 2
washes in TBS (20 mM Tris pH 7.6, 140 mM NaCl),
slides were then equilibrated in TdT (terminal deoxynu-
cleotidyl transferase) equilibration buffer for 30 min at
room temperature, then the TdT Labeling Reaction Mix-
ture (TdT enzyme diluted 1:20 in Fluorescein-Fragel TdT
Labeling Reaction Mix) was added. Slides were washed
in TBS and mounted with Fluorescent-Fragel mounting
media.

Cytofluorimetric analysis of subdiploid (subG1)
DNA peak

Apoptosis was assessed by DNA fluorescence flow cyto-
metric profiles. Cells detached from plates were washed
two-fold in PBS, then resuspended in 1 ml of flu-
orochromic solution containing 0.05 mg/ml PI (pro-
pidium iodide), 0.1% sodium citrate and 0.1% Triton
X-100 and then placed at 4◦C in the dark overnight
before the flow-cytometric analysis. The fluorescence of
DNA of isolated nuclei (PI fluorescence) was analyzed by
Galaxy flow cytometer (Dako , Glostrup, Denmark) and
the percentage of apoptotic nuclei (subdiploid DNA peak
in the DNA fluorescence histogram) was calculated using
WinMDI software v. 2.8 (Joe Trotter).

Results

DZ arrests cells at a prometaphase stage

Treatment of HFFF2 primary fibroblasts with DZ for 12 h
induced a 1.4-fold-increase of mitotic index as compared
with untreated cultures, whereas such increase was of 4.6-
fold in HeLa cells (Figure 1). To ascertain whether cells

Figure 1. Effect of 281 µM DZ and 5 µM colchicine on mitotic in-
dex (M.I.). The M.I. of treated cells is represented as fold-increase
over the M.I. scored in untreated cultures.

were in a growing phase and displayed an efficiency in mi-
totic block, other cultures were treated in parallel with 5
µM colchicine. Cytofluorimetric experiments with an an-
tibody specific for the phosphorylated form of histone-H3
gave similar results (not shown), indicating that DZ was
more effective in HeLa than in primary cells.

We then looked at the morphology of mitotic arrested
cells processed for Giemsa staining, indirect immunoflu-
orescence and TEM (trasmission electron microscopy)
(Figure 2). In particular to investigate possible alterations
in the mitotic spindle and centrosomes, specific antibod-
ies were used, namely, anti-α-tubulin for mitotic spindle
microtubules and anti-γ -tubulin, directed to the pericen-
triolar material of centrosomes.32

Figure 2 shows representative examples of DZ-
induced mitotic figures in HeLa cell cultures, as re-
vealed by Giemsa staining (a–c), α- and γ -tubulin dou-
ble immunofluorescence (d–f) and TEM (g–i). Normal
metaphases showing a bipolar arrangement of mitotic
spindle and chromosomes gathered to the equatorial plane
were observed in control untreated cells (Figures 2a, d
and g). DZ treatment produced monopolar metaphases
(Figures 2b, e and h); as revealed by the γ -tubulin im-
munolocalization, centrosomes were duplicated but still
unseparated, while anti-α-tubulin revealed monopolar
spindle (Figure 2e, large arrow). The peculiar arrangement
of chromosomes and the central position of unseparated
centrosomes is revealed in further detail by TEM analysis
(Figure 2h). In fibroblast cultures, DZ induced monopolar
metaphases with unseparated centrosomes in more than
98% of cells arrested in mitosis.

In spite of the 12h-DZ-treatment, some HeLa cells
progressed through mitosis, giving rise to mitotic failure
events (Figures 2c, f and i). In fact, many of the aber-
rant metaphases showed separated centrosomes, bipolar
α-tubulin-stained mitotic spindle and masses of
chromatin arranged outside the equatorial plate. In such
mitoses, displaced chromosomes were readily detected by
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Figure 2. Treatment with DZ induces the formation of abnormal metaphases in HeLa cells. Control cells (a, d, g) and cells treated for 12 h
with 281 µM DZ (b, c, e, f, h, i) were stained with Giemsa, immunostained with antibodies against γ -tubulin (red) and α-tubulin (green)
or analyzed by transmission electron microscopy. DNA was counterstained with DAPI (blue). Control cells showed a bipolar spindle with
γ -tubulin localized at poles and DNA aligned in metaphase plate (a,d,g). After treatment with DZ, monopolar spindles with centrosomes
showing various degrees of separation (b, e, h) and aberrant bipolar spindles with masses of chromatin displaced outside the equatorial
plate, but connected to the spindle poles, were observed (c, f, i). Classification and frequency of the scored prometaphases into four
categories based on the immunofluorescence staining with antibodies against γ - and α-tubulin and DNA counterstainig with DAPI in
DZ-treated HeLa and HFFF2 (l). Bars: ±SE.
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Figure 3. Western blot with Bax antibody on whole protein ex-
tracts from HeLa and HFFF2 cells treated either for 12 h with
281 µM DZ or for 3 h with 2 µM staurosporine (STS). Equal loading
of proteins was ascertained with an antibody directed to α-tubulin.

TEM (Figure 2i).
In Figure 2l, the distribution of the different types

of mitotic figures, as classified after staining with α and
γ -tubulin antibodies, is reported. Values obtained in
treated samples were normalized on figures scored in un-
treated cultures. As stated before, DZ-treated primary
fibroblasts showed nearly 100% metaphases with unsepa-
rated centrosomes, whereas in HeLa cells they represented
only 26% of the scored mitotic figures. In HeLa cells,
prometaphases with various degrees of centrosome separa-
tion (11%) and mitotic cells with a bipolar spindle (21%)
were also observed. In addition, 42% of the analyzed mi-
toses showed a bipolar mitotic spindle with few-to-many
chromosomes localised near the poles and thus displaced
from the remaining chromosomes at the equatorial plane.
Cells bearing these features were interpreted as undergo-
ing mitotic catastrophe.

DZ induces alterations in MMP

Mitochondrial alterations induced by DZ in HeLa cells
were accompanied by accumulation of Bax protein, as eval-
uated by immunoblot analysis, whereas levels of the pro-
tein were unchanged in HFFF2 fibroblasts. Staurosporine,
a well known agent inducing apoptosis, was used as a pos-
itive control (Figure 3).

After 6 or 12 h of DZ-treatment, both HeLa cells and
fibroblasts were loaded with JC-1, a specific indicator of
mitochondrial membrane potential (�m). DZ treatment
induced perturbations in the function of mitochondrial
membranes, as indicated by the orange to green colour
switch in a great number of HeLa cells; such an effect
was not observed in DZ-treated primary fibroblasts. Fur-
thermore, incubation in the simultaneous presence of DZ
and Z-VDVAD-FMK, a specific inhibitor of caspase-2, did
not prevent mitochondrial memebrane depolymerization.
A loss of MMP was observed in both HeLa and HFFF2
cells after exposure to staurosporine (Figure 4c, f).

Flow cytometric quantitative analysis performed on
HeLa cells after JC-1 labelling, clearly showed that
DZ induces alterations in the mitochondrial membranes
7.8-fold as compared to untreated cultures (Figures 4l

Figure 4. Fluorescence staining with JC-1 of untreated and DZ-
treated or staurosporine-treated HeLa (a, b, c) and HFFF2 fibrob-
lasts (d, e, f). HeLa cells treated with Z-VDVAD-FMK, an inhibitor
of caspase-2, alone (g) or in combination for 12 h with DZ (h).
Cytofluorimetric quantification of JC-1 staining HeLa cells. Bivari-
ate plots of orange (FL2) versus green (FL1) fluorescence as an
estimate of mitochondrial membrane potential (�m). Values indi-
cate percentages of depolarized mitochondria. Untreated controls
(i), 281 µM DZ 6 h (l) and 12 h (m), 2 µM staurosporine 3 h (n)
and 45 µM valinomycin 10 min (o).

and m); staurosporine was even more potent (13.6-fold)
(Figure 4n). The ionophore valinomycin was used as a pos-
itive control for the staining assay, showing 98% of JC-1
positive cells (Figure 4o).

Changes in the mitochondrial membrane potential in-
duced by DZ treatment were accompanied by remarkable
alterations in the mitochondrial ultrastructure. In fact,
while untreated HeLa cells showed well preserved mi-
tochondria with well defined and parallel cristae and a
homogeneous matrix (Figure 5), after 6 h of DZ treat-
ment, most mitochondria displayed irregular shapes and
dilated cristae (Figure 5). These modifications were even
more evident after treatment for 12 h: mitochondria un-
derwent fragmentation with vacuolized cristae in a highly
condensed matrix (Figure 5).

DZ induces apoptosis through a
caspase-independent mechanism

Since mitotic catastrophe has been reported by some au-
thors as a caspase-3-independent process,18 we used spe-
cific antibodies against active caspases-9, -8, -3, -6 to as-
certain the role of these enzymes in DZ-induced HeLa cell
death. Western blot analysis of time-course experiments

Figure 6. DZ-treated HeLa cells follow caspase-9, caspase-3,
caspase-6 and caspase-8-independent apoptosis. Western blot
analysis of whole protein extracts from HeLa cells treated either
for 4, 8, and 12 h with 281 µM DZ carried out with antibodies di-
rected to cleaved caspase-9, -3, -6 and -8. As positive controls,
cells were treated 3 h with 1 µM and 2 µM staurosporine, or 5 h
with 10 nM α-TNF. Equal loading of proteins was probed with α-
tubulin antibody (a). Examples of apoptotic HeLa cells as induced
by DZ (b) and staurosporine (c) both showing DNA condensa-
tion and fragmentation and negative or positive to immunofluo-
rescence staining with an antibody against activated caspase-
3. Percentage of caspase-3 positive and negative apoptotic cells
as observed after treatment with DZ or staurosporine (d). Cas-
pase activation occurs only in staurosporine-treated cells (e,f,g)
as evaluated by incubation with FITC-VAD-FMK, which binds to
activated caspases. Effect of a Z-VAD-FMK inhibitor on aberrant
mitosis induced by DZ (h). Cells were treated for 12 h with 281
µM DZ alone or in combination with 50 or 100 mM Z-VAD-FMK.
Bars: ±SE.
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Figure 4. Figure 6.
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Figure 5. Transmission electron microscopy observations of untreated (a) and DZ-treated HeLa cells for 6 and 12 h (b and c, respectively).

indicated that DZ leads to reduced activation of caspase-9,
whereas caspase-3 was almost undetectable, as compared
to staurosporine-treatment (Figure 6a). Furthermore, we
found no activation of caspase-6 and caspase-8 after DZ-
treatment (Figure 6a).

Consistent with these data, staurosporine induced a
high proportion of caspase-3 immunoreactive apoptotic
cells, whilst only 8% of DZ treated cells were positive.
In addition, 20 and 70% of DZ and staurosporine-treated
cells, respectively, were stained by FITC-VAD-FMK, a
compound which binds exclusively to activated caspases
(Figure 6). In agreement with these observations, neither
the mitotic index nor the frequency of aberrant mitosis in-
duced by DZ was affected by incubation with the general
caspase inhibitor Z-VAD-FMK (Figure 6).

Furthermore, the understanding of mechanisms lead-
ing to cell death might well benefit from the analysis
of higly specific morphological markers. TEM analysis of
HeLa cells treated with either DZ or staurosporine re-
vealed consistent differences in their morphological fea-
tures. The morphological changes of the cells treated
with staurosporine showed signs of “classical” apopto-
sis, including chromatin condensation in compact and
apparently simple geometric (globular, crescent-shaped)
figures, cytoplasmic shrinkage, zeiosis, and formation of
apoptotic bodies with nuclear fragments (Figure 7). By
contrast, in DZ treated cells chromatin condensation was
less prominent and complete (geometrically more com-

Figure 7. Differences between classical apoptosis induced by
staurosporine (a) and “apoptosis-like” cell death induced by
DZ (b).

plex and lumpier shapes), and cytoplasm vacuolization
was a common finding (Figure 7). These features are recog-
nised as typical hallmarks of the so-called “apoptosis-like”
cell death.2

Hallmarks of apoptosis other than caspase
activation were detected in DZ-treated cells

Immunoblot analysis performed with a PARP antibody
clearly indicated the presence of the 89 kDa apoptotic-
associated fragment after exposure of HeLa cells to either
DZ or staurosporine. However, the intensity of the sig-
nal for the 89 kDa fragment was stronger in staurosporine
than in DZ-treated cells (Figure 8). Apoptosis was demon-
strated also by DNA fluorescence flow cytometric profiles.
DZ was able to induce apoptosis in HeLa cells, however
the extent of such induction was lower compared to that
obtained by means of TUNEL assay (Figure 8).

Furthermore, committment to apoptosis was confirmed
by TUNEL, a specific assay for DNA interucleosomal
cleavage. Both DZ and staurosporine were able to in-
duce DNA fragmentation in HeLa cells (Figure 8f, g).
The quantitative analysis as performed by TUNEL assay
in HeLa cell cultures showed that DZ and staurosporine
induced about 30 and 73% apoptotic cells, respectively
(Figure 8h). No modulation of DZ-induced DNA frag-
mentation was detected in case of combinated incubation
with a caspase-2 (Z-VDVAD-FMK) and a caspase 3/7 spe-
cific inhibitor (Figure 8).

Untreated and DZ-treated HFFF2 were negative to
the immunofluorescent staining for DNA fragmentation,
whereas positive staining was detected in HFFF2 treated
with staurosporine (Figure 8o, p, q).

Discussion

In this paper, we show that the centrosome-separation
inhibitor DZ induces cell death by a mitotic catastrophe
casapase-3-independent mechanism in HeLa cells but not
in primary fibroblasts.
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Figure 8. Western blot analysis of PARP cleavage on nuclear protein extracts. The presence of signal at 116-kDa indicates uncleaved
protein, whereas the 89-kDa signal indicates the apoptotic-cleaved protein. Cells were treated for 12 h with 281 µM DZ or 3 h with 2 µM
staurosporine (a). DNA fluorescent cytometric profiles of untreated HeLa cells (b) or treated either for 12 h with 281 µM DZ (c) or for 3
h with 2 µM staurosporine (d). In the panel are reported the percentages of apoptotic nuclei (cells with a subdiploid content of DNA).
DZ induces apoptosis only in HeLa cells as evaluated by means of Fluorescent-FragELTM DNA fragmentation kit. Immunofluorescent
staining of untreated HeLa cells (e) or treated either for 12 h with 281 µM DZ (f) or for 3 h with 2 µM staurosporine (g). Percentage of HeLa
apoptotic cells as measured by scoring for cells positive to the immunofluorescent staining (h). Cells treated with 100 µM caspase-2 (i)
and 25 µM caspase 3/7 inhibitors (m) or in combination with DZ (l,n). Primary fibroblasts HFFF2 were resistant to DZ-induced apoptosis.
Untreated fibroblasts (o) and cells treated with either DZ (p) or staurosporine (q). Bars: ±SE.

By interfering with centrosome splitting in the
prophase-to-prometaphase transition, DZ is able to act as
a mitotic arrestant. However, while a consistent and com-
parable mitotic accumulation has been obtained in several
tumour cell lines treated with either DZ or colchicine, DZ
acts as a poor mitotic arrestant only in HFFF2 primary
fibroblasts and lymphocytes (present results;28). This may
indicate either that cells are delayed in phases that preeced
mitosis or that DZ is less active in primary cells. How-
ever, those cells reaching mitosis are strongly arrested at
the prometaphase stage with a monopolar spindle and un-
separated pairs of centrosomes, as previously reported by

Andersson et al.25 Contrastingly, HeLa cells and other five
tumour lines investigated (MCF-7, Hep2, SiHa, Me180
and HepG2; data not shown), display a high propor-
tion of mitosis with various degrees of centrosome sep-
aration after DZ treatment. More than half of mitotic
cells become transiently arrested at the prometaphase
stage and then attempt to go through mitosis without
the completion of proper chromosome congression. As
a result of treatment, mitotic failure occurred as shown
by the massive presence of markedly irregular mitosis
with masses of chromatin displaced from the equatorial
plate.
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Moreover, in our experiments, we observed neither
anaphases nor cells with a polyploid nucleus. These
findings support the notion that cells fail to progress
from prometaphase to metaphase, that is before a proper
chromosome aggregation, and die before attempting
metaphase to anaphase transition.

The present results are reminiscent of those produced
by a dominant-negative Plk1, which has been reported to
affect centrosome separation and induce mitotic catastro-
phe in HeLa cells but not in Hs68 fibroblasts and normal
human mammary epithelial cells.7,33 It is interesting to
remark that the kinase activation of Cdk1 was reported to
be blocked by the dominant-negative Plk1 in both normal
epithelial cells and in tumour lines regardless of whether
they underwent a mitotic catastrophe.7 Similarly, we de-
tected a far higher amount of Tyr15-phosphorylated Cdk1
after DZ treatment (data not shown), which corresponds to
the inactive form.34 This finding seems to suggest that the
mitotic failure is not attributable to a lack of dependence
for DZ in activating Cdk1. Contrastingly, combretastatin-
A4, an inhibitor of microtubule assembly,35 induces a
mitotic catastrophe independent of Cdk-1 phosphoryla-
tion in leukemia cells,18 indicating that the biochemical
markers responsible for this type of cell death may be cell
type-dependent.

It is well known that the proper attachment of kine-
tochores at the mitotic spindle is monitored by the spin-
dle assembly checkpoint driven by the APC (anaphase-
promoting complex).36 Checkpoint proteins as MAD2
(mitotic arrest deficient) inhibit the APC when chromo-
somes are unattached or not bipolarly attached to the mi-
totic spindle, a condition that fails to generate tension at
the kinetochore.37 In this respect, agents affecting centro-
some separation, as DZ or monoastrol (an inhibitor of the
Eg5 kinesin),38,39 determine a syntelic attachment (paired
kinetochores may capture microtubules coming from the
same spindle pole), a condition that may well activate
the spindle checkpoint.39 Since a mitotic checkpoint de-
ficiency has been reported in several cell lines,40,41 we
checked this possibility by means of a treatment with clas-
sical anti-microtubule depolymerizing agents: both cell
types underwent a mitotic block after colchicine, show-
ing an efficient checkpoint.

It has been suggested that a mitotic arrest triggers
a mitotic spindle checkpoint, which somehow, maybe
through caspase-2 and the Bcl-2 family proteins, is likely
to affect the mitochondrial permeability, as well as the
release of proapoptotic factors into cytosol, the activa-
tion of caspases, and finally the execution of mitotic
catastrophe.6,42,43 Recently, it has been shown that mi-
totic catastrophe induced by Chk2 inhibition involves
primary activation of caspase-2 upstream of mitochon-
drial membran modifications.43 In our experiments we
find neither loss of MMP nor reduction of DNA fragmen-
tation in DZ-treated cells co-incubated with a specific

inhibitor of caspase-2, suggesting that mitotic catastro-
phe activated by mitotic-interfering agents may follow a
different pathway.

Despite the absence of caspase-2 activation, Bax, which
by interacting with other Bcl-2 family members regulates
the release of proapoptotic factors, was induced after DZ
treatment solely in HeLa cells. Furthermore, we found
that mitochondria underwent marked changes: they were
collapsed and showed almost complete disorganization of
cristae, whereas the mitochondria from untreated samples
appeared elongated, oval-shaped and with dense cristae.
These results indicate that in HeLa cells, DZ triggers irre-
versible mitochondrial morphological and ultrastructural
alterations accompanied by a loss of MMP, as shown by
JC-1 staining.30

Beside mitotic alterations on mitochondrial morphol-
ogy and functionality, it can be also speculated that such
an impairment occurs as the result of DZ binding to
PBR (peripheral-type benzodiazepine receptors), which
reside in the mitochondrial outer membrane and con-
tribute to permeability transition pores.44 The cytosolic
release of endozepine, the cellular endogenous ligand of
PBR, may participate in a positive feedback loop accel-
erating MMP.45 Furthermore, apoptosis induced by the
anti-CD95 receptor antibody was shown to be enhanced
by different ligands of the benzodiazepine receptor in hu-
man tumour cells and the combined treatment of DZ and
lonidamine was shown to be successfully applied to erad-
icate glioblastoma.46,47 Furthermore, the chronic use of
DZ has been associated with a more favourable outcome
in breast cancer.48 The difference observed between HeLa
and primary cells, may be well explained by the observa-
tion that PBR are overexpressed in many tumour types.49

However, RT-PCR analysis indicated that both cell lines
we used expressed detectable and comparable levels of
mRNA transcripts for PBR (not shown). In addition, in
our experiments the effect of DZ seemed to be restricted
to mitotic cells, pointing to a stage-specific effect of the
drug, which would not be expected on the basis of the
PBR presence only.

As a consequence of the loss in MMP, we found that dis-
tinctive markers of apoptosis commitment were displayed
only in DZ-treated HeLa cells. Then, PARP cleavage and
DNA internucleosomal fragmentation occurred in spite
of a very low or absent caspase-9, -8, -6, -3 and -2 ac-
tivation, thereby suggesting a caspase-independent cell
death mechanism. This finding is corroborated by the ob-
servation that the frequency of aberrant mitosis was not
suppressed by DZ treatment in combination with the pan-
caspase inhibitor Z-VAD-FMK, indicating that proteases
other than caspases may be involved in perturbation of the
proper mitosis. Similarly, this observation is supported by
experiments carried out at a cellular level with the pan-
caspase inhibitor and specific inhibitors of caspase-2 and
of caspase-3/7.
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In this regard, downstream differences in the mi-
totic catastrophe as obtained exposing cells either to
spindle depolymerizing and stabilizing agents or to DZ
should be emphasized. Several reports have indicated
a caspase-dependent apoptosis after treatment with a
number of microtubule-targeted anticancer agents, such
as paclitaxel.42 However, using the caspase inhibitors
Z-VAD-FMK, other authors failed to prevent a mi-
totic catastrophe induced by classical spindle poisons or
combretastatin-A4, and made the conclusion that such
type of cell death is unrelated to caspase activation.17–19,22

As reported over the last few years, many cell death
mechanisms have been defined as apoptosis-like pro-
grammed cell death, driven by an active process de-
pendent on signalling events, not necessarily caused by
caspase activation and often of lysosomial origin.2,3,23,50

For the caspase-dependent and caspase-independent cell
death pathways, mitochondria are central stations; in re-
sponse to apoptotic stimuli, they can also release caspase-
independent cell death effectors such as AIF and endonu-
clease G.51 Together with the lack of caspase-3 activation,
the morphological features obtained by TEM analysis of
DZ-treated cells revealed features that were observed in
caspase-3 deficient cells MCF-7 induced to cell death.2,52

In agreement with our observations, it has been reported
that caspase-3 deficiency does not affect Bax-induced level
of PARP cleavage.20

Recently, the role of lysosomes and lysosomal enzymes
in initiation and execution of the apoptotic program
has been shown in several models.50 As a result, non-
caspase proteases such as cathepsins appear to be im-
portant regulators in caspase-independent apoptosis, as
recently demonstrated for the role of cathepsin-B in me-
diating a mitotic catastrophe in lung cancer cells.19

Conclusions

In conclusion, the present results indicate that, by inter-
fering with the proper centrosome separation, DZ is able
to induce mitotic catastrophe events in HeLa cells, but
not in primary fibroblasts. The drug is capable of acti-
vating the mitochondrial pathway, which in turn leads
to a caspase independent cell death. The observation that
checkpoint defects and mutation in caspase genes are fre-
quently found in tumour cells, points to the relevance of
centrosome-interfering agents as a possible tool to eradi-
cate malignancy.

However, further experiments need to better clarify the
apoptotic response to benzodiazepine and the cell speci-
ficity, in that C6 rat glioma cells have been shown to be
resistant to DZ treatment whereas the PBR-ligands, PK
11195 and Ro5-4864 induce in the same cells caspase-3-
dependent apoptosis.53
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