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Apoptotic microtubules delimit an active caspase free
area in the cellular cortex during the execution phase
of apoptosis

M Oropesa-Avila', A Fernandez-Vega', M de la Mata', JG Maraver', MD Cordero?, D Cotan', M de Miguel?, CP Calero', MV Paz',
AD Pavén', MA Sanchez', AP Zaderenko®, P Yhot-Gonzalez* and JA Sanchez-Alcazar*"

Apoptotic microtubule network (AMN) is organized during apoptosis, forming a cortical structure beneath plasma membrane,
which has an important role in preserving cell morphology and plasma membrane permeability. The aim of this study was to
examine the role of AMN in maintaining plasma membrane integrity during the execution phase of apoptosis. We demonstrated
in camptothecin-induced apoptosis in H460 cells that AMN delimits an active caspase free area beneath plasma membrane that
permits the preservation of cellular cortex and transmembrane proteins. AMN depolymerization in apoptotic cells by a short
exposure to colchicine allowed active caspases to reach the cellular cortex and cleave many key proteins involved in plasma
membrane structural support, cell adhesion and ionic homeostasis. Cleavage of cellular cortex and plasma membrane proteins,
such as a-spectrin, paxilin, focal adhesion kinase (FAK), E-cadherin and integrin subunit 4 was associated with cell collapse
and cell detachment. Otherwise, cleavage-mediated inactivation of calcium ATPase pump (PMCA-4) and Na */Ca?* exchanger
(NCX) involved in cell calcium extrusion resulted in calcium overload. Furthermore, cleavage of Na " /K™ pump subunit g was
associated with altered sodium homeostasis. Cleavage of cell cortex and plasma membrane proteins in apoptotic cells after AMN
depolymerization increased plasma permeability, ionic imbalance and bioenergetic collapse, leading apoptotic cells to
secondary necrosis. The essential role of caspase-mediated cleavage in this process was demonstrated because the
concomitant addition of colchicine that induces AMN depolymerization and the pan-caspase inhibitor z-VAD avoided the
cleavage of cortical and plasma membrane proteins and prevented apoptotic cells to undergo secondary necrosis. Furthermore,
the presence of AMN was also critical for proper phosphatidylserine externalization and apoptotic cell clearance by
macrophages. These results indicate that AMN is essential to preserve an active caspase free area in the cellular cortex of
apoptotic cells that allows plasma membrane integrity during the execution phase of apoptosis.
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Apoptosis is a physiologic mechanism employed by most
multicellular organisms to maintain tissue remodeling during
development, tissue homeostasis, removal of senescent cells
and the elimination of cells with severe genetic damage.'
Moreover, many antineoplasic drugs such as campothecin, a
topoisomerase | inhibitor, kill tumor cells by inducing
apoptosis. This mechanism of cell death is thought to be
physiologically advantageous because apoptotic cells are
removed by phagocytosis before they lose their permeability
barrier, thus preventing induction of an inflammatory response
to the dying cells. In apoptosis, all the degradative processes
are isolated from the extracellular space by the plasma
membrane, which remains impermeable. However, the

mechanisms of how plasma membrane and associated
proteins are protected from the action of caspases are not
known. In contrast, necrosis is accompanied by disruption of
plasma membrane integrity so all intracellular compounds are
released to the intercellular space, thus inducing inflammation
and more toxic effects to adjacent cells.>® In contrast to
apoptotic cells in vivo, cells which undergo apoptosis in vitro
cannot usually be cleared by phagocytes and undergo a late
process of secondary necrosis defined as a loss of cell
membrane integrity, calcium influx from the medium and
release of cell content into the extracellular space.* Previous
evidence suggests that the actomyosin cytoskeleton has an
essential role in apoptotic cell remodeling during the early

'Centro Andaluz de Biologia del Desarrollo (CABD-CSIC-Universidad Pablo de Olavide), and Centro de Investigacién Biomédica en Red: Enfermedades Raras, Instituto
de Salud Carlos Ill, Sevilla, Spain; 2Departamento de Citologia e Histologia Normal y Patolégica, Facultad de Medicina. Universidad de Sevilla, Sevilla, Spain; *Sistemas
Fisicos, Quimicos y Naturales-Universidad Pablo de Olavide, Sevilla, Spain and “Instituto de Biomedicina de Sevilla (IBIS)-CSIC, Hospital Virgen del Rocio, Sevilla,
Spain

*Corresponding author: JA Séanchez Alcazar, Centro Andaluz de Biologia del Desarrollo (CABD). Consejo Superior de Investigaciones Cientificas. Universidad Pablo de
Olavide, Carretera de Utrera Km 1, Sevilla 41013, Spain. Tel: 349 5497 8071; Fax: 349 5434 9376; E-mail: jasanalc@upo.es

Keywords: apoptosis; microtubules; cytoskeleton; caspases; secondary necrosis

Abbreviations: AMN, apoptotic microtubule network; CPT, camptothecin; COL, colchicine; CYTO, cytochalasin; Aym, mitochondria membrane potential; FAK, focal
adhesion kinase; GADPH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactic dehydrogenase; NCX, Na*-Ca * exchanger; PMCA-4, plasma membrane Ca?*
ATPase; PS, Phosphatidylserine; ROCK-1, Rho-associated, coiled-coil containing protein kinase 1

Received 7.1.13; revised 4.2.13; accepted 5.2.13; Edited by A Stephanou


http://dx.doi.org/10.1038/cddis.2013.58
mailto:jasanalc@upo.es
http://www.nature.com/cddis

AMN and free active caspase area in apoptosis
M Oropesa-Avila et a/

B

events of the execution phase, whereas all other cytoskeleton
elements (microtubules and intermediate filaments) are
dismantled.® However, during the course of the execution
phase, the actomyosin filaments are also depolymerized by a
caspase-dependent mechanism. In this situation apoptotic
cell formed a network of apoptotic microtubules as the main
cytoskeleton element of the apoptotic cell. The presence of
microtubules in apoptotic cells has previously been
reported.e'7 Moreover, more recent results indicate that
microtubules during apoptosis assist in the dispersal of
nuclear and cellular fragments,®° and may help to preserve
the integrity of plasma membrane of the dying cell."®

The aim of this study was to examine the role of AMN in
preserving plasma membrane integrity during the execution
phase of apoptosis. Our results suggest that AMN works as a
physical barrier keeping an active caspase free area in the
cellular cortex of apoptotic cells, and thus avoiding the
cleavage of essential proteins in maintaining plasma mem-
brane integrity.

Results

AMN works as a physical barrier against active
caspases. To examine the disposition of microtubules
during apoptosis and its relationship with plasma membrane,
cells were fixed and stained for p-tubulin, plasma membrane
and active caspase-3 (Figures 1a and b). Both attached
apoptotic cells and floating cells, which represent apoptotic
cells in secondary necrosis were analyzed. We also
examined apoptotic cells treated with colchicine for 1h or
colchicine plus the pan-caspase inhibitor z-VAD to examine
the effect of AMN depolymerization when caspases were
active or inhibited (Figures 1a and b). In apoptotic cells, AMN
seemed to work as a physical barrier impeding active
caspases to reach the cellular cortex and plasma membrane.
The cellular cortex, which appears as a narrow area between
the plasma membrane and the apoptotic microtubules was
free of active caspase-3. On the contrary when AMN was
depolymerized by colchicine, active caspase-3 reached
freely the cellular cortex and plasma membrane. Likewise,
the active caspase-3 free area in the cellular cortex
disappeared in apoptotic cells treated with colchicine and
the pan-caspase inhibitor z-VAD and in floating death cells
without AMN that represent cells in secondary necrosis. As
expected, control cells without treatment and control cells
treated with colchicine for 1 h were not apoptotic and did not
show activation of caspase-3.

For a better visualization of AMN structure in genuine
apoptotic cells we performed a 3D reconstruction with the
Delta Vision software of cells stained for microtubules, actin
and nuclei. We found that apoptotic cells with fragmented
nuclei lacked actin microfilaments and AMN presented the
typical ‘cocoon’ like structure that may function as a protective
barrier surrounding the whole-cell (Supplementary Figure S1).

AMN prevents plasma membrane permeability. To
assess the significance of the AMN in genuine apoptotic
cells versus apoptotic cells without AMN, we examined
plasma membrane permeability in both apoptotic cells and
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cells in secondary necrosis. We also analyzed apoptotic cells
treated with colchicine for 1h or colchicine plus the pan-
caspase inhibitor z-VAD to examine the effect of AMN
depolymerization when caspases were active or inhibited.
Cells were examined using the Dead Red reagent, a red
fluorescent nucleic acid stain that only labels permeable
cells, thus testing plasma membrane integrity."" We found
that AMN was present in almost 100% of adherent apoptotic
cells that were impermeable to the supravital dye (Figures 2a
and b). However, we observed that membrane integrity was
impaired in secondary necrotic cells, in which AMN was
disorganized (Figures 2a and b). Interestingly, membrane
permeability was also impaired in apoptotic cells, in which
AMN was disorganized after colchicine treatment. However,
plasma membrane remained impermeable in apoptotic cells
treated simultaneously with colchicine and z-VAD, suggest-
ing that although active caspases were able to reach the
cellular cortex after AMN disorganization by colchicine,
functional active caspases and consequently cleavage of
cellular cortex and plasma membrane proteins are necessary
to impair plasma membrane permeability. As expected,
control cells without treatment and control cells treated with
colchicine for 1h remained impermeable. These observa-
tions were quantified scoring the proportion of living
(impermeable and non-apoptotic  nuclei), apoptotic
(impermeable and fragmented nuclei) and secondary necro-
tic cells (permeable and fragmented nuclei) under the
different experimental conditions (Figure 2b).

Plasma membrane and cell cortex proteins are protected
from caspase-mediated cleavage by AMN. To verify the
functional relevance of AMN as a physical barrier during the
execution phase of apoptosis, we examined the integrity of
well-known cytosolic, nuclear, cellular cortex and plasma
membrane proteins which are common substrates of effector
caspases, in control, apoptotic and secondary necrotic cells.
Apoptotic cells were also treated with colchicine or colchicine
plus the pan-caspase inhibitor z-VAD for 1 h to examine the
effect of AMN depolymerization when caspases were active
or inhibited (Figure 3). Western blot analysis revealed that
initiator caspase-9 and efector caspases-3 and -7 were
activated and nuclear (PARP and lamin B) and cytosolic
proteins (cytokeratins 5/8, cytokeratin 18 and ROCK-1) were
cleaved in genuine apoptotic cells with AMN indicating that
caspases were degrading nuclear and cytosolic components
during the execution phase of apoptosis. On the contrary,
cellular cortex and plasma membrane proteins such as
a-spectrin, paxilin, focal adhesion kinase (FAK), E-cadherin,
integrin 4, plasma membrane Ca®* ATPase (PMCA-4),
Na*-Ca™ exchanger (NCX) and Na"/K™* pump subunit j,
were intact in apoptotic cells with AMN. However, cellular
cortex and transmembrane proteins were cleaved when
AMN was disorganized in apoptotic cells by colchicine
treatment or in secondary necrotic cells. As an exception,
the plasma membrane protein Na*/K* pump subunit «, was
not cleaved after AMN disorganization, suggesting that this
particular subunit has no cleavage sequence for caspases.
The critical role of caspase-mediated cleavage of cellular
cortex and transmembrane proteins after AMN depolimeriza-
tion was demonstrated because their degradation was
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Figure 1  AMN during the execution phase of apoptosis. (a) Fluorescence microscopy of microtubules, plasma membrane and active caspase-3 in control cells, control
cells treated with 2 um colchicine (Control 4 COL), apoptotic cells, apoptotic cells treated with 2 um colchicine (Apoptotic + COL) for 1h or colchicine plus 50 um z-VAD
(Apoptotic + COL + z-VAD) for 1 h and cells in secondary necrosis. H460 cells were grown on glass coverslips and apoptosis was induced as is described in the enriched
apoptotic assay in Materials and Methods. Secondary necrotic cells were collected from the floating cells in de medium after the treatment and cytospined on a slide. Apoptotic
cells were treated with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN depolymerization when caspases were active or inhibited.
Then, cells were fixed and immunostained with anti-f-tubulin (green), anti-active caspase-3. Plasma membrane was revealed by staining with WG-agglutinin. Nuclear
morphology was revealed by staining with Hoechst 33342 (1 «g/ml). Bar = 15 um. (b) Magnification of apoptotic cells and apoptotic cells after 1 h of treatment with colchicine

prevented when z-VAD was added simultaneously with
colchicine.

All together these data indicate that AMN in apoptotic
cells encloses most of the cellular volume where active
caspases are degrading cytosolic and nuclear proteins,
keeping the cellular cortex and plasma membrane free of
active caspases.

To confirm these data, we performed immunofluorescence
analysis of cellular cortex and plasma membrane proteins to
visualize its integrity in the presence or absence of AMN. As is

shown in Figure 4, PMCA-4 is a plasma membrane protein
involved in calcium extrusion preserved in apoptotic cells with
AMM but it was degraded when AMN was depolymerized by
1 h incubation with colchicine or in cells in secondary necrosis
without AMN. PMCA-4 cleavage after AMN depolimerization
was mediated by caspases because its degradation was
prevented when z-VAD was added simultaneously with
colchicine (Figure 4).

Likewise, FAK, another cellular cortex protein involved in
cell adhesion complexes, was preserved in apoptotic cells
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Figure2 AMN and plasma membrane permeability. (a) Fluorescence microscopy of microtubules and plasma membrane permeability in control cells, control cells treated
with 2 um colchicine (Control + COL), apoptotic cells, apoptotic cells treated with 2 um colchicine (Apoptotic + COL) for 1h or colchicine plus 50 um z-VAD (Apoptotic +
COL + z-VAD) for 1 h and cells in secondary necrosis. H460 cells were grown on glass coverslips and apoptosis was induced as is described in the enriched apoptotic assay in
Materials and Methods. Secondary necrotic cells were collected from the floating cells in de medium after the treatment and cytospined on a slide. Apoptotic cells were treated
with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN depolymerization when caspases were active or inhibited. Before fixation cells
were treated with the Dead Red dye, then fixed and immunostained with mouse anti-3-tubulin (green). Nuclear morphology was revealed by staining with Hoechst 33342
(1 pug/ml). Bar =15 um. (b) Proportion of living (black), apoptotic (hatched) and secondary necrosis (white) H460 cells, based on the cell and nuclear morphological
characteristics and plasma membrane permeability. More than 100 cells were examined for each experimental condition. *P<0.01 significant differences with respect to
Control cells. ®P<0.01, significant differences with respect to Apoptotic cells. °P<0.01, significant differences with respect to Apoptotic -+ COL. °P<0.01, significant
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Figure 3 Western blotting analysis of nuclear, cytosolic and cellular cortex
proteins in the execution phase of apoptosis. Western blotting of nuclear (PARP,
lamin C), cytosolic (cytokeratin 5/8, cytokeratin 18 and ROCK-1) and cellular cortex
proteins (spectrin, FAK, paxilin, integrin 34, E-cadherin, PMCA-4, NCX, anti-Na ™/
K™ pump subunit o and g, in control cells, control cells treated with 2 um colchicine
(Control + COL), apoptotic cells, apoptotic cells treated with 2 um colchicine
(Apoptotic + COL) for 1h or colchicine plus 50 pm z-VAD (Apoptotic + COL + z-
VAD) for 1 h and secondary necrotic cells. Apoptosis in H460 cells was induced as is
described in the enriched apoptotic assay in Materials and Methods. Secondary
necrotic cells were collected from the floating cells in de medium after the treatment.
Apoptotic cells were treated with colchicine or colchicine plus the pan-caspase
inhibitor z-VAD to examine the effect of AMN depolymerization when caspases
were active or inhibited. Cell lysates from H460 cells were resolved by SDS-PAGE
and protein levels and cleavage fragments were determined by western blotting.
Equal loading and transfer were shown by repeat probing with anti-GADPH

with AMM but it was degraded when AMN was depolymerized
by colchicine or in cells in secondary necrosis without AMN
(Supplementary Figure S2).
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Functional relevance of AMN in cell area and cell
attachment. To examine whether AMN disorganization by
colchicine, which allows the caspase-dependent cleavage of
plasma membrane-cytoskeleton proteins such as spectrin
and cell adhesion proteins such as paxilin, integrin 4, FAK
and E-cadherin, was associated with cell collapse and
substrate detachment, we measured cell area at the cell
maximum perimeter and scored attached and floating cells in
the medium in apoptotic cells with and without AMN. We
found that AMN disorganization by 1 h of colchicine treatment
induced a dramatic decreased in cell area and a significant
increase in the number of floating cells (Figures 5a and b).
Substrate detachment was prevented significantly in apopto-
tic cells after AMN disorganization by colchicine when
caspases were inhibited by z-VAD suggesting the essential
role of caspase-mediated cleavage of plasma membrane
and cellular cortex proteins in this process. However, z-VAD
was not able to prevent cell collapse after AMN depolymer-
ization indicating that apoptotic microtubules per se are
essential to maintain cell shape and morphology in apoptotic
cells (Figure 5b). Likewise, colchicine treatment in control
cells had not effect on cell attachment but it induced a
significant reduction of cell area indicating that microtubules
have an essential role in normal cell shape and morphology.

Cell content leakage, calcium and sodium overload, and
bioenergetics collapse are prevented by AMN. To con-
firm whether AMN was responsible for maintaining cellular
integrity in apoptotic cells, we measured LDH release
(a cytosolic enzyme used as intracellular marker), intracellular
calcium and sodium levels, mitochondrial membrane potential
(Aym) and ATP levels in control, apoptotic and secondary
necrotic cells. Apoptotic cells were also treated with colchicine
or colchicine plus the pan-caspase inhibitor z-VAD for 1h to
examine the effect of AMN depolymerization when caspases
were active or inhibited. Figure 6a shows that LDH release
was significantly increased in the culture medium of apoptotic
cells after AMN disorganization by colchicine treatment and in
secondary necrotic cells, indicating that the absence of AMN
allows the release of cell content. Interestingly, LDH release
was prevented significantly in apoptotic cells without AMN by
colchicine treatment when caspases were inhibited by z-VAD
suggesting that caspase-mediated cleavage of plasma
membrane and cellular cortex proteins was essential for
releasing cell content.

Previously, it has been demonstrated that caspases cleave
and inactivate two key proteins in calcium homeostasis,
PMCA-4 and NCX, in cells undergoing apoptosis.'®'3
PMCA-4 and NCX cleavage impairs intracellular Ca®*
handling, which results in Ca®* overload and secondary
necrosis. To confirm this hypothesis and to demonstrate the
protective role of AMN during apoptosis, we measured
intracellular calcium levels by FLUO-4 staining. Genuine
apoptotic cells with AMN showed a moderate increase of
FLUO-4 fluorescence respect to control cells. However,
apoptotic cells without AMN by colchicine treatment or cells
in secondary necrosis showed a notably increase of FLUO-4
fluorescence suggesting calcium overload (Figure 6b). Inter-
estingly, calcium overload was significantly abolished in
apoptotic cells without AMN by colchicine treatment but in

o
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Figure 4 PMCA-4 integrity during the execution phase of apoptosis and after AMN disorganization. (a) Fluorescence microscopy of PMCA-4 control cells, control cells
treated with 2 i colchicine (Control + COL) for 1 h, apoptotic cells, apoptotic cells treated with 2 um colchicine (Apoptotic 4+ COL) for 1h or colchicine plus 50 um z-VAD
(Apoptotic + COL + z-VAD) for 1h and secondary necrotic cells. H460 cells were grown on glass coverslips and apoptosis was induced as is described in the enriched
apoptotic assay in Materials and Methods. Secondary necrotic cells were collected from the floating cells in de medium after the treatment and cytospined on a slide. Apoptotic
cells were treated with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN depolymerization when caspases were active or inhibited.
Then, cells were fixed and immunostained with anti-PMCA-4 (green) and anti-S-tubulin (red). Nuclear morphology was revealed by staining with Hoechst 33342.
Bar = 15 um. (b) Magnification of apoptotic cells and apoptotic cells after 1 h of treatment with colchicine or colchicine plus z-VAD. (¢) PMCA positive and negative cells were
quantified by microscopic counting. More than 100 cells were examined for each experimental condition. *P<0.01 significant differences with respect to Control cells.
3P <0.01, significant differences with respect to Apoptotic cells. °P<0.01, significant differences with respect to Apoptotic + COL. °P<0.01, significant differences with

respect to Apoptotic + COL + z-VAD treated cells

which caspases were inhibited by z-VAD, suggesting that the
activity of caspases were critical for PMCA-4 and NCX
inactivation and subsequent calcium overload typical features
of cells undergoing secondary necrosis.

Likewise, cleavage of Na™/K* pump subunit  may alter
sodium extrusion and increase intracellular sodium levels.
Apoptotic cells with AMN showed a moderate increase of
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sodium levels respect to control cells. However, apoptotic
cells without AMN by colchicine treatment or cells in
secondary necrosis showed a notably increase of sodium
levels (Figure 6¢). Sodium levels were significantly reduced in
apoptotic cells devoid of AMN by colchicine treatment but in
which caspases were inhibited by z-VAD, suggesting that the
activity of caspases were critical for Na™/K* pump subunit
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Figure 5 Effect of AMN disorganization in cell area and substrate detachment. (a) Cell area at the maximum cell perimeter was determined by microscopic studies using
the Image J software in control cells, control cells treated with 2 um colchicine (Control 4+ COL), apoptotic cells, apoptotic cells treated with 2 um colchicine (Apoptotic 4+ COL)
for 1 h or colchicine plus 50 wm z-VAD (Apoptotic + COL + z-VAD) for 1 h and secondary necrotic cells. H460 cells were grown on glass coverslips and apoptosis was induced
as is described in the enriched apoptotic assay in Materials and Methods. Secondary necrotic cells were collected from the floating cells in de medium after the treatment and
cytospined on a slide. Apoptotic cells were treated with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN depolymerization when
caspases were active or inhibited. More than 100 cells were examined for each experimental condition. (b) Floating and attached cells were quantified by microscopic
counting. Data represent the means + S.D. of three independent experiments. *P< 0.01 significant differences with respect to Control cells. *P<0.01, significant differences
with respect to apoptotic cells. °P<0.01, significant differences with respect to Apoptotic -+ COL. °P< 0.01, significant differences with respect to Apoptotic 4+ COL + z-VAD

treated cells

f inactivation and subsequent sodium overload typical
features of cells undergoing secondary necrosis.

In previous works, we demonstrated that AMN during
apoptosis depends on energized mitochondria.'* As
expected, in apoptotic cells with AMN, we found hyperpolar-
ized mitochondria and high ATP levels (Figures 6¢ and d). On
the contrary, when AMN was disorganized by colchicine o in
secondary necrotic cells we found mitochondrial depolariza-
tion and low ATP levels (Figures 6¢c and d). Mitochondria
depolarization and low ATP levels were prevented signifi-
cantly in apoptotic cells without AMN by colchicine treatment
when caspases were inhibited by z-VAD, suggesting that
caspase-mediated cleavage of plasma membrane and
cellular cortex proteins in the absent of AMN was important
for inducing the bioenergetic collapse in apoptotic cells.

High phosphatidylserine (PS) exposure in apoptotic
cells with AMN. Phosphatidylserine (PS) is actively loca-
lized on the inner leaflet of the plasma membrane in healthy
cells. The asymmetry of its distribution is lost in apoptotic
cells. To examine the role of AMN in PS exposure, we
analyzed the binding of annexin V-FITC to PS by immuno-
fluorescence and flow cytometry analysis in control, apopto-
tic and secondary necrotic cells. Apoptotic cells were also
treated with colchicine or colchicine plus the pan-caspase
inhibitor z-VAD for 1h to examine the effect of AMN
depolymerization when caspases were active or inhibited.
Figures 7a, b and c show clearly that PS was highly
translocated in apoptotic cells with AMN. However, PS
translocation was significantly reduced in apoptotic cells
without AMN by colchicine treatment or cells in secondary
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Figure 6 Effect of microtubule disorganization on LDH release, intracellular calcium and sodium levels, mitochondrial membrane potential and ATP levels in apoptotic
cells. LDH release, calcium and sodium levels, mitochondrial membrane potential and ATP levels were measured in control cells, control cells treated with 2 um colchicine
(Control + COL), apoptotic cells with AMN (Apoptotic), apoptotic cells treated with 2 . colchicine (Apoptotic 4+ COL) for 1 h or colchicine plus 50 uM z-VAD (Apoptotic +
COL + z-VAD) for 1 h and secondary necrotic cells. H460 cells were grown on glass coverslips and apoptosis was induced as is described in the enriched apoptotic assay in
Material and Methods. Apoptosis was induced as is described in the enriched apoptotic assay in Materials and Methods. Secondary necrotic cells were collected from the
floating cells in de medium after the treatment. Apoptotic cells were treated with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN
depolymerization when caspases were active or inhibited. (a) After treatments, LDH release in fresh medium for 1 h was measured as is described in Material and Methods. (b)
Intracellular calcium levels were measured by flow cytometry using the calcium indicator FLUO-4 (1 zm). (c) Intracellular sodium levels were measured by flow cytometry using
the sodium indicator SBFI-AM (5 pM). (d) Mitochondrial membrane potential (A¥m) was determined by MitoTracker Red staining and flow cytometry analysis as is described
in Material and Methods. (e) ATP levels were determined by luminescence as is described in Material and Methods. *P<0.01 significant differences with respect to Control
cells. #P<0.01, significant differences with respect to Apoptotic cells. °P< 0.01, significant differences with respect to Apoptotic + COL. °P<0.01, significant differences with
respect to Apoptotic + COL + z-VAD treated cells

necrosis. High levels of PS externalization were significantly
recovered in apoptotic cells without AMN by colchicine
treatment when caspases were inhibited by z-VAD, suggest-
ing that caspase-mediated cleavage of plasma membrane
and cellular cortex proteins also impairs PS externalization.
These results suggest that proper PS externalization also
depends on the presence of AMN.

AMN in apoptotic cells enhances interactions with
macrophages. As the presence of AMN in apoptotic cells
effectively increase cell surface area and allows high PS
externalization, we tested their influence upon binding and
uptake by phagocytes. In the absence of AMN by colchicine
treatment or in secondary necrotic cells, that is associated
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with low PS externalization, the proportion of macrophages
interacting with and engulfing apoptotic cells was markedly
reduced compared with apoptotic cells with AMN and high
PS externalization (Figures 8a and b). However, the
proportion of macrophages interaction/engulfing with apop-
totic cells was restored in apoptotic cells without AMN by
colchicine treatment when caspases were inhibited by z-VAD
that also was associated with high PS externalization.

Discussion

In the present study, we show new data demonstrating that
AMN indeed works as physical barrier impeding active
caspases to reach and cleave critical proteins in the cellular
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Figure 7 Effect of apoptotic microtubules on PS externalization. (a) Fluorescence microscopy of microtubules and PS externalization in control cells, control cell treated
with colchicine for 1 h (Control + COL), apoptotic cells with AMN (Apoptotic), apoptotic cells treated with 2 um colchicine (Apoptotic 4+ COL) for 1 h or colchicine plus 50 um
z-VAD (Apoptotic + COL + z-VAD) for 1 h and secondary necrotic cells. H460 cells were grown on glass coverslips and apoptosis was induced as is described in the enriched
apoptotic assay in Materials and Methods. Secondary necrotic cells were collected from the floating cells in de medium after treatment and cytospined onto a slide. Apoptotic
cells were treated with colchicine or colchicine plus the pan-caspase inhibitor z-VAD to examine the effect of AMN depolymerization when caspases were active or inhibited.
Then, cells were fixed and immunostained with anti-5-tubulin (red), and PS externalization was revealed by staining with Annexin V-FITC. Nuclear morphology was revealed
by staining with Hoechst 33342 (1 pg/ml). Bar = 15 um). (b) Magnification of apoptotic cells and apoptotic cells after 1 h of treatment with colchicine or colchicine plus z-VAD.
(c) PS externalization was quantified by flow cytometry as described in Material and Methods. Data represent the means + S.D. of three independent experiments. *P< 0.01
significant differences with respect to Control cells. P<0.01, significant differences with respect to Apoptotic cells. ®P<0.01, significant differences with respect to
Apoptotic + COL. °P<0.01, significant differences with respect to Apoptotic + COL + z-VAD treated cells

cortex and plasma membrane proteins to preserve plasma undergoing secondary necrosis. Furthermore, AMN disorga-
membrane integrity. We found that the AMN was present in all nization in apoptotic cells by a short incubation with colchicine
genuinely apoptotic cells but was disrupted in cells allowed caspase-mediated cleavage of cell cortex and plasma

o
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Figure 8 Phagocytosis assay: Interaction between apoptotic cells and phagocytes. (a) Proportion of THP-1 macrophages interacting and engulfing apoptotic H460 cells.
CellTrackerTM Green-labelled H460 cells were induced into apoptosis by CPT/cytochalasin as described in Materials and Methods. Secondary necrotic cells were collected
from the floating cells in the medium after treatment and cytospined onto a slide. Apoptotic cells were then incubated for 1 h in the absence or presence of 2 um colchicine for
AMN depolimerization (Apoptotic + COL) or colchicine plus 50 uM z-VAD to examine the effect of AMN depolymerization when caspases were inhibited (Apoptotic +
COL + z-VAD). Cells under the different experimental conditions were then co-incubated with THP-1 macrophages. Nuclear morphology was revealed by staining with
Hoechst 33342 (1 ug/ml). Data represent the means + S.D. of three independent experiments. *P< 0.01 significant differences with respect to Control cells. P<0.01,
significant differences with respect to Apoptotic cells. °P<0.01, significant differences with respect to Apoptotic + COL. °P<0.01, significant differences with respect to
Apoptotic + COL + z-VAD treated cells. (b) Wide-field images of CellTracker Green-labelled apoptotic H460 cells (white arrows) interacting with THP-1 macrophages (red

arrows). Bars =25 um

membrane proteins such as, a-spectrin, paxilin, FAK,
E-cadherin, PMCA-4, NCX, integrin 4 and Na*/K* pump
subunit . These events were associated with increase cell
permeability, calcium and sodium overload and bioenergetics
failure, which could in turn accelerate secondary necrosis by
inducing ionic imbalance and cellular collapse.® The critical
role of caspase-mediated cleavage of cortical and plasma
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membrane proteins after AMN disorganization was demon-
strated because the concomitant addition of colchicine and
Z-VAD blocked protein cleavage and significantly prevented
plasma membrane permeability, cell detachment, LDH release,
calcium and sodium overload and bioenergetics failure.

The significance of membrane-cytoskeleton network in
maintaining plasma membrane integrity has been



demonstrated in erythrocytes, in which deficiencies or defects
in the cytoskeletal proteins spectrin or spectrin-associated
proteins are associated with increased fragility and lysis of the
plasma membrane.'® Changes in the cytoskeletal network
beneath the plasma membrane (as «-spectrin cleavage by
caspases after AMN depolimerization) may contribute to
increase in membrane permeability during cell injury/death.

Focal adhesions are large, dynamic protein complexes
through which the cytoskeleton of a cell connects to the
extracellular matrix.'® When cells adhere to the extracellular
matrix, integrin receptors initiate signals to cluster more
integrins together and to recruit cytoskeleton proteins, adapters
(such as paxillin,) and kinases (such as FAK) to their
cytoplasmic tails, forming a ‘focal adhesion complex.'”'&1°
Focal adhesions provide not only mechanical support to the
cells but also signals necessary anchorage-dependent cellular
responses.2®2! Hydrolysis of ‘focal adhesion complex’ proteins
by caspases after AMN depolymerization could break the
membrane-cytoskeleton linkage and decrease the physical
support leading to cell detachment. In this study, we show that
FAK, integrin 4 and paxilin are cleaved in apoptotic cells when
AMN was disorganized by colchicine treatment or in secondary
necrotic cells without AMN.

We have also demonstrated that E-cadherins are cellular
cortex proteins targeted by caspases when AMN is depoly-
merized. Cadherins are transmembrane glycoproteins
involved in cell-cell adherence.?? Previously, it has been
showed that cadherins are also targeted during apopto-
sis.?3242% According to our observations, caspase-mediated
cleavage of E-cadherins and the loss of cell-cell contacts are
likely to represent an important process during the extrusion of
apoptotic cells.

The Na™ /K™ -ATPase (Na /K" -pump) acts as an electro-
genic ion transporter in the plasma membrane of all
mammalian cells.?® Failure of the Na /K" -pump results in
depletion of intracellular K™, accumulation of intracellular
Na™, and, consequently, leads to membrane depolariza-
tion.2” The Na*-K* -ATPase is composed of two subunits.
The a-subunit is the action subunit of the pair; it binds ATP and
both sodium and potassium ions, and contains the phosphory-
lation site.?® The smaller -subunit is absolutely necessary for
activity of the complex. In our work we found that Na* /K™ -
ATPase f-subunits, but not «-subunits, were cleaved by
caspases after AMN depolymerization, which may contribute
to ionic imbalance and increase plasma membrane perme-
ability. Consistent with this hypothesis, we found that sodium
levels were notably increased after AMN depolymerization by
colchicine and partially restored when AMN was disorganized
but caspases were blocked by z-VAD.

Changes in cytosolic calcium has a critical role in apoptosis
by triggering the activation of Ca®*-dependent events
thereby inducing global intracellular and morphological
modifications.?® Among these changes, an early redistribution
of plasma membrane PS is a typical feature of cells under-
going apoptosis.3*3! The resulting presence of PS within the
outer plasma membrane may serve as a recognition signal for
phagocytosis.®22 Previously, we demonstrated that calcium
levels were moderately increased in apoptotic cells with
AMN."® However, AMN disruption by colchicine allows the
caspase-mediated cleavage of key proteins involved in

AMN and free active caspase area in apoptosis
M Oropesa-Avila et a/

calcium extrusion such as PMCA-4 and NCX, and conse-
quently calcium overload. PMCAs are vital caspase
substrates for the subroutine of the death program leading
to secondary necrosis. Cells expressing PMCA-4 mutants
that lack the caspase cleavage site(s) prevents calcium
overload during apoptosis and markedly delays secondary
necrosis.'® Moreover, NCX drives calcium efflux in addition to
PMCAs.?* NCX has a low calcium affinity, but high calcium
transporting velocity, which is required to rapidly eject large
amounts of calcium.®® Our results show that both calcium
pumps and exchangers are cleaved by caspases when AMN
is depolymerized by colchicine treatment, suggesting that
inactivation of plasma membrane calcium transporters is a
relevant process leading apoptotic cells to secondary necro-
sis. Calcium overload can induce: (1) activation of calpains,
leading to more extensive disruption of cytoskeleton compo-
nents, (2) activation of calcium-dependent phospholipases,
and disruption of membrane permeability, (3) Mitochondrial
permeabilization and bioenergetics collapse.®®*”

Apoptosis requires energy, because it is a highly regulated
process involving a number of ATP-dependent steps.38:3%4°
Moreover, depletion of cellular ATP was found to cause
switching of the form of cell death, from apoptotic cell death
triggered by a variety of stimuli to necrotic cell death.*'**2 Our
new results suggest that AMN disorganization and the
consequent caspase-dependent inactivation of plasma mem-
brane calcium and sodium pumps induces calcium and sodium
overload that it has been reported to induce mitochondria
depolarization and cessation of ATP synthesis.3¢%”

The efficient phagocytosis of apoptotic cells by macro-
phages reduces the potential for an inflammatory response by
ensuring that the dying cells are cleared before their
intracellular contents are released.*>** Early apoptotic cells
are targeted for phagocytosis through the externalization of
PS.* PS exposure has been reported to be a caspase and
energy dependent process,®®*® but its mechanism has not
been totally elucidated. A combined effect of downregulation
of a phospholipid translocase activity and activation of a lipid
scramblase may contribute to PS exposure.*” Consistent with
a role of AMN for proper PS exposure, we found that the
phagocytosis of apoptotic cells with AMN coincided with high
PS externalization while it was reduced when AMN was
absent and PS externalization was low.

In summary, we propose a model (Supplementary Figure S3)
where the AMN works as a physical barrier preventing
caspases to reach the cellular cortex and the cleavage of
essential proteins involved in plasma membrane integrity that
allows correct ionic homeostasis, bioenergetics status and high
PS externalization for efficient clearance by macrophages.

Materials and Methods

Reagents. Camptothecin (CPT) was purchased from Alexis Corporation
(Nottingham, East Midlands, UK). Cytochalasin, colchicine, Phalloidin-coumarin,
trypsin, anti-ROCK-1, anti-actin and anti-o-tubulin, were purchased from Sigma
Chemical Co (Sigma, St. Louis, MO, USA). Anti-$-tubulin antibodies were from
Chemicon International (Temecula, CA, USA). Hoechst 33342, FITC-labeled goat
anti-mouse and tetramethyl rhodamine goat anti-rabbit antibodies, Dead Red
reagent, SBFI-AM (Na ™), FLUO-4 were purchased from Molecular Probes
(Eugene, OR, USA). Anti-active caspase-3, anti-active caspase-7, anti-caspase-9
and anti-cleaved PARP were obtained from Cell Signaling Technology (Beverly,
MA, USA). Anti-lamin B, anti-Cytokeratin 5/8, anti-cytokeratin 18, anti-FAK,
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anti-PMCA-4, anti-o--spectrin, anti-NCX, anti-paxilin, anti-integrin 54, anti-Na ™ /K *
pump subunit 3 and anti-Na™* /K™ pump subunit o were purchased from Santa
Cruz Biotecnology (Santa Cruz, CA, USA). Anti-E-cadherin was purchased from
BD Biosciences Pharmingen (San Jose, CA, USA). Anti-GADPH was purchased
from Calbiochem Merck Millipore (Darmstadt, Germany). z-VAD was purchased
from RD-System (Minneapolis, MN, USA).

Cell culture. Non-small lung cancer cell line, H460 was a gift from Dr. PJ Woll
(CRC Department of Clinical Oncology, City Hospital, Nottingham, UK). Cells were
cultured in RPMI medium supplemented with penicillin, streptomycin and 10% fetal
bovine serum at 37°C.

Enriched apoptotic assay. Cells were induced into apoptosis by treatment
with 10 um CPT, an anticancer drug which inhibits the DNA enzyme topoisomerase |.
To increase the proportion of attached apoptotic cells with AMN formation. H460 cells
were treated with CPT + cytochalasin (2 ) for 48 h. To prevent cell cycle effects,
cytochalasin was added 24 h after CPT treatment. Inhibiting actin polymerization and
consequently actin contraction with cytochalasin, CPT induced apoptosis but
apoptotic cells maintained the spread state and remained attached to the flask or
slide.*® For AMN depolymerization, enriched apoptotic cells were incubated with 2 M
colchicine (COL) or colchicine plus z-VAD (50 um) to prevent caspase-mediated
cleavage after AMN disorganization. Secondary necrotic cells were collected from the
floating cells in de medium after the treatment.

Analysis of apoptosis. Apoptosis was defined by the occurrence of cells
with nuclear condensation and fragmentation by Hoechst staining, but retaining
plasma membrane integrity (measured by exclusion of the membrane-imperme-
able dye, Dead Red reagent). Apoptosis was also assessed by caspase activation,
cytochrome ¢ release, lack of actin cytoskeleton, presence of apoptotic
microtubules and/or cell morphology by phase-contrast microscopy. Primary
necrosis was defined as loss of plasma membrane integrity without signs of
nuclear condensation or fragmentation. Secondary necrosis was determined by
scoring over time apoptotic cells, which became permeable to the Dead Red
reagent. Cells were counted for up to 48h after CPT/cytochalasin-exposure. At
this time, the proportion of primary necrotic cells did not exceed 1% and was
identical in both control and treated cells (data not shown). In each case 10
random fields and more of 100 cells were counted. To differentiate between
genuine apoptotic cells and cells in secondary necrosis Dead Red reagent was
added to the cells 10 min before fixation.

Immunofluorescence studies. H460 cells were grown on Imm (Goldseal
No. 1) glass coverslips for 24-48h in RPMI containing 10% fetal bovine serum.
After treatments, cells were rinsed once with PBS, fixed in 3.8% paraformaldehyde
for 5min at room temperature, and permeabilized in 0.1% saponin for 5min. For
immunostaining, glass coverslips were incubated with primary antibodies diluted
1:100 in PBS for 1-2h at 37 °C in a humidified chamber. Excess antibody binding
was removed by washing the coverslips with PBS (three times, 5min). The
secondary antibody, a FITC-labeled goat anti-mouse antibody or a tetramethyl
rhodamine goat anti-rabbit (Molecular Probes), diluted 1:100 in PBS, were added
and incubated for 1h 37°C. Coverslips were then rinsed with PBS for 3min,
incubated for 1 min with PBS containing Hoechst 33342 (1 g/ml) and washed with
PBS (three 5min washes). Finally, the coverslips were mounted onto microscope
slides using Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA,
USA) and analyzed using an upright fluorescence microscope (Leica DMRE, Leica
Microsystems GmbH, Wetzlar, Germany). Deconvolution studies and 3D
projections were performed using a DeltaVision system (Applied Precision,
Issaquah, WA, USA) with an Olympus IX-71 microscope with x 100 objective/1.35
NA and x 60 objective/1.40 NA (Olympus, Shinjuku, Tokyo, Japan) and filters set
for DAPI, fluorescein isothiocyanate and rhodamine provided by Applied Precision.
Acquired z planes were separated by 0.3 um, and an average of 50 planes was
taken for each nucleus. The 3D stacks were deconvolved using the Softworx
software algorithm (conservative ratio method, 10 iterations; Applied Precision).

Western blotting analysis. Whole-cellular lysates were prepared in a
buffer, gentle shaking, composed of 0.9% NaCl, 20 mum Tris-CIH, pH 7.6, 0.1%
triton X-100, 1mm phenylmethylsulfonylfluoride and 0.01% leupeptine. Electro-
phoresis was carried out in a 10-15% acrylamide SDS-polyacrylamide gel
electrophoresis. Proteins were transferred to Immobilon membranes (Amersham
Pharmacia, Buckinghamshire, UK). Specific antibodies were used to detect
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proteins by western blotting. Proteins were electrophoresed, transferred to
nitrocellulose membranes, and after blocking over night at 4 °C, incubated with the
respective antibody solution at 1:1000 dilutions. Then, membranes were probed
with their respective secondary antibody (1:2500). Immunolabeled proteins were
detected by using a chemioluminiscence method (Bio-Rad, Hercules, CA, USA).
Protein was determined by the Bradford method.*°

Cell content release: LDH determination. Plasma membrane integrity
and cell content release was monitored by measuring LDH activity into the
incubation medium. This was done using a commercial kit (CytoTox 96 Non-
Radioactive Cytotoxicity Assay from Promega (Madison, WI, USA).

Determination of intracellular calcium levels by flow cytometry.
H460 cells were incubated for 60 min at 37 °C in medium supplemented with 1 zm
FLUO-4, AM. Cells were then washed three times with RPMI medium, fixed with
3.8% paraformaldehyde, and analyzed by flow cytometry using an EPICS Elite
flow cytometer (Beckman-Coulter, Hialeah, FL, USA).

Determination of intracellular sodium levels by flow cytometry.
For intracellular sodium measurements, 2 ul of 2.5 mM SBFI-AM (Na -+ ) stock (in
Me,SO) were added to 1ml of cells (5-10 x 10°cells/ml), yielding a final
concentration of 5 ym. The dye was loaded into the cells for 1 h at 37 °C, 7% CO,
atmosphere before the time of examination by flow cytometry.

Measurement of mitochondrial membrane potential (Aym) by
flow cytometry. H460 cells were incubated for 60 min at 37 °C in medium
supplemented with 1 um Mitotracker Red. Cells were then washed three times
with RPMI medium, fixed with 3.8% paraformaldehyde, and analyzed by flow
cytometry.

Determination of intracellular ATP levels. ATP was determined
luminometrically. ATP levels were determined by using a luciferase-based assay,
according to Molecular Probes’s directions, using a Tuner Designs Luminometer
TD 20/20 (Sunnyvale, CA, USA).

Determination of PS externalization. PS translocation from the inner to
the outer leaflet of the plasma membrane is one of the earliest apoptotic features.
We used the PS-binding protein annexin-V conjugated with FITC to identify PS
exposure in H460 cells. The binding of annexin-V to cell surface PS was detected
with a commercial Annexin Apoptosis Kit (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) according to the manufacturer’s instructions. To distinguish cells that
had lost membrane integrity, propidium iodide (Pl) was added to a final
concentration of 10 ug/ml immediately before analysis. Apoptotic cells were
identified either by fluorescence microscopy or by flow cytometry. Hoechst 33342
(1 png/ml) staining was used to reveal nuclear condensation/fragmentation.

Phagocytosis assays. CellTracker-labelled H460 cells adhered to glass
coverslips were induced into apoptosis by CPT/cytochalasin treatment and then
were incubated for 1 h in the absence or presence of colchicine or colchicine plus
z-VAD. Then, cells were washed and coincubated with PMA-differentiated THP-1
macrophages (150,000 cells/well). Floating apoptotic cells representing secondary
necrotic cells were cytospined onto coverslips and also coincubated with
PMA-differentiated THP-1 macrophages. After 8h of coincubation at 37 °C,
coverslips were washed extensively in PBS, and cells fixed in 3.8%
paraformaldehyde. The number of THP-1 macrophages interacting (bound and
engulfed) and engulfing cell fragments was calculated in 10 random fields in
triplicate by fluorescence and phase-contrast microscopy.

Statistical analysis. All results are expressed as means+ S.D. unless
stated otherwise. Two-tail Student’s t-tests (paired and unpaired, according to
samples) or ANOVA variance analysis were used as appropriate for statistical
analysis. Only P-values <0.05 were considered as statistically significant.
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