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Abstract Cell shape was found to be a strong indicator of
whether individual cells grow or die, and may play an important
role in controlling apoptosis as well as cell growth. We com-
pared here the behaviour of rounded Swiss 3T3 cells aggregated
on a cellulose cuprophan membrane to those cultured on dish
polystyrene. We demonstrated that cells aggregated on cellulose
substrates for up to 48 h underwent programmed cell death that
was associated with phosphatidylserine flipping and caspase 9
and caspase 3 activation, suggesting a mitochondria-dependent
apoptotic process. In addition, we found that this phenomenon
cannot be entirely explained by disengagement of o5p1 integrin
ligation.

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.

Key words: Apoptosis; Caspase; Cell aggregation;
Biomaterial; Fibroblast

1. Introduction

Cell shape influences whether individual cells grow or die,
and may also be important in controlling apoptosis [1-3]. The
growth of endothelial cells on micropatterned substrates has
shown that altering the geometry of cell spreading can deter-
mine whether the cells enter the three major genetic pro-
grammes that govern angiogenesis — growth, apoptosis and
differentiation [3,4]. The inhibition of anchorage-dependent
endothelial cell spreading [5] also triggers rapid apoptosis,
as does the loss of matrix adhesion in fibroblasts [6] or the
unligated state of T24E carcinoma cell integrins [7].

Studies with Swiss 3T3 fibroblasts have indicated that cell
spreading is mediated by both cell surface integrin receptors
and the small GTP binding protein RhoA [8] — a Rho GTPase
member of the Ras superfamily that regulates many cell func-
tions [9]. Recent data suggesting that RhoA is downstream of
integrin engagement [10] have confirmed that the former is
implicated in cell shape modification [11,12]. RhoA is also
involved in the regulation of integrin activation by promoting
avidity modulation, a process known as ‘inside-out signalling’
[13-15].
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Our previous studies have focused on early cellular events
induced by attachment to substrates which differ in their abil-
ity to adsorb serum adhesive proteins. We showed that Swiss
3T3 cells remained rounded when grown on cuprophan (CU,
a cellulose substrate to which serum adhesive proteins are
poorly adsorbed) and that they then underwent cAMP-depen-
dent aggregation. In contrast, control cells grown on polysty-
rene (PS, which favours vitronectin (VN) and fibronectin (FN)
adsorption) spread well and contained little cAMP [16]. CU
does not promote the formation of either focal contacts or
actin stress fibres, and the plasma membranes of cells on CU
contain less RhoA than those of control cells on PS [17].
Other authors have reported that contact with CU causes
neutrophils and monocytes to undergo apoptosis [18,19].
Here, we compared the behaviour of cells cultured on CU
or PS for 24 and 48 h; we also investigated the apoptotic
changes that occur in rounded Swiss 3T3 cells aggregated
on CU by examining both mitochondria-dependent and death
receptor (Fas) apoptosis pathways. The viability and prolifer-
ation rates of cells aggregated on CU were first compared to
those for cells spreading on PS. The initiation and progress of
apoptosis were then assessed by monitoring phosphatidylser-
ine flipping [20-22] and caspase activity [23-25]. Our results
indicate the occurrence of a mitochondria-dependent apopto-
tic process in cells aggregated on cellulose substrates. This
phenomenon cannot be fully explained by integrin ligation
disengagement.

2. Materials and methods

2.1. Materials

All studies were performed with sterile CU membranes (Lundia
Alpha 500, Gambro, Sweden) cut into 35 or 60 mm diameter discs
and placed in Petri dishes. Controls were Nunclon® PS culture plates.

2.2. Cell culture

Swiss mouse 3T3 cells (European Collection of Cell Cultures,
ECACC number 85022608, UK) were grown in PS culture plates
with Dulbecco’s modified Eagle’s medium (DMEM, Gibco BRL,
Life Technologies, Eragny, France) supplemented with 10% foetal
bovine serum (batch number 40F5493K, South American origin, Gib-
co BRL), penicillin (100 U/ml Eurobio, Les Ulis, France) and strep-
tomycin (100 pg/ml, Eurobio). After having been passaged 2 or 3 days
prior to use, cells were seeded onto CU or PS at a density of 1x10*
cells/em? and were cultured for 6, 24 or 48 h before being detached by
trypsinisation.
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2.3. Proliferation assays

Cell growth was assessed using the PKH26 (Sigma Aldrich Chimie,
St Quentin Fallavier, France) dye dilution method [26]. Briefly, flow
cytometry (FC) was used to measure the fluorescence intensity of
PKH26-stained cells immediately after labelling and following culture
for various lengths of time. The percentage decrease in fluorescence
intensity is proportionate to cell growth. Cell proliferation was also
assessed by counting unlabelled cells in a Malassez haemocytometer.

2.4. Assessment of cell death

Cell membrane integrity was analysed using the propidium iodide
(PI) fluorescent label in combination with FC. The trypan blue ex-
clusion assay was also performed using a Malassez haemocytometer.

2.5. Annexin V binding assays

Annexin V labelling reveals the early stage translocation of phos-
phatidylserine from the inner leaflet to the outer leaflet of the bilayer
plasma membrane. The cells were incubated with fluorescein isothio-
cyanate-labelled annexin V (Boehringer Mannheim, Meylan, France)
and PI, and the percentage of apoptotic cells at time zero and after
each culture time point was analysed by FC.

2.6. Measurement of mitochondrial transmembrane potential by
DiOCg(3) labelling
Disruption of the mitochondrial transmembrane potential (AY;,)
was evaluated with the DiOCg¢(3) cationic, cell-permeable, voltage-
sensitive, lipophilic, fluorescent carbocyanine dye. A shift in the fluo-
rescence profile of labelled cells indicates a change in the mitochon-
drial membrane potential, i.e. DiOCq(3)-positive cells become DiO-
Ce(3)-negative when the potential is lost. Cells were washed in
phosphate-buffered saline-5 mM EDTA and incubated for 20 min
with 40 nM DiOC4(3) (Calbiochem, VWR, Fontenay-sous-Bois,
France) and 5 pg/ml of PI at room temperature. Samples were imme-
diately analysed by FC.

2.7. Caspase assays

2.7.1. Fluorometric measurement of caspase activities. Caspase ac-
tivities were measured as previously described [27]. Briefly, cells were
collected, lysed in buffer A (10 mM HEPES, pH 7.4, 2 mM EDTA,
0.1% CHAPS, 5 mM dithiothreitol and 1 mM phenylmethylsulfonyl
fluoride, supplemented with 10 pg/ml pepstatin, aprotinin and leupep-
tin), sonicated and centrifuged at 14000X g for 5 min at 4°C. The
supernatants were kept and were considered to be representative cy-
tosol extracts. Aminomethylcoumarin (AMC)- or aminotrifluoro-
methylcoumarin (AFC)-conjugated peptide substrates corresponding
to each caspase (to a final concentration of 2X 10~ M) were added to
20 pug (for caspase 3 and 8) or 30 pg (for caspase 9) of total cytosol
protein. The coumarin dyes were measured spectrofluorometrically,
with excitation at 360 nm and emission at 460 nm for AMC and
excitation at 400 nm and emission at 505 nm for AFC. The specific
substrates used were as follows: acetyl (Ac)-Asp-Glu-Val-Asp-AMC
(Ac-DEVD-AMC) for caspase 3 (Bachem, King of Prussia, PA,
USA), Ac-lle-Glu-Thr-Asp-AMC (Ac-IETD-AMC) for caspase-8
(Peptide Institute, Osaka, Japan) and Ac-leu-Glu-his-Asp-AFC (Ac-
LEDH-AFC) for caspase 9 (Enzyme Systems Products, Livermore,
CA, USA). Caspase 3 activity was checked in the presence or absence
of the Boc-D-FMK broad-spectrum caspase 3 inhibitor (Calbiochem).

2.7.2. Colorimetric assay of caspase 8 activation. Caspase 8 activ-
ity was measured colorimetrically at 405 nm using the specific sub-
strate IETD-pNA (Calbiochem) in the presence of 100 pg of total
cytosol protein. Cleavage of the C-terminal peptide bond releases
p-nitroaniline. The caspase 8 activity in total cell lysates was evaluated
in the presence or absence of the specific inhibitor Ac-IETD-CHO
(Calbiochem). The activation capacity of caspase 8 was assessed by
cross-linking the Fas antigen with a monoclonal antibody (mAb)
(RK8 mAb, Immunotech, Marseille, France).

2.8. Flow cytometry

Flow cytometry was carried out in an EPICS Elite Cytometer
(Beckman Coulter, Villepinte, France). For each sample, 20000
stained cells were analysed.

2.9. Assessment of adhesion-dependent survival
As there was no available activating mAb to mouse o5p1 integrins,
we used soluble FN, their natural ligand, to cross-link these adhesion
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molecules. Cells were first incubated for 1 h in 500 pl serum-free
DMEM supplemented or not with 30 ug/ml of FN (Roche Diagnos-
tics, Mannheim, Germany), then cultured for 6 h on CU in medium
containing FN. Experiments were performed in quadruplicate and the
percentage of apoptotic cells was measured by annexin V binding
assays, as described in Section 2.5.

2.10. Statistical analysis

Data are presented as the means of triplicate measurements and
were analysed using the Kruskal-Wallis non-parametric test. All sta-
tistical computations were performed with Graphpad Instat® 2.00
software.

3. Results

3.1. Growth of Swiss 3T3 fibroblasts decreases on CU

PKH26 dye dilution assays showed that cells grown on CU
proliferated significantly more slowly than those grown on PS.
The change in fluorescence intensity of cells cultured on CU
for 24 and 48 h was significantly less than that of cells grown
on PS (Fig. 1). These data were confirmed by daily counts of
unlabelled cells. Cells on CU had proliferation rates of 1.03
and 1.6 at 24 h and 48 h respectively, whereas the comparable
figures for cells on PS were 2.05 and 5.25. The growth rate
differences at each time point were statistically significant
(P<0.001).

3.2. Death of Swiss 3T3 fibroblasts increases on CU

The death rate for cells cultured on CU for 24 and 48 h was
significantly higher than for cells spread on PS, as evaluated
by PI labelling and FC (Fig. 1). These data were confirmed by
daily trypan blue exclusion assays: 13.6% and 20.1% of dead
cells on CU at 24 and 48 h respectively, versus 2.3% and 1.6%
on PS. The death rate differences at each time point were
statistically significant (P < 0.01 at 24 h and P <0.001 at 48 h).
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Fig. 1. Growth of Swiss 3T3 fibroblast cells cultured on CU (-m-)
and on PS (- a-) (control), as measured by the PKH26 dye dilution
method and flow cytometry (decrease in fluorescence intensity %).
The decrease in the fluorescence intensity of cells cultured on CU
for 24 and 48 h was significantly smaller than that of cells cultured
on PS, showing that cells aggregated on CU proliferate more slowly
(Kruskal-Wallis test: P <0.01). Viability of Swiss 3T3 fibroblasts
cultured on CU (- -®- -) and on PS (- - a - -) (control), as assessed
by PI (% cell death PI labelling) and flow cytometry. Cells cultured
on CU for 24 or 48 h showed significantly higher death rates than
cells on PS (Kruskal-Wallis test: P <<0.01).
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Fig. 2. Phosphatidylserine flipping of Swiss 3T3 fibroblasts cultured
on CU (grey bars) and on PS (black bars) (control), assessed by an-
nexin V binding and flow cytometry. Cells before culture (white
bar). A: Fraction of annexin V-positive and Pl-negative cells (i.e.
live cells engaged in apoptosis). Phosphatidylserine flipping was sig-
nificantly higher in cells cultured for 24 and 48 h on CU than in
cells cultured on PS (Kruskal-Wallis test: P<<0.001). B: Shift in
the spectra of cells cultured for 48 h on PS (a) and CU (b). Cell
populations in the fourth quartile reveal the proportions of annexin
V-positive and PI-negative cells.

3.3. Apoptosis in Swiss 3T3 fibroblasts on CU is revealed by
early stage phosphatidylserine flipping and annexin V
labelling

The percentage of cells engaged in early apoptosis (i.e.
phosphatidylserine flipping) was assessed by annexin V label-
ling. Phosphatidylserine flipping was significantly higher in
cells cultured for 24 and 48 h on CU than for cells on PS
(Fig. 2A). This significant difference was also illustrated by the
difference in the spectra of cells cultured for 48 h on CU (Fig.
2Bb) and on PS (Fig. 2Ba).

In light of these results, we then sought to determine
whether the mitochondria-dependent pathway initiated by
caspase 9 (upstream of the effector caspase 3) was involved
in the apoptotic process seen on CU. We also checked for
involvement of the Fas-dependent pathway by measuring cas-
pase 8 activity.

3.4. CU-induced apoptosis involves a mitochondria-dependent
pathway, as evidenced by increased caspase 9 activity and
disrupted mitochondrial transmembrane potentials in cells
cultured on CU for 6 h

We explored the state of the mitochondria-dependent path-
way of the apoptotic cascade (i.e. upstream of the effector
caspase 3) in Swiss 3T3 fibroblasts cultured on CU and on

PS. Initiator caspase 9 activity was first measured fluorometri-
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cally. Disruption of the mitochondrial transmembrane poten-
tial was then assessed using DiOCg(3) labelling. Since the
mitochondria-dependent pathway is an early stage in the ap-
optotic cascade, we measured these parameters in cells cul-
tured for just 6 h, as well as for our usual 24 and 48 h time
points.

3.4.1. Increased caspase 9 activity in cells cultured for 6 h on
CU. After 6 h of culture, initiator caspase 9 activity (mea-
sured fluorometrically) was significantly greater in cells cul-
tured on CU than in cells on PS, although this was not the
case after 24 or 48 h (Fig. 3A).

3.4.2. Loss of mitochondrial transmembrane potential
(AY,,) in cells cultured for 6 h on CU.  DiOCg(3) labelling
showed that significantly more cells cultured on CU for 6 h
had disrupted mitochondrial function (as indicated by a loss
of A¥,,) than cells cultured on PS for the same length of time,
although again there was no difference between cells cultured
on PS or CU for 24 and 48 h (Fig. 3B).
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Fig. 3. Implication of the mitochondria-dependent apoptosis path-
way in Swiss 3T3 fibroblasts cultured on CU (grey bars) and on PS
(black bars) (control). Cells before culture (white bars). A: Fluoro-
metric measurements of caspase 9: the activity in cells cultured on
CU for 6 h was significantly greater than in cells on PS (Kruskal-
Wallis test: P<0.001), although there were no significant CU v. PS
differences for cells cultured for 24 and 48 h. B: Loss of mitochon-
drial membrane potential (A¥,), as measured by DiOCg(3) labelling
and flow cytometry. A shift in the fluorescence profile of labelled
cells revealed a change in mitochondrial membrane potential, i.e.
DiOCg(3)-positive cells became DiOCg(3)-negative. The graph shows
the fraction of DiOCg(3)-negative and Pl-negative cells, i.e. live cells
with AW, disruption. Significantly more cells cultured for 6 h on
CU had lost their membrane potential than had cells on PS (Krus-
kal-Wallis test: P <0.001), although there were no differences for
cells cultured for 24 and 48 h.
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Fig. 4. Caspase 3 activity in Swiss 3T3 fibroblasts cultured on CU
(grey bars), (CU+Boc-D-FMK) (light hatched bars) and on PS
(black bars) (control) (PS+Boc-D-FMK) (dark hatched bars), cells
before culture (white bar), as measured by fluorometry in the pres-
ence and absence of the Boc-D-FMK broad-spectrum caspase 3 in-
hibitor. Cells cultured on CU for 24 and 48 h had significantly
greater caspase 3 activity than cells cultured on PS (Kruskal-Wallis
test: P<<0.001). On CU, caspase 3 activity was significantly reduced
in the presence of Boc-D-FMK (Kruskal-Wallis test: P<0.01). The
activity in cells on PS was not significantly different from the basal
level measured immediately upon cell seeding (time 0), and the pres-
ence of Boc-D-FMK had no effect.

3.5. Apoptosis in Swiss 3T3 fibroblasts on CU is associated
with caspase 3 activation

Effector caspase 3 activity in cells cultured on CU for 24
and 48 h was significantly higher than in cells cultured on PS
(Fig. 4). This activity was significantly decreased by the
broad-spectrum caspase 3 inhibitor Boc-D-FMK. Throughout
the 48-h experiment, the activity in cells cultured on PS did
not significantly differ from the basal level measured immedi-
ately upon cell seeding (time 0). The presence or absence of
Boc-D-FMK had no effect on the measured activity. Thus,
compared to PS, the CU substrate activated caspase 3 in
Swiss 3T3 fibroblasts. We then checked whether the apoptosis
detected on CU involved caspase 8 activation.

3.6. Caspase 8 activity is not involved in the apoptosis of Swiss
373 fibroblasts on CU

We checked initiator caspase 8§ activity in order to explore
the state of the Fas-dependent pathway (i.e. upstream of the
effector caspase 3) in 3T3 cells cultured on CU and PS. Fluo-
rometric and colorimetric assays showed that for each time
point (time 0, then 6, 24 and 48 h of culture), caspase 8
activities were not significantly different for cells on CU com-
pared to those on PS (data not shown).

Furthermore, there were no significant differences in cas-
pase 8 activity in cells cultured on CU or PS in the presence
and absence of the specific inhibitor Ac-IETD-CHO.

We also checked whether the apically signalling caspase 8
could be activated in Swiss 3T3 fibroblasts cultured on PS by
inducing apoptosis with a specific anti-Fas monoclonal anti-
body. Apoptosis was significantly activated in cells cultured
on PS for 6, 24 and 48 h (P <0.01), and at each time point
this activation was significantly inhibited (data not shown) by
Ac-IETD-CHO (P <0.001).

The results thus indicate that caspase 8 is not implicated in
the apoptotic cascade triggered by CU.

3.7. The ligation of Bl integrins does not fully protect the cells
cultured on CU from apoptosis
In order to explore whether apoptosis induced on CU might
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be associated with an integrin disengagement, cells were incu-
bated for 1 h with FN (30 pg/ml), the ligand of a5B1 integ-
rins, before seeding on CU in medium containing FN. Annex-
in V assays were performed at 6 h of culture, using untreated
cells as control. In this system, FN induced significant changes
in cell morphology that was associated with the presence of a
larger number of isolated cells and smaller aggregates. FN
ligation also induced a slight decrease in the percentage of
apoptotic Swiss 3T3 cells on CU: 11.60% =*1.84 (treated)
versus 15.93% £3.02 (untreated). Nevertheless the difference
was not statistically significant (P> 0.05).

4. Discussion

In the present study we demonstrated that both cell growth
and viability were markedly decreased when the Swiss 3T3
cells were aggregated on CU as compared to cells spread on
PS. The apoptotic process was shown to involve the mito-
chondria-dependent pathway but not caspase 8 activation.
Recent studies have delineated two primary pathways which
lead to apoptosis. The first involves the interaction between
cytokine signals (e.g. tumour necrosis factor) and their cell
membrane death receptors, leading to the activation of initia-
tor caspases such as caspase 8 [28]. The second is a stress
response pathway that involves the mitochondria [24] and
leads to the formation of an apoptotic complex in which cas-
pase 9 is activated [29]. The caspase 8 pathway does not ap-
pear to be activated under our experimental conditions,
although we cannot rule out the possibility that caspase 10
might be involved [30]. In contrast, the caspase 9 pathway is
undoubtedly implicated, since the mitochondrial membrane
potential (A¥,) was altered in cells cultured on CU. It has
been demonstrated that an extracellular apoptotic signal can
be transmitted via two pathways, depending on the cell type
[31]. In type I cells, apoptosis can activate downstream cas-
pases independently of mitochondria, whereas the mitochon-
dria-dependent pathway is activated in type II cells [31]. Our
results suggest that in our model the Swiss 3T3 fibroblasts act
as type II cells when they are cultured on CU. Further studies
would be required to assess the status of the Bid, Bax and Bak
proteins, whose translocation to the outer mitochondrial
membrane induces mitochondrial transmembrane potential
changes and apoptosome formation [24,31,32]. There is in-
creasing evidence to suggest that proteins involved in apopto-
sis also control cellular activation and proliferation pathways
[30]. Integrins that regulate cell viability through their inter-
action with the extracellular matrix convert information from
the matrix to chemical signals modulating intracellular signal
transduction. Under our experimental conditions, the surface
integrins of cells on PS bind VN and/or FN favouring the
attachment, spreading and proliferation of cells.

Cells on PS have well-defined focal adhesion complexes and
stress fibres [33]. This reflects the effective ‘outside-inside’
transmembrane signalling produced by attachment of integ-
rins to substrate-adsorbed proteins. In contrast, CU, which
adsorbs adhesive proteins poorly, does not support cell
spreading, the formation of focal contacts and stress fibres.

Recent studies have shown that the ligation of Bl integrin
with anti-B1 integrin antibody can protect fibroblasts from
apoptosis [34]. The results we obtained with Swiss 3T3 fibro-
blasts using FN as the ligand of a5B1 integrins suggest that
the apoptotic process induced on CU cannot be fully ex-
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plained by a disengagement of integrins. However, we cannot
rule out the possibility that cross-linking of o5f1 integrins
was not optimal using soluble FN. Anyway, we have been
able to demonstrate coexistent cell survival with FN secretion
and FAK Tyr 397 phosphorylation, from other cells aggre-
gated on a cellulose substrate for 48 h (unpublished results).
In the present study, the mechanisms that regulate apoptosis
and cell survival on CU need further investigation to become
clarified. Our observation that cell growth is not completely
suppressed on CU after 48 h (Fig. 1) suggests, indeed, that
aggregated cells either are the target of conflicting signals or
differ in their capability to react to stimuli.

In conclusion, our results suggest that CU causes the apo-
ptosis of aggregated Swiss 3T3 fibroblasts via activation of the
mitochondria-dependent cell death pathway. An integrin dis-
engagement does not seem to be entirely responsible for this
phenomenon. CU thus appears to be an interesting model of
triggered cell death, which may be useful for studying cell
signalling mechanisms involved in this process.

Acknowledgements.: This work was supported by a grant from the
French Ministry of Research and Technology (ACI 2001). We thank
Gambro R&D Int. for generous gifts of biomaterials.

References

[1] Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M. and Ing-
ber, D.E. (1997) Science 276, 1425-1428.

[2] Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M. and Ing-
ber, D.E. (1998) Biotechnol. Prog. 14, 356-363.

[3] Nelson, C.M. and Chen, C.S. (2002) FEBS Lett. 514, 238-242.

[4] Dike, L.E., Chen, C.S., Mrksich, M., Tien, J., Whitesides, G.M.
and Ingber, D.E. (1999) In Vitro Cell Dev. Biol. Anim. 35, 441—
448.

[5] Re, F., Zanetti, A., Sironi, M., Polentarutti, N., Lanfrancone, L.,
Dejana, E. and Colotta, F. (1994) J. Cell Biol. 127, 537-546.

[6] McGill, G., Shimamura, A., Bates, R.C., Savage, R.E. and Fish-
er, D.E. (1997) J. Cell Biol. 138, 901-911.

[7] Stupack, D.G. and Cheresh, D.A. (2002) J. Cell Sci. 115, 3729-
3738.

[8] Hotchin, N.A. and Hall, A. (1996) Cancer Surv. 27, 311-322.

[9] Embade, N., Valeron, P.F., Aznar, S., Lopez-Collazo, E. and
Lacal, J.C. (2000) Mol. Biol. Cell 11, 4347-4358.

107

[10] Werner, E., Kheradmand, F., Isberg, R.R. and Werb, Z. (2001)
J. Cell Sci. 114, 3333-3343.

[11] Renshaw, M.W., Toksoz, D. and Schwartz, M.A. (1996) J. Biol.
Chem. 271, 21691-21694.

[12] Werner, E. and Werb, Z. (2002) J. Cell Biol. 158, 357-368.

[13] Ridley, A.J. and Hall, A. (1992) Cell 70, 389-399.

[14] Barry, S.T., Flinn, H.M., Humphries, M.J., Critchley, D.R. and
Ridley, A.J. (1997) Cell Adhes. Commun. 4, 387-398.

[15] Schwartz, M.A. and Shattil, S.J. (2000) Trends Biochem. Sci. 25,
388-391.

[16] Faucheux, N., Correze, C. and Haye, B. (2001) Biomaterials 22,
2993-2998.

[17] Faucheux, N. and Nagel, M.D. (2002) Biomaterials 23, 2295-
2301.

[18] Carracedo, J., Ramirez, R., Pintado, O., Gomez-Villamandos,
J.C., Martin-Malo, A., Rodriguez, M. and Aljama, P. (1995)
J. Am. Soc. Nephrol. 6, 1586-1591.

[19] Carracedo, J., Ramirez, R., Martin-Malo, A., Rodriguez, M. and
Aljama, P. (1998) J. Am. Soc. Nephrol. 9, 46-53.

[20] Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., Brat-
ton, D.L. and Henson, P.M. (1992) J. Immunol. 148, 2207-2216.

[21] Verhoven, B., Schlegel, R.A. and Williamson, P. (1995) J. Exp.
Med. 182, 1597-1601.

[22] Vermes, 1., Haanen, C., Steffens-Nakken, H. and Reutelingsper-
ger, C. (1995) J. Immunol. Methods 184, 39-51.

[23] Earnshaw, W.C., Martins, L.M. and Kaufmann, S.H. (1999)
Annu. Rev. Biochem. 68, 383-424.

[24] Desagher, S. and Martinou, J.C. (2000) Trends Cell Biol. 10,
369-377.

[25] Hengartner, M.O. (2000) Nature 407, 770-776.

[26] Boutonnat, J., Muirhead, K.A., Barbier, M., Mousseau, M., Ro-
not, X. and Seigneurin, D. (1998) Anticancer Res. 18, 4243-4251.

[27] Lee, Y.J. and Shacter, E. (1999) J. Biol. Chem. 274, 19792-19798.

[28] Srinivasula, S.M., Ahmad, M., Fernandes-Alnemri, T., Litwack,
G. and Alnemri, E.S. (1996) Proc. Natl. Acad. Sci. USA 93,
14486-14491.

[29] Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S.M., Ahmad,
M., Alnemri, E.S. and Wang, X. (1997) Cell 91, 479-489.

[30] Tibbetts, M.D., Zheng, L. and Lenardo, M.J. (2003) Nat. Immu-
nol. 4, 404-409.

[31] Scaffidi, C. et al. (1998) EMBO 1J. 17, 1675-1687.

[32] Yin, X.M., Wang, K., Gross, A., Zhao, Y., Zinkel, S., Klocke,
B., Roth, K.A. and Korsmeyer, S.J. (1999) Nature 400, 886-891.

[33] Faucheux, N., Dufresne, M. and Nagel, M.D. (2002) Biomateri-
als 23, 413-421.

[34] Tian, B., Lessan, K., Kahm, J., Kleidon, J. and Henke, C. (2002)
J. Biol. Chem. 277, 24667-24675.



	The inhibition of cell spreading on a cellulose substrate (cuprophan) induces an apoptotic process via a mitochondria-depe...
	Introduction
	Materials and methods
	Materials
	Cell culture
	Proliferation assays
	Assessment of cell death
	Annexin V binding assays
	Measurement of mitochondrial transmembrane potential by DiOC6(3) labelling
	Caspase assays
	Fluorometric measurement of caspase activities
	Colorimetric assay of caspase 8 activation

	Flow cytometry
	Assessment of adhesion-dependent survival
	Statistical analysis

	Results
	Growth of Swiss 3T3 fibroblasts decreases on CU
	Death of Swiss 3T3 fibroblasts increases on CU
	Apoptosis in Swiss 3T3 fibroblasts on CU is revealed by early stage phosphatidylserine flipping and annexin V labelling
	CU-induced apoptosis involves a mitochondria-dependent pathway, as evidenced by increased caspase 9 activity and disrupted...
	Increased caspase 9 activity in cells cultured for 6 h on CU
	Loss of mitochondrial transmembrane potential (DeltaPsim) in cells cultured for 6 h on CU

	Apoptosis in Swiss 3T3 fibroblasts on CU is associated with caspase 3 activation
	Caspase 8 activity is not involved in the apoptosis of Swiss 3T3 fibroblasts on CU
	The ligation of beta1 integrins does not fully protect the cells cultured on CU from apoptosis

	Discussion
	Acknowledgements
	References


