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Capillary endothelial cells can be switched between growth and apoptosis by modulating their
shape with the use of micropatterned adhesive islands. The present study was carried out to
examine whether cytoskeletal filaments contribute to this response. Disruption of microfilaments
or microtubules with the use of cytochalasin D or nocodazole, respectively, led to levels of
apoptosis in capillary cells equivalent to that previously demonstrated by inducing cell rounding
with the use of micropatterned culture surfaces containing small (⬍20 m in diameter) circular
adhesive islands coated with fibronectin. Simultaneous disruption of microfilaments and microtubules led to more pronounced cell rounding and to enhanced levels of apoptosis approaching
that observed during anoikis in fully detached (suspended) cells, indicating that these two
cytoskeletal filament systems can cooperate to promote cell survival. Western blot analysis
revealed that the protein kinase Akt, which is known to be critical for control of cell survival
became dephosphorylated during cell rounding induced by disruption of the cytoskeleton, and
that this was accompanied by a decrease in bcl-2 expression as well as a subsequent increase in
caspase activation. This ability of the cytoskeleton to control capillary endothelial cell survival
may be important for understanding the relationship among extracellular matrix turnover, cell
shape changes, and apoptosis during angiogenesis inhibition.

INTRODUCTION
Endothelial cells deprived of attachment to their extracellular matrix (ECM) substrate undergo apoptosis in vitro
(Meredith et al., 1993; Brooks et al., 1994; Frisch and Francis,
1994). This process, known as anoikis, can be attributed to
decreased ECM binding with associated inhibition of integrin signaling (Schwartz et al., 1991). However, cell death
also can be triggered by promoting cell retraction and
rounding within endothelial cells that remain adherent to
ECM (Re et al., 1994; Chen et al., 1997). For example, adherent capillary cells can be induced to switch from growth to
apoptosis with the use of micropatterned substrates containing micrometer-sized adhesive islands. These islands restrict
the degree to which the cells can extend independently of
the local density of ECM ligand or the concentration of
soluble growth factors; the more retracted and round the
cell, the greater the apoptotic rate (Chen et al., 1997). Capil* Corresponding author. E-mail address: donald.ingber@tch.
harvard.edu.
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lary regression induced by angiogenesis inhibitors in vivo is
also accompanied by the presence of rounded cells that die
even though they remain in contact with large ECM fragments (Ingber et al., 1986).
Although many of the molecular pathways involved in
adhesion-dependent survival have been well characterized,
little is known about the molecular machinery that transduces a structural signal, such as that associated with cell
rounding or retraction, into an apoptotic response. Cell
shape is governed by the cytoskeleton that acts as a mechanical supporting framework (Ingber, 1993; Wang et al., 1993)
as well as an orienting foundation for much of the cell’s
signal transduction machinery (Miyamoto et al., 1995; Plopper et al., 1995). Disruption of the actin cytoskeleton has been
shown to induce cell rounding and inhibit cell cycle progression in capillary endothelial cells (Ingber et al., 1995; Huang
et al., 1998). Mechanical coupling between microtubules and
actin microfilaments also has been shown to play an important role in cell shape stability as well as control of proliferation in these cells (Wang et al., 1993; Ingber et al., 1995). Yet,
it is not clear whether cytoskeletal filaments contribute to
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shape-dependent apoptotic control and, if they do, how they
couple to relevant biochemical transduction pathways.
One possible signal-transducing molecule that may be
involved in this form of apoptotic control is the serine threonine kinase, Akt/protein kinase B, which is known to
promote adhesion-dependent survival in endothelial cells
(Khwaja et al., 1997; Fujio and Walsh, 1999). Akt is activated
by phosphatidylinositol-3 kinase (PI3K), which physically
associates with the cytoskeleton within focal adhesions
(Chen and Guan, 1994; Plopper et al., 1995; Downward, 1998;
Gillham et al., 1999). To become activated, Akt is bound by
PI3K-generated 3-phosphoinositides and translocated to the
plasma membrane, where it is phosphorylated by phosphoinositide-dependent kinases PDK-1 and PDK-2 (Klippel et al.,
1997; Downward, 1998). Phosphorylated Akt can downregulate apoptotic factors, such as caspase-9 (Cardone et al.,
1998) and BAD (Datta et al., 1997; Tang et al., 1999) and
up-regulate survival factors, such as nitric oxide (Dimmeler
et al., 1999; Fulton et al., 1999) and nuclear factor-B (Ozes et
al., 1999; Romashkova and Makarov, 1999), thereby promoting cell survival. In addition, Akt has been implicated in
several cytoskeleton-mediated processes, such as regulation
of actin reorganization during vascular endothelial growth
factor-induced migration of endothelial cells (Morales-Ruiz
et al., 2000) and signaling by the cytoskeleton-plasma membrane linker protein ezrin, which also interacts with PI3K
(Gautreau et al., 1999). PTEN, a protein with homology to the
cytoskeletal protein tensin, also negatively regulates Akt
activity and promotes apoptosis (Stambolic et al., 1998).
Akt confers survival signals, at least in part, through
phosphorylation of proapoptotic members of the bcl-2 protein family (Datta et al., 1997; Adams et al., 1998; Tang et al.,
1999) or through altering bcl-2 expression (Pugazhenthi et
al., 2000). Bcl-2 family members can protect against apoptosis conferred by integrins (Frisch and Francis, 1994; Zhang et
al., 1995; Stromblad et al., 1996; Gilmore et al., 2000) and
constituitive up-regulation of bcl-2 expression prevents endothelial cell apoptosis in a model of capillary network
formation (Pollman et al., 1999). Moreover, inactivation of
bcl-2 by its phosphorylation appears to mediate apoptosis
induced by microtubule disruption in carcinoma cells (Haldar et al., 1997). Thus, in the present study, we set out to
explore whether actin microfilaments, microtubules, Akt,
and bcl-2 contribute to shape-dependent control of apoptosis in capillary endothelial cells and, if they do, whether they
are part of a common pathway.

MATERIALS AND METHODS
Experimental System
Bovine capillary endothelial cells were cultured on bacteriological
plastic dishes or glass coverslips that were precoated with a saturating density (1 g/cm2) of fibronectin (Collaborative Research,
Bedford, MA) in carbonate buffer, as described (Ingber, 1990). Goldcoated glass slides containing 10-m-diameter circular islands prepared by microcontact printing (Chen et al., 1997,1998) were coated
with a similar saturating density of fibronectin in phosphate-buffered saline (PBS). Nonspecific attachment sites were blocked with
1% bovine serum albumin in DMEM for 1 h at 37°C before use. The
cells were dissociated into single cells by brief exposure to trypsinEDTA, washed in 1% bovine serum albumin/DMEM, and resuspended in chemically defined medium (DMEM, 10 g/ml highdensity lipoprotein, 5 g/ml transferrin, and 5 ng/ml basic
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fibroblast growth factor). Cell suspensions were incubated with or
without cytochalasin D (Cyto D, 1 g/ml; Sigma, St. Louis, MO),
nocodazole (Noc, 10 g/ml; Sigma), butanedione monoxime (BDM,
10 mM; Sigma), rho kinase inhibitor (Y27632; 20 M; kindly provided by Welfide, Osaka, Japan), or wortmannin (100 nM; Sigma)
for 15 min before plating as well as during subsequent incubations.
Wortmannin was also added to the cells every 4 h to ensure continued activity during the entire time course of the experiment.
Approximately 1–10 ⫻ 105 cells were either plated onto dishes
coated with fibronectin or maintained in suspension in 2% methylcellulose (supplemented with chemically defined medium) at 37°C
for the indicated times. For caspase activity assays, cells were allowed to spread overnight before treatment with drugs. For caspase
inhibition, cell monolayers were pretreated with the caspase inhibitor z-VAD.fmk (100 M; Calbiochem, San Diego, CA) for 1 h at
37°C before the start of the experiment, as well as after replating.
Importantly, all of the cytoskeletal modifiers induce optimal effects
on the cytoskeleton within 10 –15 min after addition in our cells and
thus, the cytoskeletal modifications preceded the time zero point
measured in all experiments on Akt, Bcl-2, caspase activation, and
apoptosis. The specificity of these cytoskeletal-disrupting agents has
been demonstrated in past studies with the same cell type (Wang et
al., 1993; Ingber et al., 1995).

Detection of Apoptosis
At the indicated times, adherent cells on coverslips and suspended
cells that were collected by centrifugation were washed in PBS and
fixed with 4% paraformaldehyde/PBS for 30 min at room temperature. Fixed suspended cells were immobilized by drying onto
prewarmed (55°C) gelatin-coated slides. To detect apoptosis, cells
were permeablized with 0.1% sodium citrate/0.1% Triton X-100 in
PBS, and stained with terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) enzyme reagent (In Situ Cell Death
Detection kit; Roche Molecular Biochemicals, Indianapolis, IN) and
4,6-diamidino-2-phenylindole; fluorescently labeled nuclei were
counted on a Zeiss fluorescence microscope.

Measurement of Caspase Activity
Cells were washed in PBS, snap-frozen as cell pellets in liquid
nitrogen, and stored at ⫺80°C. For caspase activity analysis, the cells
were thawed and lysed in ice-cold lysis buffer (ApoAlert Fluorometric Caspase-3 Activity Assay; CLONTECH, Palo Alto, CA), centrifuged, and the supernatants were transferred to a 96-well plate.
Lysates were incubated for 1 h at 37°C with the caspase-3–specific
fluorescent substrate DEVD-AFC (50 M; CLONTECH) or the
caspase-8-specific substrate IETD-AFC, and fluorescence was measured with the use of a fluorometric plate reader (Bio-Rad, Hercules,
CA) at 380-nm excitation and 460-nm emission.

Quantitation of Akt Phosphorylation and bcl-2
Expression
Cells were washed in PBS and lysed in sample buffer containing 50
mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 6% ␤-mercaptoethanol, and 0.1% bromophenol blue, and boiled for 10 min. Equal
amounts of protein were loaded onto a 10% SDS-polyacrylamide gel
and electrophoretically transferred to a nitrocellulose membrane
(Bio-Rad). The membranes were blocked in Tris-buffered saline,
0.2% Tween 20, and 5% nonfat dry milk, and probed with anti-Akt
or phosphorylated Akt (Ser473) polyclonal antibodies (1:1000 dilution; New England Biolabs, Beverly, MA) followed by a horseradish
peroxidase-linked anti-rabbit secondary antibody (1:4000 dilution;
Vector Laboratories, Burlingame, CA); or with monoclonal antibodies directed against bcl-2 (1:250 dilution; Sigma-Genosys, The
Woodlands, TX) or tubulin (clone DM1a, 1:200 dilution; Sigma),
followed by a horseradish peroxidase-linked anti-mouse secondary
antibody (1:4000 dilution; Vector Laboratories). Proteins were de-
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Figure 1. Different degrees of
cell rounding induced by growing cells on circular micropatterns or by cytoskeletal disruption. Cells were plated on
fibronectin-coated adhesive islands or on fibronectin-coated
coverslips in the presence of
drugs, as described in MATERIALS AND METHODS. Cells
maintained a round shape when
grown on 10-m-diameter circular adhesive islands for 24 h (A;
diagram showing micropattern
layout below). Control cells
spread on fibronectin within 3 h
(B) and extended further by 24 h
(C). Disruption of microfilaments
with the use of 1 g/ml Cyto D
(D and E), or of microtubules
with the use of 10 g/ml Noc (F
and G) led to mostly rounded cells at 3 h of treatment (D and F), but only partially rounded cells after 24 h (E and G). In contrast, disruption
of microfilaments and microtubules with the use of a combination of Cyto D and Noc led to sustained cell rounding up to 24 h (H and I).

tected with the use of an enhanced chemiluminescence reagent
(PerkinElmer Life Science Products, Boston, MA) by autoradiography and developed with the use of Biomax film (Eastman Kodak,
Rochester, NY). Ratios of phosphorylated Akt to total Akt, and of
the expression of bcl-2 relative to tubulin, were quantitated with the
use of digital imaging software (Alpha Innotech, San Leandro, CA).

RESULTS
We have previously demonstrated that restricting cell
spreading in capillary endothelial cells induces an apoptotic
response independent of anoikis (Chen et al., 1997). For
example, ⬃20% of adherent capillary endothelial cells died
by apoptosis when cultured on 10-m-wide circular adhesive islands coated with fibronectin, which physically restrict cell extension (Figures 1A and 2); this is distinct from
the majority (⬎95%) of cells that survive on fibronectin in
the same medium when spreading is permitted and from the
60% of cells that undergo anoikis when completely detached
from a substrate and cultured in suspension (Figure 2). To
determine whether the cytoskeleton plays a role in this
shape-dependent apoptotic response, we measured apoptosis within cells that were cultured on unpatterned fibronectin substrates in the absence or presence of the cytoskeletondisrupting drugs Cyto D (1 g/ml) and Noc (10 g/ml),
both alone and in combination. Capillary endothelial cells
normally spread within 1–3 h after plating (Figure 1B) and
extend even further ⬎24 h of culture (Figure 1C) on standard
fibronectin substrates. Although disrupting the actin microfilament system with Cyto D did not interfere with cell-ECM
adhesion, it completely prevented spreading for at least 3 h
(Figure 1D). After 24 h of continuous exposure to Cyto D, the
cell bodies still remained retracted, although extension of
some thin spindle-like projections could be observed (Figure
1E). Some of the cells cultured for 3 h in the presence of Noc,
which disrupts microtubules, remained rounded, whereas
other cells took on a partially spread, polygonal shape (Figure 1F); after 24 h, Noc-treated cells still failed to extend fully
and appeared largely polygonal in form (Figure 1G). In
contrast, simultaneous administration of Cyto D and Noc
Vol. 12, October 2001

caused cells to remain completely rounded for the entire
24 h time course examined (Figure 1, H and I).
Importantly, treatment of cells with Cyto D or Noc for 24 h
mimicked the effect of cell shape restriction on apoptosis in
that between 10 and 20% of cells exhibited apoptosis when
quantitated with the use of TUNEL staining (Figure 2).
Interestingly, combination of Cyto D and Noc led to an
additive effect on apoptosis, with ⬎50% of cells undergoing
programmed cell death. The level of apoptosis induced by
disruption of both microfilaments and microtubules approached that displayed by cells grown in suspension
(⬃60%) at 24 h (Figure 2). In contrast, treatment of endothelial cells with inhibitors of cytoskeletal tension generation
(BDM and the rho kinase inhibitor Y27632) that do not

Figure 2. Induction of apoptosis with the use of cytoskeletondisrupting drugs. Apoptosis was detected after 24 h in cells that
were plated on fibronectin-coated 10-m circular patterns (10 m)
or on standard fibronectin-coated dishes in the absence (control) or
presence of 1 g/ml Cyto D, 10 g/ml Noc, 10 mM BDM, 20 M
Y27632 (Y27), 100 nM wortmannin, or grown in suspension (suspension). Results are expressed as the percentage of nuclei that
stained positive with the TUNEL enzyme reagent (⫾ SEM).
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disrupt cytoskeletal integrity or alter cell shape did not
significantly alter cell apoptotic rates (Figure 2).
Apoptosis induced by cytoskeletal disruption and measured by TUNEL staining also was accompanied by upregulation of caspase-3 activity, the major effector caspase
responsible for cellular proteolysis associated with the apoptotic cascade (Cryns and Yuan, 1998). After 24 h of treatment with Cyto D, Noc, or Cyto D ⫹ Noc, caspase-3 activity
was elevated ⬃4 –5-fold relative to that exhibited by control
spread cells (Figure 3A). This was similar to the up-regulation of caspase-3 activity in suspended cells, even though a
greater percentage of suspended cells eventually died (Figures 2 and 3A). Furthermore, shape-dependent apoptosis
appeared to be caspase dependent, because the general
caspase inhibitor z-VAD.fmk blocked apoptosis of cells
treated with Cyto D or grown on 10-m circles (Figure 3B).
Because recently it was shown that activity of caspase-8, an
initiator caspase important in fas-mediated cell death, is
up-regulated in endothelial cells in suspension (Rytomaa et
al., 1999), we also tested whether caspase-8 activity was
increased in capillary endothelial cells after cytoskeletal disruption. In fact, caspase-8 activity did increase in our suspended endothelial cells and this increase could be inhibited
with the use of z-VAD.fmk; however, we failed to detect any
increase in caspase-8 activity in adherent cells treated with
Cyto D (Figure 3C).
Because PI3K and phosphorylation of its downstream target Akt have been reported to confer adhesion-dependent
survival signals (Khwaja et al., 1997; Fujio and Walsh, 1999),
we then set out to determine whether survival signals mediated by the cytoskeleton and cell shape modulation also
involve this pathway. Treatment of cells with a pharmacological inhibitor of PI3K, wortmannin (100 nM), induced
apoptosis within ⬃40% of adherent cells (Figure 2) and this
was associated with down-regulation of Akt phosphorylation as previously demonstrated by others (King et al., 1997;
Downward, 1998). Cells treated with Noc or grown in suspension also almost completely dephosphorylated their Akt,
compared with spread cells, as early as 30 min after plating,
and Akt phosphorylation levels continued to decrease up to
6 h after plating (Figure 4A). Treatment with Cyto D produced a smaller, but still significant decrease in Akt phosphorylation by 3 h, with phosphorylation levels being ⬃50%
of those exhibited by spread cells at 6 h (Figure 4A). This
partial microfilament-dependent decrease in Akt phosphorylation corresponded to ⬃10 –15% of cells undergoing apoptosis by 24 h (Figure 2). Disruption of microtubules with
Noc led to both a more marked decrease in Akt phosphorylation at 6 h (Figure 4A), and a slightly higher level of
apoptosis at 24 h (Figure 2). However, although suspension
produced similar suppression of Akt phosphorylation as
Noc (Figure 4A), it led to ⬃3 times higher levels of anoikis at
24 h (Figure 2).
An increased ratio of bcl-2/bax is involved in survival
conferred by binding of integrin ␣v␤3 in endothelial cells
(Stromblad et al., 1996), and Akt was recently shown to
regulate bcl-2 expression in neuronal PC12 cells (Pugazhenthi et al., 2000). We therefore set out to determine
whether expression of bcl-2 was affected by disruption of the
cytoskeleton and whether it correlated with Akt dephosphorylation in our system. Treatment of cells with Cyto D
led to a small but significant decrease in bcl-2 protein levels
3090

Figure 3. Involvement of caspase activity in endothelial cell apoptosis induced by shape restriction. (A) Representative experiment
showing caspase-3 activity in suspended cells (sus) or in cells on
fibronectin-coated dishes without (spread) or with exposure to Cyto
D (1 g/ml), Noc (10 g/ml), BDM (10 mM), or Y27632 (Y27; 20
g/ml) for 24 h; similar results were obtained in two or more
experiments. Black bars, untreated cells; striped bars, cells pretreated with the caspase inhibitor z-VAD.fmk (100 M) for 1 h and
then continually exposed to the inhibitor during the 24-h experiment. (B) Prevention of apoptosis in shape-restricted cells treated
with a caspase inhibitor. Capillary endothelial cells were grown on
10-m circles (10 micron) or treated with Cyto D (1 g/ml) for 24 h
in the presence (striped bars) or absence (black bars) of the caspase
inhibitor z-VAD.fmk (100 M). Apoptosis was measured as the
percentage of nuclei stained positively by the TUNEL enzyme reagent. (C) Caspase-8 activity in adherent cells treated in the absence
(control) or presence of Cyto D (1 g/ml), or in cells grown in
suspension without (sus) or with the caspase inhibitor, z-VAD.fmk
(100 M), for 20 h. Caspase activities are expressed as the ratio of
fluorescence units between treated and control cells.

that was sustained ⬎6 h (Figure 4B). Treatment with Noc led
to a much more marked decrease in bcl-2 expression at 6 h.
Although addition of Cyto D to Noc appeared to produce a
slight additive effect on bcl-2 suppression at early times (1–3
h), there was no significant difference between the combination and Noc alone at 6 h (Figure 4B). Again, Noc and
suspension both produced similar effects on bcl-2 expression
at 6 h (Figure 4B), even although they exhibited significantly
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Figure 4. Effects of cytoskeletal disruption on Akt phosphorylation (A) and bcl-2 expression (B). Akt phosphorylation and bcl-2
protein levels were detected by Western blots in cells treated with
Cyto D (1 g/ml), Noc (10 g/ml), or a combination of the two, or
grown in suspension for the times indicated. Akt phosphorylation is
expressed as the ratio of phosphorylated Akt to total Akt protein.
Bcl-2 expression levels are presented as the ratio of bcl-2 to a control
protein (␣-tubulin), which did not significantly change in expression
levels during the course of the experiment. f, control cells spread on
fibronectin-coated dishes; Œ, Cyto D-treated cells; open diamonds,
Noc-treated cells; F/哹, cells treated with a combination of Cyto D
and Noc; ‚, suspended cells.

different effects on apoptosis measured at 24 h (Figure 2).
Interestingly, the inhibitory effect of Cyto D was only 20 –
50% of the effect of nocodazole in the cases of both Akt
phosphorylation and bcl-2 expression. Furthermore, the
timecourse of bcl-2 down-regulation in Noc-treated cells
closely followed that of Akt dephosphorylation. The largest
jump in Akt dephosphorylation was seen between 0 and 30
min, whereas bcl-2 expression decreased steadily over a 6-h
period, suggesting that bcl-2 is downstream of Akt in this
pathway. In contrast, caspase 3 activation was not detectable
until ⬎8 h after cytoskeletal disruption by cytochalasin D or
nocodazole. Furthermore, inhibition of caspase activation
with the use of the general inhibitor, zVAD, did not interfere
with the effects of cytoskeletal modifiers on Akt phosphorylation or bcl-2 (Figure 5). Thus, Akt and bcl-2 appear to be
upstream of caspase activation in the apoptotic cascade in
bovine capillary endothelial cells, as previously observed in
other cell types (Kluck et al., 1997; Cardone et a., 1998).

DISCUSSION
Structural cues associated with endothelial cell rounding
appear to be able to induce endothelial cells to undergo
apoptosis; however, the underlying mechanism is unknown.
In this study, we showed that disruption of cytoskeletal
microfilaments could induce both cell rounding and a concomitant increase in apoptosis analogous to that observed in
cells whose spreading was restricted in the past with the use
of a micropatterning technique (Chen et al., 1997). Disruption of microtubules with the use of Noc also induces apoptosis, but with relatively minor inhibition of spreading.
Combination of both drugs resulted in additive effects on
apoptosis, such that the cells exhibited an anoikis-like response even although they remained adherent to the ECMcoated dish. Thus, loss of both microfilament and microtubule networks rendered the cells incapable of generating the
structural cues necessary for survival, whereas loss of one
Vol. 12, October 2001

Figure 5. Effects of the general caspase inhibitor, zVAD, on Akt
phosphorylation (A) and bcl-2 expression (B) induced by cytoskeletal disruption. Measurements were carried out at 3 h with the use
of methods and drug concentrations described in Figure 4. White
bars, absence of zVAD; black bars, presence of 100 M zVAD.

structural element alone merely reduced the probability for
survival. These results suggest that intact cytoskeletal filaments normally cooperate to promote cell survival and that
structural alterations in the cytoskeleton induced by modulating cell-ECM binding and cell shape may actively control
the apoptotic signaling pathway.
These results differ from a past study (Pollman et al., 1999)
in which microtubule disruption with the use of colchicine
led to endothelial cell apoptosis in Matrigel where cells
partially retracted and formed capillary tubes, whereas the
cells did not die when treated with colchicine in a twodimensional monolayer (Pollman et al., 1999). It is possible
that microtubule disruption has different effects when cells
form lateral junctional complexes or when these filaments
are disrupted within preexisting monolayers that have
formed other types of stabilizing structures (i.e., rather than
during the spreading of single cells as in the present study).
A different ECM molecule (collagen as opposed to fibronectin) was used in that study; this also may have contributed
to these different effects on cell survival. In any case, our
results with Noc and Cyto D clearly indicate that disruption
of structural elements and cell rounding are enough to in3091
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duce apoptosis within individual capillary endothelial cells
cultured under defined ECM conditions. Thus, a change in
cell shape that alters cytoskeletal structure can itself be a
signal for apoptosis. These findings are consistent with the
observation that HIV-1 vpr protein appears to prevent
anoikis by promoting actin microfilament assembly (Matarrese et al., 2000) and that microtubule disassembly similarly
induces apoptosis in fibroblasts (Kook et al., 2000).
Analysis of the biochemical basis of this cytoskeletal control revealed that disruption of the cytoskeleton in capillary
endothelial cells mimicked the known apoptosis-inducing
effects of the PI3K inhibitor wortmannin, by producing dephosphorylation of Akt, down-regulation of bcl-2 expression, and subsequent caspase activation. These findings are
important because overexpression of bcl-2 has been shown
to prevent endothelial cell apoptosis as well as capillary
involution (Pollman et al., 1999). Akt became partially dephosphorylated upon microfilament disruption with Cyto
D, and almost completely dephosphorylated upon microtubule disruption with Noc, as early as 30 min after treatment.
Similarly, bcl-2 expression was partially down-regulated by
Cyto D, and completely down-regulated by Noc.
Taken together, these results indicate that Akt may be an
early player in the transduction of structural cues into survival signals. Akt is known to be activated by integrin
signaling through focal adhesion kinase (FAK) and PI3K
(Khwaja et al., 1997; King et al., 1997; Fujio and Walsh, 1999).
We observed that Akt became dephosphorylated by disruption of the cytoskeleton and by inhibition of PI3K with the
use of wortmannin, suggesting that PI3K may be involved in
the shape- and cytoskeleton-dependent apoptotic cascade.
Akt dephosphorylation induced by cytoskeletal disruption
also could be related to inhibition of FAK signaling, which
has been demonstrated under these conditions (Burridge
and Chrzanowska-Wodnicka, 1996). Treatment of fibroblasts with Noc similarly leads to deactivation of FAK and
increased apoptosis (Kook et al., 2000), whereas PTEN,
which inhibits FAK, negatively regulates Akt (Tamura et al.,
1999). Thus, one mechanism by which changes in cell shape
may lead to endothelial cell apoptosis could be through
disruption of cytoskeletal signaling within the focal adhesion complex that contains FAK as well as PI3K (Miyamoto
et al., 1995; Plopper et al., 1995). Furthermore, it was shown
recently that Akt is directly phosphorylated by the integrinlinked kinase, which binds to the cytoplasmic domains of
integrins and prevents anoikis (Delcommenne et al., 1998);
integrin-linked kinase may also become dislodged upon
cytoskeletal disruption.
Recently, cell spreading and activated Rho-GTP were
shown to lead to increased bcl-2 expression and prevent
epithelial cell apoptosis (Fiorentini et al., 1998). We observed
that bcl-2 expression was higher in spread cells than in
round. Thus, it is possible that Akt provides a link between
integrins, the cytoskeleton, and bcl-2 expression in providing structural context-dependent antiapoptotic signals. This
mechanism may involve regulation of the bcl-2/Bax or bcl2/BAD ratio and subsequent regulation of cytochrome c
release from mitochondria (Datta et al., 1997; Kluck et al.,
1997; Adams et al., 1998) or direct regulation of cytochrome
c release by Akt through an as yet unknown mechanism
(Kennedy et al., 1999). Interestingly, Akt also can regulate
cell survival at the postmitochondrial level (Zhou et al.,
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2000). Our data show that at least in the case of cytoskeletal
perturbation, Akt appears to act upstream of bcl-2 in the
induction of apoptosis, because Akt dephosphorylation occurred earlier than bcl-2 down-regulation in our system
(Figure 4). The ability of Akt to up-regulate nitric oxide
production and nuclear-B activity (Dimmeler et al., 1999;
Fulton et al., 1999; Ozes et al., 1999; Romashkova and
Makarov, 1999) also could contribute to its survival-promoting activity in our system.
Interestingly, the activity of caspase-3, an effector caspase,
was up-regulated during shape-dependent apoptosis,
whereas the activity of caspase-8, an initiator caspase involved in regulating apoptosis induced by the fas death
receptor (reviewed by Cryns and Yuan, 1998) during
anoikis, was not activated. Although matrix detachment
results in endothelial cell susceptibility to fas-mediated cell
death via caspase-8 signaling (Rytomaa et al., 1999), adherent cells are resistant (Aoudjita and Vuoria, 2001). Our finding that cells treated with cyto D that did not fully detach
from the ECM substrate also did not activate caspase-8 is
consistent with this work. Added involvement of the
caspase-8 pathway also could account for the greater levels
of apoptosis seen in suspension than in rounded cells, despite apparently similar increases in caspase-3 activity in
round adherent cells versus cells in suspension. Most importantly, these results show that apoptosis induced by cell
rounding or cytoskeletal disruption within cells anchored to
ECM differs mechanistically from apoptosis (anoikis) that
results from substrate detachment.
The past finding that cells switch between proliferation
and death when their shape is varied over a wide range
(Chen et al., 1997) suggests that there could be a link between
growth and apoptotic signaling pathways. For example, cell
cycle arrest induced by cell rounding and microfilament
disruption correlates with up-regulation of the cell cycle
inhibitor p27Kip1 (Huang et al., 1998). Ectopic expression of
PTEN, which modulates Akt activity (Stambolic et al., 1998),
also produces growth arrest through elevation of p27 Kip1
(Sun et al., 1999), and Akt has been implicated in regulation
of cell proliferation in other systems (Zimmermann and
Moelling, 1999). Thus, one possibility is that disruption of
the actin cytoskeleton could lead to both cell cycle arrest and
apoptosis through Akt-dependent up-regulation of the cell
cycle inhibitor p27 Kip1. However, although Noc produced
profound down-regulation of Akt in the present study, it
does not induce cell cycle arrest in our capillary endothelial
cells (Ingber et al., 1995). Thus, Akt dephosphorylation apparently does not cause cell cycle arrest in these cells. Furthermore, although mechanical force interactions between
microtubules and microfilaments and specifically, tension
generated within the actin cytoskeleton, appear to play a key
role in the shape-dependent cell cycle checkpoint in capillary endothelial cells (Huang et al., 1998), pharmacological
inhibitors of cytoskeletal tension generation did not increase
apoptosis in this study. Apoptosis was only induced when
the structural integrity of the cytoskeleton was compromised and/or cell shape was altered.
The cytoskeleton has previously been shown to be involved in the execution phase of apoptosis, by regulating
membrane bleb formation (Huot et al., 1998; Mills et al.,
1998b;) and release of apoptosis-inducing phosphatases
from disassembled microtubules (Mills et al., 1998b). Actin
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and the actin-associated protein gelsolin have also been
shown to be cleaved during apoptosis, leading to the release
of DNase 1 and subsequent DNA cleavage (Kayalar et al.,
1996; Kothakota et al., 1997). However, the results of the
present study go further and suggest that adhesion-dependent changes in cytoskeletal structure may play an active
role in the initiation of the apoptosis signal transduction
cascade in endothelial cells. Cytoskeletal rearrangement also
has been suggested to be a critical step in the pathway to
apoptosis induced by stress or heat shock (DeMeester et al.,
1998), and cytoskeletal disruption leads to apoptosis in a
variety of other cell types (Sauman and Berry, 1993; Zhang et
al., 1997; Korichneva and Hammerling, 1999; Suria et al.,
1999). Thus, the cytoskeleton apparently plays a supporting
role in both the induction and execution of the apoptotic
program.
In summary, these data provide a conceptual link between
cell-ECM adhesion, cytoskeletal structure, cell shape, and
Akt-mediated control of cell survival during angiogenesis.
The results reveal that the cytoskeletal components that
stabilize cell structure are critical for the cell’s ability to
survive, and suggest that shape-dependent apoptosis is due
at least in part to disorganized cytoskeletal architecture.
Elucidation of how cell geometry conveys survival signals
will contribute to our understanding of the mechanism underlying regression of tissues, such as capillary blood vessels, which undergo apoptosis without completely detaching from their insoluble ECM attachment scaffolds in vivo
(Ingber et al., 1986).
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