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Staurosporine induces endothelial cell apoptosis via focal adhesion kinase
dephosphorylation and focal adhesion disassembly independent of focal
adhesion kinase proteolysis
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The survival of endothelial cells is dependent on interactions

between the matrix and integrins mediated through focal adhe-

sions. Focal adhesion kinase (FAK) is thought to play a key role

in maintaining focal adhesion function and cell survival, whereas

caspase-mediatedFAK proteolysis is implicated in focal adhesion

disassembly during apoptosis. We examined the relationship

between changes in FAK phosphorylation and proteolysis during

apoptosis of primary porcine aortic endothelial cells (PAEC)

induced by staurosporine, a widely used apoptogenic agent in

diverse cell types. Staurosporine-induced PAEC apoptosis was

detected after 1 h and was preceded by disruption and loss of

FAK localization to focal adhesions within a few minutes,

whereas staurosporine-induced cleavage of FAK occurred only

after 8–24 h. Staurosporine induced a very rapid dephos-

phorylation of FAK at Tyr)'" and Tyr$*( and caused dissociation

of phosphorylated FAK from focal adhesions as early as 30 s.

The effect of staurosporine was very potent with striking in-

hibition of Tyr)'" and Tyr$*( phosphorylation and focal adhesion

INTRODUCTION

Focal adhesions are multicomponent juxtamembrane structures,

which play a critical role in the adhesion, survival and migration

of endothelial and other adherent cell types [1]. Focal adhesion

kinase (FAK) is an important component of the focal adhesion

complex [2–4], essential for embryonic development and implicat-

ed in cell migration, adhesion, survival, and cell-cycle control

[5–9]. The FAK C-terminal non-catalytic domain contains a 159-

residue region (the focal adhesion targeting domain or FAT)

required for targeting to focal adhesions [10] and also mediates

FAK association with paxillin, which co-localizes to focal

contacts and is a potential FAK substrate [11,12].

FAK tyrosine phosphorylation is thought to play a central

role in signal transduction through the focal adhesion complex

triggered by diverse extracellular signals [13–17]. Phosphory-

lation at Tyr$*(, the major FAK autophosphorylation site, creates

a high-affinity binding site for the Src homology 2 (SH2) domains

of pp60src and pp59 fyn [18], and also mediates association with

the p85 subunit of phosphoinositide 3«-kinase (PI 3-kinase) [19],

whereas phosphorylation at Tyr&(' and Tyr&(( in the activation

loop region of the catalytic domain enhances FAK kinase activity

[20]. Phosphorylated Tyr*#& is a binding site for the SH2 domain

growth-factor-receptor-bound protein 2 [21]. FAK is also phos-

phorylated by Src at Tyr%!( and Tyr)'" residues [22], but the

function of these sites is unclear.

Abbreviations used: Bcl-2, B-cell lymphocytic leukaemia proto-oncogene 2; DAPI, 4,6-diamidino-2-phenylindole ; DMEM, Dulbecco’s modified Eagle’s
medium; FAK, focal adhesion kinase ; HUVEC, human umbilical-vein endothelial cells ; PAEC, porcine aortic endothelial cells ; PI 3-kinase,
phosphoinositide 3«-kinase ; PKC, protein kinase C; SH2 domain, Src homology domain; TUNEL, terminal transferase deoxytidyl uridine end labelling.
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disruption occurring in the range 10–100 nM. Selective inhibition

of a known target of staurosporine, protein kinase C, using

GF109203X, and of phosphoinositide 3«-kinase using wort-

mannin, did not reduce FAK tyrosine phosphorylation at Tyr)'"

and Tyr$*(, or cause disruption of focal adhesions. Cyclohexi-

mide, the protein synthesis inhibitor, induced PAEC apoptosis

more slowly than staurosporine, but did not induce FAK

dephosphorylation or rapid focal adhesion disruption, and

instead caused a slower loss of focal adhesions and a marked

increase in FAK proteolysis. These studies show that FAK

dephosphorylation and focal adhesion disassembly are very early

events mediating the onset of staurosporine-induced endothelial

cell apoptosis and are dissociated from FAK proteolysis. Cyclo-

heximide induces apoptosis through a pathway involving FAK

proteolysis without dephosphorylation.

Key words: cycloheximide, src, survival.

The survival of endothelial and epithelial cells is critically

dependent upon interactions between the matrix and integrins

mediated through focal adhesions. Disruption of these interac-

tions induces anoikis, a class of apoptosis characterized by

membrane blebbing, loss of focal adhesions and retraction from

the substrate followed by cell detachment [23]. FAK is thought

to play a major role in survival signalling in several cell types

[8,24–26]. Caspase-3-mediated FAK cleavage in human umbi-

lical-vein endothelial cells (HUVEC) has been implicated in focal

adhesion disassembly and apoptosis [27,28], but it is unclear

whether FAK proteolysis is a cause of focal adhesion disassembly

or a consequence of focal adhesion disaggregation and en-

dothelial cell detachment. Furthermore, neither the relationship

between FAK tyrosine phosphorylation and proteolysis nor the

role of changes in phosphorylation during disassembly of focal

adhesions are understood.

Given the importance of changes in FAK activity for the

regulation of focal adhesion integrity and cell survival, we sought

to determine the temporal relationships between changes in FAK

tyrosine phosphorylation, FAK proteolytic cleavage and focal

adhesion disassembly during endothelial cell apoptosis induced

by the microbial alkaloid, staurosporine, one of the most widely

used apoptogenic agents [29–31]. The mechanism of stauro-

sporine-induced apoptosis is not fully understood and recent

findings suggest that this agent may act through caspase-

independent pathways distinct from those of other apoptotic
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agents [32–34]. Here, we show that staurosporine induces rapid

FAK dephosphorylation at Tyr)'" and Tyr$*( and focal adhesion

disruption in aortic endothelial cells preceding apoptosis, and

temporally dissociated from FAK proteolysis. In contrast, cyclo-

heximide, the protein synthesis inhibitor induced apoptosis more

slowly than staurosporine and caused a marked increase in FAK

proteolysis without FAK dephosphorylation. These findings

identify FAK as a novel target for staurosporine and indicate

that FAK dephosphorylation is an important early step in

initiating focal adhesion disassembly and apoptosis induced by

this compound. These results have implications for the mecha-

nisms underlying the caspase-independent induction of apoptosis

by staurosporine in tumour cells.

EXPERIMENTAL

Cell culture

Porcine aortic endothelial cells (PAEC) were isolated from fresh

porcine aorta (Fresh Tissue Supplies). Aortas were dissected free

of fibro-fatty tissue and washed several times in sterile PBS.

Branching blood vessels were ligated and the lumen of the aorta

treated with 1 mg}ml of collagenase type I (Sigma) in PBS for

20 min at 37 °C. Collagenase treatment was terminated by the

addition of Dulbecco’s modified Eagle’s medium (DMEM) with

10% foetal bovine serum, and endothelial cells were collected by

centrifugation. Primary cultures of PAEC were characterized on

the basis of ‘cobblestone’ morphology and immunofluorescent

staining of the endothelial cell-specific marker, VE cadherin.

PAEC were maintained in DMEM (low glucose) supplemented

with 10% foetal bovine serum, penicillin–streptomycin (100 µg}
ml), gentamicin (50 µg}ml) and -glutamine (2 mM)m, and were

used between passages 2 and 7 in experiments.

Western-blotting system

Confluent cultures of PAEC were washed twice with serum-free

medium, and incubated in serum-free DMEM with factors as

indicated. Cellular protein was extracted from 2¬ sample buffer

[250 mM Tris (pH 6.8)}2 mM EDTA}25% glycerol}4% SDS}
10% 2-mercaptoethanol}0.1% Bromophenol Blue] and heated

to 95–100 °C for 5 min. Equal quantities of protein were separat-

ed by SDS}PAGE and transferred to Immobilon (Millipore,

Watford, Herts., U.K.). Membranes were blocked with PBS}5%

non-fat milk for 30 min and incubated for 1 h with primary

antibody (2 µg}ml) diluted in blocking buffer followed by horse-

radish peroxidase-conjugated secondary antibody for 1 h. Im-

munoreactive bands were detected by chemiluminescence using

ECL2 reagents (Amersham).

Terminal transferase deoxytidyl uridine end labelling (TUNEL)
staining

Detection of apoptosis using the TUNEL method was performed

using an apoptosis detection kit (Promega, Chilworth, South-

ampton, U.K.) according to the manufacturer’s instructions.

After treatment as indicated, cells on glass coverslips were fixed

in 4% formaldehyde for 25 min at 4 °C, washed in PBS and

permeabilized with 0.2% (v}v) Triton X-100 in PBS for 5 min on

ice. The cells were preincubated in equilibration buffer (as

supplied) for 10 min, followed by incubation in equilibration

buffer plus nucleotide mix containing fluorescein-12–dUTP and

terminal deoxnucleotidyl transferase for 1 h. The reaction was

stopped by immersion in 2¬ standard saline citrate (Life

Technologies, Paisley, Renfrewshire, Scotland, U.K.) for 15 min

at room temperature. Next the cells were stained with propidium

iodide (1 µg}ml) for 15 min. After washing with PBS, coverslips

were mounted using Pro-Long Anti-FADE (Molecular Probes)

and TUNEL staining was visualized on a Zeiss immuno-

fluorescence microscope and photographed using Kodak slide

film.

Annexin V staining

Treated cells were trypsinized, collected by centrifugation, and

stained with fluorescein-conjugated annexin V and propidium

iodide (Boehringer Mannheim, Lewes, East Sussex, U.K.). After

staining, the cells were sorted by flow cytometry using a FACScan

(Becton Dickinson, Bedford, U.K.). Annexin V-positive staining

cells are apoptotic cells. Cells that were propidium iodide-

positive, annexin V-negative were not counted as apoptotic cells.

Immunofluorescent staining and microscopy

Cells on glass coverslips were fixed and permeabilized by

immersion in precooled methanol for 10 min at ®20 °C, washed

thrice in PBS and then incubated in primary antibody (1–10 µg}
ml) diluted in PBS}0.1% BSA. The cells were washed thrice and

incubated with fluorochrome-conjugated (FITC or tetramethyl-

rhodamine β-isothiocyanate) secondary antibodies or 4,6-diami-

dino-2-phenylindole (DAPI) diluted in PBS}0.1% BSA for

30 min. The coverslips were inverted on to microscope slides

using Pro-Long Anti-FADE. Cells were viewed on a Zeiss

Axiophot 100 M microscope using a ¬63 oil immersion objective

lens (numerical aperture 1.4) and image capture was performed

using a Hamamatsu DCC camera and Improvision software,

Openlab 2.2.4. In all experiments, control stains were performed

with each antibody using secondary antibodies separately (results

not shown).

Immunopreciptation and kinase assay

Confluent cells in 90 mm dishes were treated as indicated and

lysed in RIPA buffer [10 mM Tris (pH 7.4)}150 mM NaCl}1%

Nonidet P40}0.5% sodium deoxycholate}0.1% SDS}10 µg}ml

leupeptin}1 mM PMSF}25 µg}ml aprotinin] for 10 min on ice.

Lysates were clarified by centrifugation at 15 000 g for 10 min

and incubated overnight at 4 °C with constant mixing with

4 µg}ml antibody to the FAK C-terminus (Santa Cruz Biotech-

nology, Santa Cruz, CA, U.S.A.) followed by incubation with

protein agarose AG­ (Santa Cruz) for 2 h at 4 °C. The protein

agarose AG­ complex was washed three times in lysis buffer,

followed by three washes in kinase assay buffer [50 mM Hepes

(pH 7.4)}75 mM NaCl}0.1 mM EDTA}10 µg}ml}1 mM PMSF}
25 µg}ml aprotinin]. The protein agarose AG­ complex was

resuspended in kinase assay buffer containing 100 µM ATP,

10 mM MgCl
#

and 10 µCi per sample [γ-$#P]ATP (Amersham

Biosciences) and incubated at 30 °C for 20 min after which the

reaction was stopped by the addition of excess ice-cold RIPA

buffer. Immunoprecipitates were washed thrice in RIPA buffer at

4 °C, resuspended in 2¬ sample buffer and heated to 95–100 °C
for 5 min. The samples were separated by SDS}PAGE (8%

gel). The gel was dried and exposed to X-ray film (Kodak) at

®70 °C for 3 days following which the film was developed.

Materials

Staurospaurine, cycloheximide, anisomycin and actinomycin D

were from the Sigma. GF109203X, wortmannin and ML-7 were

from Calbiochem. Monoclonal antibodies to FAK and paxillin

were obtained from Transduction Laboratories. Antibodies to
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FAK N-terminal residues 2–18 (FAK-N), Src, B-cell lympho-

cytic leukaemia proto-oncogene 2 (Bcl-2) and VE-cadherin came

from Santa Cruz Inc. Monoclonal N-terminal-specific FAK

antibody (4.47) was from Upstate Biotechnology Inc. Phospho-

specific antibodies to FAK phosphorylated at Tyr$*( and Tyr)'"

and Src phosphorylated at Tyr%") were from Biosource. Horse-

radish peroxidase-conjugated secondary antibodies to mouse

and rabbit immunoglobulins were from Amersham International

(Little Chalfont, Bucks., U.K.). Fluorochrome-conjugated sec-

ondary antibodies were from Dako (Cambridge, U.K.). All other

reagents were of the highest grade available.

RESULTS

Staurosporine was an effective inducer of PAEC apoptosis at

1 µM as determined by detection of cell surface binding of

annexin V and TUNEL and propidium iodide staining of nuclei

(Figure 1). Staurosporine treatment for 1 h increased annexin V

staining to 33% of the total cell population as compared with

7% in control untreated cells incubated in serum-free medium.

Annexin V staining increased to 90–95% after addition of

Figure 1 Staurosporine induces rapid apoptosis in PAEC

(A) Confluent cultures of PAEC were incubated for the times indicated (in h) in serum-free medium, in the absence (SF) or presence of 1 µM staurosporine (ST), and annexin V staining was

determined by flow cytometry as described in the Materials and methods section. The results show the means³S.E.M. for annexin V-positive cells. *P ! 0.05 for ST versus serum-free at 1 and

24 h. (B) Cells were treated with no addition (Con) or with 1 µM ST for the times indicated and TUNEL staining was performed as described in the Materials and methods section. Cells were

counterstained with propidium iodide (red) and apoptotic nuclei (indicated by arrowheads) appear yellow due to merging of PI and green TUNEL stain. Photomicrographs were taken using a 40¬
objective. The lower panel shows a high magnification (h.m.) photomicrograph of the 4 h treatment taken using a 63¬ objective. Note that no TUNEL-positive cells are present in control, untreated

cells. The results shown in (A) and (B) are representative of three independent experiments.

staurosporine for 24 h, whereas withdrawal of serum alone for

24 h caused no significant increase in annexin V staining (Figure

1A). TUNEL staining was readily detectable after treatment

with staurosporine for 2 h and was significant after 4 h (Figure

1B).

To investigate the role of FAK in staurosporine-induced

PAEC apoptosis, we examined the effects of staurosporine on

FAK localization and proteolysis. Staurosporine induced a

significant decrease in FAK localization to focal adhesions after

30 min (Figure 2A) and caused a similar loss of paxillin staining

at focal adhesions (results not shown). In marked contrast,

staurosporine treatment of PAEC for up to 2 h caused no

detectable increase in either FAK proteolytic fragments or any

significant decrease in p125FAK immunoreactivity in adherent or

detached apoptotic cells (Figure 2B). Staurosporine increased

FAK proteolysis to 90 and 80 kDa fragments in adherent cells

after 8 h, and markedly increased proteolytic fragments in both

adherent and detached apoptotic cells after 24 h. Staurosporine-

induced FAK proteolysis was accompanied after 24 h, but not at

earlier times, by a marked reduction in full-length 125 kDa FAK

expression (Figure 2B). In parallel cultures of PAEC to those

shown in Figure 2(B), it was examined whether focal adhesion
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Figure 2 Staurosporine-induced apoptosis and disruption of FAK localization to focal adhesions dissociated from FAK proteolysis

(A) Confluent PAEC were treated in the absence (Con) or presence (ST) of 1 µM staurosporine (ST) for the times indicated, fixed, permeabilized and then immunostained with an antibody directed

against FAK. The FAK localization to focal adhesions is almost completely eliminated after ST treatment for 0.5 h. In this and in subsequent Figures, cells were viewed and photographed using

a Zeiss Axiophot 100M microscope using a 63¬ oil immersion objective lens (numerical aperture 1.4). (B) PAEC were treated for the times indicated with 1 µM ST in serum-free medium and

cell extracts were prepared from both adherent (upper and lower) and detached floating (middle) cells. Extracts of adherent and detached cells were immunoblotted with an antibody directed against

the FAK N-terminus (upper and middle) and extracts of adherent cells were immunoblotted with antibody to Bcl-2 (lower). The positions of full-length 125 kDa FAK and of 90 and 80 kDa proteolytic

fragments are indicated by arrowheads. The results shown in (A) and (B) are representative of five independent experiments.

disruption or FAK proteolysis occurred as subsequent to

decreased expression of the anti-apoptotic component Bcl-2. The

results showed that staurosporine had no effect on the level of

Bcl-2 immunoreactivity after treatment for up to 8 h (Figure 2B).

Serum deprivation of PAEC for 24 h caused no significant

decrease in immunoreactive p125FAK in adherent cells, and little

detectable increase in the generation of lower molecular mass

FAK fragments in either adherent or detached cells (results not

shown).

The results in Figure 2 indicated that a significant increase in

FAK proteolysis occurred hours after staurosporine induced a

striking loss of FAK localization to focal adhesions. The

relationship between loss of FAK localization to focal adhesions

and changes in FAK tyrosine phosphorylation during the

apoptotic response to staurosporine was examined next. Two

major constitutively tyrosine-phosphorylated species of 120–

130 kDa, and 68 kDa were present in PAEC. Staurosporine

caused a marked decrease in the phosphotyrosine content of

both bands as shown by immunoblots with anti-phosphotyrosine

antibody. The 120–130 kDa component is similar in apparent

molecular mass to full-length p125FAK, whereas the 68 kDa band

is likely to correspond to paxillin, a candidate substrate for FAK

known to be prominently phosphorylated at tyrosine in other cell

types [11,16,17]. Western-blotting of PAEC with antibodies to

specific phosphorylated tyrosines indicated that FAK was con-

stitutively phosphorylated predominantly at two sites, the major

autophosphorylation site Tyr$*( and Tyr)'". Staurosporine pro-

duced a rapid decrease in phospho-Tyr)'" and phospho-Tyr$*(
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Figure 3 Staurosporine induces rapid FAK dephosphorylation

PAEC were treated for the times indicated with 1 µM staurosporine (ST) and cell extracts were then prepared and immunoblotted with (A) 4G10 phosphotyrosine antibody, or (B) with antibodies

directed against FAK phosphorylated at Tyr861 or Tyr397, antibody 4.47 to the FAK N-terminus (p125FAK) or VE-cadherin (VE-Cad). (C) PAEC were treated for the times indicated (in min) with 1 µM

ST and immunostained with antibodies directed against FAK phosphorylated at Tyr397 (green) and VE-cadherin (red). Cells were counterstained with DAPI (blue).

immunoreactivity, which was marked after 2 min and reached a

maximum after 10 min (Figure 3B). Loss of phospho-Tyr)'" and

phospho-Tyr$*( immunoreactivity was not due to decreased

p125FAK expression or increased FAK proteolysis as shown by

blotting of parallel samples with N-terminal FAK antibody.

Since adherens junctions play a key role in maintaining the

integrity of endothelial monolayers, it was examined whether

staurosporine-induced changes in focal adhesion integrity and

associated FAK dephosphorylation could result from the dis-

ruption of adherens junctions and}or rapid proteolytic cleavage

of adherens junction components. As shown in Figure 3, stauro-

sporine-induced FAK dephosphorylation was not accompanied

by any detectable decrease in the expression of VE-cadherin

(Figure 3B). Co-immunostaining of VE-cadherin and FAK

phosphorylated at Tyr$*( showed that whereas staurosporine

caused a complete loss of phospho-Tyr$*( FAK staining in focal

adhesions after 10 min, VE-cadherin staining of adherens junc-

tions, though disrupted, was still readily detectable after 1 h

(Figure 3C).

The effect of staurosporine on focal adhesion localization of

FAK phosphorylated at Tyr)'" and Tyr$*( was potent and rapid.

Staurosporine strikingly decreased localization of phospho-

Tyr)'"FAK to focal adhesions over the range 10–100 nM and

this was accompanied by loss of total FAK staining of focal

adhesions (Figure 4A). Treatment with 1 µM staurosporine for

30 s caused a marked reduction in phospho-Tyr)'"FAK localiza-

tion to focal adhesions (Figure 4B), and focal adhesion staining

was abolished after 1–2 min. Concomitant with dissociation of

tyrosine phosphorylated FAK from focal adhesions, association

of total FAK with focal adhesions was also markedly reduced by

staurosporine as indicated by tetramethylrhodamine β-isothio-

cyanate (red) fluorescence 30 s to 2 min after addition of stauro-

sporine (Figure 4B).A similar concentration and time dependence

was observed for the effect of staurosporine on focal adhesion

localization of FAK phosphorylated at Tyr$*( (results not

shown).

Since Src is known to phosphorylate FAK at Tyr)'" and

Tyr$*(, it was examined whether staurosporine-induced FAK

dephosphorylation was a consequence of decreased Src ex-

pression or inhibition of Src activity. Western-blot analysis of

cell extracts prepared from staurosporine-treated cells with

antibodies to either total Src protein or active Src phosphorylated

at Tyr%"), showed that staurosporine caused little decrease in

either total Src expression or Src phosphorylation at Tyr%") at

times up to 2 h (Figure 5A). After 4 h treatment, some decrease

in the level of total Src was observed, but no decrease in Tyr%")

phosphorylation was detectable. The effect of staurosporine on

intrinsic FAK kinase activity was also examined. Staurosporine

treatment of PAEC caused no detectable decrease in FAK kinase

activity measured in FAK immunoprecipitates prepared from

treated cells (Figure 5B). It was further investigated whether

staurosporine might be inhibiting FAK by blocking the activity
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A

Figure 4 For legend see facing page

of protein kinase C (PKC), a known target of this agent [35]. In

addition, because PI 3-kinase has been implicated in mediating

FAK tyrosine phosphorylation [36], we examined the effect of

wortmannin, an inhibitor of PI 3-kinase and PI 3-kinase-

dependent activation of the anti-apoptotic kinase Akt}PKB.

Neither GF109203X, a widely used PKC inhibitor, nor wort-

mannin had any effect on phosphorylated FAK immunostaining

of focal adhesions (Figure 5C), and these agents caused no

detectable increase in TUNEL staining after both 4 and 24 h

treatment (results not shown). ML-7, a selective inhibitor of

myosin light-chain kinase, another staurosporine-inhibitable

kinase [37,38], also caused no decrease in FAK phosphorylation,

or immunostaining at focal adhesions (results not shown).

Next, we compared the effects of staurosporine on FAK

phosphorylation and focal adhesion localization in PAEC with

those of protein synthesis inhibitors, a distinct class of apopto-

genic compounds. Treatment of PAEC with cycloheximide for

1 h caused no increase in apoptosis as judged by annexin V

surface binding, but after 24 h induced a striking apoptotic effect

(Figure 6A). Similar to the effect of staurosporine, cycloheximide

caused a striking increase in FAK proteolysis to 90 and 80 kDa

fragments after 8 h, which was readily detectable in adherent and
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B

Figure 4 Concentration dependence and time course for staurosporine-induced dephosphorylation of FAK at focal adhesions

Confluent PAEC were either treated with the indicated concentrations staurosporine (ST) for 1 h (A), or for the times indicated with 1 µM ST (B), fixed and permeabilized, and then immunostained

with antibodies raised against FAK phosphorylated at Tyr861 [phospho-Tyr861 (pY861), green], or antibody 4.47 to the FAK N-terminus (FAK, red) followed by incubation with secondary antibodies

conjugated to either FITC (pY861) or rhodamine (FAK 4.47). The merge in (A) and (B) shows co-localization of pY861 FAK with total FAK (pY861/FAK). Cells were counterstained with DAPI.

detached cells (Figure 6B). It was observed that the accumulation

of FAK proteolytic fragments in detached cells was more

significant in cycloheximide-treated PAEC after 24 h compared

with the effect of staurosporine in parallel cell cultures (cf. Figure

6B with Figure 2B). After 24 h, p125FAK expression was almost

undetectable in cycloheximide-treated adherent cells (Figure 6B).

Similar to cycloheximide, treatment with anisomycin, another

protein synthesis inhibitor, caused complete proteolytic degra-

dation of p125FAK after 24 h, and the mRNA synthesis inhibitor

actinomycin D over a similar time course caused similar changes

in FAK expression and proteolytic cleavage to those produced

by cycloheximide in parallel cultures (results not shown).

Unlike staurosporine, cycloheximide did not cause a rapid

change in either PAEC morphology, or loss of normal FAK

staining of focal adhesions. Instead, the protein synthesis in-

hibitor caused a more gradual reduction in FAK focal adhesion

staining which was evident after 4 h and significant after 8 h,

when many cells were depleted in FAK-stained focal adhesions

(Figure 7A). In marked contrast to the effect of staurosporine,

cycloheximide had no effect on FAK tyrosine phosphorylation
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Figure 5 Staurosporine-induced FAK dephosphorylation is not mediated via inhibition of Src, intrinsic FAK kinase activity, PKC or PI 3-kinase

(A) Confluent PAEC were treated for the times indicated with 1 µM staurosporine (ST), cell extracts were prepared and immunoblotted with antibodies recognizing either active Src phosphorylated

at Tyr418 or total Src. (B) PAEC were treated for the times indicated with 1 µM ST, lysed and total FAK immunoprecipitates were prepared and used for in vitro kinase assay as described in the

Experimental section. (C) Confluent PAEC were treated for 60 min with serum-free medium either with no addition (Con) or containing 1 µM ST, 3 µM GF109203X (GF), or 100 nM wortmannin

(WT). Cells were then immunostained with antibodies against FAK phosphorylated at Tyr861 (pY861) or Tyr397 (pY397) and secondary antibody conjugated to FITC. The results in (A–C) are

representative of two independent experiments.

at Tyr)'" or Tyr$*( after 8 h. Tyrosine phosphorylation at both

sites decreased after 24 h in parallel with decreased expression of

p125FAK (Figure 7B).

DISCUSSION

Disassembly of focal adhesions is a key event causing the

detachment of many adherent cell types, resulting in apoptotic

cell death or anoikis. FAK is the only kinase, which is known to

localize predominantly and specifically to these structures, and is

therefore a strong candidate as a key regulator of focal adhesion

integrity, and phosphorylation of other focal adhesion proteins.

Although increased FAK tyrosine phosphorylation occurs in

response to diverse extracellular stimuli, FAK maintains a

relatively high basal level of phosphorylation and activity [16,17,

39]. The role of this constitutive phosphorylation in normal

cellular function is not fully understood, but may be important

for maintaining cell survival signalling and focal adhesion

integrity in the resting state. A major finding of the present paper

is that the potent apoptogenic agent staurosporine induces a

potent and rapid dephosphorylation of FAK at Tyr)'" and Tyr$*(

in PAEC, which occurs concomitantly with disengagement of

FAK from focal adhesions and precedes apoptosis. Stauro-

sporine-induced dephosphorylation of FAK was maximal within

seconds and loss of FAK immunostaining of focal adhesions was

very significant within 10 min, both effects therefore occurring

before the earliest detectable increase in TUNEL or annexin V

staining (1–2 h) and 8 h before the onset of detectable FAK

proteolysis. These findings suggest strongly that whereas de-

creased expression and proteolysis of FAK may be late conse-

quences of the terminal execution phase of staurosporine-induced

apoptosis, loss of FAK phosphorylation is an early trigger for

disruption of the focal adhesion complex and loss of survival

signals relayed through focal adhesions. Moreover, staurosporine

did not affect expression of Bcl-2, or VE-cadherin at times up to

1–4 h, indicating that staurosporine-induced FAK dephosphory-

lation, focal adhesion disruption and apoptosis are independent

of the inhibition of a well-known anti-apoptotic pathway and

loss of a major constituent of intercellular adherens junctions.

FAK tyrosine dephosphorylation was previously shown to
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Figure 6 Apoptotic effects of inhibitors of protein and mRNA synthesis
involve FAK proteolysis : comparison with staurosporine

(A) Cells were incubated for the times indicated in serum-free medium containing either no

addition (unfilled bars), addition of 1 µM staurosporine (ST, black bars) or 25 µM cycloheximide

(CHX, striped bars). Results show the percentage of annexin V-positive cells in the total cell

population determined by flow cytometry. *P ! 0.05 for CHX versus serum-free at 24 h. (B)

Parallel cultures of PAEC were treated with 25 µM CHX for the times indicated and cell extracts

were prepared from adherent and detached cells and immunoblotted with antibody 4.47 to the

FAK N-terminus. The positions of full-length 125 kDa FAK and 90 and 80 kDa proteolytic

fragments are indicated by arrowheads.

precede its cleavage during S-(1,2-dichlorovinyl)--cysteine-in-

duced apoptosis in renal epithelial cells, but this study examined

changes in FAK phosphorylation only after 4 h, did not identify

specific phosphorylation sites and did not show that dephos-

phorylation preceded apoptosis [40]. Previous studies have not

reported staurosporine to be an inhibitor of FAK phosphory-

lation or focal adhesion localization.

The possibility that dephosphorylation may be a crucial trigger

for focal adhesion disassembly is supported by the very rapid

kinetics of staurosporine-induced dephosphorylation in PAEC

(marked within 30 s) and by the finding that loss of localization

of FAK phosphorylated at Tyr)'" and Tyr$*( either preceded or

paralleled dissociation of total FAK from focal adhesions at

early times of treatment (up to 2 min).

Previous studies in HUVEC and other cell types suggested that

FAK proteolysis and}or disruption of focal adhesions are

integral to the apoptotic response.One explanation for differences

in results obtained with HUVEC and PAEC is that HUVEC may

be particularly susceptible to apoptosis and not typical of adult

arterial endothelial cells. Indeed, the resistance of PAEC to the

apoptotic effects of serum deprivation is in striking contrast to

the sensitivity of HUVEC to serum withdrawal [27]. Consistent

with the results presented here, our findings show that whereas

staurosporine induced FAK proteolysis more rapidly in HUVEC

than in PAEC, Tyr)'" and Tyr$*( dephosphorylation also pre-

ceded and was temporally dissociated from FAK cleavage in

Figure 7 Cycloheximide-induced FAK dissociation from focal adhesions
and FAK proteolysis are not associated with FAK dephosphorylation

(A) Confluent PAEC were treated for the times indicated with 25 µM cycloheximide (CHX), fixed

and permeabilized, and then immunostained with antibody 4.47 to the FAK N-terminus followed

by incubation with secondary antibody conjugated to FITC. (B) PAEC were treated for the times

indicated with 25 µM CHX or 1 µM staurosporine and cell extracts were prepared from

adherent cells and immunoblotted with antibodies directed against FAK phosphorylated at Tyr397

or Tyr861, or antibody 4.47 to the FAK N-terminus (p125FAK). The results shown in (A) and (B)

are representative of three independent experiments.

HUVEC (M. Lobo and I. Zachary, unpublished work). This

indicates that rapid staurosporine-induced FAK dephosphoryla-

tion is a mechanism common to other endothelial cell types.

Since staurosporine is a non-specific kinase inhibitor, it is not

precluded that staurosporine exerts its effects on FAK phos-

phorylation through inhibition of other kinases. However, speci-

fic inhibitors of kinase pathways, including GF109203X, wort-

mannin and ML-7 had no comparable effects on FAK localiza-

tion to focal adhesions or FAK phosphorylation. FAK is

phosphorylated by pp60c-src at Tyr)'" in �itro and in �i�o [20,22,39],

implicating inhibition of Src in staurosporine-induced FAK

dephosphorylation. However, staurosporine did not decrease

either the total level of pp60c-src expression or pp60c-src phosphory-

lation at Tyr%"), a site required for pp60c-src activation, indicating

that pp60c-src inhibition is unlikely to mediate the rapid effects of

staurosporine on FAK phosphorylation status. Furthermore,

# 2002 Biochemical Society



154 J. Kabir, M. Lobo and I. Zachary

specific inhibition of Src in HUVEC selectively blocked phos-

phorylation at Tyr)'" without affecting Tyr$*( phosphorylation

and did not cause a rapid loss of FAK from focal adhesions [39].

Identification of the staurosporine-inhibitable kinases respon-

sible for maintaining FAK phosphorylation at Tyr$*( and Tyr)'"

will be an important future goal.

The mechanism by which changes in phosphorylation at Tyr)'"

and Tyr$*( could disrupt focal adhesion targeting of FAK is

unclear. Tyr$*( is the major autophosphorylation site in FAK,

and its phosphorylation forms a high-affinity binding site for the

SH2 domains of pp60c-src and pp59c-fyn. FAK with a mutation of

Tyr$*( cannot form FAK–Src complexes, and in contrast to wild-

type FAK, is unable to stimulate migration when overexpressed

in Chinese-hamster ovary cells [7]. Dephosphorylation at Tyr$*(

is therefore likely to have a marked effect on normal FAK

function, which is likely to be increased in combination with

dephosphorylation at Tyr)'".

The effects of staurosporine on FAK phosphorylation and its

localization to focal adhesions diverged sharply from those of

cycloheximide, the protein synthesis inhibitor. Whereas cyclo-

heximide was an effective apoptotic agent, it induced apoptosis

more slowly than staurosporine and did not promote either the

rapid morphological changes or loss of FAK focal adhesion

localization and tyrosine phosphorylation caused by stauro-

sporine. Instead, the protein synthesis inhibitor induced a slower

loss of FAK focal adhesion staining which occurred concomi-

tantly with increased FAK proteolysis. FAK dephosphorylation

is therefore not obligatory for apoptosis, but appears to be an

important part of the apoptotic pathway, specifically induced by

staurosporine. The fact that staurosporine induced a more rapid

onset of apoptosis than cycloheximide, suggests that the rapid

loss of FAK phosphorylation and focal adhesion localization are

mechanisms underlying temporal differences in the induction of

apoptosis by these agents.

Staurosporine has been widely used as an apoptogenic agent,

but the molecular basis of its action has not been fully elucidated.

A growing body of evidence indicates, however, that stauro-

sporine differs from other apoptogenic agents such as DNA-

damaging anti-cancer drugs and radiation, by inducing apoptosis

via caspase-independent as well as caspase-dependent pathways,

and it has been proposed that this may account for its ability to

induce cell death in tumour cells normally resistant to chemo-

therapeutic drugs [32–34]. The identification of FAK as a target

for staurosporine will help to elucidate the caspase-independent

mechanisms underlying the apoptotic effects of staurosporine

and raises the possibility that inhibition of FAK tyrosine

phosphorylation may contribute to the induction of apoptosis by

this agent in tumour cells.Our findings also suggest that inhibition

of FAK phosphorylation may be a rational target for strategies

aimed at suppression of endothelial cell survival in order to block

neovascularization.

This work was supported by BHF Fellowships FS/99015 (J.K.) and FS/96027 (M.L.)
and BHF grant BS/94001 (I. Z.).

REFERENCES

1 Burridge, K. and Chrzanowska-Wodnicka, M. (1996) Focal adhesions, contractility and

signalling. Annu. Rev. Cell Dev. Biol. 12, 463–519

2 Schaller, M. D., Borgman, C. A., Cobb, B. S., Vines, R. R., Reynolds, A. B. and

Parsons, J. T. (1992) pp125FAK, a structurally distinctive protein-tyrosine kinase

associated with focal adhesions. Proc. Natl. Acad. Sci. U.S.A. 89, 5192–5196

3 Hanks, S. K., Calalb, M. B., Harper, M. C. and Patel, S. K. (1992) Focal adhesion

protein tyrosine kinase phosphorylated in response to cell attachment to fibronectin.

Proc. Natl. Acad. Sci. U.S.A. 89, 8487–8491

4 Zachary, I. and Rozengurt, E. (1992) Focal adhesion kinase (p125FAK) : a point of

convergence in the action of neuropeptide, integrins and oncogenes. Cell (Cambridge,

Mass.) 71, 891–894

5 Ilic, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K., Nakatsuji, N., Nomura, S.,

Fujimoto, J., Okada, M., Yamamoto, T. et al. (1995) Reduced cell motility and

enhanced focal adhesion contact formation in cells from FAK-deficient mice. Nature

(London) 377, 539–544

6 Richardson, A. and Parsons, J. T. (1996) A mechanism for regulation of the

adhesion-associated protein tyrosine kinase pp125FAK. Nature (London) 380, 538–540

7 Cary, L. A., Chang, J. F. and Guan, J.-L. (1996) Stimulation of cell migration by over-

expression of focal adhesion kinase and its association with Src and Fyn. J. Cell Sci.

109, 1787–1794

8 Frisch, S. M., Vuori, K., Ruoslahti, E. and Chan-Hui, P.-Y. (1996) Control of adhesion

dependent cell survival by focal adhesion kinase. J. Biol. Chem. 134, 793–799

9 Zhao, J.-H., Reiske, H. and Guan, J.-L. (1998) Regulation of the cell cycle by focal

adhesion kinase. J. Cell Biol. 143, 1997–2008

10 Hildebrand, J. D., Schaller, M. D. and Parsons, J. T. (1993) Identification of

sequences required for the efficient localisation of the focal adhesion kinase, pp125

(FAK), to cellular focal adhesions. J. Cell Biol. 123, 993–1005

11 Zachary, I., Sinnett-Smith, J., Turner, C. and Rozengurt, E. (1993) Bombesin,

vasopressin and endothelin stimulate tyrosine phosphorylation of the focal adhesion-

associated protein paxillin in Swiss 3T3 cells. J. Biol. Chem. 268, 22060–22065

12 Tachibana, K., Sato, T., D ’Avirro, N. and Morimoto, C. (1995) Direct association of

pp125FAK with paxillin, the focal adhesion-targetting mechanism of pp125FAK. J. Exp.

Med. 182, 1089–1099

13 Zachary, I., Sinnett-Smith, J. and Rozengurt, E. (1992) Bombesin, vasopressin and

endothelin stimulation of tyrosine phosphorylation in Swiss 3T3 cells. Identification of

a novel tyrosine kinase as a major substrate. J. Biol. Chem. 267, 19031–19034

14 Seufferlein, T. and Rozengurt, E. (1994) Lysophosphatidic acid stimulates tyrosine

phosphorylation of focal adhesion kinase, paxillin and p130. Signalling pathways and

cross-talk with platelet-derived growth factor. J. Biol. Chem. 269, 9345–9351

15 Rankin, S. and Rozengurt, E. (1994) Platelet-derived growth factor modulation of focal

adhesion kinase (p125(FAK)) and paxillin tyrosine phosphorylation in Swiss 3T3 cells.

Bell shaped dose response and cross-talk with bombesin. J. Biol. Chem. 269,
704–710

16 Abedi, H., Dawes, K. E. and Zachary, I. (1995) Differential effects of platelet-derived

growth factor BB on p125 focal adhesion kinase and paxillin tyrosine phosphorylation

and on cell migration in rabbit aortic vascular smooth muscle cells and Swiss 3T3

fibroblasts. J. Biol. Chem. 270, 11367–11376

17 Abedi, H. and Zachary, I. (1997) Vascular endothelial growth factor stimulates

tyrosine phosphorylation and recruitment to new focal adhesions of focal adhesion

kinase. J. Biol. Chem. 272, 15442–15451

18 Schaller, M. D., Hildebrand, J. D., Shannon, J. D., Fox, J. W., Vines, R. R. and

Parsons, J. T. (1994) Autophosphorylation of the focal adhesion kinase, pp125FAK,

directs SH2-dependent binding of pp60Src. Mol. Cell. Biol. 14, 1680–1688

19 Chen, H.-C., Appeddu, P. A., Isoda, H. and Guan, J.-L. (1996) Phosphorylation of

tyrosine 397 in focal adhesion kinase is required for binding phosphatidylinositol 3-

kinase. J. Biol. Chem. 271, 26329–26334

20 Calalb, M. B., Polte, T. R. and Hanks, S. K. (1995) Tyrosine phosphorylation of focal

adhesion kinase at sites in the catalytic domain regulates kinase activity : a role for

Src family kinases. Mol. Cell. Biol. 15, 954–963

21 Schlaepfer, D. D., Hanks, S. K., Hunter, T. and van der Geer, P. (1994) Integrin-

mediated signal transduction linked to Ras pathway by GRB2 binding to focal

adhesion kinase. Nature (London) 372, 786–791

22 Calalb, M. B., Zhang, X., Polte, T. R. and Hanks, S. K. (1996) Focal adhesion kinase

tyrosine-861 is a major site of phosphorylation by Src. Biochem. Biophys. Res.

Commun. 228, 662–668

23 Ruoslahti, E. and Reed, J. (1994) Anchorage-dependence, integrins and apoptosis.

Cell (Cambridge, Mass.) 77, 477–478

24 Hungerford, J. E., Compton, M. T., Matter, M. L., Hoffstrom, B. G. and Otey, C. A.

(1996) Inhibition of pp125FAK in cultured fibroblasts results in apoptosis. J. Biol.

Chem. 135, 1383–1390

25 Xu, L. H., Owens, L. V., Sturge, G. C., Yang, X., Liu, E. T., Craven, R. J. and Cance,

W. G. (1996) Attenuation of the expression of the focal adhesion kinase induces

apoptosis in tumour cells. Cell Growth Differentiation 7, 413–418

26 Ilic, D., Almeida, E. A. C., Sclaepfer, D. D., Dazin, P., Aizawa, S. and Damsky, C. H.

(1998) Extracellular matrix survival signals transduced by focal adhesion kinase

suppresses p53-mediated apoptosis. J. Cell Biol. 143, 547–560

27 Levkau, B., Herren, B., Koyama, H. R., Ross, R. and Raines, E. W. (1998) Caspase-

mediated cleavage of focal adhesion kinase pp125FAK and disassembly of focal

adhesions in human endothelial cell apoptosis. J. Exp. Med. 187, 579–586

28 Lobo, M. and Zachary, I. (2000) Nuclear localization and apoptotic regulation of an

amino-terminal domain focal adhesion kinase (FAK) fragment in endothelial cells.

Biochem. Biophys. Res. Commun. 276, 1068–1074

# 2002 Biochemical Society



155Focal adhesion kinase dephosphorylation, focal adhesion disassembly and apoptosis

29 Rajotte, D., Haddad, P., Haman, A., Cragoe, Jr, E. J. and Hoang, T. (1992) Role of

protein kinase C and the Na+/H+ antiporter in suppression of apoptosis by

granulocyte macrophage colony-stimulating factor and interleukin-3. J. Biol. Chem.

267, 9980–9987

30 Wang, X., Zelenski, N. G., Yang, J., Sakai, J., Brown, M. S. and Goldstein, J. L.

(1996) Cleavage of sterol regulatory element binding proteins (SREBPs) by CPP32

during apoptosis. EMBO J. 15, 1012–1020

31 Tafani, M., Minchenko, D. A., Serroni, A. and Farber, J. L. (2001) Induction of the

mitochondrial permeability transition mediates the killing of HeLa cells by

Staurosporine. Cancer Res. 61, 2459–2466

32 Stepczynska, A., Lauber, K., Engels, I. H., Janssen, O., Kabelitz, D., Wesselborg, S.

and Sculze-Osthoff, K. (2001) Staurosporine and conventional anticancer drugs induce

overlapping yet distinct pathways of apoptosis and caspase activation. Oncogene 20,
1193–1202

33 Belmokhtar, C. A., Hillion, J. and Segal-Bendirdjian, E. (2001) Staurosporine induces

apoptosis through both caspase-dependent and caspase-independent mechanisms.

Oncogene 20, 3354–3362

34 Joseph, B., Marchetti, P., Formstecher, P., Kroemer, G., Lewensohn, R. and

Zhivotovsky, B. (2002) Mitochondrial dysfunction is an essential step for killing of

non-small cell lung carcinomas resistant to conventional treatment. Oncogene 21,
65–77

Received 25 April 2002/25 June 2002 ; accepted 25 June 2002

Published as BJ Immediate Publication 25 June 2002, DOI 10.1042/BJ20020665

35 Fetscher, C., Chen, C., Schaefers, R. F., Wambach, G., Heusch, G. and Michel, M. C.

(2001) Modulation of noradrenaline-induced microvascular constriction by protein

kinase inhibitors. Arch. Pharmacol. 363, 57–65

36 Rankin, S., Hooshmand-Rad, R., Claesson-Welsh, L. and Rozengurt, E. (1996)

Requirement for phosphatidylinositol 3«-kinase activity in platelet-derived growth

factor-stimulated tyrosine phosphorylation of p125 focal adhesion kinase and paxillin.

J. Biol. Chem. 271, 7829–7834

37 Morel, N. M., Petruzzo, P. P., Hechtman, H. B. and Shepro, D. (1990) Inflammatory

agonists that increase microvascular permeability in vivo stimulate cultured pulmonary

microvessel endothelial cell contraction. Inflammation 14, 571–583

38 Zeng, Q., Lagunoff, D., Masaracchia, R., Goeckeler, Z., Cote, G. and Wysolmerski, R.

(2000) Endothelial cell retraction is induced by PAK2 monophosphorylation of myosin

II. J. Biol. Chem. 113, 471–482

39 Abu-Ghazaleh, R., Kabir, J., Jia, H., Lobo, M. and Zachary, I. (2001) Src mediates

vascular endothelial growth factor (VEGF) stimulation of focal adhesion kinase (FAK)

phosphorylation at tyrosine 861, migration, and anti-apoptosis in endothelial cells.

Biochem. J. 360, 255–264

40 van de Water, B., Nagelkerke, J. F. and Stevens, J. L. (1999) Dephosphorylation of

focal adhesion kinase (FAK) and loss of focal contacts precede caspase-mediated

cleavage of FAK during apoptosis in renal epithelial cells. J. Biol. Chem. 274,
13328–13337

# 2002 Biochemical Society


