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The protein tyrosine phosphatase PEST (PTP-PEST) is involved in the regulation of the actin cytoskeleton.
Despite the emerging functions attributed to both PTPs and the actin cytoskeleton in apoptosis, the involvement of
PTP-PEST in apoptotic cell death remains to be established. Using several cell-based assays, we showed that
PTP-PEST participates in the regulation of apoptosis. As apoptosis progressed, a pool of PTP-PEST localized to the
edge of retracting lamellipodia. Expression of PTP-PEST also sensitized cells to receptor-mediated apoptosis.
Concertedly, specific degradation of PTP-PEST was observed during apoptosis. Pharmacological inhibitors, im-
munodepletion experiments, and in vitro cleavage assays identified caspase-3 as the primary regulator of PTP-PEST
processing during apoptosis. Caspase-3 specifically cleaved PTP-PEST at the 549DSPD motif and generated frag-
ments, some of which displayed increased catalytic activity. Moreover, caspase-3 regulated PTP-PEST interactions
with paxillin, leupaxin, Shc, and PSTPIP. PTP-PEST acted as a scaffolding molecule connecting PSTPIP to
additional partners: paxillin, Shc, Csk, and activation of caspase-3 correlated with the modulation of the PTP-PEST
adaptor function. In addition, cleavage of PTP-PEST facilitated cellular detachment during apoptosis. Together,
our data demonstrate that PTP-PEST actively contributes to the cellular apoptotic response and reveal the
importance of caspases as regulators of PTPs in apoptosis.

Tyrosine phosphorylationis involved in signal transduction
pathways that are necessary for multiple cellular phenomena
such as growth and proliferation, differentiation, locomotion,
and apoptosis. The protein tyrosine phosphatases (PTPs) are
the predominant enzymes that mediate the removal of the
phosphate moiety from tyrosine residues and, therefore, are
indispensable regulators of the proper development and ho-
meostasis of a wide variety of living organisms.

PTP-PEST is classified as a cytosolic PTP whose closest
homologues are PTP-PEP and PTP-HSCF (2). Although PTP-
PEST contains PEST regions previously proposed to stimulate
protein degradation (67), pulse-chase analysis demonstrated
that PTP-PEST is a stable protein with a half-life of more than
4 h (14). PTP-PEST is ubiquitously expressed, although it is
found at higher levels in hemopoietic tissues (23, 28). Inacti-
vation of the PTP-PEST gene results in early embryonic death
and establishes PTP-PEST as an essential gene for mouse
development (22, 74). Studies performed in fibroblast cells link

PTP-PEST expression with regulation of cell migration and
adhesion (3, 34). Indeed, Sastry et al. have shown that PTP-
PEST inhibits Rac1-induced cytoskeletal changes, thereby pre-
venting membrane ruffle formation (69). Furthermore, in aor-
tic smooth muscle cells, nitric oxide inhibits cell migration by
activating PTP-PEST (53). In Xenopus blastomeres, forced
overexpression of PTP-PEST interferes with cell motility and
results in a gastrulation defect (25). Concomitant with these
reported phenotypes, PTP-PEST was found to directly interact
or be associated in complexes with several signaling and cy-
toskeleton-associated molecules, including p130Cas, Sin,
Hef-1, leupaxin, Hic-5, paxillin, FAK, Pyk2, Grb-2, Shc, Csk,
PSTPIP, WASP, Abl, and gelsolin (12, 13, 16, 21, 23, 24, 28, 32,
38, 54, 62). Interestingly, PTP-PEST decreased WASP-pro-
moted immunological synapse formation and actin polymer-
ization in T cells (5). PTP-PEST reduces lymphocyte activation
by inhibiting the Ras–mitogen-activated protein (MAP) kinase
pathway (29). Finally, altered PTP-PEST interactions were
associated with the human autoinflammatory disorder PAPA
syndrome (82).

Apoptosis-mediated cell death is necessary for proper de-
velopment, efficient immune function, and maintenance of tis-
sue homeostasis (1). Two primary pathways activate apoptosis:
the extrinsic pathway and the intrinsic pathway (9). The extrin-
sic pathway depends on activation of the death receptor mem-
bers of the tumor necrosis factor (TNF) receptor family (27),
whereas proteins sensing the diverse cellular stress trigger the
intrinsic pathway (1). To amplify the apoptotic signal, these
two pathways lead to the activation of the caspase cascade (9).
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Once activated, the executioner caspases commit cells to
apoptosis by cleavage and alteration of function of their sub-
strates (31).

Proper cellular adhesion is essential to mediate anchor-
age-dependent cell survival signals (75). In addition, to
maintain physiological equilibrium, cells need to adopt a
specific morphology. Apoptosis can result from the loss of
cellular attachment, termed anoikis, or from a disturbance
of the cytoskeleton leading to improper cellular morphol-
ogy, known as amorphosis cell death (56). Importantly,
cleavage of cytoskeletal proteins by caspases correlates with
the morphological changes and cellular detachment that
characterize apoptosis (19, 31). Interestingly, the caspase-
mediated cleavage of p130Cas, a PTP-PEST-targeted pro-
tein, contributes to the dismantling of adhesion structures,
whereas the cleavage of ROCK I induces formation of mem-
brane blebbing (20, 50, 71).

Cumulative evidence indicates that phosphatases are critical
regulators of apoptosis. For example, LAR-PTP (78), SHP-1 (84),
YopH (11), PTP-1B (36), SAP-1 (77), TC-PTP (39), and PTP-
PEP (41) were reported to promote apoptosis, whereas SHP-2
(45), FAP-1 (44), and MAP kinase phosphatase (83) attenuate
the apoptotic response. Reactive oxygen species, which inhibit
PTP activity (59), contribute to the induction of apoptosis (48). In
addition, several kinases and phosphatases have been identified
as important modulators of the apoptotic response by short in-
terfering RNA screening (55). Some protein serine/threonine
phosphatases are substrates of caspases, as exemplified by cal-
cineurin and PP2A (31). Furthermore, caspase-3 regulates the
protein stability of the dual-specific phosphatase PTEN (80). Nev-
ertheless, there are not yet any reports of tyrosine-specific PTPs
cleaved by caspases during apoptosis.

Through its numerous protein-protein interactions, PTP-PEST
contributes to cytoskeletal organization, regulates immune cell
activation, and plays a pivotal role in embryonic development.
The function and regulation of PTP-PEST in apoptosis, however,
have not yet been explored. Herein, we show that expression of
PTP-PEST sensitizes cells to receptor-mediated apoptosis. In
cells undergoing apoptosis, we observed a consistent correlation
between the presence of PTP-PEST in membrane ruffles and
lamellipodia retraction. We demonstrated that PTP-PEST integ-
rity, activity, and adaptor function were all modulated specifically
by caspase-3. Furthermore, the cleavage of PTP-PEST contrib-
utes to cellular detachment during apoptosis. This study links
PTP-PEST to the regulation of apoptosis and implicates caspases
in the regulation of PTPs.

MATERIALS AND METHODS

Reagents and antibodies used in this study. The chemicals were from BioShop
Canada, Inc.; Fisher Scientific; and Sigma. Recombinant active caspase-3 was
from Upstate. The PTP-PEST polyclonal (2528 and 2530) and monoclonal
(AG25) antibodies were previously described (23, 32). Monoclonal antibodies
specific for Shc, p130Cas, and paxillin were from the BD Transduction Labora-
tory. Antibodies against Csk, GST, and SHP-2 were from Santa Cruz Biotech-
nology. TC-PTP monoclonal antibodies (3E2), kindly provided by Daniel Brunet,
were described previously (43), and CF4-1D antibodies were from Calbiochem.
Polyclonal rabbit antibodies against PTP-1B and the monoclonal anti-myc
(9E10) antibody were from Upstate. Antibodies specific for caspase-3, caspase-8,
and caspase-9 were from Cell Signaling Technology. Antibodies against green
fluorescent protein (GFP), PTP-1B (FG6), caspase-6, and caspase-7 were, re-
spectively, from Clonetech, Calbiochem, Upstate, and BD Biosciences.

Plasmids, cDNAs, and transfections. Murine PTP-PEST expression vectors,
pcDNA3.1/Zeo-PTP-PEST (wild type [WT] and C231S), and pEGFP-C2-PTP-
PEST (WT), were described previously (23). PSTPIP cDNA, described by Côté
et al. (23), was subcloned into pEBG, using BamH1 and Not1 restriction sites.
The pcDNA3.1/Zeo-PTP-PEST 549ASP552A, 604ADS607A, 740AKK743A, and
549ASPA/604ADSA constructs were generated by site-directed mutagenesis
(QuikChange site-directed mutagenesis kit; Stratagene). pEGFP-C2-PTP-PEST
WT and 549ASP552A were generated by PCR cloning of the appropriate cDNA,
using oligonucleotides containing BamH1 and Xho1, and were inserted between
the BglII and Sal1 restriction sites. pEBG-PTP-PEST WT and 549ASP552A were
generated by PCR cloning of the appropriate cDNA, using oligonucleotides
containing the BamH1 and Not1 restriction sites. pCS2mycECFP-PTP-PEST-
EYFP (WT, 549ASP552A, 604ADS607A, 740AKK743A, or 549ASPA/604ADSA) was
obtained by replacing PTP�SpD2 with PTP-PEST in pCS2mycECFP-
PTP�SpD2-EYFP (8), using Nco1/BglII with the corresponding PTP-PEST cDNA
amplified by PCR. Human PTP-PEST (hPTP-PEST) cDNA (Open Biosystems)
amplified by PCR was subcloned into pGEX-6P1 (Pharmacia), using the BamH1
and Sal1 restriction sites. Glutathione S-transferase (GST)–hPTP–PEST cDNA was
further amplified by PCR and subcloned into pRK5, using the Xba1 and Sal1
restriction sites. All cDNAs were verified by sequencing. All transfections were
performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

Cell lines. All cell lines were maintained in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 50 �g/ml
gentamicin (Gibco) at 37°C in a 5% CO2 humid atmosphere. For 293T cells, the
media was also supplemented with 1% L-glutamine. Primary mouse embryonic
fibroblasts (P-MEFs) from BALB/c mice (Jackson) were generated as previously
described (18). Mouse spontaneously immortalized fibroblasts were previously
described (35). HeLa299 cells were a generous gift of N. Sonenberg (McGill
University). PTP-PEST�/� parental cells were described by Côté et al. (22).
Stable reexpression of PTP-PEST in the PTP-PEST-null cells was obtained as
follows: subconfluent PTP-PEST�/� fibroblasts were transfected with linearized
(Sca1) pcDNA3.1/Zeo (empty vector [EV]) or pcDNA3.1/Zeo-PTP-PEST (WT).
After 48 h, the cells were split, and positive clones were selected, using 100 �g/ml of
Zeocin (Invitrogen). The media was changed every 2 days for 10 days, and isolated
colonies were picked and expanded in selection media. Clones expressing PTP-
PEST were identified by immunoblotting. The clones were grown in media supple-
mented with 50 �g/ml Zeocin during routine culture and were maintained in the
absence of Zeocin during the course of each experiment.

Induction of apoptosis and immunoblotting. Cells were stimulated with 60 �M
cisplatin (Calbiochem), 1 �M staurosporine (Sigma), or 10 ng/ml tumor necrosis
factor alpha (TNF-�) (Sigma) in the presence of 10 �g/ml cycloheximide (Sigma)
for the indicated time. Adherent and detached cells were rinsed on ice with
phosphate-buffered saline (PBS) and lysed (1% NP-40, 150 mM NaCl, 50 mM
Tris [pH 7.4], 0.1% sodium dodecyl sulfate [SDS], 50 mM NaF, 1 mM Na3VO4,
and Complete protease inhibitors [Roche]). Cell extracts were centrifuged at
16,000 � g for 10 min at 4°C, and the protein concentration of each sample was
calculated by a Bradford assay (Bio-Rad protein assay). Equal amounts (20 �g)
of denatured protein were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to polyvinylidene difluoride membranes (Immobilon-P;
Millipore). Commercial antibodies were used according to the manufacturers’
instructions, and noncommercial TC-PTP and PTP-PEST antibodies were used
as described previously (23, 43). The blots were stripped using Re-Blot Plus
Strong (Chemicon International) and reprobed according to the instructions
from the manufacturer.

The effect of pharmacological protease inhibitors on PTP-PEST degradation
during apoptosis was determined as follows. Caspase inhibitor (Z-VAD-FMK;
Cedarlane) and calpain inhibitor (PD150606; Calbiochem) were added to cells
2 h prior to the addition of 1 �M staurosporine, and coincubation was continued
for an additional 6 h. Adherent and floating cells were harvested, lysed, and
analyzed as described above.

Analysis of PTP-PEST localization. HeLa299 cells were transfected for 6 h
with 6 �g of pEGFP-C2-PTP-PEST in 10-cm dishes. The cells were then replated
at 2.2 � 105 cells per 35-mm fibronectin-coated (10 �g/ml fibronectin/PBS
[Sigma]; 2 h, 37°C) glass bottom dish (Mat Tek Corporation) and incubated for
16 h. HeLa299 cells expressing EGFP-PTP-PEST were treated with 50 ng/ml
anti-Fas (human activating; Upstate) and 10 �g/ml cycloheximide for the indi-
cated period of time. The cells were maintained at 37°C in a 5% CO2 humid
atmosphere, using a digital temperature controller 37-2 (Zeiss) and a digital
CTI-controller 3700 (Zeiss) connected to an Inkubator S (Zeiss) installed on an
Axiovert 200 M (Zeiss) confocal microscope. Random field images were ac-
quired at the indicated times, using the LSM510 Meta confocal system and
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software. Profile analysis was performed using the same software. For time-lapse
video confocal microscopy, images were acquired at 15-s intervals.

Measurement of apoptosis. PTP-PEST�/� parental cells and reexpressing
clones were seeded at 1.7 � 106 cells/60-mm dish. Eight hours following their
adhesion, the cells were rinsed with PBS and starved in 0.1% FBS DMEM for
16 h. The cells were treated with 10 �g/ml cycloheximide in the presence or
absence of 10 ng/ml TNF-� in 10% FBS DMEM for 2.5 h. Adherent and floating
cells were rinsed with ice-cold PBS and lysed (20 mM HEPES [pH 7.4], 2 mM
EDTA, 1% NP-40, 10 �g/ml aprotinin, 10 �M leupeptin, and 2 mM dithiothre-
itol [DTT]), and samples were centrifuged at 4°C for 10 min at 16,000 � g. The
protein content was normalized, using the Bradford method, and caspase acti-
vation was quantified by DEVDase assay as described by Hardy and coworkers
(40). HeLa299 cells were transfected with 6 �g DNA for 6 h in 10-cm dishes,
trypsinized, harvested, and seeded at 5 � 105 cells/60-mm dish for 18 h. After
24 h of serum starvation (0.1% FBS DMEM), the cells were treated for 6 h with
or without 50 ng/ml human anti-Fas (Upstate) in the presence of 10 �g/ml
cycloheximide in 10% FBS DMEM. The cells were lysed, and caspase activity
was measured as described above.

Measurement of cellular attachment by flow cytometry. HeLa299 cells were
transfected with 13 �g of either pEGFP-PTP-PEST WT or pEGFP-PTP-PEST
549ASPA for 6 h in 10-cm dishes, trypsinized, harvested, and seeded at 310,000
cells/well (6-well plates) in 1% FBS DMEM for 16 h. The cells were treated for
the indicated time with or without 50 ng/ml human anti-Fas (Upstate) in the
presence of 10 �g/ml cycloheximide in 10% FBS DMEM. Following incubation,
the media was removed, the cells were rinsed two times with PBS, and the
attached cells were gently detached, using TrypLEExpress (Gibco) and harvested
in PBS (supplemented with 2% FBS and 10 mM EDTA). The cells were trans-
ferred to polystyrene round-bottom tubes (BD Falcon) and centrifuged at 1,550
rpm at 4°C for 5 min (5810R centrifuge; Eppendorf). The cell pellets were
resuspended in 500 �l PBS (supplemented with 2% FBS and 10 mM EDTA),
and samples were kept on ice. The tubes were vortexed for 3 s and read, using
FACScan (BD Bioscience), leaving 10 s for flow stabilization followed by a 30-s
acquisition time for each reading. Each sample was analyzed three times using
this method and vortexed for 3 s between each analysis. The results are repre-
sentative of two independent experiments in which each condition was per-
formed in triplicate. The cells were analyzed with Cell Quest Pro software (BD
Bioscience) based on the forward and side scatter (eliminating doublets), and
enhanced GFP (EGFP)-positive cells were read in the FL1 channel.

In vitro caspase-3 cleavage assay. To monitor the cleavage of protein in vitro,
clones from PTP-PEST�/� cells were rinsed with ice-cold PBS and lysed in
cleavage assay buffer (20 mM HEPES [pH 7.4], 1% NP-40, 2 mM EDTA, 5 mM
DTT, 10 �M leupeptin, 10 �g/ml aprotinin) as described by Kook et al. (50).
Following determination of the protein concentration, 65 �g of protein lysate
was incubated with 25 ng of recombinant caspase-3 (Upstate) for the indicated
time period at 30°C. Control samples were incubated under the same conditions
in the absence of caspase-3. Samples were immediately placed on ice, SDS
sample buffer was added, the samples were boiled for 4 min, and the proteins
were separated and detected using immunoblotting. To identify the caspase-3
cleavage site in PTP-PEST, HeLa299 cells transiently expressing either EGFP or
a version of myc-ECFP-PTP-PEST-EYFP (WT, 549ASPA, 604ADSA, 740AKKA,
or 549ASPA/604ADSA) were lysed, incubated with recombinant active caspase-3,
and processed as described above. When isolated GST recombinant proteins
were used as a substrate, PTP-PEST�/� cells expressing GST or GST-PTP-PEST
were lysed in HMNETG (50 mM HEPES [pH 7.5], 1% Triton X-100, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, and Complete protease
inhibitors) as described above, and the lysate was incubated for 1 h at 4°C with
glutathione Sepharose beads (Amersham Biosciences). The beads were then
rinsed three times with HMNETG and two times with cleavage assay buffer.
Samples were resuspended in cleavage assay buffer in the presence or absence of
50 ng of recombinant caspase-3, incubated at 30°C for the indicated time period,
chilled on ice, rinsed once with lysis buffer (1% NP-40, 150 mM NaCl, 50 mM
Tris [pH 7.4]), resuspended in SDS-sample buffer, and analyzed by immunoblot-
ting.

Analysis of PTP-PEST and PSTPIP protein complexes. PTP-PEST�/� cells
transiently expressing GST or GST-PTP-PEST were rinsed with ice-cold PBS
and lysed in HMNETG, and protein extracts were centrifuged 10 min at 16,000
� g at 4°C. GST proteins were extracted on glutathione Sepharose beads at 4°C
for 80 min. The beads were washed once with HMNETG, two times by inversion
for 5 min at room temperatures in HMN300ETG (containing 300 mM NaCl), and
twice with cleavage assay buffer. Beads bearing GST proteins were incubated for
30 min in caspase assay buffer with (sample number 2) or without (samples 1, 3,
4, and 5) 50 ng recombinant caspase-3 (Upstate) at 30°C (see Fig. 8B). The
samples were chilled on ice and washed once with HMN300ETG and twice with

the interaction buffer (1% NP-40, 150 mM NaCl, 50 mM Tris [pH 7.4], and
Complete protease inhibitor). At this step, association of PTP-PEST with paxillin
and Shc could not be detected (data not shown). Each sample was then incubated
at 4°C for 2.5 h with P-MEF cell extract (2.5 mg of protein in 1 ml of interaction
buffer) to recreate PTP-PEST interactions in vitro. Then the beads were washed
three times with the interaction buffer and once with modified cleavage assay
buffer (without DTT). Samples 3, 4, and 5 were then incubated in modified
cleavage assay buffer with or without 250 ng caspase-3 for 30 min at 30°C (see
Fig. 8B). Then interaction buffer was added to samples 4 and 5, and they were
incubated for 10 min on ice and washed twice with interaction buffer. All samples
were resuspended in SDS-sample buffer, and the protein content was analyzed by
immunoblotting as described above.

To evaluate the importance of the 549DSPD site of PTP-PEST on the effect of
caspase-3 interactions, GST proteins expressed in PTP-PEST�/� cells were iso-

FIG. 1. Localization of EGFP-PTP-PEST in live cells during
apoptosis. HeLa299 cells expressing EGFP-PTP-PEST were stimu-
lated with 50 ng/ml anti-Fas in the presence of 10 �g/ml cyclohex-
imide and analyzed using confocal microscopy. (A) Cellular distri-
bution of EGFP-PTP-PEST following 5 h and 50 min of treatment.
(B) Profile of the intensity (arbitrary unit) of the fluorescence
against the distance (�m) traversed by the arrow (drawn on panel
A) representing the quantity of signal detected in different areas of
the cell. (C) Pictures taken at the indicated time of incubation.
Scale bar, 10 �m. (D) Time-lapse analysis of the area delimited by
the squares drawn on panel C (see Movies S1 and S2 in the sup-
plemental material). Images captured between 5:05:29 and 5:10:01
were acquired inside the white square, whereas those from 5:42:00
to 5:49:15 correspond to the gray square. Scale bar, 5 �m. Empty
arrowheads point to sites where low amounts of EGFP-PTP-PEST
were detected, filled arrowheads indicate the accumulation of sig-
nals, and double-filled arrowheads identify sites of inward move-
ment on the cell periphery.
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lated, washed, and incubated with or without recombinant caspase-3. After
additional washes, they were incubated with P-MEF cell extract, washed again,
and analyzed as described above for samples 1 and 2. To assess the ability of
caspase-3 to regulate PSTPIP/PTP-PEST association, PTP-PEST�/� cells tran-
siently expressing either EGFP or myc-ECFP-PTP-PEST (WT or 549ASPA)-
EYFP with GST-PSTPIP were rinsed with PBS and lysed in modified cleavage
assay buffer as described above. Aliquots of 1 mg of protein were incubated for
60 min at 30°C with or without 0.3 �g of recombinant caspase-3. Following the
incubation, the samples were centrifuged at 16,000 � g for 2 min, chilled on ice,
and diluted 10 times with interaction buffer. Proteins were recovered following
incubation with glutathione Sepharose beads as described above. The beads were
washed three times with interaction buffer, boiled in SDS-sample buffer, and
analyzed by immunoblotting.

To analyze the PSTPIP protein complexes in vivo, HeLa299 cells transiently
expressing either GST or GST-PSTPIP (WT or W232A) with myc-ECFP-PTP-
PEST (WT or 549ASPA)-EYFP were treated with cycloheximide with or without
anti-Fas for the indicated time. Both floating and adherent cells were colleted
and lysed in interaction buffer for 10 min on ice, and the samples were then
centrifuged at 16,000 � g for 10 min. Cleared lysates (2.5 mg) were then incu-
bated at 4°C for 2.5 h with glutathione Sepharose beads as described above. The
beads were washed three times with interaction buffer, boiled in SDS-sample
buffer, and analyzed by immunoblotting.

In vitro caspase activation assay. 293T cells were trypsinized and collected by
centrifugation. The cell pellets were washed with an equal volume of ice-cold
NPM buffer {50 mM PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid).], 50
mM NaCl, 5 mM EGTA, 1 mM MgCl2, 5 mM DTT, 1 mM phenylmethylsulfonyl
fluoride, 50 �g/ml pepstatin, 50 �g/ml leupeptin, 100 �g/ml aprotinin} and
subsequently washed with five volumes of NPM buffer. The 293T cells were lysed
with three cycles of snap-freeze-and-thaw, and the cell lysates were cleared by
centrifugation at 16,000 � g for 5 min. Aliquots of the 293T lysates were stored
in liquid nitrogen. The 293T cell lysates were stimulated with 2 mM dATP
(Roche) at 37°C at the indicated time points. The reaction was terminated by
mixing lysates with SDS-sample buffer and boiling for 3 min prior to analysis.

In-gel phosphatase assay. [32P]ATP-labeled polypeptide (1 � 106 cpm) was
incorporated into a 10% SDS-polyacrylamide gel prior to polymerization (60).
Following electrophoresis, the gel was incubated for 1 h and then for 16 h in
fixing buffer (20% isopropanol, 50 mM Tris [pH 8.0]). The gel was incubated in

denaturation buffer (6 M guanidine-HCl, 50 mM Tris [pH 8.0], 0.3% �-mercap-
toethanol) for 1.5 h and twice in renaturation buffer (50 mM Tris [pH 8.0], 1 mM
EDTA, 0.04% Tween-40, 0.3% �-mercaptoethanol) for 1 h. The gel was subse-
quently incubated within the PTP reaction buffer (50 mM Tris [pH 8.0], 1 mM
EDTA, 0.04% Tween-40, 0.3% �-mercaptoethanol, 3 mM DTT) for 1 h, fol-
lowed by incubation with fresh reaction buffer for 16 h. Following Coomassie
blue staining, the gel was dried and subjected to autoradiography for visualiza-
tion of PTP activity.

Immunodepletion. The dATP-treated 293T cell lysate (240 �g) was diluted to
0.8 �g/�l with lysis buffer (20 mM HEPES [pH 7.5], 50 mM NaCl, 1% NP-40, 10
mM NaF, 10 mM Na4P2O7, 10% glycerol, 100 �M phenylmethylsulfonyl fluo-
ride, 5 �g/ml pepstatin, 5 �g/ml leupeptin, 10 �g/ml aprotinin). Following pre-
cleaning with 50 �l protein-G Sepharose beads (Amersham), the lysate was
incubated with 25 �g PTP-PEST antibody (AG25), which had been conjugated
with protein-G Sepharose, at 4°C for 2.5 h. Samples were analyzed by immuno-
blotting and in-gel PTP assay. For immunodepletion of capase-9, caspase-3, and
caspase-7, 1.4 mg of 293T lysates were incubated with 12.5 �g of the appropriate
antibody conjugated with protein-A/G Sepharose beads (Amersham) at 4°C for
2.5 h. The samples were then centrifuged, and the supernatants were collected
and subjected to an additional round of immunodepletion in order to completely
remove the specific caspases. Subsequently, each caspase-deprived lysate was
subjected to treatment with 2 mM dATP and was then examined by immuno-
blotting or in-gel PTP assay.

In-solution phosphatase activity assay. Five hundred twenty nanograms of
GST-hPTP-PEST bound to glutathione Sepharose beads was incubated for 20 h
at 37°C in the presence or absence of active caspase-3. Treated and control beads
coupled with GST-hPTP-PEST were mixed with 3 �M 32P-labeled PTP sub-
strates [polypeptide (Glu:Tyr)4:1] in 60 �l reaction buffer (25 mM HEPES [pH
7.5], 1 mM EDTA, 1 mM DTT) and then incubated at 30°C for 10 min with
vigorous shaking. The reaction was terminated by the addition of 180 �l 20%
trichloroacetic acid. Twenty microliters of bovine serum albumin (25 mg/ml) was
added into the solution as a carrier protein to facilitate substrate precipitation.
Following centrifugation (16,000 � g, 5 min), the supernatant was collected and
counted, using a Multi-Purpose Scintillation counter (LS6500; Beckman) to
detect the amount of released 32P. The catalytic activity of PTP was expressed as
picomoles of 32P released per minute.

FIG. 1—Continued.
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RESULTS

PTP-PEST localizes to retracting membrane ruffles of
apoptotic cells. Progression of apoptosis is characterized by
important changes in cellular morphology, such as membrane
blebbing, cell rounding, and detachment, that are intimately
associated with modifications of the actin cytoskeleton (19).
Several reports link PTP-PEST to the regulation of the archi-
tecture of the actin cytoskeleton (3–5, 52, 69). To explore
whether PTP-PEST physiologically contributes to apoptosis,
we first examined its cellular localization during this phenom-
enon. HeLa299 cells expressing EGFP-PTP-PEST were incu-
bated with anti-Fas and observed live using confocal micros-
copy. Prior to cellular detachment, PTP-PEST was localized
predominantly in the cytosol. Interestingly, there was also a
pronounced signal at the periphery of the cell (Fig. 1A). Profile
analysis showed that the signal corresponding to PTP-PEST
detected in membrane ruffles on the cell periphery was at least
as intense as that present in the cytosol (Fig. 1B). This suggests
substantial localization of PTP-PEST to the cytosol and likely
the plasma membrane. To obtain more insight into the dy-
namic localization of PTP-PEST during apoptosis, time-lapse
confocal video microscopy analysis was performed on anti-Fas-
treated cells. Figure 1C illustrates that incubation with anti-Fas
induced an apoptotic cell phenotype. In lamellipodia that ei-
ther expanded or remained static, a low amount of PTP-PEST
was observed (Fig. 1D). Preceding apoptotic cell death, PTP-
PEST appeared at the edge of the lamellipodias that immedi-
ately retracted (Fig. 1D and Movies S1 and S2 in the supple-
mental material). Moreover, PTP-PEST was maintained at the
edge of the contracting membrane ruffles during their move-
ment inward (Fig. 1D and Movies S1 and S2 in the supple-
mental material). The presence of PTP-PEST in the retracting
lamellipodia was observed in 91% of the cells analyzed (55
cells). Similar results were obtained when caspase-3 was mi-
croinjected into COS-7 cells expressing EGFP-PTP-PEST
(data not shown). PTP-PEST was also concentrated at the base
of membrane blebs in some cells (data not shown). Two other
nonreceptor PTPs, PTP-1B and TC-PTP, as well as the adaptor
protein Nck, did not significantly localize to the retracting
membrane ruffle of anti-Fas-treated cells (data not shown).
The presence of PTP-PEST in retracting lamellipodia implies
that this enzyme could participate in the morphological
changes and membrane detachment of cells undergoing
apoptosis.

Expression of PTP-PEST sensitizes cells to receptor-medi-
ated apoptosis. The specific presence of PTP-PEST in retract-
ing membrane ruffles of apoptotic cells suggests that this en-
zyme potentially plays important functions in this type of cell
death. Consequently, we evaluated the possibility that PTP-
PEST influences the cellular response to apoptotic stimuli. For
this purpose, PTP-PEST cDNA was reintroduced into PTP-
PEST�/� parental cells, and single clones were isolated. Each
clone expressed a different, yet stable, level of PTP-PEST (Fig.
2B). Clones expressing PTP-PEST that were treated with
TNF-� exhibited enhanced induction of apoptosis compared to
PTP-PEST�/� parental cells and PTP-PEST�/� EV control
clones (Fig. 2A). In addition, the level of DEVDase induction
appeared to correlate with the level of PTP-PEST expression:
clones expressing higher levels of PTP-PEST exhibited greater

sensitivity to TNF-� than the clones with lower PTP-PEST
expression.

These results were also validated in transient expression
experiments using a different cell line (HeLa299) and a differ-
ent apoptotic stimulus (anti-Fas) (Fig. 2C). Cells expressing
PTP-PEST displayed a greater increase in apoptosis than the
empty vector-transfected controls. In contrast, the catalytically
dead PTP-PEST mutant (C231S) failed to induce a significant
increase in apoptosis compared to that for the empty vector
control, indicating that the catalytic activity of PTP-PEST is
essential for its effect on the Fas-mediated apoptotic response.
Efficiency of the transfection is shown in Fig. 2D. In both the
rescued fibroblast and HeLa models, PTP-PEST expression
did not spontaneously induce apoptosis in cells growing under
control conditions (Fig. 2A and C). Together, these results
suggest that the expression and catalytic activity of PTP-PEST
increase sensitivity to receptor-mediated apoptosis.

PTP-PEST is cleaved during apoptosis. Several cytoskeletal
proteins are degraded during apoptosis (31). Since PTP-PEST
seems to play an important role in programmed cell death, we
sought more insight into its regulation during apoptosis. We ex-
amined the consequences of activating the intrinsic or extrinsic
apoptotic pathways on the integrity of PTP-PEST. Following
stimulation of the PTP-PEST�/�-expressing WT clone with stau-
rosporine or TNF-� and treatment of transfected HeLa299 cells
with cisplatin, the amount of full-length PTP-PEST decreased in
a time-dependent fashion (Fig. 3A, C, and E). PTP-PEST anti-
bodies detected a protein fragment of approximately 60 kDa.
Also, PTP-PEST degradation induced by staurosporine and cis-
platin treatment resulted in diffuse bands detectable by SDS-
PAGE at �38 and �30 kDa (Fig. 3A and E). Treatment with
tunicamycin induced similar PTP-PEST degradation (data not
shown). Interestingly, under the same apoptotic conditions,
p130Cas was also degraded and gave the typical band pattern
described previously (50) (Fig. 3B, D, and F). We observed that
PTP-PEST expression accelerated TNF-�- and cisplatin-induced
p130Cas degradation in rescued PTP-PEST�/� cells and in trans-
fected HeLa cells (Fig. 3D and F). The enhanced p130Cas cleav-
age correlated with the increased DEVDase activity in PTP-
PEST-WT-expressing cells (Fig. 2). Taken together, these results
show that PTP-PEST is cleaved in a time-dependent manner
during apoptosis triggered by intrinsic cellular stress, DNA dam-
age, and extrinsic pathways.

Degradation of PTP-PEST during apoptosis is specific. In-
creasing evidence in the literature implicates PTPs in the reg-
ulation of apoptotic signal transduction, but the mechanism of
PTP regulation is not largely understood, and none of the
classical PTPs have been reported to be cleaved during apop-
tosis. Therefore, we examined whether the cleavage of PTP-
PEST during apoptosis was specific or reflected general pro-
cessing of PTP family members. For this purpose, we employed
a cell-free system in which dATP stimulates caspase activity
(66). Control and dATP-treated 293T cell extracts were ana-
lyzed by in-gel PTP assay in order to visualize the population of
active PTPs (Fig. 4A). Following in vitro caspase activation, a
PTP of approximately 115 kDa became less abundant, and the
phosphatase activity of proteins migrating at �78 and �58 kDa
increased. Furthermore, the effect of dATP-mediated caspase
activation seemed to be specific for these three bands, since the
signal corresponding to PTPs at other molecular masses re-
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mained unchanged. Under these conditions, we observed that
the initiator caspases, caspase-8 and caspase-9, and the effector
caspases, caspase-3 and caspase-7, were activated (Fig. 4B). To
confirm the identity of the modulated PTPs (Fig. 4A), dATP-
stimulated 293T cell extracts were subjected to immunodeple-
tion with anti-PTP-PEST antibody prior to an in-gel PTP assay.
The efficiency of the immunodepletion was assessed by immu-
noblotting (Fig. 4C). Our results suggest that the �115-kDa
band corresponds to the noncleaved form of PTP-PEST, while
both the �78- and �58-kDa signals represent truncated forms
of the protein (Fig. 4C). To confirm these data in vivo, we took
advantage of our PTP-PEST�/� cells in which either an empty
vector or PTP-PEST was reintroduced and expressed in a
stable manner. Following staurosporine stimulation, no signif-
icant changes could be observed in tyrosine phosphatase activ-
ity patterns among the PTP-PEST�/� EV (B14, B15) clones
analyzed (Fig. 4D and data not shown). In contrast, treatment
of cells expressing PTP-PEST WT (B11) (as well as the B118
clone [data not shown]) led to a decrease in the 120-kDa band
and increased activity detected near the 70- and 40-kDa mark-
ers. PTP-PEST expression and modulation were confirmed by
immunoblotting (data not shown). As expected, PTP-PEST
catalytic activity is not required for its cleavage, since the
PTP-PEST C231S mutant was also efficiently degraded during
staurosporine treatment (data not shown). Among the en-
zymes detected by in-gel PTP assay, PTP-PEST is the predom-
inant phosphatase showing variation during apoptosis. The
generation of smaller bands with phosphatase activity, seen
with expression of an active form of PTP-PEST, suggests that
some cleaved products of this enzyme are potentially catalyti-
cally active.

We then investigated the integrity of particular members of the
PTP family during apoptosis. Following in vitro treatment with
dATP, immunoblot analysis showed that only the PTP-PEST
signal, but not that of SHP-2, PTP-1B, or TC-PTP, was reduced
(Fig. 5A). The stability of endogenous phosphatases was then
confirmed in cell culture, using spontaneously immortalized
mouse embryonic fibroblasts. In cells exposed to TNF-�, PTP-1B
and TC-PTP remained intact, whereas PTP-PEST was degraded
as activation of caspase-3 occurred (Fig. 5B). Together, these

FIG. 2. Expression of PTP-PEST sensitizes cells to receptor-medi-
ated apoptosis. (A) PTP-PEST�/� parental cells and rescued clones
were treated with 10 �g/ml cycloheximide in the absence (control) or
presence of 10 ng/ml TNF-� for 2.5 h, and apoptosis was measured by
DEVDase assay as described in Materials and Methods. Values are
n-fold increases over those for the control PTP-PEST�/� parental

cells (�/�) and represent means 	 the standard errors (SE) of three
independent experiments. Asterisks denote values significantly differ-
ent from those of �/� cells (*, P 
 0.05). (C) DEVDase activity
measured in cell lysates obtained from HeLa299 cells transfected with
either pcDNA3 (EV), pcDNA3-PTP-PEST-WT (WT), or pcDNA3-
PTP-PEST-C231S (C/S) incubated for 6 h with 10 �g/ml cycloheximide
in the absence (control) or presence of 50 ng/ml anti-Fas. Values are
n-fold increases over those for the control EV and represent means 	
SE of three independent experiments performed in duplicate. Aster-
isks denote values significantly different from those for control EV cell
lysates (*, P 
 0.01). Expression of PTP-PEST in the parental cells and
in the various clones (B) and in transfected HeLa299 cells (D) was
measured by SDS-PAGE and immunoblotting for PTP-PEST (2528
rabbit antibody). Clones derived from parental cells, which harbor the
empty vector (B14), do not express PTP-PEST, whereas clones in
which wild-type PTP-PEST was reintroduced (B11WT, B112WT,
B117WT, B118WT, and B119WT) express different levels of PTP-
PEST. The amount of protein on the immunoblot was normalized with
the expression of Shc, and the values on the right correspond to
molecular sizes in kDa. IB, immunoblot.
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results demonstrate that the cleavage of PTPs during apoptosis is
not a general phenomenon among the family but is likely limited
to specific members, including PTP-PEST.

PTP-PEST is a substrate of caspase-3. Degradation of PTPs
caused by UV irradiation was recently shown to be dependent
on activation of calpain, a group of proteases activated during
apoptosis (37, 73). In addition, in apoptotic cells, several pro-
teins, including molecules involved in cell adhesion and cy-
toskeletal network organization, are substrates of caspases
(31). In order to identify whether calpain or caspase is respon-
sible for PTP-PEST degradation in vivo, apoptosis was induced
in cells expressing PTP-PEST (clone B11) in the presence of
specific pharmacological inhibitors. Degradation of PTP-PEST
induced by staurosporine was prevented by the caspase inhib-

itor Z-VAD, but not by the calpain inhibitor PD150606 (Fig.
6A). In Rat-1 cells, inhibition of caspase by Z-VAD also
blocked degradation of endogenous PTP-PEST (data not
shown). The proteasome inhibitor lactacystin did not impair
efficient PTP-PEST proteolysis during apoptosis (data not
shown). The cleavage of PTP-PEST occurred in parallel with
that of p130Cas and with the activation of caspase-3 (Fig. 6A).
This experiment reveals that caspases are the proteases re-
sponsible for PTP-PEST cleavage during apoptosis.

To determine which caspase cleaves PTP-PEST, caspase-3,
-7, and -9 were individually immunodepleted from 293T lysates
prior to addition of dATP. Samples were then subjected to
in-gel PTP assays. Immunodepletion of caspase-7 did not in-
terfere with the cleavage of PTP-PEST (Fig. 6B). Conversely,

FIG. 3. PTP-PEST is cleaved during apoptosis. PTP-PEST�/� EV and PTP-PEST�/�-expressing WT cells (clones B14 and B11WT), described
in Fig. 2, were treated with 1 �M staurosporine (A and B), or 10 ng/ml TNF-� in the presence of 10 �g/ml cycloheximide for the indicated times
(C and D; note that the control [C] received only 10 �g/ml cycloheximide). HeLa299 cells transfected with either empty vector or PTP-PEST WT
cDNA were treated under control conditions (dimethyl sulfoxide) or with 60 �M cisplatin for different periods of time (E and F). (E) A longer
exposure of the anti-PTP-PEST immunoblot is shown in the bottom panel. Protein extracts were analyzed by immunoblotting for PTP-PEST, using
2530 rabbit antibody (A) or 2528 rabbit antibody (C and E), as well as for p130Cas (B, D, and F). Filled arrowheads point to intact proteins, and
empty arrowheads identify degradation products. IB, immunoblot. The values on the right correspond to molecular sizes in kDa.
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immunodepletion of either caspase-3 or caspase-9 could block
the cleavage of PTP-PEST. Under these conditions, caspase-3
requires active caspase-9 for its induction (30). Since caspase-9
was still present following caspase-3 immunodepletion, these
results suggest that only caspase-3 was responsible for this
cleavage. Immunoblot analysis performed on the supernatants
demonstrated that specific immunodepletion of caspase-3, -7,
and -9 was obtained (Fig. 6B). Caspase-8 was excluded from
the immunodepletion analysis, since its activation occurred
following the rapid cleavage of PTP-PEST (Fig. 4A and B). In
contrast, the activation of caspase-3 in vitro and in vivo (Fig. 4,

5, and 6) was concomitant with the proteolysis of PTP-PEST.
In order to verify that active caspase-3 could directly cleave
PTP-PEST, we incubated cell extracts (Fig. 6C) and purified
GST-PTP-PEST (Fig. 6D) with the recombinant active
caspase-3. As depicted in Fig. 6C, addition of active purified
caspase-3 to lysates from PTP-PEST-expressing cells led to a
degradation pattern similar to that previously observed in vivo
(Fig. 3 and 6C). p130Cas was also cleaved under these condi-
tions, and the cleavage products typically generated during
apoptosis were obtained (Fig. 6C) (50). Importantly, caspase-3
could cleave purified GST-PTP-PEST, suggesting that other

FIG. 4. PTP-PEST is specifically cleaved during apoptosis. (A) Proteins were extracted from 293T cells, treated with or without 2 mM dATP
for various times, and subjected to in-gel PTP assays. (B) Activation of caspases in dATP-treated 293T cell extracts was confirmed by immuno-
blotting with anti caspase-8, –9, -3, and -7. (C) 293T cell lysates treated with or without dATP were incubated with beads in the presence or absence
of AG25 PTP-PEST antibody. Supernatants from bead control and PTP-PEST immunodepleted (ID) samples and PTP-PEST immunoprecipitate
(IP) samples were subjected to in-gel PTP assay analysis. The control lysate, beads, and immunodepleted and immunoprecipitated protein samples
were analyzed for their actin and PTP-PEST contents by immunoblotting (bottom). (D) PTP-PEST�/� EV and PTP-PEST�/�-expressing WT cells
(clones B14 and B11WT), described in Fig. 2, were treated with 1 �M staurosporine for different periods of time, lysed, and subjected to in gel-PTP
assays. PTP-PEST expression in these samples was also confirmed by immunoblotting (data not shown). Filled arrowheads indicate decreasing
signals, whereas empty arrowheads point to increasing signals observed during the different treatments. IB, immunoblot. The values on the right
correspond to molecular sizes in kDa.
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proteins were not required for the proteolysis (Fig. 6D). To-
gether, these observations indicate that caspase-3 cleaves PTP-
PEST during apoptosis. To our knowledge, this is the first
example of a classical PTP directly cleaved by a caspase.

Caspase-3 cleaves PTP-PEST on its 549DSPD site. Analysis
of the murine PTP-PEST sequence revealed the presence of

several potential caspase cleavage sites (Fig. 7A). We mutated
each DXXD motif individually in PTP-PEST cDNA (549DSPD
to 549ASPA, 604DDSD to 604ADSA, 740DKKD to 740AKKA)
and inserted it between sequences corresponding to myc-
ECFP and EYFP tags.

Protein extracts from HeLa299 cells expressing the different
mutants of PTP-PEST were incubated with or without
caspase-3 and subjected to immunoblot analysis. An anti-GFP
antibody, which recognizes both ECFP and EYFP, revealed
that following incubation with caspase-3, two fragments of

FIG. 5. PTP-PEST, but not SHP-2, PTP-1B, and TC-PTP, is
cleaved during apoptosis. (A) Caspases were activated in vitro in 293T
cell lysates, and the stability of different phosphatases was investigated
by immunoblotting, using antibodies specific for SHP-2, PTP-1B
(FG6), TC-PTP (CF4-1D), and PTP-PEST (AG25). (B) Spontane-
ously immortalized MEFs were incubated with 10 �g/ml cycloheximide
in the absence (control [C]) or presence of 10 ng/ml TNF-� for the
indicated times. Samples were analyzed by immunoblotting for PTP-
PEST (2528 rabbit polyclonal antibody), TC-PTP (3E2), PTP-1B (rab-
bit polyclonal antibody), and caspase-3. IB, immunoblot. Filled arrow-
heads point to intact proteins, and empty arrowheads identify cleavage
products. The values on the right correspond to molecular sizes in
kDa.
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approximately 110 kDa and 63 kDa appeared when WT,
604ADSA, and 740AKKA forms of PTP-PEST were expressed
(Fig. 7B). The 549ASPA mutation was sufficient to completely
prevent cleavage of PTP-PEST by caspase-3. These observa-

tions establish that caspase-3 cleaves PTP-PEST into two main
fragments by targeting its 549DSPD motif. Detection of the
myc-epitope tag identified the 110-kDa cleavage product as the
N-terminal portion of PTP-PEST that contains its catalytic

FIG. 6. Caspase-3 cleaves PTP-PEST. (A) To inhibit caspases or calpain proteases, PTP-PEST�/�-expressing WT cells (clone B11WT) were
preincubated with either 100 �M Z-VAD-FMK or 100 �M PD150606 for 2 h and subsequently treated with 1 �M staurosporine in the presence
of the indicated inhibitor for an additional 6 h. Protein lysates were then subjected to immunoblot analysis for PTP-PEST (2528 and 2530 rabbit
polyclonal antibodies), p130Cas, and caspase-3. (B) 293T cell extracts were immunodepleted (ID) for either caspase-3, caspase-9, or caspase-7,
treated with dATP for the indicated time, and subjected to in-gel PTP assays. The presence of caspase-9, caspase-3, and caspase-7 in the
immunodepleted samples was verified by immunoblotting (bottom). (C) Protein lysates from PTP-PEST�/� EV (B14) and WT rescued (B11WT)
cells were incubated with active recombinant caspase-3 or under control conditions (C) for the indicated times. Samples were further analyzed by
immunoblotting for PTP-PEST (2528 rabbit polyclonal antibody) and p130Cas. (D) GST or GST-PTP-PEST was isolated from transfected
PTP-PEST�/� cells, incubated with active recombinant caspase-3 or under control conditions (C), and analyzed by immunoblotting, using anti-GST
antibody. Filled arrowheads point to intact proteins, and empty arrowheads identify cleavage products. The values on the right correspond to
molecular sizes in kDa. IB, immunoblot.
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FIG. 7. Caspase-3 cleaves PTP-PEST on its 549DSPD site. (A) Schematic views of murine PTP-PEST showing the catalytic domain (PTP), the
five regions rich in proline (Pro1, Pro2, Pro3, Pro4, and CTH) and the Shc binding domain (SBD). Four potential caspase cleavage sites (423EHID,
549DSPD, 604DDSD, and 740DKKD) are indicated. Asterisks (*) identify the amino acids targeted by mutagenesis. (B) Lysates from HeLa299 cells
expressing EGFP or different versions of myc-ECFP-PTP-PEST-EYFP were prepared, incubated with or without active recombinant caspase-3,
and analyzed by immunoblot, using antibodies directed against GFP and myc (9E10). (C) HeLa299 cells transfected with a nontagged version of
PTP-PEST in pcDNA3 (EV, WT, or 549ASPA) were incubated with 60 �M cisplatin for the indicated times and lysed as described in Materials
and Methods. Protein lysates were resolved by SDS-PAGE and analyzed by immunoblotting for PTP-PEST (2528 rabbit polyclonal antibody) and
p130Cas. (C, bottom) A longer exposure of the anti-PTP-PEST immunoblot is shown. Filled arrowheads point to intact proteins, and empty
arrowheads identify cleavage products. IB, immunoblot. The values on the right correspond to molecular sizes in kDa.
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domain, whereas the 63-kDa fragment revealed by anti-GFP
immunoblotting corresponded to the C-terminal segment.
With regard to the in vivo situation, PTP-PEST was cleaved
during cisplatin-induced apoptosis of HeLa cells. Efficient pro-
teolysis of PTP-PEST depended on the 549DSPD site, since its
mutation to 549ASPA significantly reduced its degradation in
vivo (Fig. 7C). Importantly, this mutation abolished the gen-
eration of the �60-kDa product and of the smaller fragments
near 30 kDa. The degradation of p130Cas occurred in a similar
fashion in both WT- and 549ASPA PTP-PEST-expressing cells
(Fig. 7C). Moreover, as previously observed in Fig. 3, the rate
of p130Cas degradation was more apparent in PTP-PEST-
expressing cells than in the empty vector controls. This dem-
onstrates that caspase-3 cleaves PTP-PEST at 549DSPD while
apoptotic cell death progresses.

Caspase-3 regulates PTP-PEST activity, interactions, and
adaptor function. Cleavage of proteins involved in organizing the
actin cytoskeleton affects their properties, redistributes them to
different protein complexes, and modifies their functions (31, 49).
We observed that the catalytic activity of PTP-PEST was impor-
tant for its ability to increase sensitivity to receptor-mediated
apoptosis. To evaluate the effect of caspase-3 on PTP-PEST cat-
alytic activity, purified GST-hPTP-PEST from 293T-transfected
cells was incubated in the presence or absence of caspase-3, fol-
lowed by an in-solution phosphatase assay. Figure 8A shows that
after caspase-3 proteolysis, PTP-PEST exhibited an approxi-
mately twofold increase in catalytic activity. Immunoblotting with
anti-GST showed the efficiency of the treatment with caspase-3.
These observations indicate that caspase-3 regulates PTP-PEST
catalytic activity in a cleavage-dependent manner.

To understand how caspase-3 could affect PTP-PEST func-
tion, we investigated whether the cleavage of PTP-PEST could
regulate its ability to interact with signaling molecules. Located
at the amino terminus, the catalytic domain of PTP-PEST is
followed by a carboxy-terminal (C-terminal) tail. This segment
contains a Shc binding domain (SBD) and five proline-rich
segments, among which the second (P2) interacts with paxillin
family members (paxillin, Hic-5, and leupaxin), the fourth (P4)
recruits Csk, and the fifth, termed CTH, associates with PST-
PIP (12, 23, 24, 28, 38, 62). We used an in vitro approach to
characterize the effect of caspase-3 on PTP-PEST interactions,
as described in Fig. 8B. GST-PTP-PEST was purified from
PTP-PEST�/�-transfected cells and incubated with P-MEF
cell lysates in order to reconstitute PTP-PEST protein com-
plexes. As expected, intact PTP-PEST can interact with Shc
(p52 and p66), paxillin, and leupaxin (Fig. 8C, lanes 1 and 4).
When PTP-PEST was cleaved before being incubated with the
lysates, the N-terminal fragment failed to bind Shc, whereas
paxillin and leupaxin interactions were maintained (Fig. 8C,
lane 2). We also investigated the effect of caspase-3 cleavage
on PTP-PEST protein complexes following in vitro reconstitu-
tion (Fig. 8C, lanes 3 and 5). Under these conditions, caspase-3
drastically decreased the association of PTP-PEST with Shc
and leupaxin but only slightly affected recruitment of paxillin
(Fig. 8C, compare lane 4 with lane 5). Paxillin and leupaxin
have been previously identified as caspase-3 substrates, which
explains their reduced affinity for PTP-PEST following treat-
ment with active caspase-3 in vitro (15). The interactions ob-
served in that experiment were specific to PTP-PEST, as they
were not detected with the GST tag alone (Fig. 8C). The

impact of active caspase-3 on PTP-PEST interactions was then
measured using the 549ASPA mutant. Samples were processed
as condition 1 and 2 depicted in Fig. 8B. Prior incubation with
caspase-3 was sufficient to abolish the interaction between the
PTP-PEST (WT) N-terminal fragment and Shc without affect-
ing the interaction with paxillin and leupaxin (Fig. 8D). The
549ASPA mutations of PTP-PEST efficiently reverted the
caspase-3-mediated dissociation of Shc. Finally, we examined
the effect of caspase-3 on the C-terminal region of PTP-PEST
(Fig. 8E), using lysates of cells coexpressing myc-ECFP-PTP-
PEST-EYFP (WT or 549ASPA) with GST-PSTPIP. Whole-cell
extracts were incubated with or without active caspase-3, and
PSTPIP was pulled down using glutathione Sepharose beads.
We noticed that following incubation with caspase-3, PSTPIP
could interact with a shorter form of PTP-PEST-WT (Fig. 8E,
top panel). This fragment was identified as the PTP-PEST
C-terminal cleavage product because it could not be detected
by anti-myc antibody (Fig. 8E). Caspase-3 cleavage of PTP-
PEST did not inhibit the interaction with PSTPIP, as binding was
seen to both the intact protein and the C-terminal fragment (Fig.
8E). In addition, no detectable caspase-3 cleavage of PSTPIP was
observed under these conditions. These results support the model
that the action of caspase-3 on PTP-PEST prevents its catalytic
domain from associating with leupaxin, Shc (p52 and p66), PST-
PIP, and, to a lesser extent, paxillin. This is due to the action of
caspase-3 on both PTP-PEST, at the 549DSPD site, and leupaxin/
paxillin. In addition, caspase-3 cleavage of PTP-PEST liberated a
C-terminal fragment that was still able to interact with PSTPIP.
Together, these results implicate active caspase-3 in the modula-
tion of both the catalytic activity and the interactions of PTP-
PEST.

The numerous partners reported to interact with the carboxy-
terminal end of PTP-PEST are indicative of an adaptor function.
To support this premise, we investigated the capability of PTP-
PEST to bridge PSTPIP to new interacting partners. As observed
in Fig. 9, PSTPIP associated with PTP-PEST was also recruited to
paxillin, Shc, and Csk. In contrast, a mutant version of PSTPIP
(W232A), which is unable to bind PTP-PEST (23), failed to as-
sociate with paxillin, Shc, and Csk (Fig. 9A). These complexes
were also specifically observed when the WT but not the W232A
form of PSTPIP was expressed in the PTP-PEST�/�-reexpressing
WT cells (clone B11) (data not shown). These results suggest that
PTP-PEST has the ability to perform adaptor functions that link
PSTPIP toward paxillin, Shc, or Csk. To define the consequences
of caspase activation on PTP-PEST scaffolding functions, we ex-
amined the proteins associated with PSTPIP in cells coexpressing
GST-PSTPIP with either WT or the 549ASPA mutant of myc-
ECFP-PTP-PEST-EYFP during treatment with anti-Fas. As
apoptosis progressed, the association of PSTPIP with the intact
form of PTP-PEST WT was diminished, while the interaction
with the PTP-PEST C-terminal fragment increased (Fig. 9A).
This paralleled a decreased association of PSTPIP with paxillin.
In contrast, the associations of PSTPIP with Shc and Csk were
maintained during apoptosis. This modulation did not occur
when PTP-PEST 549ASPA was expressed, since paxillin, Shc, Csk,
and intact PTP-PEST coprecipitated with PSTPIP during apop-
totic progression. The isolation of each GST fusion protein was
confirmed by immunoblotting. Figure 9B shows the expression of
PTP-PEST in the different conditions and the activation of
caspase-3 following treatment with anti-Fas. The reduction in
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paxillin interacting with PSTPIP indicates that the scaffolding
function of PTP-PEST is modulated by caspase cleavage on its
549DSPD site during apoptosis. In addition, the preserved asso-
ciation of PSTPIP with Shc and Csk suggests that the PTP-PEST
C-terminal cleavage product is competent to perform these asso-
ciations. Together, these data support that PTP-PEST adaptor
functions are modulated in cells undergoing apoptosis.

Caspase cleavage of PTP-PEST facilitates cellular detach-
ment during apoptosis. Caspase-mediated proteolysis of cy-
toskeletal protein causes membrane blebbing, cell rounding, and
adhesion lost as apoptosis progress (19, 31). Localization of PTP-
PEST to the retracting membrane ruffles and its caspase-3-de-
pendent modulation implies that regulation of this enzyme could
participate in cellular detachment during apoptosis. To determine
whether the cleavage of PTP-PEST during apoptosis plays a role
in loss of adhesion, we used flow cytometry to count the number
of cells remaining attached to the culture dish following treatment
with anti-Fas. Incubation of HeLa299 cells expressing EGFP-
PTP-PEST (WT or 549ASPA) with anti-Fas decreased the num-
ber of cells attached to the culture dish (Fig. 10A). Interestingly,
the proportion of cells that detached during the progression of
apoptosis was significantly diminished in the 549ASPA mutant
compared to that in WT PTP-PEST-expressing cells (Fig. 10B).
Two hours following anti-Fas treatment, the 549ASPA PTP-PEST
mutant-expressing cells exhibited a twofold decrease in the loss of
adhesion versus those expressing WT PTP-PEST. Moreover, at
4 h, detachment of cells harboring the 549ASPA mutant was
delayed compared to that for PTP-PEST WT-expressing cells, as
revealed by a threefold decrease in adhesion lost. These results
indicate that cleavage of PTP-PEST by caspase-3 contributes to
cellular detachment during apoptosis.

DISCUSSION
Ubiquitous expression of PTP-PEST maintained throughout

development and in adult animals points toward a fundamen-
tal biologic role for this enzyme (14). Indeed, mice lacking the
PTP-PEST gene exhibit severe developmental defects leading
to embryonic death (22, 74). PTP-PEST accomplishes several
of its functions through the regulation of the actin cytoskeleton
(4, 52). Nevertheless, the contribution and regulation of PTP-
PEST have not been investigated in apoptosis, a physiological
phenomenon essential for proper development involving ma-
jor cytoskeletal rearrangement. Here, we provide the first ev-
idence that PTP-PEST plays a role in the progression of
apoptotic cell death. Importantly, we have identified PTP-
PEST as a new caspase substrate and linked its caspase-medi-
ated cleavage and modulation to the process of cell detach-
ment during apoptosis.

PTP-PEST was previously reported to regulate membrane
ruffling, cell adhesion, and spreading; proper balance of these
physiological processes is crucial for cell migration (3, 34, 69).

FIG. 8. Caspase-3 regulates PTP-PEST activity and interactions.
(A) GST-hPTP-PEST was isolated from transfected 293T cells, incu-
bated with or without caspase-3, and subjected to in-solution phos-
phatase assays as described in Materials and Methods. GST, GST-
PTP-PEST (C and D), and GST-PTP-PEST 549ASPA (D) were
isolated from transfected PTP-PEST�/� cells. (B) Schematic represen-
tation of the approach used to investigate the effect of caspase-3 on the
different protein-protein interactions. (C) Samples were processed
(see numbers 1 to 5 outlined in panel B and Materials and Methods)
and subjected to immunoblot analysis with antibodies directed against
Shc, paxillin, and GST. (D) Samples were processed as numbers 1 and
2 described in panel B and then examined by immunoblotting with
anti-Shc, anti-paxillin, and anti-GST antibodies. (E) PTP-PEST�/�

cells transiently coexpressing GST-PSTPIP with either EGFP, myc-
ECFP-PTP-PEST (WT)-EYFP, or myc-ECFP-PTP-PEST (549ASPA)-
EYFP were lysed and treated with or without active recombinant
caspase-3. GST-PSTPIP was isolated using glutathione Sepharose
beads. Isolated GST-PSTPIP and bound PTP-PEST were detected

by immunoblotting, using antibodies directed against GFP, GST, and
myc. The expression of EGFP and PTP-PEST fusion proteins was also
verified by immunoblotting the cell lysates. Filled arrowheads point to
intact proteins, and empty arrowheads identify cleavage products. IB,
immunoblot, TCL, total cell lysate. The values on the right correspond
to molecular sizes in kDa.
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Functions involving p130Cas, Rac, WASP, paxillin, paxillin
kinase linker (PKL), and VAV2 are suggested to couple PTP-
PEST to the modulation of the cytoskeleton organization in
migrating cells (3, 5, 23, 24, 34, 46, 69, 70). Interestingly, sev-
eral proteins that govern cell migration are modulated during

apoptosis in order to remodel cell shape (19). The effects of
PTP-PEST on signaling cascades that orchestrate actin dynam-
ics led us to explore its possible modulation in apoptotic cell
death. In growing cells, PTP-PEST is reported to be primarily
localized in the cytosol (3, 23). However, in cells undergoing

FIG. 9. The scaffolding function of PTP-PEST is modulated during apoptosis. (A) HeLa299 cells cotransfected with cDNA encoding either
GST or GST-PSTPIP (WT or W232A) with myc-ECFP-PTP-PEST (WT or 549ASPA)-EYFP were treated with 10 �g/ml cycloheximide in the
absence (control [C]; 6 h) or presence of 50 ng/ml anti-Fas for the indicated times. Lysates extracted from the cells were incubated with glutathione
Sepharose beads, and the ability of the expressed GST fusion protein to interact with other partners was determined by immunoblotting. The
coprecipitated paxillin, Shc, Csk, and PTP-PEST were analyzed by immunoblotting for the indicated proteins and epitopes. Filled arrowheads point
to intact PTP-PEST, and empty arrowheads indicate cleavage products. (B) Total cell extracts were subjected to immunoblotting with anti-GFP,
9E10 (anti-myc), and anti-caspase-3. Filled arrowheads point to intact PTP-PEST or caspase-3, and empty arrowheads indicate cleavage products.
IB, immunoblot, TCL, total cell lysate. The values on the right correspond to molecular sizes in kDa.
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apoptosis, we observed concurrent localization of PTP-PEST
to retracting lamellipodia as well as to the cytosol. The exact
mechanism by which PTP-PEST is specifically targeted to the
edges of retracting lamellipodia is still unknown, but it is pos-
sible that some of the mechanisms involved in detachment of
apoptotic cells are conserved with those controlling tail retrac-
tion in cells undergoing polarized migration. Indeed, in cells
stimulated with fibronectin, PTP-PEST is recruited to the
plasma membrane and has been detected in adhesion struc-
tures (3, 69). Moreover, PTP-PEST promotes tail retraction by
regulating p190RhoGAP (70). Numerous regulators of actin
cytoskeleton organization are also associated with the morpho-
logical conversion occurring during apoptosis (19, 20, 26, 71).
The presence of PTP-PEST in retracting lamellipodia during
apoptosis indicates a novel function for this enzyme in the
progression of cell death and potentially in cellular detach-
ment.

Since PTP-PEST sensitizes cells to both anti-Fas- and TNF-
�-induced cell death, our results identify PTP-PEST as a mod-
ulator of receptor-mediated apoptosis. Observations showing
that orthovanadate, a general PTP inhibitor, could protect cells
against the cytotoxic effect of TNF-� provided the first evi-
dence for a function of these enzymes in receptor-mediated
programmed cell death (81). In hematopoietic cells, SHP-1 is
required for efficient Fas-induced apoptosis (76, 84). On the
other hand, FAP-1 associates with and attenuates Fas (Apo-1)
trafficking to the cell surface, thereby inhibiting Fas-induced
apoptosis (44). Recently, PTP-PEST was shown to be involved
in the trafficking of the Fas ligand (7). Inhibition by reactive
oxygen species of MAP kinase phosphatase induced by TNF-�
increases Jun N-terminal protein kinase-mediated cell death
(48), whereas PTP1B-null mice exhibited an increased resis-
tance to Fas-dependent hepatic apoptosis (68). Together,
these reports underline the importance of PTP regulation in
receptor-mediated apoptosis. Interestingly, the effect of PTP-

PEST is dependent on its catalytic activity, which suggests that
an unidentified substrate is targeted in this phenomenon. In
addition, PTP-PEST-expressing cells display accelerated cleav-
age of p130Cas, suggesting that PTP-PEST can act as a regu-
lator of the apoptotic response. Interestingly, the proteolysis of
p130Cas, a substrate of PTP-PEST, has been proposed to be
highly dependent on its phosphorylation status and to contrib-
ute to the morphological characteristics of apoptotic cells (32,
42, 50). FAK, a reported substrate of PTP-PEST (3, 29, 72),
was recently proposed to bind RIP and suppress its proapop-
totic signal in death receptor-induced apoptosis (51).

Posttranslational modifications of PTPs, such as nitrosyla-
tion (6), ubiquitination (47, 64), phosphorylation (33), calpain
degradation (37), and oxidation (79), are important for their
regulation. Here, we report the caspase-mediated cleavage of a
classical PTP, PTP-PEST, during apoptosis. In vitro and in vivo
experiments identified caspase-3 as the protease executing
PTP-PEST cleavage during apoptosis. Despite the presence of
four putative caspase cleavage sites, mutation of the 549DSPD
site was sufficient to block caspase-3 cleavage of PTP-PEST in
vitro and precluded its degradation in vivo. The DSPD se-
quence is processed by caspases in other proteins, including
p130Cas and RAD21 (17, 50), and its corresponding site
(580DLVD) found in human PTP-PEST has been described as
a caspase cleavage site in Hef1 (63). In addition, our observa-
tions indicate that the cleavage of PTP-PEST during apoptosis
is conserved between different cell types in several mammalian
species and is a common characteristic of different apoptotic
pathways. This degradation of PTPs appears to be specific to
PTP-PEST, since TC-PTP, PTP-1B, SHP-2, and most candi-
dates highlighted by in-gel PTP assays were resistant to caspase
activity.

The noncleavable mutant of PTP-PEST contributed to caspase
activation to the same extent as the WT form (data not shown).
Consequently, we also observed equivalent, accelerated p130Cas

FIG. 10. Caspase cleavage of PTP-PEST facilitates cellular detachment during apoptosis. (A) HeLa299 cells expressing either EGFP-PTP-
PEST WT or EGFP-PTP-PEST 549ASPA were incubated with 10 �g/ml cycloheximide in the absence (control) or presence of 50 ng/ml anti-Fas.
Following treatment, adherent cells were harvested and counted, using flow cytometry as described in Materials and Methods. Cells expressing
EGFP-PTP-PEST (WT or 549ASPA) were selected based on fluorescence intensity (inset). The area between the control curve and the
anti-Fas-stimulated curve corresponds to the number of cells that detached during the treatment. (B) The values given are the percentages of
cellular detachment in EGFP-PTP-PEST WT- or EGFP-PTP-PEST 549ASPA-expressing cells compared to that in the controls and represent
means 	 SE of two independent experiments in which each condition was performed in triplicate and each sample was analyzed three times by
flow cytometry. Asterisks denote values significantly different from those of EGFP-PTP-PEST WT-expressing cells (*, P 
 0.05; **, P 
 0.01).
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cleavage in both WT- and 549ASPA PTP-PEST- expressing cells
(Fig. 7C). This implies that the cleavage of PTP-PEST is not
involved in amplifying the caspase cascade. As caspase activation
precedes PTP-PEST cleavage, the cleaved products may have an
impact on the apoptotic process downstream of caspase induc-
tion. Interestingly, in vitro analysis indicates that caspase cleavage
of PTP-PEST liberates fragments that display increased catalytic
activity compared to that of the intact form. Furthermore, prote-
olysis of PTP-PEST would prevent its catalytic domain from being
associated with its targets, Shc and PSTPIP (23, 29), and, there-
fore, would change its substrate specificity. Intramolecular inter-
action has been characterized as an autoinhibition mechanism for
other PTPs (61). Thus, in addition to its adaptor function, the C
terminus of PTP-PEST could inhibit its catalytic domain or may
bind a protein that modulates PTP-PEST enzymatic activity. As
the process of apoptotic cell death involves tightly regulated mo-
lecular mechanisms, the caspase-dependent modulation of the
interactions and catalytic activity of PTP-PEST suggests that it
participates in the progression of apoptosis.

Cellular detachment is a major feature of the execution
phase of apoptosis. The detailed mechanisms that coordinate
this complex event remain unclear. In this study, we show that
the cleavage of PTP-PEST during apoptotic cell death pro-
motes cellular detachment. Our experiments indicate that
cleavage of PTP-PEST produces an N-terminal fragment that
maintains the ability to recruit the multidomain focal adhesion
adaptor protein paxillin. Paxillin plays a central role in regu-
lating cell attachment and migration (10). The association of
PTP-PEST with paxillin was reported to target the enzyme to
its substrate PKL and is essential for inhibition of cell adhesion
and membrane protrusion (46). Therefore, the recognition of
an altered subset of substrates, such as paxillin-linked focal
adhesion proteins, by the active PTP-PEST fragment might
stimulate cellular detachment during apoptosis. Another bind-
ing partner of PTP-PEST is PSTPIP, through which PTP-
PEST regulates the phosphorylation status and actin polymer-
ization activity of WASP (5, 23). Mutations in the gene
encoding WASP were reported to accelerate lymphocyte
apoptotic cell death (65). Importantly, we observed that active
caspase-3 uncouples PSTPIP from the PTP-PEST catalytic do-
main. Because modifications to the structure of the actin net-
work cause the morphological conversions associated with
apoptosis (19, 56), deregulation of WASP activity during pro-
grammed cell death may also contribute to this phenomenon.
We demonstrated that PTP-PEST is additionally able to act as
a scaffolding molecule bridging PSTPIP to paxillin, providing a
link between adhesion signaling and actin polymerization.
During apoptosis, caspase cleavage of PTP-PEST uncouples
PSTPIP from the PTP-PEST catalytic domain and from pax-
illin, consequently interrupting their potential communication.
In addition, we observed that proteolysis of PTP-PEST in cells
undergoing apoptosis generates a fragment still competent to
couple PSTPIP to Shc or Csk. Notably, Shc and Csk have both
been implicated in cell adhesion (57, 58). Through these mul-
tiple protein interactions, PTP-PEST may also function as a
platform, bringing together different signaling modules in close
proximity to control cellular adhesion and migration. Caspase-
dependent cleavage of PTP-PEST rearranges these complexes,
which results in unstable cytoskeletal architecture and reduced
cell adhesion. In summary, we propose that the cleavage of

PTP-PEST during apoptosis enhances its catalytic activity, al-
ters its substrate specificity, and disrupts its scaffolding prop-
erties, thereby facilitating cellular detachment (Fig. 11).

PTPs are major modulators of signal transduction and also
function as integral regulators of the apoptotic response. Cel-
lular progression through apoptosis correlates with the redis-
tribution of PTP-PEST toward the site of cellular detachment,
suggesting an active participation of PTP-PEST in the apop-
totic process. PTP-PEST expression results in enhanced
caspase activity and an accelerated cleavage of p130Cas sub-
sequent to induction of apoptosis. This indicates that PTP-
PEST operates upstream of the initiation of the caspase cas-
cade. Interestingly, caspase-3 cleavage of PTP-PEST, which
modulates its catalytic activity and scaffolding properties, fa-
cilitates cellular detachment, a hallmark of programmed cell
death. In this manner, proteolysis would permit a functional
transition of PTP-PEST during apoptosis. Apoptosis plays an
important role in embryonic development and in lymphocyte
selection during their maturation. Since PTP-PEST is essential

FIG. 11. Proposed functions of PTP-PEST in apoptosis. By bridg-
ing PSTPIP to an additional partner (paxillin, Shc, or Csk), PTP-PEST
acts as a scaffold involved in regulating cell adhesion and migration.
During initiation of apoptosis, PTP-PEST expression enhances caspase
activation in cells exposed to TNF-� and anti-Fas. The extrinsic and
intrinsic apoptotic pathways both lead to activation of the executioner
caspase-3, which cleaves PTP-PEST on its 549DSPD motif. This pro-
duces an N-terminal fragment that displays increased catalytic activity
and retains the ability to bind paxillin. The C-terminal fragment re-
mains competent to link PSTPIP exclusively to Shc or Csk. The tar-
geting of active PTP-PEST fragments to paxillin-associated focal ad-
hesion proteins and the remodeling of PTP-PEST protein complexes
following caspase activation may destabilize the actin network and
stimulate cellular loss of adhesion. Therefore, cleavage of PTP-PEST
facilitates cellular detachment during the execution phase of apoptosis.
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for proper embryonic development and is highly expressed in T
and B lymphocytes (22, 29, 74), our current characterization of
its function during caspase-mediated cell death could contrib-
ute to a better understanding of these phenomena. Finally, our
data reveal the importance of caspases in the regulation of
PTPs during apoptosis.
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