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ABSTRACT 

Altered cytoskeletal regulation impacts numerous physiological phenomena: cell 

motility, apoptosis, oncogenic transformation and parasitic infection. The protein 

tyrosine phosphatase (PTP)-PEST contains multiple motifs mediating its recruitment to 

signalling components, and is required for actin filament organization. However, little is 

known regarding either the importance of PTP-PEST subcellular localization, or the role 

of PTP-PEST in either parasitic infection or apoptosis. My doctoral research was 

therefore focussed on elucidating the effect of subcellular distribution on PTP-PEST 

activity, specifically with respect to regulation of pl30Cas (a PTP-PEST substrate), as well 

as on the involvement of PTP-PEST in both host-pathogen relations and apoptosis. First, 

PTP-PEST was found both within the cytosol and at the plasma membrane. Using PTP-

PEST-/- rescued cell lines, I observed that tyrosine phosphorylation-dependent pl30Cas 

interactions were controlled primarily by cytosolic PTP-PEST. Secondly, infection of 

fibroblasts with Leishmania major was observed to induce dramatic actin 

rearrangements, and to alter the phosphorylation state of numerous proteins. 

Importantly, both PTP-PEST and pl30Cas were processed by the parasitic protease GP63 

during infection. GP63 was also required for the cleavage of additional host proteins: 

cortactin, TC-PTP and caspase-3. Of note, Leishmania parasites mediated p38 

inactivation, correlating with the proteolysis of its upstream activator TAB1, in a GP63-

dependent manner. These results indicate that GP63 plays a key role in a number of 

biochemical events, potentially contributing to Leishmania infectivity. Finally, PTP-PEST 

was found to relocalize to the edges of retracting membrane ruffles of apoptotic cells. 

Surprisingly, PTP-PEST was specifically cleaved by caspase-3 at the 549DSPD motif during 

apoptosis; leading to modification of catalytic activity and scaffolding properties, and 

sensitizing cells to Fas-mediated detachment. As this data demonstrated a potential role 

for caspase cleavage in PTP regulation, I also investigated the presence of conserved 

putative caspase-cleavage sites in other family members. In summary, the data 

presented herein links PTP-PEST with various biological processes: oncogenic signalling, 
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host-pathogen interactions, and apoptosis. In addition to demonstrating the 

involvement of PTP-PEST in diverse signalling pathways, these studies underscore the 

importance of subcellular localization and proteolysis in the regulation of this PTP. 
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RESUME 

Les modifications dans la dynamique du cytosquelette ont un impact sur de 

nombreux phenomenes physiologiques tels que la mobilite cellulaire, I'apoptose, 

I'oncogenese et le parasitisme. La proteine tyrosine phosphatase (PTP)-PEST contient 

plusieurs motifs permettant le recrutement de composantes signaletiques. Celle-ci est 

requise pour ('organisation du reseau d'actine. Toutefois, I'importance fonctionnelle de 

la localisation cellulaire de la PTP-PEST, ainsi que son role dans les infections parasitaires 

et I'apoptose ont ete peu decrits. Les travaux presentes dans cette these portent sur la 

comprehension des effets de la distribution cellulaire de PTP-PEST sur son activite 

regulatrice de son substrat pl30Cas. De plus, I'implication de la PTP-PEST dans la 

relation pathogenes/cellules hotes et dans I'apoptose a ete etudiee. Dans un premier 

temps, des etudes de localisation ont permis d'observer la presence de PTP-PEST dans le 

cytosole et a la membrane plasmique. La ^introduction de differents variants de PTP-

PEST dans les lignees PTP-PEST -/- suggere que les interactions dependantes de la 

phosphorylation de pl30Cas sont majoritairement controlees par la fraction cytosolique 

de PTP-PEST. En second lieu, mes travaux ont montre que I'infection de fibroblastes par 

le parasite Leishmania major altere la structure du cytosquelette et affecte le patron de 

phosphorylation de la cellule infectee. Au cours de I'infection, GP63, une protease du 

parasite, degrade les proteines PTP-PEST et pl30Cas et est responsable du clivage 

d'autres proteines de la cellule hote: cortactin, TC-PTP et caspase-3. De plus, GP63 est 

requise pour promouvoir I'inactivation de la p38 et la degradation de son regulateur 

TAB1. Ces resultats suggerent que la GP63 joue un role preponderant dans de nombreux 

evenements biochimiques qui pourraient contribuer a la virulence du parasite. 

Finalement, mes recherches ont demontre que PTP-PEST est relocalisee vers les 

membranes de retractions des cellules entrant en apoptose. De maniere surprenante, la 

caspase-3 dive PTP-PEST specifiquement au motif 549DSPD au cours de I'apoptose. Ce 

processus module I'activite catalytique et les interactions de PTP-PEST qui facilitent le 
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detachement cellulaire. Ces donnees demontrent le role potentiel joue par les caspases 

dans la regulation proteolytique des PTPs. Correlativement, I'analyse des genes murins 

et humains des PTPs souligne la presence de sites potentiellement reconnus par les 

caspases, suggerant que d'autres PTPs pourraient etre des substrats des caspases. 

L'ensemble de mes resultats associe PTP-PEST a des processus biologiques varies: 

I'oncogenese, les interactions pathogenes/cellules notes et I'apoptose. En plus de 

demontrer I'implication de PTP-PEST dans differents sentiers de signalisation, ces etudes 

illustrent I'importance de la localisation intracellulaire et du clivage comme moyens de 

regulation de cette enzyme. 

VI 



TABLE OF CONTENT 

ABSTRACT iii 

RESUME v 

TABLE OF CONTENT vii 

LIST OF FIGURES xiv 

LIST OF TABLES xviii 

LIST OF ABBREVIATIONS xix 

ACKNOWLEDGEMENTS xxiii 

CONTRIBUTION OF AUTHORS xxv 

Publications arising from thesis work xxv 

Non-thesis related publications xxvi 

THESIS OVERVIEW 1 

CHAPTER 1 3 

INTRODUCTION 3 

1.1 PROTEIN TYROSINE PHOSPHATASES 3 

1.1.1 Historical context of PTP discovery 4 

1.1.2 Mechanism of dephosphorylation 4 

1.1.3 Mutation of residues critical for catalysis inactivates the enzyme and generates 

substrate-trapping variants 8 

1.1.4 PTPs are remarkably diverse enzymes 9 

1.1.5 PTPs can both promote and inhibit tyrosine phosphorylation cascades: Src as an 

example 10 

1.2PTP-PEST 11 

VII 



1.2.1 Expression pattern of PTP-PEST 14 

1.2.2 Functions of PTP-PEST 14 

1.3pl30CAS 19 

1.4PAXILUN 22 

1.5 SHC 23 

1.6 CSK 24 

1.7PSTPIP 25 

1.8 LEISHMANIA 27 

1.8.1 Pathologies 27 

1.8.2 Parasitic life cycle of Leishmania 28 

1.9GP63 34 

1.9.1 Functions of GP63 36 

1.9.1.1 Expression of GP63 facilitates Leishmania multiplication in certain species of 

sandfly 36 

1.9.1.2 The expression of GP63 correlates with Leishmania virulence 37 

1.9.1.3 GP63 facilitates the dissemination of Leishmania in the mammalian host. ..37 

1.9.1.4 Functions attributed to GP63 in the /.e/s/jmo/i/o/macrophage interaction...38 

1.9.1.5 Deletion of specific gp63 genes sensitises L. major to complement 39 

1.9.1.6 Down-regulation of gp63 gene expression alters the cell cycle and 

morphology of L donovani 40 

1.9.2 Cellular distribution and release of GP63 41 

1.10 APOPTOSIS 43 

1.11 OBJECTIVES 50 

2 CHAPTER 2 51 

viii 



PTP-PEST is FOUND IN CYTOSOLIC AND MEMBRANE COMPARTMENTS, AND REGULATES LPA-MEDIATED 

P130CASPHOSPHORYLATION-DEPENDENT INTERACTIONS 51 

2.1 SUMMARY 52 

2.2 INTRODUCTION 53 

2.3 MATERIALS AND METHODS 56 

2.3.1 Reagents and antibodies 56 

2.3.2 Plasmids, cDNAs and transfection 56 

2.3.3 Cell lines 57 

2.3.4 Microinjection and immunofluorescence 58 

2.3.5 Fractionation, protein complexes analysis and immunoblotting 58 

2.4 RESULTS 61 

2.4.1 PTP-PEST is present in a diffused cytosolic pattern and at the plasma membrane 

of fibroblasts cells 61 

2.4.2 Analysis of protein interactions mediated by different subpopulations of PTP-

PEST 66 

2.4.3 Generation of PTP-PEST -/- rescued cell lines 69 

2.4.4 PTP-PEST regulates LPA-induced pl30Cas interactions 72 

2.5 DISCUSSION 77 

2.6 ACKNOWLEDGMENTS 83 

2.7 SUPPLEMENTARY DATA 83 

3 CHAPTER 3 85 

THE LEISHMANIA SURFACE PROTEASE GP63 CLEAVES MULTIPLE INTRACELLULAR PROTEINS AND ACTIVELY 

PARTICIPATES IN p38 MITOGEN ACTIVATED PROTEIN KINASE INACTIVATION 85 

3.1 ABSTRACT 86 

3.2 INTRODUCTION 87 

ix 



3.3 EXPERIMENTAL PROCEDURES 90 

3.3.1 Reagents, antibodies and plasmids 90 

3.3.2 Cells and parasites 91 

3.3.3 Cellular treatment, infection and immunoblotting 92 

3.3.4 Incubation of cellular extracts and recombinant proteins with parasite lystate..93 

3.3.5 Incubation of recombinant proteins with recombinant GP63 94 

3.3.6 Immunofluorescence 95 

3.3.7 Immunoprecipitation and protein complex analysis 95 

3.4 RESULTS 96 

3.4.1 Leishmania major is capable of infecting primary embryonic fibroblasts in 

culture 96 

3.4.2 Cellular profile of tyrosine phosphorylation as well as pl30Cas/Crk complexes 

are modulated during L. major infection 100 

3.4.3 Cellular exposure to Leishmania leads to proteolysis of pl30Cas and PTP-PEST. 

103 

3.4.4 Leishmania surface metalloprotease GP63 cleaves pl30Cas and PTP-PEST 107 

3.4.5 L. major infection modulates MAP kinases and causes GP63-dependent 

inactivation of p38 116 

3.4.6 GP63 cleaves the p38 regulator TAB1 during L. major infection, generating 

products unable to bind p38 119 

3.5 DISCUSSION 124 

3.6 FOOTNOTES 131 

3.7 SUPPLEMENTARY DATA 132 

4 CHAPTER 4 144 

CASPASE-3 REGULATES CATALYTIC ACTIVITY AND SCAFFOLDING FUNCTIONS OF THE PROTEIN TYROSINE 

PHOSPHATASE-PEST, A NOVEL MODULATOR OF THE APOPTOTIC RESPONSE 144 

x 



4.1 ABSTRACT 145 

4.2 INTRODUCTION 146 

4.3 MATERIALS AND METHODS 149 

4.3.1 Reagents and antibodies used in this study 149 

4.3.2 Plasmids, cDNAs and transfections 149 

4.3.3 Cell lines 150 

4.3.4 Induction of apoptosis and immunoblots 151 

4.3.5 Analysis of PTP-PEST localization 151 

4.3.6 Measurement of apoptosis 152 

4.3.7 Measurement of cellular attachment by flow cytometry 153 

4.3.8 In vitro caspase-3 cleavage assay 153 

4.3.9 Analysis of PTP-PEST and PSTPIP protein complexes 154 

4.3.10 In vitro caspases activation assay 156 

4.3.11 In-gel phosphatase assay 156 

4.3.12 Immunodepletion 157 

4.3.13 In-solution phosphatase activity assay 157 

4.4 RESULTS 158 

4.4.1 PTP-PEST localizes to retracting membrane ruffles of apoptotic cells 158 

4.4.2 Expression of PTP-PEST sensitizes cells to receptor-mediated apoptosis 162 

4.4.3 PTP-PEST is cleaved during apoptosis 165 

4.4.4 Degradation of PTP-PEST during apoptosis is specific 168 

4.4.5 PTP-PEST is a substrate of caspase-3 174 

4.4.6 Caspase-3 cleaves PTP-PEST on its 549DSPD site 179 

4.4.7 Caspase-3 regulates PTP-PEST activity, interactions and adaptor function 182 

xi 



4.4.8 Caspase cleavage of PTP-PEST facilitates cellular detachment during apoptosis. 

190 

4.5 DISCUSSION 193 

4.6 ACKNOWLEDGEMENTS 200 

4.7 SUPPLEMENTARY DATA 200 

5 CHAPTER 5 201 

GENERAL DISCUSSION 201 

5.1 207 

PROTEIN TYROSINE PHOSPHATASES: EMERGING REGULATORS OF APOPTOSIS 207 

5.1.1 ABSTRACT 208 

5.1.2 INTRODUCTION 209 

5.1.3 PTPs IN THE REGULATION OF APOPTOSIS 210 

5.1.3.1 PTP-PEST 210 

5.1.3.2 PTP-1B 211 

5.1.3.3 TC-PTP 213 

5.1.3.4 SHPs 213 

5.1.3.5 FAP-1 215 

5.1.3.6 Potential Regulation of Fas Ligand Expression by PTPs 216 

5.1.3.7 Effect of PTPs on Differentiation Related Apoptosis 217 

5.1.3.8 Receptor-PTPs and Apoptosis 218 

5.1.3.9 Impact of Prokaryotic PTPs on apoptosis 220 

5.1.4 REGULATION OF PTPs ACTIVITY AND FUNCTIONS DURING APOPTOSIS 220 

5.1.4.1 ROS Dependent Modulation of Phosphatases during Apoptosis 220 

5.1.4.2 Regulation of PTPs by Caspases 221 

xii 



5.1.5 CONCLUSIONS 223 

5.1.6 KEYWORDS 224 

5.1.7 ACKNOWLEDGMENTS 224 

5.2 How PTP-PEST is INTEGRATED IN CELLULAR SIGNALLING? 228 

5.3 IS PTP-PEST A POSITIVE OR A NEGATIVE REGULATOR OF SIGNAL TRANSDUCTION? 238 

5.4 HOW IS PTP-PEST REGULATED? 239 

5.5 IS PTP-PEST AN ACTIVE REGULATOR OR A HOUSEKEEPING GENE? 2 4 6 

6 CONCLUSION 250 

7 REFERENCES 252 

8 APPENDIX 276 

xiii 



LIST OF FIGURES 

CHAPTER 1 

Figure 1. PTP-1B dephosphorylates substrates via a two-steps mechanism, p. 6 

Figure 2. Structural organization of PTP-PEST domains, p. 12 

Figure 3. PTP-PEST regulates the formation of actin stress fibres and focal adhesions in 
cells seeded on fibronectin. p. 17 

Figure 4. Domain structures of PTP-PEST associated partners, p. 20 

Figure 5. Life cycle of Leishmania parasites, p. 30 

Figure 6. Mechanisms of caspase activation, p. 44 

CHAPTER 2 

Figure 1. PTP-PEST is present in the cytosol and is initially localized at focal adhesions-
like structures at the cell-substratum interface and at the edge of membrane ruffles. 
p. 62 

Figure 2. PTP-PEST is present at high levels in the cytosol and significantly amounts in 
the membrane fraction, p. 64 

Figure 3. Cytosolic and membrane associated PTP-PEST containing protein complexes. 
p. 67 

Figure 4. Stable expression of different forms of PTP-PEST in PTP-PEST null cells, p. 70 

Figure 5. PTP-PEST catalytic activity and cytosolic localization are required for inhibition 
of the LPA induced interaction between pl30Cas and Crk. p. 74 

Figure 6. PTP-PEST catalytic activity and cytosolic localization are required to prevent 
pl30Cas recruitment of SH2 containing molecules in vitro, p. 74 

Supplementary figure 1. Crk/pl30Cas complexes are present in cytosolic fractions, and 
are regulated by PTP-PEST. p. 83 

xiv 



CHAPTER 3 

Figure. 1. L major parasites accumulate in P-MEFs and cause actin cytoskeleton 
rearrangements, p. 98 

Figure 2. L major modulates fibroblast tyrosine phosphorylation profile and alters the 
interaction of pl30Cas with Crk. p. 101 

Figure 3. L major infection induces proteolysis of pl30Cas and PTP-PEST. p. 104 

Figure. 4. L major, L donovani and L. mexicana, but neither L tarentolae nor L 
braziliensis infections result in degradation of pl30Cas and PTP-PEST. p. 104 

Figure 5. The parasitic protease GP63 is essential for L. mo/or-induced degradation of 
pl30Cas and PTP-PEST. p. 109 

Figure 6. L. major lysates depend on parasite expression of GP63 to induce the 
proteolysis of pl30Cas and PTP-PEST in vitro, p. 112 

Figure 7. Exposure of P-MEFs to L mo/or-conditioned medium and to parasite lysates 
induces protein fragmentation in a GP63-dependent manner, p. 114 

Figure 8. Leishmania infection modulates MAPKs and depends on GP63 activity to 
downregulate p38. p. 117 

Figure 9. L major regulates p38/TABl binding via GP63-mediated proteolysis of TAB1. 
p. 121 

Supplementary figure 1. Infection with L major does not induce apoptosis. p. 132 

Supplementary figure 2. The phosphorylation of pl30Cas is increased in the B14V cells. 
p. 132 

Supplementary figure 3. Forms of pl30Cas found in control and L mo/or-infected B14V 
fibroblasts interact with the SH2 domain of Crk in vitro, p. 135 

Supplementary figure 4. L major, but neither L. tarentolae nor L. braziliensis infection 
leads to rapid degradation of pl30Cas and PTP-PEST. p. 135 

Supplementary figure 5. Infection with L major does not induce the degradation of 
several proteins expressed in fibroblast-cells. p. 138 

Supplementary figure 6. Recombinant GP63 cleaves GST-PTP-PEST. p. 138 

xv 



Supplementary figure 7. Expression of PTP-PEST promotes anisomycin-induced p38 
MAP kinase phosphorylation, p. 138 

Supplementary figure 8. Infection with L. major induces cleavage of TC-PTP near its C-
terminus. p. 142 

CHAPTER 4 

Figure 1. Localization of EGFP-PTP-PEST in live cells during apoptosis. p. 159 

Figure 2. Expression of PTP-PEST sensitizes cells to receptor-mediated apoptosis. p. 163 

Figure 3. PTP-PEST is cleaved during apoptosis. p. 166 

Figure 4. PTP-PEST is specifically cleaved during apoptosis. p. 170 

Figure 5. PTP-PEST, but not SHP-2, PTP-1B and TC-PTP is cleaved during apoptosis. p. 172 

Figure 6. Caspase-3 cleaves PTP-PEST. p. 176 

Figure 7. Caspase-3 cleaves PTP-PEST on its 549DSPD site. p. 180 

Figure 8. Caspase-3 regulates PTP-PEST activity and interactions of protein complexes. 
p. 184 

Figure 9. Scaffolding function of PTP-PEST is modulated during apoptosis. p. 188 

Figure 10. Caspase cleavage of PTP-PEST facilitates cellular detachment during 
apoptosis. p. 191 

Figure 11. Proposed functions of PTP-PEST in apoptosis. p. 198 

CHAPTER 5 

Figure 1. Proposed model for PTP-PEST-mediated regulation of phosphorylation-
dependent pl30Cas interactions in LPA signalling, p. 202 

Figure 2. Proposed model for GP63-mediated molecular events in Leishmania host cells. 
p. 204 

Figure 3. Stimuli inducing the activity of RhoGTPases promote the formation of specific 
F-actin containing structures, p. 230 

xvi 



Figure 4. Proposed signalling network integrating PTP-PEST. p. 236 

Figure 5. PTP-PEST regulatory mechanisms, p. 244 

XVII 



LIST OF TABLES 

CHAPTER 5 

Table 1 Presence of putative caspase cleavage sites within the amino acid sequence of 

non-receptor PTPs. p. 225 

Table 2 Presence of putative caspase cleavage sites within the amino acid sequence of 

RPTPs. p. 226 

Table 3 Absence of putative caspase cleavage sequence within various PTPs. p. 227 

XVI11 



LIST OF ABBREVIATIONS 

A, Ala 

Abl 

Apaf-1 

Arp2/3 

BAK 

BAX 

BCAR1 

BCL-2 

BH 

BID 

BSA 

C/Cys 

CAKB/PYK2 

CARD 

CD (CD45) 

CH (domain) 

CHO 

C/S 

Csk 

CTH 

CTL 

Crk 

D/Asp 

D/A 

DAPI 

DD 

DED 

DISC 

DMEM 

DH 

DISC 

DOCK180 

DSPs 

E 

Alanine 

Abelson 

Apoptotic protease-activating factor-1 

Actin related protein 2/3 

Bcl-2 homologous antagonist/killer 

Bcl-2 associated X protein 

Breast cancer antiestrogen resistance 1 

B-cell lymphoma-2 

BCL-2 homology 

BH3 interacting death domain agonist 

Bovine serum albumin 

Cysteine 

Cell adhesion kinase B 

Caspase-recruitment domain 

Cluster of differentiation 

Collagen homology domain 

Chinese hamster ovary 

Cysteine mutated in serine 

C-terminal src kinase 

COOH-terminal homology 

Cytotoxic T lymphocytes 

CT10 regulator of kinase 

Aspartic acid 

Aspartic acid mutated in alanine 

4',6-diamidino-2-phenylindole 

Death domain 

Death effector domain 

Death-inducing signalling complex 

Dulbecco's modified Eagle's medium 

Dbl homology domain 

Death-inducing signalling complex 

Dedicator of cytokinesis 180 

Dual-specific phosphatases 

Glutamic acid 

XIX 



EGF 

EGFP 

EGF-R 

ER 

ERK 1/2 

ES cells 

EV 

FADD 

FAK 

FAP1 

FasL 

FCH 

FN 

FRET 

GAPs 

GDP 

GEFs 

Glu 

Gin 

GPI 

Grb-2 

GST 

GTP 

HB 

Hic-5 

IB 

IBMX 

IL 

lie 

ILK 

iNOS 

IP 

JNK 

L 

LAR 

LPA 

LD 

Epidermal growth factor 

Enhanced green fluorescence protein 

Epidermal growth factor-receptor 

Endoplasmic reticulum 

Extracellular signal-regulated kinase 1/2 

Embryonic stem cells 

Empty vector 

Fas-associated protein with death domain 

Focal adhesion kinase 

Fas-associated phosphatase-1 

Fas ligand 

Fer kinase and CIP4 homology domain 

Fibronectin 

Fluorescence resonance energy transfer 

GTPase-activating proteins 

Guanosine diphosphate 

Guanine nucleotide exchange factors 

Glutamine 

Glycine 

Glycosylphosphatidylinositol 

Growth factor receptor binding protein-2 

Gluthathione S-transferase 

Guanosine triphosphate 

Homogenisation buffer 

Hydrogen peroxide inducible clone-5 

Immunoblot 

Isobutyl methyl xanthine 

Interleukin 

Isoleucine 

Integrin-linked kinase 

Inducible nitric oxide synthase 

Immunoprecipitation 

c-Jun NH2-terminal kinase 

Leishmania 

Leukocyte common antigen related 

Lysophosphatidic acid 

Leucine-rich motif 

XX 



LIM 

LPG 

Lys 

MAPK 

MAYP 

mDia 

MARCKS 

MEFs 

MLC2 

mRNA 

MRP 

MSP 

MST3 

NK 

NO 

NRPTPs 

N-WASP 

OMM 

ODC 

P/Pro 

pl30Cas 

PAGE 

PBS 

PCR 

PDGF 

PDGF-R 

PEP 

PEST 

PFA 

PH 

PKC 

PKL 

PMA 

P-MEFs 

PPARy 
PSTPIP 

PTB 

Lin-11, isl-1, mec-3 

Lypophosphoglycan 

Lysine 

Mitogen activated protein kinase 

Macrophage actin-associated tyrosine-phosphorylated protein 

Diaphanous-related formin 

Myristoylated alanine-rich C kinase substrate 

Murine embryonic fibroblasts 

Myosin light chain 2 

Messenger RNA 

MARCKS-related protein 

Major surface protease 

Mammalian sterile 20-like kinase 3 

Natural killer 

Nitric oxyde 

Non-receptor PTPs 

Neural WASP 

Outer mitochondrial membrane 

Ornithine decarboxylase 

Proline 

Crk-associated substrate 

Polyacrylamide gel electrophoresis 

Phosphate-buffered saline 

Polymerase chain reaction 

Platelet derived growth factor 

Platelet derived growth factor receptor 

PEST-enriched phosphatase 

Proline, glutamic acid, serine, threonine amino acid enriched sequence 

Paraformaldehyde 

Pleckstrin homology domain 

Protein kinase C 

Paxillin kinase linker 

Phorbol 12-myristate 13-acetate 

Primary mouse embryonic fibroblasts 

Peroxisome proliferator-activated receptor y 

Proline serine threonine phosphatase interacting protein 

Phosphotyrosine binding 

XXI 



PTKs Protein tyrosine kinases 

PTPs Protein tyrosine phosphatases 

PTP-1B Protein tyrosine phosphatases IB 

PTP-HSCF Hematopoietic stem cell fraction PTP 

PTP-PEST Protein tyrosine phosphatase PEST 

PVDF Polyvinylidene difluoride 

R-PTP Receptor-like PTP 

RTKs Receptor tyrosine kinases 

ROCK Rho-associated coiled-coil-containing protein kinase 

Q/Glu Glutamine 

Q/A Glutamine mutated in alanine 

S/Ser Serine 

SD pl30Cas substrate domain 

SBD She binding domain 

SH2 Src homology 2 

SH3 Src homology 3 

SHP1 SH2 domain-containing protein tyrosine phosphatase 1 

SHP2 SH2 domain-containing protein tyrosine phosphatase 2 

TAB1 TAK-1-binding protein 
TAK-1 TGF-beta-activated kinase 1 
tBID Truncated BID 
TC-PTP T-cell PTP 
Thr Threonine 
TNF Tumour necrosis factor 
Val Valine 
VCA Verprolin-homology (V), cofilin-homology domain (C), acidic domain (A) 
VEGF Vascular endothelial growth factor 

WAS Wiskott-Aldrich syndrome 

WASP Wiskott-Aldrich syndrome protein 

WAVE WASP verproline homologous 

WPD Tryptophan, proline, aspartic acid 

WT Wild type 

X Any amino acids 

Y/Tyr Tyrosine 

XXII 



ACKNOWLEDGEMENTS 

First, would like to thank my supervisor, Dr. Michel L. Tremblay, for giving me the 
opportunity to work on the PTP-PEST project in his laboratory. I would like to thank him 
for the freedom, support, enthusiasm and encouragement he provided. The large 
number of talented and enthusiastic researchers present in his laboratory is a testament 
to his leadership in the field of protein tyrosine phosphatases. It was an unforgettable 
experience. 

During my graduate studies, I benefited from a number of scholarships (Rolande 
and Marcel Gosselin Graduate Studentship, McGill Graduate Studies Fellowship, Arthur 
S. Hawkes Fellowship and Bourses FRSQ-FCAR SANTE) and awards (Defi Corporatif 
Canderel Travel Award, Richard Collier Fitzgerald Travel Award, FASEB Summer Research 
Conferences Poster Award). I am grateful to the above agencies for their generous 
financial support. 

Over the course of my doctoral research, I had the opportunity to collaborate 
with several dynamic groups. I wish to thank my collaborators Dr. Martin Olivier and Dr. 
Tzu-Ching Meng, and the members of my research advisory committee, Dr. Nathalie 
Lamarche-Vane and Dr. Imed Gallouzi, for their time and expertise. 

Michel's laboratory is like a big family, in which creativity, stimulating discussions 
and the exchange of information are encouraged. I would like to thank all present and 
past members of the lab, working with you was wonderful! 

I am grateful to the PTP-PEST group: Jean-Frangois Cote, Adam Scott and 
Hidehisa Shimizu, for their discussions and excellent suggestions. I wish to specially 
thank Dr. Christophe Blanchetot for his generous help while I was selecting the PTP-PEST 
rescued clones, and Jean-Francois Theberge for his outstanding professionalism, wise 
advice, and for being so helpful. 

I would like to acknowledge Matthew Stuible for his patience in reviewing my 
manuscripts, and for his scientific advice, and Hannah Heath-Engel for the energy she 
put into proofreading my thesis (I). Thanks to Dr. Marie-Claude Gingras for proof
reading my "resume" and for being an assiduous rock-climbing partner. 

Many thanks to Dr. Feng Gu and Dr. Mounib Elchebly for their interesting 
discussions, encouragement and advices. I wish to thank Dr. Serge Hardy for his help in 
organization of the apoptosis manuscript, and Adelaida Gomez for her help with the L 
major project. 

I would like to thank Jacinthe Sirois, Janice Penney, Michelle Read and Sandrine 
Herbin for maintaining the good organization of the lab. 

I would like to thank Laurent Lessard, Melanie Chagnon, Karen Doody, Dr. Brent 
Townshend, Dr. Yves Boiclair, Dr. Pankaj Tailor, Isabelle Aubry, Ailsa Lee Loy, Dr. Nadia 
Dube, Dr. Krista Heinonen, Dr. Annie Bourdeau, Amar S.W. Ozer Hassan, Chia-Lun Wu, 

XXII I 



Dr. Allison Haggarty, Dr. Karim Elkouhen and Dr. Noriko Uetani for their enthusiastic 
discussions, and for creating such a stimulating work atmosphere. 

I also want to thank Stephanie and all my friends for their encouragement along 
this long road. Special thanks to Martin Calille, who made the data search software I 
used to analyze putative caspase cleavage sites, and to Serge Morin, who generously 
helped me with the cell animations formatting. 

And last, but not least, I wish to thank my parents, Use and Andre, for their 
constant and unlimited support; and for believing in me, even during the most difficult 
periods... 

XXIV 



CONTRIBUTION OF AUTHORS. 

Publications arising from thesis work 

M. Halle, C. Blanchetot, J.-F. Theberge and M. L. Tremblay 

PTP-PEST is found in cytosolic and membrane compartments, and regulates LPA-

mediated pl30Cas phosphorylation-dependent interactions. In preparation; Chapter 2 

C. Blanchetot provided help during the selection of stable clones. J.-F. Theberge 

made the vector encoding PTP-PEST APro3, ASBD and APro4. 

M. Halle, M. A. Gomez, M. Stuible, H. Shimizu, W. R. McMaster, M. Olivier and M. L. 

Tremblay 

The Leishmania Surface Protease GP63 Cleaves Multiple Intracellular Proteins and 

Actively Participates in p38 Mitogen Activated Protein Kinase Inactivation. Manuscript 

accepted for publication in J. Biol. Chem.; Chapter 3. 

M. A. Gomez maintained the parasites in culture between experiments. M. Stuible 

provided significant help and critical input during the editing of the manuscript. H. 

Shimizu generated initial data on the regulation of p38 that helped me to generate 

the results shown on Supp. Fig. 7. W. R. McMaster provided the GP63 mutant strains 

of Leishmania major. M. Olivier provided access to his laboratory in order to perform 

the parasitic infections and supervised the work of M. A. Gomez. 

M. Halle, Y.-C. Liu, S. Hardy, J.-F. Theberge, C. Blanchetot, A. Bourdeau, T.-C. Meng and M. L. 

Tremblay 

Caspase-3 Regulates Catalytic Activity and Scaffolding Functions of the Protein Tyrosine 

Phosphatase-PEST, a Novel Modulator of the Apoptotic Response. Mol. Cell. Biol., 2007, 27 

(3): 1172-1190; Chapter 4 

Y.-C. Liu prepared figure 4 a, b and c; figure 5 a; figure 6 b and figure 8 a. For figure 4 

d, I performed the stimulation and prepared the extract. The analysis via in gel 

phosphatase assay was done by Y.-C. Liu. S. Hardy performed the experiment shown 

in figure 2c with my assistance, and helped with organisation of the manuscript text. 

J.-F. Theberge generated, with my assistance, some of the PTP-PEST mutants used in 

this study (549ASPA; 549ASPA-604ADSA-740AKKA) in the vector pcDNA3.1Zeo. C. 

Blanchetot helped with the generation of cell lines used for figure 2B, which are the 

XXV 



same as those described in chapter 2. A. Bourdeau provided technical assistance 

with flow cytometry, during the generation of the data presented in figure 10. 

Experiments performed by Y.-C. Liu were done under the supervision of T.-C. Meng. 

M. Halle, M. L. Tremblay and T.-C. Meng 

Protein Tyrosine Phosphatases: Emerging Regulators of Apoptosis. Cell Cycle, 2007, 6 (22): 

2773-2781; Chapter 5. 

I wrote the manuscript and analyzed the presence of putative caspase cleavage 

sequences within genes encoding PTPs. This work was done under the co-supervision of 

M. L. Tremblay and T. -C. Meng. 

Unless stated above, I designed and performed the experiments producing all the 

data shown in this thesis. I also analysed and interpreted their significance, and wrote 

every manuscript presented herein. Work was done under the supervision of M. L 

Tremblay. 

Non-thesis related publications. 

J. S. Jamieson, D. A. Tumbarello, M. Halle, M. C. Brown, M. L Tremblay and C. E. Turner 

Paxillin is Essential for PTP-PEST-Dependent Regulation of Cell Spreading and Motility: a 

Role for Paxillin Kinase Linker. J. Cell. Sci., 2005,118: 5835-5847. 

I provided the PTP-PEST -/- cell lines, as well as assistance in setting up the co-

immunoprecipitation conditions and in editing the manuscript. 

C. Blanchetot, M. Chagnon, N. Dube, M. Halle and M. L. Tremblay 

Substrate-Trapping Techniques in the Identification of Cellular PTP Targets. Methods, 2005, 

35: 44-53. 

I provided assistance with Table 1 and in writing the manuscript. 

XXVI 



J. -F. Cote, P. L. Chung, J. -F. Theberge, M. Halle, S. Spencer, L. A. Lasky, and M. L. Tremblay 

PSTPIP Is a Substrate of PTP-PEST and Serves as a Scaffold Guiding PTP-PEST Toward a 

Specific Dephosphorylation of WASP. J. Biol. Chem., Vol. 277, Issue 4, 2973-2986, January 

25, 2002. 

I generated the results shown in figure 3, as well as the immunoblot for Fyn and Lyn 

shown in figure 4B. In addition, I generated the vector pEGFP-PTP-PEST WT and 

pEGFP-PTP-PEST APro5 used in this study. I was also actively involved in the writing 

and editing of the manuscript. 

H. Shimizu*, M. Halle* and M. L. Tremblay 

PTP-PEST regulates pl30Cas mediated oncogenic signalling leading to cell migration, 

proliferation, and invasion. In preparation. *Co-first author. 

I generated the PTP-PEST rescue cell lines used in this study, the EGFP-PTP-PEST 

fusion constructs, the adenovirus vector cloning strategy, and, data on pl30Cas 

phosphorylation-dependent signalling and on PTP-PEST subcellular localization. I also 

organized the study structure. 

XXVII 



A Mamie, 

elle dont la generosite n'a aucune limite. 

XXVIII 



THESIS OVERVIEW 

Cytoskeletal elements provide a framework which supports the plasma 

membrane, and therefore defines the morphology adopted by a cell. The activity of the 

different components involved in assembling and regulating the architecture of the 

cytoskeletal network is critical for cell adhesion and spreading, as well as for directed 

motility. As cytoskeletal components directly impact cell shape, their modification 

during apoptosis results in dramatic morphological changes, such as membrane 

blebbing, and cellular detachment and rounding. These morphological changes are 

considered hallmarks of apoptosis (77, 222). Programmed cell death is of fundamental 

importance for normal embryogenesis and for the clearance of virally infected cells. 

Since cytoskeletal regulatory components are also required for endocytosis and 

phagocytosis, these molecules are targeted by several intracellular parasites (276, 309). 

For example, the parasite Leishmania targets the actin regulatory machinery for its entry 

within the host cell, and, once intrenalized, for polymerization of an actin coat in its host 

cell (212, 237). 

When I began my graduate studies in the laboratory of Dr. Tremblay, his group, 

as well as that of Dr. Nicolas K. Tonks, had recently demonstrated the importance of 

PTP-PEST in the control of cell migration (11,120). Their studies, and others, exemplified 

the role of PTP-PEST in regulation of the actin cytoskeleton. Although PTP-PEST was 

known to interact with multiple signalling molecules proposed to target the enzyme to 

discrete protein complexes, little was known about the effect of its subcellular 

localization on its function. In addition, the possible role of PTP-PEST in the relationship 

between host cells and intracellular pathogens was obscure. Moreover, although our 

laboratory had data demonstrating the requirement of PTP-PEST in normal 

embryogenesis (305), the potential role of this enzyme in apoptosis remained poorly 

documented. 
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The initial objective of my study was to determine the subcellular localization of 

PTP-PEST, and to evaluate the impact of subcellular localization on PTP-PEST functions. 

In addition, I was to determine whether PTP-PEST is involved in host-pathogen 

relationships. Over the course of a series of experiments performed on the parasite 

Leishmania, I noticed that PTP-PEST and its substrate pl30Cas were both cleaved in 

infected cells. Interestingly, pl30Cas had been previously shown to be processed by 

caspase-3 during apoptosis (189). Therefore, I initially believed that PTP-PEST could have 

been cleaved by caspases during the infection. Although further studies demonstrated 

that both PTP-PEST and pl30Cas were in fact degraded by a protease of parasitic origin, 

and not by cellular proteases (including caspases), examination of the apoptotic cells 

prepared as a positive control revealed the proteolysis of PTP-PEST during apoptosis. My 

third objective was therefore to investigate the contribution of PTP-PEST to the 

apoptotic program, and its regulation by caspases in this cellular process. In this thesis, I 

present the data I have generated pertaining to the above topics, and the possible 

implications of my results with respect to the functional significance of PTP-PEST 

regulatory mechanisms. 
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CHAPTER 1 

INTRODUCTION 

1.1 PROTEIN TYROSINE PHOSPHATASES 

The phosphorylation of tyrosine residues is a reversible and targeted protein 

modification essential for a great number of physiologic phenomena. 

Phosphorylation/dephosphorylation cycles modulate the catalytic activity of a variety of 

enzymes, affect protein structure and conformation, and stabilize the open or closed 

configurations of diverse proteins, thereby directly regulating surface exposure of 

various domains. Some protein modules, such as the Src homology 2 region (SH2) and 

the phosphotyrosine-binding domain (PTB), have affinity for tyrosine phosphorylated 

sequences (293). During the activation of signalling cascades, tyrosine phosphorylation 

of select proteins triggers the assembly of large complexes containing multiple 

enzymatic and scaffolding molecules interconnected via the interaction between 

tyrosine phosphorylated sites and domains recognizing these sites. Accordingly, the 

occurrence and regulation of this modification acts as a molecular language responsible 

for intra and intercellular communication, and its tight regulation is critical for cellular 

processes including cytoskeletal rearrangement, growth, proliferation, survival, motility, 

differentiation and death (219). Tyrosine phosphorylation/dephosphorylation 

contributes to several biologic phenomena, including embryogenesis, organogenesis, 

activation of the immune system and homeostasis (5), and, disregulation of this process 

is involved in cellular transformation, cancer progression, immune disorders and 

infectious diseases (5, 239, 248, 255). Tyrosine phosphorylation and dephosphorylation 

result, respectively, from the action of two enzymatic antitheses: the protein tyrosine 

kinases (PTKs) and the protein tyrosine phosphatases (PTPs). 

The viral form of Src (v-Src) was the first protein tyrosine kinase identified (159). 

Isolated as a phosphorylated protein, and therefore named pp60, pp60v-Src was 
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observed to phosphorylate casein, a protein rich in tyrosine (104, 207). The epidermal 

growth factor receptor (EGF-R) was subsequently identified as the first receptor tyrosine 

kinase (76). The number of identified tyrosine kinases then rapidly expanded. Today, the 

90 PTKs are considered part of the protein kinase superfamily (518 genes in human and 

540 in mouse), which is considered as being one of the largest gene families, consisting 

of 2 to 4% of all genes (5, 47, 219). 

1.1.1 Historical context ofPTP discovery. 

The PTKs were intensively investigated for several years before identification of 

the PTPs (158). Approximately ten years after the discovery of v-Src, Tonks et al. (1988) 

purified the first protein tyrosine phosphatase, PTP-1B (336). Analysis of the partial 

amino acid sequence of this protein revealed its similarity to the intracellular tandem 

homologous domains of CD45, a large transmembrane protein expressed on the surface 

of hematopoietic cells (52). It was then found that CD45 has intrinsic phosphatase 

activity (335). This was an important discovery, as it implied the existence of receptor

like PTPs, which could be modulated by putative ligands in order to regulate signalling 

cascades (333). In order to identify other PTPs, synthetic oligonucleotides were derived 

from the sequence of PTP-1B and used to screen a human peripheral T-cell cDNA library 

(81). This analysis resulted in the identification of T-cell PTP (TC-PTP) (81). Similar 

approaches involving PCR were used to identify several other PTPs, including PTP-PEST, 

which will be discussed in detail below (56, 321, 365). 

1.1.2 Mechanism of dephosphorylation. 

While PTKs catalyze the addition of a phosphate group to, or phosphorylate, 

tyrosine residues, PTPs catalyzes the removal of this modification: dephosphorylation. 

The catalytic domain of PTPs is composed of 280 amino acids, among which 22 are 
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invariant and 42 are highly conserved (10). PTPs are defined by a well conserved 

signature motif ([l/V]HCXXGXXR[S/T]), found in the phosphate binding site, also known 

as the P-loop (333). Notably, the superimposition of crystal structures of the PTP 

domains of PTP-1B, R-PTPa, R-PTPu., LAR, SHP1 and SHP2 reveals significant homology in 

their folding and backbone organisation (10). This also suggests that PTPs process their 

substrates via a common mechanism. Structural studies done on the first identified PTP, 

PTP-1B (considered as the prototypic PTP), provided important insight into the 

mechanism of PTP-catalyzed dephosphorylation (333). The catalysis of phosphate 

removal from a tyrosine-phosphorylated substrate takes place by a two step mechanism 

(Fig. 1). In the catalytic pocket microenvironment, the invariant cysteine (Cys 215 in PTP-

1B) of the signature motif is found at the base of a cleft and is maintained in a thiolate 

form, competent to initiate the enzymatic reaction (333). The sides of the cleft are 

formed by three motifs: the WPD loop, which contains the invariant aspartic acid 

residue (Asp 181 in PTP-1B), the Q. loop, containing a catalytically important glutamine 

residue (Gin 262 in PTP-1B), and the pTyr loop (Tyr 46 in PTP-1B), which defines the 

depth of the cleft and is responsible for the exclusive specificity of PTP-1B for tyrosine 

phosphorylated substrates (333). The first catalytic step involves the sulfur atom of the 

thiolate cysteine side chain, which performs a nucleophilic attack on the substrate 

phosphate and leads to formation of an enzyme-phosphate-substrate intermediate 

(333). The arginine (Arg221 in PTP-1B) residue of the signature motif plays a role in 

stabilization of the cysteine-phosphate intermediate (330). Binding of the substrate 

induces a conformational change which closes the WPD loop around the substrate 

phosphotyrosine, and positions the conserved aspartic acid, which subsequently acts as 

a general acid to protonate the oxygen of the tyrosine leaving group (317, 333). The 

dephosporylated substrate is thereby released. In the second step, the phospho-cysteine 

intermediate is hydrolyzed to yield free cysteine. In this step, Aspl81 acts as a general 

base that increases the nucleophilic potential of a water molecule coordinated by the 

glutamine residue of the Q. loop. This triggers a second nucleophilic attack on the 

cysteinyl-phosphate (333). The WPD loop obstructs the opening of the active site and 
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isolates the cysteinyl-phosphate intermediate with water molecules (333). This prevents 

the transfer of the phosphate group to alternative acceptors, and provides a mechanism 

by which the PTP dephosphorylates its substrate without phosphorylating other proteins 

(333). To summarize, the first step catalyzes the removal of the phosphate modification 

on the substrate, and the second step allows regeneration of the active form of the 

enzyme. 

Figure 1. PTP-1B dephosphorylates substrates via a two-steps mechanism. In the first 

step, the invariant cysteine found in its thyolate form at the base of the catalytic pocket 

initiates a nucleophilic attack on the phosphorylated substrate, leading to the formation 

of an enzyme-substrate intermediate. The invariant aspartic acid of the WPD loop acts 

as a general acid that protonates the oxygen-phosphate bond and allows release of the 

substrate. This results in the formation of a phosphocysteine enzyme intermediate. In 

the second step, the invariant aspartic residue behaves as a general base, promoting a 

second round of nucleophilic attack toward the cysteinyl-phosphate, which involves a 

water molecule positioned by the invariant glutamine of the Q loop. This reaction results 

in liberation of the dephosphorylated substrate, production of inorganic phosphate, and 

regeneration of the active enzyme. 
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1.1.3 Mutation of residues critical for catalysis inactivates the enzyme and generates 

substrate-trapping variants. 

Investigation of the PTP catalytic mechanism led to the development of methods 

allowing the identification of specific PTP substrates. Mutation select invariant amino 

acids within the enzymatic domain abrogates catalytic activity, without affecting 

substrate recognition. These inactive enzymes are called "substrate-trapping" mutants 

(113). Mutation of the invariant cysteine residue (typically to serine, C215S for PTP-1B 

and C231S for PTP-PEST) blocks the nucleophilic attack and enzymatic activity (330, 333). 

In contrast, enzymes with mutations of the invariant aspartic residue (usually to alanine, 

D181A for PTP-1B and D199A for PTP-PEST) are still capable of nucleophilic attack, but 

are not able to remove the phosphate group from the substrate, which stabilizes the 

enzyme-substrate complex (113). This mutation has proven to be more effective than 

the C/S mutation in increasing the cellular content of in phosphorylated molecules, and 

in the affinity-based isolation of putative substrates (113). Mutating the glutamine 

residue of the Q loop, in conjunction with the D/A mutation (D/A, Q/A double mutant), 

further enhances substrate trapping capability due to abrogation of residual activity 

present in the D/A single mutant (330). Substrate trapping techniques have been 

extremely useful in the identification of substrates for a significant number of PTPs (25). 

Using this approach, Garton et al. 1996 observed, in a variety of cell lines, a 130 kDa 

tyrosine-phosphorylated protein with affinity for PTP-PEST (D199A), and, to a lesser 

extent, for PTP-PEST (C231S) (118). This candidate substrate was identified as pl30Cas 

(118). The substrate trapping system was also used for the identification and the 

characterization of additional PTP-PEST substrates, including PSTPIP, paxillin kinase 

linker (PKL), pl90RhoGAP, and cell adhesion kinase B (CAKB or PYK2) (85,172, 216, 287). 
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1.1.4 PTPs are remarkably diverse enzymes. 

Genes encoding PTPs have been observed in all kingdoms, from bacteria to 

mammals. For example, the virulence factor YopH of Yersinia pestis, the causative agent 

of Bubonic plague, is a PTP (40). Similar to PTKs, PTPs represent a large and diverse 

family of genes. Analysis of human genome databases reveals the existence of 107 genes 

encoding PTPs enzymes (5). These have been subdivided into four classes, which are 

grouped accordingly to sequence homology, but, show different substrate specificity (5). 

A small number of molecules have been classified in the class II, III and IV (termed Asp-

Based PTPs) (5). These three classes have, respectively, one (low molecular weight PTP, 

LMPTP), three (CDC25) and four (EyA) members (5). Class I, which contains the largest 

number of proteins (99), is further subdivided into classical PTPs and dual-specific 

phosphatases (DSPs, or VHl-like) (5). The DSPs show a high degree of diversity with 

respect to substrate specificity with various members having the ability to 

dephospohrylate mRNA, phospholipids, or serine, threonine and tyrosine residues (5). In 

contrast, classical PTPs show remarkable specificity for phosphorylated tyrosine residues 

(5). Among the 38 classical PTPs, 21 genes encode receptor-like PTPs (R-PTPs), and 17 

encode intracellular non-receptor enzymes (NRPTPs) (5). The large number of genes 

encoding PTPs raises the possibility that the different enzymes play complementary 

functions. The NRPTPs show a high degree of diversity within the extra-catalytic motifs, 

and these regions play a critical role in subcellular localization, substrate targeting and 

function (5, 330). The PEST family members PTP-PEP, PTP-HSCF and PTP-PEST are all 

non-receptor classical class I PTPs (5). 
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1.1.5 PTPs can both promote and inhibit tyrosine phosphorylation cascades: Src as an 

example. 

Although PTPs catalyze dephosphorylation reactions, it does not mean that they 

exclusively down-regulate signalling cascades. In the case of proteins that are inhibited 

by phosphorylation, dephosphorylation by PTPs is presumably an activating event. The 

kinase Src is involved in the phosphorylation of multiple substrates, and its aberrant 

activity promotes cellular transformation and cancer (164). Consequently, the activation 

of Src is tightly regulated. Members of the Src family possess a similar domain 

organisation: a membrane targeting sequence (usually myristoylation and in some cases 

palmitoylation) is present within the highly variable N-terminal region, and is followed 

by a Src homology 3 domain (SH3), an SH2 domain, a kinase domain (also termed SHI) 

and a C-terminal sequence containing a Src inhibitory phosphorylation site (tyrosine 527 

in the mouse form of Src) (163). Intramolecular interactions involving the binding of the 

SH3 domain to a polyproline sequence found in the linker between the SH2 domain and 

the catalytic domain, as well as the association of the SH2 domain with the 

phosphorylated C-terminal inhibitory site, both stabilize Src in an inactive form (163). A 

second mode of Src inhibition occurs at the level of its catalytic domain. In this region, 

the A-loop, in its un-phosphorylated form, folds over and obstructs the substrate binding 

site (163). Several PTPs, including PTP-1B, SHP-1 and SHP-2, as well as several RPTPs 

(CD45, PTPa, PTPe and PTPA), can dephosphorylate the C-terminal inhibitory site (Y527) 

and thereby favour Src activation (163, 275, 313). Activation is also enhanced by 

phosphorylation of the A-loop (Y416 in the mouse), which stabilizes the active 

conformation (163, 275). Conversely, PTP-BL (the mouse homologue of human FAP-

1/PTP-BAS) inactivates Src via dephosphorylation at Y416 (275). Interestingly, Shp-1 was 

observed to dephosphorylate the activation loop of the Src family member Lck (68). 

Therefore, dependent on both substrate and site specificity, PTPs play a critical role in 

both promotion and inhibition of signal transduction. 
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1.2 PTP-PEST 

Human and murine cDNA encoding PTP-PEST have been isolated and described 

by a number of different groups (56, 98, 321, 365, 375). These investigators were used 

similar approaches to clone novel PTPs, which resulted in the identification of PTP-PEST 

from a variety of sources. Typically, fragments of putative phosphatases were amplified 

by polymerase chain reaction (PCR) using a mixture of degenerated oligonucleotides 

derived from conserved sequences found in the catalytic domain of PTPs. Reaction 

products were then used to screen cDNA libraries, leading to the identification of novel 

enzymes. Research done on a human adult colon tissue cDNA library identified a 

candidate encoding a 780 amino acids protein, predicted to have a molecular mass of 88 

kDa and designated PTPG1 (321). The N-terminal catalytic domain of PTPG1 is followed 

by a long carboxyl terminal extension containing two imperfect proline-rich repeats as 

well as four PEST motifs; regions enriched in proline, glutamic acid, serine and threonine 

residues (272, 321). The presence of PEST motifs correlated with accelerated protein 

degradation, and, therefore, the C-terminal segment of PTPG1 was termed the 

regulatory domain (272, 321). Interestingly, the amino acid sequence also contained 

three additional proline-rich motifs later described in the murine form of PTP-PEST (84, 

321). An independent study using a HeLa cell cDNA library led to the identification of a 

similar enzyme containing 510 amino acids and predicted to be 60 kDa (365). A 

distinctive characteristic of the sequence of this protein, named PTP-PEST, was the 

presence of two PEST regions (365). Since PTP-PEST expression was observed to be 

increased following insulin stimulation, the PEST motifs were thought to play a critical 

role in the regulation of this enzyme (365). Pulse-chase experiments, however, showed 

that PTP-PEST has a half-life of more than four hours, underscoring its stability (56). Both 

of the above described proteins were predicted to have a cytosolic localization, based on 

the absence of hydrophobic/transmembrane domains (321, 365). Whether the 

differences observed between these two reported sequences was a result of alternative 

splicing requires additional investigations (321, 365). 
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Over the course of my studies in the laboratory of Dr. Michel L. Tremblay, I 

worked with the murine form of PTP-PEST (m-PTP-PEST). m-PTP-PEST was originally 

cloned from a murine embryonic kidney cDNA library (56). The complete m-PTP-PEST 

cDNA sequence encodes a 775 amino acids protein with a predicted molecular weight of 

87 kDa, but which is resolved by electrophoresis at 112 kDa (56). Similar to the human 

form identified by Takekawa et al in 1992 (321), the carboxy-terminal tail of m-PTP-PEST 

contains four PEST sequences, whose involvement in accelerating protein degradation 

remains to be demonstrated, as well as several interaction-mediated motifs (see below) 

(Fig. 2). Located on chromosome 5 in the mouse genome, the m-PTP-PEST gene covers 

over 90 kb and is composed of 18 exons (55). The catalytic domain is encoded by exons 2 

to 11 and the C-terminal non-enzymatic segment is encoded by exon 11 to 18 (55). For 

the remainder of this document, species designations will not be used for PTP-PEST, 

except in cases where the concept is important for interpretation of the material 

presented. 

Figure 2. Structural organization of PTP-PEST domains. PTP-PEST, a 775-amino acids 

(mouse) protein comprises a amino phosphatase domain specific for phosphorylated 

tyrosine and multiple interacting motifs in its C-terminus. The proline-rich domains (PI, 

P2, P3, P4 and P5/CTH) and the She binding domain (SBD) recruit PTP-PEST to a variety 

of interacting partners. Proteins labelled in black are monitored in the current thesis. 

Amino acids sequences of each interacting motifs as well as PTP-PEST signature motifs 

are identified (53, 56, 84). 
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1.2.1 Expression pattern ofPTP-PEST 

Early genetic studies led to the identification of three novel putative PTPs 

expressed in murine myeloid cells (375). Among these putative PTPs, the fragment 

termed PTPty43, which corresponds to PTP-PEST, displayed a unique ubiquitous 

expression pattern, in contrast to the restricted profiles observed for the six other PTPs 

(375). This ubiquitous tissue distribution was later confirmed at the protein level 

through immunoblot analysis (85, 86, 94, 95). To date, expression of PTP-PEST has been 

observed in a variety of tissues and organs, including oviduct, ovary, testes, intestine, 

stomach, skeletal muscle, heart, liver, lung, kidney, brain, thymus, spleen, fetal liver, 

fetal intestine and fetal brain, as well as in a variety of cell lines and lineages, such as 

gastric cancer, colorectal cancer, hepatocellular carcinoma, pancreatic cancer, 

fibroblasts, myeloid leukemia, thymocytes, splenic T-, T-, pro-B-, splenic B-, B-, bone 

marrow derived mast, natural killer (NK) and macrophage cells (85, 86, 94, 95, 321, 375). 

Interestingly, elevated levels of PTP-PEST were found in the spleen and thymus, as well 

as in hemopoietic cells, while only low levels were seen in kidney tissue (85, 94, 95).The 

ubiquitous expression of PTP-PEST suggests a fundamental biologic role for this enzyme. 

1.2.2 Functions of PTP-PEST. 

Analysis of whole embryo extracts revealed that PTP-PEST is expressed early 

during murine development (56). In situ hybridisation probing for PTP-PEST mRNA 

revealed the presence of this phosphatase throughout embryos from E8.0 to E12.0, as 

well as in extra-embryonic structures (305). The maintenance of PTP-PEST expression 

throughout embryonic development indicates a potential regulatory role for the enzyme 

during this process. 
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In order to investigate the role of PTP-PEST in mammals, exons 6 to 9 of the PTP-

PEST gene, which correspond to the catalytic domain, were deleted by homologous 

recombination in embryonic stem (ES) cells (305). The loss of one functional PTP-PEST 

allele was not detrimental, as heterozygous animals exhibited no apparent phenotype, 

and had normal lifespan and fertility (305). Live PTP-PEST-/- homozygous mutant pups, 

however, could not be generated through interbreeding of PTP-PEST +/- mice (305). 

Complete ablation of the PTP-PEST gene resulted in embryonic lethality between E9.5 

and E10.5 (305). Inactivation of PTP-PEST was also associated with impaired liver 

development and vascularisation (305). Although manipulation of the PTP-PEST gene did 

not affect gastrulation and embryonic development up to E7.5 (305), PTP-PEST -/-

embryos failed to progress through later developmental stages due to morphologic 

defects such as growth retardation, inability to turn, incomplete somites formation, and 

impaired vasculogenesis and liver development (305). The above observations 

underscore the crucial role played by PTP-PEST in embryogenesis. In order to gain 

further insight into the physiological function of PTP-PEST, our laboratory, as well as 

others, conducted a variety of tissue culture based experiments. In comparison to 

control cells, PTP-PEST-/- fibroblasts displayed significantly decreased motility (11). In 

addition, cells over-expressing PTP-PEST exhibited a migration defect on fibronectin 

(120). These results suggest that balanced expression of PTP-PEST is required for optimal 

cellular movement. Interestingly, micro-injection of xPTP-PESTr (X. lavis PTP-PEST 

related) in Xenopus blastomeres resulted in defective gastrulation (88). In this particular 

model, xPTP-PESTr promoted spreading and decelerated migration of ectodermal cells 

induced by the mesoderm activating factor activin-A (88). The above described studies 

demonstrate that manipulation of PTP-PEST expression in both murine and Xenopus 

systems disrupts the tight regulation of cell migration necessary for complete embryonic 

development. 

Cell migration is a complex phenomenon integrating the formation of membrane 

protrusions at the leading edge, recycling of adhesion structures, contraction of the cell 
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body, and detachment-retraction of the trailing end (266, 287). These processes are 

dependent on the coordination between dynamic cytoskeletal rearrangements and 

localized actin polymerization/depolymerisation, and are regulated by a vast number of 

proteins. PTP-PEST null cells seeded on fibronectin displayed both accelerated spreading 

(11) and assembly of a greater number of focal adhesions and stress fibres across their 

cell body (Maxime Halle and Michel L Tremblay, un-published data, Fig. 3) (11). PTP-

PEST also plays a role in the inhibition of membrane protrusion (172, 286). In addition to 

its role in cytoskeletal rearrangement, PTP-PEST was also shown to prevent the 

relocalization of pl30Cas at the leading edge of migrating cells, and to reduce pl30Cas 

phosphorylation in response to fibronectin stimulation (120). pl30Cas was among the 

first identified PTP-PEST substrates (84, 118), is required for completion of the 

mammalian developmental program (153), is able to associate with xPTP-PESTr (88) and 

is hyperphosphorylated PTP-PEST -/- embryos and fibroblasts (11, 305). However, 

pl30Cas is likely not the sole route through which PTP-PEST fulfills its physiologic role. 

PTP-PEST was, in fact, found to associate with several other cytoskeletal components 

and signalling molecules, including Sin, Hef-1, leupaxin, Hic-5, paxillin, FAK, Pyk2 (also 

referred as cell adhesion kinase (3 (CAKp)), Grb-2, She, filamin-A, Csk, PSTPIP, WASP, Abl, 

gelsolin, and receptors such as the PDGF-receptor (Fig. 2) (53, 54, 60, 79, 84-86, 94,131, 

216, 220, 243, 257). Among these, the association of PTP-PEST with paxillin was 

suggested to provide a link with adhesion signalling (86), while binding to PSTPIP 

connected it to regulators of actin polymerisation (18, 85), which supported a dual role 

for PTP-PEST in cytoskeletal modulation. Nevertheless, a large number of PTP-PEST 

substrates and interactors implies several alternative avenues integrating PTP-PEST in 

cytoskeletal signalling and could expand its activities to additional biologic phenomena. 

With respect to these additional biological processes, the abundance of pyenotic cells 

observed in PTP-PEST -/- embryos (305) may results from disregulation of apoptotic 

pathways, and points to a potential role for this enzyme in programmed cell death. In 

addition, several intracellular pathogenic microorganisms subvert the machinery 

controlling the actin cytoskeleton of their host (237, 276, 309). The possible involvement 
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and/or regulation of PTP-PEST in programmed cell death and/or in host-pathogen 

interaction, however, has yet to be determined. 

Figure 3. PTP-PEST regulates the formation of actin stress fibres and focal adhesions in 

cells seeded on fibronectin. PTP-PEST heterozygous, null and null-rescued fibroblasts 

were held in suspension for 20 minutes and deposited for the indicated times on 

fibronectin coated-slides. Cells were fixed, permeabilized, and stained for polymerized 

actin (F-actin) and vinculin as previously described (11). Radom field images were 

acquired by confocal microscopy (Zeiss LSM 510-NLO). All cell lines were able to adhere 

to fibronectin within 20 min. Following a three hours incubation, PTP-PEST +/- cells 

displayed a few focal adhesions localized at the cell periphery in conjunction with 

cortical F-actin. In contrast, PTP-PEST -/- cells displayed a great number of adhesion 

structures and stress fibres dispersed throughout the cells. This phenomenon was 

dependent on the expression of PTP-PEST since its re-introduction in the -/- cells was 

sufficient to rescue the phenotype. These observations were statistically confirmed by 

evaluating the average number of focal adhesions detected per cell plated on 

fibronectin for three hours. Red: F-actin; green: vinculin. 
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1.3 pl30CAS 

Identified as a major phosphorylated species in cells transformed by v-src or v-

crk oncogenes, the 130 kDa Crk-associated substrate (pl30Cas) is a multidomain 

scaffolding protein (Fig. 4) (32, 282). The N-terminal SH3 domain plays an important role 

in the phosphorylation-dephosphorylation cycle of pl30Cas, via interactions with the 

PTKs FAK and CAKB/PYK2 (14, 142), and with the PTPs PTP-1B and PTP-PEST (117, 209). 

The N-terminal SH3 domain is followed by a region containing 15 YXXP motifs; known as 

the substrate domain (SD or (YXXP)i5 on Fig. 4). The SD is characterized by its ability to 

accumulate multiple phosphorylation modifications. Once phosphorylated, the pl30Cas 

SD recruits a variety of SH2 containing molecules such as Crk and Nek (188, 290). In 

addition to the multiple YXXP motifs, pl30Cas can also be phosphorylated on its C-

terminus within a Src-binding domain (SBD or R639PLPSPP...Y668DYV on Fig. 4), 

characterized by a proline-rich sequence and two tyrosine phosphorylation sites, which 

interact, respectively, with the SH3 and SH2 domains of Src, a PTK involved in promoting 

the phosphorylation of pl30Cas (240). Although FAK can phosphorylate pl30Cas SD, Src 

phosphorylation seems to be much more efficient (277), and, while activity of individual 

kinases results in modest phosphorylation levels, maximum phosphorylation of pl30Cas 

seems to require cooperation between FAK and Src (277). Biochemical studies 

performed by Ruest et al (2001) indicate that, following recruitment to the pl30Cas SH3 

domain, FAK acts as an adaptor protein that binds Src (277). Following recruitment to 

pl30Cas via FAK, Src then phosphorylates the pl30Cas SD (277). 

pl30Cas is an important adaptor molecule, typically phosphorylated in response 

to the activation of integrin in order to stimulate the transmission of cell survival and 

migratory signals to downstream effectors. Stimuli such as lysophosphatidic acid (LPA) 

(50), epidermal growth factor (EGF) (246) and vascular endothelial growth factor (VEGF) 

(16) modulate the phosphorylation of pl30Cas. Both expression and phosphorylation of 
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pl30Cas are required to promote cell attachment and motility (152, 157). 

Phosphorylation of pl30Cas permits the assembly of a pl30Cas-Crk-DOK180 complex, 

which drives the activation of Rac, leading to actin polymerization and lamellipodia 

formation (70,187). 

Some intracellular pathogens exploit pl30Cas in order to remodel the 

cytoskeletal architecture of their host cells. For example, Salmonella typhimurium 

recruits pl30Cas in complex with FAK and paxillin in order to reorganize the actin 

cytoskeleton of the host cell during bacterial internalization (301). In addition to its 

importance in cytoskeletal architecture, pl30Cas also plays a role in adhesion-mediated 

survival signalling and is cleaved by caspase-3 during apoptosis (189). In fact, over-

expression of an SD deleted mutant of pl30Cas leads to increased apoptosis, while 

phosphorylation of pl30Cas was increased in anoikis resistant tumour cells (352). It 

therefore appears that signals regulating apoptosis/survival, cytoskeletal organization 

(either physiological or pathogen mediated) and migration all converge at the level of 

pl30Cas. As PTP-PEST was previously identified as a regulator of pl30Cas 

phosphorylation, it is tempting to speculate that PTP-PEST may be involved in pl30Cas-

linked biological functions. 

Figure 4. Domain structures of PTP-PEST associated partners. A graphic depiction of the 

structural organization of adaptor ptoteins pl30Cas, paxillin, She (p52 and p66) and 

PSTPIP as well as of the tyrosine kinase Csk is illustrated accordingly to previous 

descriptions (32, 38, 71, 72, 85, 262). The domains of each molecules involved in their 

binding to PTP-PEST are underlined. 
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1.4 PAXILLIN 

In chicken embryo (CE) cells, expression of FAK leads to phosphorylation of 

multiple proteins, but only in the presence of PTP inhibitor; indicating that FAK could be 

associated with a PTP controlling its activity (289, 300). Shen et al (1998) described four 

FAK-interacting PTPs, of which one was later identified as a PTP-PEST (300). The 

association of PTP-PEST with FAK was not direct, but was mediated by paxillin via 

formation of FAK-paxillin-PTP-PEST complexes (300). PTP-PEST has also been reported to 

associate with other paxillin family members, including Hic-5 (hydrogen peroxide 

inducible clone-5) and Leupaxin (131, 243). The LIM 3 and 4 domains of paxillin and the 

LIM 3 domain of Hic-5 are necessary for binding to PTP-PEST (86, 243), and the 

paxillin/Hic-5 recognition site is contained within the second poly-proline rich motif of 

the non-catalytic segment of PTP-PEST (86, 243). 

Paxillin is a multidomain adaptor molecule, which contains five leucine-rich 

regions (LD motifs) as well as several phosphorylation sites on its amino-terminal portion 

and four lin-11, isl-1, mec-3 (LIM) domains on the carboxy terminus (Fig. 4) (38). The 

high abundance of paxillin found in adhesion structures has led to the use of this protein 

as a marker of focal adhesion, or, more precisely, of focal contact (378). Genetic 

manipulation of paxillin expression in murine models has illustrated the importance of 

paxillin in cellular processes dependent on tight control of the cytoskeleton. Cells 

isolated from pox/7//'n-null embryos showed altered morphology of both focal adhesions 

and of the cortical actin cytoskeleton (134). Architectural defects of the actin network 

caused delayed spreading and migration in paxillin -/- fibroblast cells (134). Inactivation 

of paxillin in embryonic stem (ES) cells also impeded their spreading following 

attachment to fibronectin (349). In both cases, altered FAK activation was correlated 

with the absence of paxillin (134, 349). In addition to FAK, paxillin also interacts with a 

variety of other signalling and cytoskeletal proteins, including, for example, vinculin, Crk, 

Csk, a4 and a9 integrins, integrin-linked kinase (ILK), p85 subunit of PI3K, actopaxin, and 
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paxillin kinase linker (p95PKL) (38). By mediating the association of these proteins, 

paxillin acts as a platform integrating adhesion and growth factor-initiated signals, in 

order to sustain cell migration (38, 362). 

Interestingly, mutation of the PTP-PEST binding site of paxillin retarded its 

relocalization to focal adhesion sites of CHO.K1 cells plated on fibronectin (39). In 

addition, overexpression of the UM3-UM4 domain of paxillin stimulated cellular 

spreading and lamellipodia formation (39). The tandem UM3-LIM4 engineered protein 

allows binding to PTP-PEST, but not to other paxillin binding partners, and may work as a 

functional dominant negative for the paxillin-PTP-PEST interaction. Finally, and of 

particular importance, paxillin is required for PTP-PEST-mediated Rac inhibition and PKL 

dephosphorylation, which are necessary for the control of cell spreading and migration 

(172). In addition to it's role in cell motility, the PTP-PEST/paxillin association may be 

involved in other physiological processes. This possibility, however, has not yet been 

investigated. 

1.5 SHC 

PTP-PEST was identified as a binding partner for Shc in a yeast two hybrid screen 

for proteins interacting with p52shc (133). Three Shc encoding genes have been identified 

in mammals: ShcA, ShcB and ShcC (262). The ShcA protein is present as three isoforms 

(46, 52 and 66 kDa), as a result of either splicing or alternative translational initiation 

(253, 262). PTP-PEST interacts with the p52 and p66 isoforms of Shc, but not the p46 

isoform (133). Shc is a scaffolding molecule consisting of an N-terminal phosphoryrosine-

binding domain (PTB) and a C-terminal SH2 domain, separated by a collagen homology 

domain (CHI) (Fig. 4) (262). The p66Shc isoform also contains a second CH domain 

(termed CH2) found at the N-terminus of the protein (Fig. 4) (253). 
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Activation of the Ras-MAPK cascade plays a crucial role in both survival and 

proliferation, and is aberrantly activated in several types of cancers. Stimulation of a 

variety of receptors, including the receptor tyrosine kinases (RTKs), leads to the 

recruitment of She via its PTB and phosphorylation of several conserved tyrosine 

residues within its CHI (Y239, Y240 and Y317 in p52shc) (262). Phosphorylated She has a 

high affinity for Grb2 SH2, which, in turn, interacts with Sos, a Ras guanine nucleotide 

exchange factor, through its SH3 domains (262). Assembly of the Shc/Grb2/Sos complex 

at the membrane leads to the activation of Ras and of downstream MAPKs (262). She, as 

a key component of this molecular machinery, plays a crucial role in signalling pathways 

sustaining cell survival and proliferation. In parallel, hyperphosphorylation of She was 

noted in a number of tumour cell lines (251). Also, inactivation of ShcA leads to major 

disturbances in adhesive-cytoskeletal structures, causing a phenotypic shift from 

normal/elongated to a radial cellular morphology (199). PTP-PEST was proposed to 

dephosphorylate She, dependent on an interaction between NPLH motif of PTP-PEST 

and the PTB domain of She (53, 95, 133). Although PTP-PEST can inactivate the Ras-

MAPK pathway (95), the precise function of the PTP-PEST-Shc interaction remains 

obscured. However, given the importance of She in the formation/function of the actin 

network, and in cell survival/proliferation, it seems likely that the Shc/PTP-PEST 

interaction plays a role in these processes. 

1.6 CSK 

Csk is a 50 kDa protein tyrosine kinase composed of an amino-terminal SH3 

domain followed by an SH2 domain and a catalytic domain (Fig. 4) (72). A yeast two 

hybrid screen using Csk as a bait provided primary evidences for its interaction with a 

PTP, PTP-PEP (74). Subsequent investigations identified a proline-rich domain within the 

PTP-PEP non-catalytic region as the site of interaction with the Csk SH3 domain (74, 

126). This segment, of PTP-PEP was found to be practically identical to the fourth 

proline-rich motif (Pro4 or P4 on Fig. 2, previously identified as P2 (94)) within the PTP-
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PEST non-catalytic carboxy terminal region. Further examination confirmed a direct 

interaction occurring between the SH3 domain of Csk and the Pro4 domain of PTP-PEST 

(94). Although Csk plays a significant role in the inactivation of Src family members, the 

participation of PTP-PEST in this phenomenon remains to be demonstrated. 

Nevertheless, Csk is required for LPA-induced G protein-coupled receptor-mediated 

actin stress fibres formation (214), and, of particular note, Csk binds to the 

phosphorylated Helicobacter pylori protein CagA, and attenuates the effect of the 

bacterial protein on cell survival and morphology, and allows the infection to persist 

(341). Csk could therefore represent a potential molecular link for the integration of 

PTP-PEST into less characterized and under-appreciated biological functions. 

1.7 PSTPIP 

A yeast two-hybrid search for PTP-HSCF interacting species, using a C221S 

inactive mutant of the enzyme as bait, led to the identification of a novel protein named 

proline serine threonine phosphatase interacting p/otein (PSTPIP) (307). The amino 

terminus of PSTPIP displays significant homology to the yeast protein CDC15p (85, 307). 

The latter contains a Fer kinase and CIP4 homology (FCH) domain and a coiled-coil 

domain (85). The similarity between the amino terminal portion of murine PSTPIP and 

FBP17 (Human), Toca-1 (Human), CIP4 (Mouse), PSTPIP2 (Mouse, also termed 

macrophage actin-associated tyrosine phosphorylated protein [MAYP]), Sydapinl 

(Human), Syndapin2 (Human), Nostrin (Human), FER (Human) and CDC15p (S. pombe) 

following the FCH domain was proposed to work as a functional unit termed extended 

FC (EFC) domain (340). The carboxy-terminus of PSTPIP contains an SH3 domain (307), 

which is absent from PSTPIP2 (Fig. 4) (363, 374). Unexpectedly, the recruitment of 

PSTPIP to the C-terminal proline-rich motif of PTP-HSCF did not depend on its SH3 

domain, but rather on its coiled-coil region (307), in which a trypophan residue in 

position 232 was critical for the interaction (100). Interestingly, the C-terminal poly-
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proline motifs, referred to as CTH domains, of PTP-HSCF, PTP-PEP and PTP-PEST are 

highly conserved (100). In addition, the coiled-coil domain of PSTPIP also interacts with 

the CTH region of PTP-PEST (85). 

In 3T3 cells, PSTPIP co-localizes with actin-rich structures, and its overexpression 

drives the formation of extended filopodia (307). Additionally, PSTPIP is present in the 

actin ring forming the cleavage furrow of dividing cells, as are its yeast homologues imp2 

and CDC15 (97, 307). The above evidence indicates that PSTPIP may recruit or modulate 

proteins that regulate cytoskeletal architecture and dynamics. Of note, the SH3 domain 

of PSTPIP interacts with two poly-proline regions of WASP, and inhibits WASP-induced 

actin bundling in cells (364). In addition, the coiled-coil arm of PSTPIP interacts with PTP-

PEST, which brings PTP-PEST and WASP into close proximity (85) thereby allowing the 

dephosphorylation of WASP and the subsequent inhibition of its actin polymerization 

promoting activity (18, 85). PSTPIP has also been found in an analogous complex with 

PEST-type PTPs (PTP-PEST or PTP-HSCF) and Abl, leading to dephosphorylation and 

inactivation of this PTK (79). Finally, PSTPIP is capable of scaffolding Fas Ligand (FasL) 

and PTP-PEST, which implicates PTP-PEST in apoptosis induced by cytotoxic T-cells and 

Natural Killer (NK) cells (21). PSTPIP clearly works as a scaffolding molecule which 

connects PTP-PEST with multiple substrates, and thereby potentially connects PTP-PEST 

to a variety of additional biological pathways. However, the potential role of 

PSTPIP/PTP-PEST in apoptosis remains unclear, and, although WASP, as well as several of 

its binding partners, are targeted by intracellular microorganisms (125, 212, 308), the 

involvement of PTP-PEST, and/or a PTP-PEST/PSTPIP interaction, in these events has not 

yet been examined. 
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1.8 LEISHMANIA 

The infection and propagation cycles of intracellular pathogenic microorganism 

often involve the subversion of host cell signalling and cytoskeletal machinery. Among 

those, the protozoa Leishmania has developed an arsenal of strategies to infiltrate and 

persist within their host. The genus Leishmania is part of the phylum 

Sarcomastigophora, in the order Kinetoplastida and the family Trypanosomatidae. This 

genus has been subdivided into two subgenera: Leishmania and Viannia (270). 

1.8.1 Pathologies 

It is thought that leishmaniasis may have afflicted people as far back in human 

history as 650 BC (183), and the disease is represented in pre-lnca pottery from Peru and 

Ecuador. Disfiguring lesions depicted by artists from this period on pre-lnca pottery 

during the first century could likely be attributed to Leishmania infection (183). The 

pathogen Leishmania causes a variety of clinical symptoms that can be separated into 

three types: cutaneous, mucocutaneous and visceral. 

Cutaneous leishmaniasis can give rise to numerous lesions, in some cases up to 

200 (359). Lesions initially appear as small red papules, which progress into nodules and 

ulcerated plaques characterized by a depression surrounded by an indurated edge (148). 

Although lesions usually heal within months to a year, leaving unpigmented scars (270), 

they commonly persist, and can be accompanied by secondary bacterial infections (148, 

270). In addition to the physical suffering, afflicted patients are often victims of social 

prejudice (359). 

Parasites of the subgenus Viannia (ex: L. braziliensis) cause the mucocutaneous 

form of leishmaniasis; also known as espundia or uta. Initial symptoms arising at the site 
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of inoculation (small red cutaneous papules) are similar to those observed with other 

species of Leishmania (270). Amastigotes then migrate or disperse, via the lymphatic 

system, to the buccal and nasal mucosa (90,148). These secondary infections lead to the 

degeneration of cartilaginous and soft tissues (90, 270), and results in disfiguring 

ulceration of the lips, nose, palate and pharynx, as well as loss of the voice via infection 

of the larynx, trachea and vocal cords (90, 270). Patients can survive for several years 

with these painful symptoms, and death could result from secondary bacterial 

infections, malnutrition or respiratory complications (90, 270). Living with this disfiguring 

disease is also socially detrimental for the afflicted patients (359). 

Visceral leishmaniasis initially manifests as low grade fever and mild discomfort 

(270), leading, in later stages, to more severe symptoms, including fever, cachexia, and 

abdominal swelling due to splenomegaly and inflammation of the liver (148, 270). 

Failure to administer the proper treatment results in 100% mortality within two years 

(148, 270, 359). This disease is predominantly caused by L donovani in the Old World 

and by L chagasi in the New World (90). Degeneration of L infantatum infection can 

also lead to visceral leishmaniasis (90). 

1.8.2 Parasitic life cycle of Leishmania 

The protozoa Leishmania is transmitted between vertebrates by phlebotomine 

sand flies. This disease can be either a zoonosis, involving domestic or wild animals, or 

an anthroponosis, in which humans act as reservoir (182, 359)). Among the 400 reported 

different sandfly species, only 50 were implicated in the transmission of the parasite 

Leishmania (182). Following aspiration of infected blood, amastigotes (form of the 

parasite found in the mammalian host, see below) move to the abdominal (posterior) 

gut of the sandfly, where they are enveloped by a peritrophic membrane (made of 

proteins and glycoproteins tight together by chitinous microfibrils) secreted by gut 
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epithelial cells (182, 281). The parasite will spend between six and nine days within the 

sand fly to complete its development (182). 

Amastigotes initially differentiate into small, ovoid and minimally motile procyclic 

promastigotes with short flagella (182). Over a period of 24-48 hours, procyclic 

promastigotes undergo rapid division, prior to their development into narrow elongated 

promastigotes termed nectomonads (182). This process occurs approximately 2-3 days 

following ingestion of infected blood (182). The degeneration of the peritrophic 

membrane liberates nectomonads in the lumen of the gut, where they adhere to the 

mid-gut epithelial cells and migrate towards the thoracic (anterior) mid-gut (182). At 

about day four, nectomonads differentiate into a shorter form named leptomonads, 

which undergo a second round of multiplication, resulting in considerable infection of 

the anterior mid-gut at day 5-7 (182). Haptomonads, the origin of which 

(nectomonads/leptomonads) remains to be determined, are non-motile parasites with a 

leaf-like morphology and a short flagellum (182). Haptomonads accumulate at the 

stomodeal valve and form a ring blocking passage through the valve (182). Leptomonads 

present in the anterior mid-gut differentiate into metacyclic promastigotes that 

aggregate behind the stomodeal valve (182). The non-dividing metacyclic promastigotes 

have a long flagellum attached at their compact cell body, which allows fast and efficient 

movement (182). The metacyclic promastigotes have several characteristics, including 

resistance to complement-mediated lysis (see below), which make them the most 

virulent form of Leishmania (182). In addition, leptomonads secrete a gel-like matrix, 

termed, "promastigote secretory gel", which fills and obstructs the lumen of the thoracic 

mid-gut (182). This matrix contributes to the transmission of the parasite because the 

congested fly tries repeatedly to collect blood; each time releasing metacyclic 

promastigotes (182). 

Following inoculation of the vertebrate host, promastigotes are phagocytosed by 

mononuclear phagocytic cells (monocytes and macrophages) (Fig. 5) (147). 
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Phagocytosed metacyclic promastigotes are incorporated in phagolysosomes, where 

they lose their flagella, becoming 2-5 |im spheroids (90, 147). This differentiated form of 

parasite, termed the amastigote, then multiplies within the macrophage, via binary 

fission (147). Heavily infected macrophages explode and liberate their amastigotes, 

which will then colonise other macrophages. Depending on the Leishmania species, 

amastigotes may remain localized in a define area, causing dermal lesions near the site 

of inoculation (ex: cutaneous leishmaniasis caused by L major); or may migrate to other 

tissues and cause more severe symptoms. 

Figure 5. Life cycle of Leishmania parasites. Following their inoculation in a vertebrate 

host, Leishmania promastigotes are phagocytosed by host macrophages. Within 

macrophages, Leishmania promastigotes undergo differentiation into amastigotes, 

which multiply and accumulate until the cell bursts and they are released. Released 

amastigotes then go on to infect other macrophages. Ingestion of contaminated blood 

by the sandfly allows transmission of the disease between vertebrates. 
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Transmission of Leishmania relies on the presence a vector species, in this case 

the sandfly; which is found in tropical, subtropical and temperate areas within 88 

countries (182). More than half of all the cutaneous leishmaniasis cases occur in eight 

countries: Afghanistan, Algeria, Brazil, Iran, Iraq, Saudi Arabia, Sudan and Syria (13). 

With respect to visceral leishmaniasis, over half of all people infected are concentrated 

in only two countries: India and Sudan (13). At the moment, leishmaniasis threatens 

approximately 350 million people across the world (359). As a result of global warming, 

sandflies, and therefore Leishmania, will likely begin to emerge in previously unaffected 

areas. 

All Leishmania species display similar patterns of development and replication. 

Alternation between an insect vector and a vertebrate host is necessary for life cycle 

completion. The insect vector is required for transmission, and therefore for invection of 

a variety of mammalian species, including humans (182). The above described life cycle 

places these parasites in hostile environments: the insect digestive tract and the 

mammalian macrophages intracellular space, and has forced them to develop strategies 

for survival in these specific locations. 

Leishmania parasites from the Old World (ex: L. major and L. donovani) have 36 

pairs of chromosomes, while species from the New World have 34 or 35 pairs, including 

chromosome fusions (168, 356). Chromosomes of Kinetoplastids (including 

Trypanosoma and Leishmania) are arranged in directional gene clusters (168). Recently, 

the 32 816 678-base pair genome of L major was sequenced (168). From this sequence, 

the presence of 911 RNA genes, 39 pesudogenes and 8272 protein-encoding genes was 

predicted (168). The protein-encoding genes are organised in 133 long, and are located 

on the same strand polycistronic clusters having tens to hundreds of protein-coding 

genes, which do not necessarily have related predicted functions (168). Among the 

above described genes, several encode virulence factors involved in host colonisation, 

protection, or neutralization of hosts-defence mechanisms. 
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Leishmania parasites take advantage of and manipulate several components of 

the host signalling machinery, including the mitogen-activated protein kinases (MAPKs). 

The infection of macrophages with opsonised L amazonensis amastigotes results in 

ERK1/2 activation, which induces interleukin-10 (IL-10) production (367). The cytokine 

IL-10 has an inhibitory effect on immune function, and its synthesis was directly 

correlated with the severity of leishmaniasis (367). Activation of ERK1/2 by L. 

amazonensis therefore contributes to disease progression. Interestingly, in a 2007 study 

from Yang et al, promastigotes of L amazonensis did not activate the ERK MAP kinases 

(367). In addition, attachment and internalization of L donovani did not promote the 

activity of p38, JNK or ERK MAP kinases (258). Promastigote manipulation and/or 

circumvention of strong MAP kinase activation may represent a strategy for evasion of 

host cell defence mechanisms. Incubation of macrophages with a p38 inhibitor prior to 

exposure to L. donovani, increased the subsequent parasitic load (179), and attenuated 

anisomycin inhibited L donovani survival inside macrophages (179). Moreover, L major 

down-regulates p38 in order to impair CD40-mediated iNOS2 expression, which inhibits 

nitric oxide production and favours survival within macrophages (17). Through inhibition 

of p38, the parasite can also hijack the signal initiated by CD40 cross-linking in a fashion 

allowing IL-10 expression and reducing IL-12 expression (224). As IL-12 can promote the 

host-protective T-helper type 1 (TH1) cell response, a reduction in its expression would 

benefit the parasite (224). Consequently, the subversion of host-cell signalling functions, 

in particular the MAPK p38, could be a marker for successful and persistant infection by 

Leishmania. 

Although Leishmania preferentially parasitizes macrophages, it is capable of 

infecting other cell types, including neutrophils, eosinophils, epithelial cells, dendritic 

cells and fibroblasts (22, 29, 247, 345, 358). Chinese hamster ovary (CHO) cells have 

been used as fibroblast model for the study of Leishmania internalization in this cell type 

(237). In this system, amastigote activates the re-organisation of the actin cytoskeleton 

33 



and the recruitment of vinculin to form a structure called an actin cup, which surrounds 

the parasite during its entry into cell (237). While parasites opsonised with IgG strongly 

activated Rac-1 in cells expressing the FcRII-B2 receptor, antibody-coated and non-

opsonised amastigotes did not require Rac-1 for entry into CHO FcRII-B2-deficient cells, 

resulted in only weak activation of Rac-1 (237). It was found that, non-opsonized L 

amazonensis amastigotes were dependent on Cdc42, and not Rac-1, for infection of CHO 

cells (237). In line with the above finding, increased activation of Cdc42 was seen 

following the exposure of CHO cells to Leishmania amastigotes (237). Both Cdc42 and 

Rac-1, however, actively participate in phagocytosis of L. donovani by macrophage (206, 

212). In addition, Cdc42 and Rac-1 are responsible for "knitting" an actin shell at the 

periphery of L donovani containing phagosomes (206). This layer of polymerized actin 

was proposed to act as a protective coat, impairing efficient maturation of the 

phagosome (206). These reports provide convincing evidence for initiation of signalling 

cascades leading to remodelling of the actin cytoskeleton during Leishmania infection. 

1.9 GP63 

Molecules found at the surface of Leishmania play multiple roles throughout the 

life cycle of the parasite, including survival in the vector, virulence, invasion and 

persistence in the mammalian host (103). Leishmania is surrounded by a glycocalyx, 

which is composed primarily of lipophosphoglycan (LPG), glycoinositolphospholipids and 

glycosylphosphatidylinositol (GPI)-anchored proteins (103). GP63, also known as major 

surface protease (MSP), leishmanolysin, EC3.4.24.36 or promastigote surface protease 

(PSP), is the most abundant protein that covers the surface of Leishmania promastigotes 

(369). This highly abundant 63-kDa protein (5X105 copies/L major promastigote) 

represents approximately 1% of the total protein content of the organism (33). Etges et 

al (1986) fortuitously noted the proteolytic activity of GP63 after mixing their purified 

product with proteins used as molecular weight markers for SDS-PAGE (106). The 
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protease activity of GP63 was subsequently confirmed using casein/albumin in a 

zymogram assay (106). Elucidation of the GP63 structure showed that this protein 

consists of three domains; N-teminal, central and C-terminal (291). The N-terminal 

domain has several features of a zincin protease, including the concensus sequence 

HEXXH (291). The metzincin class of metalloendopeptidases is characterized by a 

signature HEXXHXXGXXH motif, in which the three histidines participate in the 

coordination of a zinc atom. The structure of GP63 reveals that it also possesses a third 

histidine that contributes to zinc binding, but the ladder is present in the central domain, 

and is separated from the glycine within the signature motif by 62 amino acids (291).The 

N-terminal and central domains are therefore both important for catalysis, and in the 

coordination of the zinc atom (291). In addition, the N-terminal domain bears a 

hydrophobic signal motif thought to target the protein to the endoplasmic reticulum 

(369), and a pro-peptide sequence that maintains the enzyme in an inactive state during 

synthesis and maturation (217, 369). The pro-peptide sequence contains a conserved 

cysteine that obstructs enzymatic activity through interaction with the zinc at the 

catalytic site (217). The above described property of GP63 is thought to protect the 

parasite via inhibition of uncontrolled catalytic activity. Proteolysis of the pro-peptide 

activates GP63 through a process called the cysteine switch mechanism; which involves 

release of the cysteine residue (217). The C-terminal domain contains an asparagine 

residue, which acts as the site of glycosylphosphatidylinositol (GPI) anchor addition, and 

is highly conserved but not obligatory (369). In several cases the conserved asparagine is 

absent and the site of GPI anchor addition is therefore not functional. In these cases, an 

extended hydrophobic group of amino acids found at the C-terminus likely functions as a 

transmembrane domain (369). The C-terminal domain is less conserved than either the 

N-terminal or central domains (291). 

Tandem arrays of genes encoding abundant proteins are a common feature 

among the Trypanosomotidae protozoa, and multiple copies of GP63 genes, organized in 

tandem, have been found in various Leishmania species. For example, L mexicana 
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posseses at least 10 gp63 genes, L. donovani has 7 tandemly repeated gp63 genes, as 

well as three additional ones in distinct regions, and the 18 gp63 genes of L chagasi lead 

to the expression of at least 10 different protein isoforms in stationary promastigotes 

(351, 369, 372). L major has the lowest number (7) of gp63 genes, and, their expression 

is restricted to particular stages of the parasitic life cycle (177, 347). L major GP63 

encoding genes 1-5 are only expressed at high levels in promastigotes, whereas a low 

level of gene 6 expression is found in both promastigotes and amastigotes (347). 

Targeted inactivation of gp63 gene 1-6 has shown that the expression of gp63 gene7 in 

L major is developmental^ regulated (177). The expression of gp63 gene 7 was seen 

only in metacyclic (stationary phase) promastigotes and in amastigotes (177). 

1.9.1 Functions ofGP63 

1.9.1.1 Expression of GP63 facilitates Leishmania multiplication in certain species of 

sandfly. 

Expression and secretion of GP63 by promastigotes in the sandfly gut has been 

proposed to facilitate nutrient acquisition and to protect the protozoan against host 

digestive enzymes (292, 369). Anti-sense-mediated down-regulation of GP63 in L. 

amazonensis significantly reduced early parasitic proliferation in the midgut of the fly 

Lutzomia longipalpis (135). In contrast, partial inactivation (genes 1-6) as well as 

complete deletion (genes 1-7) of gp63 did not affect the multiplication and 

differentiation of L major in Phlebotomus (P. papatasi, P. argentipes and P. dubosqui) 

sandflies (176, 177). It therefore seems that the importance of GP63 in protozoan 

colonization of the insect vector is likely dependent on the identity and combinaison of 

parasite and sandfly. 
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1.9.1.2 The expression of GP63 correlates with Leishmania virulence. 

Both cell surface level and the proteolytic activity of GP63 is significantly higher 

in virulent than in avirulant promastigotes (57). Also, the specific activity of GP63 

appears to be higher at 37 °C than at 27 °C; or, in other words, is more effective at the 

body temperature of the mammalian host than at that of the insect vector (57). In L 

chagasi, the abundance of GP63 increases 14 fold as promastigotes progress from 

logarithmic to stationary phase (370). Increased diversity of GP63 isoform expression 

can also be correlated with the growth phase of L chagasi (372). The alteration in GP63 

expression pattern seen during metacyclicogenesis occurs in parallel with increased 

virulence; thus pointing to a putative role for this protease in the malignance of 

Leishmania parasites. 

1.9.1.3 GP63 facilitates the dissemination of Leishmania in the mammalian host. 

Dissemination of the parasite throughout the host is an obligatory phase for 

establishment of infection at distal target sites, and GP63 has emerged as a contributing 

factor in this process. In fact, both GP63 expression level and catalytic activity are 

important for the migration of L. amazonensis through a Matrigel matrix (227). In 

addition, surface localized as well and secreted, forms of GP63 were shown to cooperate 

in promotion of the passage of Leishmania cells across a mammalian extra-cellular 

matrix (ECM) (227). The ability of GP63 to enhance migration and to contribute to digest 

ECM constituents was confirmed by the identification of collagen type IV, fibronectin 

and laminin GP63 substrates (227). Interestingly, incubation of /.e/'sftman/a-infected 

macrophages with GP63-processed fibronectin (or fibronectin degradation product) 

attenuated the production of reactive oxygen intermediates and enhanced amastigotes 

multiplication (194). 
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1.9.1.4 Functions attributed to GP63 in the /.e/shman/a/macrophage interaction. 

Using a virulent strain of L amazonensis expressing sense or antisense gp63 

transcripts, Chen et al (2000) observed that this enzyme promotes promastigotes 

binding to macrophages (61). This study also provides evidence for a direct relationship 

between the level of GP63 expression and the survival and replication of macrophages-

engulfed parasites (61). In addition, the identification of forms of GP63 expressed on 

amastigotes implied a potential function for this protease within the host cell (58). 

Interestingly, the same study exemplified that macrophages failed phagolysosomal 

degradation of proteins encapsulated in GP63 coated liposomes (58). In contrast, 

incorporation of heat-denatured GP63 on the liposomal surface failed protecting its 

content against the activity of macrophages, underlining the importance of GP63 

proteolytic activity in this function (58). The level of GP63 activity found on 

phagolysosomal-residing parasites as well as the amount of the enzyme present on L. 

mexicana amazonensis parasites correlated with their ability to survive within 

macrophages (294). The above observations suggest that expression of active GP63 on 

the surface of amastigotes contributes to the preservation of their integrity within 

phagolysosomes. Also, the identification of the myristoylated alanine-rich C kinase 

substrate (MARKS)-related protein (MRP), a cytosolic protein associated with the 

macrophage actin network, as a substrate of GP63 provides further support for a 

possible role of GP63 in modulation of intracellular host machinery (82). 

In addition to the macrophage response, activation of complement plays an 

important role in the elimination of pathogenic microorganisms. Although not strictly 

essential, GP63 can enhance complement fixation on Leishmania (37). Expression and 

activity of GP63 significantly reduced Leishmania sensitivity to complement-mediated 

lysis (37). In addition, the presence of active cell surface GP63 prevented the addition of 

the C5 and C7 terminal complement components (37). Moreover, parasites expressing 

wild-type GP63 showed accelerated conversion of C3b into the neoantigen form of iC3b 
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(37). This processing of C3b in a product similar to iC3b results in disruption of the 

scaffolding of the C5 convertase, leading to insertion of the membrane attack complex, 

and, furthermore, allows a tight interaction of the parasite with cells displaying the O b -

receptor Mac-1 (37). In a subsequent study, the same group observed that GP63 

significantly augmented complement-mediated adhesion of Leishmania parasites to 

macrophages (36), and, in parallel, GP63 was also capable of interacting with the a4/pl 

fibronectin receptor (36). Although this interaction contributes only modestly to parasite 

attachment on the macrophages, it plays a crucial role in its internalization (36). 

1.9.1.5 Deletion of specific gp63 genes sensitises L. major to complement. 

L major gp63 genel-6 deficient mutant procyclic promastigotes display 

increased sensitivity to complement-mediated lysis (177). This vulnerability to 

complement was attenuated in the metacyclic promastigotes of the same genotype 

(177). Correspondingly, expression of gp63 gene 1 in the gp63 gene 1-6 inactive mutant 

restored resistance to complement-mediated lysis in both procyclic and metacyclic 

promastigotes (177). These observations suggest that the gp63 gene 7, which is only 

expressed at the metacyclic stage, can provide some protection against complement-

mediated lysis, and also underscore the importance of gp63 gene 1 expression as a 

promastigotic defence mechanism against the mammalian host immune system. 

Deletion of the first six genes encoding GP63 (genes 1-6) in L major did not, however, 

inhibit the attachment and uptake of metacyclic promastigotes, nor did it inhibit the 

survival and the growth of amastigotes in macrophages (177). Also, inactivation of gp63 

genes 1-6 delayed infection establishment, but not progression of lesions subsequent to 

parasite implantation (177). It is possible that the expression of gp63 gene 7 in the 

infectious gp63 gene 1-6 -/- promastigotes could act to compensate for the absence of 

the other gp63 genes in the pathogenic potential of this L. major strain. In order to 

investigate this possibility, Joshi et al (2002) deleted the entire segment located 
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between the 5' flanking region of gene 1 and the 3' flanking region of gene 7, ablating all 

seven genes encoding gp63 in the genome of L major (176). These mutated parasites 

were very sensitive to complement-mediated lysis, as compared to both gp63-/- gene 1 

re-expressing mutant and WT protozoa (176). In addition, gp63 deficient 

microorganisms displayed a significant delay in lesion formation; however, their ability 

to assume the progress of an established infection was maintained (176). Collectively, 

these findings demonstrate that GP63 is a significant L major virulence factor, which 

allows the parasite to evade complement-mediated destruction and facilitates 

establishment of infection. GP63 is not, however, an essential factor for the 

development of L major lesions stemming from an established infection. Nonetheless, 

these studies performed on L major may not entirely represent the importance of GP63 

in the virulence of Leishmania since there is a tremendous diversity in the sequence and 

quantity of gp63 genes existing in the different species of Leishmania, which mediate a 

variety of clinical outcomes. Also, it have been proposed that the delayed infection 

observed with gp63 deficient parasites may not be solely due to their increased 

sensitivity to the complement, but likely involves other functions of GP63 (194). 

1.9.1.6 Down-regulation of gp63 gene expression alters the cell cycle and morphology of 

L donovani. 

An independent study, also based on altered parasitic expression of GP63, 

indicated that the protease may have additional functions. Antisense-mediated 

inactivation of gp63 genes in L. donovani led to significant growth retardation (249). 

These cells exhibited altered morphology characterized by reduced length, rounding and 

apparent nuclear distension (249). Interestingly, a significant proportion of the cells 

lacking GP63 were large, binucleated and had two flagella and kinetoplastes (249). These 

observations, as well as an increased proportion of G2 and M phase parasites, was 

interpreted to mean that L. donovani missing GP63 are capable of DNA and organelle 

replication, but failed to complete cytokinesis (249). The explanation for the divergent 
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phenotypes observed in various GP63 deficient Leishmania parasite strains is currently 

unknown. 

1.9.2 Cellular distribution and release ofGP63 

Clinical isolates causing cutaneous (L tropica) or visceral (L infantum) 

leishmaniasis, as well as L amazonensis, L major, L mexicana and L donovani, were 

observed to release proteolytically active GP63 in cultures supernatant (103, 171, 228). 

L. amazonensis promastigotes expressing either wild type GP63 or a mutant lacking sites 

of N-linked glycosylation were both capable of releasing GP63 (228). The release of GP63 

from L amazonensis therefore does not strictly depend on glycosylation (228). 

Experimental approaches based on double labelling (35S incorporation in total GP63 and 

biotinilation of surface GP63) suggested that released GP63 comes from two different 

cellular pools: intracellular and cell surface (228). Incubation of promastigotes with 

metalloprotease inhibitors or expression of mutant versions of GP63 both suggest that 

the release of surface GP63 is mediated by autocleavage (228). Further analysis 

identified two forms of secreted GP63; one with the same size as cellular GP63, and a 

slightly smaller one presumably generated via proteolytic cleavage (228). Yao et al 

(2002), however, did not observed any difference in the electrophoretic mobility of 

released and cellular GP63, implying a mechanism of liberation independent of 

proteolysis (370). 

M(3CD, a compound that chelates membrane cholesterol, was observed to 

accelerate the release of surface-anchored GP63 (368). It therefore appears that the 

composition of the promastigote surface lipid membrane is important for the 

maintenance of cell surface GP63. Upon inoculation of the mammalian host, Leishmania 

parasites transit between two different environments, which could affect the properties 

of their surface components. The compositions and temperatures of these two 

environments are different, due to the vast differentces between insect and mammalian 
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species. Of particular interest, incubation of stationary-phase promastigotes at 37 °C in 

the presence of Matrigel matrix stimulated the excretion of internal GP63, but had little 

effect on surface localized enzyme (368). In contrast, surface GP63 is released 

exclusively at room temperature (368). Yao et al proposed that the three subpopulations 

of GP63 (internal, surface and released) are regulated as follows (368): promastigotes 

undergoing logarithmic growth in the sand fly (procyclic) lose large quantities of GP63 

from their surface. The release of GP63 at this stage might be related to nutrient 

requirements in the insect gut environment, where residual mammalian blood is a main 

nutrient source. Throughout the stationary phase there is reduced liberation of cell-

surface GP63, along with an increased density of the protease at the external 

membrane, which correlates with the transformation of procyclic promastigotes into the 

metacyclic form (368). During metacyclogenesis, modifications to the membrane 

composition may occur, which would allow metacyclic promastigotes to better retain 

GP63 on their surface. In addition, low levels of internal GP63 are lost from metacyclic 

parasites residing in the insect vector, while a fraction of GP63 stably resides within the 

cell for at least 6 days following synthesis (371). Upon their inoculation into a 

mammalian host, parasites come into contact with a vastly different environment 

(physical and biochemical) than that found within the insect vector (368). The different 

properties of this new milieu have been proposed to stimulate the secretion of internal 

GP63 (368). It is possible that both populations of GP63 play complementary roles in 

infection and in evasion of the host immune response. Surface localized GP63 could 

provide protection against complement-mediated elimination and facilitate 

internalization of Leishmania into its target cells. Released internal GP63, on the other 

hand, could assist in degradation of the host's extra-cellular matrix; and hence promote 

promastigotes migration towards potential host cells. Recently, the release of GP63 

from amastigotes was proposed to aid in their dissemination from burst-macrophages 

towards other mammalian host cells and organs (194). Interestingly, whereas 

promastigote GP63 mostly associates with membrane and microsome containing 

fractions, a significant proportion of amastigote GP63 is present in the cytosolic fraction 
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(156). Further examination of amastigotes showed that GP63 was primarily localized in 

the flagellar pocket, the major exocytic/endocytic site of Leishmania (156). 

Unexpectedly, analysis of supernatants from amastigote cultures failed to detect the 

presence of released GP63 (156). However, similarly to what was shown for 

promastigotes (368), it is possible that amastigotes require additional (possibly 

extracellular) stimuli to release GP63. 

1.10 APOPTOSIS 

As early as the mid-ninetheenth century, biologists studying the metamorphosis 

of amphibians and insects had noticed the occurrence of seemingly regulated cell death 

(211). In 1885, Walther Flemming provided early descriptions of what is defined today as 

an apoptotic cell (211). It is only in 1972, however, that the term "apoptosis" was 

proposed (184, 211). Apoptosis is an autonomous genetically programmed form of cell 

suicide and dismantling, which, in contrast to necrosis, avoids the induction of an 

inflammatory response (111). Apoptotic pathways are highly conserved among 

metazoan organisms, and are required for the disposal of unnecessary, infected or 

damaged cells (2). Regulated cell death plays a critical role in embryogenesis, tissue 

homeostasis and hematopoiesis (2). In addition, the apoptotic molecular machinery has 

been linked to numerous pathologies, clinical complications and diseases, including 

cancer, transplant rejection, acquired immunodeficiency syndrome (AIDS), and 

neurodegenerative and cardiovascular disorders (279, 384). 
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Figure 6. Mechanisms of caspase activation. Three principal pathways trigger the 

activation of the caspase cascade, and ultimately commit cells to apoptosis. Exposure to 

various stresses induces the intrinsic apoptotic pathway, which involves the assembly of 

BAX/BAK oligomers in the outer mitochondrial membrane, leading to the formation of 

pores, and thereby allowing the efflux of intra-mitochondrial pro-apoptotic factors. The 

release of mitochondrial cytochrome C plays a critical role in the formation of Apaf-1 

heptamers; a complex termed the apoptosome. Recruitment of pro-caspase-9 to the 

apoptosome leads to its activation, which is then followed by cleavage and activation of 

the executioner caspases -3 and -7. Upon ligand binding, death receptors of the TNF 

superfamily trimerize at the plasma membrane. This stimulates the recruitment of 

adaptor molecules (ex: FADD) and the formation of the death-inducing signalling 

complex, leading to activation of the initiator caspase-8. This protease cleaves and 

activates caspases -3 and -7, as well as the BH3 only protein BID. Cleavage of BID results 

in the production of tBID, which induces BAX/BAK oligomerization. In the granzyme-B-

dependent pathway, insertion of perforins in the plasma membrane of a target cell 

allows the delivery of granzyme-B. This proteolytic enzyme cleaves BID and caspases -3/-

7; leading to their activation. All three of the above described pathways ultimately 

activate downstream executioner caspases, thereby leading to the cleavage of specific 

substrates, and to apoptotic cell death. This schematic diagram was design based on 

information obtained from the following references (92,108, 267, 326). 
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Cells progressing through apoptosis undergo several major morphological 

changes, including loss of adhesion, cell rounding, membrane blebbing and cellular 

shrinkage, leading to the formation of apoptotic bodies (77). In addition, cells also 

exhibit nuclear condensation, and, fragmentation of both DNA and organelles (Golgi 

apparatus, endoplasmic reticulum (ER) and mitochondrial network) (326). Finally, 

apoptotic bodies are rapidly engulfed by phagocytes (77, 326). Rearrangements of actin 

filaments are tightly linked with apoptosis. Cytoskeletal disruption is a characteristic of 

apoptosis initiated by diverse stimuli, and, in addition, can itself initiate both anoikis and 

amorphosis (222). Anoikis is characterized by cell detachment, followed by cell death, 

while amorphosis is characterized by altered cell morphology followed by cell death 

(222). Finally, apoptosis induced by other stimuli involves phenotypic changes resulting 

from weakening of the cytoskeletal network due to caspase cleavage of actin and 

elements involved in its assembly (326). 

Caspases play a crucial role in execution, as well as transmission and 

amplification, of apoptotic signals (112). These cysteine proteases cleave their 

substrates with remarkable specificity for a site preceded by an aspartic acid (28). 

Among the eleven caspases found in humans, not all are involved in apoptosis. Caspases 

- 1 , -4 and -5 play a role in proinflammatory cytokine activation, while caspase-14 is 

involved in keratinocyte differentiation (342). Caspases involved in apoptosis have been 

subdivided into two groups: the initiator caspases (caspases -2, -8, -9 and -10; with 

caspase-10 being absent in mice) and the executioner caspases (caspases -3, -6 and -7) 

(196). These enzymes are present in most healthy cells as inactive zymogens ("pro-

caspases"), which, in response to a cell death signal, undergo post-translational 

modifications leading to their rapid activation (108). Both initiator and executioner 

caspases possess a large and a small subunit, the activation induced rearrangement of 

which is required for enzymatic activity (326). Initiator caspases are characterized by a 

long pro-domain, which contains interaction mediating motifs that allow their 

recruitment to regulatory molecules (196). The recruitment of monomeric pro-caspase (-
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8 or -9) to their respective activating complexes leads to induced proximity of multiple 

monomeric species, and thus allows their dimerization and autoactivation (28, 267). 

Once activated, initiator caspases activate executioner caspases. In contrast to initiator 

pro-caspases, effector pro-caspases are present as dimers, and possess a short pro-

domain of 20-30 amino acids (28, 268). The processing of executioner pro-caspases 

leads to activation via dissociation of the intersubunit linkers from the active site, 

providing an active conformation to the cleaved enzyme (267). The different 

mechanisms involved in initiator versus executioner pro-caspase processing imply that 

activation of initiator, but not executioner, caspases is reversible (267). Once activated, 

executioner caspases lead to completion of the cell death program via proteolysis of 

specific substrates. 

There are three predominant apoptotic pathways, all of which ultimately lead to 

caspase activation: the intrinsic, the extrinsic and the granzyme B-dependent pathway. 

Members of the B-cell lymphoma-2 (BCL-2) family protein play a crucial role in 

regulation of the intrinsic pathway. This protein family consists of both anti- and pro-

apoptotic members, which have been subdivided according to both function and their 

BCL-2 homology (BH) domain composition (174). The anti-apoptotic members (BCL-2, 

BCL-XL, BCL-W, MCL1, BCL2A1 and BCL-B) possesses four BH domains (BH4, BH3, BH1 

and BH2) and (except for BCL2A1) a transmembrane domain (174, 326). The pro-

apoptotic members can be further subdivided in two groups: those lacking the BH4 

domain (BAX, BAK andBOK) and those containing only the BH3 domain (BIK, HRK, BIM, 

BAD, BID, PUMA, NOXA and BMF); termed "BH3-only" proteins (174, 326). BH3-only 

proteins are typically upregulated in response to various pro-apoptotic stimuli, including 

DNA damage, cytoskeletal alterations, and growth factor deprivation, and act to couple 

these signals to induce recruitment and oligomerization of BAX and BAK at the outer 

mitochondrial membrane (OMM) (Fig. 6) (174, 222). The assembly of BAX/BAK 

containing oligomers at the OMM leads to membrane permeabilization, and subsequent 

efflux of pro-apoptotic molecules, including cytochrome C (174). In healthy cells, 
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apoptotic p_rotease-activating factor-1 (Apaf-1) is found as an inactive monomer in 

closed conformation (267). Following an apoptotic stimulus, cytochrome C released 

from the mitochondria binds to the WD40 region of Apaf-1, leading to dATP-dependent 

Apaf-1 opening and oligomerization (267). This cytochrome C/Apaf-1 complex is referred 

to as the apoptosome, and acts as a platform for the recruitment and activation of 

caspase-9 (267). Active caspase-9 then cleaves and activates the executioner caspases -3 

and 7 (267, 271). 

The extrinsic apoptotic pathway plays an important role in both embryonic 

development and in cytotoxic T lymphocytes (CTL) or natural killer (NK) cell-initiated 

death of transformed and foreign antigen presenting cells (28, 92,108). Members of the 

Tumour Necrosis Factor (TNF) receptor family, including TNFR1, FAS (CD95/Apol), 

TRAILR1 (DR4/Apo2), TRAILR2 (DR5/TRICK2), DR3 (TRAMP/Apo3) and DR6, act to sense 

and propagate death signals (92,108). Upon ligand binding, death receptors such as FAS 

and TRAIL-R (1 or 2) undergo trimerization, which triggers recruitment of the adaptor 

molecule Fas-associated protein with death domain (FADD) via homophilic interaction 

between the death domains (DD) of the two proteins (Fig. 6) (92, 108). A second 

homophilic, this time between death effector domains (DED), leads to the recruitment 

of pro-caspase-8 (monomer) to FADD (92). This multimeric assembly of proteins, 

referred to as the death-inducing signalling complex (DISC), leads to activation of 

caspase-8 via induced proximity (28). Following activation, the caspase-8 N-terminal 

death effector domain (DED) is cleaved, which may facilitate intracellular the diffusion of 

active caspase-8, allowing it to reach additional substrates (28). Preferred substrates of 

caspase-8 include pro-caspase-3, -7 and BID (108, 326). Direct activation of caspase-3 

and -7 leads to execution of the apoptotic pathway via proteolysis, while cleavage of BID 

(which generates truncated BID [tBID]), activates the mitochondrial apoptotic route; 

thereby coupling an extrinsic stimulus to the intrinsic apoptotic pathway (108, 326). 
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Cytotoxic T-lymphocytes (CTL) and natural killer (NK) cells function in the 

detection and elimination of virus infected cells. Upon recognition of a target cell, CTL 

and NK deliver a lethal cocktail of granules containing perforins and granzyme-B (326). 

Insertion and oligomerization of perforins in the plasma membrane creates pores that 

allow the transfer of granzyme-B (326). Granzyme-B, which is a serine protease, then 

proteolytically activates BID and caspase-3 and -7, leading to apoptotic elimination of 

virally infected cells (Fig. 6) (235, 326). In addition, CTL can also activate FAS, thus 

engaging both extrinsic and intrinsic apoptotic pathways (92). 

The control of tyrosine phosphorylation-mediated signal transduction is an 

integral part of the transmission of both survival and death signals. Accordingly, 

numerous studies have implicated PTPs in the modulation of apoptotic cell death. An 

overview of the role of PTPs in apoptotic signalling is presented in the discussion of this 

thesis. This topic will therefore not be addressed here. 
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1.11 OBJECTIVES. 

Although PTP-PEST interacts with several signalling modules that could target it 

to different subcellular compartments, it was initially observed to localize primarily in 

the cytosol (56). In cells stimulated with fibronectin, however, PTP-PEST was seen to 

relocalize at membrane ruffles at the periphery of the cell (11). PTP-PEST was also seen 

to co-localizes with PSTPIP in membrane ruffles of transfected COS cells stimulated with 

EGF (Maxime Halle and Michel L. Tremblay, unpublished results). The above data 

indicates that the subcellular localization of PTP-PEST could be critical for the regulation 

of its function, and my doctoral research was therefore focussed, in part, on 

examination of this hypothesis. In addition, as PTP-PEST is an important regulator of 

cytoskeletal organization, it is possible that this enzyme plays a role in host-intracellular 

pathogen interactions and in apoptosis. The second and third objectives of my thesis 

were therefore to investigate the targeting and function of PTP-PEST in the context of 

Leishmania infection, and in intrinsic and extrinsic apoptotic pathways. 
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2.1 SUMMARY 

Localized control of tyrosine phosphorylation events is crucial for the induction 

of specific signalling responses. The tyrosine phosphorylation cycle of pl30Cas, 

dependent on the intracellular protein tyrosine phosphatase (PTP)-PEST, is essential for 

polarized cell migration. We investigated the impact of the intracellular distribution of 

PTP-PEST on interactions between pl30Cas and SH2 containing proteins. Examination of 

fibroblasts expressing PTP-PEST revealed the presence of this phosphatase in the 

cytosol. Intriguingly, PTP-PEST was also seen at the plasma membrane, and in structures 

resembling focal adhesions. Fractionation studies confirmed that the majority of both 

endogenous and transiently expressed PTP-PEST was cytosolic (~80%), but that there 

was also a significant proportion present in the membrane compartment (~20%). 

Although multiple proteins bound to both cytosolic and membrane-associated PTP-PEST, 

some interactions were found to be fraction specific. To gain a better understanding of 

potential PTP-PEST functions, we generated clones stably expressing either empty vector 

or one of the following forms of PTP-PEST: wild type, catalytic inactive (C231S or D199A), 

proline-rich motif 1-deleted (AProl), APro2, APro3, APro4, APro5 (also termed ACTH), 

She binding domain-deleted (ASBD), or membrane-targeted (PTP-PEST-K-Ras 4B tag). In 

cells stimulated with lysophosphatidic acid (LPA), cytosolic PTP-PEST appeared to be the 

predominant form regulating the recruitment of Crk, as well as the SH2 domains of Nek 

and Src, to pl30Cas. We propose that subcellular localization plays a significant role in 

the regulation of PTP-PEST functions with respect to the signal transduction machinery 

promoting cellular transformation. 
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2.2 INTRODUCTION 

Uncontrolled tyrosine phosphorylation events contribute to cellular 

immortalization and transformation, and are therefore of significant interest with 

respect to cancer development. Unrestricted activity of protein tyrosine kinases (PTKs) 

including Src, Abl as well as the one of the numerous receptor-tyrosine kinases (RTKs), 

has been linked to this process (205, 255, 280, 303, 316, 379). PTK activity is 

counterbalanced by dephosphorylation via protein tyrosine phosphatase (PTP) activity, 

and disregulation of PTPs has also been linked to cancer development (178, 248). Tight 

regulations of these proteins, with respect to both activity and substrate specificity, is 

therefore of the utmost importance for maintenance of homeostasis. 

Several structural and sequence similarities exist among the catalytic domains of 

PTPs (10). Substrate specificity is conferred by variation among the less conserved 

residues of the phosphatase domain. Specificity can also be conferred by a subcellular 

targeting/substrate interaction motif following the catalytic domain (330). Although PTP-

1B and T-cell PTP (TC-PTP) display significant homology in their catalytic domains, the 

majority of their cellular functions as well as the phenotypes of their respective null mice 

are divergent (102, 313). This characteristic can, in part, be attributed to their distinct 

subcellular localization: PTP-1B is anchored on the endoplasmic reticulum, while TC-PTP 

localizes in the nucleus (115, 313). The importance of proper subcellular targeting is 

further illustrated by the fact that membrane associated PTPe and PTPa were more 

efficient in the regulation of insulin signalling than were their cytosolic counterparts (9). 

Like its homologues PTP-PEP and PTP-HSCF, PTP-PEST is an intracellular enzyme 

with an amino terminal catalytic domain (5, 56). The carboxy-terminal non-catalytic 

segment of PTP-PEST contains a domain responsible for binding to She (She binding 

domain [SBD]), as well as five proline-rich motifs involved in the recruitment of various 
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partners (53). The first proline-rich motif interacts with the SH3 domain of Crk-

associated substrate (pl30Cas) (117), the second binds the LIM domains of paxillin and 

Hic-5 (86, 243), the fourth associates with CSK and filamin-A (94, 257), and the fifth, 

termed CTH binds to PSTPIP (85). Cell culture studies involving the manipulation of PTP-

PEST levels effectively illustrated the role of this enzyme in the regulation of cell 

migration (11, 120). Notably, pl30Cas failed to translocate to the leading edge of cells 

over-expressing PTP-PEST following a migration-initiating signal (120). Moreover, the 

recruitment of paxillin to PTP-PEST is critical for the regulation of cell adhesion and 

membrane protrusion formation; two key processes in adherent cell translocation (172). 

In addition, the dephosphorylation of She by PTP-PEST may play a role in regulation of 

the Ras-mitogen activated protein kinase (MAPK) pathway (53, 95). Interestingly, PTP-

PEST was seen to redistribute from a diffuse cytosolic location to membrane ruffles 

following fibronectin initiated spreading (11, 56). However, the functional role of 

subcellular localization in the interaction of PTP-PEST with its binding partners remains 

to be determined. 

The expression and phosphorylation of pl30Cas contributes to cellular 

transformation. pl30Cas phosphorylation is enhanced in fibroblasts expressing either 

ornithine decarboxylase (ODC) or Ras, as well as in invasive carcinoma cells, and its 

expression is required to maintain the transformed phenotype (15, 188). Additionally, 

increased expression of the pl30Cas human homologue breast cancer antiestrogen 

resistance 1 (BCAR1) correlated with enhanced cell proliferation, breast cancer 

progression and tamoxifen resistance (35, 344). Moreover, Src-mediated transformation 

was impaired in pl30Cas deficient cells (153). In recent studies performed on trangenic 

mice overexpressing pl30Cas in the mammary gland, extensive epithelial hyperplasia 

and delayed involution were reported (46). Although enhanced pl30Cas synthesis was 

not sufficient for tumor formation, its increased expression accelerated HER2-Neu-

mediated tumor development (46). In both of the above mouse models, up-regulation of 

pl30Cas was associated with increased Erkl/2 MAPK, Akt and Src (Y416 - activating site) 
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phosphorylation, which paralleled sustained proliferation and decreased apoptosis (46). 

Although a cooperative mechanism involving focal adhesion kinase (FAK) and Src is 

required for maximal pl30Cas phosphorylation, Src alone can interact with and 

phosphorylate pl30Cas (277). The phosphorylation of pl30Cas acts as an apical event in 

signal transduction, through recruitment of the adaptor proteins Crk and Nek via their 

SH2 domains (188, 290). Of note, assembly of pl30Cas/Crk complexes stimulates cell 

migration, protects cells against apoptosis, and activates the small GTPase Rac (69,187). 

A possible route by which pl30Cas may contribute to cellular transformation is 

that of the lysophosphatidic acid (LPA) activated signalling pathway. LPA, a simple 

soluble phospholipid, is able to stimulate multiple pathways, including the Ras-MAPK 

cascade, and promotes cell proliferation, migration and survival, which are hallmarks of 

cancer (191, 234). LPA has, in fact, been implicated in the initiation, promotion and 

pathophysiology of multiple cancers, including, among others, ovarian, prostate, breast, 

melanoma, head, neck, intestine and thyroid cancer (234). At a molecular level, cell 

migration up an LPA gradient requires the pl30Cas/Crk association mediated 

relocalization and activation of Rac, followed by the formation of pseudopodia (70). 

Interestingly, reduced expression of the pl30Cas modulator FAK inhibited the LPA-

mediated morphological changes required for cell motility (170). As the expression of 

PTP-PEST is necessary for the controlled phosphorylation of pl30Cas (11, 305), it is 

possible that this PTP plays a role in LPA associated signalling. 

The interplay between subcellular localization and the activity of PTP-PEST likely 

contributes to its integration in the signal transduction machinery. In the present study, 

we have investigated the cellular distribution of PTP-PEST, and the impact of this 

distribution on interaction with various binding partners. Using immunofluorescence 

and fractionation techniques, we observed that PTP-PEST was primarily localized to the 

cytosol and plasma membrane. Both cytosolic and membrane associated PTP-PEST was 

capable of interaction with She, paxillin and a number of additional candidate proteins. 
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We also generated clones, derived from PTP-PEST null cells, into which different forms 

of PTP-PEST had been introduced. This system allowed us to further investigate the role 

of cytosolic PTP-PEST in the regulation of LPA stimulated recruitment of SH2-containing 

molecules by pl30Cas. This study provides evidence that subcellular localization 

modulates the functions of PTP-PEST. 

2.3 MATERIALS AND METHODS 

2.3.1 Reagents and antibodies. 

Chemicals used in this study were purchased at BioShop Canada Inc., Fisher 

Scientific and Sigma. The PTP-PEST polyclonal antibodies (2530) and pre-immune serum 

were previously described (85). Monoclonal antibodies specific for Crk, pl30Cas, She, 

and paxillin were from BD Transduction Laboratories. Polyclonal rabbit antibodies 

against PTP-1B and monoclonal anti-phosphotyrosine antibodies (4G10) were from 

Upstate. Antibodies specific for phospho-thr202/tyr204 p44/42 MAPKs were from Cell 

Signaling Technology. 

2.3.2 Plasmids, cDNAs and transfection. 

Murine PTP-PEST expression vectors, pcDNA3.1/Zeo-PTP-PEST (wild type [WT], 

C231S, Prol deletion mutant [AProl], APro2 and ACTH) were described previously (85, 

86). The pcDNA3.1/Zeo-PTP-PEST D199A, PTP-PEST AP3 (520PPRPDCLP527), PTP-PEST AP4 

(673SPPPLPER680) and PTP-PEST AShc binding domain (SBD, 599NPLH602) constructs were 

generated by site-directed mutagenesis (Quick Change site-directed mutagenesis kit; 

Stratagene). To generate pcDNA3.1/Zeo-PTP-PEST-K-Ras 4B tag, PTP-PEST cDNA was 

amplified by PCR using a sense oligo containing a BamHI site and an antisense oligo 
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containing the K-Ras 4B palmitoylation sequence as previously described, and followed 

by an Xhol site (265). PCR products were cloned into a pGEMT Vector, which was then 

digested with BamHI/Notl. The appropriate digestion product was then inserted in 

pcDNA3.1/Zeo. All cDNAs were verified by sequencing (Genome Quebec). All 

transfections were performed using Lipofectamin 2000 (Invitrogen) according to the 

instructions of the manufacturer's instructions. 

2.3.3 Cell lines. 

All cell lines were maintained in Dulbecco modified Eagle medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS) and 50 u.g/ml gentamicin (Gibco) at 37 

°C in a 5 % C02 humid atmosphere. Swiss 3T3 cells were obtained from Dr. Nathalie 

Lamarche-Vane (McGill University) and were grown in a 10 % C02 humid atmosphere. 

Primary mouse embryonic fibroblasts (P-MEFs) from BALB/c mice (Jackson) were 

generated as described (67). PTP-PE5T -/- parental cells have been previously described 

(84). Stable re-expression of PTP-PEST in the PTP-PEST null cells was obtained as follows: 

subconfluent PTP-PEST -/- fibroblasts were transfected with one of the following: 

linearized {Seal) pcDNA3.1/Zeo (empty vector, EV), pcDNA3.1/Zeo-PTP-PEST (wild type, 

WT), pcDNA3.1/Zeo-PTP-PEST D199A, pcDNA3.1/Zeo-PTP-PEST C231S, pcDNA3.1/Zeo-

PTP-PEST Prol deletion mutant (AProl), pcDNA3.1/Zeo-PTP-PEST APro2, pcDNA3.1/Zeo-

PTP-PEST APro3, pcDNA3.1/Zeo-PTP-PEST She binding domain deletion mutant (ASBD), 

pcDNA3.1/Zeo-PTP-PEST APro4, pcDNA3.1/Zeo-PTP-PEST ACTH or pcDNA3.1/Zeo-PTP-

PEST-K-Ras 4B tag. Cells were reseeded at reduced confluency 48h after transfection, 

and positive clones were selected using 100 u.g/ml of Zeocin (Invitrogen). The media was 

changed every two days for 10 days and isolated colonies were expanded in selection 

media. Clones expressing PTP-PEST were identified by immunoblot analysis. Clones were 

grown in media supplemented with 50 (J.g/ml Zeocin during routine culture and were 

maintained in absence of Zeocin during experimental manipulation. 
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2.3.4 Microinjection and immunofluorescence. 

Microinjection of Swiss 3T3 nuclei with filtered (0.22 u.m cellulose acetate filter, 

Spin-x, Corning, costar) pcDNA3.1/Zeo-PTP-PEST (WT) (0,1 u.g/u.1) mixed with Texas red-

couple dextran (5 mg/ml) was conducted as previously described (161, 202). Cells were 

incubated (37 °C, 10 % C02, humid atmosphere) for four hours to allow protein 

expression, and then rinsed with PBS, fixed in 4% paraformaldehyde (PFA) (w/v) in PBS 

for 18 min, permeabilized with 0.1% (v/v) Triton X-100 in 4% PFA for 18 min, incubated 

in blocking solution (2% BSA, 1% goat serum) for 45 min, incubated in presence of 

primary PTP-PEST antibody (2530, 1/1000, in 2% BSA, 1% goat serum), rinsed three 

times with PBS, incubated in blocking solution for 10 min and rinsed again with PBS. 

Cells were then incubated for 45 min with a mixture of Alexa 488 conjugated anti-rabbit 

antibody (Molecular Probes) and 4',6-diamidino-2-phenylindole (DAPI) (Roche). Cells 

were rinsed three times, incubated in blocking solution for 10 min, rinsed and mounted 

using Vectashield mounting medium (Vector Laboratories, Inc.). Random field images 

were captured using a confocal microscope (Zeiss LSM 510 - NLO). 

PTP-PEST -/- cells were transfected with pcDNA3.1ZeoPTP-PEST (WT) as 

previously described (138). Fixation, permeabilization and processing for indirect 

immunofluorescence was conducted as described above. Random field images were 

acquired by confocal microscopy (Zeiss LSM 510 - NLO). 

2.3.5 Fractionation, protein complexes analysis and immunoblotting 

Adherent cells were washed twice with ice cold PBS, gently collected in PBS using 

a rubber policeman, and centrifuged at 1500 x rpm for 5 min at 4 °C (5810R, A-4-62, 

Eppendorf centrifuge). Cells were then resuspended in homogenisation buffer (HB) 

(4mM imidazole [pH 7.4], 8.5% sucrose) and, using a 1 ml syringe and a 22G needle, 

fragmented by passaging several times through the needle. An aliquot of the 

58 



homogenate was stained with trypan blue and inspected under a microscope to ensure 

that nuclei were intact. Nuclei and intact cells were removed by centrifugation at 2500 x 

rpm (5810R, A-4-62, Eppendorf centrifuge) for 10 min at 4 °C, and the supernatant was 

further fractionated by centrifugation at 100 000 x g for 15 min at 4 °C. This procedure 

generated in two fractions: the supernatant (S100), corresponding to the cytosolic 

fraction (C), and the pellet (P100), consisting of membrane-derived particules including 

plasma membrane and endoplasmic reticulum, and considered to represent crude 

membrane (M). The membrane pellet was washed once with HB and centrifuged at 100 

000 x g for 15 min at 4 °C. The washed resulting membrane pellet was resuspended in IX 

lysis buffer (50mM Tris [pH 7.4], 150mM NaCl, 1% NP-40, 1% Triton X-100 and complete 

protease inhibitor), the cytosolic fraction was diluted in 2X lysis buffer (lOOmM Tris [pH 

7.4], 300mM NaCl, 2% NP-40, 2% Triton X-100 and complete protease inhibitor), and 

both fractions were incubated on ice for 15 min. 10% of each fraction was denatured in 

SDS-sample buffer and analysed by immunoblotting as previously described (138). 

To analyse the interactions mediated by endogenous PTP-PEST, fourteen 10 cm 

dishes of P-MEFs were rinsed with PBS and incubated in methionine/cysteine free 

eagle's minimum essential medium (Sigma, M2289) for one hour. Dialyzed FBS (10% 

final), L-glutamine and [35S] protein labelling mix (PerkinElmer) were then added and 

cells were incubated for an additional 16 hours. Cells were fractionated as described 

above. The cytosolic fraction was diluted in 2X lysis buffer (300 mM NaCl, 100 mM Tris 

[pH 7.4], 2% NP-40 and complete protease inhibitor), the washed membrane pellet was 

resuspended in IX lysis buffer (150 mM NaCl, 50 mM Tris [pH 7.4], 1% NP-40 and 

complete protease inhibitor), and extracts were pre-cleared using protein A agarose 

beads (Invitrogen). Pre-cleared extracts were incubated with control (3.5 u.1 pre-immune 

serum in presence of protein A agarose beads) or PTP-PEST (3.5 u.1 2530 immune serum 

in presence of protein A agarose beads) antibodies for two hours at 4 °C. Resulting 

immunocomplexes were washed five times with IX lysis buffer, resuspended in SDS 

sample buffer, boiled for 4 min and analysed by SDS-PAGE. The interaction of PTP-PEST 
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with paxillin and She was analysed as described above, except that cells were not radio-

labelled and the immunocomplexes were detected by immunoblot analysis. 

To analyse the interaction between Crk and pl30Cas, serum starved (0.05% FBS 

in DMEM, 16 hours) PTP-PEST -/- derived clones were incubated without or with 1 u.M 

LPA for 5 min, rinsed with ice-cold PBS and resuspended in lysis buffer (lOOmM Tris [pH 

7,4], 5mM EDTA, 150mM NaCI, 1% TritonX-100, 10 mM NaF, 1 mM Na3V04 and 

Complete protease inhibitor [Roche]). Cell extracts were centrifuged at 16000 x g for 10 

min at 4 °C, and the protein concentration of each sample was measured by Bradford 

assay (Bio-Rad protein assay). Cleared protein lysates (2.6 mg) were incubated at 4 °C for 

3h with 1.25 u.g of anti-Crk monoclonal antibody (mAB) (Transduction Laboratory) and 

protein G agarose beads (Invitrogen). Beads were then washed three times with lysis 

buffer, boiled in SDS-sample buffer and subjected to immunoblot analysis. 

The affinity of pl30Cas for various SH2 domains was assessed in vitro as follows. 

Vectors encoding various GST fusion proteins (GST, GST-Src-SH2 and GST-Nck-SH2) were 

obtained from Dr. Morag Park (McGill University). GST fusion proteins were bound to 

glutathione Sepharose beads as previously described (84, 86). PTP-PEST -/- derived 

clones were serum-starved (0.05% FBS in DMEM, 16 hours), stimulated with LPA (1 u.M, 

5 min) and lysed in modified RIPA buffer (50mM Tris [pH 7.4], 150 mM NaCI, 0.1% 

sodium dodecyl sulphate [SDS], 0.5% sodium deoxycholate, 1% NP-40, 10 mM NaF, 1 

mM Na3VC>4 and Complete protease inhibitor [Roche]). Cell extracts were centrifuged at 

16000 x g for 10 min at 4 °C, and the protein concentration of each sample was 

measured by Bradford assay. Cleared protein lysates (1.3 mg) were incubated at 4 °C for 

2h with GST-proteins conjugated beads. Beads were then washed three times with 

modified RIPA buffer, resuspended in SDS sample buffer, and the resulting complexes 

subjected to immunoblot analysis. 

60 



2.4 RESULTS 

2.4.1 PTP-PESTis present in a diffused cytosolic pattern and at the plasma membrane of 

fibroblasts cells. 

The targeting of PTPs to different cellular compartments plays a key role in 

delivering their activity to the appropriate substrate. The PTP-PEST amino acids 

sequence has neither a trans-membrane domain nor an organelle targeting motif (56). 

In order to gain additional insight into the localization of PTP-PEST, immunofluorescence 

conditions were first tested on PTP-PEST null cells. Only PTP-PEST -/- cells transiently 

expressing PTP-PEST (transfected cells) displayed a significant signal following 

immunofluorescence analysis using a PTP-PEST antibody (Fig. 1A) confirming the 

specificity of the PTP-PEST antibody. Swiss 3T3 cells were subsequently microinjected 

with cDNA encoding wild type (WT) PTP-PEST, incubated for four hours, fixed and 

subjected to immunofluorescence analysis. This method, unlike transient transfection, 

allowed for evaluation of the initial localization of PTP-PEST, shortly following 

translation. Confocal analysis demonstrated that the majority of PTP-PEST was present 

in the cytosol (Fig. IB). Interestingly, PTP-PEST-associated immunostaining was 

concentrated in triangular structures at the cell-substratum interface, which were 

morphologicaly similar to focal adhesions (Fig. IB, 0.00 and 0.40 u.m). Moreover, images 

acquired across the cell body revealed an intense signal corresponding to PTP-PEST in 

membrane ruffle-like structures at the periphery of the cell (Fig. IB, 1.20 and 1.60 u.m). 

The distribution of PTP-PEST was distinct from that of microinjected Texas Red dye, 

which was diffusely distributed throughout the nucleus and the cytoplasm, and weakly 

present in membrane ruffles (Fig. 1C). Additional three dimensional analysis of PTP-PEST 

localization in microinjected Swiss 3T3 cells and transiently transfected PTP-PEST -/-

fibroblasts showed increased PTP-PEST-signal intensity on the cell surface and at the cell 
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periphery (data not shown). PTP-PEST was absent from the nucleus. These results 

suggest that PTP-PEST is present in the cytosol and likely at the plasma membrane. 

Figure 1. PTP-PEST is present in the cytosol and is initially localized at focal adhesions-

like structures at the cell-substratum interface and at the edge of membrane ruffles. (A) 

PTP-PEST -/- fibroblasts transiently expressing PTP-PEST were fixed, permeabilized, 

immunostained and examined by confocal microscopy as described in the materials and 

methods. Cells expressing PTP-PEST (solid arrowheads) showed an intense fluorescence 

signal (green), while negative cells displayed a very low background signal (open 

arrowheads). Non-transfected cells were detected by nuclear staining (DAPI, blue). (B) 

Swiss 3T3 cells were microinjected with vector encoding PTP-PEST cDNA in the presence 

of Texas red dye and incubated for 4 h. Expression of PTP-PEST was visualized by 

immunofluorescence. Confocal images illustrating the signal corresponding to PTP-PEST 

(white) and DAPI (blue) were acquired from the cell-substratum interface (0.00 u.m) 

through to the dorsal cellular surface (2.00 urn). PTP-PEST present in pointed structures 

of the ventral surface, as well as at the plasma membrane, are indicated (arrowheads). 

(C) 20 sections of the area shown in (B) (from the cell substratum interface to the 

surface of the cell) were acquired by confocal microscopy and three dimensional 

projection of the assemble sections was generated by computerized imaging. Signal in 

blue (top left) correspond to the nucleus (DAPI staining), green signal displays the 

localization of PTP-PEST (top right) and the red signal represents the Texas red co-

injected dye (bottom left). Merged images are shown (bottom right). Although Texas red 

coupled dextran could freely diffuse everywhere in the cell, three dimensional 

reconstitution images illustrate that PTP-PEST signal is predominant in structures 

resembling to focal adhesions and at the periphery of the cell, likely in membrane ruffles 

(white arrowheads). Green arrowheads indicate examples of area where the intensity of 

PTP-PEST corresponding signal was increased as compared to that of the Texas red. 

Pictures are representative of three independent experiments, in which 50 to 100 cells 

per coverslip were microinjected. Scale bar, 10 u.m. 
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To obtain further information about the cellular distribution PTP-PEST, PTP-PEST 

null cells and PTP-PEST null cells transiently expressing WT PTP-PEST were fractionated 

and analysed by immunoblot. Examination of PTP-PEST content in crude cytosolic and 

membrane fractions revealed there is a high abundance of this enzyme in the cytosol 

(Fig. 2A). In fact, we observed that approximately 80% of the total cellular content of 

PTP-PEST was cytosolic. Paxillin, a PTP-PEST interacting partner (86), was also enriched in 

the cytosol (>90%), with a small percentage present in the total membrane fraction 

(<10%) (Fig. 2A). A significant and reproducible PTP-PEST signal was seen in the 

membrane fraction, representing approximately 20 % of the total cellular content of this 

protein. To confirm the purity of the fractions, the localization of PTP-1B, a PTP that 

bears an endoplasmic-reticulum targeting motif (115), was analyzed. As expected, PTP-

1B was exclusively associated with the membrane fraction. Similar results to those 

described above were obtained when the distribution of endogenous PTP-PEST in P-

MEFs was analysed (Fig. 2B). The aforementioned data confirms the primarily cytosolic 

localization of PTP-PEST, and also suggests that a significant fraction of this enzyme is 

associated with the plasma membranes. 

Figure 2. PTP-PEST is present at high levels in the cytosol and significant amounts in the 

membrane fraction. Crude cytosolic and membranes fractions were obtained from PTP-

PEST -/- cells transfected with either an empty vector or with a vector encoding PTP-

PEST (A), as well as from P-MEFs (B), and were processed as described in materials and 

methods. Levels of PTP-PEST and paxillin in each fraction were quantified. Values 

correspond to the mean ± standard error and are representative of at least five 

independent experiments (A) or of three independent experiments (B). In every 

experiment, PTP-1B was exclusively present in the membrane fraction. C, cytosol; M, 

membrane. 
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2.4.2 Analysis of protein interactions mediated by different subpopulations of PTP-PEST. 

PTP-PEST associates with several signalling molecules, including paxillin and She 

via its non-catalytic segment (53, 86, 300). It is possible that the subcellular localization 

of PTP-PEST influences its interactions with various binding partners. In order to 

investigate this possibility, we examined endogenous PTP-PEST in 35S-

methionine/cysteine labelled P-MEFs, using an approach combining fractionation and 

immunoprecipitation techniques. PTP-PEST was found to associate with several 

molecules in both cytocolic and membrane fractions (Fig. 3A arrow and arrowheads). 

Interestingly, some of these interactions were enriched in a fraction specific manner 

(Fig. 3A red arrow and arrowheads). Paxillin and She have been described as important 

mediators of PTP-PEST activity (53, 172). In order to determine the influence of PTP-

PEST localization on the recruitment of these two proteins, we looked at their 

association with both cytosolic and membrane localized PTP-PEST. As expected, PTP-

PEST interacted with both proteins (Fig. 3B), and, in both cases, the association was 

enriched in the cytosolic fraction. However, a significant fraction of She, but not of 

paxillin, was associated with membrane localized PTP-PEST (Fig. 3B). The above results 

suggest that the intra-cellular localization of PTP-PEST influences the composition of its 

associated protein complexes. 
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Figure 3. Cytosolic and membrane associated PTP-PEST containing protein complexes. 

(A) Endogenous P-MEFs proteins were radio-labelled through incorporation of [35S]-

cysteine and [35S]-methionine, harvested, fractionated and subjected to 

immunoprecipitation analysis, in order to determine the cellular distribution PTP-PEST 

protein complexes. Arrows indicate bands co-precipitating with cytosolic PTP-PEST, and 

arrowheads indicate those associated with plasma membrane localized PTP-PEST. Red 

arrows or arrowheads identify bands specifically enriched in a definite fraction, while 

the blue ones indicate PTP-PEST. (B) Immunoprecipitation of PTP-PEST from non-

radiolabelled P-MEFs subcellular fractions, analysed by immunoblot for PTP-PEST, 

paxillin and She. 
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2.4.3 Generation of PTP-PEST -/- rescued cell lines. 

The amino terminal catalytic domain of PTP-PEST, is followed by a carboxy-

terminal tail containing a Shc-binding-domain (SBD) as well as five proline-rich motifs, 

some of which have been implicated in association with various interactors and 

substrates (53, 84-86, 94, 95, 117, 300). The addition of targeting sequences to 

molecules of interest facilitates the understanding of their role in a particular cellular 

compartment. K-Ras 4B is exclusively found at the plasma membrane due to the 

presence of a prenylation motif (73). Consequently, this motif is frequently employed to 

create chimeric proteins targeted to the plasma membrane (265). In order to further 

investigate the relevance of PTP-PEST subcellular localization, we generated a vector 

encoding PTP-PEST fused to the K-Ras 4B prenylation signal sequence (PTP-PEST-K-Ras 

4B tag). This form of PTP-PEST was primarily localized at the plasma membrane (Maxime 

Halle and Michel L. Tremblay, un-published data and Fig. 4B). We also engineered a form 

of PTP-PEST fused to a Gag-derived myristoylation signal sequence. However, addition of 

this peptide did not lead to efficient membrane targeting (Maxime Halle and Michel L. 

Tremblay, un-published results). The PTP-PEST-K-Ras 4B tag construct was therefore 

used in future studies. 

To further characterize the functions of PTP-PEST, we re-introduced PTP-PEST, as 

well as several mutant versions of the enzyme, into PTP-PEST -/- cells. To this end, PTP-

PEST null cells were transfected with an empty vector (pcDNA3.1/Zeo) or with a vector 

encoding one of the following PTP-PEST cDNAs: pcDNA3.1/Zeo-PTP-PEST wild type (WT), 

pcDNA3.1/Zeo-PTP-PEST D199A, pcDNA3.1/Zeo-PTP-PEST C231S, pcDNA3.1/Zeo-PTP-

PEST AProl , pcDNA3.1/Zeo-PTP-PEST APro2, pcDNA3.1/Zeo-PTP-PEST APro3, 

pcDNA3.1/Zeo-PTP-PEST ASBD, pcDNA3.1/Zeo-PTP-PEST APro4, pcDNA3.1/Zeo-PTP-PEST 

ACTH, or pcDNA3.1/Zeo-PTP-PEST-K-Ras 4B-tag. Cells were then selected with Zeocin 

and over 500 resistant colonies expanded and analyzed. Clones growing in presence of 
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the selection agent were examined for PTP-PEST expression by immunoblot analysis (Fig. 

4A). Multiple clones expressing varying levels of WT PTP-PEST were generated, all of 

which had She levels similar to those of the parental cells (Fig. 4B). Several clones 

expressing various, yet stable, levels of the mutant PTP-PEST constructs were also 

obtained (Fig. 4B, inserted table). As expected, addition of a K-Ras 4B prenylation signal 

resulted in membrane targeting (Fig. 4C). In summary, PTP-PEST was efficiently re

introduced in the PTP-PEST-/- cells. 

Figure 4. Stable expression of different forms of PTP-PEST in PTP-PEST null cells. (A) 

Schematic representation of the approach used to generate clones stably expressing 

different forms of PTP-PEST. (B) Immunoblot analysis of PTP-PEST and She expression in 

lysates from 11 different PTP-PEST WT clones and from 2 PTP-PEST C231S clones. The 

inserted table provides the number of positive clones obtained for each construct. For 

each form of PTP-PEST, expression levels for two clones are shown. Cells expressing PTP-

PEST-K-Ras 4B tag (clone 146) were subjected to fractionation and immunoblot analysis. 

C, cytosol fraction; M, membrane fraction. 
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PTP-PEST-I- cells 

I 
Cells were transfected with different constructs of PTP-PEST 
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2.4.4 PTP-PEST regulates LPA-induced pl30Cas interactions. 

The role of PTP-PEST could be affected by subcellular localization. The 

phosphorylation of pl30Cas can be induced by a variety of stimuli, including 

lysophosphatidic acid (LPA), and plays a central role in signal transduction by triggering 

interaction with Crk, and can be regulated by PTP-PEST (70, 117, 118). To evaluate the 

effect of PTP-PEST expression and localization on the interaction between pl30Cas and 

Crk, various PTP-PEST -/- rescued clones were stimulated with LPA, processed, and 

subjected to immunoprecipitation with an anti-Crk antibody. The stimulation of PTP-

PEST negative clones (B14V and B15V) with LPA increased the affinity of pl30Cas for Crk 

(Fig. 5A). In contrast, PTP-PEST expressing clones (A5WT, B11WT and B118WT) showed 

significantly lower levels of pl30Cas/Crk complex formation following addition of LPA 

(Fig. 5A). This effect appeared to be dependent on the level of PTP-PEST expression; 

clones expressing lower levels of PTP-PEST (A5WT) had less inhibitory effect on 

pl30Cas/Crk complex formation than did clones expressing higher levels (B11WT, 

B118WT) (Fig. 5A). In addition, the amount of pl30Cas associated with Crk in serum-

starved cells was significantly lower in cells expressing WT PTP-PEST than in those stably 

transfected with an empty vector (Fig. 5A). This effect of PTP-PEST was dependent on its 

catalytic activity as well as on its cytosolic localization, as re-introduction of either an 

inactive mutant (A98C/S) or a membrane targeted construct (146K-RasTag) was 

significantly less effective in reduction of pl30Cas/Crk association. Increased general 

tyrosine phosphorylation, as well as MAPK specific phosphorylation, was observed in 

lysates from all LPA-treated clones suggesting that they were all responsive to this 

stimulus (Fig. 5B). The above results indicate that PTP-PEST regulates the LPA-mediated 

interaction between pl30Cas and Crk. 

The phosphorylation of pl30Cas facilitates its recognition by interacting partners 

such as Src and Nek (240, 290). To extend our investigation of the PTP-PEST contribution 
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to pl30Cas-phosphorylation-dependent interactions, in vitro binding assays using GST 

fusion proteins were performed using cellular extracts derived from PTP-PEST clones, 

with or without LPA stimulation. The SH2 domains of Nek and Src displayed increased 

affinity for pl30Cas when expressed in PTP-PEST null cells stimulated with LPA (Fig. 6A). 

LPA stimulation of cells expressing WT PTP-PEST also led to an increased association 

between pl30Cas and Nck/Src SH2 domains, but to a lesser extent than that seen in the 

null cells transfected with an empty vector. Interestingly, in lysates from PTP-PEST null 

cells, Src-SH2 also associated with a slower migrating form of pl30Cas. This presumably 

hyperphosphorylated form of pl30Cas was not seen in analysis of cells expressing WT 

PTP-PEST. Neither the C231S mutant of PTP-PEST nor the membrane targeted form of 

the enzyme was as effective in inhibition of the pl30Cas-Nck/Src SH2 domain interaction 

as was WT PTP-PEST. In every tested condition, the GST tag was not able to precipitate 

pl30Cas. All clones expressed similar levels of pl30Cas, and displayed increased MAPK 

phosphorylation following LPA treatment (Fig. 6B). Together, these data support the 

hypothesis that the activity as well as the localization of PTP-PEST plays a role in pl30Cas 

recruitment of SH2-domain containing molecules. 
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Figure 5. PTP-PEST catalytic activity and cytosolic localization are required for inhibition 

of the LPA induced interaction between pl30Cas and Crk. PTP-PEST -/- derived clones 

were serum starved for 16 hours, and treated with (+) or without (-) 1 u.M LPA for 5 min. 

(A) Cells were solubilised in lysis buffer, Crk was immunoprecipitated from protein 

extracts, and the co-precipitation of pl30Cas was determined by immunoblotting. The 

precipitation of Crk in each samples was verified by reprobing the membrane with an 

antibody against Crk. (B) Total cell extracts were subjected to immunoblotting with anti 

phosphotyrosine (4G10) and anti-phospho p44/42 MAK. TCL, total cell lysate; IB, 

immunoblot. Arrowheads indicate examples of bands increasing in a LPA-dependent 

manner. Values on the left correspond to molecular sizes in kDa. 

Figure 6. PTP-PEST catalytic activity and cytosolic localization are required to prevent 

pl30Cas recruitment of SH2 containing molecules in vitro. PTP-PEST -/- derived clones 

were serum starved for 16 hours, treated with (+) or without (-) 1 U.M LPA for 5 min, 

lysed and extracts were subjected to a GST fusion protein based in vitro binding assay 

using GST, GST-SH2 [Nek] or GST-SH2 [Src]. Samples were resolved by SDS-PAGE and 

bound pl30Cas was detected by immunoblotting. (B) Total cell lysates (TCL) were 

analysed for their pl30Cas content and for the activation of p44/42 MAPK via 

immunoblot analysis using the appropriate antibody. IB, immunoblot; IVBA, in vitro 

binding assay; Ctl, control lysate. Values on the left correspond to molecular sizes in kDa. 
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2.5 DISCUSSION 

The ubiquitous expression of PTP-PEST and its essential role in embryonic 

development imply that regulatory functions attributed to this enzyme are of 

fundamental importance (88, 305). The partitioning of PTPs in defined subcellular locales 

is crucial for restriction of their activity to specific substrates and cell signalling events. 

Herein, we demonstrate that PTP-PEST is distributed throughout the cytosol and also 

accumulates at the cell membrane. The discrete localization of PTP-PEST appears to be a 

relevant element in the regulation of LPA-induced pl30Cas-phospho-dependent 

associations. 

The absence of hydrophobic segments or membrane targeting motifs in the PTP-

PEST sequence indicated an intracellular localization but failed to predict its targeting to 

specific compartments (321, 365). Early immunofluorescence investigations illustrated 

the cytosolic distribution of PTP-PEST (56). However, fibronectin-mediated adhesion and 

spreading stimulated the accumulation of PTP-PEST in membrane ruffles, at the 

periphery of COS cells (11). In the same cell line, treatment with EGF induced PTP-PEST 

and PSTPIP to co-localize at the plasma membrane (Maxime Halle and Michel L. 

Tremblay, un-published results). In addition, the perfect co-localization of these two 

proteins at this site was dependent on the integrity of the PTP-PEST CTH domain, a motif 

necessary to stabilize the PTP-PEST/PSTPIP complex (Maxime Halle and Michel L. 

Tremblay, un-published results) (85). In Swiss 3T3 cells plated on fibronectin, PTP-PEST 

transiently localized at the tip of membrane protrusions, in focal adhesion like structures 

(286). Microinjection is a powerful approach for examination of the cellular distribution 

of a protein, because it allows precise timing of cDNA delivery to the target nucleus. This 

facilitates the prediction of the time window during which protein expression begins, 

and, therefore, the observation of immediate intracellular localization following 

synthesis. Confocal analyses performed on Swiss 3T3 cells microinjected with a vector 
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encoding PTP-PEST protein revealed that the PTP is mostly localized in the cytosol. 

Interestingly, PTP-PEST was present in focal adhesion-like structures, present at the cell-

substratum interface. In addition, an intense signal corresponding to PTP-PEST was 

observed at the edge of cellular periphery, likely at the plasma membrane. Importantly, 

fractionation experiments confirmed that while the majority of PTP-PEST was cytosolic, 

a significant proportion of the enzyme was associated with the membrane fraction. The 

presence of PTP-PEST in adhesion-like structures and membrane ruffles could be 

relevant to its previously characterized roles in focal adhesion turn-over and 

lamellipodia formation (11, 286, 287). 

Fibronectin stimulated cell adhesion also promoted PTP-PEST catalytic activity 

(286). This phenomenon occurred in parallel with the translocation of PTP-PEST to the 

extremity of membrane protrusions (286). Our findings indicate that both cytosolic and 

membrane associated PTP-PEST interact with multiple candidate proteins. Interestingly, 

some of these interactions were particularly enriched in the membrane fraction, 

whereas others were more restricted to the cytosolic fraction. It therefore appears that 

the intracellular location of PTP-PEST may influence its preference for specific binding 

partners as well as its enzymatic activity. 

The carboxy-terminal tail of PTP-PEST is characterized by the presence of a 

number of motifs mediating its recruitment to several signalling and cytoskeletal 

proteins, including pl30Cas, paxillin, She, Grb-2 and PSTPIP (53, 54, 84-86, 117). Herein, 

we observed that PTP-PEST is capable of interacting with She and paxillin in the cytosol. 

Through binding to paxillin, PTP-PEST was previously proposed to be targeted to focal 

adhesion structures, which link the extra-cellular matrix with the actin cytoskeleton, and 

are in close proximity to the plasma membrane (86). However, only a minute percentage 

of paxillin was seen to interact with PTP-PEST in the membrane fraction, implying that 

this interacting partner may not be essential for recruitment of PTP-PEST to the plasma 

membrane. Conversely, membrane fractions from cells expressing PTP-PEST-K-Ras 4B 
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tag had increased levels of paxillin, suggesting that PTP-PEST translocation to this site 

may lead to co-transport of paxillin (Maxime Halle and Michel L. Tremblay, un-published 

results). Similarly, PSTPIP, a protein normally co-localized with actin-containing 

structures (307), adopts the localization pattern of PTP-PEST when co-expressed with 

this enzyme (85). Thus, it appears that neither paxillin nor PSTPIP are key components in 

mediating targeting of PTP-PEST to the plasma membrane. 

Another PTP-PEST binding partner shown to interact with transmembrane 

proteins is She (53). We observed that the association between PTP-PEST and She, which 

was enriched in the cytosol, was present in the membrane fraction and proportionally 

more abundant than PTP-PEST-paxillin in this fraction. Although She can interact with 

multiple receptors at the plasma membrane, its contribution to the transport of PTP-

PEST in this micro-environment remains elusive because She binds PTP-PEST and RTKs 

via the same domain: the phosphoryrosine binding (PTB) domain (53). Interestingly, 

binding of PTP-PEST to the adaptor Grb-2 mediates the coupling of this PTP to the 

epidermal growth factor receptor (EGF-R) (54). Additionally, PTP-PEST was found in a 

complex with the platelet-derived growth factor receptor (PDGF-R) (220), an association 

that could involve a similar mode of assembly. Nevertheless, the exact mechanism 

underlying the translocation of PTP-PEST between different subcellular compartments 

remains unclear. Further studies using cell lines expressing different mutants of PTP-

PEST may contribute to our understanding of this phenomenon. 

In cells stimulated with LPA, we observed that a variety of proteins became 

tyrosine phosphorylated (Fig. 5B); which implicating PTPs as potential antagonists of LPA 

induced signalling. A number of mechanisms are involved in LPA-induced tyrosine 

phosphorylation: LPA indirectly transactivates members of the EGF-R family, promotes 

phosphorylation of the focal adhesion component TRIP6 in a Src-dependent manner, as 

well as FAK and paxillin independently of EGF-R activity (200, 234, 283). Recently, Fas-

associated phosphatase-1 (FAP1) was demonstrated to attenuate LPA-mediated cell 
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migration by dephosphorylating TRIP6 (201). Also, the association of the PTP SHP-2 with 

the receptor-like protein SHPS-1 was proposed to play a role in LPA-driven MAPK 

activation (319). To our knowledge, little else is known regarding the implication of PTPs 

in the control of tyrosine phosphorylation arising from LPA stimulus. In this report, we 

present data indicating that recruitment of SH2 containing molecules to pl30Cas is 

regulated by PTP-PEST, implicating this PTP as a novel regulator of LPA signalling. 

Efficient tyrosine phosphorylation of pl30Cas is achieved by the synergistic 

action of FAK and Src (277). The phosphorylation of the pl30Cas substrate domain (SD) 

triggers the recruitment of adaptor molecules such as Crk and Nek, whereas binding to 

Src is favoured by the phosphorylation of a carboxy-terminal site termed the Src-binding 

domain (SBD) (188, 240, 290). LPA stimulates tyrosine phosphorylation of pl30Cas (298) 

and its interaction with Crk, which results in growth of pseudopodia, thereby promoting 

cell motility (70). The regulation of pl30Cas by PTP-PEST in the context of LPA could 

occur at two levels: up-stream, via the inactivation of molecules inducing its 

phosphorylation, or through direct dephosphorylation. 

In support of the first hypothesis, PTP-PEST was found to form a complex with 

FAK and with the EGF-R (54, 300), and to inhibit Src-dependent villin phosphorylation 

(223). However, several lines of evidence do not support this model. Although FAK is 

hyperphosphorylated in PTP-PEST null cells (11), this kinase was proposed to be a poor 

substrate for PTP-PEST (216). Also, even though it would be expected to have access to 

the EGF-R and to Src (which is also anchored at the membrane by myristoylation), our 

results show that the membrane targeted PTP-PEST-K-Ras 4B only weakly regulated the 

recognition of pl30Cas by SH2 containing proteins as compared to the WT enzyme. In 

addition, Crk interacted poorly with pl30Cas in the membrane fraction of fibronectin 

stimulated cells (Supplementary Figure 1), a well documented stimulus inducing their 

association (120, 348). Moreover, we observed that the majority of Crk/pl30Cas 

interaction occurred in the cytosol, and that this interaction was amplified in the 
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absence of PTP-PEST (Supplemental Figure 1). We therefore concluded that PTP-PEST 

directly regulates the interaction between pl30Cas and Crk in the cytosol. Compared to 

the vector control and PTP-PEST C231S cells, total cellular pl30Cas from clones 

expressing the WT enzyme had less affinity for Crk and for the SH2 domains of Nek and 

Src, which implies that PTP-PEST regulates the phosphorylation of both the SD and SBD 

sites of pl30Cas. Further investigations will be necessary to determine whether PTP-

PEST dephosphorylates pl30Cas in a precise sequence or if it acts on all sites 

simultaneously. In summary, we believe that the direct action of PTP-PEST on its 

previously established substrate pl30Cas (118), predominantly takes place in the 

cytosol. 

Herein, we have presented a series of clones expressing various mutated forms 

of PTP-PEST. Our group actively uses them, as well as a breast cancer cell model infected 

with adenovirus encoding various forms of PTP-PEST, to clarify the role of PTP-PEST in 

the regulation of oncogenic transformation (Hidehisa Shimizu, Maxime Halle and Michel 

L. Tremblay). The data obtained, which correlate with those presented here, underscore 

the critical importance of PTP-PEST Prol integrity for the regulation of pl30Cas tyrosine 

phosphorylation, cell proliferation, migration and invasion (Hidehisa Shimizu, Maxime 

Halle and Michel L. Tremblay, unpublished results). 

Tyrosine phosphorylation events are critical for a wide array of physiologic 

phenomena including cell growth, proliferation and migration. Aberrant signals, which 

can arise from the loss of spaciotemporal control, contribute to cellular transformation. 

Herein, we observed that PTP-PEST localizes in the cytosol and at the plasma membrane, 

which influences its interactions and presumably affects its functions. Both LPA and 

pl30Cas have been implicated in promoting cellular survival, proliferation and motility, 

which contribute to cancer progression (46, 153, 234, 344). Our findings provide 

additional insight into the control of LPA-promoted pl30Cas signalling complex 

assembly. The possible involvement of PTP-PEST in modulating the oncogenic activity of 
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LPA remains to be established. Notably, mutated variants of PTP-PEST displaying 

modified catalytic activity were recently discovered in human breast cancer cell lines 

and tumor samples (310). Our data illustrates the importance of PTP-PEST in some 

critical events promoting cellular transformation and metastasis. 
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2.7 SUPPLEMENTARY DATA. 

Supplementary figure 1. Crk/pl30Cas complexes are present in cytosolic fractions, and 

are regulated by PTP-PEST. PTP-PEST negative (B14V) and positive (B118WT) clones 

were serum-starved for 16 h in 0.1% FBS DMEM, held in suspension for 30 min, and then 

seeded on fibronectin coated dishes for 45 min. Cells were collected and fractionated, 

and the interaction between Crk and pl30Cas was analysed by immunoprecipitation and 

immunoblotting as described in materials and methods. IP, immunoprecipitation; IB, 

immunoblot; C, cytosolic fraction; M, membrane fraction; S, cells held in suspension; FN, 

fibronectin stimulated cells. 
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3.1 ABSTRACT 

The Leishmania parasite is a widespread disease threat in tropical areas, causing 

symptoms ranging from skin lesions to death. Leishmania (/..) typically invade 

macrophages but are also capable of infecting fibroblasts, which may serve as a 

reservoir for recurrent infection. Invasion by intracellular pathogens often involves 

exploitation of the host cell cytoskeletal and signalling machinery. Here, we have 

observed a dramatic rearrangement of the actin cytoskeleton and marked modifications 

in the profile of protein tyrosine phosphorylation in fibroblasts infected with Leishmania 

major. Correspondingly, exposure to L. major resulted in degradation of the 

phosphorylated adaptor protein pl30Cas and the protein tyrosine phosphatase (PTP)-

PEST. Cellular and in vitro assays using pharmacological protease inhibitors, recombinant 

enzyme, and genetically modified strains of L. major identified the parasite protease 

GP63 as the principle catalyst of proteolysis during infection. A number of additional 

signalling proteins were screened for degradation during L. major infection: a small 

subset including cortactin, TC-PTP and caspase-3 were cleaved, but the majority 

remained unaffected. Protein degradation occurred in cells incubated with Leishmania 

extracts in the absence of intact parasites, suggesting a mechanism permitting transfer 

of functional GP63 into the intracellular space. Finally, we evaluated the impact of 

Leishmania on MAPK signaling: unlike p44/42 and JNK, p38 was inactivated upon 

infection in a GP63- and protein degradation-dependent manner, which likely involves 

cleavage of the upstream adapter TAB1. Our results establish that GP63 plays a central 

role in a number of host-cell molecular events that likely contribute to the infectivity of 

Leishmania. 
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3.2 INTRODUCTION 

Protozoans of the genus Leishmania cause a complex disease called 

leishmaniasis, whose clinical manifestations have been divided into three principal types 

- cutaneous, mucocutaneous and visceral - exhibiting different degrees of severity and 

mortality (90, 270). This disease threatens over 350 million people in 88 countries in 

tropical, subtropical and temperate regions (182, 359). The development, multiplication 

and transmission of Leishmania in the form of promastigotes between mammalian hosts 

are achieved by the sandfly insect vector (182). 

Following inoculation into a vertebrate host, promastigotes are typically 

phagocytosed by macrophages where they differentiate into and multiply as 

amastigotes (90, 147). Heavily infected macrophages lyse and liberate amastigotes that 

will colonise other cells. In addition, both promastigotes and amastigotes of L major can 

be internalized by fibroblast cells (29). Despite their capability to synthesise nitric oxide, 

fibroblasts produce a much lower quantity of this microbicidal compound than 

macrophages (29). The limited capacity of fibroblast to eliminate parasites implies that 

these cells could act as a reservoir for long-term infection (29). Nevertheless, little is 

known regarding the molecular events occurring in fibroblasts cells upon contact with 

Leishmania parasites. 

Several intracellular parasites hijack the actin cytoskeletal machinery in order to 

infiltrate and traffic inside their host cells (276, 309). Cellular proteins such as cortactin, 

Wiskott-Aldrich syndrome protein (WASP), Crk and Crk-associated substrate (pl30Cas) 

have been identified as targets of intracellular bacteria (125, 297, 308, 353). Leishmania 

amastigotes induce activation of Cdc42 in order to re-organize the actin network and 

enter into Chinese hamster ovary (CHO) fibroblasts (237). Additionally, the activity of 

Cdc42 is involved in knitting a shell of actin around the internalized Leishmania parasite, 
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a site at which other cytoskeletal regulators such as vinculin and WASP are also recruited 

(212, 237). Numerous biological processes, including those modulating the dynamics of 

actin cytoskeleton assembly, are controlled by the dual effects of protein tyrosine 

kinases (PTKs) and protein tyrosine phosphatases (PTPs). Leishmania can affect the state 

of tyrosine phosphorylation in macrophage cells by activating SHP-1 (Src homology-2 

(SH2) domain-containing phosphatase-1) (27, 241). However, the specific roles of other 

PTPs in this pathogenic process remain unclear. Interestingly, another non-receptor PTP, 

PTP-PEST, has been extensively implicated in the regulation of WASP and pl30Cas 

phosphorylation as well as in the modulation of vinculin-containing adhesion structure 

formation (11, 85, 118, 120). These studies have established PTP-PEST as a critical 

regulator of actin remodelling and present this enzyme as a particularly interesting 

candidate target of Leishmania. 

Downstream elements of cellular signal transduction such as members of the 

Mitogen-Activated Protein Kinases (MAPKs) have also been linked to the pathogenic 

outcome of Leishmania infection. The ability of promastigotes to manipulate and 

circumvent MAPK activation may represent a strategy to evade the macrophage-host 

cell defence mechanism. Incubation of macrophages with a p38 inhibitor prior to 

exposure to L. donovani augmented their subsequent invasion by the parasite (179). 

Similarly, the anisomycin-mediated inhibition of L donovani survival inside macrophages 

was dependent on p38 (179). Moreover, L. major down-regulates p38 in order to impair 

CD40-induced iNOS2 expression, inhibiting nitric oxide production and favouring survival 

within macrophages (17). By inhibiting p38, the parasite can also hijack another signal 

initiated by CD40 cross-linking, altering cytokine expression to its advantage: interleukin-

12 (IL-12), a promoter of the host-protective T-helper type 1 (TH1) cells response, is 

reduced while IL-10, an inhibitor of TH1 cell and of NO production, is increased (186, 

224). Although the interplay between p38 activity and Leishmania persistence is 

accepted, little is known regarding the parasitic elements involved in regulation of this 

MAPK. 
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Leishmania is coated by a characteristic glycocalyx, whose molecular 

components play a critical role in the initial contact between the parasite and its host 

environment. GP63, also referred to as major surface protease (MSP), leishmanolysin, or 

promastigote surface protease (PSP), is the most abundant protein covering Leishmania 

promastigotes (33, 369). Studies performed using different parasitic models 

demonstrated that GP63 plays a crucial role in complement fixation and processing, 

which protects Leishmania during its sojourn into mammalian hosts (37, 176, 177). 

Similarly, GP63 was recently shown to defend the parasite against antimicrobial peptides 

such as defensins and pexiganan (195). The abundance and diversity as well as the high 

catalytic activity at mammalian body temperature of this virulence factor (57, 370, 372) 

favour the dissemination of the parasite as it digests constituents of the host's 

extracellular matrix such as collagen type IV, fibronectin and laminin (227). Several 

species of Leishmania release proteolytically active GP63 in the surrounding milieu (103, 

171, 228, 368) presumably facilitating the propagation of the parasite. In addition, 

fragments from GP63-processed fibronectin can protect parasites within macrophages, 

as they attenuate production of reactive oxygen intermediates and favour amastigote 

proliferation (194). Furthermore, GP63 maximizes promastigote binding to and 

internalization in macrophages through its ability to interact with the a4/(31 integrin and 

to promote complement-dependent adhesion (36, 61). Moreover, similar to fibronectin, 

coating polystyrene surfaces with GP63 enhances in vitro spreading of fibroblasts (269). 

The expression of specific gp63 genes in the intracellular amastigote form (156, 177, 

347), implies an intra-host-cell function for this parasitic protease. Interestingly, the 

activity of GP63 was implicated in the protection of encapsulated proteins against 

phagolysosomal degradation as well as intra-macrophage survival of L. mexicana 

amazonensis (58, 294). The identification of the myristoylated alanine-rich C kinase 

substrate (MARKS)-related protein (MRP), a cytosolic protein associated with the actin 

network of macrophages, as a substrate of GP63 reinforces the potential of this enzyme 

to modulate host cell activities within the intracellular space (82). Nonetheless, little else 
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is known concerning its impact on host-cell signal transduction or the existence of 

additional intracellular substrates for this parasitic protease. 

Subverting normal cellular functions is a widespread strategy among intracellular 

parasites to take advantage of mammalian hosts. In the present study, we describe 

distinctive effects of Leishmania infection on cell signalling in fibroblasts. During L major 

infection, we found that the parasite manipulates cellular components, in part by 

altering the tyrosine phosphorylation state of several proteins. Upon contact with L. 

major, the adaptor Crk interacts with a truncated form of pl30Cas, which further 

correlates with cleavage of two novel substrates, pl30Cas and PTP-PEST, by GP63. 

Moreover, through GP63, L major impacted the stability of additional proteins including 

cortactin, TC-PTP (T-cell PTP) and caspase-3. Additionally, L major was found to down-

regulate p38 in a GP63-dependent manner. Direct activators of p38 include the MAPK 

kinase MKK3, MKK6 and the adaptor molecule TAB1 (TAK-1-binding protein-1) which 

interacts directly with p38 (121, 380). Interestingly, the inhibition of p38 occurred in 

concert with the GP63-mediated proteolysis of TAB1. This report reveals diverse and 

novel mechanisms by which Leishmania can monopolize different constituents of the 

fibroblast signal transduction machinery. 

3.3 EXPERIMENTAL PROCEDURES 

3.3.1 Reagents, antibodies and plasmids. 

Chemicals were purchased at BioShop Canada Inc., Fisher Scientific and Sigma. 

The PTP-PEST polyclonal antibodies (2528 and 2530) were previously described (85). 

Monoclonal antibodies specific for Crk, pl30Cas, Integrin-Bl, She, and paxillin were from 

BD Transduction Laboratories. Antibodies against IKBCC, STAT5 (C17) and JNK1 were from 

Santa Cruz Biotechnology. TC-PTP monoclonal antibodies (3E2) were described 
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previously (162). Polyclonal rabbit antibodies against PTP-1B and FAK as well as 

monoclonal anti-cortactin (4F11) and phosphotyrosine (4G10) were from Upstate. 

Antibodies specific for AKT, caspase-3, phospho-thr202/tyr204 p44/42 MAPKs, p44/42 

MAPKs, phospho-thrl83/tyrl85 JNK, phospho-thrl80/tyrl82 p38 MAPK, p38 MAPK, 

TAB1, MKK3 and MKK6 were from Cell Signaling Technology. The vector encoding GST-

PTP-PEST (pEBG-PTP-PEST) has been described (138). cDNAs encoding p38 (image ID: 

4195842) and TAB1 (image ID: 5356886) were obtained from American Type and Culture 

Collection (ATCC). pET-28(c+)TABl was generated by PCR cloning of the TAB1 cDNA 

between EcoRl and Notl sites. Flag-TABl-myc-myc WT and 1-418 (amino acid 

numbering) were made by inserting TAB1 cDNA amplified by PCR into pcDNA4/Myc-HisA 

between the EcoRl and Notl restriction sites. The sense oligonucleotide sequence 

contains the Flag epitope, whereas the antisense oligonucleotides for both full length 

and truncated TAB1 encodes an additional myc epitope. The mammalian expression 

vector encoding GST-p38 was obtained by successively cloning p38 PCR product into 

pDONR221 and pDEST27 using Gateway technology according to the manufacturer's 

instructions (Invitrogen). The integrity of the inserted DNA in each vector was verified by 

sequencing (Genome Quebec). 

3.3.2 Cells and parasites. 

Transient transfections were performed and PTP-PEST clones (B14V, B15V, 

B11WT (wild-type) and B118WT) were generated and maintained as described 

previously (138). Primary mouse embryonic fibroblasts (P-MEFs) were isolated from 

BALB/c embryos (Jackson Laboratories) and grown as described (138). L. major A2 and 

gp63-null (L major9"63''') and rescued strains (in which gp63 gene 1 was re-introduced, L. 

ma/or9pe3"/"rescued) (176) as well as L. donovani strain 2211, L. mexicana, L. tarentolae and 

L braziliensis 2249 promastigotes were all maintained at 25 °C in SDM-79 medium 

supplemented with 10% heat-inactivated FBS (Wisent) as described (127). 
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3.3.3 Cellular treatment, infection and immunoblotting. 

Stationary-phase Leishmania promastigotes were centrifuged at 2500 x rpm 

(Allegra 6R Centrifuge, Beckman Coulter) for 5 min. Supernatant was removed, pellets of 

parasites were washed with phosphate-buffered saline (PBS) and centrifuged at 2500 x 

rpm for 5 min (Allegra 6R Centrifuge, Beckman Coulter). Parasites were resuspended in 

DMEM (containing the indicated concentration of heat-inactivated FBS) and added onto 

cells at the specified parasitexell ratio and for the indicated duration. Cells were then 

rinsed on ice with PBS and lysed (lOOmM Tris (pH 7.4), 5 mM EDTA, 150 mM NaCI, 1 % 

Triton X-100, 0.1 % sodium dodecyl sulphate (SDS), 50 mM NaF, 1 mM Na3V04, 

Complete protease inhibitor (Roche)). Cell extracts were cleared by centrifugation at 

16000 x g for 10 min at 4 °C, and the protein concentration of each sample was 

measured by Bradford assay (Bio-Rad protein assay). Proteins were separated by SDS-

polyacrylamide gel electrophoresis (PAGE), transferred to polyvinylidene difluoride 

membranes (Immobilon-P; Millipore) and immunoblotted as described (138). 

The effect of pharmacological protease inhibitors on cellular protein degradation 

induced by L major infection was determined as follows: caspase inhibitor (Z-VAD-FMK; 

Cedarlane), calpain inhibitor (PD150606; Calbiochem), proteasome inhibitor (lactacystin; 

Sigma) as well as calpain inhibitor and proteasome inhibitor combined together were 

added to cells 2h prior to addition of parasites and co-incubated for an additional 15 

min. Cells that were not exposed to any of the inhibitors were incubated with media 

containing DMSO as a vehicle control. Cells were harvested, lysed and analyzed by 

immunoblotting as described above. 

The effect on mammalian cells of parasite-conditioned-medium and protein 

lysates prepared from cultured L major was evaluated as follows: L. major cultures were 

centrifuged 5 min at 2500 x rpm (Allegra 6R Centrifuge, Beckman Coulter). Supernatants 

were carefully harvested, avoiding contact with the pellet and the wall of the tube. 
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Conditioned-SDM was centrifuged a second time for 10 min at 3500 x rpm (Allegra 6R 

Centrifuge, Beckman Coulter) to remove any potentially residual parasites. Supernatant 

from cultured-parasites was then diluted in normal parasite growth media to normalize 

the volume according to the parasite concentration in the original culture. Conditioned 

or fresh growth media was deposited on P-MEFs for lh , and cell lysates were prepared 

and analysed as described above. 

To prepare parasite lysates, L major parasites were washed three times with 

PBS, resuspended in serum-free DMEM, sonicated (Ultrasonic Processor, Sonics & 

Materials Inc.) two times for 10 seconds at an intensity of 50 % at 4 °C with a 30 seconds 

incubation on ice between sonication steps. Lysates were then cleared by centrifugation 

for 2 min at 16000 x g at 4 °C, and protein concentration was determined by Bradford 

assay. P-MEFs were then incubated with serum-free DMEM supplemented with 333 

u.g/ml of L. major protein extract for l h . The absence of parasites in both the 

conditioned media and L major lysates was confirmed by microscopic examination (data 

not shown). Following the incubation, protein lysates were prepared from treated cells 

and analysed by immunoblotting according to the procedures described above. 

3.3.4 Incubation of cellular extracts and recombinant proteins with parasite lystate. 

The procedure for preparation of parasite extracts from L. major promastigotes 

(WT and gpfr^") was based on a previously published protocol (82). L major stationary 

phase promastigotes were washed with PBS and with TNB (10 mM Tris-HCI (pH 7.4), 100 

mM NaCl, 0.4 mg/ml bovine serum albumin (BSA, Gibco), 5 u.g/ml pepstatin, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 10 u,g/ml leupeptin, 10 u.g/ml aprotinin) before 

being resuspended in TNB. Parasites were then sonicated (Ultrasonic Processor, Sonics & 

Materials Inc.) two times at 4 °C for 5 seconds at an intensity of 50 % with a 5-second 

incubation on ice between each sonication step. Samples were then centrifuged for 2 

min at 16000 x g at 4 °C and supernatants were kept to perform the cleavage assay. PTP-
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PESr-WT expressing cells (clone B11WT) were rinsed with ice-cold PBS, collected in 

TNB and lysed by three sonication steps of 15 seconds at an intensity of 50 % at 4 °C, 

which were separated by 15 second incubations on ice. Samples were then centrifuged 

for 5 min at 16000 x g at 4 °C, supernatants were collected and protein concentrations 

were determined by Bradford assay. Next, 200 u,g of protein lysates from PTP-PEST^-WT 

expressing cells was incubated with lystates made from 20 x 106 promastigotes (either 

from WT or gp63'/' L major) or with TNB (control) at 37 °C for the indicated time. 

Samples were immediately placed on ice and SDS sample buffer was added. Samples 

were boiled for 4 min, separated by SDS-PAGE and analysed by immunoblotting. 

To obtain purified GST-PTP-PEST, protein extracts from transfected fibroblasts 

(138) were prepared in lysis buffer (lOOmM Tris (pH 7,4), 5mM EDTA, 150mM NaCI, 1% 

TritonX-100, Complete protease inhibitor (Roche)). Cell lysates were cleared by 

centrifugation for 10 min at 16000 x g at 4 °C and then incubated for 1 h at 4 °C with 

glutathione Sepharose beads (Amersham Biosciences). The beads were then washed 

three times with lysis buffer and two times with TNB. Next, beads were resuspended in 

TNB, incubated with the indicated quantity of L major lysates, prepared as described 

above, for 15 min at 37 °C. Samples were immediately placed on ice, rinsed twice with 

ice-cold lysis buffer and resuspended in SDS-sample buffer. Samples were boiled for 4 

min, separated by SDS-PAGE and analysed by immunoblotting. 

3.3.5 Incubation of recombinant proteins with recombinant GP63. 

GST-PTP-PEST was purified as described above. To produce His-TABl, Escherichia 

coli transformed with pET-28(c+)TABl were induced for 2h at 37 °C with 1 mM 

isopropyl-S-D-1-thiogalactopyranoside and harvested by centrifugation. Bacterial cells 

were lysed (50 mM Tris (pH 7.5), 500 mM NaCI, 40 mM imidazole, 1% TritonX-100 and 

EDTA-free complete protease inhibitor) and recombinant proteins were isolated on 

nickel sepharose beads (Ni Sepharose 6 Fast Flow, GE Healthcare) according to the 
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manufacturer's instructions. Immobilized His-TABl was eluted in elution buffer (1 M 

imidazole, 500 mM NaCI, 50 mM Tris (pH 7.5), 1% TritonX-100, complete protease 

inhibitor) for l h at 4 °C, concentrated in storage buffer (50 mM Tris (pH 7.5), 150 mM 

NaCI, 0.1 mM EGTA, 0.1 mM EDTA, 25 % glycerol, 0.25 mM DTT, complete protease 

inhibitor) using Microcon filters (Millipore), and stored at -80 °C. Purified GST-PTP-PEST 

or His-TABl were incubated with recombinant GP63 (REGP63) (44) in TNB at 37 °C for 30 

min. Samples were immediately placed on ice and resuspended in SDS-sample buffer. 

Samples were boiled for 4 min, separated by SDS-PAGE and analysed by 

immunoblotting. 

3.3.6 Immunofluorescence. 

Glass microscope coverslips were coated with 0.2% gelatin at 37 °C for 30 min 

and rinsed with PBS prior to seeding with primary mouse embryonic fibroblasts (PMEFs). 

Infected PMEFs were rinsed three times with PBS, fixed in 4 % PFA (diluted in PBS) for 20 

min, treated with permeabilizing solution (4 % PFA, 0.1 % Triton X-100 in PBS) for 20 min 

at 4 "C and incubated for 45 min with 2 % BSA/PBS. Cells were washed with PBS and 

stained with a mixture of rhodamine-conjugated phalloidin (Molecular Probes) and 4',6-

diamidino-2-phenylindole (DAPI) (Roche). Cells were washed three times with PBS, 

rinsed once with water and coverslips were deposited on slides using Vectashield 

mounting medium (Vector Laboratories, Inc.). Random field images were acquired by 

confocal microscopy (Zeiss LSM 510 - NLO). 

3.3.7 Immunoprecipitation and protein complex analysis. 

To analyse Crk interactions, serum-starved- and L. moyor-infected-cells were 

rinsed with ice-cold PBS and lysed (lOOmM Tris (pH 7,4), 5mM EDTA, 150mM NaCI, 1% 

TritonX-100, 10 mM NaF, 1 mM Na3V04 and Complete protease inhibitor (Roche)). Cell 
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extracts were centrifuged at 16000 x g for 10 min at 4 °C, and the protein concentration 

of each sample was measured by Bradford assay. Cleared protein lysates (2.4 mg) were 

then incubated at 4 °C for 2h in presence of 1.25 u.g of anti-Crk monoclonal antibody 

(mAB) (Transduction Laboratory) 25 u.1 of protein G agarose beads (Invitrogen). Beads 

were then washed three times with lysis buffer, boiled in SDS-sample buffer and 

analyzed by immunoblotting. 

To analyse the interaction between p38 and TAB1, control and L mp/or-infected 

cells expressing Flag-TABl-myc-myc were rinsed with ice-cold PBS and lysed in 

interaction buffer (20 mM Tris (pH 7.5), 120 mM NaCI, 10 % glycerol, 2 mM EDTA, 1 % 

TritonX-100, 1 mM Na3V04, 10 mM NaF and Complete protease inhibitor (Roche)). Cell 

extracts were centrifuged at 16000 x g for 10 min at 4 °C, and the protein concentration 

of each sample was measured by Bradford assay. Cleared protein lysates (2.4 mg) were 

then incubated at 4 °C for 2h in presence of GST or GST-p38 immobilised on glutathione 

sepharose beads prepared as described below. Beads were then washed three times 

with interaction buffer, resuspended in SDS-sample buffer, boiled and analyzed by 

immunoblotting. To isolate GST fusion proteins (GST and GST-p38), transiently 

transfected HeLa cells (138) were rinsed with ice-cold PBS, lysed in interaction buffer 

and protein extracts were cleared by centrifugation (10 min, 16000 x g , 4 °C). Protein 

lysates were then incubated with glutathione sepharose beads for 1 h at 4 °C, then 

washed three times with interaction buffer, washed for 10 min in interaction buffer and 

resuspended in interaction buffer. 

3.4 RESULTS 

3.4.1 Leishmania major is capable of infecting primary embryonic fibroblasts in culture. 

Fibroblasts have been observed to be an alternative cell type to macrophages as 

hosts for the parasite Leishmania in animal models (29). Additionally, genetically 
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manipulated fibroblasts generated by our laboratory have proved to be valuable models 

to investigate molecular mechanisms of signal transduction (11, 84, 138). In order to 

observe the infection of cultured fibroblasts, primary mouse embryonic fibroblast cells 

(P-MEFs) were incubated with L. major, fixed and stained, and examined for the 

presence of parasites by confocal microscopy. Under these experimental conditions, 

actin staining illustrated cellular morphology whereas DAPI allowed the detection of 

both mammalian and parasitic nuclei as well as the kinetoplast of the parasite. Following 

12h00 of incubation in the presence of parasites, most cells became infected. In several 

cases, we observed that spread cells became rounded and exclusively exhibited F-actin 

cortically as well as in retracting filipodia at the cell-substratum interface (Fig. 1A basal 

section and middle section, Fig. IB). These detaching cells contained numerous parasites 

as seen by three dimensional reconstitution of the DAPI signal (Fig. 1A). Fig. IB 

illustrates another sample treated under similar conditions. Intriguingly, nuclear 

condensation, which is characteristic of apoptosis, was not observed in the infected 

cells, even those harbouring a heavy load of parasites. In addition, we failed to detect 

increased caspase activity in cells exposed to L major, even following a 24h00 

incubation (Supp. Fig. 1). This indicates that despite the magnitude of the stress induced 

by the parasite in its host cell, it does not activate apoptosis. Interestingly, we noticed 

the presence of parasites that appear to be surrounded by actin-rich structures similar 

to the previously described actin cup (Fig. IB, arrowheads) (237). These observations 

imply communication between L. major and cytoskeletal regulators that could influence 

the infection process in fibroblasts. 
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Figure 1. L. major parasites accumulate in P-MEFs and cause actin cytoskeleton 

rearrangements. P-MEFs were infected with L major parasite at a ratio of 1:20 

(cells:parasite) for 12 h. Cells were then fixed, permeabilized, stained and observed by 

confocal microscopy as described in materials and methods. (A) Uninfected control cells 

show normal cytoskeletal organization. Basal section illustrates the cell-substratum 

interface. Detection of actin reveals the presence of numerous retracting filipodia in a L 

mayor-infected cell. Section acquired across the infected cell shows the presence of 

several parasite nuclei (small blue dots) throughout the intracellular space delimited by 

the cortical actin cytoskeleton. Three-dimensional reconstitution of the detected DAPI 

signal illustrates the high number of parasites within the infected cell. (B) L major 

accumulate and form actin cups inside fibroblasts. Arrowheads point to examples of 

actin cups. Experiment was performed as described for (A). Scale bar, 10 u.m. 
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3.4.2 Cellular profile of tyrosine phosphorylation as well as pl30Cas/Crk complexes are 

modulated during L. major infection. 

Functional modulation of numerous cytoskeletal proteins depends on their 

tyrosine phosphorylation. PTP-PEST has been recognized as an important phosphatase 

for the balanced activities of several of these molecules (172, 287). We used our PTP-

PEST rescued fibroblast lines (138) to investigate the possible modulation of phospho-

tyrosine proteins in response to parasitic infection. In PTP-PEST^ fibroblasts, re-

expression of PTP-PEST correlates with a reduction of the phosphorylation level of some 

proteins (one near 250 kDa, another near 130 kDa and one just less than 75 kDa) under 

serum starved control conditions (Fig. 2A). Incubation of both cell lines (B14VPTPPEST~, 

B11WTPTPPEST+) with L major parasites leads to dramatic changes in the phosphorylation 

state of numerous proteins. During the course of the infection, the phosphorylation 

content of proteins of approximately 167, 128, 54 and 29 kDa decreased (Fig. 2A, black 

arrowheads) whereas those of approximately 153, 89, 63, 49 and 33 kDa were 

augmented (Fig. 2A, white arrowheads). These results suggest that upon contact with 

the target cell, L major can induce rapid modification of the tyrosine-phosphorylation 

profile of cellular proteins, which undoubtedly impacts cellular signal transmission. 

Interestingly, the phosphorylation of a prominent band between 100 and 150 

kDa significantly decreases during infection. An abundant phosphoprotein of this size, 

pl30Cas, is a substrate of PTP-PEST (Supp. Fig. 2) (84, 118) that plays a role in the 

invasion of host cells by other microorganisms such as Salmonella typhimurium (301). To 

gain insight into the possible regulation of pl30Cas signalling during infection with L. 

major, we investigated its interaction with Crk, an important signalling adapter that 

binds to tyrosine-phosphorylated pl30Cas (96). It was previously observed that 

expression of PTP-PEST decreased the formation of the pl30Cas/Crk complex (120). In 

our cell system, we observed the assembly of this complex only in the absence of PTP-

PEST (Fig. 2B, PTP-PEST-/- cells, B14V non-infected). Exposure of these cells (B14V) to L. 
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major resulted in the interaction of Crk with a smaller form of pl30Cas as demonstrated 

by co-immunoprecipitation (Fig. 2B) as well as in vitro binding to purified Crk SH2 

domain (Supp. Fig. 3). Also, in both cell lines (B14V and B11WT), we observed that the 

total amount of full length pl30Cas was diminished while a smaller form appeared 

during the infection with Leishmania (Fig. 2B, bottom). The cellular content of Crk 

remained unchanged. These results suggest that pl30Cas/Crk-mediated signalling 

events are modulated during infection by L. major. 

Figure 2. L major modulates fibroblast tyrosine phosphorylation profile and alters the 

interaction of pl30Cas with Crk. (A) PTP-PEST-/- EV (B14V) and PTP-PESr'-expressing 

WT (B11WT) cells were serum-starved (SS) (0.05 % heat-inactivated FBS DMEM) for 16h 

and incubated in the absence or presence of L major for the indicated time. Protein 

extracts were resolved by SDS-PAGE and analyzed by immunoblotting for protein 

tyrosine phosphorylation using an anti-phospho-tyrosine antibody (4G10). (B) B14V and 

B11WT were serum-starved and incubated for 15 min with or without L major. Crk was 

immunoprecipitated from protein lysates. Immuno-isolated Crk and co-precipitated 

pl30Cas were separated by SDS-PAGE and analysed by immunoblotting. Filled 

arrowheads correspond to decreasing signals whereas empty arrowheads point to 

increasing signals corresponding to tyrosine phosphorylated candidates detected under 

the different conditions. SS, serum-starved. The values on the right correspond to 

molecular weights in kDa. 
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3.4.3 Cellular exposure to Leishmania leads to proteolysis ofpl30Cas and PTP-PEST. 

The diminished amount of pl30Cas and the binding of Crk to a smaller protein 

recognized by a pl30Cas antibody were indicative of potential proteolysis of pl30Cas in 

cells exposed to L major. Therefore, we examined the consequence of incubating our 

PTP-PEST cell lines with L major on pl30Cas stability. Infection with L major leads to 

cleavage of pl30Cas in a time- and parasite concentration-dependent manner (Fig. 3A, 

B). As infection progresses, pl30Cas cleavage products accumulate at ~82, ~70, ~50 and 

~29 kDa. To our surprise, we also found that PTP-PEST was cleaved during the infection, 

which yielded fragments of ~81, ~62 and ~40 kDa. However, L. major does not require 

PTP-PEST expression to promote the proteolysis of pl30Cas since it occurs in both PTP-

PEST null and rescued clones (Fig. 3A, C). Interestingly, in both primary and B11WT 

fibroblasts, pl30Cas and PTP-PEST were degraded when cells were incubated with L. 

major, L. donovani and L mexicana but not with L tarentolae nor L. braziliensis (Fig 4 

and data not shown). The absence of cleavage induced by L tarentolae and L. 

braziliensis is not simply due to delayed kinetics, since extended incubation of fibroblasts 

with these species did not increase pl30Cas or PTP-PEST proteolysis (Supp. Fig. 4). These 

data identify pl30Cas and PTP-PEST as novel signalling targets of specific Leishmania 

species. To our knowledge, these observations comprise the first example of pl30Cas 

and PTP-PEST cleavage occurring during parasitic infection. 
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Figure 3. L major infection induces proteolysis of pl30Cas and PTP-PEST. (A) Fibroblasts 

positive and negative for PTP-PEST expression were starved for 16h in 0.05 % heat-

inactivated FBS DMEM and incubated in starvation medium without or with L major at a 

ratio of 1:20 (cells:parasites) for the indicated duration. (B) PTP-PEST'-ceWs expressing 

WT PTP-PEST (clone B11WT) were exposed to different ratios (cells-.parasites) of L. major 

for 10 min. (C) PTP-PEST^-ceWs rescued with either empty vector (clones B14V, B15V) or 

with the WT enzyme (clones B11WT, B118WT) were maintained in starvation or regular 

media (non-starved) 16h prior to treatment. Indicated clones were incubated with or 

without L major in the absence of serum or with media supplemented with 10 % heat-

inactivated-FBS. Cell lysates were prepared and analyzed by immunoblotting for 

pl30Cas and PTP-PEST. Filled arrowheads identify intact proteins, and empty 

arrowheads point to cleavage products, l.m, L major, SS, serum-starved; NS, non-

starved or in presence of serum. The values on the right correspond to molecular 

weights in kDa. 

Figure 4. L major, L donovani and L. mexicana, but neither L tarentolae nor L. 

braziliensis infections result in degradation of pl30Cas and PTP-PEST. P-MEFs were 

exposed to the indicated species of Leishmania for lhOO at a ratio of 1:20. Protein 

lysates were harvested and analysed by immunoblotting for pl30Cas and PTP-PEST. 

Filled arrowheads identify intact proteins, and empty arrowheads point to cleavage 

products. The values on the right correspond to molecular weights in kDa. 
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3.4.4 Leishmania surface metalloprotease GP63 cleaves pl30Cas and PTP-PEST. 

We next investigated whether factors including host physiologic state as well as 

endogenous proteases influence pl30Cas and PTP-PEST proteolytic processing. The 

conditions under which cells are maintained contribute to signalling responses and may 

affect the activity of cellular proteases. To explore the possible impact of the cellular 

physiologic state on pl30Cas and PTP-PEST stability, we compared the consequence of L 

major infection among various clonal fibroblast lines (B14V, B15V, B11WT and B118WT) 

as well as between serum-starved (SS) and growing cells (non-starved (IMS)). pl30Cas 

and PTP-PEST from either SS or NS cells were both cleaved at a similar rate following 

incubation with L. major (Fig. 3C). In addition, the proteolysis of pl30Cas and PTP-PEST 

occurred similarly in all clones tested. pl30Cas was previously identified as a substrate 

of both the calpain and caspase-3 proteases while PTP-PEST was demonstrated to be 

cleaved by caspase-3 during apoptosis (138, 189, 302). We found that incubation of cells 

with protease inhibitors such as caspase inhibitor (Z-VAD-FMK), calpain inhibitor 

(PD150606) and proteasome inhibitor (lactacystin) failed to block pl30Cas and PTP-PEST 

cleavage induced by L major infection (Fig. 5A). Moreover, the pattern of cleavage 

products for pl30Cas and PTP-PEST present following infection differs from the typical 

caspase-mediated profile observed during apoptosis (induced by TNF-ct, Fig. 5B). 

Correlating with this observation, the characteristic cleavage of caspase-3, which 

activates this enzyme during apoptosis, was not induced by L major infection. Instead, 

upon exposure to L major, cellular caspase-3 undergoes distinct proteolytic processing 

leading to the emergence of a slightly smaller form detected by immunoblot (Fig. 5B). 

Also, it appears that some pl30Cas fragments were targeted to the proteasome during 

the infection since an additional product was detected in cells treated with lactacystin 

(Fig. 5A, grey arrow). These results suggest that L. mayor-induced pl30Cas and PTP-PEST 

cleavage occurs independently of host-cell factors, including three important classes of 

proteases. 
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The inability of these protease inhibitors to block L mayor-induced protein 

cleavage suggests that an enzyme of parasitic origin performs this proteolysis. The major 

surface metalloprotease, GP63, is the most abundant protein at the surface of the 

Leishmania parasite (33, 369). To determine whether GP63 plays a role in the 

degradation of pl30Cas and PTP-PEST, we examined the consequence of incubating cells 

with parasites in which the genes encoding GP63 were ablated (176). In contrast to L 

major™1, L major91363'1' parasites do not induce the cleavage of pl30Cas and PTP-PEST 

(Fig. 5C). Importantly, re-introduction of gp63 into the -/- parasite (L major9p63'/'rescue(i) 

rescued this phenomenon. Similar observations were also obtained from primary 

embryonic fibroblasts placed in the presence of these different genotypes of L. major 

(data not shown). 

Part of the infection processes of several intracellular parasites, including 

Leishmania, consists of taking control of specific cytoskeletal, tyrosine phosphorylation 

and apoptotic modulators (27, 49, 206, 212, 237, 241). Interestingly, we found that 

another cytoskeletal regulator, cortactin, and classical PTP, TC-PTP, as well as the 

apoptotic executioner caspase-3 were all degraded as a result of L major infection, in a 

GP63-dependent manner (Fig. 5D). In contrast, Crk, IntegrinBl, STAT5, the MAP kinases 

(ERK1/ERK2, JNK and p38), She, FAK, Paxillin, IKB, AKT and PTP1B remained stable in cells 

incubated with L major (Fig. 2, Fig. 8, Supp. Fig. 5). This underscores that the action of 

GP63 is specific to a subset of substrates. Together, these results identify GP63 as a 

novel regulator of pl30Cas, PTP-PEST, cortactin, TC-PTP and caspase-3 integrity. 
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Figure 5. The parasitic protease GP63 is essential for L. mo/or-induced degradation of 

pl30Cas and PTP-PEST. (A) To inhibit various endogenous cellular proteases, B11WT 

fibroblasts were preincubated with 100 U.M ZVAD-FMK, 100 uM PD150606, 10 U.M 

Lactacystin, or 100 u.M PD150606 with 10 U.M Lactacystin for 2h and subsequently 

exposed to L. major stationary promastigotes at a ratio of 1:20 (cells:parasites) in the 

presence of the same compounds for an additional 15 min. Lysates were then analyzed 

by immunoblotting for pl30Cas and for PTP-PEST. (B) B11WT cells were either treated 

with 10 ng/ml TNFa in presence of 10 u.g/ml of cycloheximide or with L major at a ratio 

of 1:20 (cells:parasites) for the indicated times. Control cells for the TNFa treatment 

were incubated with media supplemented with 10 u.g/ml of cycloheximide only. (C, D) 

B11WT cells were infected for the indicated times (C) or for lh30 (D) with L majorw'Mtype 

(WT), L major91363'!' or L major91363'1"-rescue at a cell:parasite ratio of 1:20. Protein extracts 

were analyzed by immunoblotting for PTP-PEST (using 2530 or 2528 antibodies, as 

indicated), pl30Cas, caspase-3, cortactin, TC-PTP and integrin-Bl. C, control. Filled 

arrowheads identify intact proteins, the grey arrowhead points to a cleavage product 

specific to the Lactacystin conditions and empty arrowheads point to other cleavage 

products. The values on the right correspond to molecular weights in kDa. 
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To obtain further insight into the regulation of pl30Cas and PTP-PEST protein 

stability by GP63, we incubated fibroblast lysates or purified GST-PTP-PEST with protein 

extracts prepared from different L major genotypes. As shown in Fig. 6A, the addition of 

extracts from WT L major parasites to a total cell lysate induced the degradation of 

pl30Cas and PTP-PEST following 5 and 20 min of incubation. The profile of bands 

observed in this in vitro assay was quite similar to that obtained when fibroblast cells 

were exposed to live parasites (Fig. 3). In contrast, no significant cleavage was detected, 

neither after 5 or 20 min of incubation, when proteins extracted from gp63 -/- L major 

were added to the total cell lysate. These observations imply that the integrity of both 

parasitic and host cells is not essential for the cleavage reaction to occur. Importantly, 

purified PTP-PEST incubated with L major lysates was also degraded when GP63 was 

present (Fig. 6B), confirming that cellular proteins are dispensable for the cleavage of 

PTP-PEST triggered by the parasite. Finally, recombinant GP63 efficiently cleaved 

purified GST-PTP-PEST (Supp. Fig. 6). These experiments point to GP63 as a prerequisite 

for pl30Cas and PTP-PEST degradation and strongly suggest that these cellular signalling 

proteins are genuine substrates of GP63. 

Figure 6. L major lysates depend on parasite expression of GP63 to induce the 

proteolysis of pl30Cas and PTP-PEST in vitro. (A) Extracts from B11WT cells were 

incubated with lysates from stationary phase wild type (WT) or gp63-/- (KO) L major 

promastigotes or with lysis buffer (control, C) for the indicated times. (B) GST-PTP-PEST 

was isolated from transfected PTP-PEST^ cells, incubated under control conditions, or 

with either 5 u.g or 20 u.g of parasite-lysates prepared from the identified L major 

genotypes for 15 min. Samples were analysed by immunoblotting for pl30Cas (A) and 

PTP-PEST (2530 antibody) (A, B). Filled arrowheads point to intact proteins, and empty 

arrowheads identify cleavage products. The values on the right correspond to molecular 

weights in kDa. 
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The cleavage of pl30Cas and PTP-PEST occurs rapidly following the cellular 

exposure to the parasite. This suggests the existence of a mechanism facilitating entry of 

GP63 into target cells, before internalization of the protozoan commences. To test this 

hypothesis, we examined the impact of challenging P-MEFs with either live parasite, 

supernatant from promastigote cultures or parasite lysates. As expected, incubation of 

P-MEFs with live parasites leads to the cleavage of both pl30Cas and PTP-PEST. 

Interestingly, detectable levels of pl30Cas cleavage products were present following 

exposure of the cells to media in which L major was growing (Fig. 7, SDM supernatant). 

Importantly, incubation of cells with Leishmania-lysates that do not contain intact 

parasites induced pronounced cellular pl30Cas and PTP-PEST cleavage. Under all these 

conditions, the occurrence of cellular protein degradation was strictly dependent on the 

capacity of the protozoan to synthesize GP63. These findings imply a process that 

promotes the transfer of GP63 from the parasite to its target cells. 

Figure 7. Exposure of P-MEFs to L. mayor-conditioned medium and to parasite lysates 

induces protein fragmentation in a GP63-dependent manner. P-MEFs were exposed to 

live parasites, centrifuged culture supernatant or lysates of L. major for l h . Control cells 

for the live parasite and parasite lysate groups were incubated with serum-free DMEM 

during the course of the experiment, while the supernatant control was incubated in 

fresh SDM. Fibroblast protein integrity was analyzed by immunoblotting using antibodies 

specific for pl30Cas and PTP-PEST (2530). Filled arrowheads point to intact proteins 

whereas empty arrowheads identify cleavage products. The values on the right 

correspond to molecular weights in kDa. 
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3.4.5 L major infection modulates MAP kinases and causes GP63-dependent inactivation 

ofp38. 

The phosphorylation of pl30Cas favors JNK (198) and p44/42 MAPK activation 

(312) whereas the expression of PTP-PEST in B cells interferes with Ras-mediated p44/42 

phosphorylation (95), and promotes the activation of p38 in fibroblasts stimulated with 

anisomycin (Supp. Fig 7). To evaluate the impact of GP63 on the activity of host MAPKs, 

we measured the phosphorylation levels of three members of the MAPKs (p44/42, JNK 

and p38) in P-MEFs exposed to different strains of L. major. Immunoblotting using a 

phospho-specific antibody shows an increase in p44/42 MAPK phosphorylation in cells 

incubated with L major for 5 min, which is followed by a gradual decrease as the 

infection progressed (Fig. 8A). This transient ERK activation occurred similarly in cells 

infected with parasites both positive and negative for GP63 (WT, gp63'h or gp63'/'rescued). 

Likewise, JNK was up- and down-regulated independently of gp63 genotype. In contrast, 

a dramatic dephosphorylation of p38 occurred following L major infection (Fig. 8B). 

Interestingly, parasites lacking GP63 induced only a partial dephosphorylation of p38 

(Fig. 8B). Noteworthy, re-introduction of gp63 in the L. major9"63 ~'~ strain (rescued) was 

sufficient to restore its capacity to inactivate p38 (Fig. 8B). Since our results, presented 

on Fig. 4, revealed that the ability to provoke pl30Cas and PTP-PEST cleavage is species-

specific, we sought to verify the possible correlation between the proteolytic capacity of 

certain species and the modulation of p38 phosphorylation. Treatment of P-MEFs with L 

major, L. donovani and L mexicana but not with L tarentolae nor L braziliensis caused 

the disappearance of the phosphorylated form of p38 (Fig. 8C). This inactivation of p38 

correlated with the ability of the parasite to induce protein cleavage as detected by 

pl30Cas degradation. The reduced level of phosphorylated p38 was not due to its 

degradation because the total amount of p38 remained constant throughout all tested 

infections (Fig. 8B, C). Altogether, these results reveal a novel mechanism of p38 

regulation dependent on protein cleavage in which GP63 appears to play a key role. 
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Figure 8. Leishmania infection modulates MAPKs and depends on GP63 activity to 

downregulate p38. P-MEFs were left uninfected or incubated with L major"1 (A, B, C), 

with strains in which the GP63 gene was excised or re-introduced (L majorgp63~,~ or L. 

mo;'or9p63"/"rescued) (A, B), or with L donovani, L. mexicana, L tarentolae or L 

braziliensis (C) for the indicated times. The activity of p44/42 (A), JNK (A) and p38 (B, C) 

MAPKs was measured by immunoblotting using phospho-specific antibodies for each 

protein. Total input of p44/42 (A), JNK (A) and p38 (B, C) as well as stability of pl30Cas 

(C) was also measured. (B, right panel) Phosphorylated-p38 levels were quantified and 

normalized to the total amount of p38 by densitometry. Values correspond to the mean 

± standard error of three independent experiments. 
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3.4.6 GP63 cleaves the p38 regulator TAB1 during L. major infection, generating products 

unable to bind p38. 

The modulation of MAPKs observed during the infection with L major prompted 

us to analyze molecules that lie upstream of p38. Even though PTP-PEST expression 

regulates p38 in certain contexts, we did not observe differences in p38 modulation 

between PTP-PEST'' and re-expressing fibroblasts treated with L major (data not 

shown). As direct regulators of p38, the MAPK kinase (MKK) MKK3 and MKK6 can 

phosphorylate its activation loop whereas binding of the scaffolding protein TAB1 

induces its autophosphorylation (121, 380). L. major infection induced a marked 

disappearance of cellular TAB1 while MKK3 and MKK6 levels remained constant (Fig. 

9A). The diminished TAB1 levels correlated with the presence of GP63 on L major and 

paralleled pl30Cas degradation. Moreover, recombinant his-TABl is degraded by 

purified GP63 (Fig. 9B). These data identify TAB1 as a novel substrate of GP63. 

To examine further the mode of TAB1 proteolysis, we exposed cells expressing 

different forms of TAB1 (WT or 1-418), flanked by Flag (N-terminus) and myc (C-

terminus) epitopes, to L major. Truncation of the C-terminal portion of TAB1 was 

previously found to generate a form of the protein (TAB1 1-418) that displays increased 

affinity for p38 and contains the residues essential for their interaction (121). Both 

versions of TAB1 were degraded in infected cells and produced the same N-terminal 

fragment (46 kDa) detected by antibodies against Flag (Fig. 9C). The C-terminal cleavage 

products detected via the myc tag were substantially less abundant and therefore 

appear only upon longer exposure (Fig. 9C, IB: myc). In addition, profile of these C-

terminal fragments differed according to the version of TAB1 expressed (WT or 1-418) 

(Fig. 9C, IB: myc, bottom). In all cases, the efficient generation of cleavage products 

depended on the parasitic expression of GP63 (Fig. 9D). Thus, GP63-mediated TAB1 

proteolysis generates a stable N-terminal fragment and other smaller C-terminal 

products, suggesting that GP63 cleaves TAB1 at multiple sites. Importantly, L major 
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infection impaired p38 binding to TAB1 (both WT and 1-418) (Fig. 9E). Specifically, none 

of the TAB1 cleavage products (Flag or myc tagged) generated during L major infection 

were able to interact with GST-p38. Together, these results show that GP63 processes 

TAB1, which alters the formation of TABl-p38 complexes and could thereby modulate 

p38-signaling. 

120 



Figure 9. L. major regulates p38/TABl binding via GP63-mediated proteolysis of TAB1. 

(A) P-MEFs were incubated with L. major™7, L major9963'1' or L /r7o/o/^p637"rescued for 

the indicated duration. Protein lysates were collected and the stability of the p38 

regulators TAB1, MKK3 and MKK6 was verified by immunoblotting. (B) His-TABl purified 

from expressing bacteria was incubated under control conditions (C) or with 0.2 u.g or 1 

u.g of REGP63 for 30 min. The stability of TAB1 was then analyzed by immunoblotting 

using anti-TABl antibodies. (C) PTP-PEST1' cells transfected with an empty vector or with 

vectors encoding either Flag-TABl (WT)-myc-myc or Flag-TABl (l-418)-myc-myc were 

incubated under control conditions (C) or with L. major™1 at a ratio of 1:20 

(cells:parasites) for the indicated time. Protein lysates were harvested and analyzed by 

immunoblotting using the indicated antibodies. (D) PTP-PEST'' cells transfected with an 

empty control vector or with vectors encoding Flag-TABl (WT)-myc-myc or Flag-TABl (1-

418)-myc-myc were incubated under control conditions (C) or with L. major™1, or L. 

major9"63''' (KO), or L major9"63''-rescue(RSC) at a ratio of 1:20 (cells:parasites) for 15 

min. Protein lysates were harvested and analyzed by immunoblotting using the indicated 

antibodies. (E) PTP-PEST1' cells expressing either Flag-TABl (WT)-myc-myc or Flag-TABl 

(l-418)-myc-myc were incubated under control conditions (C) or with L. major™1 at a 

ratio of 1:20 (cells:parasites) for the indicated time. Lysates extracted from infected and 

non-infected cells were incubated with either GST or GST-p38 immobilized on 

glutathione sepharose beads, and the ability of the GST fusion proteins to interact with 

various forms of TAB1 was investigated by immunoblotting for the Flag and myc 

epitopes. The quantity of GST fusion proteins used in each assay was assessed by 

immunoblot against GST. The presence of TAB1 proteins in each extracts was also 

verified by immunoblotting with the indicated antibody (E, right panel). The values on 

the right correspond to molecular weights in kDa. 
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3.5 DISCUSSION 

Upon inoculation into a mammalian organism, Leishmania parasites must adapt 

to this foreign environment and take advantage of their immediate surrounding 

components and cells. During this process, molecules covering the parasite undoubtedly 

play a critical role as they are directly in contact with their extra-cellular milieu. Herein, 

we demonstrate that the modulation of multiple mammalian signalling molecules occurs 

early during infection by Leishmania. Importantly, GP63 appears to be a critical player in 

disrupting the state of several signalling proteins. 

Even though macrophages are believed to be the primary target of Leishmania, 

this parasite is capable of colonizing other cell types (22, 29, 247, 345, 358). Fibroblasts 

are abundant in the immediate environment where promastigotes are inoculated, can 

harbour parasites in animal models and were proposed to play an important role for 

long term infection (29). Our data confirm that L major is capable of infecting cultured 

fibroblasts isolated from mouse embryos. The accumulation of parasites within them 

gave rise to heavily infected spheroids similar to those typically observed in spleen 

biopsies from infected individuals (270). Interestingly, no nuclear condensation or 

caspase activation characteristic of apoptotic cells was detected in highly infected 

fibroblasts despite the intense stress undoubtedly induced by the presence of parasites. 

Correspondingly, Leishmania mediates a delay in programmed cell death induction in 

neutrophils and macrophages (3, 236). This implies that the parasite induces 

modifications in the cellular signalling machinery early during the infectious process to 

avoid activation of the apoptotic program. Besides the involvement of the mannose 

receptors in the attachment of Leishmania to fibroblasts and the implication of Cdc42 in 

parasitic internalization (149, 237), little else is known about the molecular events 

occurring within fibroblasts during Leishmania infection. Here, we have shown that the 
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interaction between Leishmania and fibroblasts induces several additional modifications 

of host signalling proteins. 

Leishmania provoked important changes in the tyrosine-phosphorylation level of 

several proteins (Fig. 2). The effect of inhibition of protein tyrosine kinases (PTKs) 

illustrates their requirement for the internalization of L. donovani by macrophages (122). 

On the other hand, the modulation of tyrosine-phosphorylation content in macrophages 

infected with L donovani was associated with general activation of PTPs, including SHP-1 

(27). Our results identify another PTP, PTP-PEST that is proteolysed in cells that 

encounter Leishmania. This post-translational modification of PTP-PEST could modulate 

its enzymatic properties, as the cleavage of PTP-PEST was shown to augment its catalytic 

activity (138). Additionally, Leishmania induced GP63-dependent cleavage of TC-PTP 

likely near its C-terminal nuclear localization signal (NLS) (Supp. Fig. 8). Removal of the 

NLS could allow the phosphatase to access additional substrates and also enhance its 

catalytic activity (80, 140, 382). The altered tyrosine phosphorylation profile found in 

cells infected with Leishmania may also be due to the cleavage of highly phosphorylated 

proteins such as pl30Cas. The phosphorylation of pl30Cas fragments was likely 

maintained since they remained capable of binding Crk. Thus, the combined regulation 

of PTKs, PTPs and protein stability is likely responsible for the dramatic changes in 

phospho-protein levels in /.e/shman/a-infected cells. 

Proteolysis of cellular proteins including pl30Cas and PTP-PEST during the 

Leishmania infective process could be a manoeuvre used by the parasite to take control 

of the cellular machinery. PTP-PEST and pl30Cas cleavage occurred independently of 

growth conditions or the presence of various cellular-protease inhibitors, which implies 

that the host-cell proteolytic apparatus is not activated during L. major infection. In 

contrast, in vivo and in vitro analysis, taking advantage of L. major strains positive or 

negative for gp63 gene expression, supports the identification of pl30Cas and PTP-PEST 

as novel, genuine substrates of the parasite protease GP63. Additionally, the in vitro 
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cleavage of PTP-PEST by REGP63 indicates that it is directly responsible for this 

proteolytic event. Interestingly, cells exposed to L major, L mexicana or L donovani all 

exhibited pl30Cas and PTP-PEST proteolysis whereas those incubated with L braziliensis 

or L tarentolae did not. Genetic analysis based on gp63 gene organization and 

sequences has grouped members of the Viannia subgenus (which includes L. braziliensis) 

in a separate cluster from other Leishmania species (346). Divergence in the composition 

of L braziliensis gp63 genes could limit their access to intracellular substrates or modify 

their specificity, thereby explaining the limited cleavage observed in our experiments. 

On the other hand, the lizard parasite L. tarentolae possesses a variant GP63 lacking 

enzymatic activity (48). Experiments using genetically modified strains of L. major led to 

the identification of additional substrates of GP63: cortactin, TC-PTP, caspase-3 and 

TAB1. Even though GP63 is targeting several substrates, we believe that this enzyme 

does not cause general protein degradation since the majority of signalling proteins 

tested were resistant to its presence. The specific contributions of each of these 

individual cleavage events to Leishmania pathology remain unresolved. Nonetheless, the 

GP63 substrates we have identified are implicated in multiple physiologic functions 

including cytoskeletal rearrangement, cell proliferation and apoptosis, pointing to 

several potential avenues by which the parasite may take advantage of its host. 

The secretion and transfer of virulence factors into host cells is of paramount 

importance for the pathogenic processes of several microorganisms (75). Here, we have 

provided evidence for the rapid cleavage of pl30Cas and PTP-PEST upon initial contact 

between L. major and fibroblast cells, presumably before internalization of the parasite. 

The previously reported cleavage of the intracellular protein MRP (82), as well as the 

activity of GP63 found on amastigotes (194) are also indicative of an important role for 

GP63 inside mammalian cells. The capability of the parasite to induce protein 

degradation before it enters into its host cells implies a mechanism allowing the transfer 

of GP63 to the intracellular space of its host. Clinical isolates causing cutaneous (/.. 

tropica) or visceral (L infantum) leishmaniasis as well as L amazonensis, L. major, L. 
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mexicana and L. donovani were observed to release proteolytically active GP63 in 

culture supernatants (103, 171, 228). Recent investigations performed with L. chagasi, 

indicated that incubation of stationary-phase promastigotes under parameters 

reproducing the extra-cellular-mammalian host environment (37 °C and Matrigel) 

stimulated the secretion of internal GP63 (368). Furthermore, in amastigotes, the 

majority of GP63 is localized in the flagellar pocket of the parasite, which is the principal 

site of exocytosis (156), indicating a role for the liberation of GP63 inside the host cell. 

During the course of our experiments, we noticed that throughout the initial contact 

between the protozoan and the fibroblasts, a large proportion of the microorganisms 

presented their flagellum (and flagellar pocket) toward the mammalian cells (M. Halle, 

M. Olivier and M. L Tremblay, unpublished observations). This behaviour could allow 

parasites to concentrate their secretion products, including GP63, in the direction of 

their targeted cell. Remarkably, incubation of fibroblasts with L major culture 

supernatant and even parasite lysates led to the appearance of degradation products, 

which correlated with GP63 protein expression. These observations reveal that L major 

secretes or contains all the components necessary for GP63 entry, and that this 

phenomenon does not require parasitic integrity. Interestingly, a recent study on L. 

donovani reported the presence of microvesicles budding from the flagellar pocket and 

identified a set of 151 distinct proteins secreted by the parasite (304). We postulate that 

during the /.e/s/j/rjon/o-mammalian cell initial interaction, release of GP63 in close 

vicinity to the host cell surface, possibly with other secreted transport effectors, 

facilitates its entry into the cytosolic space, allowing it to reach additional substrates. 

Reorganisation of the actin cytoskeleton plays a central role in the internalization 

of many intracellular parasites. Interestingly, heat killing of L amazonensis amastigotes, 

a process that also abrogates GP63 activity (58), prevent their internalization in CHO 

cells, supporting a unique property of live amastigotes to accomplish entry into cells 

(237). The small Rho-GTPase Cdc42 is also necessary for Leishmania entry into CHO cells 

(237). Cdc42 was previously shown to signal towards WASP and N-WASP in order to 
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stimulate actin nucleation (150). During intracellular trafficking of Leishmania, WASP, 

vinculin, Arp2/3 and other cytoskeletal regulators gather with actin filaments around 

engulfed parasites to form an actin cup structure thought to protect the foreign parasite 

from phagolysosomal digestion (206, 212, 237). Cortactin, another actin regulator that 

interacts with Arp2/3 and N-WASP, is similarly recruited to actin-rich structures 

exploited by other intracellular microbes (297). The assembly of the PTP-PEST-PSTPIP-

WASP complexes was previously shown to allow PTP-PEST to dephosphorylate WASP 

(85) and to inhibit WASP-induced actin polymerization (18). It was recently 

demonstrated that caspase-3-mediated cleavage of PTP-PEST dissociates its 

phosphatase domain from PSTPIP and was expected to prevent it from 

dephosphorylating and inhibiting WASP (138, 139). Importantly, we show that GP63 

mediates the degradation of PTP-PEST during Leishmania infection, which could function 

to affect parasite-induced actin cytoskeleton remodelling. Moreover, we observed that 

pl30Cas and cortactin were cleaved in cells exposed to parasites expressing GP63. MRP, 

another identified substrate of GP63, is associated with actin filaments in macrophages 

cells (82). GP63 was also shown to interact with fibronectin receptor (integrin) and to 

stimulate the internalization of Leishmania parasites (36). Thus, we propose that GP63 

will act from both outside and inside the cell to alter the activity of host cell signalling 

molecules. This modulation may assist parasite engulfment through the formation of 

actin fibres and membrane protrusions. Future investigations will attempt to decipher 

the precise role of GP63 in modulating the dynamic remodelling of the cytoskeleton. 

Some inconsistencies are present in the literature regarding the response of the 

p38 MAPK to Leishmania infection. Several reports suggest that the parasite either 

actively inhibits or avoids activating p38 (17, 224, 258), while others indicate that p38 is 

induced during infection (19, 179, 210, 278). Despite the discrepancy, most reports 

affirm that activation of p38 is detrimental to parasite survival. Here, we report that 

activating phosphorylation of p38 is diminished following exposure of fibroblasts to L. 

major and correlates with the capability of GP63 to cleave intracellular substrates. 
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Moreover, the ability to down-regulate p38 was specific to certain Leishmania species: L. 

major, L mexicana and L donovani caused complete inactivation of p38, a task which L 

tarentolae and L. brasiliensis failed to perform. These results underscore that 

Leishmania requires functional GP63 to achieve inactivation of p38. Importantly, this 

GP63-dependent cellular response was unique to p38. In contrast, the p44/42 and JNK 

MAPKs reacted similarly in response to infection, regardless of gp63 genotype. 

Leishmania did not entirely monopolise the host signalling machinery since infected cells 

maintained the ability to activate MAPKs (p44/42) and STAT-5 following growth 

hormone stimulation as well as MAPKs (p44/42) and AKT downstream of 

lysophosphatidic acid (LPA) stimulation (data not shown). Interestingly, another 

pathogenic microorganism, Bacillus anthracis, also secretes a metalloproteinase termed 

lethal factor (LF) in order to inhibit MAPK signalling (343). In this case, LF cleaves the 

MKKs, preventing efficient MAPKs activation (343). Thus, we verified the integrity of 

p38-upstream-regulators in cells submitted to L. major. While we did not notice any 

effect on MKK3 nor MKK6, the adaptor molecule TAB1 was depleted upon infection. We 

then showed that TAB1 is cleaved in a GP63-dependent manner, generating fragments 

unable to interact with p38. As the p38/TABl interaction was previously shown to 

modulate p38 activity (121), we believe that alterations in the stability of this complex 

caused by GP63 could contribute to the decreased p38 phosphorylation occurring during 

Leishmania infection. 

As the most abundant protein covering the surface of Leishmania (33, 369), GP63 

undoubtedly plays fundamental roles in signals initiated upon contact with host cells. In 

the extracellular milieu within mammalian host, parasites are significantly protected 

from complement-mediated lysis by GP63 (37,177, 329). Nevertheless, the vulnerability 

of GP63-deficient L. major to the effect of complement may not be solely responsible for 

their reduced infectivity in an animal model (176). Indeed, additional functions including 

the promotion of host-cell attachment and internalization have been attributed to GP63 

(36, 61). In addition, the GP63-mediated degradation of extracellular matrix components 
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such as fibronectin facilitates parasite dissemination and inhibits the activation of 

protective response of infected macrophages (194, 227). A limited number of 

intracellular functions have also been ascribed to GP63. For example, two intracellular 

substrates of GP63, MRP and NF-KB p65RelA, have been identified (82, 127). Also, 

expression and activity of GP63 are important to protect engulfed parasites during 

phagolysosomal transition (58, 294). Our results expand significantly the number of 

known targets of GP63 and emphasize its importance in the parasitic program that 

remodels intracellular signalling networks of host cells in its proximity. 

The intrusion of virulence factors and the exploitation of cellular components are 

crucial strategies for host invasion by a wide array of pathogenic microorganisms. In this 

study, we have uncovered a series of intracellular effects of Leishmania in fibroblasts, a 

potentially important target cell of this parasite. Our results point to the importance of 

the metalloprotease GP63 in regulating several important signaling proteins, 

contributing to downstream changes in global protein tyrosine phosphorylation levels as 

well as a specific effect on p38 MAPK activation. In addition, proteins modulating 

apoptosis and the actin cytoskeleton are overrepresented among the identified GP63 

targets. Thus, our results suggest novel mechanisms by which GP63 could actively 

participate in the conditioning of host cells through the modulation of both signaling and 

structural regulators. If these changes are prerequisite for efficient infection by 

Leishmania, our results could contribute to the development of drugs that would impair 

host cell invasion by this virulent parasite. 
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3.7 SUPPLEMENTARY DATA. 

Supplementary figure 1. Infection with L major does not induce apoptosis. P-MEFs were 

incubated under control conditions or treated with L major or 10 ng/ml tumour necrosis 

factor-a (TNFa) in presence of 10 u.g/ml cycloheximide (TNFa treatment only) for the 

indicated duration. Caspase activity was measured by DEVDase as described previously 

(138). Values correspond to the rate of Ac-DEVD-7-amino-4-trifluoromethyl coumarin 

(AFC) peptide substrate hydrolysis and represent means ± standard deviation of two 

independent experiments performed in triplicate. Increased apoptotic caspase 

activation was not detected in cells incubated for either 12 or 24 hours with L major. As 

expected, treatment with TNFa induced a dramatic increase in caspase activity leading 

to apoptosis. These data provide strong evidence that prolonged exposure to L. major 

does not significantly induce apoptosis. 

Supplementary figure 2. The phosphorylation of pl30Cas is increased in the B14V cells. 

pl30Cas expressed in PTP-PEST cells (B14V and B11WT) was immunoprecipitated, 

separated by SDS-PAGE and its level of tyrosine phosphorylation was revealed by 

immunoblotting using an anti-phosphotyrosine antibody (4G10). Cells expressing PTP-

PEST (B11WT) showed decreased levels of phosphorylation of pl30Cas as compared to 

cells lacking PTP-PEST (B14V). 
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Supplementary figure 3. Forms of pl30Cas found in control and L. mo/or-infected B14V 

fibroblasts interact with the SH2 domain of Crk in vitro. Serum-starved B14V and B11WT 

cells were incubated with or without L major for 15 min, rinsed with ice-cold PBS and 

lysed in mRlPA (50mM Tris pH 7.4, 150 mM NaCI, 0.1% SDS, 0.5% sodium deoxycholate, 

1% NP40, 10 mM NaF, 1 mM Na3V04, Complete protease inhibitor). Cell extracts were 

centrifuged at 16000 x g for 10 min at 4 °C, and the protein concentration was 

determined by Bradford assay. Cleared protein lysates (1 mg) were incubated for 2h at 4 

°C with GST fusion proteins (GST or GST fused to the SH2 domain of Crk (GST-SH2(Crkl)/ 

purified as described (85)) immobilized on glutathione sepharose beads (GE Healthcare). 

Beads were then washed three times with mRlPA, boiled in SDS-sample buffer and 

analyzed by immunoblotting. pl30Cas is expressed similarly in B14V and B11WT cells, 

and L major infection induces the appearance of a smaller form of pl30Cas in both cell 

lines (right panel). The two forms of pl30Cas protein interact with Crk SH2 exclusively in 

the absence of PTP-PEST (left panel). Filled arrowheads correspond to the long form of 

pl30Cas and empty arrowheads point to the smaller form. The values on the right 

correspond to molecular weights in kDa. 

Supplementary figure 4. L major, but neither L tarentolae nor L braziliensis infection 

leads to rapid degradation of pl30Cas and PTP-PEST. B11WT fibroblasts were incubated 

for the indicated time with the indicated Leishmania species at a ratio of 1:20. Protein 

lysates were harvested and analyzed by immunoblotting for pl30Cas and PTP-PEST. 

Cellular pl30Cas and PTP-PEST proteins were degraded within 15 min of incubation with 

L major, whereas both proteins remained intact in cells incubated with L tarentolae or 

L. braziliensis for l h and 2h. Filled arrowheads identify intact proteins, and empty 

arrowheads point to cleavage products. The values on the right correspond to molecular 

weights in kDa. 
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Supplementary figure 5. Infection with L major does not induce the degradation of 

several proteins expressed in fibroblast-cells. P-MEFs were incubated with either L. 

major™1 or L major3963'1' for 30 min at a ratio of 1:20 (cells:parasites). Protein extracts 

were analysed by immunoblotting for pl30Cas, TC-PTP, integrin-Bl, STAT5, She, focal 

adhesion kinase (FAK), paxillin, kBct, AKTand PTP-1B. IB, immunoblot. 

Supplementary figure 6. Recombinant GP63 cleaves GST-PTP-PEST. GST-PTP-PEST was 

isolated from transfected PTP-PEST1' cells and incubated under control conditions or 

with 0.2 u.g or 1 u,g of purified recombinant GP63 (REGP63) for 30 min. Samples were 

analysed by immunoblotting for PTP-PEST (2530 antibody). The values on the right 

correspond to molecular weights in kDa. 

Supplementary figure 7. Expression of PTP-PEST promotes anisomycin-induced p38 

MAP kinase phosphorylation. PTP-PEST7" parental cells and rescued clones were serum-

starved (0.05% FBS DMEM, 16h) and stimulated with 50 ng/ml anisomycin in serum-free 

DMEM for the indicated time. Protein lysates were harvested and the level of 

phosphorylation of p38 was measured by immunoblotting using phospho-specific 

antibodies against phospho-thrl80/tyrl82 p38 MAP kinase. Total input of p38 as well as 

the expression level of PTP-PEST in each clone was also verified. Following treatment 

with anisomycin, PTP-PEST deficient cells displayed increased p38 phosphorylation. p38 

was also activated in response to anisomycin in cells in which the empty vector was re

introduced (B14V). Importantly, all clones expressing PTP-PEST (B11WT, B118WT and 

B119WT) displayed increased phosphorylation of p38 following 15 min and 30 min 

treatment with anisomycin as compared to cells lacking PTP-PEST. These results strongly 

suggest that expression of PTP-PEST enhances the activation of p38 in anisomycin-

treated cells. 
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Supplementary figure 8. Infection with L major induces cleavage of TC-PTP near its C-

terminus. (A) Schema illustrating the structural organisation of TC-PTP (TC45). The N-

terminal catalytic domain (phosphatase) is followed by a nuclear localization signal 

(NLS). Localization of epitopes recognized by various antibodies (12A3, 6F7, 3E2 and 

10B4) is shown. (B) P-MEFs were incubated with either L major"1 or L major91363'1' for 30 

min at a ratio of 1:20 (cells:parasites). The stability of TC-PTP was evaluated by 

immunoblotting of cellular lysates using different monoclonal antibodies specific for TC-

PTP (12A3, 6F7, 10B4) (B). Although TC-PTP of P-MEFs infected with L majorm was 

cleaved, this PTP remained intact in cells exposed to L majorgp63,~'. These results imply 

that GP63 is necessary for parasite-mediated TC-PTP cleavage. Antibodies that are 

directed against the N-terminus segment of TC-PTP (12A3, 6F7, 3E2) all recognized a 

degradation product slightly smaller than the intact form (Fig. 5 D, Supplementary Fig. 1 

and 2 B). In contrast, even following a long exposure, antibodies recognizing the C-

terminus of TC-PTP (10B4) were not able to detect the same cleavage product (B). 

Together, these results suggest that the parasitic protease GP63 actively participates in 

the targeted cleavage of TC-PTP, a process that likely occurs within the C-terminal half of 

the enzyme. IB, immunoblot. 
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4.1 ABSTRACT 

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 actin 

cytoskeleton in apoptosis, the involvement of PTP-PEST in apoptotic cell death remains 

to be established. Using several cell-based assays, we show that PTP-PEST participates in 

the regulation of apoptosis. As apoptosis progresses, 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, immunodepletion 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 fragments, some of which displayed increased catalytic activity. Moreover, 

caspase-3 regulated PTP-PEST interactions with paxillin, leupaxin, She and PSTPIP. PTP-

PEST acted as a scaffolding molecule connecting PSTPIP to additional partners: paxillin, 

She and Csk, and activation of caspase-3 correlated with the modulation of PTP-PEST 

adaptor function. In addition, cleavage of PTP-PEST facilitates 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. 
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4.2 INTRODUCTION 

Tyrosine phosphorylation is 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 proper development 

and homeostasis of a wide variety of living organisms. 

PTP-PEST is classified as a cytosolic PTP whose closest homologues are PTP-PEP 

and PTP-HSCF (5). Although PTP-PEST contains PEST regions previously proposed to 

stimulate protein degradation (272), pulse-chase analysis demonstrated that PTP-PEST is 

a stable protein with a half-life of more than four hours (56). PTP-PEST is ubiquitously 

expressed, although it is found at higher levels in hemopoietic tissues (85, 94). 

Inactivation of the PTP-PEST gene results in an early embryonic lethality and establishes 

PTP-PEST as an essential gene for mouse development (84, 305). Studies performed in 

fibroblast cells link PTP-PEST expression with the regulation of cell migration and 

adhesion (11,120). Indeed, Sastry et al. have shown that PTP-PEST inhibits Racl-induced 

cytoskeletal changes thereby preventing membrane ruffles formation (286). 

Furthermore, in aortic smooth muscle cells, nitric oxide inhibits cell migration by 

activating PTP-PEST (208). In Xenopus blastomeres, forced over-expression of PTP-PEST 

interferes with cell motility and results in a gastrulation defect (88). Concomitant with 

these reported phenotypes, PTP-PEST was found to directly interact or to be associated 

in complexes with several signaling and cytoskeleton-associated molecules including 

pl30Cas, Sin, Hef-1, leupaxin, Hic-5, paxillin, FAK, Pyk2, Grb-2, She, Csk, PSTPIP, WASP, 

Abl and gelsolin (53, 54, 60, 79, 85, 86, 94, 118, 131, 216, 243). Interestingly, PTP-PEST 

decreased WASP-promoted immunological synapse formation and actin polymerization 

in T-cells (18). PTP-PEST reduces lymphocyte activation by inhibiting the Ras-MAP-kinase 
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pathway (95). Finally, altered PTP-PEST interactions were associated with the human 

auto-inflammatory disorders: PAPA syndrome (357). 

Apoptosis-mediated cell death is necessary for proper development, efficient 

immune function and maintenance of tissue homeostasis (2). Two primary pathways 

activate apoptosis: the extrinsic pathway and the intrinsic pathway (28). The extrinsic 

pathway depends on the activation of the death receptor members of the TNF receptor 

family (92), whereas proteins sensing the diverse cellular stress trigger the intrinsic 

pathway (2). To amplify the apoptotic signal, these two pathways lead to the activation 

of the caspase cascade (28). Once activated, the executioner caspases commit cells to 

apoptosis by cleavage and alteration of function of their substrates (112). 

Proper cellular adhesion is essential to mediate anchorage-dependent cell 

survival signals (314). In addition, to maintain physiological equilibrium, cells need to 

adopt a specific morphology. Apoptosis can results from the loss of cellular attachment, 

termed anoikis, or from a disturbance of the cytoskeleton leading to improper cellular 

morphology known as amorphosis cell death (222). Importantly, cleavage of cytoskeletal 

proteins by caspases correlates with morphological changes and cellular detachment 

that characterize apoptosis (77, 112). Interestingly, the caspase-mediated cleavage of 

pl30Cas, a PTP-PEST-targeted protein, contributes to the dismantling of adhesion 

structures, whereas the cleavage of ROCK I induces formation of membrane blebbing 

(78, 189, 295). 

Cumulative evidence recognizes phosphatases as critical regulators of apoptosis. 

For example, LAR-PTP (331), SHP-1 (377), YopH (40), PTP-1B (129), SAP-1 (318), TC-PTP 

(132) and PTP-PEP (143) were reported to promote apoptosis whereas SHP-2 (169), FAP-

1 (166) and MKP (361) attenuate the apoptotic response. Reactive oxygen species (ROS), 

which inhibit PTP activity (230), contribute to the induction of apoptosis (181). In 

addition, several kinases and phosphatases have been identified as important 
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modulators of the apoptotic response by siRNA screening (218). Some protein 

serine/threonine phosphatases are substrates of caspases as exemplified by calcineurin 

and PP2A (112). Furthermore, caspase-3 regulates the protein stability of the dual 

specific phosphatase PTEN (338). Nevertheless, as of yet there are no 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 integrity, activity 

and adaptor function were all modulated specifically by caspase-3. Furthermore, the 

cleavage of PTP-PEST contributes to cellular detachment during apoptosis. This study 

links PTP-PEST to the regulation of apoptosis and implicates caspases in the regulation of 

PTPs. 
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4.3 MATERIALS AND METHODS 

4.3.1 Reagents and antibodies used in this study. 

Chemicals were from BioShop Canada Inc., Fisher Scientific and Sigma. 

Recombinant active caspase-3 was from Upstate®. The PTP-PEST polyclonal antibodies 

(2528 and 2530) and monoclonal (AG25) were previously described (85, 118). 

Monoclonal antibodies specific for She, pl30Cas and paxillin were from BD Transduction 

Laboratory. Antibodies against Csk, GST and SHP-2 were from Santa Cruz Biotechnology. 

TC-PTP monoclonal antibodies (3E2) kindly provided by Daniel Brunet were described 

previously (162) and CF4-1D antibodies were from Calbiochem. Polyclonal rabbit 

antibodies against PTP-1B and monoclonal anti-myc (9E10) were from Upstate®. 

Antibodies specific for caspase-3, caspase-8 and caspase-9 were from Cell Signaling 

Technology. Antibodies against GFP, PTP-1B (FG6), caspase-6 and caspase-7 were 

respectively from Clonetech, Calbiochem, Upstate® and BD Biosciences. 

4.3.2 Plasmids, cDNAs and transfections. 

Murine PTP-PEST expression vectors, pcDNA3.1/Zeo-PTP-PEST (WT and C231S) 

and pEGFP-C2-PTP-PEST (WT), were described previously (85). PSTPIP cDNA described in 

(85) was subcloned into pEBG using BamHl and Notl 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 BamHl and Xhol 

and were respectively inserted between BglW and Sail restriction sites. pEBG-PTP-PEST 
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WT and ASP A were generated by PCR cloning of the appropriate cDNA using 

oligonucleotides containing BamHl and Notl restriction sites. pCS2mycECFP-PTP-PEST-

EYFP (WT or 549ASP552A or 604ADS607A or 740AKK743A or 549ASPA/604ADSA) were obtained 

by replacing PTPaSpD2 by PTP-PEST in pCS2mycECFP-PTPaSpD2-EYFP (26) using 

Ncol/BglW with the corresponding PTP-PEST cDNA amplified by PCR. Human PTP-PEST 

(hPTP-PEST) cDNA (Open Biosystems) amplified by PCR was subcloned into pGEX-6Pl 

(Pharmacia) using BamHl and So/1 restriction sites. GST-hPTP-PEST cDNA was further 

amplified by PCR and subcloned into pRK5 using Xbal and So/1 restriction sites. All 

cDNAs were verified by sequencing. All transfections were performed using 

Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's instructions. 

4.3.3 Cell lines. 

All cell lines were maintained in DMEM supplemented with 10% fetal bovine 

serum (FBS) and 50 u.g/ml gentamicin (Gibco) at 37°C in a 5% C02 humid atmosphere. 

For 293T cells, media was also supplemented with 1% L-glutamine. Primary mouse 

embryonic fibroblasts (P-MEFs) from BALB/c mice (Jackson) were generated as 

described (67). Mouse spontaneously immortalized fibroblasts (MEFs) were previously 

described (128). HeLa299 cells were a generous gift of N. Sonenberg (McGill University). 

PTP-PEST -/- parental cells were described by Cote et al. (84). Stable re-expression of 

PTP-PEST in the PTP-PEST null cells was obtained as follows: subconfluent PTP-PEST -/-

fibroblasts were transfected with linearized (Scol) pcDNA3.1/Zeo (empty vector, EV) or 

with pcDNA3.1/Zeo-PTP-PEST (wild type, WT). After 48h, the cells were split and positive 

clones were selected using 100 u.g/ml of Zeocin (Invitrogen). The media was changed 

every two days for 10 days and isolated colonies were picked and expanded in selection 

media. Clones expressing PTP-PEST were identified by immunoblot. Clones were grown 

in media supplemented with 50 u.g/ml Zeocin during routine culture and were 

maintained in absence of Zeocin during the course of each experiment. 
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4.3.4 Induction of apoptosis and immunoblots. 

Cells were stimulated with 60 u.M cisplatin (Calbiochem), 1 u.M staurosporine 

(Sigma) or 10 ng/ml tumor necrosis factor-a (TNF-a) (Sigma) in the presence of 10 u.g/ml 

cycloheximide (Sigma) for the indicated time, adherent and detached cells were rinsed 

on ice with PBS and lysed (1% NP-40, 150 mM NaCI, 50 mM Tris pH 7.4, 0.1% SDS, 50 

mM NaF, 1 mM Na3V04, Complete protease inhibitors (Roche)). Cell extracts were 

centrifuged at 16000 x 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 

u.g) of denatured protein were separated by SDS-PAGE and transferred to polyvinylidene 

difluoride (PVDF) membranes (Immobilon-P, Millipore). Commercial antibodies were 

used accordingly to the manufacturer's instructions and non-commercial TC-PTP and 

PTP-PEST antibodies were used as described previously (85, 162). Blots were stripped 

using Re-Blot Plus Strong (Chemicon International) and re-probed accordingly 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 addition 

of 1 u.M staurosporine and co-incubation was continued for an additional 6 h. Adherent 

and floating cells were harvested, lysed and analyzed as described above. 

4.3.5 Analysis of PTP-PEST localization. 

HeLa299 were transfected for 6 h with 6 u.g of pEGFP-C2-PTP-PEST in 10 cm 

dishes. Cells were then re-plated at 2.2 x 105 cells per 35 mm fibronectin coated (10 

u.g/ml fibronectin/PBS (Sigma), 2 h, 37°C) glass bottom dish (Mat Tek Corporation) and 

incubated for 16 h. Hel_a299 cells expressing EGFP-PTP-PEST were treated with 50 ng/ml 
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anti-Fas (human activating, Upstate®) and 10 u.g/ml cycloheximide for the indicated 

period of time. Cells were maintained at 37°C in 5% C02 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 200M (Zeiss) confocal 

microscope. Random field images were acquired at the indicated times using the 

LSM510 Meta confocal system and software. Profile analysis was performed using the 

same software. For the time-lapse video confocal microscopy, images were acquired at 

15 seconds intervals. 

4.3.6 Measurement of apoptosis. 

PTP-PEST -/- parental cells and re-expressing clones were seeded at 1.7 x 106 

cells/60mm dish. Eight hours following their adhesion, cells were rinsed with PBS and 

starved in 0.1% FBS DMEM for 16 h. Cells were treated with 10 u.g/ml cycloheximide in 

the presence or absence of 10 ng/ml TNFa in 10% FBS DMEM for 2.5 h. Adherent and 

floating cells were rinsed with ice-cold PBS, lysed (20 mM Hepes pH 7.4; 2 mM EDTA; 1% 

NP-40,10 u.g/mL aprotinin, 10 u.M leupeptin and 2 mM dithiothreitol (DTT)) and samples 

were centrifuged at 4°C for 10 minutes at 16000 x g. Protein content was normalized 

using the Bradford method and caspase activation was quantified by DEVDase assay as 

described in (141). HeLa299 cells were transfected with 6 u.g DNA for 6 h in 10 cm 

dishes, trypsinized, harvested and seeded at 5 x 105 cells/60mm dishes for 18 h. After 24 

h of serum starvation (0.1% FBS DMEM), cells were treated for 6 h with or without 50 

ng/ml human anti-Fas (Upstate®) in presence of 10 u.g/ml cycloheximide in 10% FBS 

DMEM. Cells were lysed and caspase activity was measured as described above. 
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4.3.7 Measurement of cellular attachment by flow cytometry. 

HeLa299 cells were transfected with 13ug 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 wells plate) in 1% FBS DMEM for 16 h. Cells were treated for the 

indicated time with or without 50 ng/ml human anti-Fas (Upstate®) in presence of 10 

u.g/ml cycloheximide in 10% FBS DMEM. Following incubation, media was removed, cells 

were rinsed two times with PBS and attached cells were gently detached using 

TrypLE™Express (Gibco) and harvested in PBS (supplemented with 2% FBS, 10 mM 

EDTA). Cells were transferred to polystyrene round-bottom tube (BD Falcon) and 

centrifuged at 1550 rpm at 4°C for 5 min (Eppendorf centrifuge 5810R). Cell pellets were 

resuspended in 500 u.1 PBS (supplemented with 2 % FBS and 10 mM EDTA) and samples 

were kept on ice. Tubes were vortexed for 3 sec and read using FACScan (BD Bioscience) 

leaving 10 sec for flow stabilization followed by a 30 sec acquisition time for each 

reading. Each sample was analyzed three times using this method and vortexed for 3 sec 

between each analysis. Results are representative of two independent experiments in 

which each condition was performed in triplicate. Cells were analyzed with Cell Quest 

Pro software (BD Bioscience) based on forward and side scatter (eliminating doublets) 

and EGFP positive cells were read in FL1 channel. 

4.3.8 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 u.M leupeptin, 10 u.g/ml aprotinin) as described in (189). 

Following determination of protein concentration, 65 jig of protein lysate was incubated 

with 25 ng of recombinant caspase-3 (Upstate®) for the indicated time period at 30°C. 
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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, samples were 

boiled for 4 min and proteins were separated and detected using immunoblot. To 

identify caspase-3 cleavage site in PTP-PEST, HeLa299 cells transiently expressing either 

EGFP or different version myc-ECFP-PTP-PEST-EYFP (WT, 549ASPA, 604ADSA, 740AKKA, 

549ASPA/604ADSA) were lysed, incubated with recombinant active caspase-3 and 

processed as described above. When isolated GST-PTP-PEST was used as a substrate, 

PTP-PEST -/- cells expressing GST-PTP-PEST were lysed in HMNETG (50 mM Hepes pH 

7.5,1% Triton X-100,150 mM NaCI, 1.5 mM MgCI2, 1 mM EGTA, 10% glycerol, Complete 

protease inhibitors), as described above, and the lysate was incubated for 1 h at 4°C 

with glutathione sepharose beads (Amersham Biosciences). 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 NaCI, 50 mM Tris pH7.4), resuspended 

in SDS-sample buffer and analyzed by immunoblot. 

4.3.9 Analysis of PTP-PEST and PSTPIP protein complexes. 

PTP-PEST -/- cells transiently expressing GST or GST-PTP-PEST were rinsed with 

ice-cold PBS, lysed in HMNETG and protein extracts were centrifuged 10 min at 16000 x 

g at 4°C. GST proteins were extracted on glutathione sepharose beads at 4°C for 80 min. 

Beads were washed once with HMNETG, two times by inversion for five minutes at room 

temperatures in HMN300ETG (containing 300 mM NaCI) and washed 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). Samples were chilled on ice and washed once 

with HMN300ETG and twice with the interaction buffer (1% NP-40, 150 mM NaCI, 50 mM 
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Tris pH 7.4, Complete protease inhibitor). At this step, PTP-PEST association with paxillin 

and She 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, 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 (Fig. 8B). Then, interaction buffer was added to samples 4 

and 5, incubated for 10 min on ice and washed twice with interaction buffer. All samples 

were resuspended in SDS-sample buffer and protein content was analyzed by 

immunoblotting as described above. 

To evaluate the importance of the 549DSPD site of PTP-PEST in the effect of 

caspase-3 on its interactions, GST proteins expressed in PTP-PEST -/- cells were isolated, 

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 transiently 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 u.g of recombinant caspase-3. Following the 

incubation, samples were centrifuged at 16000 x 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. Beads were washed three times with 

interaction buffer, boiled in SDS-sample buffer and analyzed by immunoblot. 

To analyze the PSTPIP protein complexes in vivo, Hel_a299 cells transiently 

expressing either GST, 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 samples were then centrifugated at 16000 x g for 10 min. 
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Cleared lysates (2.5 mg) were then incubated at 4°C for 2.5 h with glutathione sepharose 

beads as described above. Beads were washed three times with interaction buffer, 

boiled in SDS-sample buffer and analyzed by immunoblot. 

4.3.10 In vitro caspases activation assay. 

293T cells were trypsinized and collected by centrifugation. Cell pellets were 

washed with an equal volume of ice-cold NPM buffer (50 mM PIPES, 50 mM NaCI, 5 mM 

EGTA, 1 mM MgCI2, 5 mM DTT, 1 mM PMSF, 50 u.g/ml pepstatin, 50 ng/ml leupeptin, 

100 u,g/ml aprotinin) and subsequently washed with five volumes of NPM buffer. The 

293T cells were lysed with 3 cycles of snap freeze-and-thaw, and cell lysates were 

cleared by centrifugation at 16000 x 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 for the indicated time points. The reaction was terminated by mixing lysates 

with SDS-sample buffer and boiled for 3 min prior to analysis. 

4.3.11 In-gel phosphatase assay. 

32P-ATP labeled polypeptide (1 x 106 CPM) was incorporated into a 10% SDS-

polyacrylamide gel prior to polymerization (231). 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-HCI, 50 mM Tris pH 

8.0, 0.3% p-mercaptoethanol) for 1.5 h, and twice in renaturation buffer (50 mM Tris pH 

8.0, 1 mM EDTA, 0.04% Tween-40, 0.3% P-mercaptoethanol) for 1 h. The gel was 

subsequently incubated within the PTP reaction buffer (50 mM Tris pH8.0, 1 mM EDTA, 

0.04% Tween-40, 0.3% p-mercaptoethanol, 3 mM DTT) for 1 h, followed by incubation 
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with fresh reaction buffer for 16 h. Following Coomassie blue staining, the gel was dried 

and subjected to autoradiography for visualization of PTP activity. 

4.3.12 Immunodepletion. 

The dATP-treated 293T cell lysate (240 p.g) was diluted to 0.8 jj.g/p.1 with lysis 

buffer (20 mM Hepes pH 7.5, 50 mM NaCI, 1 % NP-40,10 mM NaF, 10 mM Na4P207,10% 

glycerol, 100 u.M PMSF, 5 u.g/ml Pepstatin, 5 u.g/ml Leupeptin, 10 u.g/ml Aprotinin). 

Followed by pre-cleaning with 50 u.1 protein-G Sepharose beads (Amersham), the lysate 

was then incubated with 25 u.g PTP-PEST antibody (AG25), which has been conjugated 

with protein-G Sepharose, at 4°C for 2.5 h. Samples were analyzed by immunoblot and 

in-gel PTP assay. For immunodepletion of capase-9, caspase-3 and caspase-7,1400 ug of 

293T lysates were incubated with 12.5 jag of the appropriate antibody conjugated with 

protein-A/G Sepharose beads (Amersham), at 4°C for 2.5 h. Samples were then 

centrifugated 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 2mM dATP, and then 

examined by immunoblotting or in-gel PTP assay. 

4.3.13 In-solution phosphatase activity assay. 

520 ng 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 u.M 32P labeled PTP substrates 

(polypeptide (Glu:Tyr)4:i) in 60 u.1 reaction buffer (25 mM Hepes pH 7.5, ImM EDTA, 

ImM DTT) and then incubated at 30°C for 10 min with vigorous shaking. The reaction 

was terminated by addition of 180 u.1 20% TCA. 20 u.1 of BSA (25 mg/ml) was added into 
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the solution as a carrier protein to facilitate substrate precipitation. Following 

centrifugation (16000 x 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 pmol of 32P released per minute. 

4.4 RESULTS 

4.4.1 PTP-PEST localizes to retracting membrane ruffles ofapoptotic 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 (77). Several reports 

link PTP-PEST to the regulation of the architecture of the actin cytoskeleton (11, 12, 18, 

203, 286). To explore whether PTP-PEST physiologically contributes to apoptosis, we first 

examined its cellular localization during this phenomenon. HeLa299 cells expressing 

EGFP-PTP-PEST were incubated with anti-Fas and observed live using confocal 

microscopy. 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. IB). This suggests substantial localization of PTP-PEST to the cytosol and 

likely the plasma membrane. To obtain more insight into the dynamic 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 either expanded or remained 

static, a low amount of PTP-PEST was observed (Fig. ID, empty arrowheads). Preceding 

apoptotic cell death, PTP-PEST appeared at the edge of the lamellipodias (filled white 

arrowheads) that immediately retracted (filled white double arrowheads, Fig. ID and 
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Supplementary Data, movies 1 and 2). Moreover, PTP-PEST was maintained at the edge 

of the contracting membrane ruffles during their movement inward (filled white double 

arrowheads, Fig. ID and Supplementary Data, movies 1 and 2). 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 microinjected in COS-7 cell 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 non-receptor PTPs, PTP-1B 

and TC-PTP, as well as the adaptor protein Nek 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. 

Figure 1. Localization of EGFP-PTP-PEST in live cells during apoptosis. HeLa299 cells 

expressing EGFP-PTP-PEST were stimulated with 50 ng/ml anti-Fas in presence of 10 

u.g/ml cycloheximide and analyzed using confocal microscopy. (A) Cellular distribution of 

EGFP-PTP-PEST following 5 h 50 min of treatment. (B) Profile of intensity (arbitrary unit) 

of the fluorescence against the distance (|̂ m) traversed by the arrow (drawn on A) 

representing the quantity of signal detected in different area of the cell. (C) Pictures 

taken at the indicated time of incubation. Scale bar: 10 ^im. (D) Time lapses analysis of 

the area delimited by the squares drawn on panel C (see Supplemental Movies 1 and 2). 

Images captured between 5:05:29 and 5:10:71 were acquired inside the white square 

whereas those from 5:42:00 to 5:49:15 correspond to the gray square. Scale bar: 5 jam. 

Empty arrowheads point to sites where low amounts of EGFP-PTP-PEST are detected, 

filled arrow heads denote the accumulation of signal and double filled arrow heads 

identify site of inward movement on the cell periphery. 
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4.4.2 Expression of PTP-PEST sensitizes cells to receptor-mediated apoptosis. 

The specific presence of PTP-PEST in retracting membrane ruffles of apoptotic 

cells suggests that this enzyme 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 in 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 

TNFa 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 TNFa 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 different 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 as compared to 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 figure 2D. In 

both the rescued fibroblast and HeLa models, PTP-PEST expression did not 

spontaneously induce apoptosis in cells growing under control condition (Fig. 2A, C). 

Together, these results suggest that expression and catalytic activity of PTP-PEST 

increase sensitivity to receptor-mediated apoptosis. 
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Figure 2. Expression of PTP-PEST sensitizes cells to receptor-mediated apoptosis. (A) 

PTP-PEST -/- parental cells and rescued clones were treated with 10 u.g/ml 

cycloheximide in absence (control) or in presence of 10 ng/ml TNFa for 2.5 h and 

apoptosis was measured by DEVDase assay as described in materials and methods. 

Values are fold increases over control PTP-PEST -/- parental cells (-/-) and represent 

means ± S.E. of three independent experiments. Asterisks denote values significantly 

different from -/- cells (*, p < 0.05). (C). DEVDase activity measure in cell lysates 

obtained from HeLa299 cells transfected with either pcDNA3 (EV), pcDNA3-PTP-PEST-

WT (WT), pcDNA3-PTP-PEST-C231S (C/S) incubated for 6 h with 10 ug/ml cycloheximide 

in absence (control) or in presence of 50 ng/ml anti-Fas. Values are fold increases over 

control EV and represent means ± S.E. of three independent experiments performed in 

duplicate. Asterisks denote values significantly different from control EV cell lysates (*, p 

< 0.01). Expression of PTP-PEST in the -/- and in the various clones (B) and in transfected 

HeLa299 cells (D) was measured by SDS-PAGE and immunoblot for PTP-PEST (2528 

rabbit antibody). Clones derived from -/- cells, which harbor the empty vector (B14), do 

not express PTP-PEST whereas clones, in which PTP-PEST wild type was reintroduced 

(B11WT, B112WT, B117WT, B118WT, B119WT) express different levels of PTP-PEST. The 

amount of protein on the immunoblot was normalized with the expression of She and 

values on the right correspond to the molecular size in kilodaltons (kD). EV, empty 

vector, WT, wild type, IB, immunoblot. 
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4.4.3 PTP-PESTis cleaved during apoptosis. 

Several cytoskeletal proteins are degraded during apoptosis (112). Since PTP-

PEST seems to play an important role in programmed cell death, we sought more insight 

into its regulation during apoptosis. We examined the consequences of activating the 

intrinsic or extrinsic apoptotic pathways on the integrity of PTP-PEST. Following 

stimulation of PTP-PEST -/- + WT clone with staurosporine or TNFa and treatment of 

transfected HeLa299 cells with cisplatin, the amount of full length PTP-PEST decreased in 

a time dependent fashion (Fig. 3A, C, E). PTP-PEST antibodies detected a protein 

fragment of approximately 60 kilodaltons (kD). Also, PTP-PEST degradation induced by 

staurosporine and cisplatin treatment resulted in diffuse bands detectable by SDS-PAGE 

at ~38 and ~30 kD (Fig. 3A, E). Treatment with tunicamycin induced similar PTP-PEST 

degradation (data not shown). Interestingly, under the same apoptotic conditions, 

pl30Cas was also degraded and gave the typical band pattern described previously 

((189) and Fig. 3B, D, F). We observed that PTP-PEST expression accelerated TNFa- and 

cisplatin-induced pl30Cas degradation in rescued PTP-PEST -/- cells and in transfected 

HeLa cells (Fig. 3D, F). The enhanced pl30Cas cleavage 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 the intrinsic cellular stress, DNA damage and the extrinsic pathways. 
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Figure 3. PTP-PEST is cleaved during apoptosis. PTP-PEST -/- EV and PTP-PEST -/- + WT 

cells (clones B14 and B11WT), described in figure 2, were treated with 1 u.M 

staurosporine (A, B), with 10 u.g/ml cycloheximide (control, C) or with 10 ng/ml TNFa in 

presence of 10 ug/ml cycloheximide for the indicated times (C, D). HeLa299 trasfected 

with either empty vector or with PTP-PEST WT cDNA were treated under control 

conditions (DMSO) or with 60 u.M cisplatin for different periods of time (E, F). Longer 

exposure of the anti-PTP-PEST immunoblot is shown (E, bottom). Protein extracts were 

analyzed by immunoblot for PTP-PEST using 2530 rabbit antibody (A) or 2528 rabbit 

antibody (C, E) as well as for pl30Cas (B, D, F). Filled arrowhead point to intact proteins 

and empty arrowheads identify degradation products. EV, empty vector, WT, wild type, 

IB, immunoblot. Values on the right correspond to the molecular sizes in kD. 
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4.4.4 Degradation of PTP-PEST during apoptosis is specific. 

Increasing evidence in the literature implicates PTPs in the regulation of 

apoptotic signal transduction, but the mechanism of PTPs regulation is not largely 

understood and none of the classical PTPs have been reported to be cleaved during 

apoptosis. Therefore, we examined whether the cleavage of PTP-PEST during apoptosis 

was specific or reflected general processing of PTP family members. For this purpose, we 

employed a cell-free system in which dATP stimulates caspase activity (271). Control-

and dATP-treated 293T cell extracts were analyzed 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 kD became less abundant and the phosphatase activity of 

proteins migrating at ~78 and ~58 kD 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 weights remained unchanged. Under these 

conditions, we observed that the initiator caspases -8 and -9, as well as the effector 

caspases -3, and -7 were activated (Fig. 4B). To confirm the identity of the modulated 

PTPs (Fig. 4A), dATP-stimulated 293T cell extracts were subjected to immunodepletion 

with anti-PTP-PEST antibody prior to in-gel PTP assay. The efficiency of the 

immunodepletion was assessed by immunoblot (Fig. 4C, bottom). Our results suggest 

that the ~115 kD band corresponds to the non-cleaved form of PTP-PEST, while both the 

~78 and ~58 kD 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 were reintroduced and expressed in a stable manner. Following 

staurosporine stimulation, no significant changes could be observed in tyrosine 

phosphatase activity patterns among PTP-PEST -/- EV (B14, B15) clones analyzed (Fig. 4D 

and data not shown). In contrast, treatment of cells expressing PTP-PEST WT (Bl l ) (as 

well as B118 clone, data not shown) led to a decrease of the 120 kD band and an 

increased activity detected near the 70 and 40 kD markers. PTP-PEST expression and 
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modulation were confirmed by immunoblot (data not shown). As expected, PTP-PEST 

catalytic activity is not required for its cleavage since PTP-PEST C231S mutant was also 

efficiently degraded during staurosporine treatment (data not shown). Among the 

enzymes detected by in-gel PTP assay, PTP-PEST is the predominant 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 catalytically active. 

We then investigated the integrity of particular members of the PTPs family 

during apoptosis. Following in vitro treatment with dATP, immunoblot analysis showed 

that only 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 fibroblast (MEFs). In cells exposed to 

TNFa, PTP-1B and TC-PTP remained intact whereas PTP-PEST was degraded as activation 

of caspase-3 occurred (Fig. 5B). Together, these 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. 
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Figure 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 assay. (B) Activation of caspases in dATP-treated 293T cell extracts was 

confirmed by immunoblot with anti caspase-8, -9, -3 and -7. (C) 293T cell lysates treated 

with or without dATP were incubated with beads in presence or in absence of AG25 PTP-

PEST antibody. Supernatants from bead control and PTP-PEST immunodepleted (ID) 

samples as well as PTP-PEST immunoprecipitate (IP) samples were subjected to in-gel 

PTP assay analysis. Control lysate, beads, immunodepleted and immunoprecipitated 

protein samples were analyzed for their content in actin and in PTP-PEST by immunoblot 

(bottom). (D) PTP-PEST -/- EV and PTP-PEST -/- + WT cells (clones B14 and B11WT), 

described in figure 2, were treated with 1 u.M staurosporine for different periods of 

time, lysed and subjected to in gel-PTP assay. PTP-PEST expression in these samples was 

also confirmed by immunoblot (data not shown). Filled arrowheads indicate decreasing 

signals whereas empty arrowheads point increasing signals observed during the 

different treatments. IB, immunoblot, WT, wild type. Values on the right correspond to 

the molecular sizes in kD. 
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Figure 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 immunoblot using antibodies specific for SHP-2, PTP-

1B (FG6), TC-PTP (CF4-1D) and PTP-PEST (AG25). (B) Spontaneously immortalized mouse 

embryonic fibroblast (MEFs) were incubated with 10 u.g/ml cycloheximide in absence 

(control, C) or in presence of 10 ng/ml TNFa for the indicated times. Samples were 

analyzed by immunoblot for PTP-PEST (2528 rabbit antibody), TC-PTP (3E2), PTP-1B 

(rabbit polyclonal) and caspase-3. IB, immunoblot. Filled arrowhead point intact proteins 

and empty arrowheads identify cleavage products. Values on the right correspond to the 

molecular sizes in kD. 
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4.4.5 PTP-PESTis a substrate ofcaspase-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 

(130, 302). In addition, in apoptotic cells, several proteins, including molecules involved 

in cell adhesion and cytoskeletal network organization, are substrate of caspases (112). 

In order to identify whether calpain or caspase are responsible for PTP-PEST degradation 

in vivo, apoptosis was induced in cells expressing PTP-PEST (clone B l l ) in the presence 

of specific pharmacological inhibitors. Degradation of PTP-PEST induced by 

staurosporine was prevented by the caspase inhibitor 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 pl30Cas and with the 

activation of caspase-3 (Fig. 6A). This experiment reveals that caspases are the proteases 

responsible 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 addition of dATP. Samples were 

then subjected to in-gel PTP assay. Immunodepletion of caspase-7 did not interfere with 

the cleavage of PTP-PEST (Fig. 6B). Conversely, immunodepletions 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 (109). 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 supernatant 

demonstrated that specific immunodepletion of caspase-3, -7 and -9 was obtained (Fig. 

6B, bottom). Caspase-8 was excluded from the immunodepletion analysis, since its 

activation occurred following the rapid cleavage of PTP-PEST (Fig. 4A, B). In contrast, the 
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activation of caspase-3 in vitro and in vivo (see 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 figure 6C, addition of active purified 

caspase-3 to lysates from PTP-PEST-expressing cells led to a similar degradation pattern 

as previously observed in vivo (Fig. 3 and 6C). pl30Cas was also cleaved under these 

conditions, and the cleavage products typically generated during apoptosis were 

obtained (Fig. 6C and (189). Importantly, caspase-3 could cleave purified GST-PTP-PEST, 

suggesting that other proteins were not required for the proteolysis (Fig. 6D). Together, 

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. 
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Figure. 6. Caspase-3 cleaves PTP-PEST. (A) To inhibit caspases or calpain proteases, PTP-

PEST -/- + WT cells (clones B11WT) were pre-incubated with either 100 u.M Z-VAD-FMK 

or 100 u.M PD150606 for 2 h and subsequently treated with 1 u.M staurosporine in 

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), 

pl30Cas 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 assay. Presence of caspase-9, -3 and -7 in the immunodepleted 

samples was verified by immunoblot (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 immunoblot for PTP-PEST (2528 rabbit polyclonal) and pl30Cas. (D) GST or GST-PTP-

PEST were isolated from transfected PTP-PEST -/- cells, incubated with active 

recombinant caspase-3 or under control conditions (C) and analyzed by immunoblot 

using anti-GST antibody. Filled arrowheads point intact proteins and empty arrowheads 

identify cleavage products. Values on the right correspond to the molecular sizes in kD. 

IB, immunoblot. 
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4.4.6 Cospase-3 cleaves PTP-PESTon its DSPD site. 

The 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 approximately 110 kD and 63 kD 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 

observations 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 kD 

cleavage product as the N-terminal portion of PTP-PEST that contains its catalytic 

domain whereas the 63 kD fragment revealed by anti-GFP immuno blot corresponded to 

the C-terminal segment. With regards to the in vivo situation, PTP-PEST was cleaved 

during cisplatin-induced apoptosis of HeLa cells. Efficient proteolysis 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 generation of the 

~60 kD product and of the smaller fragments near 30 kD. The degradation of pl30Cas 

occurred in a similar fashion in both WT and 549ASPA PTP-PEST expressing cells (Fig. 7C). 

Moreover, as previously observed in figure 3, the rate of pl30Cas degradation was more 

apparent in PTP-PEST-expressing cells than in vector controls. This demonstrates that 

caspase-3 cleaves PTP-PEST at 549DSPD while apoptotic cell death progresses. 
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Figure 7. Caspase-3 cleaves PTP-PEST on its DSPD site. (A) Schematic views of murine 

PTP-PEST showing the catalytic domain (PTP), the five regions rich in proline (Prol, Pro2, 

Pro3, Pro4 and CTH) and the She binding domain (SBD). Four potential caspase cleavage 

sites (423EHID, 549DSPD, 604DDSD, 740DKKD) are indicated. Stars (*) identify the amino 

acids targeted by mutagenesis. (B) Lysates from HeLa299 expressing EGFP or different 

version 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 non-tagged version of PTP-

PEST in pcDNA3 (EV, WT, 549ASPA) were incubated with 60 u.M cisplatin for the indicated 

times and lysed as described in materials and methods. Protein lysates were resolved by 

SDS-PAGE and analyzed by immunoblot for PTP-PEST (2528 rabbit polyclonal) and 

pl30Cas. (C, bottom) Longer exposure of the anti-PTP-PEST immunoblot is shown. Filled 

arrowheads point intact proteins and empty arrowheads identify cleavage products. EV, 

empty vector, WT, wild type, IB, immunoblot. Values on the right correspond to the 

molecular sizes in kD. 

180 



.EHID. DSPD DDSD DKKD 

PTP 

|p fp j | | Catalytic domain 

y Putative caspase cleavage site 

She-binding domain 

Proline-rich motifs 

B. myc-ECFP-PTP-PEST-EYFP 

EGFP WT ASPAADSAAKKA ASPA 
ADSA 

Caspase-3 
203 • , — 250 

— 150 

— 100 

— 75 

myc-ECFP-PTP-PEST-EYFP 

EGFP WT ASPAADSAAKKA 

Caspase-3 
203 • • 

ASPA 
ADSA 

— 250 

— 150 

— 100 

— 75 

IB:GFP IB: Myc 

c. PTP-PEST 

EV WT ASPA 

Cisplatin (h) C 10 12 C 10 12 C 10 12 
— 250 

, — 150 

— 100 

— 75 

IB: PTP-PEST 
2528 

— 50 

— 37 

Bottom 30 o 

IB:p130Cas 
t > 

— 25 

• 2 0 
- 3 7 

• 2 5 

- 2 5 0 
- 150 

- 100 
- 7 5 

- 5 0 

- 3 7 

1 — 2 5 

— 20 

FIG. 7 



4.4.7 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 (112, 185). We observed that the catalytic activity of PTP-PEST was important 

for its ability to increase sensitivity to receptor-mediated apoptosis. To evaluate the 

effect of caspase-3 on PTP-PEST catalytic activity, purified GST-hPTP-PEST from 293T 

transfected cells was incubated in the presence or absence of caspase-3 followed by an 

in-solution phosphatase assay. Figure 8A shows that after caspase-3 proteolysis, PTP-

PEST exhibited an approximately two fold increase in catalytic activity. Immunoblot 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 function, 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 She 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 PSTPIP (53, 85, 86, 94, 131, 243). We used an in vitro 

approach to characterize the effect of caspase-3 on PTP-PEST interactions as described 

in figure 8B. GST-PTP-PEST was purified from PTP-PEST -/- transfected cells and 

incubated with primary MEF (P-MEF) cell lysate in order to reconstitute PTP-PEST 

protein complexes. As expected, intact PTP-PEST can interact with She (p52 and p66), 

paxillin and leupaxin (Fig. 8C, GST-PTP-PEST lanes 1, 4). When PTP-PEST was cleaved 

before incubation with lysates, the N-terminal fragment failed to bind She, whereas 

paxillin and leupaxin interactions were maintained (Fig. 8C, GST-PTP-PEST lane 2). We 
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also investigated the effect of caspase-3 cleavage on PTP-PEST protein complexes 

following in vitro reconstitution (Fig. 8C, GST-PTP-PEST lanes 3, 5). Under these 

conditions, caspase-3 drastically decreased the association of PTP-PEST with She and 

leupaxin but only slightly affected recruitment of paxillin (Fig. 8C, GST-PTP-PEST 

compare lane 4 with 5). Paxillin and leupaxin have been previously identified as caspase-

3 substrate, which explains their reduced affinity for PTP-PEST following treatment with 

active caspase-3 in vitro (59). The interactions observed in that experiment were specific 

to PTP-PEST as they were not detected with the GST tag alone (Fig. 8C, GST). 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 figure 8B. Prior 

incubation with caspase-3 was sufficient to abolish the interaction between the PTP-

PEST (WT) N-terminal fragment and She without affecting the interaction with paxillin 

and leupaxin (Fig. 8D). The S49ASPA mutations of PTP-PEST efficiently reverted the 

caspase-3 mediated dissociation of She. Finally, we examined the effect of caspase-3 on 

the C-terminal region of PTP-PEST (Fig. 8E) using lysates of cells co-expressing 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, immunoblot anti-GFP, 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, She (p52 and p66), PSTPIP and to a lesser extent with 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 
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active caspase-3 in the modulation of both the catalytic activity and the interactions of 

PTP-PEST. 

Figure 8. Caspase-3 regulates PTP-PEST activity and interactions of protein complexes. 

(A) GST-hPTP-PEST was isolated from transfected 293T cells, incubated with or without 

caspase-3 and subjected to in-solution phosphatase assays as described in materials and 

methods section. GST, GST-PTP-PEST (C, D) and GST-PTP-PEST 549ASPA (D) were isolated 

from transfected PTP-PEST -/- cells. (B) Schematic representation 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 B and materials and methods) 

and subjected to immunoblot analysis with antibody directed against She, paxillin and 

GST. (D) Samples were processed as number 1 and 2 described in B then examined by 

immunoblot with anti-She, anti-paxillin and anti-GST antibodies. (E) PTP-PEST -/- cells 

transiently co-expressing GST-PSTPIP with either EGFP, myc-ECFP-PTP-PEST (WT)-EYFP 

or myc-ECFP-PTP-PEST (549ASPA)-EYFP were lysed, treated with or without active 

recombinant caspase-3 and GST-PSTPIP was isolated using glutathione sepharose beads. 

Isolated GST-PSTPIP and bound PTP-PEST were detected by immunoblot 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 intact proteins and empty arrowheads identify cleavage products. IB, immunoblot, 

WT, wild type, TCL, total cell lysate. Values on the right correspond to the molecular 

sizes in kD. 
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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 partner. As observed in 

figure 9, PSTPIP associated with PTP-PEST was also recruited to paxillin, She and Csk. In 

contrast, a mutant version of PSTPIP (W232A), which is unable to bind PTP-PEST (85), 

failed to associate with paxillin, She 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 -/- + WT cells (clone Bl l ) (data not shown). These results suggest that PTP-

PEST has the ability to perform adaptor functions that link PSTPIP toward paxillin, She or 

Csk. To define the consequence of caspase activation on PTP-PEST scaffolding functions, 

we examined the proteins associated with PSTPIP in cells co-expressing GST-PSTPIP with 

either WT or 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 She and Csk were maintained during apoptosis. 

This modulation did not occur when PTP-PEST 549ASPA was expressed since paxillin, She, 

Csk and intact PTP-PEST co-precipitated with PSTPIP during apoptotic progression. The 

isolation of each GST fusion proteins was confirmed by immunoblot. 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 of 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 association of PSTPIP with 

She and Csk suggests that the PTP-PEST C-terminal cleavage product is competent to 

perform these associations. Together, these data support that PTP-PEST adaptor 

functions are modulated in cells undergoing apoptosis. 

187 



Figure 9. Scaffolding function of PTP-PEST is modulated during apoptosis. (A) HeLa299 

cells co-transfected with cDNA encoding for either GST or GST-PSTPIP (WT or W232A) 

with myc-ECFP-PTP-PEST (WT or 549ASPA)-EYFP were treated with 10 u.g/ml 

cycloheximide in absence (control, C, 6 h) or in presence of 50 ng/ml anti-Fas for the 

indicated times. Lysates extracted from 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 co-precipitated paxillin, She, Csk and PTP-PEST 

were analyzed by immunoblotting for the indicated proteins and epitopes. Filled 

arrowheads point 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, WT, wild type, TCL, total cell 

lysate. Values on the right correspond to the molecular sizes in kD. 
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4.4.8 Caspase cleavage of PTP-PESTfacilitates cellular detachment during apoptosis. 

Caspase-mediated proteolysis of cytoskeletal protein causes membrane 

blebbing, cell rounding and adhesion lost as apoptosis progress (77, 112). The 

localization of PTP-PEST to the retracting membrane ruffles and its caspase-3-dependent 

modulation infers that the 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 number of cells attached to the culture dish (Fig. 10A). Interestingly, the 

proportion of cells that have detached during the progression of apoptosis was 

significantly diminished in 549ASPA mutant as compared to WT PTP-PEST expressing cells 

(Fig. 10B). Two hours following anti-Fas treatment, 549ASPA PTP-PEST mutant expressing 

cells exhibited a two-fold 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 PTP-PEST WT expressing cells as revealed by a three-fold decrease 

in adhesion lost. These results identify that cleavage of PTP-PEST by caspase-3 

contributes to cellular detachment during apoptosis. 
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Figure 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 u.g/ml cycloheximide in absence (control) or in 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 correspond to the number 

of cells that have detached during the treatment. (B) Values are the percentage of 

cellular detachment over control and represent means ± S.E. 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 EGFP-PTP-PEST WT expressing cells (*, p < 0.05; **, p < 0.01). 
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4.5 DISCUSSION 

Ubiquitous expression of PTP-PEST maintained throughout development and in 

adult animals points towards a fundamental biologic role for this enzyme (56). Indeed, 

mice lacking the PTP-PEST gene exhibit severe developmental defects leading to 

embryonic lethality (84, 305). PTP-PEST accomplishes several of its functions through the 

regulation of the actin cytoskeleton (12, 203). Nevertheless, the contribution and the 

regulation of PTP-PEST have not been investigated in apoptosis, a physiological 

phenomenon essential for proper development involving major cytoskeletal 

rearrangement. Here, we provide the first evidence 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-mediated cleavage and modulation to the 

process of cell detachment 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 (11,120, 286). Functions involving pl30Cas, Rac, WASP, paxillin, PKLand VAV2 

are suggested to couple PTP-PEST to the modulation of the cytoskeleton organization in 

migrating cells (11, 18, 85, 86, 120, 172, 286, 287). Interestingly, several proteins that 

govern cell migration are modulated during apoptosis in order to remodel cell shape 

(77). The effects of PTP-PEST on signaling cascades that orchestrate actin dynamics 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 (11, 85). However, in cells undergoing 

apoptosis, we observed concurrent localization of PTP-PEST to retracting lamellipodia as 

well as the cytosol. The exact mechanism by which PTP-PEST is specifically targeted to 

the edge of retracting lamellipodia is still unknown, but it is possible that some of the 

mechanisms involved in detachment of apoptotic cells are conserved with those 

controlling tail retraction in cells undergoing polarized migration. Indeed, in cells 
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stimulated with fibronectin, PTP-PEST is recruited to the plasma membrane and has 

been detected in adhesion structures (11, 286). Moreover, PTP-PEST promotes tail 

retraction by regulating pl90RhoGAP (287). Numerous regulators of actin cytoskeleton 

organization are also associated with the morphological conversion occurring during 

apoptosis (77, 78, 89, 295). 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 detachment. 

Since PTP-PEST sensitizes cells to both anti-Fas and TNFa-induced cell death, our 

results identify PTP-PEST as a modulator of receptor-mediated apoptosis. Observations 

showing that orthovanadate, a general PTPs inhibitor, could protect cells against the 

cytotoxic effect of TNFa provided the first evidence for a function of these enzymes in 

receptor-mediated programmed cell death (339). In hematopoietic cells, SHP-1 is 

required for efficient Fas-induced apoptosis (315, 377). On the other hand, FAP-1 

associates with and attenuates Fas (Apo-1) trafficking to the cell surface, thereby 

inhibiting Fas-induced apoptosis (166). Recently, PTP-PEST was shown to be involved in 

the trafficking of the Fas-Ligand (21). ROS inhibition of MAP kinase phosphatase (MKP) 

induced by TNFa increases JNK-mediated cell death (181), whereas PTP1B null mice 

exhibited an increased resistance to Fas-dependent hepatic apoptosis (284). Together, 

these reports underline the importance of PTPs regulation in receptor-mediated 

apoptosis. Of interest, 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 cleavage of pl30Cas, suggesting that PTP-PEST 

can act as a regulator of the apoptotic response. Interestingly, the proteolysis of 

pl30Cas, a substrate of PTP-PEST, has been proposed to be highly dependent on its 

phosphorylation status and contributes to the morphological characteristics of apoptotic 

cells (118, 154, 189). FAK, a reported substrate of PTP-PEST (11, 95, 300), was recently 

proposed to bind RIP and suppress its pro-apoptotic signal in death receptor-induced 

apoptosis (197). 
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Post-translational modifications of PTPs such as nitrosylation (20), ubiquitination 

(175, 263), phosphorylation (119), calpain degradation (130) and oxidation (334) 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 sequence is processed by caspases in other proteins including pl30Cas 

and RAD21 (62, 189), and its corresponding site (580DLVD) found in the human PTP-PEST 

has been described as a caspase cleavage site in Hefl (245). In addition, our 

observations 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 candidates highlighted by in-

gel PTP assays were resistant to caspase activity. 

The non-cleavable 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 pl30Cas 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 

induction. Interestingly, in vitro analysis indicates that caspase cleavage of PTP-PEST 

liberates fragments that display increased catalytic activity compared to the intact form. 

Furthermore, proteolysis of PTP-PEST would prevent its catalytic domain from being 

associated with its targets, She and PSTPIP (85, 95), and therefore, would change its 

substrate specificity. Intramolecular interaction has been characterized as an 

autoinhibition mechanism for other PTPs (242). Thus, in addition to its adaptor function, 
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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 molecular 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 promotes 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 regulating cell attachment and 

migration (38). 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 (172). 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 binding 

partner of PTP-PEST is PSTPIP, through which PTP-PEST regulates the phosphorylation 

status and actin polymerization activity of WASP (18, 85). Mutations in the gene 

encoding WASP were reported to accelerate lymphocyte apoptotic cell death (264). 

Importantly, we observed that active caspase-3 uncouples PSTPIP from PTP-PEST 

catalytic domain. Because modifications to the structure of the actin network cause the 

morphological conversions associated with apoptosis (77, 222), deregulation of WASP 

activity during programmed cell death may also contribute to this phenomenon. We 

demonstrate 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 paxillin, consequently interrupting their potential 

communication. In addition, we observed that proteolysis of PTP-PEST in cells 

196 



undergoing apoptosis generates a fragment still competent to couple PSTPIP to She or 

Csk. Notably, She and Csk have both been implicated in cell adhesion (225, 226). 

Through these multiple 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 would result in unstable cytoskeletal architecture and reduced cell 

adhesion. In summary, we propose that the cleavage of PTP-PEST during apoptosis 

enhances its catalytic activity, alters its substrate specificity, and disrupts its scaffolding 

properties, thereby facilitating cellular detachment (Fig. 11). 

PTPs are major modulators of signal transduction and also function as integral 

regulators of the apoptotic response. Cellular progression through apoptosis correlates 

with the redistribution of PTP-PEST toward the site of cellular detachment suggesting an 

active participation of PTP-PEST in the apoptotic process. PTP-PEST expression results in 

enhanced caspase activity and an accelerated cleavage of pl30Cas subsequent to 

induction of apoptosis. This indicates that PTP-PEST operates upstream of the initiation 

of the caspase cascade. Interestingly, caspase-3 cleavage of PTP-PEST, which modulates 

its catalytic activity and scaffolding properties, facilitates 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 for proper embryonic development and is highly expressed in T- and B-

lymphocytes (84, 95, 305), our current characterization of its function during caspase-

mediated cell death could contribute 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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Figure 11. Proposed functions of PTP-PEST in apoptosis. By bridging PSTPIP to additional 

partners (paxillin, She 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 TNFct and anti-Fas. The extrinsic and the intrinsic 

apoptotic pathways both lead to the activation of the executioner caspase-3, which 

cleaves PTP-PEST on its 549DSPD motif. This produces an N-terminal fragment that 

displays increased catalytic activity and retains the ability to bind paxillin. The C-terminal 

fragment remains competent to link PSTPIP exclusively to She or Csk. The targeting of 

active PTP-PEST fragments to paxillin-associated focal adhesion proteins as well as 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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5 CHAPTER 5 

GENERAL DISCUSSION 

As critical regulators of numerous signalling cascades, PTPs are involved in a wide 

array of cellular processes, including cell growth, proliferation, motility, transformation, 

and, death, as well as events modulating the organisation of the cytoskeleton (5, 41). 

The molecular machinery responsible for the assembly and arrangement of actin 

filaments is a central player in diverse physiological processes, including cell migration, 

transformation, cytokinesis, infection by intracellular pathogens, and apoptosis (77,137, 

309, 322). PTP-PEST was previously identified as an important regulator of the 

cytoskeleton and of cell migration (11, 18, 120, 172, 287). Correpondingly, the principal 

objectives of my thesis were: 1- to determine and evaluate the functional importance of 

PTP-PEST subcellular localization; 2- to investigate the possibility that PTP-PEST regulates 

or is regulated during Leishmania-host cell interaction; and 3- to study the role of PTP-

PEST in apoptosis and caspase-mediated cleavage on its functions. 

Examination of PTP-PEST distribution by confocal microscopy and cell 

fractionation revealed the presence of the enzyme in the cytosol and in association with 

the plasma membrane. Accordingly, some PTP-PEST interactions were unique to the 

cytosol or to the membrane, and others were common to both compartments. In clones 

stably expressing different versions of PTP-PEST, pl30Cas tyrosine phosphorylation-

dependent interactions were found to be regulated by the cytosolic enzyme. These data 

imply that the subcellular localization of PTP-PEST affects its role in intracellular 

signalling events, and they are summarized on figure 1. 
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Figure 1. Proposed model for PTP-PEST-mediated regulation of phosphorylation-

dependent pl30Cas interactions during LPA signalling. Treatment of cells with LPA 

induces the tyrosine phosphorylation of pl30Cas, which leads the recruitment of Crk, 

and also allows the recruitment of other SH2-containing proteins, including Nek and Src. 

PTP-PEST appears to regulate the formation of these complexes via the maintenance of 

low pl30Cas phosphorylation levels; thereby reducing the interaction with Crk, as well 

as recognition by the SH2 domains of Nek and Src. Since LPA and pl30Cas 

phosphorylation both play a role in cell proliferation, migration and transformation (70, 

71,151,188, 234), the regulation of pl30Cas signalling by PTP-PEST could be involved in 

these processes. 

202 



LPA 

Induction of pl30Cas 

tyrosine 
phosphorylation 

I 

Effects on cell proliferation, migration 
and transformation? 

FIG. 1 



The infection of fibroblasts by Leishmanio parasites led to dramatic modifications 

of the actin cytoskeleton and tyrosine phosphorylation profile. Exposure of fibroblast 

cells to Leishmania also resulted in alterations in the pl30Cas/Crk interaction, with Crk 

recognizing a smaller form of pl30Cas. In addition, pl30Cas and PTP-PEST, as well as 

cortactin, caspase-3 and TC-PTP were all cleaved during L major infection. Further 

analysis pointed to the parasitic protease GP63 as being responsible for these cleavage 

events. Interestingly, a mechanism allowing the transfer of GP63 to the host cell 

presumably leads to these proteolytic events, and inactivates the MAPK p38; likely via 

the cleavage of TAB1. Even though the precise function of PTP-PEST in the regulation of 

the Leishmania-host cell interaction remains unclear, the above data firmly establishes 

that PTP-PEST is targeted during infection. 

Figure 2. Proposed model for GP63-mediated molecular events in Leishmania infected 

host cells. Prior to the entry of the parasite, Leishmania may secrete the protease GP63, 

which would then be internalized by the target cell via a yet unknown mechanism. GP63 

proteolyses several host cell proteins, including TC-PTP, caspase-3, cortactin, pl30Cas 

and PTP-PEST. GP63 also mediates the inactivation of p38, which correlates with the 

cleavage of the adaptor protein TAB1. Although the precise function of these 

biochemical events remains un-clear, it could be speculated that the cleavage of TC-PTP, 

as well as the inactivation of p38, could modulate gene expression and impair host cell 

apoptosis. The cleavage of caspase-3, which does not result in its activation, could also 

play a role in parasite-mediated inhibition of apoptosis. Finally, the cleavage of cortactin, 

pl30Cas and PTP-PEST likely plays a role in the dramatic cytoskeletal rearrangement 

seen during Leishmania infection. Interestingly, Crk can interact with cleaved, 

phosphorylated, pl30Cas. As fibroblasts act to harbour the parasite during long term 

infection (29), it is possible that some of the above described molecular events 

participate in this process. 
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In correlation with observations obtained from localization studies, PTP-PEST was 

found to accumulate at the edge of retracting membrane ruffles of cells undergoing 

apoptosis. Interestingly, expression of PTP-PEST increases cellular sensitivity to receptor-

mediated apoptosis. Importantly, caspase-3 cleaves PTP-PEST at the 549DSPD sequence, 

which increases the phosphatase activity and modulates the scaffolding properties of 

this enzyme. Moreover, the cleavage of PTP-PEST was shown to facilitate the 

detachment of cells undergoing apoptosis. 

Prior to the studies described herein, little was known about the cleavage of PTPs 

during apoptosis. The data and conclusions presented in chapter 4 indicate that caspase-

mediated proteolysis of PTPs could be an important and underestimated mechanism by 

which these enzymes are regulated. Moreover, they underscore the possible role of 

multiple PTPs in the modulation of apoptotic signal transduction. Accordingly, I present 

an analysis of how PTPs function during apoptosis, as well as an evaluation of the 

presence and distribution of putative caspase-cleavage sites in the "PTPome". In the 

subsequent sections, I then focus on the cellular role and regulation of PTP-PEST. 

206 



5.1 

PROTEIN TYROSINE PHOSPHATASES: EMERGING REGULATORS OF APOPTOSIS 

Maxime Halle1, Michel L. Tremblay1* and Tzu-Ching Meng2* 

Cell Cycle, 2007, 6 (22): 2773-2781. 

The McGill Cancer Center and the Department of Biochemistry, McGill University, 

Mclntyre Medical Sciences Building, 3655 Promenade Sir-William-Osler, Montreal, 

Quebec, Canada, H3G 1Y6.1 

Institute of Biological Chemistry, Academia Sinica, 128 Academia Road, Section 2, 

Nankang, 105 Taipei, Taiwan, ROC.2 

* Co-corresponding authors. 

Mailing address for M. L. Tremblay: McGill Cancer Center, McGill University, 3655 

Promenade Sir-William-Osler, Room 701, Montreal, Quebec H3G 1Y6, Canada. 

Phone: +1 (514) 398-8480. Fax: (514) 398-6769. 

Email: michel.tremblay@mcgill.ca. 

Mailing address for T.-C. Meng: Institute of Biological Chemistry, Academia Sinica, 128 

Academia Road, Section 2, Nankang 115, Taipei, Taiwan. 

Phone: +886-2-2785-5696 ext 6140. Fax: +886-2-2788-9759, 
Email: tcmeng@gate.sinica.edu.tw. 

207 

mailto:michel.tremblay@mcgill.ca
mailto:tcmeng@gate.sinica.edu.tw


5.1.1 ABSTRACT 

Apoptosis is a precisely controlled physiological mechanism that is required for 

the elimination of cells during embryonic development, in response to stress and 

infection as well as in the maintenance of homeostasis. Since the outcome of several of 

these biological processes is regulated by signaling events involving tyrosine 

phosphorylation, members of the protein tyrosine phosphatase (PTP) gene family are 

expected to be of primary importance. Here, we summarize the current literature linking 

the activities of classical PTPs with the regulation of apoptosis. The recent discovery of 

caspase-cleavage mediated modulation of a member of this family, PTP-PEST, indicates 

that other PTPs could be modulated in a similar manner. In light of this, we present an 

analysis of all murine and human PTPs gene for the presence of putative caspase 

cleavage motifs. Additional studies linking the activity of PTPs to their own regulation 

during programmed cell death initiation should provide important insight into the 

understanding of this fundamental physiological phenomenon. 
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5.1.2 INTRODUCTION 

Apoptosis is a form of cell suicide that is subjected to several signaling regulators 

and necessary in normal conditions for embryogenesis, tissue homeostasis, and 

hematopoiesis. Unbalanced apoptosis contributes to a variety of pathologies such as 

cancer, neurodegenerative and cardiovascular disorders, acquired immune deficiency 

syndrome (AIDS), and transplant rejection (279). Two principal pathways propagate the 

apoptotic signal: the extrinsic and the intrinsic pathway. Death receptors of the Tumour 

Necrosis Factor (TNF) superfamily trigger the extrinsic pathway (92) while proteins 

sensing various intracellular stresses initiate the intrinsic pathway (2). Members of the 

Bcl-2 family of proteins play crucial roles in the tight control of the apoptotic response. 

While Bcl-2 and related antiapoptotic family members promote cell survival, both the 

BH3-only and the Bax/Bak subfamily proteins act to propagate the apoptotic signal and 

to release pro-apoptotic factors such as cytochrome c from mitochondria (2, 274). The 

recruitment of initiator caspases to an activated death receptor and the cytochrome c 

induced oligomerization of Apaf-1 are both followed by activation of the caspase 

cascade, which amplifies the death signal (267). The significance of caspases as signaling 

proteases resides in their high specificity, and their property to generate protein 

fragments with modified functions rather than causing a general degradation of their 

substrates (267). The cleavage of caspase substrates, particularly those that are 

organizers of the cytoskeletal network, gives rise to morphological changes 

characteristic of apoptotic cells including cellular detachment, shrinkage of the cell body, 

cell rounding, and membrane blebbing (77). 

Tyrosine phosphorylation initiates or participates in a wide array of signal 

transduction pathways essential for the proper control of several cellular activities, 

including motility, metabolism, differentiation, cell growth and proliferation. This 

reversible modification is added by protein tyrosine kinases (PTKs) and is removed 

predominantly by the protein tyrosine phosphatases (PTPs). The catalytic domain of 
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PTPs contains approximately 280 residues and is defined by the signature motif 

[l/V]HCXXGXXR[S/T], in which the invariant cysteine residue serves in the nucleophilic 

attack of the phosphorylated substrates (10). PTPs possess additional domains or motifs 

that can enhance their substrate specificity or restrict them to a specific cellular 

compartment. The classical PTPs can be further subdivided into two groups: the non

receptor and the receptor-like PTPs (RPTPs) (332). Consistent with the diversity of 

mammalian PTPs, modified signal transduction resulting from PTP deficiency causes 

several physiologic abnormalities such as embryonic developmental defect, impairment 

of the immune system, cancer susceptibility and others (31, 178, 305). A contributing 

factor to these phenotypes are in many cases a dysregulated apoptosis. Indeed, the 

determinant role of tyrosine phosphorylation in both extrinsic and intrinsic apoptotic 

pathways is now recognized (91, 261), implying a fundamental function for PTPs in the 

balance between cell survival and cell death. Recently, our laboratory reported the 

direct cleavage and regulation of a PTP, PTP-PEST, via the executioner caspase-3 (138). 

This proteolysis facilitates cellular detachment as programmed cell death progresses, a 

hallmark of apoptosis (138). While other PTPs have been shown to affect the apoptotic 

outcome, this type of caspase-dependent modulation of a PTP had not been previously 

explored. In this review, we first examine the reported effect of various PTPs on 

apoptosis, focusing on the classical tyrosine specific PTPs. We then explore two potential 

mechanisms for the regulation of PTPs in the context of apoptosis: oxidation and 

caspase cleavage. Moreover, we present an amino acid sequence analysis of putative 

caspase-cleavage sites in members of the classical PTP family. 

5.1.3 PTPs IN THE REGULATION OF APOPTOSIS 

5.1.3.1 PTP-PEST 

The established role of PTP-PEST involves modulation of cell motility via 

regulation of the actin cytoskeletal network and cell adhesion (11, 172, 286, 287). 

210 



Recently, Halle and colleagues (138) observed that expression of active PTP-PEST 

sensitized cells to anti-Fas and TNFa apoptotic stimuli. Their observations implied that 

PTP-PEST acts on an unidentified substrate—upstream of caspase-3 activation—to 

potentiate the cell death signal. Importantly, caspase-3 directly cleaves PTP-PEST, which 

enhances its catalytic activity and alters its scaffolding properties. Moreover, the 

proteolysis of PTP-PEST facilitates cellular detachment during apoptosis. Noteworthy, 

the catalytically active fragment of PTP-PEST maintains the ability to interact with a 

subset of binding partners including paxillin, a regulator of cell adhesion (38, 138). The 

altered substrate specificity, as well as the presence of PTP-PEST at the edge of 

retracting lamellipodia during apoptosis, could weaken cytoskeletal anchorage 

structures, reducing cell adhesion. This regulation of PTP-PEST may participate in the 

conversion of cellular morphology occurring during programmed cell death, and may 

even play an important role in embryogenesis as PTP-PEST homozygous deletion leads 

to embryonic lethality (305). Identification of specific cell death associated substrates of 

PTP-PEST will provide more insight into tyrosine phosphorylation-regulated apoptotic 

signaling. 

5.1.3.2 PTP-1B 

PTP-1B, was the first PTP to be identified and consequently it has been 

extensively investigated with respect to its function in insulin signaling and obesity (102). 

Additionally, increasing evidence suggests a requirement for PTP-1B in various apoptotic 

pathways. It was recently observed that the peroxisome proliferator-activated receptor-

Y (PPARy) agonist troglitazone leads to PTP-1B processing and activation (4). Activated 

PTP-1B subsequently contributes to STAT3 dephosphorylation and favors apoptosis of 

human glioma cells (4). The cleavage of PTP-1B by calpain was previously described in 

platelets (116), but little is known regarding its effect on the regulation of cell 

survival/cell death programs. Interestingly, PTP-1B does not contain caspases cleavage 
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sites (see Table 3) and it is not cleaved by caspases during apoptosis (138), further 

supporting calpain as a unique regulator of PTP-1B integrity. Future studies using the 

calpain deficient mouse models may confirm the role of this protease in troglitazone 

induced PTP-1B proteolysis (193). The presence of PTP-1B on the endoplasmic reticulum 

(ER) makes it an attractive candidate for the regulation of the unfolded protein 

response. Indeed, PTP-1B and its catalytic activity are required for efficient inositol-

requiring kinase 1 (IRE1) signaling that activates c-Jun N-terminal kinase (JNK) and p38 

mitogen-activated protein kinase (MAPK), X-box-binding protein 1 (XBP-1) splicing, and 

ER degradation-enhancing a-mannosidase-like protein (EDEM) transcription (129). As 

expected, ER-stress-induced apoptosis was attenuated in cells lacking PTP-1B (129). 

Also, PTP-1B null mice are resistant to Fas-induced liver damage due to the absence of 

PTP-lB-mediated suppression of pro-survival NF-KB and extracellular related kinase 

(ERK) signaling (284). In this context, the receptor for hepatocyte growth factor, the 

tyrosine kinase Met, was identified as a potential PTP-1B substrate (284). 

Dephosphorylation of Met would inhibit its pro-survival effects, thereby facilitating the 

transmission of the cell death signal. The level of PTP-1B expression was recently 

correlated with the sensitivity of hepatocytes to growth factor deprivation-induced 

apoptosis (124). The pro-survival PI3K/Akt cascade (known to be regulated by PTP-1B) 

was shown to influence the nuclear localization of Foxol, a transcription factor that 

regulates the expression of several pro-apoptotic genes (124, 128). Interestingly, 

hepatocytes lacking PTP-1B were resistant to apoptosis induced by a constitutively 

active mutant of Foxol, which implicates an alternate Akt independent, pathway (124). 

Finally, PTP-1B was recently identified as a pro-oncogenic molecule (23,101,178), which 

implies an anti-apoptotic function for this enzyme. From these studies, it is clear that 

PTP-1B plays diverse functions regulated in accord with cell types and cellular contexts. 

However, a definitive mechanism by which PTP-1B balances pro- and anti-apoptotic 

signaling remains obscure at this time. 
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5.1.3.3 TC-PTP 

Comparative studies using cell lines that are positive and negative for p53 

expression suggest that p53 is required for apoptosis induced by TC-PTP overexpression 

(259). In MCF-7 cells (breast epithelial adenocarcinoma), accumulation of p53 in 

response to TC-PTP overexpression directs increased expression of Apaf-1 and the pro-

apoptotic a-isoform of caspase-1 (132). Moreover, TC-PTP induces Ipaf expression, 

which also contributes to caspase-1 initiated apoptosis through promotion of 

cytochrome-c and Omi release from the mitochondria (328). These studies reveal a pro-

apoptotic role for TC-PTP in the context of transformed cells. The impact of TC-PTP 

expression on the commitment of tumourigenic cells to apoptosis with respect to p53 

signaling still needs to be examined in vivo. 

5.1.3.4 SHPs 

Studies performed on viable motheaten (mev/mev) mice demonstrate a 

requirement for SHP-1 to transmit the Fas apoptotic signal into lymphoid cells (315). 

Upon death receptor stimulation, SHP-1 disrupts anti-apoptotic pathways through the 

regulation of Lyn, Tyk2 and the p85 subunit of PI3K (377). SHP-1 is recruited on Y291 of 

FAS, an association likely regulated by tyrosine phosphorylation of the receptor. A Y291A 

mutated version of the FAS receptor is much less efficient at promoting cell death (93). 

Interestingly, FAP-1 was proposed to dephosphorylate FAS (Y275), but no mutagenesis 

studies were done to exclude that other residues are dephosphorylated (114). As 

dephosphorylation of FAS by FAP-1 was proposed to down-regulate the death signal, it is 

attractive to speculate that FAP-1 could be involved in regulating the recruitment of 

SHP-1 to FAS. In sympathetic neurons, SHP-1 favors Bim/Bod expression and c-jun 

phosphorylation, which results in increased apoptosis (221). Specifically, SHP-1 

dephosphorylates TrkA on sites required for its activity (Y674/Y675), which in turn 
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inhibits NGF-mediated PLC-yl and Akt phosphorylation, antagonizing the TrkA survival 

signal (221). These studies implicate SHP-1 in both the regulation of receptor-mediated 

apoptosis and in the termination of the survival signal promoted by receptor tyrosine 

kinase. However, the interconnection between these two functions of SHP-1 is not 

understood. 

In hematopoietic cells, overexpression of SHP-2 accelerates growth factor-

deprivation-mediated apoptosis through dephosphorylation of STAT-5 (63). In contrast, 

studies performed on fibroblasts suggest that SHP-2 activity is required for activation of 

the anti-apoptotic PI3K/Akt pathway (169). SHP-2 also provides protection against p73 

mediated apoptosis induced by the green tea polyphenol epigallocatechin-3-gallate 

(EGCG) (6). Importantly, genetic studies performed with mice identified SHP-2 as an 

essential factor for peri-implantation. This developmental defect was attributed to 

apoptosis of trophoblast stem cells in which the SHP-2 gene was disrupted (366). 

Activation of MAPK in the SHP-2/SFK/Ras/ERK cascade triggers the phosphorylation and 

degradation of the pro-apoptotic protein Bim and thereby ensures cell survival (366). 

Interestingly, reduced Akt activation was also observed in cells lacking SHP-2 (366). It 

appears that SHP-2 is implicated in multiple aspects of the regulation of apoptosis. 

Future investigations using the targeted floxed SHP-2 mouse will clarify the relative 

contribution of SHP-2 as a pro- or an anti-apoptotic PTP in hematopoietic cells. Recently, 

SHP-2 activation following treatment with the neutrophil-derived protease Cathepsin G 

was shown to facilitate cardiomyocytes anoikis through the dephosphorylation of FAK 

(260). In addition, PTP-1B and PTP-PEST were involved in the regulation of cell adhesion 

and in the modulation of FAK phosphorylation (11, 67, 300, 381). However, the 

participation of these two phosphatases in FAK-inactivation-mediated anoikis has yet to 

be investigated. Apoptosis can also be initiated by disturbance of the cytoskeleton (a 

process termed amorphosis) (222). Several PTPs have been linked to the regulation of 

cytoskeletal architecture and organization, but their contribution to amorphosis remains 

to be evaluated. 
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5.1.3.5 FAP-1 

PTPs have been implicated in the regulation of Fas (APO-1 and CD95) mediated 

apoptosis. Several reports link the Fas-associated phosphatase (FAP-1), also called PTPL1 

or PTP-BAS, with the regulation of the cellular apoptotic response. FAP-1 has been found 

to interact with the cytosolic domain of the Fas receptor, and the level of expression of 

FAP-1 is proportional to resistance to Fas-mediated apoptosis (288). FAP-1 also interacts 

with the C-terminal portion of the neurotrophin receptor p75NTR, another member of the 

TNF receptor superfamily, and was proposed, in this context, to attenuate the cell death 

response to tamoxifen (165). In addition, tumor cell lines lacking FAP-1 expression were 

sensitive to Fas-induced cell death, whereas tumor cell lines expressing FAP-1 were 

resistant (288). Expression of FAP-1 was reported in a variety of human tumors and cell 

lines not sensitive to Fas-induced apoptosis (114, 229, 373). The correlation between 

FAP-1 expression and cellular resistance to Fas-mediated apoptosis, as well as the high 

level of expression of this PTP in transformed cells, suggest that FAP-1 could have 

oncogenic properties, accentuating transformation and participating in the progression 

of cancer. Tumors of the Ewing's Sarcoma family are characterized by a chromosomal 

translocation, which fuses the ews gene with the ets family transcription factor f l i l , 

thereby generating the oncogenic transcription factor EWS-FU1 (1). This abnormal 

fusion protein regulates specific genes in order to promote cancer (1). Interestingly, high 

FAP-1 levels were observed in Ewing's Sarcoma, as a result of the activity of EWS-FLI1 

(1). Notably, FAP-1 participates in oncogenesis by conferring resistance to etoposide 

induced caspase-3-mediated cell death (1). NF-KB, another transcriptional regulator that 

promotes cell survival, also enhances the transcription of the FAP-1 gene (167). Down-

regulation of FAP-1 expression during IL-2 mediated activation of T cells correlates with 

their increased sensitivity to Fas (383). Importantly, association of FAP-1 with the 

intracellular C-terminal domain of Fas inhibits its trafficking and presentation at the 

surface of the cells, which attenuates the death signal emanating from Fas (166). 

Although an antiapoptotic role for FAP-1 has been clearly demonstrated, it has also been 
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associated with the pro-apoptotic response of breast cancer cells to 4-

hydroxytamoxyfen by antagonizing the IRS-1/PI3-K/AKT survival pathway (30). 

Altogether, these reports identify FAP-1 as an important regulator of the cell death 

program. 

5.1.3.6 Potential Regulation of Fas Ligand Expression by PTPs 

Some hematopoietic cells, including cytotoxic T cells and natural killer cells, can 

eliminate virally infected or transformed target cells via the presentation of the Fas 

ligand (FasL), also called CD95L, on their surface (173). Due to the potential of FasL to 

induce cell death, cell surface presentation of this molecule requires tight regulation. 

FasL can interact with the SH3 domain of the tyrosine kinases Fyn, Lyn and Fgr, and its 

phosphorylation dictates its cellular distribution (385). The recently identified 

FasL/PSTPIP/PTP-PEST complex (21) may be involved in balancing the effect of tyrosine 

kinases on FasL. Notably, the association of PSTPIP with FasL retains it in the cytoplasm, 

and significantly reduces its cytotoxicity in co-culture assays (21). In addition to its 

interaction with PTP-PEST, the coiled-coil domain of PSTPIP can bind PTP-HSCF and PTP-

PEP (85, 307), two PTPs expressed in the hematopoietic cell lineage. Therefore, through 

its binding to the SH3 domain of PSTPIP, FasL could become available for regulation by 

PEST-type PTPs. Interestingly, PSTPIP was characterized as an adaptor for PTP-PEST-

mediated dephosphorylation of Abl and WASP (79, 85). However, the dephosphorylation 

of FasL via PSTPIP bound PTP-PEST has not been investigated. Also, PTP-PEST acts as a 

scaffolding molecule linking PSTPIP to additional partners (138). The contribution of 

these protein complexes associated to PTP-PEST to the presentation of FasL at the 

surface of immune cells is still unknown. Taken together, this evidence suggests a 

potential role for PTPs in the regulation of the trafficking of death receptor ligands. 
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5.1.3.7 Effect ofPTPs on Differentiation Related Apoptosis 

Apoptosis is a central phenomenon linked with the selection, turnover and 

maturation of developing hematopoietic cells. During interleukin-6 induced 

differentiation of murine leukemia cells, a reduction in membrane bound PTPe (PTPsM) 

and an increase in cytosolic PTPs (PTPsC) expression was reported (324). This exchange 

in PTPe isoform expression suggests a particular role for each species in IL-6 regulating 

cell differentiation and death. Indeed, overexpression of PTPsM enhanced terminal 

differentiation and apoptosis, whereas forced expression of PTPeC inhibited cell death in 

response to IL-6 or leukemia inhibitory factor (LIF) (325). These results reveal a 

functional significance for the subcellular localization of PTPs (325). These effects of 

PTPs were dependent on its catalytic activity and involved the regulation of Jakl, Tyk2, 

gpl30 and Stat3 phosphorylation (325). In histiocytic lymphoma cells, PTP-U2 (also 

named GLEPP1) expression was induced following treatment with 12-0-

tetradecanoylphorbol-13-acetate (TPA) and favored monocytic differentiation (296). In 

addition, over-expression of the long form of PTP-U2 (PTP-U2L) induced hypersensitivity 

to TPA treatment, enhancing the apoptotic response (296). Pim-1, which phosphorylates 

PTP-U2 and decreases its catalytic activity, was also implicated in the modulation of 

lymphoma differentiation (350). Along with increased PTP-U2 expression, the amount of 

the T-cell (TC)-PTP expression has been observed to decrease during the differentiation 

of lymphoma cells (296). This indicates that a reduction in TC-PTP expression may favor 

the commitment of cells to apoptosis. Recently, Bourdeau et al (2007) reported that 

bone marrow stromal cells from TC-PTP -/- mice abnormally secrete interferon-y (31). 

This leads to an increase in apoptosis of pre B cells, thus affecting their differentiation 

program and reducing the population of immature bone marrow B cells (31). 

Inactivation of the PTP-1B gene, a close homologue of TC-PTP, perturbs myeloid 

differentiation causing an abnormal monocyte/granulocyte ratio (145, 146). The 

enhanced sensitivity of monocytes to CSF-1 provides a potential mechanism for their 

resistance to apoptosis (145). The PTP-PEP, exclusively expressed in hematopoietic cells 
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(360), is involved in B cell receptor induced growth arrest and programmed cell death 

(143). Interestingly, PTP-PEP mRNA is significantly increased following anti-IgM 

stimulation of immature B lymphocytes, while expression of PTP-PEST remains constant 

(143). More importantly, antisense-mediated suppression of PTP-PEP expression 

significantly reduces apoptosis and the growth inhibitory effect of anti-IgM (143). 

Substrates and partners allowing PTP-PEP to promote apoptosis following BCR 

stimulation still remain to be identified. The above studies on hematopoietic cells point 

toward a functional significance of PTPs in the regulation of apoptosis during cell 

differentiation. Programmed cell death and differentiation are also crucial for proper 

embryonic development. Evidence that these enzymes specifically regulate programmed 

cell death during embryogenesis could provide an explanation for the functional impact 

of PTP deficiency on embryonic development. 

5.1.3.8 Receptor-PTPs and Apoptosis 

Cumulative evidence also supports a role for the Receptor-PTPs (R-PTPs) in the 

control of apoptosis. Pioneering studies using LAR-overexpressing cells were the first to 

implicate an R-PTP in the regulation of apoptosis (355). Overexpression and antisense 

experiments performed in various cell types revealed a cytotoxic function for LAR that 

involved caspase-mediated, p53 independent, apoptosis (331, 355). It was proposed 

that LAR induces apoptosis through the dephosphorylation and destabilization of 

pl30Cas, thereby interfering with an anchorage-mediated cell survival signal (354). The 

dephosphorylation of pl30Cas has also been implicated in growth factor activation of 

Erk, negative regulation of cell spreading by stomach cancer-associated protein-tyrosine 

phosphatase-1 (SAP-1), and colony formation (244), suggesting a potential role for this 

PTP in the control of cell growth and survival. It was then proposed that the inactivation 

of AKT and ILK by SAP-1 contributes to SAP-linducted apoptosis (318). In contrast, the 
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osteoclastic PTP (PTP-oc) protects cells against apoptosis by promoting c-Src-mediated 

activation of NFKB and JNK (7). 

Expression of R-PTPs in cells of the heamopoietic lineage was also linked with the 

control of cell death program. In lymphoma cells, expression and catalytic activity of the 

truncated-PTPRO inhibit ERK and cell proliferation, and induces apoptosis (64). CD45, or 

leukocyte common antigen, another R-PTP specifically expressed in the hematopoietic 

lineage, regulates antigen receptor signal transduction in T and B lymphocytes (327). 

Inactivation of the murine CD45 gene leads to an increase in the number of B cells and a 

reduction in the number T cells in the spleen (45). This alteration in the amount and 

ratio of lymphocytes suggests a role for CD45 in cellular proliferation and differentiation 

as well as in efficient selection. In support of this hypothesis, CD45 null thymocytes had 

increased resistance to antigen (anti-CD3) induced apoptosis (45). In addition, CD45 was 

identified as a candidate galectin-1 receptor, and is required for galectin-1-mediated 

induction of apoptosis in T-cells (254). Interestingly, splenic B cells from CD45"/_ mice fail 

to undergo PI(3)K, ERK and NF-KB signaling following BCR ligation, which leads to 

reduced expression of anti-apoptotic members of the Bcl-2 family (160). These cells 

therefore undergo increased apoptosis, pointing to a survival function for CD45 in B cells 

(160). A central feature of human immunodeficiency virus type 1 (HIV-1) infection is a 

reduction in the CD4+ lymphocyte population. GP120-mediated apoptosis is one of the 

several processes accounting for elimination of these cells by HIV-1. Importantly, both 

the extra-cellular domain and the catalytic activity of CD45 were observed to be 

necessary for GP120-promoted cell death (8). Molecular analysis of this pathway 

revealed that GP120 enhances the phosphatase activity of CD45, which translates to the 

dephosphorylation of Lck (8). CD45 was also observed to enhance the induction of FasL 

expression in cells treated with GP120; nonetheless, it did not promote Fas-mediated 

cell death (8, 45). Interestingly, CD45 is required for GP120 initiated inactivation of AKT 

and caspase-3 processing (8). The impact of other PTPs involved in the regulation of AKT 

in HIV-infection associated cell death has yet to be investigated. 
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5.1.3.9 Impact of Prokaryotic PTPs on apoptosis 

PTPs have also been implicated in bacterial infection strategies. The protein 

tyrosine phosphatase YopH, a virulence factor of Yersinia pestis, induces apoptosis via a 

loss of mitochondrial membrane potential (40). Interestingly, the action of YopH appears 

to depend on the presence of Lck, as Lck-deficient cells display resistance to YopH-

induced apoptosis (40). As a defense mechanism in response to infection with microbial 

pathogens, plant cells undergo a form of programmed cell death termed the 

hypersensitive response (144). Pseudomonas syringae suppresses this response by 

secreting HopPtoD2, whose PTP activity contributes to the inhibition of the host's MAPK 

pathway (105). Further studies focused on the interaction between pathogenic 

microorganisms and their target cells should clarify the virulence functions of various 

phosphatases and could suggest new therapeutic avenues. 

5.1.4 REGULATION OF PTPS ACTIVITY AND FUNCTIONS DURING APOPTOSIS 

5.1.4.1 ROS Dependent Modulation of Phosphatases during Apoptosis 

The generation of reactive oxygen species (ROS) in hyperoxia condition as well as 

following exposure to TNF actively participates in signaling leading to cell death (51, 

299). One of the effects of ROS production, is oxidation of the cysteine residue within 

the signature motif of PTPs (334). This blocks its nucleophilic activity and inactivates the 

PTP in a reversible manner (334). A recent study demonstrates that in response to TNFa 

stimulation, ROS generation inhibits the JNK inactivating MAPK phosphatases (MKPs) 

(181). This favors the sustained activation of JNK leading to caspase activation and cell 

death (181). In addition to the dual-specificity phosphatases MKPs, other PTPs are likely 

modulated by ROS, and this modulation may participate in the induction of apoptosis. 

Nevertheless, little information is currently available with respect to this phenomenon. 
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5.1.4.2 Regulation ofPTPs by Caspases 

A number of proteins with phosphatase activity, including calcineurin (238), PP2A 

(285), PTEN (338), and MKP-3 (R. Pulido, personal communication), were described as 

caspase substrate. Recently, the first example of caspase-substrate being a tyrosine 

specific phosphatase was reported (PTP-PEST) (138). In addition to the classical DXXD 

motifs, other examples of caspase cleavage sites were identified previously (112). The 

murine PTP-PEST sequence contains four putative caspase-cleavage motifs (see Table 1) 

(138). These include the 423EHID and 604DDSD sequences, which act as caspase cleavage 

sites in HIP-55 (66) and Yin Yang 1 (YY1, a transcriptional regulator) (192), respectively. 

Despite their presence in the amino acid sequence of PTP-PEST, only the 549DSPD 

sequence is important for PTP-PEST processing during apoptosis as mutation of this 

sequence was sufficient to confer resistance to caspase activity. The DSPD sequence is 

processed by caspases in other proteins including pl30Cas and RAD21 (62,189). Analysis 

of human PTP-PEST reveals that the site corresponding to the murine 549DSPD (580DLVD) 

is targeted by caspase in Hefl (245). Both immunoblots and in gel phosphatase assay did 

not reveal additional PTPs candidate other than PTP-PEST for caspase processing (138). 

Nonetheless, we are aware that the experimental procedures used previously have 

some intrinsic limitations and recognize that PTP-PEST may not be the only PTP 

modulated by caspases. Therefore, we investigated whether putative caspase cleavage 

sites are present within the amino acid sequence of all PTPs. We also verified the 

conservation of these sites between two extensively studied mammalian species: Mus 

musculus and Homo sapiens. Our bioinformatics analysis revealed that a large number of 

PTPs, of both non-receptor and receptor types, contain putative caspase cleavage motifs 

(see Tables 1 and 2). Interestingly, certain non-receptor PTPs (PTP-PEST, PTP-BAS [FAP-

1], SHP-1 and SHP-2), and R-PTPs (LAR, PTPs, PTP-U2 [GLEPP1], SAP-1, and CD45), were 

all previously implicated in the regulation of apoptosis and all contain putative caspase 

cleavage motifs. SHP-2, which actively participates in the regulation of apoptosis (6, 63, 

169, 260, 366), contains a potential caspase recognition motif but is not degraded 
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following in vitro activation of caspases (138). It is possible that the putative caspase 

cleavage site within SHP-2 is located in an area that is not accessible in the folded 

protein. Of note, and in support of a potential functional role for caspase cleavage of 

PTPs, the presence of caspase-cleavage motifs is conserved between the murine and 

human sequence of several enzymes (see Tables 1 and 2). In addition, cleavage of PTPs 

by other proteases such as calpain has been involved in the modulation of their activities 

(130). Despite the presence of caspase cleavage-sites, the efficient digestion of these 

candidate PTPs by caspase still need to be experimentally confirmed. The group of 

potential caspase substrates identified on Table 1 and 2 suggests that the cleavage of 

PTPs by caspase could be an underestimated mechanism of regulation for these 

enzymes. Together, both previously published results (138) and the analysis presented 

herein, suggest that caspases may selectively cleave PTP family members, and that the 

resulting cleavage products may play a role in the progression of apoptosis. 
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5.1.5 CONCLUSIONS 

Apoptosis is a tightly regulated physiologic process of genetically programmed 

cell death conserved among organisms. As fundamental modulators of signal 

transduction, PTPs have recently been implicated in the control of apoptotic pathways. 

Disregulation of apoptosis can result in cellular immortalization and transformation. 

Various PTPs have been identified as either oncogenes or tumor suppressors (248); 

which is consistent with the physiologic role for these enzymes in the modulation of 

apoptosis. Interestingly, the role of PTPs as the regulators of pro-survival signals is 

widely reported. Individual PTPs were proposed to either enhance or counteract a 

variety of cell survival signals, ultimately favoring either cell growth or apoptosis. In 

laboratory model systems, the modulation of particular signaling proteins, such as the 

JAKs, STATs, MAPKs, receptor tyrosine kinases (RTKs), PI3K and AKT, is commonly 

mediated by a number of enzymes; not by a single PTP. The mechanism coordinating the 

modulation of a common substrate by multiple PTPs requires further investigation. The 

advancement of phospho-proteomics may reveal the physiological importance of 

particular enzymes as well as novel PTPs substrates that control apoptosis. While PTPs 

indirectly regulate apoptosis through pro-survival signals, the recent findings that 

caspase-8 and -9 are directly modulated by Src and Abl PTKs respectively (91, 261), 

implies that PTPs could play a more direct role than anticipated in the caspase cascade. 

Although the major characterized activities of PTPs occur upstream of caspase 

activation, a function for caspase processing of PTP-PEST during apoptosis (138) offers 

insight into PTP activities downstream of caspase activation. Indeed, we have observed 

that several members of this family contain putative caspase-cleavage sites. As 

previously validated with PTP-PEST (138), the proteolysis of these identified potential 

caspase-substrates and their participation in the completion of apoptosis requires 

experimental confirmation. Future investigation focusing on the mutual regulation of 
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apoptotic signaling pathways and PTPs should give rise to promising discoveries that 

may find applications in avant-garde therapies. 
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Table 1 Presence of putative caspase cleavage sites within the amino acid sequence of 

non-receptor PTPs 

Name Accession 
number 

Species Sites found 

'DFYD, 40'DNGD 

'DFYD, 401DNGD 

'DYYD 

'DYYD 

133YLLD, 220SEVT, 259DPFD 
133YLLD, 220SEVT, 259DPFD 

'LSSD, 580DLVD, 604DDSD 

'EHID, ̂ DSPD, 604DDSD, "°DKKD 

"DSTD, 657TQFD, 826DSSD, 829DFLD 

"DSTD, 826DSSD, 829DFLD 

"DSVD, 471DGVD, 499DKND, 502DNGD, 760DPPD,817DSSD 
56DSSD, 129SLLD, 153DPVD, 292DQND, 590DGVD, 618DKSD 
621DDGD, 875DPPD, 878DIMD, 932DSSD 
151DFGD, 159ESQD, 577STPD, 7'3EEED, 797SESD 
, 5 'DFGD, 159ESQD, 577STPa ™ e c e n 

'DFGD, 157DSQD, 457LHTD 

SHP1 

SHP1 

SHP2 

SHP2 

MEG2 

MEG2 

PTP-PEST 

PTP-PEST 

MEG1 

MEG1 

hPTPHI 

mPTPHI 

hPTPDI 

mPTPRLIO 

hPTPD2 

mPTP36 

hPTPBAS 

mPTPBL 

hPTPTyp 

mPTPTyp 

hHDPTP 

NP_002822 

NP_038573 

NP_002825 

NP_035332 

NP_002824 

NP_062625 

NP_002826 

NP_035333 

NP_002821 

NPJD64317 

NP_002820 

XP_143789 

NP_008970 

NP_036007 

NP_005392 

NP_033002 

NP 006255 

mHDPTP 

mPTPN23/mHDPTP 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

NP 035334 Mus musculus 

NP_056420 

NP_033004 

NP_056281 

AAH22721 

NP 001074512 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Mus musculus 

tz<D\uu, o i r u , CZI^I^L/, 

'DFGD, 159ESQD, 577STPD, 799SESD 

_. , 157DSQD, 457LHTD, 578STPD, 593SSPD, 1076DWPD 

'DFGD, 578STPD, 593SSPD 
218DLVD, 248DTQD, 376SALD, 424SESD, 596DVFD, 879DAQD, 
1292DVTD, 1295DYSD, 1298DRGD, 153°DVGD, 1640GEDD, 
1794YVHD, 2028DIYD, 204,SLLD, 2044DWD, 2187GLLD, 2416DISD 
218DALD, 248DTRD,251DEED, 371SALD,419SESD, M3VSLD, 
589DVFD, ''"AAVD, 679DLLD, 872DAQD, ,150AAVD, 1306DCAD, 
13,1DKDD, 1538DVGD, 1649GEDD, 1788YVHD, 1894AAVD,2021DIYD, 
2034SLLD, 2037DWD, 2128DGED,2172GLLD, 240,DISD, 
65DYED 

"LESD.^DVSD, 161EELD, 176TLPD 
275SALD, 406ETVD, 409DNLD,448VFTD, 458DIRD, ,483DSQD, 
1625SLLD 
M3DSQD, 485SLLD 
275SALD,406ETVD, 409DNLD, 448VFTD, 458DIRD, 647SELD, 
1539DSQD, 1681SLLD 
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Table 2 Presence of putative caspase cleavage sites within the amino acid sequence 

RPTPs 

Name Accession 
number 

Species Sites found 

hCD45 

mCD45 

hLAR 

mLAR 

hPTPdelta 

mPTPdelta 

hPTPsigma 

mPTPsigma 

hPTPIamda 

mPTPIamda 

hPTPkappa 

mPTPkappa 

mPTPmu 

hPTPS31 

hGLEPPI 

mPTPphi 

hPTPbeta 

mPTPbeta 

hDEP1 

mDEP1 

hSAP1 

mSAP1 

mPTPESP 

hPTPalpha 

hPTPepsilon 

mPTPepsilon 

hPTPgamma 

mPTPgamma 

hPTPzeta 

mPTPzeta 

hPCPTPI 

hSTEP 

mSTEP 

NP_002829 

NP_035340 

NP_002831 

NP_035343 

NP_002830 

1083477 

NP_002841 

NP_035348 

NP_005695 

NP_035344 

NP_002835 

NPJ333009 

NP_033010 

AAD50277 

NP_109592 

NP_035346 

NP_002828 

NP_084204 

NP_002834 

NP_033008 

NP_002833 

BAC37443 

NP_031981 

NP_002827 

NP_006495 

NP_035342 

NP_002832 

NP_033007 

NP 002842 

NP_002840 

NP_116170 

NP 038671 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Mus musculus 

Homo sapiens 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Mus musculus 

Homo sapiens 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

LSSD, LSPD, DSLD, /29ETVD, """DDSD, DLKD 
45ASTD, 85DLKD, 331DRPD, 579ETVD, 855DDSD, 1040DWD 
198EESD, M7EAVD, 850DGED, 1033EVPD, 1053VEVD, 1214LSPD, 
'336DLAD, ,786DARD 
'98EESD,647EAVD, 650DGED, ^ V Y R D , ,024EVPD, 1044VEVD, ,205LSPD, 
1327DLAD, 1777DARD 
198EESD, 278PEDD, ^LSSD, 653DGED, 654GEDD, 1061EEVD, 1118TNLD, 
,159ESPD, , ,64MELD, "91DARD 

1ESPD, ""MELD, ,S7,DARD 
)7EETD, 287PEDD, 302DVKD, ,269DNPD, 1827DARD 

! » n c n n 288r-,\/i/r. 1244 r i k l D r . 1783n "EETD, TEDD, DVKD, "DNPD, "DARD 
,93DYAD, 1096IVLD, ,349DTPD, 1362AEVD 
l93DYAD, 1086IVLD, ,339DTPD, 1352AEVD 

°DLYD, 81DSSD, " 'DCLD, 595TLPD 
9DLYD, 82SNHD, ""DCLD 
i2DEDD, ^ D V R D . ^ F P A D , 1433DLLD 
25DFVD 
i56DTTD,921DDFD 
l3'DDFD, '082EEED 

96VSLD, ,07LQTD, 250DRRD, ,287DWTD, 1290DYND, ,497DSMD, 

1 5 3 6 E s p D - 7 , 0 D L K D i 1926 D S K D ^ p g ^ 

437VLGD, ,16°DYGD, 12'0DTTD, 122'LVRD 
193EVPD, 2,7VSVD, 658DSWD, ,061DYGD, n " D T T D , 1122LVRD 
51EVPD, MDGLD, 14QEVPD, 143DGPD, 229EVPD, 232DGTD, 3,8EVPD, 
321DGPD, ""EVPD, 804DFAD, 99,SSPD 
,8DGLD, ' "DGLD, 282DFAD 

'"SSLD, 5,9DLVD, 552LSSD, 14'6DASD 

179SQLD, 854GLLD, 888DFID 
653GLLD, 687DFID 
87DILD, 102LQLD, 105DGFD, 182DDFD,2,2SALD, 329DMTD, ,393VFTD, 
1433DESD 
87DILD,102LQLD, 105DGFD, ,82DDFD, 212SALD, 237ILRD, 329DLAD, 
3 3 2 D F L D j « 9 0 V F T D | » 3 0 E E S D 

242DTVD, 354DGED, M6SSTD, 704SVTD, 812SSYD, 14,7EDGD, 1420DTDD, 
1423DDGD, 1424DGDD, '428DDDD, 1427DDDD, H28DDDD, '778KLTD, 
,944IVLD 

9631-ii/r.r* 1369oo-rr\ 1425cr.^.r. 1426r NM 011219 Mus musculus n2SVTD, SSYD, DVSD, SSTD, EDGD, DGDD, 
DDYD, 29DYDD, DDDD, JJDDYD, '"DYDD, "-""DDID 

Homo sapiens 

Homo sapiens 

Mus musculus 

1 4 2 8 c 
1474DQSD, 1566SFPD 
'°°DGQD, 121LQMD 
204DFLD, M5DPDD, 379TVAD 
,8QDFLD, 321DPED, 355TVAD 

IA2 receptor-like subtype 
hlA2beta 

mPTPNP 

NP_002838 

AAB06945 

235, 

826-'TVAD, 922SLLD 
Mus musculus DAKD, 'DNKD, 594EQED, 812TVAD, 908SLLD 
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Table 3 Absence of putative caspase cleavage sequence within various PTPs 

Name 

PTP1B 

PTP1B 

TCPTP 

TCPTP 

LyPTP 

PTP-PEP 

BDP1 

PTPK1 

hPTPrho 

mPTPrho 

mPTPalpha 

mPTPzeta 

mPTPSL 

hHePTP 

mHePTP 

hlA2 

mlA2 

Accession 
number 

NP_002818 

NP_035331 

NP_033003 

NP_002819 

NP_057051 

NP_033005 

NP_055184 

NP_035336 

NP_008981 

NP_067439 

NP_033006 

XP_133009 

NP_035347 

NP_002823 

NP_796055 

NP_002837 

NP 033011 

Species 

Homo sapiens 

Mus musculus 

Mus musculus 

Homo sapiens 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 

Mus musculus 

Mus musculus 

Mus musculus 

Homo sapiens 

Mus musculus 

Homo sapiens 

Mus musculus 
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5.2 HOW PTP-PEST IS INTEGRATED IN CELLULAR SIGNALLING? 

The assembly, disassembly and reorganization of actin fibres plays a critical role 

in multiple biologic phenomena, including cell motility, phagocytosis, invasion by 

pathogenic microorganisms, maintenance of cell morphology, cell survival and 

apoptosis. The interacting partners and substrates of PTP-PEST link this enzyme to the 

machinery controlling cytoskeletal architecture and to adhesion promoted survival 

signalling. In 2001, over 50 proteins had already been shown to play a role in linking the 

cytoskeleton to the extracellular matrix (378). In view of the extreme complexity of the 

signalling involved in elongation of actin fibres and in their anchorage within adhesion 

structures, I will focus here on the aspects most relevant to PTP-PEST. 

Members of the small GTPase family Rho appear to be key regulators of the 

dynamic reorganisation of the actin network. Experiments involving growth factor-

mediated activation and/or, protein overexpression led to the development of the 

classic model in which the activation of Cdc42 by bradykinin, of Rac by PDGF and of Rho 

(RhoA, RhoB, RhoC) by LPA promotes the formation of actin containing structures, 

respectively: microspikes and filopodia, membrane ruffles and lamellipodia, and stress 

fibers (Fig. 3) (136, 190, 252). During migration of adherent cells, the projection of 

membrane protrusions such as filopodia acts to organelles sense the environment in 

order to establish cell polarity, and to promote the growth of membrane ruffles 

extending into lamellipodia at the leading edge (190, 266). Anchoring of actin stress 

fibres between focal adhesions provides a framework on which contractile force 

facilitates cell body contraction and tail retraction (252). To generate these structures, 

Rho GTPases stimulate a variety of effectors. Members of the Wiskott-Aldrich syndrome 

protein family (WASP, neural WASP [N-WASP] and WASP verprolin homologous 

[WAVE/Scar]) of scaffolding molecules translate the signal from the small GTPase into 

de-novo actin polymerization from pre-existing filaments (322). The binding of Cdc42 

triggers a conformational change within N-WASP that exposes its VCA region (verprolin-
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homology [V], cofilin-homology domain [C], acidic domain [A]), which binds to actin 

monomers (G-actin) and to the Arp2/3 complex to promote actin polymerization, 

resulting in the formation of filopodia (232, 273). Membrane ruffles and lamellipodia are 

produced in a similar manner; via the formation of a Rac-IRSp53-WAVE complex that 

supports actin polymerization (233). Rho stimulates the bundling of actomyosin stress 

fibres by activating the serine/threonine kinase ROCK (Rho-associated coiled-coil-

containing protein kinase) and the actin binding protein mDia (diaphanous-related 

formin) (24, 252). The phosphorylation of myosin light chain 2 (MLC2), a substrate of 

ROCK, increases stress fibre contractility (252). This effect is further amplified through 

ROCK phosphorylation, and through inhibition of the enzymatic activity of the myosin 

light chain phosphatase (MLC phosphatase). This indirectly amplifies the 

phosphorylation of MLC2, and therefore increases fibre contraction (252). In addition, 

activation of mDia promotes filaments elongation by stimulating actin nucleation at the 

barbed end of growing filaments (137, 252). Rho proteins cycle between GDP and GTP 

bound forms; or between inactive and active conformations (137). Guanine nucleotide 

exchange factors (GEFs) of the DH/PH (Dbl homology/pleckstrin homology) domain 

containing family (for example VAV2 and aPIX) and of the DOCK180 (dedicator of 

cytokinesis 180)-related family convert the GDP-bound (inactive) form into the GTP-

bound (active) form (87,137). Since they have intrinsic GTPase activity, RhoGTPases can 

self inactivate (137). However, GTPase-activating proteins (GAPs) such as pl90RhoGAP, 

enhance this intrinsic activity; thereby favouring the GDP-bound conformation (inactive) 

(137). As exemplified below, several lines of evidence suggest that PTP-PEST is involved 

the control of upstream regulators and downstream effectors of RhoGTPases. 
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Figure 3. Stimuli inducing the activity of RhoGTPases promote the formation of specific 

F-actin containing structures. Swiss 3T3 cells are a good model for the study of induced 

formation of actin structures because, under starvation conditions, they contain very 

few organized actin filaments. Stimulation with bradykinin activates Cdc42, which 

triggers the formation of microspikes and filopodia (190), while PDGF mediates the 

activation of Rac, which stimulate membrane ruffle formation, and LPA activates Rho, 

which, in turn, promotes reorganization of F-actin into stress fibres anchored in focal 

adhesions (136). Since serum contains a "cocktail" of growth factors, it promotes a 

variety of pathways which lead to the formation of membrane ruffles and stress fibres. 

As the formation of filopodia is a transient phenomenon, this type of structure is difficult 

to observe in serum stimulated cells, and is therefore not clearly shown in this picture. 

The formation of similar structures composed of F-actin was observed in P-MEFs (data 

not shown). Pictures were acquired as follows: quiescent or serum-starved Swiss 3T3 

cells were incubated with PDGF (15 min), LPA (30 min), or serum (15 min), and serum-

starved PTP-PEST -/- cells were incubated with bradykinin for 15 min. Cells were fixed, 

permeabilized, and stained for polymerized actin (F-actin) and vinculin as previously 

described (11). Radom field images were acquired by confocal microscopy (Zeiss LSM 

510-NLO). In PTP-PEST -/-: white: F-actin. In Swiss 3T3: Red: F-actin; green: vinculin. 

Phenotypes presented here are similar to those shown previously (136,190). 
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Engagement of receptors for growth factors, LPA, and extracellular matrix, 

triggers the phosphorylation of pl30Cas SD and the recruitment of Crk (70, 246, 348). In 

this complex, Crk also associates with DOCK180, which results in the activation of Rac 

and the generation of protrusions stimulating cell motility (70, 71, 187). In addition, 

integrin-mediated coupling of pl30Cas-Nck, which facilitates the recruitment of the GEF 

aPIX, was proposed to induce Rac (376). PTP-PEST has been shown to dephosphorylate 

pl30Cas, thereby acting to balance tyrosine phosphorylation-dependent signalling (118, 

305). I have now shown that expression of cytosolic PTP-PEST is sufficient to impair the 

interaction between pl30Cas and Crk, as well as the interaction of pl30Cas with the SH2 

domains of Nek and of Src (Chapter 2). These results imply that PTP-PEST regulates 

multiple phosphotyrosine sites on this substrate, thereby presumably blocking signalling 

initiated at this level (Chapter 2). Moreover, PTP-PEST inhibited the production of GTP 

loaded Rac in cells stimulated with either fibronectin or PDGF (286). These results 

suggest that PTP-PEST functions upstream of Rac to filter signals leading to its activation. 

The expression and post-translational modification of pl30Cas not only 

participates in reshaping of the cytoskeleton, but is also involved in promoting cell 

survival, proliferation and transformation (46, 153, 344). The data provided within this 

thesis indicates that cytosolic PTP-PEST significantly attenuates pl30Cas-phospho-

dependent interactions induced by LPA, a phospholipid that induces cell proliferation 

and is involve in promoting the progression of various types of cancers (Chapter 2) (234). 

Interestingly, pl30Cas/Crk can signal either to JNK through DOCK180 and Rac (99), or to 

C3G, which guides the activation of Rapl toward the MAPKs Erk (110). These molecular 

mechanisms may account for the role of the pl30Cas/Crk interactome in sustaining cell 

survival and proliferation (71, 110). In accordance with the above described results, we 

recently observed that growth of PTP-PEST-/- cells was accelerated as compared to that 

of cells expressing WT proteins (Hidehisa Shimizu, Maxime Halle and Michel L. Tremblay, 

un-published data). Expression of PTP-PEST in un-stimulated cells, however, did not 
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induce apoptosis (chapter 4). These observations indicate that PTP-PEST may play a role 

in restricting signals promoting oncogenic transformation, without inducing apoptosis. 

Phosphorylation of the adaptor protein She is critical for the transmission of 

survival signals and to sustain cell proliferation (262). Upon activation of RTKs, 

recruitment of She to the receptor induces the formation of a receptor/Shc/Grb-2/Sos 

interacting network at the plasma membrane, which acts to initiate the Ras-MAPK 

cascade (262). Herein, I provide data showing that PTP-PEST and She associate primarily 

in the cytosol, but also interact significantly in cellular membrane fractions (Chapter 2). 

The dephosphorylation of She by PTP-PEST has been correlated with the ability of PTP-

PEST to inactivate the Ras-MAPK pathway, which, in that particular study, was 

associated with impaired lymphocytes activation (95). In addition, the binding of Grb-2 

to PTP-PEST assists in the recruitment of PTP-PEST to RTKs (54). Whether this plays a 

role in downregulation of RTKs, or in preventing the recruitment of She to RTKs, or in 

allowing the targeting of PTP-PEST to She in complex with receptors, is still speculative. 

The possible contribution of these signalling modules to the regulation of the Ras-MAPK 

cascade and to cell proliferation therefore requires additional examination. 

The adaptor protein paxillin is a PTP-PEST binding partner that functions in the 

propagation of adhesion/growth factor-induced signalling (38, 86). This scaffolding 

molecule facilitates the reorganisation of the cytoskeleton, which translates into cell 

movement (38). The LIM3 and LIM4 domains of paxillin bind PTP-PEST (86), and 

expression of these two domains in tandem may act in a dominant negative fashion; via 

sequestration of the PTP from other paxillin interacting proteins. The over-expression of 

a construct encoding both the LIM3 and LIM4 domains stimulated cell spreading and 

formation of polarized lamellipodia (39). This suggested that paxillin may represent an 

alternative route through which PTP-PEST can modulate cytoskeletal changes. 

Experiments using both paxillin -/- and PTP-PEST-/- cells confirmed this hypothesis, and 

demonstrated that paxillin is necessary for PTP-PEST to suppress the adhesion-
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stimulated activation of Rac, cell spreading and membrane protrusion (172). 

Interestingly, paxillin couples PTP-PEST with PKL (paxillin kinase linker) (172). The 

assembly of this complex is crucial for the dephosphorylation of PKL and for the 

regulation of cellular spreading by PTP-PEST (172). Sastry et al. (2002, 2006) also 

observed that PTP-PEST could modulate RhoGTPase activity, but via a different 

mechanism (286, 287). In cells plated on fibronectin, PTP-PEST was observed to directly 

dephosphorylate and inhibit the Rac-GEF VAV2 and the Rho-GAP pl90RhoGAP (287). 

Therefore, in the absence of PTP-PEST, increased GEF activity of VAV2 (arising from 

hyperphosphorylation) leads to increased Rac activity and abnormally developed 

lamellipodia (287). In addition, the loss of PTP-PEST leads to increased pl90RhoGAP 

activity, which inactivates RhoA, and thereby results in a tail retraction defect (287). The 

above results studies illustrate different mechanisms by which PTP-PEST inhibits 

signalling leading to RhoGTPases activation, and thereby modulates both the extension 

of membrane protrusion at the leading edge, and posterior tail retraction. 

Although paxillin was proposed to target PTP-PEST to focal adhesions (86), the 

majority of the paxillin/PTP-PEST association was found to be in the cytosol (chapter 2). 

Interestingly, mutations within the LIM3 domain of paxillin, which is necessary for 

binding to PTP-PEST, significantly diminished its localization to focal adhesions (39). 

Moreover, we observed that expression of a membrane targeted form of PTP-PEST (PTP-

PEST-K-Ras 4B tag) increased the association of paxillin with the membrane fraction 

(Maxime Halle and Michel L. Tremblay, un-published data). Although experimentally 

characterized focal adhesions and membrane fractions may not correspond precisely to 

identical subsellular microenvironment, these data implicate that PTP-PEST could 

influence the localization of paxillin. A similar effect of PTP-PEST was reported with 

respect to PSTPIP (85). In this case, PSTPIP, which normally displays a fibrous pattern 

overlapping with the actin cytoskeleton (307), co-distributes with PTP-PEST when the 

two proteins are co-expressed (85). These observations suggest that PTP-PEST could play 

a role in modulating the cellular distribution of its interacting partners. 
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In addition to regulation of signalling up-stream of RhoGTPases, PTP-PEST has 

also been shown to be in the regulation of some of their effectors. A variety of stimuli 

lead to the activation of Cdc42 and its interaction with N-WASP, and thereby to the 

generation of actin filaments and the production of filopodia (232, 273). Dependent on 

its interaction with active Cdc42, the phosphorylation of N-WASP tyrosine 291 (Y291) 

decreases the affinity of its VCA region for its autoinhibitory domain and augments N-

WASP actin polymerization promoting activity (337). In addition, phosphorylation of N-

WASP Y291 further increases the formation of filopodia (83). Interestingly, WASP was 

found to associate with PTP-PEST in a trimolecular complex requiring PSTPIP (85). The 

assembly of this complex allows the phosphatase to target WASP for dephosphorylation, 

which reduces its ability to stimulate actin polymerization (18, 85). As the N-WASP 

homologue likely binds PSTPIP, it is attractive to speculate that PTP-PEST could 

dephosphorylate, and thereby inhibit, N-WASP-driven actin polymerization and filopodia 

formation. The polymerization of actin at the extremity of intracellular pathogens forms 

an actin comet tail that acts as a propulsion mechanism (309). Interestingly, expression 

of N-WASP is essential for the locomotion Shigella and EPEC (enteropathogenic 

Escherichia coli) bacteria, as well as vaccinia virus, within host cells (213, 306). 

Moreover, Abl-mediated tyrosine phosphorylation of N-WASP is required to maximise 

actin comet tail formation and motility of Shigella (42). Importantly, PTP-PEST 

dephosphorylates and inhibits Abl kinase activity through binding to PSTPIP (79). The 

above evidence suggests that PTP-PEST is involved in control of the movement of 

intracellular pathogens; via regulation of both N-WASP and Abl. With respect to 

protozoan pathogens, Cdc42 is required for the entry of Leishmania into CHO cells, and 

the Cdc42 effector WASP co-localizes with F-actin around endocytosed parasites to form 

a protective actin cup (212, 237). In chapter 3, I present data demonstrating that 

Leishmania induces the cleavage of PTP-PEST during infection. This proteolysis could 

allow the parasite to destabilize WASP negative regulatory machinery, which would 

promote the actin polymeraization necessary for engulfment and the formation of a 
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protective shell. Additional studies are required to fully delineate the potential role of 

PTP-PEST in the regulation of intracellular pathogen-driven actin polymerization. In 

summary, the above observations suggest that PTP-PEST could be an important 

regulator of WASP and N-WASP, and that this effect, could have broad implications: 

from cell motility to infectious disease. 

The tyrosine kinase Abl has been proposed to play a role in the cytoskeletal 

reorganization required for the morphological changes associated with cell motility. In 

contrast with PTP-PEST-/- cells, which display hyperprotrusive activity (172, 287), Abl -/-

cells are defective in the formation of membrane ruffles following PDGF stimulation 

(256). This impaired Rac-dependent phenotype was linked with the ability of Abl to 

phosphorylate WAVE, which promotes its actin polymerization inducing activity and the 

associated plasma membrane reorganization (204, 311). Since PSTPIP couples PTP-PEST 

with Abl in a platform promoting the dephosphorylation and inactivation of the PTK, one 

could propose that this mechanism may contribute to the cytoskeletal abnormalities 

associated with altered PTP-PEST expression. 

The different routes through which PTP-PEST acts in signal transduction are 

illustrated on figure 4. 

Figure 4. Proposed PTP-PEST signalling network. PTP-PEST interacts with a variety of 

signalling and cytoskeletal molecules, and is therefore involved in numerous pathways. 

In presence of a chemotractant gradient, cells activate a variety of pathways involving 

RhoGTPases, their upstream regulators, and their downstream effectors. PTP-PEST may 

regulate this signalling pathway via the modulation of several regulators and effectors. 

This function of PTP-PEST would likely affect the organization of the actin cytoskeleton, 

leading to the formation of filopodia, membrane ruffles and actin contractile stress 

fibres. PTP-PEST may also play a role in the modulation of cell survival signalling. 
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5.3 IS PTP-PEST A POSITIVE OR A NEGATIVE REGULATOR OF SIGNAL TRANSDUCTION? 

As described above, PTP-PEST acts primarily to inhibit intracellular signalling. It 

does not, however, exclude the possibility that in some situations, PTP-PEST acts to 

stimulate signal transduction. 

The tyrosine kinase Abl can phosphorylate Crk on tyrosine 221 (Y221), which 

leads to intramolecular folding of Crk involving the binding of its SH2 domain to the 

phosphorylated site (180). The phosphorylation of Crk was proposed to uncouple it from 

pl30Cas, inhibit cell migration, and sensitise cells to apoptosis (71, 151, 180). PTPs 

involved in the regulation of either Crk or Abl could further modulate this interaction. 

For example, PTP-1B can catalyze the tyrosine dephosphorylation of Crk, thus 

maintaining its interaction with pl30Cas (323). In addition, PTP-IB/Crk co-expression 

was found to promote cell migration (323). Also, PTP-PEST can down-regulate Abl via 

binding to PSTPIP (79); which would presumably result in an increased interaction with 

pl30Cas. As shown here (chapter 2), and previously (11, 120), PTP-PEST expression 

significantly decreases the stability of pl30Cas/Crk complexes. The regulation of this 

interaction depends on the dephosphorylation of pl30Cas by PTP-PEST (chapter 2) (118, 

120), and seems to prevail over its potential inhibition of Abl catalytic activity. The 

blockage of Abl-mediated phosphorylation of Crk by PTP-PEST could therefore, under 

certain conditions, increase its association with pl30Cas, or, alternatively, could be 

involved in modulating Crk functions independent of pl30Cas. 

PTP-PEST was found to play a positive role in signalling during receptor-mediated 

apoptosis. In fact, clones stably expressing PTP-PEST, as well as Hel_a299 cells transiently 

overexpressing PTP-PEST, both displayed increased levels of TNFa/anti-Fas-induced 

apoptosis, as compared to controls (Chapter 4). The magnitude of the response to TNFcc 

was directly proportional to the level of PTP-PEST expression. Additionally, only 
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catalytically active PTP-PEST was able to enhance caspase activation following anti-Fas 

stimulation, and this effect did not require PTP-PEST processing by caspase-3. These 

observations, as presented in chapter 4, therefore suggest that PTP-PEST acts as a 

positive regulator of apoptotic signalling downstream of TNFa and anti-Fas, via 

dephosphorylation of an unknown target. 

Taken together, the data presented herein, as well as that previously published, 

clearly demonstrates negative regulatory roles for PTP-PEST, and illustrates situations in 

which this enzyme promotes signal transduction. Additional studies are required to fully 

elucidate the potential roles of PTP-PEST in positive regulation of signalling pathways. 

5.4 HOW IS PTP-PEST REGULATED? 

As reported here and elsewhere, PTP-PEST is involved in a variety of biologic 

phenomena, including cell migration (11, 120, 172, 287), immune responses (18, 95), 

parasitic infection (chapter 3), apoptosis (138, 139) and embryogenesis (305). As would 

be expected based on the fundamental importance of this enzyme, a number of 

mechanisms are involved in its regulation. 

Early studies suggested that the expression of the PTP-PEST gene is sensitive to 

stimuli. In support of this hypothesis, exposure of a muscle-derived cell line to insulin led 

to increased expression of PTP-PEST mRNA (365). Also, treatment of thryroid carcinoma 

cells with two different agonists of the peroxisome proliferator-activated receptor y 

(PPARy), ciglitazone and 15-deoxy-A12,14-prostaglandin J2, augmented PTP-PEST protein 

levels (65). Although PTP-PEST transcripts and proteins were found to be ubiquitous, 

higher levels of expression were detected in tissues and cells of the hematopoietic 

system (85, 94, 95, 321, 375). These reports indicate that PTP-PEST gene expression is 

transcriptionally regulated. 
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PTP-PEST was found to be a substrate of PKA (cAMP-dependent protein kinase) 

and PKC (protein kinase C), which catalyze phosphorylation at Ser39 and Ser435 (119). 

The phosphorylation of Ser39 was sufficient to down-regulate PTP-PEST catalytic activity 

(119). Also, serine phosphorylation of PTP-PEST was observed in osteoclasts adhering to 

osteopontin, an agonist for the integrin avp3 receptor (60). This implies that the 

phosphorylation of PTP-PEST could be relevant to adhesion signalling leading to 

cytoskeletal rearrangements. Interestingly, PKA localizes to the leading pseudopod, 

where it phosphorylates and inhibits PTP-PEST within cells undergoing chemotaxis; 

correlating with increased pl30Cas phosphorylation and increased RacGTP loading 

(155). Moreover, the serine-threonine kinase MST3 (mammalian sterile 20-like kinase 3) 

phosphorylates and inactivates PTP-PEST, and was proposed to play a mechanistic role 

in the control of cell motility (215). These reports illustrate the importance of post-

translational modifications in the modulation of PTP-PEST activity, and therefore in the 

control of cellular processes. 

The targeting of PTPs to a particular subcellular compartment is an important 

element in the regulation of their function (330). PTP-PEST was previously shown to be 

primarily cytosolic (56). However, subsequent analysis demonstrated the presence of 

PTP-PEST in focal adhesion-like structures, in membrane ruffles, and in the crude 

membrane fraction (chapter 2) (11, 215). Interestingly, in cells responding to fibronectin 

stimulation, the relocalization of PTP-PEST at the periphery and at the extremity of 

membrane protrusions was correlated with increased catalytic activity (286). Moreover, 

in healthy control cells (COS cells not microinjected with recombinant caspase-3 or 

untreated HeLa cells), EGFP-PTP-PEST consistently accumulated at the edge of retracting 

lamellipodia of motile cells (Maxime Halle and Michel L. Tremblay, un-published results). 

Importantly, EGFP-PTP-PEST was localized at the periphery of retracting membrane 

ruffles in cells undergoing apoptosis (chapter 4). The correlation between accumulation 

of PTP-PEST in a particular membrane protrusion and its subsequent retraction, as well 

240 



as the increased PTP activity seen during that period (286), emphasize the importance of 

this phosphatase in destabilization of cellular adhesion to the substratum. Although PTP-

PEST binding to Grb-2 was shown to target the phosphatase to RTKs (54), the exact 

mechanism by which PTP-PEST translocates to retracting lamella remains unknown. 

However, as membrane retraction is an integral part of both cell migration and 

apoptosis, it is possible that similar molecular mechanisms operate in both processes. 

PTP-PEST was observed to interact with diverse cellular proteins. In several cases, 

the protein regions involved have been narrowed-down to specific motifs and domains. 

For example, the recruitment of She PTB domain to PTP-PEST is mediated by a NPLH 

motif (53, 133). Interestingly, the protein kinase C (PKC) activator, phorbol 12-myristate 

13-acetate (PMA), induced the phosphorylation of She (mainly on serine), which 

correlated with increased formation of Shc-PTP-PEST complexes (133). An increase in 

Shc-PTP-PEST association also occurs in response to B-cell receptor stimulation (95). 

Although the cellular context leading to increased or decreased association of PTP-PEST 

with several of its binding partners remains unknown, the above studies suggest that 

these interactions might be subject to specific mechanisms of regulation. In fact, Faisal 

et al (2002) determined that the phosphorylation of She at Ser29 was essential for its 

binding to PTP-PEST (107). Within the current study, I have observed that the 

localization of PTP-PEST affects complex assembly. Accordingly, while some PTP-PEST-

mediated interactions in the membrane fraction were identical to those found in the 

cytosol, others were unique to one compartment. In addition, I have provided data 

illustrating the regulation of PTP-PEST interactions by proteolysis. Specifically, caspase-3-

mediated cleavage of PTP-PEST at the 549DSPD motif regulates its scaffolding functions. 

Furthermore, in vitro experiments indicated that, in the presence of caspase-3, even 

though the integrity of the Pro2 domain (paxillin binding site on PTP-PEST) was 

maintained, the binding affinity of paxillin proteins for PTP-PEST was decreased. These 

results indicate that caspase-3 regulates the assembly of PTP-PEST protein complexes at 

two levels: through the direct cleavage of PTP-PEST, and by processing some of its 
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interacting partners. In summary, stimuli promoting or restraining PTP-PEST interactions 

undoubtedly regulates its functions by changing the amount of PTP-PEST targeted to 

specific protein complexes. 

Herein, the cleavage of PTP-PEST by caspase-3 was observed to increase its 

phosphatase activity (chapter 4). Truncation of other PTPs such as TC-PTP was 

demonstrated to promote their activity (80, 382). This implies that, in addition to 

targeting the enzyme to various subcellular compartments/specific protein complexes, 

the extra-catalytic domains of PTPs may play a role in regulating their catalytic activity. 

Indeed, SHPs are regulated via an autoinhibitory mechanism involving intramolecular 

interactions (242). Interestingly, the expression of the myc-ECFP-PTP-PEST-EYFP 

construct resulted in an intense FRET (fluorescence resonance energy transfer) signal 

(Maxime Halle and Michel L Tremblay, un-published observations). This may reflect the 

existence of a conformation in which the PTP-PEST catalytic domain is in close proximity 

to the non-enzymatic C-terminal segment, which may act in both substrate targeting and 

regulation of catalysis. Structural studies on PTP-PEST will confirm or refute this 

hypothesis. 

PTP-PEST cleavage was found to promote its catalytic activity, and to modulate 

its interaction (chapter 4). The classical PTP gene family, in humans, consists of 38 genes, 

with great diversity in their non-enzymatic domains (5). Surprisingly, no PTPs in addition 

to PTP-PEST were seen to be cleaved following the caspase activation, as determined by 

both in immunoblotting and in gel phosphatase experiments (138). However, due to 

technical limitations, caspase cleavage of additional PTPs could not be excluded. I 

therefore analyzed the amino acid sequences of over 76 human and murine PTPs, and 

found putative caspase cleavage sites in the sequences of several, but not all, enzymes 

(139). The above data indicates that caspases may regulate a subset of PTPs, including 

PTP-PEST, in order to promote apoptosis. In addition, calpain mediated proteolysis has 

also been implicated in the regulation of PTPs activity (130). The study of regulatory 
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mechanisms governing PTP-PEST will likely provide additional insight into the 

modulation of other members of this family of enzymes. 

PTP-PEST was also cleaved by GP63 during L major infection. Although the exact 

site of cleavage has not yet been mapped, PTP-PEST amino acid sequence contains 

several putative GP63 cleavage sites (7LRR, 35LRR, 58NVKK, 139GRK, 216MRK, 286VHR and 

436EIKK) (Maxime Halle, Matthew Stuible and Michel L. Tremblay, un-published data) 

(34). GP63 may therefore mediate either inhibition or activation of PTP-PEST. As the 

proteolysis of PTP-PEST is seen during two distinct biological processes, it is likely that 

the maintenance of its integrity is physiologically significant. Of note, L. donovani 

infection was recently found to induce a general activation of PTPs in macrophages 

(123), and was correlated with the dephosphorylation of several proteins in cells 

exposed to this parasite (27). Since Leishmania infection does not induce the 

degradation of either PTP-1B (chapter 3) or SHP-1 (27), and a high degree of structural 

homology is seen in the catalytic domain of PTPs (10), it would be surprising if GP63 

leads to inactivation of PTP-PEST via cleavage within the catalytic domain. It is possible 

that processing by GP63 modifies, as opposed to inhibits, PTP function. 

The decreased stability of PTP-PEST observed in cells exposed to different species 

of Leishmania underscores the importance of PTP-PEST regulation in infectious disease. 

However, as PTP-PEST modulates proteins involved in cellular transformation, the 

aberrant regulation of this PTP may be relevant to physiological process in addition to 

those associated with microorganism induced illness. Abnormal transcripts of PTP-PEST 

have, in fact, been detected in colorectal carcinomas (320). A missense mutation 

(Lys61Arg), as well as two deletions (both resulting in a frame shift), were identified, and 

led to the expression of at least one truncated form of PTP-PEST (320). Although the 

deletions were thought to arise from irregular splicing events, the precise function of 

this shorter form of PTP-PEST in cellular transformation remains unknown (320). A more 

recent study reported the presence of three PTP-PEST variants in human breast cancer 

243 



cell lines and tumour samples (310). The Val322lle and Glu709Lys mutations caused, 

respectively, a small increase and a small decrease in PTP-PEST phosphatase activity. 

Interestingly, the Thr573Ala substitution resulted in a marked increase in PTP-PEST 

catalytic activity (310), possibly indicating that phosphorylation at this site impacts 

enzymatic activity. Taken together, the above investigations point to a potential role for 

loss of normal PTP-PEST function in pathologies including parasitic infection and 

tumourigenesis. 

The different cellular processes controlling PTP-PEST functions are depicted in 

figure 5. In conclusion, numerous studies have confirmed that PTP-PEST is subjected to 

multiple regulatory mechanisms. 

Figure 5. Modes of PTP-PEST regulation. PTP-PEST participates in several biological 

phenomena including cell migration, apoptosis, embryonic development and parasitic 

infections. The expression, activity, localization, protein interactions and integrity of this 

enzyme are regulated by a variety of mechanisms. 
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5.5 IS PTP-PEST AN ACTIVE REGULATOR OR A HOUSEKEEPING GENE? 

Constitutively expressed housekeeping genes are involved in fundamental 

processes required to maintain cellular homeostasis (43). A true housekeeping 

phosphatase would be expected to show little substrate specificity and to be 

constitutively active, in order to maintain a basal cellular level of phosphorylation. The 

different mechanisms of regulation of PTP-PEST, as well as its involvement in a variety of 

physiologic phenomena, suggest that this enzyme can occupy both housekeeping and 

pro-active roles. 

Several aspects of the regulation and function of PTP-PEST point to a 

housekeeping role for this enzyme. PTP-PEST displays a ubiquitous pattern of expression 

in adult organisms and can be detected at early stages of embryogenesis (56, 305, 321, 

375). Additionally, this enzyme is necessary for the completion of embryonic 

development, for cell migration, and for increased sensitivity to apoptotic inducers (11, 

305) (chapter 4). Thus, a titrating effect, in which constitutive PTP-PEST activity would 

keep vital signalling components inactive in a broad range of cell types, may explain the 

regulatory functions of PTP-PEST. The expression and phosphorylation of the PTP-PEST 

substrate pl30Cas plays a pro-oncogenic role by promoting cell migration, survival and 

transformation (15, 35, 118, 153, 188). In addition, uncoupling of the pl30Cas/Crk 

complex was recently proposed to enhance apoptosis induced by proteasome inhibition 

(151). The investigations presented here show that PTP-PEST is required to abrogate 

pl30Cas-phospho-dependent interactions with SH2 containing molecules in resting cells, 

and that it further limits this association following LPA stimulation (chapter 2). In 

addition, we observed that expression of PTP-PEST reduces cell proliferation (Hidehisa 

Shimizu, Maxime Halle and Michel L. Tremblay, un-published results). The maintenance 

of pl30Cas in a dephosphorylated state by PTP-PEST presumably blocks associated 

signaling pathways. Nevertheless, the expression of PTP-PEST alone did not induce 
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apoptosis in resting cells (chapter 4). This indicates that the negative effect of PTP-PEST 

on cell proliferation is not due to activation of cell death. The above evidence suggests 

that PTP-PEST could play an essential housekeeping role via prevention of 

transformation through stabilization of cells in a differentiated state, inhibition of 

oncogenic signalling, and maintenance of sensitivity to apoptotic signals. 

As described above, PTP-PEST is also involved in the regulation of a variety of 

substrates influencing the polymerization and organisation of actin filaments. For 

example, by limiting pl30Cas/Crk interactions, by maintaining Rac, WASP and N-WASP 

activities at low levels, and by modulating the localization of paxillin and PSTPIP in 

resting cells (chapter 2 and data not shown) (18, 85, 120, 286), PTP-PEST could prevent 

aberrant signals from increasing production of membrane protrusions. Accordingly, PTP-

PEST -/- cells displayed defective polarity, and transient over-expression of PTP-PEST 

prevented the formation of membrane protrusion, dependent on catalytic activity (286, 

287). The titration of signalling molecules by PTP-PEST could thereby prevent the 

inappropriate projection of pseudopods. In cells expressing physiological levels of PTP-

PEST, pl30Cas/Crk assembly and protrusive activity are augmented in response to 

various stimuli (chapter 2 and data not shown) (172, 286), and PTP-PEST may therefore 

act as a filter that selectively allows the transmission of specific signals. This effect might 

be particularly important in sensing a chemotactic gradient and in activation of site 

directed migration. 

Although the qualifying term "housekeeping" may seem "unglamorous", this 

function of PTP-PEST could be fundamental in preventing adverse effects caused by 

hyperphosphorylated substrates, and in transduction of signals to the appropriate target 

in a spatiotemporal manner. 

Certain data with respect to PTP-PEST indicate dynamic functions and modes of 

regulation. Even though the PTP-PEST expression pattern is ubiquitous, increased levels 
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were found in haemopoietic cells (85, 94, 95), suggesting that PTP-PEST may have 

discrete functions in specific cell types. Interestingly, in cells stimulated with anti-Fas, as 

well as in migrating cells, PTP-PEST was observed to specifically relocalize at the edge of 

retracting lamellipodia (chapter 4, Maxime Halle and Michel L Tremblay un-published 

results). Also, the activity of PTP-PEST was correlated with its translocation to the cell 

periphery (286). This dynamic regulation of PTP-PEST was associated with a positive role 

in cellular detachment during apoptosis, and in tail retraction of migrating cells (chapter 

4) (287). Additionally, the involvement of regulatory mechanisms including 

phosphorylation, cleavage and recruitment of signalling molecules (chapter 3, 4, (54, 60, 

95, 107, 133, 155), in response to various agonists, supports the existence of dynamic 

functions of PTP-PEST. Importantly, PTP-PEST has great substrate specificity. In fact, the 

overexpression of PTP-PEST reduces the phosphorylation of only a small subset of 

proteins (pl50, pl30, pl25, p l l 5 and p54) (95, 120), and only three proteins are 

hyperphosphorylated in PTP-PEST-/- cells (pl80, pl30 and p97) (84). Moreover, only a 

single band, corresponding to pl30Cas, showed increased phosphorylation in total cell 

lysates from PTP-PEST -/- embryos (305). Notably, the PTP-PEST relocalization and 

interaction with WASP at the immune synapse inhibits immune synapse formation and 

actin polymerization (18). As the presence of PTP-PEST at the membrane correlates with 

retraction, intracellular parasites, which depend of the projection of membrane sheets 

to trigger their entry (250), may target PTP-PEST to enhance this process. Interestingly, 

early cleavage of PTP-PEST was observed during cellular infection with Leishmania 

(chapter 3). It is possible that this cleavage dissociates PTP-PEST from WASP proteins, 

increasing their phosphorylation and promoting actin polymerization activity. This effect 

would support both the engulfment of the protozoa and synthesis of a protective actin 

cup (chapter 3) (212, 237). The above evidence points to the existence of pro-active 

functions for PTP-PEST. 

Collectively, the ubiquitous pattern of expression of PTP-PEST, as well as its 

fundamental importance in basic biologic phenomena, indicates that this enzyme has 
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housekeeping features. In contrast, its tight regulation, some of its functional 

characteristics, and its substrate specificity, point to non-housekeeping roles. Additional 

studies are required to determine how this functional duality of PTP-PEST is 

physiologically balanced. 
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6 CONCLUSION 

The requirement for PTP-PEST to complete embryogenesis demonstrates its 

fundamental physiological importance (305). At a mechanistic level, the majority of 

studies on PTP-PEST have focussed on its regulation of the cytoskeleton and associated 

cellular functions. Herein, I present data linking PTP-PEST with various biologically 

relevant processes, including LPA signalling, host-pathogen interaction, and apoptosis. 

Importantly, these studies illustrates two complementary levels at which PTP-PEST 

regulates, and is itself regulated by, diverse stimuli. First, the integration of PTP-PEST in 

different pathways was explored. Specifically, PTP-PEST was found to modulate the 

cellular response to both LPA-induced signalling and receptor-mediated apoptosis. 

Second, the effect of external stimuli on PTP-PEST was investigated. PTP-PEST was found 

to relocalize to retracting membrane ruffles in cells stimulated with anti-Fas, and was 

cleaved in response to two independent and unrelated inducers. 

PEST sequences have been proposed to reduce protein stability (272). The 

irreversible nature of proteolytic modification represents a unique regulatory 

mechanism. The presence of PEST sequences in a PTP isolated by Yang et al (1993) was 

proposed to be of paramount importance in the modulation of this enzyme, hence 

named "PTP-PEST": 

"... If a similar role applies to this segment of PTP-PEST, one could envisage a situation in 

which the activity of the enzyme may be controlled by physical displacement to a distinct 

intracellular location away from its normal pool of substrates, following proteolytic 

cleavage of the C-terminal domain." 

Yang et al. 1993, J. Biol. Chem. 268: 6622-6628. 

Subsequent pulse-chase analysis, however, underscored the stability of PTP-PEST 

(56). Consequently, the importance of proteolytic regulation of PTP-PEST has, until 

recently, been underappreciated. 
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In this thesis, Leishmania infection was found to induce the cleavage of both PTP-

PEST and pl30Cas, and of caspase-3, cortactin, TC-PTP and TAB1, and to inactivate p38. 

These events were dependent on expression of the parasitic surface metalloprotease 

GP63, and coincided with early transfer of this protein to the host intracellular space 

during the infection process. 

Another physiological process involving regulated proteolysis leading to major 

cytoskeletal rearrangements is apoptosis. Importantly, PTP-PEST is cleaved by caspase-3, 

which affects both its phosphatase activity and scaffolding properties. The expression of 

PTP-PEST promotes receptor-mediated caspase activation, and cleavage at the 549DSPD 

motif is essential for efficient cellular detachment in response to apoptotic stimuli. 

Several infectious agents in addition to Leishmania target cytoskeletal 

components during their pathogenesis (239). Also, rearrangement of the actin network 

and inhibition of apoptosis, are crucial events leading to cellular transformation and the 

dissemination of metastatic cells, which both sustain cancer progression. Further studies 

evaluating putative tumour-suppressor or pro-oncogenic roles for PTP-PEST, as well as 

its involvement in various infectious diseases, should be promising. In summary, this 

work presents novel mechanisms of PTP-PEST regulation, which are integrated in 

fundamental biological processes. 
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