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Abstract
The balance of tyrosine phosphorylation in the cell is maintained by the opposing actions of

protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs). Investigation into

tyrosine phosphorylation was initially focused on the action of PTKs. However, research over

the past decade has revealed that PTPs also play a key role in signal transduction.

The multi-protein complexes that constitute the cell-cell adhesions in endothelial and

epithelial tissues are dynamically restructured in response to extracellular and intracellular

signalling. Tyrosine phosphorylation is involved in the regulation of both adherens junctions

and tight junctions. Inhibitors of PTPs have been shown to disrupt cell-cell adhesions indicating

that PTPs are important in maintaining adhesion integrity.

The maintenance of a selectively permeable barrier is an essential function of

endothelial cells, which are the cells that line the lumen of blood vessels. Therefore, it is

important to understand the normal functioning of the proteins in the cell-cell adhesion

complexes. The aims of this research were to ascertain which members of the PTP family are

expressed in human umbilical vein endothelial cells (HUVEC) and to characterise a PTP that

may potentially be involved in the regulation of cell-cell adhesions.

A homology screen identified a cytosolic phosphatase, PTP-Pez, to be highly expressed

in HUVEC. The presence of the protein-protein interaction FERM domain (band 4.7, eznn,

radixin and moesin) at the N-terminus of Pez predicted its localisation to the plasma membrane.

Specific antibodies showed that in confluent monolayers Pez is cloplasmic and concentrated at

intercellular junctions but the protein is nuclear in sub-confluent cells. The adherens junction

protein B-catenin and the tight junction protein occludin were both identified as potential

substrates of Pez using a "substrate-trapping" approach. Data showing that Pez bound to and

dephosphorylated B-catenin in vivo further substantiated this. A truncated form of Pez lacking

the catalytic domain acted as a dominant negative mutant inhibiting the dephosphorylation of its

v



Front

substrates at intercellular junctions and enhancing cell motility. Canine epithelial cells

overexpressing Pez underwent an apparent epithelial to mesenchymal transition (EMT), a

process tlpified by downregulation of cell-cell contacts. These findings indicate thatPez plays a

role in the regulation of cell-cell adhesion.
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Chapter 1

Chapter 1: Introduction

L.1 Tyrosine phosphorYlation
Protein tyrosine phosphorylation plays a central role in the regulation of many cellular

processes. Intracellular signal transduction via integral-membrane and soluble tyrosine kinascs

can determine such diverse fates as cell growth, differentiation, metabolism, cell cycle regulation,

apoptosis, cancer and cytoskeletal function (Blume-Jensen and Hunter,200l; Hubbard and Till,

2000; Kolibaba and Druker , 1997; Schlessinger, 2000). The level of cellular tyrosine

phosphorylation is kept under tight control and in the resting cell is maintained at a very low

level. Slight increases in the steady-state level of phosphotyrosine can result in hyperproliferation

and malignant transformation of cells.

1.2 Protein tyrosine kinases
Protein tyrosine kinases (PTKs) transfer phosphate from ATP to tyrosine residues on

specific celiular proteins, thereby altering the function of the substrates. Tyrosine kinases can be

divided into two major subfamilies, receptor and non-receptor tyrosine kinases.

1.2.1 Receptor tyrosine kinases
In mufticellular organisms, one of the fundamental means of signal communication

between cells is the binding of a ligand to the extracellular domain of its cognate receptor that has

tyrosine kinase activity. Ligand binding results in the transduction of the signal to the cytoplasm

by the phosphorylation of tyrosine residues on the cytosolic domain of the receptor and

downstream signalling molecules (for review see Hubbard and Till, 2000). The receptor protein

tyrosine kinases (RpTKs) share several structural features. All of them contain an extracellular

ligand-binding domain, usually glycosylated, which determines ligand specificity. A hydrophobic

transmembrane domain anchors the receptor to the plasma membrane. The cytoplasmic domain

contains the tyrosine kinase active site, in addition to sequences that regulate substrate binding
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Chapter 1

and the activity of the kinase. There are currently 19 classes of RPTKs (Kolibaba and Druker,

),997).

l.2.l.l Phosphotyrosine binding proteins

Many growth factor and cytokine receptors are phosphorylated at multiple tyrosine

residues. Interacting proteins contain binding domains that bind to specific phosphotyrosine

motifs on the receptor. Prominent amongst these binding domains is the Src homology-2 domain

(SH2) (Waksman et al.,1993). The SH2 domain is a conserved motif of approximately 100

amino acids that binds to phosphorylated tyrosine residues within a defined amino acid sequence

(Songyang et al., 1993). Examples of SH2 domains are found in the Grb2-Sos complex,

phosphatidylinositol 3-kinases (PI3K) and phospholipase Cy. These proteins are consequently

recruited to the plasma membrane where they then initiate particular signalling pathways' Other

phosphoproteins are recognised by phosphotyrosine-binding domains (PTBs), originally

identified as modular domains that recognise phosphorylated Asn-Pro-Xxx-pTyr- containing

proteins. However, it is now known that there is greater diversity in the recognition sequences

(reviewed in Forman-Kay and Pawson, 1999). An example of a protein containing a PTB domain

is Shc, which interacts with the tyrosine-phosphorylated insulin receptor following stimulation by

the insulin ligand. The Shc protein is subsequently tyrosine-phosphorylated by the insulin

receptor enabling the binding of the SH2 domain of the adapter protein Gtb2. The protein

complex then couples via Grb2 to Sos, a guanine nucleotide exchange factor for p2lras, resulting

in downstream signalling. These modular interactions communicate extracellular signals across

the plasma membrane to the cytoplasm of the cell and ultimately to the nucleus. In the course of

these interactions large molecular complexes transiently form and dissociate in a process that

simultaneously transmits and amplifies the signal thus altering the fate of the cell.
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1.2.2 Non-receptor tyrosine kinases
Non-receptor tyrosine kinases are cytoplasmic proteins that receive extracellular signals from

integral membrane protein receptors (see section I.2.2.1) and transduce them to downstream

intermediates in pathways that regulate cellular growth, activation and differentiation. There are

ten different classes of non-receptor tyrosine kinases (lttrRTKs), grouped according to structural

and functional similarity. The largest is the Src sub family which has 11 family members. Src

family members participate in a variety of signalling processes including T and B cell activation,

growth factor mediated signalling and cytoskeleton remodelling. The members of the Src family

all contain SH2 and SH3 protein interaction domains. Members of the Janus kinase (JAK)

subfamily are a critical part of the immune system. JAKs are noncovalently associated with the

cytoplasmic domain of cytokine receptors and are activated by ligand induced receptor

dimerisation. Members of the JAK subfamily of NRTK contain a kinase like domain upstream of

the active kinase domain in addition to an SH2 and a FERM (band 4.7 ezrin, radixin, moesin)

domain that is involved in phospholipid binding. Other NRTK subfamily-specific domains

include the plextrin homology (PH) which binds to phospholipids, actin binding, integrin binding

and DNA binding domains (reviewed in Robinson et al., 2000; Hubbard and Till, 2000).

1.2.2.1 Non-receptor tyrosin e kin ase sign allin g p athways

NRTKs are activated by extracellular events such as binding of ligands to their cognate receptors

resulting in the recruitment and activation of cytosolic kinases. For example in the JAIISTAT

(JAllsignal transducers and activators of transcription) signalling pathway the JAKs bound to

the clokine receptor are activated by autophosphorylation following ligand induced receptor

aggregation. The activated JAKs then phosphorylate tyrosine residues on STAT molecules

causing the rapid nuclear translocation of the activated STAT proteins (Shuai et al.,1993).

Signalling by activated T and B cells of the immune system involves multiple NRTKs including

the Src family members Lck and Lyn together with NRTKs Zap-70, Syk and Btk. Following

4



Chapter 1

receptor activation these kinases participate in downstream signalling events culminating in the

transcriptional activation of cytokine genes (reviewed in Hubbard and Till, 2000). Other NRTKs

are activated by events such as cellular adhesion, calcium influx, inflammatory cytokines, or at

particular stages of the cell cycle.

1.3 Protein tyrosine phosphatases
Approximately 30o/, of all cellular proteins are phosphorylated and the inappropriate

phosphorylation or dephosphorylation of signalling proteins resulting in the activation or

inactivation of signalling pathways is either a cause or a consequence of major diseases such as

cancer, diabetes and rheumatoid arthritis. The balance of tyrosine phosphorylation in the cell is

tightly controlled by the opposing actions of PTKs and protein tyrosine phosphatases (PTPs),

which remove phosphate groups from tyrosine residues. Until recently, most studies of tyrosine

phosphorylation focused on the PTKs, many of which were cloned twenty years ago, whereas

research on PTPs has lagged behind. In some measure this was due to the technical difficulties

involved in characterising PTP function. Obtaining a purified tyrosine-phosphorylated substrate

for the measurement of PTP activity was problematic. Moreover, the transient nature of the

interaction between a PTP and its substrate meant the identification of substrates was difficult.

However, the major obstacle was the prevailing view that the tyrosine kinases were exclusively

responsible for the initiation and control of tyrosyl phosphorylation induced signalling. Tyrosine

phosphatases were believed to lack the specificity required for signalling and were relegated to

the role of "housekeeping" enzymes.

1.3.1 PTP superfamily
The identification of a large and diverse family of PTPs (reviewed in Neel and Tonks, 1997;

Tonks and Neel, 2001) has led to the recognition that these enzymes match PTKs in complexity

and specificity in intracellular signalling. The PTKs and the PTPs are in a state of dynamic

equilibrium. Total phosphotyrosine in normal cells constitutes only 0.1-0.)lYo of acid-stable

5



Chapter 1

protein-bound phosphate, which is around a thousand-fold less than the levels of phosphoserine

and phosphothreonine (reviewed in Mustelin et al., 1999) indicating that PTPs rapidly counter the

effects of PTKs. 'When cells are treated with pervanadate, a potent inhibitor of PTPs, there is a

dramatic increase in intracellular tyrosine-phosphorylated proteins, reflecting the finding that

PTP activity is several orclers of magnitude higher in the cell than PTK activity (reviewed in

Mustelin et al., 1999) .

There are at least three families of molecules comprising the phosphatases that can

depho sphorylate tyro syl phosphate :

1 ) The dual-specificity phosphatases

2)The low molecular weight phosphatases.

3) The tyrosine-specific or "classical" phosphatases

Hereafter in this thesis, the term "PTP" will refer to the tyrosine-specific subfamily unless

otherwise specified.

1.3.2 Catalytic mechanism
All members of the PTP superfamily share an active site motif consisting of a cysteine

and an arginine, separated by 5 residues (HCxxGxxRS (T) and all exploit the same catalylic

mechanism (Figure 1.1 reproduced from (Denu et al., I996a). The classical PTPs share gteater

than3}%o sequence homology within their catallic domains. However, there is less than 5%

sequence homology between the "classical" PTPs and the dual-specificity PTPs.

The crystal structures of several PTPs including PTPIB, the bacteriaYersiniaPTP

YOP51, the receptor PTPs alpha and Mu and the SH2 domain containing PTP SHP-I have now

been solved at high resolution (Barford et a1.,1994;Stuckey et a1.,1994; Bilwes et al.,1996:

Hoffmann et a1.,1997; Yang et a1., 1998; reviewed in Neel and Tonks, 1997; Tonks and Neel,

2001). These structures reveal that despite limited sequence homology, which is only slightly

higher than would be expected in two randomly selected proteins, the overall structural fold of
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the catalytic domain of the dual-specificity phosphatase VHR (Vaccinia Hl-related enzyme) is

highly similar to that of PTP1B (reviewed in Denu et al.,l996a)'

The catalytic motif amino acid residues are found on a single loop at the base of a cleft on the

surface of the protein. Substrate specificity of the classical PTPs is limited to phosphotyrosine,

due to the depth of the catalytic cleft (Barford et al., 1994). Phosphoserine and phosphothreonine

are not long enough to access the catalytic cysteine. The cysteine residue of the catalytic motif

(Fig.1.1) stages a nucleophilic attack on the phosphate group of the substrate, forming a

cysteinyl-phosphate intermediate. An invariant aspartate residue, situated on a loop upstream of

the catalytic cysteine, undergoes a conformational change following binding of the substrate

bringing it into position to act as a general acid. The aspartate residue protonates the phenolic

oxygen of the tyrosyl leaving group, allowing efficient formation of the thiophosphate

intermediate. The aspartate residue subsequently acts as a general base, activating a water

molecule to promote hydrolysis of the cysteinyl-phosphate intermediate (Jia et al., 1995; Zhang

et al., 1994; Denu et al., 1996b; Pannifer et al., 1998; reviewed in Tonks and Neel, 2001 and

Denu et al., 1996a).

1.4 The classical PTP familY
The largest family is the classical family of PTPs that are characterised by an

approximately 240 amino acid conserved catalytic domain (the PTP domain). The family is

further divided into receptor-like PTPs that contain hydrophobic transmembrane domains, and

cytosolic PTPs (Fig 1.2).
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Figure 1.1
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Figure 1.1. Catalytic mechanism of protein tyrosine phosphatases (from Denu et al', 1996a)

(A) A model of the enzyme-substrate complex of PTP derived from two X-ray crystallographic

models: Cys-ser mutant of PTP1B complexed with phosphotyrosine (Jia et al., 1995) and

Yersinia PTP complexed with vanadate (Denu et al., 1996b) The phosphotyrosine substrate

(shown in yellow) is bound to the centre of the catalytic motif.

B) A model of the phosphoenzyme intermediate of PTP. The phosphorus is covalently bound to

the cysteine. A water molecule (V/aÐ positioned so that the aspartic acid can remove the proton.

See text for a more detailed explanation.
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Figure 1.2

PTPIB
TCPTP

LAR
PTPô
PTPo

DEPI
SAPl
PrPp
GLEP
PI

(fiom Tonks NK, Neel BG,

Curr Opin Cell Biol 2001)

E

s
s
s
S
s

s

PTPy prpp
PTP( PTPr

I
PTPI,
PTPp

Exlracellular

PTPa
PTP€ CD45

FERM SHP
PTPs -1,2 pEST

II LyPTP
Plasma
Membrane

Cytosolic I lr
Non-transmembrane PTPs PTPs

Figure 1,.2.The classical phosphotyrosine-specific family of protein tyrosine phosphatases.
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L.4.1 Receptor-like PTPs
The receptor-like PTPs consist of an intracellular region containing one or two

phosphatase domains, a single transmembrane domain and a variable extracellular segment.

Usually only the juxta-membrane phosphatase domain has catalytic activity. The catallically

inactive carboxy-terminal PTP domain may play arole in substrate specificity by binding to

regulatory proteins or in the autoregulation of the activity of the PTP (Wallace et al., 1998).

l.4.l.l RPTP extracellular domains

The extracellular domains of many PTPs contain structural features that are involved in cell-cell

or cell-matrix adhesion. The extracellular domain of RPTP(/B contains a carbonic anhydrase

domain and is also rich in fibronectin type III repeats. These structural features are common to

cell adhesion proteins, suggesting that this phosphatase participates in cell-cell communication.

RPTP(/P is expressed on the surface of glial cells and recognises contactin, a GPl-anchored

protein on the surface of neurons (Peles et a1., 1995). This interaction initiates the assembly of

protein-complexes resulting in signalling between the cells that are involved in neurite

outgrowth. PTP¡r and PTPr have extracellular sequences with homology to immunoglobulin

domains. These PTPs engage in homophilic binding, that is, the PTPp on one cell will bind to the

PTP¡.r on an adjacent cell via its immunoglobulin domain (Brady-Kalnay et al., 1995).

PTPp and PTPr belong to the MAM (meprins-xenopus Aí-mu) family of PTPs, which

have now been shown to associate with the adherens junction, cadherin-catenin complexes. A

recent study has shown that PTPp recruits the scaffolding protein RACK1(receptor for activated

protein C) kinase to the plasma membrane (Mourton et a1.,2001). PTP¡r is thought to regulate the

PKC pathway via its interaction with RACKI, resulting in modification of E-cadherin-dependent

adhesion (Hellberg et al., 2002).
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Another member of the transmembrane PTPs, PTP LAR, has an extracellular domain that

contains immunoglobulin domains and fibronectin type III repeats. LAR localises to focal

adhesions where it specifically dephosphorylates and destabilizes p130 (cas) and may play a role

in regulating cell adhesion-mediated cell survival (Weng et a1.,1999)'

1.4.2 Cytosolic PTPs
The cytosolic or non-transmembrane PTPs have a single catalytic domain and various non-

catallic domains that play a role in regulation and subcellular targeting. PTPTB is the smallest

member of the cytosolic PTPs comprising only the catalytic domain and a carboxy terminal

targeting sequence that localises it to the endoplasmic reticulum (Frangioni et al.,1992).

1.4.2.1 Non-catalytic domains of cytosolic PTPs

PTPs SHP-I and SHP-2 arehighly related cytosolic PTPs, each containing two tandem

SH2 domains. The SH2 domains recruit the PTPs to binding proteins within the cell and also

regulate the activity of the PTPs. The amino terminal SH2 domain binds to the catalytic site in

the absence of ligand, inactivating the PTP (Pei et al.,1994). This auto-inhibition is disrupted by

ligand binding which activates the enzyme (Pluskey et a1., 1995).

PTP-PEST (region rich in proline, glutamate, serine and threonine) is a cytosolic

phosphatase, which is ubiquitously expressed in mammalian tissues (Yang et al., 1993). PTP-

PEST contains PEST sequences (regions rich in proline, glutamate, serine and threonine) in its

non-catalytic C terminus that are characteristic of proteins with short half-lives in eukaryotes.

PTP-PEST specifically dephosphorylates p130 (cas), a protein implicated in mitogenic and cell-

adhesion induced signalling and in transformation by a variety of oncogenes. (Garton et a1.,

1996). The specificity of this interaction is reinforced by a high affinity interaction between the

SH3 domain of pl30 (cas) and a proline-rich sequence within the C-terminal segment of PTP-

PEST (Garton et al., 1997).It has recently been shown that the actin-associated protein PSTPIP

recruits both PTP-PEST and c-4b1, a non-receptor tyrosine kinase involved in the regulation of
11
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cell adhesion. In the resulting complex PTP-PEST dephosphorylates and regulates the activity of

c-Abl (Cong et a1.,2000). PTP-PEST therefore plays a pivotal role in the regulation of cell

adhesion and migration.

The emerging picture of dephosphorylation by PTPs involves the highly specific

interactions of individual PTPs with their substrates. Although a number of PTPs have multiple

substrates and some targetproteins may be dephosphorylated by several PTPs, dephosphorylation

is substrate specific and subject to tight regulation.

1.5 PTP substrate sPecificitY
As all members of the PTP family employ the same catallic mechanism, the established

view has been that substrate specificity resides in the diversity of the non-catalytic domains of the

PTPs. More recently it has been demonstrated that the catalytic domains also show specificity in

substrate recognition (reviewed in Tonks and Neel, 2001)'

1.5.1 Substrate Specificity of SHP-I and SHP-2
SHP-I and SHP-2 are highly related having approximately 60Yo sequence identity but

have distinct biological functions (reviewed in Neel and Tonks, 1991; Tonks and Neel, 2001).

They are both cytosolic PTPs with two SH2 protein interaction domains in their N-termini' SH2

domains bind to distinct amino acid sequences sutrounding a phosphotyrosine residue (reviewed

in Brown and Cooper,l996),thus targeting the PTPs to specific phosphotyrosine ligands. Both

of the SH2 domains are involved in targeting the PTP to its substrates. The N-terminal SH2

domain also binds to and inactivates the catallic domain in the absence of ligand (Pei et a1.,

I994;Pei et a1.,1996;reviewed in Barford and Neel, 1993). The SH2 domains are therefore

involved in regulating both catalytic activity and substrate binding. However, the SH2 domains

are not sufficient for determining substrate specificity. SHP-1 binds to and dephosphorylates the

epidermal growth factor receptor (EGFR) but SHP-2 does not. Chimaeric PTPs containing the

catalytic domain of SHP-2 and the SHP-1 SH2 domains were able to recognise and bind to EGFR

l2



Chapter 1

but were unable to dephosphorylate it. However, chimaeric PTPs dephosphorylated the EGF

receptor when they contained the catalyric domain of SHP-1. This indicates that the differential

interaction of SHP-1 and SHP-2 with the EGFR is due to the specificity of the catalytic domains

rather than the SH2 domains (Tenev et al., 1997; reviewed in Tonks and Neel, 2001).

A study of chimaeric SHP- constructs in Xenopus also showed that the catalytic domain

contributes significantly to SHP-2 substrate specificity. However, the chimaeric constructs were

unable to completely rescue impaired development without intact SH2 domains, indicating that

both the pTp domain and the SH2 domains are determinants of SHP specificity (O'Reilly and

Neel, 1998).

1.5.2 Substrate specificity of PTP1B and TC-PTP
pTplB and T-ce|l PTP (TC-PTP) share a high degree of sequence similarity withT5o/o

homology in their catalytic sequences. However, they have different substrate specificities and

distinct biological functions. There are two alternatively spliced forms of TC-PTP, TC45 and

TC48. TC45 localises to the nucleus whereas TC48 and PTPIB both localise to the endoplasmic

reticulum (ER). PTP1B and TC48 will both bind to the EGFR when targeted to the endoplasmic

reticulum, but PTPlB specifically interacts with a 68kDa phosphotyrosine protein that TC48

does not recognise (Tiganis et a1., 1998; reviewed in Tonks and Neel, 2001).

Their different roles are underscored by the knockout studies. While the PTPlB-/- mice

are apparently healthy and live a normal lifespan, deletion of TC-PTP resulted in the death of all

homozygous mice at 3-5 weeks of age. The abnormalities seen in these mice included specific

defects in bone marrow, B cell lymphopoiesis, and erythropoiesis, as well as impaired T and B

cell functions (You-Ten et al., 1997). The different outcomes of knocking out either of the two

genes demonstratethatthe two proteins have different functions. However, the cause of lethality

resulting from TC-pTp deficiency may be due to its absolute requirement in some tissues or the

loss of the nuclear TC-PTP isoform TC45.

I3



Chapter 1

Substrate specificity is determined in part by preferential dephosphorylation of

phosphotyrosines that are adjacent to specific residues (Cho et al.,1993:' Hippen et al',1993;

Huyer et al., 1998). A screen of a synthetic peptide library containing malonyltyrosine as a

phosphotyrosine mimic confirmed previous findings (Ruzzene et a1.,1993) that PTP1B

preferentially dephosphorylates substrates that have acidic residues in positions X-2 and X-3

while an aliphatic residue is preferred at X-1 (Pellegrini et a1., 1998).

1.6 PTP knockouts
Gene targeting techniques facilitate the investigation of the function of a gene in the

context of the development and functioning of the whole animal. The analysis of targeted and

naturally occurring deletions of PTPs has revealed much about the high degree of functional

specificity of the family members'

1.6.1 SHP-I deficient'6motheaten" mice
A recessive frameshift mutation in the SHP-I gene results in motheaten (me/me) mice

that display multiple haematopoietic abnormalities, most prominently hlperproliferation and

inappropriate activation of granulocytes and macrophages. Mice homozygous for the mutation

usually do not survive past 8 weeks (Green and Shultz, 1975; Chen et a1.,1996). Another

naturally occurring point mutation of the SHP-1 gene is the viable motheaten, which causes the

expression of a functionally deficient SHP-1 protein. The viable motheaten mutant mice suffer

from progressive inflammation due to a deficiency of SHP-I enzyme activity. The mice die at3-4

months of age from macrophage and neutrophil accumulation in the lung (Shultz et a1.,1993)'

These two mouse strains have been invaluable in the analysis of the function of SHP-I' The data

indicate that SHP-1 acts as an important negative regulator of many signalling pathways in

haemopoietic cells including those emanating from cflokine, growth factor, adhesion and antigen

receptors. In these pathways, SHP-1 is recruited to the relevant receptor signalling complexes,

usually via the SH2 domains.
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The analysis of the motheaten mice has also provided evidence for functional differences

between SHP-1 and SHP-2, which in contrast to SHP-1, usually has a positive role in signalling.

Targeted mutations of the SHP-2 gene have been generated which delete either exon 2 or exon 3.

In contrast to the mice lacking SHP-I, early embryonic lethality is the outcome of embryos

homozygous for either deletion (Saxton et a1., 1997; Qu et al',1997). The phenotype of

SHP-2-/-/wt chimaeric animals is characteristic of mice with mutations in the EGFR signalling

pathway (Qu et al.,L999),providing evidence that SHP-2 is a positive regulator of EGF

signalling.

1.6.2 CD45 deficient mice
The integral-membrane PTP CD45 is one of the most abundant glycoproteins expressed

on the surface of all nucleated haematopoietic cells. The spleens of CD45 deficient mice were

found to have twice the number of B cells and one-fifth the number of T-cells of wt mice (Byth et

a1.,1996). Studies of these transgenic mice have revealed CD45 to be both a positive and a

negative regulator of immune cell function (Alexander, 2000). CD45 is believed to upregulate

signalling through the B cell-antigen receptor (BCR) by dephosphorylating the carboxyl terminus

of the Src family tyrosine kinases. Cells from CD45 knockout mice are hlporesponsive to BCR

signalling. On the other hand, SHP-1 is thought to be a negative regulator of BCR signalling and

SHP-I knockout mice are hlper-responsive to BCR signalling. SHP-1/CD45 double-knockout

mice display normal B cell development, including a normal B-1 cell subpopulation, with no

indication of systemic autoimmunity (Pani et al., l99l). This complementation indicates that

SHP-1 and CD45 act on a common signalling pathway in a s¡mchronised fashion to couple

antigen receptor engagement to B cell activation and maturation.

1.6.3 PTP1B defTcient mice
PTPs have been shown to be negative regulators of the insulin receptor. Vanadate and

pervanadate have insulin-mimetic properties, enhancing insulin sensitivity and prolonging insulin
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action (reviewed in Fantus and Tsiani, 1998). These effects all appear to be related to the

inhibition of PTPs. PTPlB has been specifically implicated in insulin resistance, with increased

abundance of catalytically impaired PTP1B having been reported in tissue lysates from obese

human subjects with and without type 2 diabetes (Shao et a\,1998).

PTB-18 knockout mice were found to have lower blood glucose levels and a 50o/o

decrease in circulating insulin levels than wt mice. In comparison to wt mice, the PTPlB-/- mice

after insulin injection showed increased phosphorylation of the insulin receptor in liver and

muscle tissue but not fat. Wild type mice fed a high fat diet gained weight and became insulin

resistant, the hallmarks of type II diabetes in humans. Mice heterozygous and homozygous for

the PTPlB deletion were resistant to weight gain on a high fat diet and remained insulin sensitive

(Elchebly et al., lggg). The PTPlB-/- mice showed a decrease in adipocyte size and an increase in

metabolic rate, with an increase in insulin-stimulated glucose uptake in skeletal muscle but not in

fat (Klaman et a1.,2000).

1.6.4 PTP LAR defïcient mice
Mice deficient in the receptor type PTP LAR were also found to have an increased

sensitivity to insulin resulting in increased glucose uptake, decreased gluconeogenesis and a

significant reduction in circulating insulin and glucose levels. The increased sensitivity was

correlated with a decrease in the insulin-stimulated activity of PI3 kinase (Ren et a1., 1998).

1.6.5 PTP delta deficient mice
Receptor type PTP delta is specifically expressed in specialised regions of the brain

including the hippocampus, B-lymphocytes and thymic medulla. PTP delta-deficient mice were

found to have a cluster of learning and behavioural deficiencies, including inadequate food intake

(Uetani et a1.,2000).

1.6.6 PTPB/( deficient mice
PTPP/( is expressed mainly in the nervous system and contains protein domains which

indicate that it is involved in cell-cell contact. Results of in vitro experiments suggested that this
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PTPP/( was involved in neurite outgrowth and neuronal migration. However, RPTPB/( deficient

mice showed no obvious abnormalities, indicating that this PTP is not essential and its function

can be performed by other PTPs (Hanoch et al., 2000).

1.6.7 Analysis of knockout phenotypes
Gene targeting is a powerful tool for the analysis of gene function. However, the

technique has several pitfalls, which should be taken into consideration when interpreting the

phenotype. Truncated proteins expressed from the targeted locus may introduce effects such as

transdominant interactions with other proteins whereas large genomic deletions may lead to the

unintended loss of regulatory elements, goveming the expression of unrelated genes. A lack of

phenotype may be due to functional redundancies at the single gene level or at the genetic

pathway level. In several cases, independent groups have knocked out the same gene, but

different phenotypes have been reported. The definitive proof that a specific phenotype is caused

by atargeted mutation is to revert the phenotype to wild type by reintroducing a copy of the

functional gene (reviewed in Muller, 1999).In the absence of such corroboration alternative

explanations for the observed phenotype need to be considered. An example is the targeted

deletions in SHP-2, which delete exon 2(Arrandale et al., 1996) or 3 (Saxton et al., 1997). These

two deletions both give rise to truncated proteins of the SHP-2 domain that lack the intact N-SH2

domain, which inhibits catalytic activity (Pei et al.,1996; Pregel et a1., 1995). Hence, the

resulting phenotype could be interpreted as an unintended gain of function. However, because

the re-introduction of SHP-2 in the Ex3-/- mice restored growth factor and integrin responses, it

demonstrated that the effects of the deletion are due to a loss of function (reviewed in Tonks and

Neel,2001).

The complex phenotypes often observed in knockout animals require further dissection by

biochemical means. Investigation into the specific substrates, subcellular localisation and

regulation of the PTPs is necessary to fully elucidate their function in the cell.
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1.7 Identification of PTP substrates
The identification of PTP substrates has been technically difficult as the interaction

between the substrate and the phosphatase is transient, preventing the identification of substrates

by coprecipitation. Moreover, the biological labelling techniques used to identify the substrates

of the ty'rosine kinase family are not feasible in a dephosphorylation reaction. However, two-

hybrid screens and "substrate-trapping" techniques have been used successfully to identify many

substrates of specific PTPs.

1.7.1 Two-hybrid screens
proteini that interact with PTPs have been identified using yeast two-hybrid screens. This

method has identified proline, serine, threonine phosphatase-interacting protein (PSTPIP) a novel

member of the actin-associated protein family, as a protein interacting with PTP-PEST (Spencer

et al., IggT). PTP-PEST plays a dual role in cell cytoskeletal organization, by promoting the

turnover of focal adhesions required for cell migtation, and by directly or indirectly regulating the

pSTPIP tyrosine phosphorylation level, which may be involved in regulating cleavage furrow

formation or disassembly during normal cell division (Angers-Loustau et al, 1999). The two-

hybrid screen also identihed PTP-PEST as a protein interacting with p52Shc in a tyrosine

phosphorylation-independent manner (Habib et a1., 1994; Charest et a1', 1996).

A yeast two-hybrid screen looking for interacting regulatory proteins of PTP sigma

identified the inactive catalytic domain of another LAR family member, PTP Delta (Wallace et

al., 1998).

The FERM family member PTP-BL is a large cytosolic PTP implicated in the regulation

of the cytoskeleton. A yeast two-hybrid study determined that the second PDZ domain(PDZZ) of

pTp- BL binds to the extreme C-terminus of the tumor suppressor protein APC (Adenomatous

polyposis Coli) (Erdmann et al., 2000). Another screen demonstrated that PTP-BL also interacts

with the protein kinase C-related kinase 2 (PRK2), a serine/threonine kinase regulated by the G-
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protein rho. The thirdPDZ domain of PTP-BL and the extreme C-terminus of PRK2 mediate this

interaction (Gross et a1.,2001). The first PDZ domain of PTP-BAS, the human homologue of

PTP-BL, associates with the nuclear factor NFKB inhibitory subunit IrcBa. The signal-induced

serine phosphorylation of kBcr targets it for ubiquitination and subsequent degradation thereby

releasing and activating NFrB. This inducible phosphorylation and degradation is negatively

regulated by the tyrosine phosphorylation of kB (Singh et a1.,1996). PTP-BAS may therefore

play aregulatory role in activation of the transcription factor NFKB (Maekawa et al', 1999).

PTPp promotes cell-cell adhesion and interacts with the cadherin-catenin complex. Using

the membrane-proximal catalytic domain of PTPp as bait, the scaffolding protein RACK1

(receptor for activated protein C kinase) was identified as a PTP¡r interacting protein (Mourton et

aL,2001).

A limitation of the yeast two-hybrid technique is that if a protein requires post-

translational modification, such as phosphorylation, to permit binding activity then this protein is

less likely to be isolated from the screen. Furthermore the screen may fail to detect protein-

protein interactions that require a third non-peptide factor such as DNA (Chen and Han, 2000). A

yeast two-hybrid analysis failed to demonstrate aphysical interaction between the individual

casein kinase 2 (CK2) subunits and CD45. However, a yeast three-hybrid assay, in which both

CK2 a and B subunits were coexpressed with the cytoplasmic domain of CD45, demonstrated

that both CK2 subunits are necessary for the interaction with CD45 (Greer et al., 2001).

The yeast two-hybrid assay has proved a valuable approach for the identification of PTP

interacting proteins. However, the multidomain-PTPs are complexed with many proteins

including regulatory, scaffolding andtargeting proteins. This technique is also known to generate

false positives, requiring experimental confirmation of predicted binding. The identification of
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potential PTP substrates will be better served by an assay that can demonstrate both binding and

dephosphorylation of the tar get protein.

1.7 .2 Substrate-trapPing
The elucidation of the catalytic mechanism instigated the construction of a "substrate-

trapping" mutant (Flint et al., IggT), which retains the substrate binding capacity of the catalytic

domain but is unable to catalyse the hydrolysis of the phosphate group from the substrate. The

substrate and the mutant PTP consequently form a stable complex, allowing the isolation and

characterisation of the substrate. This method has been used to identify or confirm the identities

of many PTP substrates (see Table 1.1).

Table 1.1 PTP substrates identified or confirmed "substrate-t n ,,

PTP

PTPlB
PTPlB

PTPlB
PTPlB
PTPlB
PTPlB
PTP-PEST

PTP- PEST

TC-PTP
TC-PTP
PTPHl
VE-PTP
RPTPcT

PTP epsilon
FAP-1

Substrate

EGFR
p210 bcr-abl

Insulin receptor
STAT5a and 5b
STAT5a and 5b
JAK2 and TYK2
P130 (cas)

Cell adhesion kinase P

(cAKB/PYK2/CADTITRAFTK)
Insulin receptor
STAT5a and 5b
YCPlp97|CDC48
Angiopoietin receptor T ie-2
Pl30 (cas)

Voltage-gated potassium channel Kv2' 1

kBcr

Reference

(Flint et al., 1997)
(LaMontagne et al., 1998)
(LaMontagn e et al., I 998)
(Walchli et a1.,2000)
(Aoki and Matsud a, 2000)
(Aoki and Matsuda, 2000)
(Myers et a1.,2001)
(Garton et al.,1996)
(Cote et al., 1998)
(Lyons et al., 2001)

(Walchli et a1.,2000)
(Aoki and Matsud a, 2002)
(Zhang et al., 1999)
(Fachinger et al., 1999)
(Buist et a1.,2000)

(Peretz et al., 2000)
(Nakai et a1.,2000)

This technique, which is described in section 2.9,has proved highly successful in

identifying the physiological substrates of many members of the PTP family, which is a

necessary first step in the investigation of their in vivo function. For example Fas associated

phosphatase-l dephosphorylates the inhibitor of the NFKB signalling pathway kBa (Nakai et al.,
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2000) while the focal adhesion protein p130 (cas) is a specific substrate of both RPTP alpha

(Buist et a1., 2000) and PTP-PEST (Cote et al., 1998). Multiple substrates have been identified

for PTP|B including members of the JAK/STAT signal transduction pathway STAT5a and 5b

(Aoki and Matsuda,2002) and TYK-2 and JAK-2 (Myers et a1., 2001) as well as the EGFR (Flint

et al., 1991).

1.8 Regulation of PTPs
The regulation of the activity of PTPs occurs at many levels, involving post-

transcriptional modification, subcellular translocation and protein degradation.

1.8.1 Transcriptional regulation
Regulation at the transcriptional level has so far been found in only a few PTPs. A

member of the MAM domain subfamily hPTP-J mRNA is transiently up-regulated in Jurkat cells

20 minafter the addition of PMA, followed by the complete down-regulation in 8 h after PMA

addition (Wang et al., 1999). Receptor type PTP, OB-PTP, which is localised to the olfactory

bulb, is expressed during embryogenesis in rats, peaking in expression in the first week after

birth. It is then downregulated and is barely detectable in the adult (Yahagi et al.,1996).

Transcription of Cdc25C, a dual-specificity phosphatase that regulates the cell cycle, is

inhibited by the tumour suppressor p53 (Krause et a1., 2001). Protein kinases, Chkl, Chk2 and

Cds1, which are essential for the G2 checkpoint, phosphorylate and inactivate Cdc25 resulting in

inactivation of Cdc2 (Furnari et al., 1997; Boddy et a1., 1998; Blasina et al., 1999). Cdc25

activity is also regulated by its degradation; following I-fV or ionising radiation Cdc25 is rapidly

ubiquitinated and targeted to the proteosome for degradation (Mailand et al., 2000).

1.8.2 Regulation by alternative-splicing
Differential regulation of gene splicing is another mechanism for regulating tyrosine

phosphorylation pathways. TC-PTP isoforms generated by alternative splicing recognise distinct

targets (Reddy and Swarup, 1995). The two isoforms have the same catalytic domain but differ at
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their carboxy termini. TC48 localises to the endoplasmic reticulum whereas the 45 kDa form

TC45 has the hydrophobic carboxy terminus replaced by a six- amino acid sequence which

unmasks a nuclear localisation sequence resulting in its nuclear localisation (Lorenzen et al.,

1995). Although both isoforms specifically dephosphorylate the EGFR, only the substrate-

trapping mutant of the TC45 isoform targets two other proteins including a specific isoform of

p52Shc (Tiganis et a1.,1998). The two isoforms therefore have specific functions despite having

identical catalytic domains (reviewed in Ibarra-S anchez et al.,2000).

Other examples of alternatively spliced PTPs include a PTPRO (PTPU2/GLEPPI)

(Aguiar et al., ßgg), PTP LAR (Honkaniemí et a1.,1998), PTP-sigma (Endo et al., 1996) and

PTP epsilon (Nakamura et al.,1996). Alternatively spliced forms are frequently localised to

different subcellular compartments. The longer isoform of PTP epsilon is an integral-membrane

protein, whereas the shorter isoform is localised to the cytoplasm (Nakamura et al.,1996)' PTP

LAR is involved in the regulation of neurite outgrowth; expression of the different transcripts is

regulated in a developmental and tissue specific manner (Honkaniemi et a1., 1998).

l.8.3Regulation by phosphorylation
Serine/threonine phosphorylation is involved in the regulation of other PTP family

members. The dual-specificity kinases CLKI and CLK2 phosphorylate PTP1B on Ser56 in vitro

activating the phosphatase approximately 3-5-fold (Moeslein et a1.,1999). This serine residue is

also phosphorylated in the presence of overexpressed Akt. Phosphorylation by Akt, in the

presence of insulin, resulted in a reduction in the dephosphorylation of the insulin receptor. This

is perhaps a positive feedback mechanism for insulin signalling (Ravichandran et a1.,2001).

Phosphorylation of another serine residue in PTPIB, between aa283-364, in response to

cell stimulation is also proposed to regulate phosphatase activity (Brautigan and Pinault, 1993).

PTPlB is differentially phosphorylated during the cell cycle (Schievella et al.,7993), with
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increased serine phosphorylation on multiple serine residues occurring during the transition from

G2 to M phase of the cell cycle (Flint et al., 1 993). Casein kinase 2 (Ckz) interacts with the

cytoplasmic domain of PTP CD45 in B and T-cells resulting in phosphorylation and a 3-fold

increase in phosphatase activity (Wang eI al',7999; Greer et al., 2001)

Receptor-type density dependent PTP DEP-1 is constitutively phosphorylatecl on tyrosine

residues in mammary carcinoma cell lines. Phosphorylation increased significantly after

treatment of cells with the PTP inhibitor pervanadate. Also, a 64-lÐa serine/threonine kinase was

found to form a stable complex with DEP-I in mammary carcinoma cell lines and to

phosphorylate DEP-I in vitro, suggesting a possible mechanism of DEP-I regulation in tumor

ce1l lines involving serine/threonine and/or tyrosine phosphorylation (Jallal et al., 1997)'

The tyrosine phosphatase PTP-U2S is associated with PMA-induced differentiation of

myeloid cells and has been shown to enhance differentiation and the onset of apoptosis.

Serine/threonine kinase Pim-l phosphorylates PTP-U2S in vivo to decrease the phosphatase

activity that may be necessary to prevent the premature onset of apoptosis following

differentiation (Wang et al., 2001)

PTP-S2 binds to DNA and is localised to the nucleus in association with chromatin where

it plays a role in the regulation of cell proliferation. PTP-S2 localises exclusively to the nucleus

in interphase cells, during metaphase and anaphase it is distributed throughout the cytoplasm and

excluded from condensed chromosomes. At some stage in metaphase PTP-S2 is phosphorylated

(possibty by CK2 or a CK2-like enzyme), resulting in its dissociation from chromatin

(Nambirajan et al., 2000)

SHP-2 is serine/threonine phosphorylated by p44mapk (extracellular-signal-related

kinase(ERKl)) in response to treatment'with EGF resulting in inhibition of SHP-2 eîzpe

activity in vitro (Peraldi et a1., 1994). SHP-2 is also phosphorylated by PKC isoforms alpha, beta
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1, beta 2, and eta, however there is no alteration in phosphatase activity in vitro (Strack et al.,

2002)

A member FERM domain family of PTPs, PTPHl, associates with the adaptor molecule

14-3-3 beta in a serine phosphorylation dependent manner (Zhang et a1., 1997). PTP36 is another

FERM family member that is phosphorylated by serine/threonine kinases in vitro following

attachment of mouse fibroblasts to the extracellular matrix. Detachment of the cells results in

dephosphorylation and translocation of PTP36 into the membrane-associated cytoskeletal

fraction (Ogata et a1.,1999 b)'

1.8.4 Regutation by subcellular localisation
The subcellular localisation of PTPs plays an important role in their regulation. PTPlB is

localised predominantly to the cytoplasmic face of the endoplasmic reticulum (ER) via a C-

terminal 35 residue targeting sequence (Frangioni et al., 1992). Expression of a deletion mutant

of pTplB lacking the targeting sequence results in global dephosphorylation of cellular proteins

(Garton et al.,1996) indicating that the substrate specificity of the PTP is determined in part by

its restricted localisation. Agonist-induced platelet activation results in proteolytic cleavage of

PTPlB at a site upstream from this targeting sequence, causing subcellular relocation of its

catalytic domain from membranes to the cytosol and a 2-fold increase in its catallic activity

(Frangioni et al.,lgg3). However, the subcellular localisation of a PTP does not necessarily

indicate where its substrates are to be found. Several receptor tyrosine kinases that localise to the

plasma membrane are substrates of PTPlB, despite the paradoxical localisation of the

phosphatase at the ER. The way in which the PTP gains access to the RTKs has recently been

determined, using fluorescence resonance energy transfer (FRET) methods to monitor the

interactions between the epidermal- and platelet-derived growth factor receptors and PTP1B. The

activated receptors undergo endocytosis and intemalisation resulting in dephosphorylation by

PTP1B at specific sites on the ER (Haj et a1.,2002).
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The FERM-family PTP MEG-I, SHP-I that is not tyrosine-phosphorylated, RPTP alpha

and RPTP epsilon are all subject to agonist-induced cleavage by calpain (Gu and Majerus, 1996;

Falet et al., 1998; Gil-Henn et al., 2001). Calpain cleavage is associated with translocation and/or

modulation of the catalytic activity of the phosphatases. This form of posttranslational

modification represents a mechanism for maintaining tight control of the catalytic mechanism of

PTPs that have multiple substrates.

Members of the Src family of receptor PTKs are specific targets of CD45 (Burns et al.,

I994;Koretzky et al., 1992; Ostergaard et al., 1989), however the mechanism of specificity is

largely unknown. A possible mechanism is the regulated exclusion of PTPs from lipid rafts,

subdomains of the plasma membrane that are enriched in PTKs. In support of this hypothesis, it

was found by sucrose density gradient sedimentation that the bulk of PTP activity is localised

outside of the rafts. Targeting of the cytosolic PTP SHP-I to the lipid rafts by attaching it to the

N-terminal region of Lck profoundly inhibits CD3 tyrosine phosphorylation and T-cell receptor

activation

1.8.5 Regulation by oxidation
pTÞs may also be regulated by reversible reduction/oxidation. The active-site cysteine in

pTPs is the target of oxidation by cellular oxidants such as hydrogen peroxide (H2Oz). HzOz is

generated during growth factor stimulation andH2O2production is associated with increased

tyrosine phosphorylation due to the transient inactivation of PTPs. PTPlB is reversibly

inactivated by H2O2- (Barrett et al.,1999; Lee et al., 1998) and superoxide-induced oxidation of

its catalytic cysteine residue. Multiple PTPs are inactivated following treatment of Rat-l cells

with HzOz and inhibition of PTP function is important for reactive oxygen species-induced

mitogenesis (Meng et a1.,2002). Stimulation with platelet dependent growth factor (PDGF) also

resulted in the transient oxidation and inactivation of SHP-2 (Meng et a1., 2002)' PTP1, LAR

(leukocyte antigen-related), and VHR (vaccinia H1-related) are rapidly and reversibly inactivated
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with low micromolar concentrations of HzO2 (Denu and Tanner, 1998). Hydrogen peroxide had

no apparent effect on serine/threonine phosphatase activity presumably because there is no

catalytic cysteine involved in the catalytic mechanism of these phosphatases (reviewed in Denu et

a1.,7996a).

These findings indicate that there is a co-coorclinatecl response to growth factor

stimulation, which results in activation of kinases and the transient inactivation of inhibitory

PTPs resulting in a rapid increase in cellular tyrosine phosphorylation (Su et al',2001).

1.9 Regulation of cellular functions by PTPs
PTPs play a role in the regulation of multiple cellular functions such as cell proliferation,

cell adhesion and insulin signalling. This section will focus on the regulation of cytokine

signalling and cell adhesion by PTPs as these are of particular importance to endothelial cell

biology. Cytokines such as vascular endothelial growth factor (VEGF), tumour necrosis factor ü

(TNFcr) and fibroblast growth factor -1(FGF) have all been characterised as stimulators of

angiogenesis (for review see Klagsbrun and D'Amore, 1996). EGF, VEGF and hepatocyte growth

factor (HGF) increase the level of tyrosine phosphorylation at the intercellular junctions of

epithelial and endothelial cells resulting in a loss of adhesive strength. The results presented in

chapters 5 to 8 show that PTP-Pez potentially plays a role in regulating cell-cell adhesion.

1.9.1 PTP regulation of cytokine signalling
Clokinã signalling triggers the activation of intracellular signalling pathways regulated

by the opposing actions of kinases and phosphatases resulting in diverse cellular responses. The

role of PTPs in specific pathways is beginning to be elucidated.

The finding that SHP-I deficiency correlated with the systemic autoimmunity and severe

inflammation seen in motheaten mice led to the identification of SHP-I as an inhibitor of

activation-promoting signalling cascades. It soon became evident that PTPs such as SHP-I

specifically modulate the downstream effects of extracellular simulation. SHP-1 has since been
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implicated in the down-regulation of JAIISTAT signalling activated by cytokines interleukin-2

(IL-2),IL-3,IL-4,IL-13, erythropoietin, and interferon-cr/B (David et al., 1995; Klingmuller et

a1.,I995;Migone et a1., 1998; Yi et a1.,1993; Yi et al., 1995)' In these pathways SHP-I is

recruited to the signalling complex usually via its SH2 domains (Jiao et a1., 1996).

The SH2 domains of SHP-I also bind to phosphotyrosyl residues within the motif known

as the ITIM (immunoreceptor tyrosine-based inhibitory motif) present in the cytoplasmic domain

of inhibitory receptors on lymphoid and myeloid cells resulting in downregulation of signalling

(reviewed in Ravetch and Lanier, 2000). SHP-l is in general a negative regulator of cytokine

signalling pathways, although there have been reports of some positive effects on signalling' For

example EGF and lFN-y-induced STAT activation is increased in HeLa cells expressing SHP-I

(You and Zhao,1997).

In contrast to SHP-1, SHP-2 plays a positive role downstream of various receptors.

Activation of receptors for many growth factors and cytokines (eg. receptors for IL-3, GM-CSF

and PDGF has been shown to generate direct binding sites for SHP-2. After stimulation of these

receptors, SHP-2 is tyrosine-phosphorylated and binds to the Grb2-SOS complex (Li et a1.,

lggl),resulting in activationof pTlras and the MAP kinase cascade. The mechanism of

activation by SHP-2 may be to dephosphorylate either an inactive positive regulator, leading to

its activation, or an active negative regulator, switching it off. SHP-2 positively regulates

signalling from the EGFR as demonstrated by the reduction in EGFR signalling in the fibroblasts

of SHP-2 -'-l*t"hi^ueric animals. Moreover, in genetic crosses, aheterozygous SHP-2 mutation

accentuated the phenotype of a weak mutant allele of EGFR (waved-2), resulting in defects

similar to those seen in EGFR knockout mice (Qu et al., 1999). SHP-2 has also been shown to

negatively regulate interferon-y- and IL-6- induced JAIISTAT signalling (Kim et a1., 1998;

Schaper et a1.,1998; You et al., 1999).
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Although some of the substrates for SHP-2 have been characterised, it is unclear which

molecules are the principal substrates of SHP-2 and whether any of those identified mediate the

observed biological effects of SHP-2. Catalytically inactive mutants have in some cases been

useful in resolving these issues. For example, expression of an inactive mutant of SHP-2, in

which the catalytic cysteine was mutated to serine, resulted in the increased tyrosine

phosphorylation of an integral-membrane protein SHPS-I (Yamauchi and Pessin, 1995;

Yamauchi et al., 1995: Fujioka, 1996). SHPS-I is phosphorylated by the insulin-like growth

factor -1 receptor (IGF-lR) following IGF-1 stimulation. The phosphorylation results in the

recruitment of SHP-2, which then dephosphorylates SHPS-I and the IGF-I receptor (Maile and

Clemmons,2002).

Another putative substrate of SHP-2 is p97lGab2, a scaffolding/docking protein that was

identified as the major binding protein of SHP-2 in haemopoietic cells (Gu et a1., 1998). In

drosophila Daughter of Sevenless (DOS), which has structural homologies to Gabl and Gab2,

has been identified as a substrate for corkscrew, the drosophila homologue of SHP-2 (Herbst et

al.,1996). Gab2 andpossibly other Gab proteins provide a key pathway to Pl-3Kinase activation

in response to some receptors that lack direct binding sites for PI-3K (Gu et al., 2001).

Other PTPs have also been implicated in the regulation of cytokine signalling through the

JAIISTAT pathway including PTPIB, which dephosphorylates JAK2 and Tyk2 (Myers et al.,

2001). In addition it also dephosphorylates prolactin activated STAT5a and STAT5b, inhibiting

their nuclear translocation and transactivation (Aoki and Matsuda, 2000). Ectopic expression of a

cytosolic form of PTP epsilon downregulates IL-6, IL-10 and Lif-induced STAT3 signalling by

inhibiting JAK activation (Tanuma et a1.,2000; Tanuma et a1., 2001). JAK1 and JAK3 have also

been identified as physiological substrates of TC-PTP (Simoncic et aL.,2002).
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1.9.2 PTP regulation of cell adhesion
The extraðellular domains of many of the receptor PTPs contain structural features such as

immunoglobulin domains, MAM domains and fibronectin type III repeats that indicate a

potential role in cell-cell or cell-matrix adhesion. Moreover, it has been found that the cytosolic

pTPs such as PTPIB (Balsamo et al., 1996), PTP-PEST (Garton et a1., 1996) and SHP-I and 2

(Fujioka et al., 1996; Yamauchi et al., 1995; Yu et a1., 1998), along with low molecular weight

phosphatases (Chiarugi et al., 2000) are involved in regulation of cytoskeletal restructuring and

cell adhesion.

Adhesion to the extracellular matrix (ECM) and to neighbouring cells is a requirement of

regulated cell function and one of the key requirements in the formation of a multicellular

organism. Cells receive signals via adhesion receptors that regulate cell fate and trigger changes

in the cell such as proliferation, cell mobility, differentiation and apoptosis. Loss of adhesion will

ultimately result in cell death in a normal cell. The ability to form contacts with neighbouring

cells is necessary for the formation of barriers between tissues. Cell adhesion must be sufficiently

strong to maintain the integrity of the tissue when subjected to forces exerted from the

environment. Yet, the contacts must also be dynamic, allowing the cells to move within the tissue

to allow such processes as cell division, wound repair and differentiation. Members of the PTP

family are involved in the regulation of both cell-cell and cell-matrix adhesion.

1.9.2.1 Cell-matrix adhesion

Cellular adhesion to the ECM involves specialised structures called focal adhesions.

Transmembrane proteins, the integrins, cluster at these sites and interact with components of the

ECM. Integrins are important molecules in the transduction of location cues from the ECM to the

intracellular signalling machinery. The intracellular domain of the integrins interacts with

cytoskeletal proteins that anchor the complex to actin stress fibers of the cytoskeleton. Proteins

involved in signal transduction are also clustered at these sites.
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The focal adhesions are dynamic structures that are constantly being formed and

disassembled during processes such as cell migration and cell division. This process is thought to

be regulated by tyrosine phosphorylation (Maher et al., 1985; Lipfert et al., 1992; Kornberg et al.,

lg92). The binding of ECM proteins to integrins requires tyrosine phosphorylation of focal

adhesion kinase (FAK), tensin and paxillin (Bockholt and Burridge, 1993; Burridge et al.,1992)

such that inhibition of PTPs with pervanadate leads to an increase in focal adhesions and cell

spreading (Komberg et al., 1992)'

PTPs that have so far been found to play a role in cell-substratum adhesion include

pTPalpha (Harder et a1., 1998; Stoker, 1994), PTP-PEST (Garton et a1., 1996; Angers-Loustau et

al.,1999; Shen et al., 1998), PTPB/( (Peles et a1.,1995), PTP LAR (Serra-Pages et al., 1995) and

the murine homologue ofPez,PTP36 (Ogata et al., 1999 a)'

1.9.2.2 Cell-cell adhesion

Adhesive interactions between cells are critical in the development and functioning of

multicellular organisms. Cell-cell contacts play essential roles in the regulation of cell-shape and

orientation, organisation of the cytoskeleton and cell fate. As well as providing the mechanical

strength necessary for the integrity of cell tissue layers, the cell-cell contacts are aî essential part

of the signalling network between cells that allows an integrated response of a tissue to

environmental changes. Contact between epithelial cells is maintained through a combination of

adherens junctions (AJ), tight junctions (TJ), gap junctions and desmosomes. Only the AJs and

the TJs will be discussed here.

I .9. 2. 2. 1 Adherens Junctions

Adherens junctions are contacts between adjacent cells that are mediated by the classical

cadherin family of single pass calcium dependent transmembrane glycoproteins. The type I

classical cadherin family comprises about 30 members composed of a highly conserved
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carboxyterminal domain, a single pass transmembrane domain and five extracellular cadherin-

motif sub-domains. Tissue specific cadherins have been identified including epithelial (E)

cadherin, neuronal (N) cadherin, placental (P) cadherin and vascular endothelial (VE) cadherin'

Many different cellular processes can affect cell adhesion and the state of the cell

junctions. During morphogenesis the strength of cell adhesion is rapidly modulated in response to

growth factors and other developmental signals. There is accumulating evidence that post-

transcriptional modification of adherens junction proteins is responsible for the rapid changes in

cell junctions that are arlintegral part of morphogenesis and normal tissue function.

Cadherin regulation has been examined in many model systems. All classes of cadherin

are engaged in two different types of self-interaction, homophilic interactions between cadherin

molecules localised on opposing cells and lateral interactions within the same cell membrane

(Angres et al.,1996: Brieher et al., 1996; Yap et al.,1997). The extracellular domains of these

molecules bind to the cadherins of neighbouring cells in a homophilic, calcium dependent

manner to form the intercellular bonds. However the extracellular domain is insufficient for

strong adhesion, which is mediated by the cytoplasmic tail (Nagafuchi and Takeichi, 1988;

Ozaw a et al., 1 990; Kintner, 1992).

The carboxy terminal 25 amino acids of the intracellular domain of the cadherins bind to

the C-termini of the armadillo family members B- or y-catenin (see Fig. 6.1). The N-termini of p-

and y-catenin bind cr-catenin forming a bridge between cadherins and a-catenin. ø-Catenin binds

to the actin cytoskeleton and also to other actin binding proteins such as zonttla occludens-l (ZO-

l),ZO-2, vinculin and a-actinin.

Another key mechanism in the regulation of adhesive strength is the lateral clustering of

the cadherins within the plane of the plasma membrane, which is mediated by the cadherin

juxtamembrane domain (Yap et al.,1997). Another member of the catenin family, p120"h, binds
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to the juxtamembrane domain (Thoreson et al,, 2000) and plays a direct role in clustering (Yap et

al., 1998). In most cells, p120 is extensively phosphorylated on serine residues (and to a lesser

extent on threonine residues (Downing and Re¡molds, 1991; Ratcliffe et a1., 1997; Ratcliffe et al.,

1999;Aono et a1., 1999; Ohkubo andOzawa,1999). There is some evidence to show that serine

phosphorylation of p120'b decreases adhesive strength (Aono et al., 1999; reviewed in

Anastasiadis and Reynolds, 2000).

Therefore the formation of cadherin-mediated adhesion involves several steps; the

formation of cis-dimers, tethering of the complexes to the actin-based closkeleton and actin-

driven lateral clustering of the junctional complexes.

1.9.2.2.1.1 Strength of adhesion
Cells attach to and detach from each other as tissues develop during morphogenesis. In

addition in adult tissue, processes such as wound repair and the flux of cells through self-

renewing epithelial tissue involve the making and breaking of cell-cell adhesions. A fundamental

question of adherens-junction biology has been how the adhesive strengths change from weak to

strong. Changes in the composition of the adherens junction complex, phosphorylation of its

component proteins and alterations in the interactions with the cytoskeleton have all been

suggested to play a role in the regulation of adhesion.

Changes in composition are seen following expression of members of the Rho family of

small GTPases, Cdc42, Rac-l and Rho (Kaibuchi et a1.,1999). This family of small GTPases are

involved in the regulation of such processes as cell shape, cell polarity and cell growth (Braga,

1999; Jou and Nelson, 1998). Activated Rho transiently localises to cell-cell junctions upon

induction of calcium dependent adhesion (Takaishi et a1., 1995; Kotani et al., 1997). This raises

the possibility that it is recruited to junctions and activated following the formation of adhesive

dimers. Overexpression of constitutively active Rac results in an increase in the localisation of
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E-cadherin, B-catenin and actin at the sites of contact of epithelial cells. IQGAPl, an effector of

Cdc42 and Rac1, interacts with cadherin and p-catenin and induces the dissociation of cr-catenin

from the cadherin-catenin complex leading to disruption of cell-cell adhesion. Activated Cdc42

and Racl counteract the effect of IQGAPI by binding to B-catenin and rescuing adhesion. The

relative activities of Rho A, Rac, and Cdc42 are altered by p120otn (Anastasiadis et a1.,2000;

Grosheva et al., 2000; Noren et al., 2000).

1.9.2.2.1.2 Tyrosine phosphorylation and cell-cell adhesion
Disruption of the adherens complex has been observed to occur when cells are treated

with tyrosine phosphatase inhibitors. Increased tyrosine phosphorylation of p-catenin has been

correlated with a decrease in adhesive strength. A direct relationship between the phosphorylation

of Tyr-654 on B-catenin by pp60c-src and loss of E-cadherin binding has been demonstrated in

vitro (Piedra et al., 2001; Roura et al., 1999). Other members of the adherens junction such as E-

cadherin, pl20"t" and y-catenin have also been found to be tyrosine-phosphorylated. There is

considerable evidence to suggest that tyrosine phosphorylated p120'tn binds with increased

affinity to various cadherins (Kinch et al., 1995; Skoudy et al., 1996b; Papkoff, 1997:' Calautti et

al., 1998). In keratinocytes tyrosine phosphorylation of p120'h had a positive effect on cell

adhesion (Calautti et a1.,1998). However, elevated tyrosine phosphorylation of p120'm was found

to correlate with reduced adhesion in ras-transformed epithelia (Kinch et al., 1995).

1.9.2.2.1.3 PTPs and adherens junctions
The remodelling of the adherens junction complexes in response to tyrosine

phosphorylation suggests that PTPs play arole in regulating cell-cell adhesion. This has proven

to be the case and several PTPs have been shown to dephosphorylate proteins in the adherens

junction.

The protein tyrosine phosphatase PTP1B binds to the cytoplasmic domain of E-cadherin,

maintaining B-catenin in a tyrosine dephosphorylated state and so maintaining cell-cell adhesion
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Several other PTPs, LAR, PTP¡r, PTP r and SHP-2, have also been linked to the cadherin-catenin

complex function (Brady-Kalnay et al.,1995; Fuchs et al., 1996; Klpta et al., 1996; Ukropec et

al.,2000).

Overexpression of E-cadherin in L fibroblasts, which do not express endogenous E-

cadherin, r'esults in cadherin dependent ccll-cell adhesion. The cells dissociated following

exposure to pervanadate, a specifrc inhibitor of PTPs. Pervanadate treatment resulted in the

tyrosine phosphorylation of E-cadherin, p-catenin and y-catenin but not a-catenin. In the treated

cells the linking of o-catenin to E-cadherin was greatly reduced. Additionally, in cells expressing

a chimaeric molecule in which E-cadherin was covalently coupled to cr-catenin, the cells did not

dissociate following pervanadate treatment (Ozawa,1998). These findings indicate that PTPs are

required to maintain the adherens junction complexes in a dephosphorylated and hence adherent

state. Moreover, it identifies the binding of B-catenin to either E-cadherin or cr-catenin as the

potential sites of PTP action.

Data from a study of normal human keratinocytes supports a model in which B-catenin

tyrosine phosphorylation reduces binding to both E-cadherin and cr-catenin resulting in a loss of

adhesion. It was further shown that removal of the phosphate group by the addition of exogenous

recombinant Yersinia enterocoliticaPTP resulted in a recovery of cell adhesion (Hu et a1.,2007).

It is proposed that the tyrosine phosphorylation of different residues on B-catenin are involved in

the regulation of binding to E-cadherin and cr-catenin.

1.9. 2. 2. 2 Tight Junctions

Epithelia and endothelia serve to separate compartments with different molecular, ionic

and cellular composition within the body. The integrity of the epithelial and endothelial barriers

is largely maintained by the TJs. Desmosomes and adherens junctions serve to link adjacent cells
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together, whereas the TJs are responsible for sealing the barrier between the cellular

compartments.

Plasma membranes of polarised cells are functionally divided into apical and basolateral

membrane domains. lntegral lipids and proteins are able to diffuse freely within the plane of the

plasma membrane; however, in polarised cells the apical and basolateral membranes are

biochemically distinct. Tight junctions are composed of integral membrane proteins, occludins,

claudins and junctional adhesion molecules (JAMs), which encircle the top of individual cells

separating the apical and basolateral membrane domains. It is thought that the TJ acts as a fence,

establishing the apical and basolateral domains by limiting the lateral diffusion of lipids and

integral membrane proteins (Schneeberger and Lynch, 1992).

1.9.2.2.2.1Assembly of the tight junction complex
The TJs must be disassembled and reformed for some cellular functions to take place, eg

cell division and cell migration. Tight junction assembly and disassembly is a significant feature

of epithelial wound repair processes, which disrupt the permeability barrier, as well as during the

movement of inflammatory and other cells across tight epithelial and endothelial structures

(reviewed in Edens and Parkos, 2000). In addition, during epithelial tissue morphogenesis and

development, thepermeabilitybarriermustbe formed denovo (Gumbiner, 1987). The

mechanisms involved in the restructuring of the tight junctions are not yet fully understood and

are the focus of ongoing investigation'

A number of proteins have been identified at the TJ. Among the better characterised of

these are the highly homologous proteins ZO-1, -2 and -3. These cytosolic proteins arepart of the

submembrane complex of the TJ and may be directly or indirectly associated with the actin-based

cytoskeleton. Other identified peripheral TJ proteins include the 7H6 antigen, cingulin,

symplekin, and AF-6. Occludin was the first of the integral membrane proteins identified as
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localising to the TJ although its role remains elusive as TJs are able to form in the absence of

occludin (see section 7.1.4).

1,9.2.2.2.2 Tyrosine phosphorylation and tight junction regulation
The ràgulation of the assembly and disassembly of the TJ has attracted a great deal of

interest in the past decade. A key finding is that the tyrosine phosphatase inhibitor pervanadate

causes an increase in paracellular permeability in both MDCK(Madin-Darby canine kidney) and

brain endothelial cells (Staddon et a1., 1995) (Collares-Bttzato et a1., 1998).

Occludin, ZO-I,ZO-2,2O-3, and possibly other TJ proteins are known to undergo

phosphorylation on serine-threonine residues (Anderson et a1., 1988; Citi and Denisenko,1995;

Stuart and Nigam , 1995; Sakakibara et al., 1997). ZO-1, ZO-2, ZO-3, and occludin are known to

be phosphorylated on tyrosine residues as well (Kurihara et a1.,1995; Staddon et a1.,1995;

Takeda and Tsukita,1995; Tsukamoto and Nigam,1999; Van Itallie et a1., 1995). ZO-I,ZO-2,

ZO-3, and occludin are all intensely tyrosine-phosphorylated in the presence of pervanadate

(Tsukamoto and Nigam, Iggg), indicating that a PTP is involved in regulation of TJ tyrosine

phosphorylation.

Tyrosine phosphorylation is required for the release of specific TJ proteins from the

insoluble fraction during TJ reassembly (Tsukamoto and Nigam, 1999). Moreover, tyrosine

kinase activity is necessary for the reassembly of tight junctions following oxidative stress

(Meyer et a1.,2001) and during ATP repletion (Tsukamoto and Nigam, 1999).

VEGF, which regulates paracellular permeability in endothelial cells, rapidly increases

thetyrosinephosphorylation of ZOl (Antonetti etal.,t999). Additionallyacetaldehyde, an

important factor in alcohol related disease, causes increased paracellular permeability and was

found to inhibit PTPs, including almost complete loss of PTP1B activity (Atkinson and Rao,

2001).

36



Chapter 1

Tyrosine phosphorylation is clearly a fundamental component of TJ restructuring and the

inhibition data indicates that PTPs are involved in that regulation. However, thus far no specific

member of the PTP family has been identified as a regulator of tight junction proteins.

1.L0 Tyrosine phosphorylation and human disease

1.10.1 Adherens junctions and cancer
The majority of human cancers originate from epithelial cells. An essential step in cancer

progression is the loss of cell-cell adhesion. One of the ways in which this occurs is through the

decrease in the amount of functional E-cadherin protein in the cell. Many clinical and

experimental studies have shown that E-cadherin function is lost in practically all human-

epithelial cancers, correlating with de-differentiation, invasive cell growth and metastasis. E-

cadherin is lost during the transition from well-differentiated adenoma to invasive carcinoma in a

transgenic mouse model of tumourigenesis (reviewed in Hanahan and'Weinberg, 2000; and

Christofori and Semb, lggg). Moreover, the exogenous expression of recombinant E-cadherin in

tumour cell lines or in mouse models of cancer in which E-cadherin function has been lost can

reverse invasive and metastatic phenotypes (Christofori and Semb, 1999).

Several different mechanisms result in the loss of functional E-cadherin, including

deletion or mutational inactivation of the E-cadherin gene. Germline inactivating mutations in the

E-cadherin gene are present in cases of familial gastric cancers (Guilford et a1., 1998).

Downregulation of E-cadherin expression also results from suppression of E-cadherin promoter

activity due to chromatin reaïïangement, hypermethylation and loss of transcription factor

binding.

Changes in the expression of the proteins associated with E-cadherin such as the catenins

can also result in a loss of cell-cell adhesion. The downregulation of p-catenin is associated with

malignant transformation (Takayama et al.,1996). Mutations in the B-catenin gene are present in
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many primary tumours, including melanoma, colon cancer, gastric cancer and prostate cancer

(reviewed in Christofori and Semb, 1999).

1.10.2 Tyrosine phosphorytation of adherens junction proteins and cancer
E-ðadherin function may also be suppressed by epigenetic mechanisms that are apart of

normal cell regulation. Tyrosine phosphorylation appears to be a key step in the dissociation of

the cadherin-cytoskeleton interaction and increasing tyrosine phosphorylation of p-catenin has

been associated with loss of adhesive stability. A study of human colorectal cancers showed that

upregulation of p-catenin tyrosine phosphorylation was more frequent in cancerous tissue

(Takayama et a1., 199S). Activation of the EGFR induces the scattering and invasion of epithelial

cancer cells. It is proposed that this might be the result of tyrosine phosphorylation of p-catenin

(Moon et al., 2001). Overexpression of the EGFR and the tyrosine phosphorylation of p-catenin

are often seen in the dedifferentiated cells in invasive colorectal cancer (Maruyama et a1.,1998)

(Takayama et al., 1998). Tyrosine phosphorylation of B-catenin has also been seen in gastric

cancers (Akimoto et a1., 1998) in cervical cancer cells (Moon et al., 2001), a human esophageal

cancer cell line (Shiozaki et al., 1996) and a breast cancer cell line (Hazan and Norton, 1998)'

Tyrosine phosphorylation of p-catenin in lung cancer correlates with poor prognosis (Nishimura

et a1., 1996). Thus, there is considerable evidence linking the tyrosine phosphorylation of B-

catenin with the loss of cell adhesion and metastasis suggesting that PTPs will play a role in

tumour suppression.

1.10.3 PTPs and cancer
Although at least 18 PTKs have been identified as oncogenes, the anticipated discovery of

tumour suppressors amongst the PTPs has not so far eventuated. On the contrary, there is

evidence that deregulation of PTPs may also be tumourigenic. PTP alpha activates Src family

kinases by dephosphorylating the inhibitory carboxyterminal phosphotyrosine (Ponniah et al.,

lggg). Overexpression of PTP alpha results in activation of pp60c-src kinase, with associated cell

38



Chapter 1

transformation and tumourigenesis (Zheng et aI.,1992). The dual-specificity phosphatase

Cdc¿5çplays an important role in cell-cycle regulation by removing inhibitory phosphates from

tyrosine and threonine residues of cyclin-dependent kinases. It has been shown to transform

diploid murine fibroblasts in cooperation with activated Ras H. The overexpression of Cdc25A in

primary breast tumours is correlated with higher levels of cyclin-clepen<lent kinase 2 (Cdkz)

enzymatic activity in vivo (Cangi et a1., 2000). Cdc25A is also elevated in nuclei derived from

colon cancers (Dixon et a1., 1998).

Fas is a member of the TNF receptor (TNFR) lnewe growth factor receptor (NGFR)

superfamily that induces apoptosis upon activation. Human tumour cell lines become resistant to

Fas-mediated apoptosis when transfected with Fas-associated phosphatase-1 (FAP-1), indicating

that FAP- 1 functions as a negative regulator in Fas-mediated death signalling (Sato et al',1995;

Nakai et a1., 2000). Another PTP, PTPLAR has also been shown to be upregulated in metastatic

cancer (Levea et al., 2000; Yang et a1.,2000).

A notable exception is PTEN (phosphatase and tensin homologue deleted from

chromosome 10), a highly conserved tumour suppressor that has been implicated in many human

cancers. pTEN contains a PTP domain with similarity to the catalytic domains of the dual-

specificity phosphatases. However, it is an inefficient protein phosphatase in vitro, and is in fact a

lipid phosphatase that cleaves the D3 phosphate of the second messenger lipid

phosphatidylinositol 3,4,5-trisphosphate (PIP-3) (reviewed in Di Cristofano and Pandolfi, 2000)'

1.10.4 PTPs and diabetes
Many diseases associated with malfunctions of signal transduction are characterised by

high or low tyrosine phosphorylation. As would be predicted from their integral role in key

signalling pathways, the deregulation of PTPs contributes to the pathogenesis of human disease.

A number of diseases are due to insufficient receptor PTK signalling including non-insulin-

dependent diabetes.
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Insulin maintains tight regulation on glucose metabolism; perturbations of insulin

signalling result in diabetes mellitus, which is characterised by an inability to maintain glucose

homeostasis. The insulin receptor (IR) is autophosphorylated and activated following ligand

binding. The activated receptor phosphorylates tyrosine residues of insulin receptor substrate

(RS) proteins and other intracellular substrates. These substrates then bind to various

downstream effectors transmitting the metabolic and the mitogenic signals of insulin (reviewed in

Cheng et al., 2002).

The involvement of PTPs in the regulation of IR signalling has long been suspected due

to the insulin mimetic effect exerted by vanadium compounds, which are specific inhibitors of

PTPs. PTPIB, LAR, PTPcr, and TC-PTP have all been reported to be negative regulators of

insulin signalling (Li et a1.,1996; Norris et a1., 1997; Ren et a1., 1998; Walchli et at,2000).

However, a screen looking for potential lR PTPs failed to confirm the ability of PTPLAR and

PTP-a to bind to and dephosphorylate the IR. It is possible that the poor performance of these

two PTPs may have been due to factors such as the absence of other binding factors required for

substrate binding. The screen confirmed the earlier findings that PTPlB and TC-PTP are

physiological PTPs for the IR and also identified PTPy and Sapl as PTPs that are likely to be

involved in IR dephosphorylation (Walchli et al., 2000).

The involvement of multiple PTPs in the dephosphorylation of the IR may be explained

by a high level of redundancy, due to the requirement for tight regulation of the signalling

pathway. Alternatively the different PTPs may be acting at various subcellular localisations. The

IR is localised to the plasma membrane but is endocytosed following ligand binding. There is

evidence that much of the IR directed PTP activity occurs in the endosomes (reviewed Cheng et

a1.,2002).Therefore, some of the IR PTPs may be acting at the plasma membrane and others in

the endosomes. Additionally the PTPs may be actíngon different tyrosine residues. There are
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three tyrosine residues phosphorylated on the IR in response to ligand binding, each of which

may be a substrate of a different PTP. In support of this, PTP-y was able to bind to the IR but was

only able to partially dephosphorylate it, suggesting that PTP-y is acting on only one of the three

residues (Walchli et aL.,2000).

The generation of PTP1B knockoul. mice has conclusively demonstrated the involvcmcnt

of PTP1B in the IR signalling pathway. Although the phenotype of PTPTB-/-mice is apparently

normal, further analysis of these mice revealed that they remain sensitive to insulin and resistant

to obesity when fed a high fat diet. These factors normally induce insulin resistance in wild type

mice. This demonstrates that PTPlB has a major role in modulating insulin sensitivity (Elchebly

et al., 1999; Klaman et a1., 2000). PTP1B negatively regulates insulin signalling by

dephosphorylating the phosphotyrosine residues of the insulin receptor kinase (IRK) activation

segment. The molecular mechanism underlying this interaction has recently been determined.

There are three tyrosine residues situated on the activation loop of the insulin receptor. Following

insulin binding the activation loop moves out of the active site and is accessible for

dephosphorylation. Extensive interactions are formed between PTP1B and the lRK-sequence

encompassing the phosphotyrosine residues at 1 162 and 1163. Phosphotyrosine residue 1162,

which is the critical autophosphorylation site regulating the activity of the IR, binds to the PTP

active site (Salmeen et al., 2000).

The activity of the protein-tyrosine phosphatase (PTP) LAR is increased in insulin-

responsive tissues of obese, insulin-resistant humans and rodents. The overexpression of human

LAR in transgenic mice resulted in a 2.5 fold increase in plasma insulin levels compared to wild

type mice leading to whole body insulin resistance (Zabolotny et a1., 2001). Like PTPlB, LAR

acts on the insulin receptor signalling pathway but appears to preferentially dephosphorylate

tyrosine 1 150 of IRK (Hashimoto et a1., 1992). Furthermore LAR does not bind to the IR in vitro
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(Walchli et al., 2000) and its in vivo substrate may actually be the insulin receptor substrate IRS-I

(Zabolotny et al., 2001). Therefore, although these PTPs act on the insulin-signalling pathway,

they may target different components of the signal transduction machinery.

1.10.5 PTPs and other diseases
PTPs have also been implicated in other diseases. Polycythemiavera (PV) is a clonal

hematological disease characterised by hyperplasia of the three major bone malrow lineages. The

total PTP activity in the PV cells was twofold to threefold higher than that in normal cells (Sui et

al., 1997). On the other hand, other evidence suggests that decreased expression of SHP-1 may

contribute to the pathogenesis of PV. SHP-1 normally acts as a negative regulator of mitogenic

signals induced by growth factors such as IL-3 and erythropoietin, to which the erythroid

progenitors of PV patients are hlpersensitive (v/ickrema et al., 1999).

Noonan syndrome (NS) is a developmental disorder characterised by facial dysmorphia,

short stature, cardiac defects, and skeletal malformations. Mutations in PTPNl1, the gene

encoding the cytosolic PTP SHP-2 cause NS, accounting for approximately 50%" of cases of this

disorder in one study (Tartaglia et a1.,2001).

Reduced SHP-2 and PTP1B activities have been associated with the development of

cystic kidneys a mouse model of kidney disease. The downregulation of PTPIB and SHP-2

correlates with sustained phosphorylation of FAK and paxillin (Sorenson and Sheibani, 2002).

1.11 Concluding remarks and objectives
PTPs play a critical role in normal cell physiology and in the pathogenesis of disease.

Thus it is important to understand the normal functioning of the members of this family and the

signalling pathways which they regulate. Although there has been intensive study of a few

members of this large family the cellular function of the majority is unknown. The involvement

of PTPs in the regulation of vital cellular pathways suggests that they represent a promising
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target for new drug discov ery (Zhang, 2001). The increased insulin sensitivity and reduced

adiposity seen in PTPIB knockout mice indicates that drugs that reduce the activity of PTP1B

could be used to treat diabetes. Similarly, reduction of PTPo activity may be a method for the

treatment of some forms of cancer. However, a single PTP may regulate many pathways and it is

evident that some key pathways, for example insulin signalling, involvc thc activity of several

PTPs. Therefore, it is first necessary to gain a detailed understanding of how PTPs act at a

molecular level. Investigation of the structure, distribution, substrate specificity and regulatory

mechanisms of the 100 or so members of the human PTP family will greatly increase our

knowledge of the regulation of signal transduction and cellular physiology.

The primary aim of the research presented in this thesis was to identify PTPs that are

potential novel regulators of cell-cell adhesion. Cell-cell adhesion plays a critical role in the

formation and remodelling of the vasculature during development (reviewedinBazzoni et al.,

lggg) and also in wound repair and inflammation. Preliminary evidence from this laboratory

indicated that the inhibition of PTPs prevented the organisation of vascular-like structures in an

in vitro model of angiogenesis (Matthias and Gamble unpublished). Prior to the commencement

of this study several PTPs had akeady been shown to participate in the regulation of cell-cell

adhesion. However, the number of potential substrates at the AJs and TJs suggested that there

were other PTPs involved that had not yet been identified.

A homology screen of PTP expression in human umbilical vein endothelial cells

(HUVEC) identified the cytosolic phosphatase, PTP-Pez as ahighly expressed PTP with

structural features indicating a possible role in cell adhesion'

The specific aims of this research project were:

-Determination of the subcellular localisation of endogenous PTP-Pez using specific antibodies

raised against Pez peptide sequences. Identifying the subcellular localisation(s) of Pez is an
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important step in determining the proteins with which Pez interacts and thus the potential role of

Pez within the cell.

-Identification of potential PTP-Pez substrates, using a "substrate-trapping" strategy. In order to

understand the role of Pez it is necessary to identify its substrates and hence the signalling

pathways in which it is likely to play a regulatory role'

-Investigation of the physiological role of Pezby means of catalytically inactive mutants of Pez.

The phenotlpic changes that may result from inhibition of Pez activity will provide an insight

into the functional role of Pez.

44



Chapter 2

CHAPTERTWO
Materials and Methods

45



Chapler 2

Chapter 2: Materials and methods

2.1 Reagents
2.1.1Antibodies
Anti-Flag epitope (M2) monoclonal antibody was obtained from AMRAD Biotech (Victoria

Australia), anti p- catenin, anti y-catenin and anti E-cadherin monoclonal antibodies were

obtained from Transduction Laboratories (Lexington, KY), cr-catenin monoclonal antibodies

were obtained from either Transduction laboratories or Zymed (San Francisco, CA, USA).

Monoclonal anti- pI20"r" and polyclonal anti-ZO-l, anti- Occludin, anti-PY2O and anti-

ERK1/ERK2 antibodies were obtained from Zymed. Monoclonal anti-phosphotyrosine antibody

P-100 was obtained from New England Biolabs (Beverley MA, USA) Anti- PCNA monoclonal

antibody was obtained from Novacastra (Newcastle-Upon-Tyne, UK). The generation and

characterisation of the antibodies to PTP-Pez are detailed in chapter 3.

2.1.2 Solutions and buffers

Table 2.1 Solutions and buffers
Solution Co of ts aration and
LB Adjusted to pH 7.0 with 4NNaOH

Autoclaved
Stored at RT

LB-Agar Adjusted to pH 7.0 with 4NNaOH
Autoclaved
Stored at RT

5X Laemmli Stined at RT in the fume hood to
mix. Stored in 20 ml aliquots at -

20"C. Aliquots stored at RT once
thawed.

Acrylamide-
Bisacrylamide

Separating gel buffer

Stored at 4"C and protected from
light

Adjusted to pH 8.8 with 4NNaOH.
Autoclaved for long term storage.

Stored at RT
Adjusted to pH 6.8 with 4N NaOH.
Autoclaved for long-term storage.

Stored at RT

1Og/litre NaCl,
1 Ogllitre trypticase peptone
5glliÍe yeast extract
1 litre LB
20gbacto-agar

10 mls 3.125M Tris-HCl (pH 6.8)'
50 mls glycerol, 10 g SDS, 25 mls

B-mercaptoethanol, water added to
100 mls
29.2 g acrylamide, 0.8 g
methylenebis-
acrylamide, water to makelOOml
1.s M Tri-HCl (pH 8.8)

Stacking gel buffer 1.0M Tris-HCl(pH 6.8)
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1g ammonium persulphate in 10 mls
water
30g Tris-HCl,l44g glycine, 10g

SDS made up to 1 litre with MQ
water
30g Tris-HCL,744 g glycine made

up to 1 litre with MQ water

l% (wlv) BSA (bovine serum

albumin),
l% (wlv) Ficoll,
1% (w/v) PVP
(p o lwinylp yrro lidone)
18.62 gEDTA in 100 mls MQ water

3M NaCl,
0.3M sodium citrate, pH 7.0

1mM EDTA.
Dissolved 15.7 ígTris-HCL in
100m1MQ water
50mM Tris-HCL pH 7 .2, lo/o

Nonidet P -40, 0.25o/o sodium
deoxycholate, 150mM NaCl, lmM
EGTA, lmM sodium orthovanadate

23.83 g HEPES in 100ml MQ water

50 mM HEPES, pH 7.5

150mM NaCl, 150mM NaF, 10mM
sodium pyrophosphate, 5mM
EDTA, 1% Triton X-100.

50mM Hepes, pIl7.5, i00mM NaF,
300 mM NaCl, l0%o glycerol, 10mM
sodium pyrophosphate, 10 mM
MgCl, 2mi|{ sodium orthovanadate,
2 mM sodium molybdate,2 mM
EDTA,

Chapter 2

Table 2.1 continued
Solution
10% Ammonium

te

10X Running Buffer

10X Transfer Buffer

50X Denhardt's
solution

O.5M EDTA

20X SSC solution
(blotting buffer)

lM TRIS-HCL pH
7.2

RIPA buffer

lM HEPES pIJ7.5

Substrate trapping
buffer

Nuclear-extract
buffer A

Nuclear-extract
buffer B

C sition of

50mM Hepes, pH 7.5, 100 mM NaF,
300 mM NaCl, l0o/o glycerol, 10

mM sodium pyrophosphate, 2 mM
sodium orthovanad ate, 2 mM
sodium molybdate,2 mM EDTA,

Pr and Stor

Stored in 0.lml aliquots at -20"C
Thawed immediatel to use

Store at RT. pH adjustment not
required. For lX buffer, 100mls
made to 1 litre with water
pH adjustment not required.Store
at 4"C.100 mls added to 200 mls
of methanol and made up to 1 litre
with water for lX buffer, cooled

to 4oC to use

pH adjustment not required

Stored at -20"C

Adjusted to pH 8.0 with 4NNaOH
Stored at RT
Adjusted pH to 7.0 with 10N
NaOH. Stored at RT

Adjusted pH to 7.2 wtth 4N NaOH

Stored at 4"C.lX protease

inhibitor cocktail (P2714 Sigma)
added immediately prior to use

Adjusted pH to 7.5 with 4NNaOH
Stored at 4"C.

Stored at -20"C.
Protease inhibitor cocktail (P27 14

Sigma) added immediately prior
to use

1x protease inhibitor cocktail
(Sigma)) and0.2Yo Nonidet P-40
(Sigma) added immediately prior
to use.

Stored at -20"C.lx protease

inhibitor cocktail (Sigma) and

0.1% Nonidet P-40 (Sigma) added
immediately prior to use.
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MQ water mixed vigorously with 0.1%
Diethylpwocarbonate for 2 hours

200 mM MOPS, 10mM EDTA (PH

8.0), 50mM NaAc þH a.5).

100¡rl 10X MEN, 500¡rl formamide,

178p1 formaldehyde,222p"l MQ H2O

0.295gNazCO:
1.465gNaHCO¡

to 500 ml with MQ watermade up
| 4.7 g tri- sodium citrate
6.5m10.lM citric acid
made up to 500 ml with MQ water

Chapter 2

Table 2.1 continued
Solution
DEPC water (RNase
free

10X MEN buffer

Formaldehyde sample
buffer

Bicarbonate buffer
(ELTSA)

Citrate buffer
(ELTSA)

OPD mixture
(ELTSA)

osition of ts and
Autoclaved for long term

and stored at RT
Adjusted to pH 7.0 with 4N
NaOH .Autoclaved for long
term and stored at RT.

Stored at -20"C.

pH 9.6, no pH adjustment
required
stored at RT
pH to 6.5 with 5M NaOH
stored at RT

Prepared immediately prior to
use

10mg OPD
10ml citrate buffer
l}pl30YoHzOz

2.1.3 Tissue culture reagents
All tissue culture media and other solutions were purchased from the Commonwealth

Serum Laboratories (CSL) unless otherwise indicated. Dulbecco's Modified Eagle's Medium

(DMEM) and RPMI 1 640 were supplemented with l0o/o v lv Foetal calf serum (FCS), 10mM

HEpES, 2mMglutamine, 50 U/ml penicillin G and 5O¡rg/ml streptomycin sulphate.

M199 was supplemented with2}YoFCS 20mM HEPES,2mM glutamine, lmM sodium

pynrvate (Multicel, Trace Biosciences Pty. Ltd Australia),7o/o non-essential amino acids

(Multicel), 25¡tg lmlEC growth factors (GIBCO BRL, Life Technologies) and2}pglml heparin

(GIBCO BRL, Life Technologies).

Analytical grade reagents were used in the preparation of all solutions. Phosphate buffered saline

was used to wash cells"

2.1.4 Transfection of cells
1¡1EK213 and MDCK stable cell lines were generated by transfection using the

transfection reagent Lipofectamine 2000 (GIBCO BRL, Life Technologies) according to the

manufacturer's instructions (HEK293) or calcium phosphate precipitation (MDCK).
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2.2 Tissue Culture
2.2.1Cell Lines

Table 2.2 Summa of cell lines
Cell Line ATCC Number Description

MDCK ATCC CRL-6253 Normal canine kidney

HEK293 A'I'CC CRL-1573 Transformed human kidney

HeLa ATCC CCL-T Human cervical adenocarcinoma

sw480 ATCC CCL-228 Colorectaladenocarcinoma

NIH3T3 ATCC CRL-1658 Contact inhibited NIH Swiss mouse embryo-fibroblast

A43l ATCC CRL-1555 Human epidermoid carcinoma

All cell lines were maintained in tissue culture flasks (Greiner, Labortechnik, Germany)

containing the indicated tissue culture medium and incubat ed at 37"C in a humidified atmosphere

of 5o/o CO2 inair. Cells were sub-cultured every 3 to 5 days depending on growth rate. Cell

densities were calculated using a haemocytometer and exclusion of trypan blue (0.8% w/v in

saline) diluted 9/10 was used to determine cell viabilities. Adherent cells were harvested by

rinsing briefly in PBS/0.01M Ethylenediaminetetra-acetic acid (EDTA) followed by trypsin

treatment. The duration of trypsin treatment was 30 seconds for most cell lines. MDCK cell lines

required longer pre-incubation (5-10 minutes) in PBS-EDTA, followed by 5-10 minutes trypsin

treatment at 37"C to detach the cells. Detached cells were resuspended in media supplemented

with2o/oFCS and centrifuged at l2}}gfor 5 minutes before being seeded into fresh flasks.

2.2.2 Cryopreservation of cells
Cells in culture were harvested at log phase and resuspended at 2x707 cells /ml in medium

containing 10% FCS. The cells were incubated on ice and an equal volume of ice-cold

cryoprotectant (3}YoFCS,2To/o dimetþl sulfoxide (MERCK Pty. Ltd. Victoria Australia) and

50% medium) was then added drop wise. Cells were placed in cryotubes (Greiner) in 1 ml
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aliquots and cooled to-80"C. The cryotubes were then transfened to liquid nitrogen for long-

term storage.

For thawing cryopreserved cells, cryotubes from liquid nitrogen were rapidly warmed to 37'C in

a water-bath. The cell suspension was transferred to a 1Oml tube and an equal volume of

appropriate medium containing I0% FCS (pre-warmed to 37"C) was added drop wise, mixed and

allowed to stand for 5 minutes. Cells were then centrifuged at200xg for 5 minutes, resuspended

in fresh medium supplemented with 10% FCS before being placed into flasks containing the

appropriate medium.

2.2.3Isolation and culture of human umbilical vein endothelial cells
HI-IVEC were isolated from umbilical cords by collagenase treatment (Hirschberg et al.,

lgls).Isolated cells were cultured inzscrt dssue culture flasks (Costar, Cambridge, MA, USA)

precoated with gelatin and maintained in endotoxin free M199 supplemented as described

(Section 2.1.1). Cells were maintained at37"C with 5% COz in air. After three days in culture,

the medium was aspirated and replaced with fresh medium. On the fourth day, confluent

monolayers were harvested by rinsing briefly with PBS/0.01M /EDTA followed by trypsin

treatment. Detached cells were resuspended in M199 medium supplemented with 2%FCS and

centrifuged at2}}xgfor 5 minutes before being seeded into fresh gelatin coated flasks in medium

supplemented with growth factors and heparin. Cells were cultured for three days before being

sub-cultured as described. All experiments were performed using cells from passage 1 to 4.

2.2.4 Culturing stable cell lines
HEK 293 and MDCK stable cell lines were generated by transfection using the transfection

reagent Lipofectamine 2000 (GIBCO BRL, Life Technologies) according to the manufacturer's

instructions (HEK293) or calcium phosphate precipitation (MDCK). All stable cell lines

generated are summarised in Table 2.3.
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Table 2.3 Stable cell lines rated
Cell Line Vector Insert Name

HEK293lPez2

DNA sequence

N-terminaily flag tagged Pez 7-11s1

C-terminally flagtagged Pez 1-11s7 (Drors- A)

C-terminally fl ag tagged P ez n1 -11s7

N-terminally flag tagged Pez r11s7

N-terminally flag taggedPez rs77

C-terminally flag tagged Pez r11s7 (D'o;s- A)

C{erminally fl ag tagged P ez zzt -ttst

C-terminally flag tagged Pez r11s7

N-terminally flag tagged Pez r%s

C-terminally flag tagged Pez L11s7 (Rtrzr-M)

HEI{293lPezl4

HEK293lPezl6

MDCKlPez2

MDCWPzz 4

MDCKIPez 14

MDCKÆez 16

MDCIIPez 18

MDCKÆez 19

MDCKlPez20

poDNA3

poDNA3

poDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

pcDNA3

poDNA3

poDNA3

WT Pez

ST Pezp167ea

ÂFERM-Pez

WT Pez

APTP-Pez Cl'ü-S)

ST Pez¡1e7ea

AFERM-Pez

WT Pez

APTP-Pez(+NLS)

DN Pez

Cells were seeded overnight onto fibronectin coated tissue culture plates to achieve a cell

density of 90-95% (Lipofectamine 2000) or 40-50o/o confluent (calcium phosphate) at the time of

transfection. The cells were transfected the following day. Following 48 hours incubation in

transfection medium the cells were replated at a 1:10 ratio. The cells were cultured in selective

medium containing geneticin (G418, GIBCO BRL, Life Technologies) at a concentration of

400pg/ml (HEK293) or 500pg/ml (MDCK). Following selection isolated colonies were picked

and transferred to a 96-well tissue culture plate containing selective medium. Twenty clones of

each stable transfectant were selected and expanded up. Expression of exogenous proteins from

transfected DNA was assayed by Western blotting with an anti-Flag Ab to detect the Flag-epitope

included in all constructs. Where the expression of exogenous protein was too low to detect by

Western blotting anti- Flag immunoprecipitation followed by Western blotting with anti-Flag Ab

was used. All ce1l lines were stored by cryopreservation.
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2.3 RNA isolation
2.3.1Cell lysis
Total RNA was extracted from HITVEC by the acidic guanidium isothiocyanate phenol-

chloroform extraction method TRIZOL reagent (Life Technologies, Victoria Australia). HIrVEC

were grown to confluence on a 10 cm diameter culture dish and then lysed directly by the

addition of lml of TRIZOL rcagent. The lysate was passed through a pipette several times.

2.3.2 Phase separation
The homogenised samples were incubated at RT for 5 minutes to permit the complete

dissociation of the nucleoprotein complexes. 0.2 ml of chloroform was added per ml of TRIZOL

reagent. The samples were shaken vigorously by hand for 15 seconds and incubated at room

temperature for 2 to 3 minutes. The samples were centrifuged at 13,000 rpm for 15 minutes at

4"C.

2.3.3 RNA precipitation
The aqueour phare containing the RNA was transferred to a fresh tube. 0.5 ml of isopropyl

alcohol was added per 1 ml of TRZOL reagent. The samples were incubated at room

temperature for 10 minutes and then centrifuged at 13,000 rpm for 10 minutes at 4oC. The

supernatant was discarded and 7 ml of 75o/o ethanol added to the pellet. The sample was vortexed

and centrifuged at 5000 rpm for 5 minutes at 4oC. The pellet was then air-dried and redissolved

in RNase-free water by passing the solution several times through a pipette and incubating for 10

minutes at 55'C.
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2.4 Northern blotting
Total RNA (10-20pg) from passage 2 HI-IVEC was electrophoresed on 1olo agarose gel.

2.4.lFormatdehyde agarose gel for RNA
Io/o agarcse gel- 100 ml final volume
1g agarose
10ml 10X MEN buffer (Table 2.1)

72m1MQ-H2O
Melt agarose in microwave
Cool to approx. 55oC
Add 18ml of formaldehyde solution (37%wlv)
Cast gel

2.4.2 Sample preparation
I}-2}¡tgtotal RNA dried in speed vac.

Redissolved in 10¡rl formaldehyde sample buffer
Heated at 65'C for 5 minutes

2¡rl of loading dye added sample loaded onto gel and the gel electrophoresed in 1X MEN buffer

(Table 2.l)at 80V

2.4.3 Gel staining
The gel was rinsed 2XinMQ-H2O, stained in 10¡rl of ethidium bromide (EtBr) in 100m1water

for 10 mins. The gel was destained in several changes of water until the bands were clearly

visible (-30 mins). The gel was then checked and photographed under UV light.

The gel was soaked in a glass dish with 300 ml 10 X saline sodium citrate (SSC) buffer for 30

minutes to remove excess formaldehyde. 2 sheets of dry blotting paper were placed over the

platform to act as a wick. The wick was moistened with 10 X SSC and all air bubbles were

removed by rolling with a pipette. The gel was placed face down, taking care to avoid air bubbles

the edges of the gel were surrounded by cling film. A Nylon membrane (Hybond-N Amersham,

Buckinghamshire England) was cut to the same size as the gel and soaked inl0 X SSC for 2

minutes. One of the corners from the gel and membrane was cut off to help in identification later.

This was placed on top of the gel followed by sheets of pre-wet blotting paper,2 sheets of dry

blotting paper and alarge pile of dry paper towels to absorb the buffer. Finally, a weight (about

53



Chapter 2

5009) was placed on the top of the paper towels, and the transfer was allowed to proceed

overnight. Once completed, the blot was disassembled and the wells were marked with a pencil'

Successful transfer of RNA was detected by visualisation of ethidium bromide stained rRNAs on

the membrane under UV light. The Nylon membrane was then placed on the UV box RNA side

down for 5 minutes to crosslink the mRNA to the membrane. The membrane \ryas stored in a sealed

plastic bag at 4oC or used directly for hybridisation.

2.4.4 Radioactive labelling of cDNA probes
Double stranded cDNA in 0.1 M EDTA (pH8.0) was denatured by heating to 95oC for 5 minutes,

chilled quickly on ice

Reaction mix:
1¡rl (25-50ng) denatured DNA
3¡rl forward primer (lOng/pl)
3pl reverse primer (1Ong/pl)

6¡.rl buffer 2A (Bresatec/Geneworks Thebarton Australia)

5¡rl o-32P dATP (50 pci, 3000 CilmMol) (Bresatec/Geneworks)

5¡rl MQ-H2O
1pl klenow polymerase (Bresatec/Geneworks)

The reaction \Mas incubated at37"C for four hours. The reaction was stopped by adding 1pl 0.5 M

EDTA (pH 8).Non-incorporated deoxyribonucleoside-triphosphates were removed prior to

hybridisation using a Microspinrr¡ G-25 spin column (Pharmacia Biotech) 2900 rpm (735xg) for 2

minutes

2.4.5 Hybridisation
2.4.5.1 SSC hybridisation method

The membrane was prehybridised in 10 mls of hybridisation buffer: 50%o formamide, 5X SSC,

5X Denhardt's solution,lo/o SDS, 0.05% NaPPi, 100 ¡.rglml denatured salmon sperm DNA at

42"C for more than 4 hours in a hybridisation oven (Hybaid, Middlesex UK). The volume was

reduced to 5ml and the probe added to the hybridisation bottle. The membrane was incubated

overnight in the hybridisation oven at 42"C. The membrane was washed in 50ml of 2X SSC with
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0.1% SDS at room temperature for 10 min. and the wash step repeated. The membrane was then

washed for 20 minutes in 50 mls of 1X SSC with 0.1% SDS that had been preheated to 42oC.

2,4.5.2 ExpressHybrM method

ExpressHybru (BD Biosciences, NJ, USA) solution was dissolved at 68'C. The membranes were

prehybridised in Tmls of lX ExpressHybru + 50¡rl denatured salmon sperm DNA for 30 minutes

at 68'C. The probe was then added and incubated at 68oC in the hybridisation oven for 50

minutes. The membranes \Mere then rinsed with 2X SSC containing 0.05% SDS and then washed

in the same buffer overnight at RT.

Following hybridisation the membrane was wrapped in cling film and exposed overnight on a

phosphorimaging screen. The amount of cDNA probe hybridising to specific mRNA was

quantified by phosphorimaging using the Imagequant software (Molecular Dlmamics, Amersham

Biosciences, Piscataway USA).

2.5 cDNA synthesis and sequencing by reverse transcription
and PCR amplification
2.5.1First strand cDNA synthesis
The following reagents were added to a nuclease free microcentrifuge tube:

1pl random primers p(dN)6 (500 pglml)(Boehringer)

2 ¡.t"gtotal RNA
Sterile MQ water to l2p'l

This mixture was heated to 70oC for 10 minutes and then incubated on ice for 2 minutes. The

contents of the tube were collected by brief centrifugation (100009) and then the following

reagents were added:

4¡rl First strand buffer (250 mM Tris-HCl), pH 8.3, 375 mM KCl, 15 mM Mgclz)
2¡il 0.1M DTT
1¡.rl 10 mM dNTP Mix (10 mM each dATP,dGTP, dCTP and dTTP at neutral pH)

The contents were then mixed gently and incubated at 42oC for 2 minutes.
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1¡rl (200 units) of Superscript II reverse transcriptase (Promega corporation Annandale NSW

Australia) was added to the mixture and mixed by pipetting up and down. The reaction was

incubated at42"C for 50 minutes and then inactivated by heating at 70"C for 15 minutes

2.5.2 PCR reaction
The 2nd strand synthesis was performed with Taq polymerase (Roche, Basel, Switzerland),

which generates a 5' A overhang.

The following reagents were added to a PCR reaction tube for a final reaction volume of 50¡rl.

1.25 ¡tJ10 x Taq PCR buffer
1 ¡rl dNTP Mix (10 pM)
1¡rl 25mM MgCl2
1 pl Amplification primer 1 (10 PM)
1 pl Amplification primer 2

MQ water to I2.5 ¡ú
1 bead of AmpliWax@ PCR Gem 50 (Applied Biosystems, CA USA)

The mixture was then heated at 80oC for 5 minutes to melt the wax. When the wax had cooled

and solidified the following reagents were added:

3.75 p,l10x Taq PCR buffer
3¡rl MgCl2
1 pl Taq DNA polymerase

5 pg first strand cDNA
Sterile MQ water to total reaction volume of 50p1.

Reactions were heated,to g4"C for 2 minutes to denature and then cDNAs were amplified with 25

cycles of PCR:
l min at94"C
1 min at 55'C
l min at72"C
7 mins at72pC in the final cYcle

The pCR product was electrophoresed in a}.lo/o low melting point agarose gel at 70V (the gel

tank was stood in a container of saline sodium cittate
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ice to prevent overheating during electrophoresis). The PCR product was visualised under IJV

light and excised from the gel and the DNA purified by phenol chloroform extraction. The

precipitated DNA was resuspended in 40¡11 of TE buffer. The DNA recovery was then checked

by electrophoresing 5¡rl of the DNA on a2o/o agarose gel. The gel was then stained with ethidium

bromide and visualised under tIV light.

2.5.3 Specific amplification of PTP sequences from first strand cDNA
Two degenerate oligonucleotide sense and antisense primers corresponding to the amino acid

sequences (H/D)FWRM(W)W (s'-alclr¡r(C/r)rGG(A/C)GIATG(A/G)rIrGG-3')and

WpD(F/H)GVP (s,-ccrAC(c/AXr/AXG/AXG/A)TcIGGCCA-3') respectively(Cheng et al.,1997),

were used to specifically amplify PTP sequences by PCR from first strand oDNA (see 2.5).

2.5.4 Ligation of PCR product into pGEM -T easy Yector (Promega)
1plT4 DNA ligase 10X buffer
50ng pGEM@-T easy vector (Promega)
I2.5 ngPCR product
1¡rl T4 DNA ligase
sterile MQ DNA to final volume of 10¡rl

Incubated at 4"C overnight

2.5.5 Transformation of competent JM109
A 200p1 aliquot of competent JM109 E. coli was thawed on ice.2pl of the PCR product ligation

was added to5Opl competent JM109 E. coli in a10 ml tube and incubated on ice for 20 minutes.

The E. coli were then heat shocked at 42"C for 45 seconds followed by a 2-minute incubation on

ice. 950¡rl LB was then added and the cells shaken at 190rpm at37"C for 45 minutes. The

volume was then reduced by centrifuging at 2000 rpm for 5 minutes and aspirating 800p1 of the

supernatant. The E. coli were then resuspended in the remaining medium and plated on

Amp/IPTG/X-Gal LB agar selection plates for blue/white colour screening. The pGEM@-T

Vectors carry a segment of the lacZ gene that encodes the amino terminal fragment of

beta-galactosidase. Expression of this fragment will complement certain E. coli lacZmatations.

The multiple cloning site of the pGEM@-T Vectors is within the lacZ coding region on the
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plasmid and inserted fragments will intemrpt the expression of the lacZ sequences. In the

presence of an inducer of the lac opercn(IPTc) and an indicator substrate (X-Gal) colonies

expressing lacZ sequences from the plasmid are blue, while those containing plasmids with

inserts are white. Clones that contain PCR products can be identified by blue/white colour

screening on indicator plates. Positive colonies were picked and grown in Luria Broth (LB)

(Table 2.1). Restriction digests of the plasmid DNA were screened for inserts of around 270bp, as

this is the size of the PTP DNA sequence flanked by the two degenerate primer sequences.

Positive clones were then sequenced using an automatic sequencer (ABI PRISM models 377 and

373) using a dideoxy terminator cycle sequencing kit (Perkin Elmer, Boston, MA. USA).

2.6 cDNA probes
cDNA probes to PTPDI, PTPMEG-I and PTPHI were generated from 5pg of HUVEC first

strand cDNA (see 2.5), which was amplified using primers specific to the variable regions of

PTPD1 bpzszt_zqor (sense 5'-CGCGCGAGCCTCGGCCC-3" antisense 5',- GGCAGCCAGTTTAAGAGG-

3'), PTPMEG- 1 bp t014-1480 (sense 5'-cGCCTCGCCTCTCGCG-3', antisense

5'cc¡.cccccAGCCGCCAGC-3') and PTPH1 bp rozo- rsza (sense 5'-cccc¡,tccrcrccAAccc-3',

antisense 5'-IIcTcACAcTAGTACTGGC-3').

A çDNA probe to PTP-Pez was generated by PCR using pBsk/PTP-Pez/lt{-Flag (see 2.8) as the

template and primers specific to the variable region of Pezbp zmt-zttt (sense 5'-

CCGGGAGAAGATGGAGTACA-3 

" 
antisense 5', -CTGATCATCATCTCTCTCTC-3'). The PCR products

were cloned into pGem  Zvector (Promega, Madison WI USA) and the sequence verified as in

2.5.

2.7 Pez DNA constructs
AIl PCR amplifications of Pez constructs (Fig 2.1) were carried out using Pfu DNA Polymerase

(Promega, Madison WI USA). The primers used in the PCR amplifications are listed inTable2.4
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Figure 2.1

Pez construct

wt Pez 1-11¡7/l'{-flag

wt Pez Å1sllC-flag

APTP Pez 1-e32

+NLSAtr-Flag

APTP Pezl¡73

-NLS/1.{-Flag

AFERM Pezyl-y1s1
lC-flag

DN Pez p1127¡¿/C-Flag

EcoRI

Schematic of cDNA

1219 299r
NotI
3758bp173

Flag- FERM l)omain PTP Domain

bp173 1279 2991

FERM Domain PTP Domain

l2r9 2990

3758

-Flag

bp173

Flag FERM Domain

bpl73 t2t9 2825

1203 299r

bpl73 r2t9 2997

3758

G:sz¿T 375g

FERM Domain PTP Domain -Flag

bpl13 r2t9 2991 AznsC 3758

ST Pez ¡¡s7ea/C-Flag

Figure 2.1 Schematic representation ofPez deletion and point mutation constructs. The cDNAs

weie inserted into EcoRl and NotI restriction sites in'a pcDNA3 expression vector.

FERM Domain

PTP Domain

PTP DomainFERMDomain
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Table 2.4 PCR mers used for makin PTP-Pez constructs

Table 2.4 Oligonucleotide primer sequences used to generate the Pez deletion and point mutation

constructs. Point mutations are indicated by bold italics. The Flag epitope sequence is

underlined.

N-terminal flag epitope tagged full length Pez cDNA (Pez1-11s74{-flag) was generated by RT

PCR (see 2.3) from passage 1 HUVEC total RNA. Amino terminus (bp197-1552) PCR

amplification was carried out for 35 cycles at 94oC for 1 min, 55oC for 1 min and72"C fot 4

mins. The PCR products were digested with restriction enzymes and ligated into the

EcoRl/BamHI restriction sites of pBluescript SK* this construct was named pBsk- Pez-N.

The carboxy terminal end (bpl552-3758). PCR amplification was carried out for 35 cycles at

94"C for 1 min, 55oC for 1 min and72"C for 4 mins. The PCR products were digested with

Antisense primerSense primerPez construct
5'-TGTATGCAGGATCCC
CC.3'

5'-ACGTGAATTCATGGACT
ACAAGGACGACGATGACA
AGCCTTTTGGTCTGAAGCT
c-3'

Pezllrl

5' -ACGTGCGGCCGCTTAJqA

TGAGTCTGGAGTTTTGG-3,
5'-AGAGGGGGATCCTGCA
TAC-3"

PezlC

5'-ACGTGCGGCCGCTTAÇT
TGTCATCGTCGTCCTTGTA
GTCAATGAGTCTGGA
GTTTTGGAGGAACTG.3'

5'-ACGTGAATTCACCATGC
TGCCTCCCGTTCACGTC-3' ;

Pez y7-1wlC-Flag
(A FERM Pez)

5'-ACGTGCGGCCGCTTATT
CTGGCAGAGCTGCTG-3'

5'-AGAGGGGGATCCTGC
ATAC-3'

Pezl-e32À{-Flag

(APTP Pez +NLS)

5'.ACGTGCGGCCGCTTACT

GTCAATGAGTCTGGA
GTTTTGGAGGAACTG-3'

5'-CTGACTGGCCAGCTCAC
GGCTGTCC.3'

Pezercls¡lC-Flag
(ST Pez)
Fragment 1

5'-CTGGCCAGTCAGTATAT
TG-3'

5'-CTGCAGGCGGCCCTG
GC-3'

PezelsTs¡lC-Flag
Fragment2

5'-ACGTGCGGCCGCTTACT

GTCAATGAGTCTGGAGTT
TTGGAGGAACTG-3'

5'-CTGCAGGCGGCCCTG
GC-3'

Pezp1s7e4 lC-Flag
Overlapping PCR

5'-ACGTGCGGCCGCTTAÇT
TGTCATCGTCGTCCTTGTA
GTCAATGAGTCTGGA
GTTTTGGAGGAACTG-3'

5, -CAACAGCATGCTGGA
AGGCACCAAGAACCGGCA
CCCGCCCATCGTGGTCCA
CTGTAGTGCTGGGGTGGG
AAZGACCGGC-3'

Pez p1127¡¡lC-flag
DN Pez)
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restriction enzymes and ligated into the NotI/BamHI restriction sites of pBluescript Sf* tnis

construct was called pBsk-Pez-C. The N-terminal fragment was then cut out of PTP-Pez-N and

ligated into the EcoRl/BamHI restriction sites of PTP-Pez-C to make the construct pBsk-PezA{-

Flag). The sequence was verified by dideoxy cycle sequencing from both the sense and the

antisense directions. Sequence comparison was performed using the database in NCBI. The full

length Flag-epitope tagged insert was cut out and inserted into the Notl/EcoRlrestriction sites of

the expression vector pcDNA3 (Invitrogen, Groningen, The Netherlands) þcDNA3-PezA[-

Flag).

The FERM domain deleted Pez construct (pcDNA3-Pez nttwlC-Flag) was generated by PCR

amplification using pBsk-Pez as the template. PCR amplification was carried out for 25 cycles at

94'C for 1 min, 55'C for 1 min and7}"C for 5mins 20 secs. The PCR product was restriction

digested and ligated into the EcoRlA{otl restriction sites of pcDNA3 expression vector. The

APTPPez r-szg/N-Flag construct (which lacks a putative NLS sequence) was made by digesting

Pezt-t1374{-flag with XhoI which excised the sequencebp 2825- 3758 (aa879-1187) the religated

construct utilises a stop codon in the XbaI restriction site of the pcDNA3 vector. A second

construct Pezr-q:z/N-Flag lacking the phosphatase domain but including the putative nuclear

localisation and nuclear export sequences was generated by PCR amplification of full length Pez.

PCR conditions were 1 min at 94"C, 1 min at 50"C and 2 mins at 72"C for 35 cycles. The PCR

product was restriction digested with BamHI and NotI and ligated into the pBsk shuttle-vector

and subsequently excised with and ligated into the EcoRVNotI restriction sites of pcDNA3.

The substrate-trapping construct pcDNA3/ Pezpl¡7e4 /C-Flag was generated by PCR

amplification of two fragments. The two fragments generated from these PCR reactions were

then used as the template for overlapping The final 1.39 kb PCR product encompassed the region

bp 2403 - 3758. PCR product 3 was restriction digested with XbaI and NotI and ligated into
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pBsk+/Pez lC-Flag. Following sequence verification the insert was cut out with the restriction

enzymes EcoRI and NotI and ligated into pcDNA3.

The pcDNAzlPez nrrzz¡,¿/C-flag mutation (putative dominant negative) was generated by PCR

amplification. PCR cycling of 1 min at94"C,1 min at 50'C and2 mins at 72oC lor 35 cycles

gcnerated a285bp product which was ligated into the SphI/NotI restriction sites in pBsk/Pez. The

insert was subsequently excised with and ligated into the EcoRI/NotI restriction sites of pcDNA3.

The deletion construct pcDNA3/A FERM/PezDrgTeA lC-Flagwas generated by restriction digest of

pcDNA3/A FERM with BamHI which produced a fragment bp rzo:-rsss that was ligated into

BamHI digested pcDNA3/ Pezorcts¡lC-Flag (bp rsss-¡zss).

2.8 SDS-PAGE and Western blotting
2.8.1Cell lysis
Total cell lysates were prepared by several altemative methods: -

1. Trypsinising cells and then washing in PBS prior to boiling in Laemmli sample buffer

(Laemmli, 1970) containing 300mM NaCl

2. Washing cell in PBS then incubating in ice-cold RIPA buffer (50mM Tris-HCL, 1%

Nonidet P-40, 0.25% sodium deoxycholate, 150mM NaCl, lmM EGTA, lmM sodium

orthovanadate,IXprotease inhibitor cocktail (Sigma)), The cells were scraped after 15

minutes and clarified by centrifugation (10 minutes at 13000 rpm). The lysates were then

boiled in Laemmli sample buffer.

3. As in 2.but in substrate-trapping (ST) Buffer (50 mM HEPES, p}J7.5,150mM NaCl,

150mM NaF, 10mM sodium pyrophosphate, 5mM EDTA, lYoTnton X-100, and protease

inhibitor cocktail (P2714 SIGMA, Saint Louis, Missouri, USA)
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2.8.2 Subcellular fractionation
Subcellular fractionation \ryas carried out according to published protocols (Mui et al., 1995).

The cells were harvested by trypsinisation, washed lx in PBS and resuspended in buffer A

(50mM Hepes, pH 7.5, 100mM NaF, 300 mM NaCl, l0o/o glycetol, l0mM sodium

pyrophosphate, 10 mM MgCl ,2 mM sodium orthovanadate,2 mM sodium molybdate, 2 mM

EDTA, lx protease inhibitor cocktail (Sigma)) containing 0.2% Nonidet P-40 (Sigma) for one

minute on ice. The nuclear pellet was collected by brief centrifugation (100009) for 15

seconds and washed twice with buffer A. The supernatant was retained as the cytosolic

fraction. The nuclear pellet was then either lysed in Laemmli sample buffer to obtain atotal

nuclear fraction or resuspended in Buffer B (50mM Hepes, pIJ7.5,100 mM NaF, 300 mM

NaCl, l0o/o glycerol, l0 mM sodium pyrophosphate,2 mM sodium orthovanadate, 2 mM

sodium molybdate,2milr4 EDTA, lx protease inhibitor cocktail (Sigma)) containing 0.1%

Nonidet P-40 and rocked vigorously to obtain nuclear extract (supernatant after centrifugation

at 13000 rpm, 5 minutes at 4"C) or nuclear pellet fraction.

2.8.3 Determination of protein concentration of cell lysates
Bradford reagent (Biorad) was diluted 1:5 in MQ water and 200 ¡rl of the diluted reagent

added/well on a 96-well microtitre plate. 1pl of each lysate sample was added/well in duplicate

and the absorbance measured on a microplate reader (Biorad) at a wavelength of 595nm. The

protein concentration was determined against a standard curve generated from known

concentrations of BSA (in triplicate) using Microplate Manager software (Biorad)

2.8.4 SDS-PAGE
The cell lysates were electrophoresed on an S% SDS- polyacrylamide gel (SDS-PAGE) using

Biorad Protean II electrophoresis apparatus assembled according to the manufacturers

instructions

For two 0.5 mm thick gels of 8Yo acrylamide:
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Separating gel
4.6 ml MQ water
2.7 mI3}Yo acrylamide
2.5 ml1.5M Tris pH 8.8

100¡rl 10% SDS

100¡rl l0% ammonium persulphate

6 pl TEMED (¡ú N, Ni N'-tetramethylethylenedi amine)
TEMED and ammonium persulphate were added immediately prior to pouring the gel.

The separating gel was mixed and then poured between the assembled glass plates to within a

few millimeters below where the wells are formed by the comb. The gel was the overlaid with

MQ water. When the acrylamide had polymerized the water was poured off and the stacking gel

added

Stacking gel
2.7m1MQ water
0.5m1 30o/o acrylamide
0.38m1 lM Tris pH 6.8

30pl 10% SDS

30¡il l0% ammonium persulphate

The comb was then inserted, ensuring that there \Mas no introduction of air bubbles.

Once the gels had polynerised they were placed in the electrophoresis tank. The combs were

removed and the wells rinsed out with lx running buffer (Table 2.I) to remove any

unpolymerised acrylamide. The tank was frlled with 1x running buffer. Lysates were boiled for 5

minutes in laemmli buffer (Table 2.1)(Laemmli, 1970) and equal amounts of protein (30-

1O0¡rg/well) loaded onto the gel. Prestained protein MW standards were included in each gel

(GibcoBRL). The gel was electrophoresed at 200V for approximately 45 minutes.

2.8.5'Western blotting
The transfer buffer (1x) (Table 2.1) was chilled to 4oC at least t hour prior to transfer. The

electrophoresis apparatus v/as disassembled and the gel removed from the glass plates and soaked

in transfer buffer for 10 minutes. Four pieces of blotting paper per gel and I piece of Hybond-P

PVDF membranes (Amersham, Buckinghamshire, England) were cut to the size of the gel. One
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corner of the PVDF membrane was excised, the membrane rinsed briefly in methanol and soaked

in transfer buffer for 10 minutes. Gel transfer pads and blotting paper were soaked in transfer

buffer for 10 minutes.

The transfer cassette was assembled starting on the black side (the side that faces the negative

electrode): pad, blotting paper, gel, pre-wetted PVDF membrane, blotting paper, pad. The

apparatus was assembled, immersed in transfer buffer and each layer rolled with a pipette to

exclude bubbles between the layers. The cassettes were inserted in the transfer tank and the tank

3/q filIed with transfer buffer. An ice block was inserted to prevent overheating. Electrophoresis

was carried out at constant 100 V for 1.25 h (130-180 mA) with constant stirring on a magnetic

stirrer to prevent localised overheating..

The membrane was removed and blocked with either 5o/o mllk or 5%o BSA or 5% blocking

reagent (Roche), 0.1% Triton-X 100 in phosphate buffered saline (PBS). Crude antisera against

Pez were used at 1:500 dilution, affinitypurified antibody were used at 1:50 or 1:100 dilution.

Commercial antibodies were used at the concentrations reconìmended by the supplier. The blots

were developed using an HRP-conjugated secondary antibody (Immunotech, Marseille, France)

and enhanced chemiluminescence (Amersham). For quantitative'Western blotting analysis, the

blots were developed using an alkaline phosphatase-conjugated secondary antibody fluorescent

Vistra ECF substrates (Amersham) and the resulting band intensities quantitated using a

fluorimager and the Imagequant software (Molecular Dynamics). In experiments in which the

Pez antibody was preincubated with peptides prior to use in Western blots, preincubation was

carried out in lml of PBS containing 1O0pg/ml of peptide for I hour at room temperature or

ovemight at 4"C.
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2.9 Tyros¡ne-phosphatase assay

Protein tyrosine phosphatase activity was assayed using a non-radioactive assay kit from

Boehringer/Mannheim (Germany). HEK293 cells were plated on fibronectin coated 10cm dishes

and transiently transfected with Flag-tagged wt-Pez, Flag-tagged PezpleTea or empty vector. The

cells were lysed 48 hours post transfection with RIPA buffer (50mM Tris-HCL, pIJ7.4,Io/o

Nonidet P-40, 0.25yo sodium deoxycholate, 150mM NaCl, lmM EGTA, in the presence of 5mM

DTT and 1x protease inhibitor cocktail (Sigma)). The lysate was precleared with protein A-

sepharose. The flag tagged Pez proteins were then immunoprecipitated with M2 anti-flag

antibody (Sigma) pre-coupled to protein A-sepharose beads for t hour at 4"C. The Pez

complexed beads were washed 2x with RIPA buffer and2X with PTPase assay buffer (25 mM

Hepes, pH7.5,5mM DTT 0.1% BSA, lmM EGTA lx protease inhibitor cocktail (Sigma-

Aldrich). The beads were then resuspended in 50¡rl of PTPase assay buffer. The phosphatase

assay was then carried out in a 96-we11 plate according to assay protocol 1 of the manufacturer's

instructions. Briefly 10¡rl of the resuspended beads were added to 10¡rl of a 3¡rM solution of

biotin labelled phosphatase substrate 1(PPS1) (PPSl:corresponding to the hirudin 53- 65 C-

terminal fragment Biotin-DGDFEEIPEEY eo) LQ-NH2, phosphorylated on tyrosine 63) diluted in

PTPase assay buffer together with 10¡rl of water. The phosphatase reaction was stopped after 2

hours by adding 1/3 of assay volume of inhibitor solution (a00¡rM sodium vanadate). The sample

was then stored on ice. 30pl of the sample was then added to the wells of a streptavidin coated

microtitre plate and incubated at RT for t hour or at 37oC for 20 minutes. The solution was then

discarded and the plate washed three times with 300p1 of PBS for at least 30 seconds/wash. After

the final wash the plate was tapped on a lint-free absorbent cloth. 75¡rl of anti-phosphotyrosine

antibody conjugated to peroxidase was added to each well, the plate was covered with foil and
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incubated at 37"C for t hour. The solution was discarded and the wells washed three times as

above. 100p1 of ABTS@ (2,2'-Azino-di- [3-ethylbenzthiazoline sulfonate) substrate solution was

added to each well and incubated at room temperature until the green colour developed. The

absorbance was then read on a microtitre plate reader at 405nm (reference wavelength 490 nm).

The level of substrate remaining in the sample was inversely related to the phosphatase activity.

The assays were performed in triplicate.

2.10 Enriching for tyrosine phosphorylated proteins
Newly confluent HIJVEC and MDCK cells 48 h post-confluence were used as sources of

tyrosine-phosphorylated proteins. Generally the HIJVEC cells were harvested at passage 2 or 3.

The cells were plated on gelatine coated (HLIVEC) or uncoated (MDCK) 10cm tissue culture

plates and incubated in a 37'C incubator until the cells were just confluent. Cell lysates were

prepared as described in Flint et al (Flint et a1.,1997). Briefly, the cells were incubated for 30

minutes with 50pM sodium pervanadate to enrich for tyrosine-phosphorylated proteins, and

harvested by trypsin treatment. The cell pellet was washed lx in ice cold phosphate buffered

saline (PBS) and lysed in (1ml/10 cm dish) substrate-trapping buffer (ST buffer) 50 mM HEPES,

plF'7.5,150mM NaCl, 150mM NaF, 10mM sodium pyrophosphate, 5mM EDTA, 1% Triton X-

100, and protease inhibitor cocktail (P2714 Sigma) at 4"C. The lysates were incubated on ice for

30 minutes in the presence of 5mM iodoacetic acid (IAA) to irreversibly inactivate the

endogenous PTPs. Unreacted IAA was inactivated with 10mM dithiothreitol (DTT). The lysates

were then clarified by centrifugation for lOminutes at 13000rpm. The lysates were then frozen on

liquid nitrogen and stored at-70"C.
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2.11 Substrate-trapping in vitro
2.ll.l PTP-Pez-coupled protein A-sepharose
HEK293 cells were transfected with either WT Pez or the substrate-trapping mutant ST-Pez¡167e¡

both of which were tagged with the Flag-epitope, or the vector alone. The cells were incubated

for 48-hours at 37oC and then trypsinised, washed lx in PBS and lysed in ST buffer at 4oC. The

lysate was sonicated and precleared for 30 mins with 20¡rl of packed protein A-sepharose

(Pharmacia) beads/ml of lysate. The flag tagged Pez proteins v/ere then immunoprecipitated with

M2 anti-flag antibody (SIGMA) and2}¡l of protein A-sepharose beads for t hour at 4oC.

2.11.2 Substrate-trapping
The Pez-complexed protein A-sepharose beads were washed three times in ST buffer (Table 2.1)

and added to the phosphotyrosine enriched HUVEC lysates for two hours then rocked at 4"C.

The beads were washed three times with substrate-trapping buffer and boiled in lx laemmli

sample buffer (Laemmli, 1970). Bound proteins were resolved by 8% SDS-PAGE and blotted

onto PVDF membrane (Hybond-P, Amersham Pharmacia Biotech) The blots were blocked with

5o/omllk,Q.1% Triton X-100 in PBS then incubated with anti-phosphotyrosine antibodies and

developed using HRP-conjugated secondary antibody (Immunotech) and enhanced

chemiluminescence (Amersham Pharmacia Biotech). The tyrosine-phosphorylated proteins

identified by this assay were then counter blotted with antibodies to proteins localising to the

cell-cell junctions.

2.11.3. Scale Up for Identification of Substrate by Mass-Spectrometry
The substrate-trapping procedure was scaled up to identify the putative substrate by mass

spectrometry. Several pooled HIJVEC cell lines were used as the source of phosphorylated

proteins yielding a total of around 5x106 cells / immunoprecipitation. The proteins were separated

on a Nupage TYoTns-Acetate polyacrylamide gel (Novex). The dried gel was then sent to the

laboratory of Richard Simpson at the Ludwig Institute for Cancer Research, Victoria Australia,

for analysis.
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2. 12 Go-i mmu noPreci Pitations
Cells were washed lX in PBS and incubated in ice-cold ST buffer containing lmM

orthovanadate. The cells were scraped after l5 minutes and pre-cleared with 20¡rl of protein A-

sepharose for 30 mins at 4oC. Protein concentration was assayed using Bradford Reagent from

BioRad (California USA) (Bradford 1976). Equal amounts (2-5 mg) of protein were

immunoprecipitated with 2¡rg of primary antibodies for I hour at 4"C supplemented with 20 ¡rl

packed protein A-sepharose for t hour. The beads were subsequently washed three times in ST

buffer. Bound proteins were eluted by boiling in Laemmli sample buffer for 5 mins, separated by

g% SDS-PAGE, transferred to PVDF membrane, blocked with 5% milk, 0.l%Triton X-100 in

phosphate buffered saline and blotted with the indicated antibodies

2.12.1 Co-immunoprecipitation with Pez
PezRl antiserum was incubated with protein A-sepharose for t hour or overnight. The antibody-

coupled beads were then washed extensively in ST buffer and then incubated with pre-cleared

HTIVEC lysates (2op,lbeads/ml of lysate) for I hour at 4"C with rocking. The beads were

washed three times in ST buffer. The immunoprecipitates were separated by SDS-PAGE,

transferred to PVDF membrane and probed with the indicated antibodies. The blots were stripped

and counter blotted with PezRl antiserum.

2.13 In vivo tyrosine phosphorylation in transiently
transfected A431 cells
4431 cells were transfected with wt-Pez, APTP-Pez or vector using Lipofectamine 2000 , and the

cells were lysed in situ afTer 48 hours incubation. 50t g of total protein from each lysate was

subjected to SDS-PAGE, transferred to PVDF membrane and then immunoblotted with anti-

phosphotyrosine antibody.
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2.14 In vivo tyrosine phosphorylation
2.14.1In vivo tyrosine phosphorylation in stable MDCK cell lines

Stable MDCK cell lines expressing either vector, WT PEZ or APTP-Pezwere plated at

confluence and incubated for three days in the presence of ß Yo foetal calf serum (FCS) then

serum-staryed for 24 hours. The cells were stimulated with 10% FCS for ten minutes. The cells

were then lysed in situ inthe presence of lmM orthovanadate. Equal amounts of protein were

separated by 8% SDS-PAGE, transferred to PVDF membrane and blotted with anti-

phosphotyrosine antibody. The blot was subsequently stripped and reblotted for B-catenin.

2.14.2In vivo tyrosine phosphorylation in stable HEK293 cell lines
Stable ;g1EK213 cell lines expressing Pez V/T or vector were plated at confluence and incubated

ovemight in the presence of ß o/" foetal calf serum (FCS) then serum-starved for 24 hours. The

cells were then stimulated+l- 1O¡rg/ml EGF for 24 hours. The cells were incubated in 0.lmM

pervanadate for 5 mins prior to lysis. The cells were then lysed in situ in the presence of lmM

orthovanadate. Equal amounts of protein were immunoprecipitated with anti-phosphotyrosine

antibodies and the immunoprecipitates and whole cell lysates were separated by 8% SDS-PAGE,

transferred to pVDF membrane and blotted with anti-phosphotyrosine antibody. The immunoblot

was subsequently stripped and counter-blotted with antibodies against a,B and y-catenin

(Transduction Laboratories), E-cadherin (Transduction Laboratories) and occludin (Zymed).

2.15 Microscopy
2.15.1 Confocal microscopy
HUVEC were plated onto fibronectin (50¡rg/ml) coated glass LabTek chamber slides (Nalge,

Nunc Int.) at the indicated densities. Prior to staining the cells were washed lX in PBS and fixed

in  o/oparaformaldehyde/PBS for 10 minutes, quenched with 10mg/m1 sodium borohydride in

pBS pH 8.0 for 15 minutes (x2) and then permeabilised by treatment with 0.1% Triton X-100 in

pBS pH 7.0. Affinity purified antibody to Pez was used at 1 :10 dilution (whole sera was used at

1:250) and indirect immunofluorescence was detected by incubation with biotinylated anti-rabbit
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secondary antibody (Rockland) followed by FlTC-conjugated streptavidin (Dako A/S, Denmark).

Confocal microscopy was carried out using a BioRad MRC-600 confocal microscope. For

comparison of treatments, the laser power) confocal aperture and contrast settings were kept

constant

2.15.2 Immunofluorescence
Stable MDCK cells lines expressing WT Pez, APTP-Pez or 44.1 Pez were plated at confluence

onto fibronectin coated glass LabTek chamber slides (Nalge, Nunc Intemational) at the indicated

densities. The cells were then incubated for between 1 to 5 days as indicated. Prior to staining the

cells were washed lX in PBS and fixed in 4o/oparaformaldehyde/PBS for 10 minutes, quenched

with 1Omg/ml sodium borohydride for 15 minutes (x2) and then permeabilised by treatment with

0.1% Triton X-100. The cells were incubated with the indicated primary antibodies for t hour at

1:100 dilution and indirect immunofluorescence was detected by incubation with either

fluorophore coupled secondary antibodies (anti- rabbit Alexa Fluor 350 (Molecular Probes,

Leiden, The Netherlands), anti-rabbit Alexa Fluor 594 (Molecular Probes), anti-mouse FITC

(Rockland), anti-rabbit FITC (Rockland) or with biotinylated secondary antibodies (Rockland)

followed by either FITC-conjugated streptavidin (Dako) or texas red conjugated streptavidin

(Rockland). The coverslip was mounted using fluorescent mounting medium (Dako).

The cells were imaged by epifluorescent microscopy on an Olyrnpus BX-51 microscope

equipped with excitation filters for Alexa Fluor 594ltexas red, fluorescein (494 nm), and Alexa

Fluor 390, acquired to a Cool Snap FX, charge-coupled device (CCD) camera (Photometrics).

Images were adjusted for brightness and contrast with V** software (Digital Optics Ltd. Auckland

New Zealand). The line-profiling feature of this software was used to plot the intensity vs.

position of different fluorophores along apaththrough the cell monolayer, in cells that had been

co-stained for two or more proteins.
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2.16 Permeability assays
MDCK stable cell lines were plated at 5x10a or 1x10s on fibronectin coated 0.4¡rm or 3prm

polycarbonate transwells (Costar Co.p., Cambridge, MA, USA) in 150pl of medium in the top

well with 600¡.rl of medium added to the bottom well. The next day the medium was changed to

0.5% FCS and the cells incubated in this medium for 3 days with the medium replaced daily.

Alternatively the cells were incubated for 3-7 days in complete medium (10% FCS), the medium

was then changed to 0.5%FCS two hours prior to the assay. The cells were then stimulated in

duplicate or triplicate with 0.lmM sodium vanadate, 100 ¡rglml EGF or thrombin (0.5, 1 or 2

units/ml). FlTC-dextran (SIGMA) (0.5 mglmt) was added to the top well at T:0 and20 ¡ú

aliquots removed from the bottom well at T:2mins and at five minute intervals up to t hour. The

samples were then analysed on a luminescence spectrometer (Perkin Elmer Model LS50B) and

the amount of fluorescence compared to a standard curve generated from a serial dilution of

FITC-Dextran.

2.17 Luciferase reporter assays
Cells were seeded onto 24-well or 96-well plates at the indicated densities and incubated

overnight at 37"C. The next day the cells were transfected with either the pTopflash reporter

construct which contains three optimal TCF binding sites or the pFOPflash reporter construct in

which the TCF sites have been mutated (inactive motif) obtained from Upstate Biotechnology

(Lake Placid NY USA) together with pCMV/Renilla luciferase (Promega) using Lipofectamine

2000 (Life Technologies Inc.) according to the manufacturers instructions. The cells were

harvested 48 hours after transfection in passive lysis buffer (Promega). Luciferase activities were

measured using the dual-luciferase assay system (Promega). The experimental LEF-luciferase

reporter activity was controlled for transfection efficiency and potential toxicity of treatments
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using the constitutively expressed pCMYlRenillaluciferuse. Luminescence was measured on a

TD -20 I 20 luminometer (Turner Utah USA)

218 Wounding assay
MDCK stable cell lines were plated onto 6-well trays at densities that would give confluent

monolayers after 24h. Confluent monolayers were incubated a further 48h to allow intercellular

junctions to mature before being serum-starved for 24h. A linear wound was generated on the

monolayers by scraping with the edge of a cell scraper. Unattached cells were washed off with

agitation. Cells were photographed at the same point on a grid at the time of scraping and again

24hlater. The difference in width of the wound between the 2 edges at the time of scraping and

24hlater was measured and represents the distance migrated. Each line was plated and wounded

in triplicate.
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Chapter Three

RT-PCR analysis of PTPs expressed in
an endothelial cell line
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Ghapter 3: RT-PCR analysis of PTPs expressed in an
endothelial cell line

3.1 Introduction

The aim of this project was to identify PTPs that are potential regulators of cell-cell

adhesion. This question arose from the observation that treatment of HIJVEC with vanadate, a

specific inhibitor of pTps, resulted in a breakdown in the cell-cell contacts (Matthias and Gamble

unpublished). In the presence of PTP inhibitors selective cleavage and redistribution of the TJ

protein, occludin, occurs in conjunction with an increase in permeability of endothelial cells

(wachtel et al., 1,999).

Endothelial cells (EC) are the basic building blocks of the vascular tree in vertebrates.

They are central to normal angiogenesis during embryonic development, wound healing and the

oestrous cycle. Angiogenesis is also critical for the development of certain pathological situations

such as in the growth of solid tumours. The endothelium forms abatnet between blood cells and

the tissue space but allows the passage of leukocytes into the tissue space when necessary, such

as during inflammation. The passage of leukocytes through the endothelium is a tightly regulated

process and it is essential that it be so. Deregulation can lead to chronic inflammatory diseases

including atherosclerosis.

Many changes occur in the EC during the processes of angiogenesis and inflammation.

During angiogenesis, tightly packed EC have to 'disengage', migrate and proliferate in response

to growth factors and other extemal stimuli. This requires the activation of signals that lead to

changes in the junctional properties and cytoskeletal reaffangements in addition to signals that

lead to cell proliferation. During inflammation, leukocytes move through the blood vessel wall

into inflamed tissue. This process of extravasation requires the modification of endothelial cell-

cell adhesions to allow the passage through the endothelium. It is important that we understand
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the signalling processes that lead to these changes, whichareessential for theEC to function

properly.

3.1.1 Protein tyrosine phosphatases in endothelial cells
'When this project commenced in 1998 it was predicted that there are approximately 500

PTPs in the human genome (Neel and Tonks, 1997). This figure was based on the number of

PTPs expressed in C elegans, which is known to be 108 (Lander et a1.,2001). This estimate was

reduced to 100 at the end of 1998, based on a detailed analysis of the human oDNA databases. At

this time approximately half the human genome, including just 48 full-length PTPs had been

sequenced (Hooft van Huijsduijnen, 1998). An initial sequence analysis of the nearly completed

human genome revealed a total of ll2 PTPs including the dual-specificity phosphatases (Lander

et al., 200I).

There is a high degree of structural diversity in the non-catalytic domains of PTPs (see

Figure 1.2). These non-catalytic domains have a regulatory role in substrate specificity and

subcellular localisation. It is well established that tyrosyl phosphorylation is involved in the

dynamic processes of cell-matrix interaction, cell-cell contact and cell migration (Maher et al-,

1985; Birchmeier et al., 1993; Volberg et al., 1992 reviewed in Daniel and Re¡molds, 1997).

There is growing evidence of the importance of PTPs in the regulation of these processes.

Tyrosyl phosphorylation of signal transducing molecules is one of the major pathways for

conveying messages from the cell surface to other parts of the cell in many cell types, including

EC. For example, VEGF and angiopoietin, both potent angiogenic factors, bind to receptors that

have intrinsic tyrosine kinase activity. Tyrosine phosphorylation is also integral to the dynamic

regulation of cell adhesion, both to the cell matrix and to adjacent cells. The extracellular

domains of many RPTPs contain structural features that suggest a role in cell-cell adhesion' The

receptor type PTPp and PTPr have been shown to be involved in homophilic cell-cell

interactions; PTP¡r interacts with the scaffolding protein RACK1 and may be involved in
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recruitment of RACK1 to points of cell-cell contact (Mourton et a1., 2001). Members of the LAR

family co-localise with B-catenin and y-catenin at the adherens junctions (Muller et a1., 1999) and

the RPTP, DEP-1 has recently been found to form a specifîc interaction with p120'm suggesting

that it too has a role in regulating cell-cell adhesion (Holsinger et aL2002). The closolic PTPlB

modulates cadherin-mediated cell-cell adhesion through dephosphorylation of B-catenin (Pathre

et a1.,2001). Loss of N-cadherin mediated cell-cell adhesion results from the overexpression of a

dominant negative catalytically inactive form of PTPIB (Rhee et al 2001).

Some PTPs shown to be involved in cell-cell adhesion are also involved in modulating

adhesion to the extracellular matrix. These include RPTPs of the LAR family, which co-localise

with proteins at the focal adhesions (Serra-Pages et a1.,1995), and PTPlB which also appears to

modulate both integrin-mediated adhesion to the cell matrix through regulation of Src activation

(Pathre et a1.,2001). PTPlB is a regulatory component of the molecular complex required for

both N-cadherin and p1-integrin- mediated axon growth (Pathre et al., 2001). Another non-

receptor type PTP, PTP-PEST is also involved in the regulation of cell-matrix adhesion. PTP-

PEST specifically dephosphorylates the focal adhesion-associated adaptor-t1pe protein,

pl30(cas) (Garton et al., 1996.) PTP-PEST may be necessary for the breaking of focal adhesions,

a process essential for cell mobility. The number and size of focal adhesion complexes was

greatly increased in PEST-/- fibroblasts, which were also found to be defective in motility

(Angers-Loustau et al., 1 999).

Because regulation of the cell-cell junctions of endothelial cells is integral to the function

of the vasculature, it is important to understand which of the many PTPs areinvolvedinthis

process, to identify their physiological substrates and characterise their specific functions.

Therefore the primary aim of this project was to identify the PTPs involved in regulating

cell adhesion in HUVEC
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3.1.1.1 Approach:

1 Analysis of the PTPs expressed in HUVEC using a reverse-transcription-PcR (RT-

PCR) amplification homology screen.

Z. Selection of likely candidates from the homology screen for further characterisation

(see 3.1.1.2).

3. Verification of expression of the selected PTPs.

3.1.1.2. Criteria used for the selection of PTPs for further characterisation:

l. PTPs containing MAM domains, as this family are already known to be involved in

homotypic cell-cell adhesion (Brady-Kalnay et a1.,1995;Brady-KalnayandTonks,

1994; Sap et a1.,1994).

2. RPTPs such as the DEP-1 family (Ostman et a1.,1994) or members of the LAR family

(Kypta et al., 1996) that have extracellular domains, including immunoglobulin

domains and fibronectin type III repeats, that are likely to mediate cell adhesion.

3. Cytosolic PTPs containing domains predicted to localise the phosphatase to the

plasma membrane and /or interact with the actin cytoskeleton, such as the FERM

domain (Marfatia et a1., 1995).

78



Chapter 3

3.2 Results
3.2.1PTP homology screen of HUVEC mRNIA

Although the sequences of PTPs can differ substantially, all known classical PTPs have a

conserved catalytic domain, within which there are several highly conserved regions interspersed

with regions of less conservation that can be used to distinguish between different PTPs. This

enables the use of PCR amplification with primers to 2 highly homologous regions flanking a

less conserved region to specifically isolate PTP cDNAs expressed by different cell t1pes.

The homology screen to identify PTPs expressed by endothelial cells was carried out using

gDNA reverse-transcribed from HUVEC mRNA. To enable unambiguous identification of the

amplified PTP, the 2 degenerate primers (sense {(H/D)FWRM(VV)W} antisense

{V/PD(F/H)GVP }) chosen for the PCR amplification flanked a region of DNA in which there is

minimal sequence homology between family members. These sequences were used successfully

by another group in a homology screen that identified the MAM PTP family member PTP¡"

(Cheng et a1.,1991).

3.2.2 Analysis of the PTP clones

The clones obtained by RT-PCR of HTIVEC mRNA were analysed to determine if they contained

inserts and whether the inserts were PTPs. The data is summarised in Table 3.1.
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Table 3.1 Summa of homol screen
Selected colonies

Clones containing rnserts

Sequenced PTP clones

Non-specific insefts

Unsequenced clones

237

69

190

74

47

The majority of the selected colonies contained inserts, indicating that the blue/white

colour screening for insert containing clones was effective and did not produce a high number of

false positives. More than 50% of the clones that were sequenced, contained sequences of known

PTP family members. The homology screen identified twelve members of the classical PTP

family in HUVEC. The frequency of representation of the individual family members was quite

variable. The results obtained from RT-PCR are not quantitative and are subject to bias due in

part to differential levels of homology between the degenerate primers and the corresponding

sequences in the individual target mRNAs. However, a comparison between the sequences of the

identified PTPs and the degenerate primer sequences showed that PTPs with 100% homology to

the primers were isolated in lower frequencies than other PTPs with lower homology to the

primers. This indicated that the highly represented PTPs, i.e. PTPo and PTP-Pez, were not

selectively amplified due to preferential binding to the PCR primers (Table 3.2).

3.2.3 Selecting a PTP to characterise
In order to select a PTP for further characterisation the identified PTPs were considered

against the criteria outlined in section 3.1.1.2. There were representatives of most of the PTP

subfamilies isolated in the homology screen (Table 3.2). They included PTP LAR, DEP-land the

MAM-domain family member PTP kappa, which are all known to be involved in cell-cell

adhesion. PTP LAR has an extracellular domain that contains immunoglobulin domains and
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Table 3.2 PTPs expressed in P1 HUVEC
Homology to PCR Primers

PTP Name No. of clones Frequency FWRM(IA/)W WPD(F/H)GVP

PTP-PEZ 35.6 F\ryRMVV/ WPDHGCP

PTP o 2t.9 FWRMTW WPDTGVP

PTPIb 12.3 FV/¿IVIVW WPDFGVP

PTP sigma 6.8 FWRMVW WPDHGVP

T-cell PTP** FV/¿MVW V/PDFGVP

PTP ETA 5.5 FV/RMVV/ WPDHGVP

PTP LAR 2.7 FWRMVW WPDHGVP

PTPGl 2.7 FWRMVW V/PDHGVP

PTP epsilon 1.4 FWRMVW V/PDHGVP

PTP kappa t.4 FWRMIW WPDHGVP

DEP-1 t.4 FWRMVW V/PDHGVP

PTPMEG2 r.4 FV/RMVW WPDTGVP

26

16

9

5

5

4

2

2

1

1

6.8

1

1

(** One of the T-cell PTP clones (clone 7 2) contained a 23 aa insert
NH3. . .Y Ts6TVHLLQLENINAENLWTTLYLKLLMLDVKRSLKS GETRTISHTT6 .,.COOH)

Tabte 3.2 PTPs expressed in a confluent passage 1 HITVEC cell line, showing the total number

of clones of each PTP isolated and the frequency with which each PTP was represented. The

amino acids in italics indicate variation from the degenerate PCR primer sequences used to

isolate the clones.
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fibronectin type III repeats. LAR localises to focal adhesions where it dephosphorylates

p130(cas) (Weng et al.,1999) and also to the adherens junctions where it associates with B-

catenin (Muller eI al.,1999). RPTP DEP-I has an extracellular domain containing eight

fibronectin type III repeats suggesting a role in cell adhesion. The recent finding that DEP-1

forms a complex with the adherens junction protein pl20"t" (Holsinger et a1.,2002) supports this

supposition. Furthermore the expression of this PTP is enhanced with increasing cell density and

is thought to play a role in the contact inhibition of cell growth (Ostman et al, 1994). The

extracellular domain of PTPr also contains fibronectin tpe III repeats as well as a single

immunoglobulin domain and an N-terminal MAM domain. The MAM domain mediates

homophilic cell-cell interactions (Zondag et a1.,1995). The identification of these PTPs in the

homology screen indicates that they may all be participants in the regulation of cell-cell adhesion

in endothelial cells. However, the aim of this project was to identify and characterise a PTP with

potential to regulate cell-cell adhesion that had not been previously characterised. Therefore, the

pTPs that were already the focus of active research by other groups were not characterised

further

3.2.3.1PTP-Pez

The PTP that was most highly represented in the screen was the cytosolic PTP-Pez' PTP-

pez is a 130kDa cytosolic phosphatase with homology to the FERM family of proteins' The

FERM domain was first identified in the band 4.1 protein isolated from erythrocfes. The 298

amino acid domain mediates the localisation Flag-tagged of the band 4.1 protein to the plasma

membrane by binding to the cytoplasmic domains of the transmembrane proteins glycophorin A,

glycophorin C, band 3 and CD44 (Jons and Drenckhahn,1992; Marfatia et a1.,1995; Nunomura

et al., lggT). The FERM domain of the ezrin,radixin and moesin (ERM) family of proteins
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Figure 3.1

PTP-Pez amino acid sequence

1

hvqcgehyse thtsqdsiftr
361 gneealycns hnsldlnyln gtvtngsvcs vdsvnslncs qsfiqaspvs snlsip gsdi

42 I mr adyipshr hs aiivpsyr ptpdyetvmr qmkrgilhtd s q sqslrnln iinthaynqp
481 edlvysqpem re k nnvvpskpga saishtvstp

541 elanmqlqgs hn dlashrhkyv sgsspdlvtr

601 kvqlsvktfq edsspvvhqs lqevseplta tkhhgtvnkr hslevmnsmv rgmeamtlks

66 1 lhlpmarrnt lreqgppeeg atmlihssgg

7 2l vpqipmlrek meysaqlqaa ngalrqdqas lppamararv

781 lrhgpakais msrtdppavn gaslgpsise pdl semfsledsi

84 1 ielemmirnl ekqkmaglea qkrphnlaal nglsvarvs g reenrvdatr vpmderfrtl
901 lleegmvf teyeqipl angifstaal penaersrir evvpyeenrv eliptkennt
961 gyinashikv vvggaewhyi atqgplphtc hdfwqmvweq gvnvia ta eeeggrtksh

1 02 I rywpklgskh ssatygkfkv ttkfrtdsvc yattglkvkh lls gqertvw hlqytdwpdh
1 08 1 gcpedvqgfl syleeiqsvr rhtnsmlegt knrhppivvh csagvgrtgv lilselmiyc
1141 lehnekvevp mmlrllreqr qtiaqy kfvyqvliqf lqnsrli

Acidic sequence

PTP domain P2 nenticle seouerìce lPezR I Ah)

Potential nucleat' export seqllences

Potential CK2 sites

Proline rich sequences
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localise them to the plasma membrane where they connect integral membrane proteins such as

CD43, CD44,ICAM-2 and ICAM-3 to the actin cytoskeleton. The FERM domain is also found

in merlin, abraintumour suppressor that is the neurofibromatosis 2-gene product. The FERM

domain is located in the N-terminus of most of the FERM family proteins.

The Pez oDNA was first isolated from normal breast tissue (Smith et a1.,1995) (Fig 3.1).

It is also expressed in other tissues including skeletal muscle, kidney placenta and lung. There are

five mammalian PTPs that carty the FERM domain, PTPHI (Yang and Tonks, 1991), PTPMEG

(Gu et a1., 1991) PTPD1/PTP-RL10/rPTP2E (Moller et aL,1994; Higashitsuji et a1., 1995),

PTPpez|PTP36/PTPD2 (Moller etaI.,1994; Sawada etal.,1994;, Smith eta1.,1995) andPTP-

BAS/hPTP1E¿PTPL1/FAP-1 (Maekawa et a7.,1994; Banville et al., 1994; Saras et al.,1994).

Based on their structure the FERM family of PTPs can be divided into 3 subgroups:- 1) PTPH1

and PTPMEG;2) PTPD1 and PTP-Pez;3) PTP-BAS (Fig 3.2). PTP-BAS is more distantly

related toPez than the other FERM domain PTP family members, with isoforms ranging from

250 to 270k<Dapredicted molecular weight (MV/); it is the only famiiy member with a FERM

domain in the middle of the molecule and containing five PDZ domains (Maekawa et al, 1994).

The presence of a FERM domain indicated thatPez was likely to bind to integral

membrane proteins thereby localising the phosphatase to the plasma membrane. A homology

screen of PTPs expressed in insulin target tissues also identifiedPez as a PTP highly expressed in

endothelial cells (Norris et al., I99l). However, very little was known about the role ofPez when

this project coÍìmenced. Its predicted localisation at the PM indicated that this phosphatase \ryas a

good candidate for further investigation. As conventional PCR is not quantitative, PTP-Pez

expression was analysed by Northern blotting in order to verify the level of expression in

HITVEC.
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Figure 3.2
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^ 

Schematic representation of PTP-Pez and the other members

of the FERM family of PTPs showing the FERM domains, the intervening
sequences and the PTP domains. The green lines within the variable region
(hatched) of the FERM family PTP sequences used to prepare cDNA probes

for analysing mRNA expression by Northern blotting.
NCBI accession numbers: - PTP-Pez (Np_0053e2); PTPDl (Np-00e870); PTPH1

(p26o4s); PTPMEG 1 Np-00282 I ); PTP-BAS (er2s23).

B Comparison of the cDNA probe sequence to the corresponding region in
PTPDl,the FERM PTP with the highest sequence similarity to Pez'

Regions of sequence similarity are highlighted.
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3.2.4 Confirmation of high PTP-Pez expression in IIUVEC
3.2.4.7 Selection of sequence as a probe for Northern analysis

The predicted amino acid sequence of PTP-Pez is shown in figure 3.1 (Smith et a1., 1995).

There are 5 members of the FERM family of PTPs (Fíg3.2 A). All members of the family have a

single phosphatase domain and a FERM domain. The degree of sequence similarity between the

family members is high in these regions, however there is lower similarity in the intervening

sequences. PTP-BAS is more distantly related ioPez, with isoforms ranging from 250 to 2707<Da

predicted MW, it is the only family member that has a FERM domain in the central portion of the

molecuie and the only member that has five PDZ domains. The closest family member to Pez is

PTPDI (see section 3.3.3.1);which has 65.6 o/o sequence similarity toPez at the level of mRNA.

Both PTPs contain a proline-rich putative Src homology 3 (SH3) domain binding site, and an

acidic sequence that may bind positively charged target sequences on other molecules. Pez and

PTPD1 also share quite high overall similarity within their variable regions (Fig. 3.2 A). The

location of the sequence selected for the generation of a oDNA probe is indicated on the diagram

of Pez in figure 3.2.A; the cDNA sequence (bp zoot-yt ) is shown in figure 3.2B compared to the

same region in the PTPDl sequence. This region was selected to maximise the probability of

specific binding to Pez mRNA because it had the lowest degree of sequence identity to PTPD1

and no significant similarity to other proteins in the databases.

The number ofPez clones obtained from the homology screen (see Table 3.2) suggested

that it was an abundant PTP in HWEC. We therefore investigated the relative levels of

expression of four of the FERM family PTPs using total RNA isolated from two different lines of

P2 H1ryEC €ig 3.3). PTPBAS expression was not analysed in this study. The oDNA sequences

(PTPDI bp zszt-zso¡ PTPMeg bp ror+-r+ao and PTPH1 bprozo- lsz¿) used to probe the northern blots
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Figure 3.3
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were selected from regions of lowest sequence similarity to the other family members, ie from

the central, variable regions of each of the PTP family members (Fig 3 .2 A). The probes all

detected bands of the appropriate sizes (Fig 3.3 A) indicating that they were specifically detecting

the correct mRNAs, Although PTPMEG-I was not isolated in the homology screen and is almost

undetectable in the northern blot of cell line A, it is evidently expressed at high levels in other

HUVEC lines (line B). This may be due to a loss of expression of some proteins following

passaging of primary cell lines. Expression of Pez mRNA was detected in all cell lines analysed.

PTPDl was also detected although the signal was weaker than PTP Pez, however this was not

quantified and may have therefore have been due to loading differences. PTPH1 was not

detectable by northem analysis. The variability in detection of the FERM-PTPs may have been

due to the relative binding affinities of the different probes rather than a true reflection of the

level of ¡¡RNA expression. To evaluate this the "P-labell"d FERM-PTP probes were hybridised

to gDNA spotted onto nylon membrane at increasing concentration from 1ng oDNA. All probes

gave comparable signals indicating that the difference seen in mRNA expression levels is

probably real and not due to variation in binding affinities (Fig 3.38)

3.2.4.2 Analysis of regulation of PTP mRNA expression by growth factors and cytokines

Some PTPs are regulated atthe level of transcription. For example,IL-6 stimulation

induces the expression of the receptor-like PTP CD45 correlating with an increase in cellular

proliferation in myeloma cells (Mahmoud et ai., 1998). PTPe and PTP y mRNA levels are

increased in human astrocytoma cells within 4 hours of stimulation by IL-1 or TNFcr (Schumann

et aI.,1998). We therefore investigated whether growth factors and cytokines regulatedPez

pRNA expression. However, the level of PTP-Pez mRNA expression did not vary significantly

following incubation of HUVEC with TNFa, PDGF-BB ,IL-4, oncostatin M (OSM) or VEGF,

for periods varying from24 hours to 48 hours (Fig 3.a). It is possible that the mRNA levels may

88



Chapter 3

Figure 3.4
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have increased and subsequently dropped to basal levels at earlier time points. Future analysis of

Pez expression should include earlier time points to evaluate this possibility. The apparent

increase tnPEZmRNA following stimulation of HLIVEC with TNFa (Fig 3.aA) is due to

overloading, since normalisation to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

expression shows that there is no significant difference compared to the unstimulated control (Fig

3.48). Therefore, although there was some variation in the level of mRNA expression between

cell lines, there is no evidence so far to support regulation ofPez at the level of mRNA

expression in HUVEC.

Results from later experiments detailed in chapters 4-8 indicate that Pez plays a role in

cell motility and cell proliferation. It would be interesting therefore, to look atPez mRNA

expression during development in an animal model. Analysis by in situ hybridisation may show

differences ínPez expression during stages of development involving cell migration, such as

gastrulation.

3.3 Gonclusions
Using RT-PCR and Northem analysis the cytoplasmic PTP Pez was identified as a PTP that is

highly expressed in endothelial cells at the mRNA level. This PTP was predicted to localise to

the plasma membrane due to the presence of a FERM domain in its N-terminus. Unlike other

PTPs identified in the homology screen, little was known about this PTP prior to the

commencement of this research. Researching this PTP therefore offered the potential to increase

the body of knowledge about the PTP family and the regulation of cell-cell adhesions. PTP Pez

therefore represented a good candidate regulator of cell-cell adhesion and was consequently

selected for fuither characterisation.
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Chapter 4
Subcellular Localisation of PTP'P ez
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Ghapter 4: Subcellular localisation of PTP'Pez

4.1 Subcellular localisation of Pez
Subcellular compartmentalisation is an effective means of regulating the physiological

function of a protein. Sequestering a protein to an organelle such as the nucleolus or the

endoplasmic reticulum or anchoring it to another protein in the cytoplasm may result in its

activation or inactivation. Mechanisms such as protein cleavage, phosphorylation or dimerisation

can result in the unmasking of a signal sequence or uncoupling from a tether, culminating in the

relocalisation of the protein to a different subcellular compartment.

Translocation enables the protein to interact with a different subset of cellular proteins

and to participate in processes such as transactivation, cell migration or apoptosis. Examples

include the facilitator of glucose transport, GLUT4, which translocates from intracellular

compartments to the plasma membrane in response to insulin signalling. The pro-apoptotic Bcl-2

family members Bax and Bak translocate from the cytoplasm to the outer mitochondrial

membrane where they facilitate cytochrome-c release during apoptosis (reviewed in Kaufrnann

and Hengartner, 2001). Calpain cleavage of the carboxy-terminal 11-kDa peptide of PTPlB in

activated platelets results in activation of the enzpe and translocation from the cytosol to the

plasma membrane (Frangioni et al', 1993).

The subcellular localisation of a protein provides an insight into its role within the cell

and suggests possible interacting proteins and potential substrates. If Pez is a regulator of cell-cell

adhesion then we would predict that it will be localised to the cell junctions perhaps via

interactions with other junctional proteins. Therefore Pez-specific antibodies were generated to

determine the subcellular localisation of the endogenous protein. Some of the data presented in

this chapter have been published (Wadham et a1', 2000).
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4.2 Methods
4.2.1 Generation of antibodies

4.2.1.1 Coupling of pePtides

The peptides Pezae5-510 and Pezos3-6e6 wore cross-linked to ovalbumin (Sigma, St Louis, MO,

USA) with EDCI (ethyl dimethylamino propyl carbodiimid-Hc1).

Peptide coupling reaction
5 mg peptide
1.5 mg ovalbumin
15mg EDCI
MQ-water to 0.5 ml

The reaction mixture was incubated at RT for 6 hours and then stored at 4"C. The efficiency of

the conjugation of the peptides to ovalbumin was verified by SDS-PAGE.

The coupled peptides were dialysed against MQ-water in a centrþrep-10 centrifugal concentrator

(Amicon, Mass, USA) according to the manufacturer's instructions.

The sample was added to the sample container in the centriprep concentrator and water added up

to the fill line. The concentrator was then centrifuged at 30009 until the fluid levels on the outside

and the inside of the filtrate collector had equilibrated (approximately 45 mins). The filtrate was

decanted. Centrifugation was repeated two more times to reduce the volume of the retentate.

Bradford assays carried out on the coupled peptides before and after dialysis showed that there

was no significant loss of the peptides during dialysis.

4.2.1.2 Immunisation of rabbits

The coupled peptides were then sent to the IMVS Veterinary Services Division (Gilles Plains

SA) where they were used to immunise rabbits. The inoculations were performed sub-

cutaneously in several sites. Each immunisation comprised 300¡rg of peptide in a 1:1 emulsion

with Freunds Complete Adjuvant. The immunisation schedule is shown in Table 4.1.
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Table 4.1 lmmunisation schedule
Timing Procedure

2-5mls serum

In Freunds Complete Adjuvant

In Freunds Complete Adjuvant

In Freunds Complete Adjuvant

2-5 mls serum

In Freunds Complete Adjuvant

2-5 mls serum

In Freunds Complete Adjuvant

2-5 mls serum

2-5 mls serum

In Freunds Complete Adjuvant

40-80 mls serum

Week 0

Week 0

Week 3

Week 6

Week 7.5

Week 9

Week 10.5

Week 12

Week 13.5

Week 26.5

Week 28

Week 29.5

Pre-bleed

Primary Inoculation

1't Booster

2nd Booster

Test Bleed 1

3'd Booster

Test Bleed 2

4th Booster

Test Bleed 3

Test bleed 4

5th Booster

Bleed Out

4.2.1.3 Assay of the test-bleeds by ELISA

Antisera generated toPezas5-5¡6 and Pez633-6e6w€re called PezRl andPezR2, respectively.

Antisera obtained against the peptides were used in an eîzyme-linked immunosorbent assay

(ELISA) to screen for binding to unconjugated peptide. Serial dilutions of the whole antiserum to

pezRl and PezR2 were incubated with either the specific peptide (P1), the non-specific peptide

(P2) or ovalbumin bound to polyvinylchloride (PVC) 96-well plates (Costar).

A solution of 0.1pglml of the antigens was prepared in bicarbonate buffer (pH 9.0) (see Table

2.1). 50pl of the antigen solution was added to each well and incubated overnight at 4'C. The
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content of the wells was removed by aspiration and the well washed twice with PBS. The wells

were filled with blocking buffer (1%BSA, 5% sheep serum/PBS) and incubated at RT for 2

hours. The pezRl and pezR2 antisera were added to the wells in doubling dilutions starting at Yz

(50p1/well), diluted in blocking buffer and incubated for 2 hours at RT. The plate was washed

twice with PBS. 50¡rl of 1/1000 dilution of HRP conjugated goat anti rabbit Ab in 0.5%BSA'

2.5%o sheep serum /PBS was added per well and incubated at RT for t hour. The plate was

washed 3 times in PBS. The reaction \Mas quantitated by the addition of the freshly prepared HRP

substrate Orthophenylene diamine (OPD) (Sigma) (Citrate buffer (Table 2.1),0.1o/o OPD, 0.03%

H2O2) 100¡rl/wel1. When the colour had developed (5-15 minutes at RT) the reaction was

stopped with the addition of 50pl lM HzSO¿. The absorbance was read on a microplate reader

(Biorad) at 490nm against a reference of 655nm.

4.2.2 Affinity purifÏcation of antibodies
pezRl andPezg2 antisera were purified on Affi-Gel 15 peptide affinity columns.

4.2.2.1Coupling peptides to BSA

The peptides Pez4e5-510 and Pezos3-6e6 wero first cross-linked to bovine serum albumin

(BSA) with EDCI (ethyl dimethylamino propyl carbodiimid-Hcl). Five mg of Peptides Pez4e5-51ç

and pez6s3-6e6wor€ added to 1.5mg of BSA and 15 mg of EDCI and dissolved in 0.5m1of water.

The coupling reaction was incubated overnight at room temperature.

4.2.2.2 Dialysis

The coupled reaction was dialysed against water using a Centriprep 10 column (Amicon).
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Vy'ater was added to the 0.5-ml reaction mixture to the fill-line on the column (15 ml). The

column was centrifuged at 2000rpm for 45 minutes. This was repeated two more times.

4.2.2.3 Coupling peptides-BSA to affigel

The dialysed peptide-coupled BSA was added to 1ml of Affi-Gel 15 (Bio-Rad Labs,

Hercules, CA, USA) matrix, which had been washed in cold MQ water and suspended in l00mM

Mops buffer, pH 7.5 (total volume l0 mls). The coupling mixture was rocked on a Clay Adams

Nutator mixer (Becton Dickinson NJ USA) overnight at 4oC.

1. The peptide/BSA coupled Affigel-l5 mixture (l-ml) was poured into a 10-ml

chromatography column (BioRad). The column was washed with 10ml 10mM Tris pH

7.5 followed by 10 ml 100mM glycine pH2.5 and 10ml 10mM Tris pH 8.8. When the

column was equilibrated at pH 8.8 l0 ml of freshlyprepared TEA pH 11.5 was added

followed by 10 ml 10mM Tris PH7.5.

Z. 2.5 mls of rabbit serum was clarified by centrifugation and diluted 1/10 with 1OmM Tris

pH7.5. The diluted serum was loaded onto the column and passed through 3x to ensure

maximum binding of the antibodies.

3. The column was washed with 20 ml10 mM Tris pH 7.5 followed by 20 ml 0.5M NaCl,

10mM Tris pH 7.5

4. The bound antibody was eluted with 1Oml 100mM Glycine p}J2.5. The eluate was

collected in two 5 ml fractions in tubes containing 0.5 ml lM Tris pH 8.0.

5. g.lmg/ml of BSA was added to the purified antibodies and stored at 4"C.

6. The eluate \¡/as assayed by Westem blotting

7. The remaining eluates were dialysed against PBS using Centriprep 10 filtration columns.

The volume of the final filtrates was % of the original elution volume.
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8. The purified antibodies were then stored in 300p1 aliquots at -70"C. The antibodies were

used at 1:100 or 1:50 for Western blotting for and 1:10 for immunofluorescence.

4.3 Results
4.3.1Generation of antibodies against PTP-Pez peptides

Two peptides predicted to be immunogenic by the algorithm 'Antigenic' (GCG,

University of Wisconsin, USA), located in the variable region oîPez (Figure 3.1), were

synthesised. The peptides, PYTVPYGPQGVYSNKLVSPS (P2) corresponding to amino acids (aa)

495-510 (Pez qgs-sto) and suevpQLPQYHHKK (P1) corresponding to aa 683-696 (Pez 6s3-6e6), do

not exhibit significant homology to other proteins in the protein databases, including other

members of the FERM-PTPs, suggesting that antibodies (Abs) raised against them would be

specific toPez.

4.3.2 Characterisation of the antisera against Pez

4.3.2.1The antisera bind specifically to the peptides used for immunisation

The titre of antibodies generated against each of the specific peptides was assayed by

ELISA and compared to binding of the antiserum to the non-specific peptides (ie. the Pez peptide

not used in the specific inoculation). Binding to the coupling protein ovalbumin was also assayed

Gig a.1).

In Test bleed 1, specific binding of the Rl antibody to its specific peptide was obtained at

1 :400 dilution whereas R2 binding to its specific peptide ws only evident at 1 :100 dilution.

Binding of the two antisera to their respective non-specific peptides and to ovalbumin was

negligible (Fig a.1a). The standard immunisation protocol involves only three booster

inoculations followed by the bleed out at 10.5 weeks. In an attempt to improve the titre of the

Pez specihc antibodies in the two antisera the rabbits \¡/ere given two additional booster-

inoculations at three-week intervals, each followed by further test bleeds (Table 4.1). The fourth

booster inoculation (test bleed 3) did not
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Figure 4.1
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Figure 4.1 ELISA assays of test-bleeds of whole antiserum to PezRl and PezR2. Serial

dilutions of the antisera were incubated with either the specific peptide, non-specific peptide

or ovalbumin bound to vinyl
96-well plates (Costar).
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significantly improve the titre of either antibody and had the adverse effect of increasing the titre

of antibodies raised against ovalbumin (Fig a.1b). Non-specific binding was also increased in this

test bleed as seen by the increased binding to the non-specific peptides. The unusually high

background indicated that the rabbits may be stressed and it was decided to rest the rabbits for

several weeks to try to improve the specificity of the antisera. Another test bleed 13 weeks later

Gig a.1c) showed an improvement in the specificity in comparison to test bleed 3 (Fig 4.lb). A

final booster inoculation was given at 28 weeks followed by bleeding out of the rabbits at29.5

weeks. In retrospect, it would have been better to adhere to the standard immunisation protocol,

as the additional booster inoculations did not improve the titre of Pez specific antibodies.

4.3.2.2 The antisera bind to the whole Pez protein.

Having demonstrated that the antiserum could specifically detect the relevant peptides

used for immunisation we investigated whether they could detect the whole protein either in its

denatured or native form by'Western blot analysis and by immunoprecipitation. Although each

antiserum detected a number of bands in HIIVEC lysate, both antisera detected a common band

of 130kDa, the correct MW for endogenous Pez (Smith et al., 1995) (Fig. a.Ð. The band

migrated slower than the 130kDa pre-stained MW standard run on 8olo SDS-PAGE. The

covalently coupled chromophore in the prestained markers affects protein mobility and this has

been calibrated by the manufacturer against unstained markers on a 4-20o/o acrylamide gel. The

migration of the markers on an 8o/o gel is therefore not precise and has been used as a guide only.

However, the size of the protein was verified by comparing its relative migration with that of

another 13gkDa protein, platelet endothelial cell adhesion molecule-1 (PECAM).

Binding to the 130kDa band was blocked following pre-incubation of the antibodies with

the relevant specific immunising peptide, but binding to the other bands was unaffected (Fig.

4.3). Incubation with the non-specific peptide did not block binding of either antiserum to the
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Figure 4.2
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Figure 4.2 Antisera raised against the two Pez-specific peptide sequences both recognise a

f 3-0-kla protein in HUVEC lysates. Western blot of whole cell HLIVEC lysate blotted with
PezRl (|eft) or PezR2 (righÐ antisera. The migration of the prestained markers (MW) is shown.

Each antibody recognises two major bands of which only the 130kDa Pezband is common.
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Figure 4.3
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Figure 4.3 'Western blot of HUVEC lysate with PezRl (left) or PezR2 (righÐ antiserum that was

either untreated (Nil), preincubated with the specific immunising peptide (Pez ¿qs-sro for PezRl,

Pez 6$-6e6 for PezR2) or the non-specific peptide (Pez 6ß-6e6 for PezR1, Pez a,gs-sto for PezR2),

showing that the immunising peptide specifically blocks the Pez band. The right lane in each

panel was blotted with the appropriate pre-immune serum.
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130kDa band providing further evidence that this band is Pez. In order to analyse the subcellular

localisation of Pez it was necessary to affinity purify the antibodies to remove the antibodies

binding to the non-specific bands seen by Western analysis (Figa.Ð. The presence of the non-

specific antibodies would be likely to increase background staining in immunofluorescent

analysis thereby preventing the determination of Pez localisation. Affinity purification resulted in

the PezRl antibody recognising only the 130kDa band. The affinity purified R2 antibody

detected the 130kDa band as well as a minor non-specific low-molecular weight band (Fig a.a)

Ectopically expressed Pez also migrated as a 130 kDa band (Fig. 4.5, lanes 1-3) providing

further evidence that the 130kDa band is Pez. Ectopically expressed Peztagged with the Flag

epitope was immunoprecipitated from aHEK293 cell lysate with the PezRl antiserum and then

Western blotted with an anti-flag antibody. A 130kDa protein was detected. This demonstrates

that the Pez antiserum can detect Pez in its native form and provides further evidence that the

130kDa protein is Pez.

4.3.3 Determination of the subcellular localisation of Pez

4.3.3.1 Pez subcellular localisation is cell-density dependent

Having established that the two Pez antisera were specifically binding to Pez in both its

native and its denatured form and having successfully affinity-purified the Pez-specific antibodies

we then had a tool that we could use to determine the subcellular localisation of Pez.

primary HIJVEC monolayers were incubated with the affinity purified Pez antibodies and

then examined by indirect immunofluorescence and confocal laser microscopy. When the cells

were confluent, staining was predominantly cytoplasmic (Fig 4.6A). There was also staining of

the cell junctions, as predicted by the presence of the FERM domain (Fig a.6 A). However, when

plated at low confluence such that the cells did not form extensive cell-cell contact, the Pez

staining was mainly in the nucleus (Fig a.6 B). The two antibodies both produced the same

staining pattern. Pre-immune serum did not stain and pre-incubation of the two antibodies with
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Figure 4.4
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Figure 4.4 Westem blots of total HUVEC lysate comparing crude serum and affinity-purified
PezRl andPezR2 Abs. Whole antiserum to PezRl and PezR2 were purified using peptide

affinity columns generated by coupling the peptidesPez4g5-510 and Pez683-696 cross-linked to

BSA to Affigel-l5 (Bio-Rad Labs, Hercules, CA, USA) matrix,
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Figure 4.5
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Figure 4.5 Ectopically expressed Pez co-migrates with endogenous Pez Lanes 1-3: western blot

of lysates from HUVEC or IF'EK293 cells transfected with empty vector or flag-taggedPez using

the PezRl antiserum. Ectopically expressed Pez (Lane 3) co-migrating with endogenous Pez

from HUVEC (Lane 1). Lanes 4 and 5: immunoprecipitation using the PezRl antiserum was

carried out using lysates of 293 cells transfected either with empty vector or flag-taggedPez

followed by western blotting with the anti-flag epitope Ab.
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Figure 4.6
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Figure 4.6 Confocal micrographs showing indirect immunofluorescence of HUVEC plated as A

coifluent (9x10a cells/well) and B sparse (2.5x104 cells/well) monolayers stained with either the

affinity-purified pezRl or pezR2 Abs as indicated. The staining with both Abs is predominantly

diffusé cytoplasmic with a higher concentration at the intercellular junctions (arrows in A) in the

confluent mònolayers and nuclear in sparse isolated cells (arrowhead in B). The images are

representative of at least three experiments.
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their specific peptides resulted in greatly reduced staining (data not shown). The identical pattem

of staining observed with the two affinity- purifred antibodies supports the conclusion that Pez is

localising to different subcellular compartments in a density dependent manner.

Other cell lines were also examined by indirect immunofluorescence using either confocal or

epifluorescent microscopy for localisation of endogenous Pez. Endogenous Pez was detectable in

the nucleus of HeLa and 4431 cells (Wadham et a1., 2003) but was not detectable in the other

cel1 lines examined: ]f.EK2}3, MDCK NIH3T3. Pezmay not be detectable in the latter two cell

lines, which are canine and murine respectively, either due to lack of expression or to a lack of

cross species reactivity of the Ab. Lack of expression in the other human cell lines may be due to

cell-type specific expression. Northern analysis of whole tissues (Smith et al., 1995) showed

differential expression ofPez in a tissue specific manner, with transcripts undetectable in brain

and liver.

1g'EK293 cells are derived from embryonic kidney cells and although expression of Pez

mRNA in kidney was high (Smith et al., 1995) Pez expression was not detectable in HEK293.

Lack of expression in HEK293 cells could be due to a loss of expression as a result of

immortalisation and culturing. AlternativelyPez may be expressed in only some of the cell types

in kidney but not in the cell type from which the HEK293 cell line was derived. It is also possible

thatPez is subject to developmentally regulated expression resulting in a difference in embryonal

and adult expression. Analysis of the murine homologue ofPez, PTP36, in the developing

embryo would be necessary to investigate this possibility.

The nuclear localisation of Pezv/as unexpected and implied a more complex role for Pez

than at first envisaged. To verify the nuclear localisation ofPez, partially confluent monolayers

of HUVE cells, in which Pez canbe seen to be localising to both the cytoplasm and the nucleus,

were fractionated into nuclear and cytosolic extracts which were analysed by Western blotting
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with the PezRl Ab. A 130-kDa band was detected in both the cytosolic and the nuclear fractions

(Fig.a.7). Counter blotting with an antibody to the cytosoplasmic MAPK (mitogen activated

Figure 4.7

.st*"S
Pez

þ42ç'u

Figure 4.7. Western blot of total HUVEC lysate and after subcellular fractionation into crude

n*1"u. and cytoplasmic exhacts, using the PezRl antiserum and the anti-MAPK Ab. Pez was

present in both the nuclear and cytoplasmic fractions whereas the MAPK was detectable only in

the cytoplasmic fraction (representative blot from at least three experiments).
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protein kinase) proteins, p44t'o andp42B'k showed no contamination of the nuclear fraction by

cytosolic proteins. These data confirm thatPez does indeed localise to the nucleus.

4.3.3.2 Nuclear localisation of Pez is serum dependent

When adherent cells in culture are sub-confluent they will continue to proliferate until

confluent, provided they are maintained under optimal culture conditions. The density dependent

change in subcellular localisation raised the possibility that Pez was localising to the nucleus in

proliferating cells and to the cytoplasm and the cell-cell junctions in quiescent cells.

HWEC plated at low density were groìwn in reduced serum (0.2% FCS, 48 hours)

to induce quiescence and the localisation of Pez examined thereafter. By indirect

immunofluorescence, nuclear Pez was significantly reduced in cells made quiescent by serum

starvation but was increased following refeeding with2}o/oFCS for 30 minutes (Figure 4'8 A). To

quantitate the amount of Pez in the nucleus following serum starvation and refeeding, nuclear and

cytoplasmic fractions of cell lysates were examined for Pez content by Western blotting and

fluorimaging (Figure 4.8 B). In cells treated with cycloheximide, 1O¡rg/ml cycloheximide was

added 15 minutes prior to refeeding with serum and left in for the entire duration of refeeding (30

minutes). From this analysis, only about I0o/o of totalPezremained in the nucleus after serum

starvation. However, approximately 40-50o/o of total Pez was back in the nucleus as rapidly as 30

minutes after refeeding with serum, (Fig.a.S B, C), indicating thatPez is translocated back into

the nucleus when quiescent cells (at G6) are stimulated to proliferate upon the addition of serum.

The percentage of nuclearPez in refed cells compared to serum starved cells was significantly

different (P<0.01, Student's t-test, n:2). The increase in nuclear Pez in this short period of

refeeding was unaffected by the presence of the protein syrthesis inhibitor, cycloheximide,

during refeeding (CHXP:0.44, Students t-test, n:2) suggesting that the increase in nuclear Pez

can occur in the absence of de novo protein synthesis (Fig 4.8, C). In contrast toPez, there was
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Figure 4.8
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Figure 4.8 Refeeding serum-starved cells with serum increases the fraction of Pez in the

nucleus. A Confocal -i..ogtuphs of cells stained with PezRl Ab showing loss of nuclear Pezin

cells serum starved (0.2% FCS) for 48 hours and increased nuclear Pez following refeeding with

20% FCS for 30 minutes. The figures are representative of three separate experiments, each done

in duplicate. B A representative western blot detected with the PezRl Ab (top and middle panels)

and rãblotted with anti-actin Ab (middle panel) used for quantitating the proportion of Pez in the

nucleus. Serum starved or refed cells (as in A) were fractionated into nuclear (N) and

cytoplasmic(C) fractions. C Quantitation of western blots carried out as described in B using a

fluorimager and the Imagequant software'

0
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no significant alteration in the proportion of actin in the nucleus when serum was added back to

the cells and this was similarly unaffected by cycloheximide treatment (Fig 4.8 B, C, inset). No

significant difference was observed in the percentage of nuclear Pez between refeeding in the

presence or absence of cycloheximide Interestingly, the nuclear localisation of the non-specific

band also recognised by the crude PezRl antisera did not alter with serum starvation (Fig. 4.8 B,

non-specific) indicating that not all proteins translocate from the nucleus to the cloplasm when

cells become quiescent. The presence of this nonspecific band in the nucleus even after semm-

starvation could account for some of the residual nuclear staining detected by

immunofluorescence in Fig.4.8A. We have also found that there is no significant alteration in the

amount of total Pezinthe cells after 30 minutes refeeding with serum.

4.3.3.3 Pez translocates into the nucleus in cells at a 'wound edge': Inhibition by TGFp.

At sites of vascular injury and during angiogenesis, endothelial cells migrate out of the

intact confluent endothelium and proliferate. To model these effects in vitro, a confluent

monolayer of HUVEC was scraped to generate a linear region denuded of cells mimicking a

wound. The cells from the confluent area subsequently migrate into a denuded area and

proliferate. pez localises to the nucleus of cells that have recently migrated into the denuded area,

whereas, Pez is cytoplasmic in cells remaining in the confluent area (Fig 4'9 A, B). This finding

supports the regulated translocation of Pez in response to an alteration in cell density.

The cells at the wound edge are both migratory and proliferative. Nuclear Pezmay

therefore have a role in either migration or proliferation or both. To differentiate between these

two roles the endothelial cells were treated with TGFB at the time of wounding. TGFB is a potent

inhibitor of endothelial cell proliferation (Antonelli-Orlidge et al., 1989; Sato and Rifkin, 1989),

arresting the cell-cycle progression in G1 (Iavarone and Massague, 1997). Cell migration

however, is unaffected by TGFP. Following TGFP treatment of HUVEC, cells at the wound edge

110



Chapter 4

Figure 4.9

Control

< 'wound' t
Direction of miqration -

D

+ TGFÊ

Figure 4.9 TGFp inhibits translocation of Pez into the nucleus in a 'wound' assay. Confocal

microscopy of a confluent monolayer of HUVEC through which a 
"wound' 

was made by

denuding the monolayer followed by staining with PezRl antiserum 17 -24 hours after

wounding. (A,B) Controls, no addition. (C,D) TGFB (0.a) nglml) was added at the time the

wound was made. (A and C) show the wound into which a similar degree of cellular migration

has occurred in both control and TGFB cells. (B and D) are higher magnifications of the regions

marked with the vertical line in A and C, respectively, showing translocation of Pez into the

nucleus in the control but not TGFB- treated cells that have migrated into the wound. The figures

are representative of three separate experiments each done in duplicate.

A B

c
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showed little or no increase in nuclear Pez compared to the cells in the confluent region distal

from the wound (Fig a.9 C, D). This suggests that TGFP inhibited the translocation of Pezinto

the nucleus. There was no difference in the distance migrated or the number of cells migrating

into the wound between untreated and TGFp-treated cells, confirming that TGFB does not inhibit

cell migration (Fig 4.9A,C). These data further support the earlier observations that the

translocation of Pez into the nucleus correlates with the transition from quiescence to

proliferation.

4.3.4 Mechanism of nuclear localisation of Pez

4.3,4.1Background

Molecules larger than 40 kDa translocate into the nucleus via signal-mediated transport

through the nuclear pore complex (NPC). The NPC is a large structure, spanning the nuclear

envelope. Signal mediated transport is an active process, which generally requires energy and a

nuclear localisation signal on the protein undergoing transportation.

There are two kinds of nuclear localisation signals (NLS) that have been well characterised, the

classical NLS and the bipartite NLS. The classical NLS, first described in the Simian Virus 40

large T-antigen (SV40-T) (Kalderon et al., 1984), contains a stretch of basic amino acids,

whereas the bipartite NLS (eg nucleoplasmin) (Dingwall et a1.,1989; Robbins et a1., 1991) is

composed of two stretches of basic amino acids separated by a l0 amino acid spacer.

Other bipartite signals have since been identified which include spacers of variable length

eg. several PS-IAA4-like proteins from Arabidopsis thaliana have a bipartite NLS with a spacer-

length polymorphism, X (24- 70), which still targets to the nucleus (Luo and Shibuya, 2001).

More than 50o/o of nuclear proteins have sequences, which mateh these consensus sequences.

Other proteins contain unconventional NLS sequences which have only a few basic and even

some acidic amino acids eg c-Myc (Makkerh et al., 1996). The low degree of sequence homology

between these non-classical NLS sequences makes identification difficult based on amino acid
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sequence alone. A protein carrying a classical or a bipartite NLS binds to a cytoplasmic receptor'

There are two receptor subunits: importin-a (Gorlich eI al.,1994), which recognises the NLS,

and importin B, which targets the complex to the nuclear pore (Enenkel et al., 1995; Moroianu

and Blobel,1995; Moroianu et a1., 1995; Rexach and Blobel, 1995) via the GTPase Ran

(Melchior et al., 1993; Moore and Blobel,1993)

Export from the nucleus occurs via a similar process (reviewed in Moroianu, 1999)A

nuclear export sequence (NES) located on the protein undergoing translocation is recognised by a

soluble nuclear export receptor (Stade et al., 1997). The receptor, exportin, will only bind to its

cargo in the presence of Ran GTP. The complex then translocates into the cytoplasm. The best-

characterised NES is a sequence rich in leucine (Meyer and Malim, 1994), which binds to the

exportin Crm 1 (Fornerod et al., 7997; Stade et al., 1997).

4.3.4.2 Deletion of the FERM domain reduces nuclear accumulation of Ectopic Pez

There are several sequences within Pezthat are possible nuclear localisation and export

signals (Figure 3.1). Deletion analysis is required to determine the sequences necessary for

nuclear translocation. In order to ascertain which of the Pez domains were required for nuclear

localisation we made deletion mutants ofPezthat lacked either the FERM domain (AFERM) or

the PTP domain (APTP). Deletion of the PTP domain had no effect on Pez subcellular

localisation (Fig.a.10A), however, deletion of the FERM domain resulted in a reduction in the

fraction of the truncated protein localising to the nucleus compared to full length Pez (Fig' 4.10

B). Some residual AFERM Pez is detectable in the nuclear fraction following longer exposure of

the membrane (Fig 4.108 RH Panel).

A more detailed deletion or mutational analysis would be required to determine the

location of the nuclear localisation sequence and other sequences involved in the subcellular
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Figure 4.10
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Figure 4.10 Deletion of the FERM domain decreases nuclear localisation. A and B'Western

blots of HEK213 nuclear (N) and cytoplasmic (C) lysates obtained after subcellular fractionation

from cells transfected with either empty vector, wild-type (wt) flag-taggedPez, C-terminal

deletion mutant (^PTP) or an N-terminal deletion mutant (^FERM). Anti-Flag Ab was used to

detect ectopically-expressed Pez (representative blot from at least three separate experiments).
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localisation ofPez. Unfortunately time constraints did not allow for this during the course of my

candidature.

4.3.4.3 Serine threonine phosphorylation regulates Pez translocation

The manner in which the subcellular localisation of Pez allerc in response to the

proliferative state of the cell (sections 4.3.3.1 and 4.3.3.2) indicates that translocation is a

regulated process. Regulation could occur by several different mechanisms. Pez could be

modified so that it is no longer able to bind the import or the export receptors. Alternatively, it

may bind to an anchor protein in the cytoplasm or the nucleus, thereby blocking its access to the

nuclear pore complex. Phosphorylation is a well-documented mechanism in the regulation of

protein shuttling between the nucleus and the cytoplasm; see section 4.4 for discussion.

A small but reproducible shift in the electrophoretic mobility of Pez was detected on high-

resolution polyacrylamide gels. This mobility shift could be due to an increased molecular weight

resulting from phosphorylation. The higher molecular weight form was mainly found in the

cytosolic fraction (Fig a.114), whereas the nuclear fraction contained predominantly the lower

MV/ form. This observation is consistent with the finding that PTP36, the murine homologue of

Pez, is serine/threonine phosphorylated in a cell-substrate adhesion dependent manner (Ogata et

a1.,1999 b). PTP36 is rapidly dephosphorylated following detachment from the extracellular

matrix and re-phosphorylated upon reattachment to fibronectin.

To determine the effect of phosphorylation on the subcellular localisation ofPez, a

confluent monolayer of HUVEC was serum-starved in1o/o serum for 48 hours to induce

quiescence. Following serum starvation there was little Pez remaining in the nuclei as determined

by indirect immunofluorescence (Figure 4.11 B (a)). The cells were then treated for two hours

with 70nM staurosporine, an inhibitor of serine/threonine protein kinases. Following

staurosporine treatment there was a marked increase in nuclear Pez (Fig. 4.1 1B (b)), suggesting
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Figure 4.11
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Figure 4.11 Subcellular localisation of PTP-Pezm y be regulated by serine

threonine phosphorylation. A. Western blot of HUVEC whole cell lysate, cytosolic and nuclear

fractions immunoblotted with Pez Rl antiserum. The Pez band migrates as high and low MW
forms indicated by the two arrows. B, C. Immunofluorescence microscopy using the PezRt Ab.

Confluent HUVEC (B) were serum starved in5o/" FCS for 48 hours and treated with either

DMSO (a, -St) or protein kinase inhibitor staurosporine (70nM) for 2 hours (b, +St).

Subconfluent HIJVEC (C) were treated with either DMSO (a +OkA) or the serine/threonine

phosphatase inhibitor, okadaic acid (O.2pMXb +OkA) for t hour. After fixation and

permeabilisation, Pez was labeled with Pez R1 serum and detected by indirect

immunofluorescence using biotinylated anti rabbit antibody followed by FlTC-conjugated

streptavidin.
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that dephosphorylation resulted in nuclear translocation. The relative intensity of the fluorescence

in (b) compared to (a) suggests that there is also an increase in the total Pez protein concentration

following staurosporine treatment. However, the consistent finding thatPez does not normally

localise to the nucleus in confluent cells supports the hypothesis that existing and newly

synthesised Pez are localising to the nucleus due to dephosphorylation. To verify this finding,

subconfluent HUVEC, which showed strong nuclear localisation (Fig a.llC (a)), were treated for

one hour with 0.2¡rM okadaic acid (OkA), an inhibitor of serine/threonine protein phosphatases.

These data support a model of Pez nuclear cytoplasmic shuttling in which quiescence induces

serine/threonine phosphorylation ofPez thereby shifting the equilibrium away from the nucleus'

Following OkA treatment Pez had moved out of the nucleus into the cytoplasm (Fig4.1lC (b).

localisation. Stimulation of the cells with serum or by culturing at low-density, results in

dephosphorylation ofPez, allowing its accumulation in the nucleus.

4.4 Conclusions
The generation of specific antibodies against the endogenous Pez protein has allowed us

to determine its subcellular localisation. The predicted targeting of Pez to the plasma membrane

due to the presence of an N-terminal FERM domain is supported by immunofluorescence

analysis. These data show thatPez is to be found at the cell-cell contacts in confluent cells,

suggesting thatPez may be involved in the regulation of cell-cell adhesion. This aspect of Pez

function is investigated further in chapters 5-8.

The regulated translocation of Pez between the cytoplasm and the nucleus indicates that

Pez has multiple functions within the cell. This pattern of localisation has been demonstrated for

other cell-cell adhesion proteins. The Y-box transcription factor, ZONAB (ZO-1-associated

nucleic acid-binding protein), binds to the SH3 domain of the tight junction protein ZO-l atthe
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cell membrane. ZONAB and ZO-l relocalise to the nucleus at low cell density and interact in the

regulation of the ErbB2 promoter (Balda and Matter, 2000).

Another example is p-catenin, a component of the adherens junction complex that links

the transmembrane protein E-cadherin to the actin cytoskeleton. In the absence of a Wnt-signal,

cytosolic B-catenin is rapidly targeted for degradation via the proteosome pathway. However, in

the presence of a Wnt growth factor signal, B-catenin accumulates in the cytoplasm due to

inactivation of the complex that targets it for degradation. Under these conditions, p-catenin is

able to translocate into the nucleus where it interacts with the high mobility group transcriptional

activator,lyrnphocyte enhancer binding factor (LEF)/T-cell factor, and directly regulates gene

expression (reviewed in Wodarz and Nusse, 1998).

Possible targetproteins in the nucleus may be transcription factors or cell-cycle

regulators. TC-PTP mRNA fluctuates in a cell-cycle dependent manner reaching maximal levels

in late Gl and rapidly decreasing in S phase. TC-PTPJ- murine embryonic fibroblasts proliferate

slower than TC-PTP*/* cells and have a slower progression through the Gl phase of the cell-cycle

probably due to the delayed induction of cyclin D 1 and Cdk2. These effects, which are reversed

following the ectopic expression of TC-PTP, are mediated through the NF-rB pathway (Ibarra-

Sanchez et a1.,2001). Nuclear TC-PTP also dephosphorylates and inactivates STAT5 in

mammary epithelial cells (Aoki and Matsuda,2}}2)and STAT1 in HeLa and mouse embryonic

fibroblast cells (ten Hoeve et al., 2002).IL-6 induced activation of STAT3 is also inhibited by

TC-PTP (Yamamoto et al., 2002) in 293T-cells.

Other PTPs have been implicated in regulation of the cell-cycle. The dual-specificity

phosphatase cdc25 is a key enzpe involved in cell-cycle progression. In yeast, cdc25

dephosphorylates and activates the cyclin dependent kinase (CDK) Cdk2, initiating the

maturation phase (M phase) of the cell-cycle (reviewed in Fauman,1996). PTP-S2 binds to
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chromatin and is localised exclusively to the nucleus in interphase cells, however, during

metaphase it is phosphorylated by CK2,leading to its dissociation from chromatin and

redistribution throughout the cytoplasm until telophase when it begins to reassociate with the

chromatin (Nambirajan et a1., 2000). The inducible overexpression of PTP-S2 promotes

progression of cells through Gl to S phase (Ganapati et al., 2001).

The presence of Pez in the nuclei of all cells in an asynchronous cell culture indicates that

Pez is nuclear in proliferating cells throughout the cell-cycle. Analysis of Pez localisation during

the ce||-cycle in s¡mchronised cells would be necessary to verify this. There are several potential

NLS's within thePezprotein, and deletion constructs lacking either the PTP domain or the

FERM domain ìwere expressed in IF,EK293 cells to determine whether the truncated proteins

retained the ability to translocate into the nucleus.

Deletion of the PTP domain does not affect the subcellular localisation of Pez indicating

that the NLS does not reside in the PTP domain. However, deletion of the Pez FERM domain

results in a reduction in the fraction of the truncated protein localising to the nucleus compared to

full length Pez. This may be due to deletion of the nuclear localisation sequence. However, trace

amounts of protein are detectable in the nuclear extracts indicating that nuclear translocation was

still occurring in the absence of the FERM domain. It is possible that import may depend on

multiple sequences located both within and outside of the FERM domain. Alternatively, removal

of the FERM domain might alter the conformation of the protein so that a masked NES is

exposed thereby altering the equilibrium of Pez localisation. Another possibility is that the FERM

domain may be required for anchoringPez in the nucleus. An isoform of human basic fibroblast

growth factor (bFGF), which normally localises to the nucleus, becomes cytoplasmic following

deletion of its amino terminus even when coupled to an autologous NLS, suggesting that the

amino terminus contains a sequence necessary for nuclear accumulation (Patry et al., 1994).

Hogl (a MAP kinase) in budding yeast transiently increases in the nucleus following activation
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by high osmolarity. Two PTPs act as regulators of this translocation. PTP2 acts as a nuclear

anchor and is required for nuclear accumulation. PTP3 is localised to the cytoplasm and acts as a

cytoplasmic anchor for Hogl (Mattison and Ota, 2000).

The inhibition of serine/threonine kinases and phosphatases provides preliminary

evidence that the relocalisation of Pez is regulated by serine/threonine phosphorylation.

Phosphorylation is a well-documented mechanism involved in the regulation of protein-shuttling

between the nucleus and the cytoplasm. Mitosis is triggered in vertebrate cells by the cyclinBl-

Cdc2 complex. During interphase cyclin B1 shuttles between the cytoplasm and the nucleus due

to a strong NES and a cytoplasmic retention sequence (CRS). At the onset of M phase, cyclin B1

is phosphorylated near the CRS allowing its accumulation in the nucleus (Hagting et al., 1999).

Translocation into the nucleus can also be initiated by dephosphorylation. Pho4, a

transcription factor in budding yeast, is imported into the nucleus by the importin B homologue

Pse 1. Msn5, the export receptor for Pho4, binds exclusively to the phosphorylated form of the

protein. When phosphorylated on five serine residues by the CDK-cyclin complex Pho85-Pho80,

Pho4 is rapidly exported from the nucleus (Kaffman et al., 1998a). Dephosphorylation of Pho4

causes it to accumulate in the nucleus. Phosphorylation of a site within the NLS of Pho4 also

reduces its affinity for the import receptor, importin p homologue, Psel (Kaffman et a1., 1998b),

Komeili and O'She a 1999). Therefore, phosphorylation of Pho4 both triggers nuclear export and

blocks nuclear import. This dual regulation of import and export has been reported for other

proteins such as the transcriptional regulator NF-AT (Beals et al 1997a,b; reviewed in Komeili

and O'Shea2000), and NF-rB (Arenzana-Seisdedos et aI1997, Henkel ef al 1992).

The preliminary data presented in this chapter suggest thatPez translocates into the

nucleus following serine/threonine dephosphorylation and phosphorylation results in movement

out of the nucleus. Further analysis of the regulatory mechanism involved inPez translocation
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might include point mutations of putative serine/threonine phosphorylation sites. A good starting

point in such a study would be the serine/threonine residues flanking the putative NLS motifs

such as the putativ e CK2 sites. Phosphorylation of the CK2 site in the SV40 large T-antigen

enhances the recognition of the NLS by importin (Hubner et al., 1997; Rihs et a1., I99l; Rihs and

Peters, 1989). Unfortunately there was insufficient time during the course of my candidature to

pursue this question, which will hopefully be addressed in the future.

The subcellular localisation of Pez has provided some insight into its potential function.

However, in order to characterise its physiological role it is necessary to identify its substrates.

Chapter 5 describes the successful implementation of a "substrate-trapping" strategy using a

catalytically inactive mutant of Pez to achieve this.
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Chapter 5: ldentification of potential substrates of PTP'Pez
using a substrate-trapping strategy

5.1 lntroduction
An essential prerequisite to the understanding of the function of PTP-Pez is the

identification of its physiological substrates. As the interaction between the phosphatase and its

substrates is expected to be transient in nature we have employed a "substrate-trapping" strategy

based on the method used to identify the substrates of PTPlB (Flint et al', 1997).

pTP catalytic domains consist of around 240 residues containing a number of invariant

amino acids including those in the PTP signature motif HCxxGxxRTG (Table 6.1). Structural

diversity between the PTPs is found principally in the non-catalytic domains. The crystal

structure of the catalytic domains of several PTPs have been solved, including PTP1B (Barford et

al.,1994),PTPmu (Hoffmann et al., 1997), PTP alpha (Jiang et al',1999), PTP-SHP-I (Yang et

al., 1998), Yersinia PTP YopH (Fauman et a1.,1996) and PTP-SL (Szedlacsek et al., 2001). The

crystal structures showed that the invariant residues are clustered in regions surrounding the

catalytic cleft suggesting that they play a role in catalysis. PTP1B, the prototypical PTP, is the

smallest member of the classical PTPs. It consists of a single 37kDa domain with the catalyfic

site located at the bottom of a shallow cleft. Its crystal structure has been determined both in the

absence of substrate and also complexed with a peptide substrate (Figure 1.1).

The phosphate recognition site is created from a loop that is located at the amino-terminus

of an alpha helix. This site is formed from the 11 amino acid signature motif containing a

catalytically essential cysteine residue that acts as a nucleophile in the catalytic reaction. Located

30-40 aa N-terminal of the catalytic motif is a catalylically important aspartic acid residue located

on a flexible loop. 'When substrate is bound to the eîzqe the loop undergoes a conformational

change. The cysteine residue forms a thiophosphate intermediate with the phosphate group. The

t23



Chapter 5

transfer of the phosphate is enhanced by the aspartate residue, which acts as a general acid and

protonates the oxygen of the phosphate group (reviewed in Denu et a1., 1996a; Neel and Tonks,

re97).

Table 5.1 PTP c c domains
PTP1B RYa6 RaTD 8115 Krzo WPDrsr HCzrs SzToAGIGR'2zr Qzez

PTP MU
GN E K V/PD HC S AGAGR A

T-CELL
RD E K WPD HC S AGIGR A

PTP-PEST
Y KD E K WPD HC S AGCGR A

PTPMEG-1
RD E K WPD HC S AGVGR A

PTPHl
KD E K WPD HC S AGIGR A

PTPDl
QD E K WP¿' HC S AGVGR A

PTP36
RE E K

RE E K

wP¡/ HC S AGVGR a
PTP-PEZ

'WPD167e HC S AGVGRrrzr

Table 5.L Sequence aligument of the catalylic domains of eight PTP family members compared

to pTplB. Members of the FERM family of PTPs are underlined. The catalytic, invariant

cysteine residue is shown in bold type. The conserved aspartic acid, which acts as a general acid

or the substituted amino acid, is shown in italics. The sequence alignment was extracted from

(Hooft van Huijsduijnen, 1998). Comparison was performed using the GCG (Genetics Computer

Group) Pileup software (version 8. 1), with a gap crealion penalty of 3 .00 and a gap extension of

0.10.) The alignment of PTPMEG-I and PTP36 was performed using the MultAlign software

from Angis with a gap weight of 1.0.

In order to identify PTP substrates it is necessary to isolate the PTP-substrate complex.

However, it is predicted that the nature of the interaction between the wt PTP and its substrate

will be transient and will not persist following dephosphorylation of the substrate. Several groups

have shown that the mutation of the catalytic cysteine to serine or alanine enables the isolation of
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PTPs with their substrates (Furukawa et al.,1994; Jia et al., 1995; Sun et al.,1993). The mutated

PTPs bind to their target substrates and remain bound in a more stable complex than the wt PTP,

as they are unable to dephosphorylate the substrate. However in some cases the complexes are

not sufficiently stable to permit isolation of the substrate.

A mutagenesis study of the invariant residues of PTP1B led to the development of a

'substrate-trapping' mutant (Flint et al.,1997). Mutating the catalytic cysteine to serine or alanine

or changing the invariant aspartate residue, Atptrt (PTPIB), to alanine results in a mutant able to

bind substrates in vivo. The latter mutation has a Km that is comparable to the wt PTP but with a

600-fold reduction in the catalytic activity (kcat) rendering the mutated PTP virtually

catalytically inactive. Mutation of the aspartate residue results in a stronger interaction with the

substrate than altering the catalytic cysteine (Flint et al., 1997). The substrate-trapping strategy

has been used successfully to identify substrates of other PTPs (Table 1.1). Accordingly, a

'substrate-trapping' mutant of Pez was generated in which Asprozr, the residue corresponding to

Asp,r, in PTPlB when the catalytic sites of the two PTPs are aligned (Table 5.1), was mutated to

alanine (see section.2.7).

5.2 Results
5.2.1 PTP-Pez phosphatase activity

Not all members of the PTP family are catalylícally active. PTP NE-6 has no detectable

catalytic activity presumably due to the substitution of an aspartate for a critical conserved

alanine residue (Azru in PTPIB Table 5.1) in the catalytic site (Fitzgerald et al., 1997). Another

inactive phosphatase, PTP-NP also has an aspartate residue in place of the catalytic site alanine;

mutation of this aspartate residue to alanine resulted in a catalytically active enzyme (Jiang et a1.,

1998). The Pez catalytic domain does not diverge from the consensus sequence and would

therefore be expected to be catalytically active. However, no PTP activity has been detected in
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the murine homologue oîPez,PTP36 (Ogata et al.,1999 a). Clearly the 'substrate-trapping'

strategy is only viable if the phosphatase has catalytic activity. Therefore, anin vitro assay was

carried out to determine whether PTP-Pez is an active phosphatase. Full-length Flag-tagged wt or

a catalTrtically inactive'substrate-trapping' mutant ST Pez¡167e4, w€re transiently transfected into

HEK293 cells. The wt-Pez or ST Pez¡1sle¡mutants were immunoprecipitated with the Flag Ab

and assayed in an in vitro colorimetric phosphatase assay. The substrate in this assay was a

biotinylated, tyrosine-phosphorylated peptide (PPS-1 see Fig.5.1). Following incubation with the

immunoprecipitated PTP, the peptide was bound to a streptavidin-coated 96-well plate and the

amount of tyrosine-phosphorylated peptide remaining determined using an HRP-coupled anti-

phosphotyrosine Ab and achromogenic HRP substrate. The assay showed that wt-Pez almost

completely dephosphorylated the substrate (Fig 5.1). In this assay the amount of substrate

remaining is inversely related to the level of phosphatase activity. The 'substrate-trapping'

mutant Pezorctgtretains some catalytic activity compared to the vector control but this is

significantly reduced compared to wt. This assay measured the endpoint of the reaction following

a two-hour incubation period. It is likely that the substrate was exhausted in the wt-Pez reaction

at an earlier time-point. This would result in an overestimation of the comparative activity of the

ST pez mutant. The small amount of dephosphorylation of the substrate seen in the vector control

may be due to the immunoprecipitation of other endogenous PTPs that bind non-specifically to

the Mz Ab. The addition of vanadate, a specific inhibitor of PTPs, to the assay completely

inhibits the dephosphorylation reaction, verifying that the reduction in detectable substrate is due

to pTP activity and showing that the same amount of substrate was added to each reaction (Fig

5.1)

It has previously been reported that PTP36, the murine homologue of PTP-Pez, is catalytically

inactive (Ogata et al., 1999 a). The conserved aspartic acid, which acts as a general acid upstream
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Figure 5.1
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Figure 5.1 In vitro tyrosine phosphatase activity of ectopically expressed wt-Pez and ST-Pez

D1079Ä.

Ips from HEK293 cells transfected with Flag-taggedwt-Pez, ST Pez or vector alone using the

M2 anti-Flag Ab were assayed for PTP activity according to the method described in Section

2.15. The uriayr were carried out i vanadate. The assays were performed in triplicate'

Results:Mean + SEM. Representative results of three assays.

PPSl:corresponding to the hirudin 53 - 65 c-termi¡al fragment Biotin-
DGDFEEIPEEY (PO4) LQ-NII2, phosphorylated on tyrosine 63

PPS2:corresponding to amino acids 1 - 17 of human gastrin

Bi-EGPWLEEEEEAY(PO4) GWMDF-NH2, phosphorylated on tyrosine I
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of the catalytic cleft, is substituted by histidine in PTP36 but not in the human PTP-Pez, (Table

5.1). The acidic aspartate residue mediates the cleavage of the P-O bond between the phosphorus

atom and the oxygen atom of the tyrosyl side chain of the substrate. Substitution of the basic

amino acid histidine for aspartate may suppress cleavage of this bond Figure 5.1and block

catalysis. In another member of the FERM family of PTPs, PTP D1, the aspartic acid is

substituted by a glutamic acid, resulting in a 600-fold reduction in catalytic activity (Flint et al.,

lggT). This substitution could account for the difference between the catalytic activities of Pez

and pTp36. However, in serine/threonine phosphatases, histidines are able to act as general acids

An aspartic acid is thought to interact with a histidine residue that is near the leaving group and

assists in the proton transfer (Denu et al.,1996a). Therefore, the histidine in PTP36 does not

necessarily render the phosphatase inactive but may require the appropriate millieu to act as a

proton donor. It was also reported that expression of the PTP-Pez phosphatase domain as the

pTp-pez phosphatase domain expressed as a glutathione S-transferase (GST) fusion protein was

found to have no catalytic activity when measured using p-nitrophenyl phosphate as a substrate

(Ogata et al.,1999 a).It is possible that post-translational modifications, which do not occur in

bacteria, are necessary for catalylic activity. Alternatively the absence of the non-catalytic

domains might have resulted in incorrect folding of the phosphatase domain resulting in its

inability to bind to the substrate. Substrate specificity varies between phosphatases and it is

possible that the substratep-nitrophenyl phosphate was not optimal.
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5.2.2 Trapping substrates of PTP-Pez

Sequence alignment of the phosphatase domains of Pez and PTPIB indicate that Asprozq

of Pezcorresponds to Asprsr that is essential for catallic activity of PTP1B (Table 6.1). To

generate a substrate-trapping mutant of Pez, Asproze was mutated to alanine and the reduction in

phosphatase activity verified by an in vitro phosphatase assay (see Fig 5.1).

We decided to express the substrate-trapping mutant as a full-length protein in

mammalian cells rather than as a bacterially expressed GST fusion protein to ensure that the

protein was maintained in an active form. The use of the catalytic domain alone may potentially

have altered the binding specificity of the Pez or even rendered the phosphatase catalytically

inactive. Problems with protein solubility and degradation are often encountered in bacterial

expression systems, particularly when the protein being expressed is large. Another consideration

was that any post-translational modifications that may be required to produce an active

phosphatase would not take place in E coli. Therefore we expressedPez in mammalian cells and

immunoprecipitated the protein using an anti Flag Ab.

Co-immunoprecipitation of potential substrates in vivo was not possible due to the

necessity of using pervanadate treatment to enrich for tyrosine-phosphorylated proteins.

Pervanadate treatment would also inactivatePez. The substrate-trapping mutant of Pez (ST-

pezorozqn) was therefore expressed in HEK293 cells and immunoprecipitated from the lysates

using an anti Flag Ab coupled to protein A-sepharose. The Pez-anti Flag-sepharose complex was

then used to "pull down" associated proteins from extracts prepared from newly confluent

HI¡VEC monolayers. In anticipation that Pez might only bind to proteins that arc tyrosine-

phosphorylated, pervanadate was used to enrich for tyrosine-phosphorylated proteins. This

approach resulted in a global increase in the level of cellular tyrosine phosphorylation. As the

function of Pez was not known the targeted activation of specific signalling pathways by the
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addition of growth factors was impracticable, as this would not necessarily phosphorylate thePez

target. Tyrosine phosphorylated proteins pulled down by wt and ST-PezorcTgewere detected by

'western blotting with an anti-phosphotyrosine antibody (Fig. 5 .2 panel 2). The P ez

immunoprecipitates onlypulled down a small number of the tyrosine-phosphorylated bands

present in the whole cell lysate (Fig 5.2 panell) indicating that the interaction with these proteins

is specific. Furthermore these proteins are not pulled down from HUVEC lysates that had been

incubated with immunoprecipitates from vector transfected HEK293 cells.

The expected outcome of this assay was that the target protein(s) would be

dephosphorylated in the presence of the wt-Pezprotein. Therefore the target protein would either

not be pulled down in the assay or, if remaining complexed with Pez via non-catalytic regions of

the pTP protein, then the substrate would not be detected by an anti-phosphotyrosine Ab.

However substrate complexed to the ST-Pezoloze¡ protein would not be dephosphorylated and

would therefore be detected on an anti-phosphotyrosine blot. Therefore a tyrosine-phosphorylated

band that is detectable only in the ST-Peznrozea "pull-down" 'Westem blot is a potential Pez

substrate.

A number of phosphoproteins pulled down byPezelsls4 wefo seen at similar levels when

wt-pez was used in the pull-down, suggesting that these proteins associate with Pez but are not

dephosphorylated byPez. However, one phosphoprotein that was prominent in the Pez¡167ea (Fig

5.2band l) pu11-down was barely detectable in the wt-Pezpull-down, indicating that this protein

was likely to be a substrate oîPez.

5.2.3 Identification of substrates
Initially an attempt was made to identify the putative substrate by mass spectrometry.

However, attempts to scale up the substrate-trapping approach did not yield sufficient quantities
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Figure 5.2
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Figure 5.2 Identification of substrates and interacting proteins by 'substrate trapping' from

ffÚVnC lysates. HIJVEC lysate enriched for tyrosine phosphorylated proteins þanel 1) as

described in section 2.9. was incubated with Flag-tagged wt or ST-Pezorozea (expressed in

HEK293 cells) immunoprecipitates coupled to protein A- sepharose beads via an anti Flag Ab

(panel 6). Tyrosine phosphorylated proteins from HUVEC lysate that were bound to either wt or

S^T-p.ro,orea after washing were separated by SDS-PAGE and Western blotted with an anti

pnosprrãiyrosine Ab. eand t is the only protein that is tyrosine phosphorylated when precipitated

tV Si-p"Lorozq¡but is not phosphorylated when precipitated by wt-Pez (çtanel2).The tyrosine-

pirosphorylated bands were not detected when HTIVEC lysates were incubated with

i--rrtropiecipitates from vector transfected cells (panel 7). Identical samples electrophoresed on

the same gel were'Western blotted with B-catenin Ab showing that B-catenin has the same

relative tr.rãUifty as band 1(panel 3) and is pulled down by both wt-Pez and ST-Pezotozq¡. After

stripping, the filter was re-blotted with o-catenin (panel4) and ZO-1 (panel 5) Abs showing that

cr-catenin and ZO-l co-migrate with the tyrosine phosphorylated proteins shown as bands 2 and

3, respectively.
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of protein to unequivocally identify the substrate. Two dimensional SDS-Page was also

attempted however despite repeated attempts the successful isolation of sufficient protein was not

achieved. A second approach based on the rationale below was therefore used for the

identification of the putative substrate.

As discussed in chapter four, Pez localises to either the cell-cell junctions or to the nucleus

in response to different cell-culture conditions. It can therefore be predicted that these are the

locations where pez interacts with its substrate(s). Although relatively little is known about the

role of tyrosine phosphorylation in the nucleus, tyrosine phosphorylation of the proteins involved

in cell-cell adhesion has been well-characterised (see section 1.9.2.2.I.2). Components of the

cell-cell adhesion complexes are potential substrates of Pez. Antibodies to known cell-cell

adhesion complex proteins were therefore employed to investigate whether proteins associated

with cell junctions were 'pul|ed down' by wt and ST-PezDl¡7eA Pez in the substrate-trapping

experiments. Counterblotting the substrate-trapping blots with antibodies to adherens junction

and tight junction proteins showed that several junctional proteins were pulled down with both

the wt and ST-PezDtoTeA.

Counterblotting with an antibody to the adherens junction protein B-catenin showed that p-

catenin co-migrated with band 1 (Fig.5.2) suggesting that the putative substrate is B-catenin.

Equal amounts of B-catenin were found to be associated with both wt and ST-PezDt6TeA indicating

thatpezbinds to both phosphorylated and unphosphorylated B-catenin. This finding suggests that

pez is either binding to B-catenin via region(s) other than the catalytic cleft or that p-catenin and

pez form part of the same multi-protein complex, which remains intact following

depho sphorylation of P -catenin.
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Counterblotting with antibodies to other adherens junction proteins revealed that cr-catenin

(Fig.S.Zpanel 4) and y-catenin (data not shown) were also 'pulled-down' with Pez. The

simultaneous precipitation of these adherens junction proteins with Pez indicates thatPez forms

part of the adherens junction complex. However, there is no indication from the substrate-

trapping data to indicate that cr and y-catenin are substrates ofPez. Only B-catenin was

dephosphorylated in the presence of wt-Pez; tyrosine phosphorylation of the bands corresponding

to cr- and y-catenin (Fig.5.2 panel 2) was unchanged in the presence of the wt compared to ST-

Pez¡1679¡.

The tight junction protein ZO-1 also binds to wt-Pez and to ST-Pez¡rozs¡ (Fig 5.2 panel 5)

but is unlikely to be a substrate as its level of tyrosine phosphorylation is the same in the presence

of the active and the mutant phosphatase. In epithelial and endothelial cells ZO-1 forms part of

the tight junction complex (reviewed in Stevenson and Keon, 199S). Its association with Pez in

the substrate-trapping assay suggested thatPezmight also play a role in regulating adhesion at

TJs. Howe ver, ZO-l can also localise to the adherens junctions in non-epithelial cells (Itoh et a1.,

1993) Furthermore, prior to the formation of TJs in epithelial cells, ZO-l initially localises to the

adherens junction (Rajasekaran et al', 1996).

In endothelial cells tight junctions are only well formed in the blood vessels that strictly

control the exchange between blood and tissues such as at the blood-brain barrier. The

organisation of the TJs in HUVEC, where there is not a tight seal between the blood and the

surrounding tissue, do not conform to the structure of epithelial TJs. Consequently it is uncertain

whether ttre ZO-l expressed in HUVEC is associated with the AJs or the TJs. Therefore, to

determine if there are other Pez substrates that are components of the TJ complex, 'substrate-

trapping, was carried out using extracts from MDCK cells. MDCK cells are a canine epithelial

cell line used as a model cell line to study the function of tight junctions. Two tyrosine-
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phosphorylated bands that were not detectable in the presence of wt-Pez were pulled down by

ST-pezp1s7e¡ (Figure 5.3) from MDCK cell lysates. The migration of these bands corresponded

to the MV/s of unphosphorylated (65kDa) and hyperphosphorylated (-80kDa) occludin

(Sakakibar a et al., l9g7), an integral membrane component of the tight junctions. Western blots

using an anti-occludin Ab on samples run in parallel showed that the higher MW band co-

migrated with occludin. However, the occludin Ab did not detect the lower MV/ band indicating

that this band was not occludin.

5.3 Discussion
Two potentialPez substrates have been identified using a 'substrate-trapping' approach,

the adherens junction protein B-catenin and occludin, an integral membrane protein that forms

part of the TJ complex. The TJ scaffolding protein ZO-1 also bound to both wt and ST-Peznrorqn

however it was not dephosphorylated by wt-Pez under the assay conditions used. ZO-1 is

therefore less likely to be a Pez substrate but may serve to bring Pez into contact with other

tyrosine-phosphorylated proteins at the TJs. On the other hand, the proteins that co-migrated with

B-Catenin and occludin were both dephosphorylated in the presence of wt-Pez. These results

suggest that p-catenin and occludin are potential substrates ofPez. Both proteins are complexed

topezin their dephosphorylated form as well as when they are tyrosine phosphorylated

suggesting that they may exist in vivo as a preformed complex with Pez. The 'substrate-trapping

.strategy involved the use of vanadate to induce the massive phosphorylation of many cellular

proteins. The interaction between Pez and the phosphoproteins took place in vitro and the

phosphatase had access to proteins, which might not necessarily be available in a cellular context

It is therefore important to establish whether Pez can associate with and dephosphorylate these

proteins in vivo.
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X'igure 5.3
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Figure 5.3 Identification of substrates and interacting proteins by 'substrate trapping' from

fVfbCX lysates. As in Figure 5.2 except that MDCK lysate was used as the source of tyrosine

phosphorylated substrate. A parallel blot was blotted with occludin Ab showing that the higher

iøWìytotine phosphorylated band pulled-down by ST-PezDl¡TeAco-migrates with occludin.
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CHAPTER SIX
PTP-Pez localises \ryith the adherens

junction complexes
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Ghapter 6: PTP-Pez localises w¡th the adherens junction
complexes

6.1 Introduction
The substrate-trapping results in chapter 5 provided evidence that PTP-Pez binds to

proteins in the adherens junction complex and that B-catenin is a potential substrate of Pez. The

adherens junction is one of the complexes involved in establishing and maintaining contact

between neighbouring cells.

6.1.1 Cell-cell adhesion
Contact between epithelial cells is maintained through a combination of adherens

junctions, tight junctions, gap junctions and desmosomes. Adherens junctions are contacts

between adjacent epithelial cells, which are mediated by the cadherin family of single-pass

calcium-dependent transmembrane glycoproteins (Figure 6.1) (see section 1.9.2.2).The

extracellular domains of these molecules bind to the cadherins of neighbouring cells in a

homophilic, calcium dependent manner. The carboxy terminal 25 amino acids of the intracellular

domain of the cadherins bind to cr-catenin via either p- or y-catenin þlakoglobin). Alpha-catenin

binds to the actin cytoskeleton and also to other actin binding proteins, such as ZO-1, ZO-2,

vinculin and cr-actinin. All classes of cadherin appear to behave in a similar fashion and require

both linkage to the cytoskeleton and dimerisation with cadherins of adjacent cells leading to

clustering within the plane of the lipid bilayer of each cell to form strong adhesions.

The ability of cells to detach from each other and to form new cell adhesion complexes is

an essential part of development, growth and tissue repair. During morphogenesis cells detach

from their neighbours and migrate to new locations where they again form cell-cell contacts. In

addition during processes such as wound repair and the flux of cells through self-renewing

epithelial tissue such as skin remodelling of cell-cell adhesion complexes is an ongoing process.
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Figure 6.1
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Changes in the organisation of the adherens junction complex, phosphorylation of its constituent

proteins and alterations in the interactions with the cytoskeleton have all been suggested to play a

role in the regulation of adhesion.

6.1.2 Tyrosine Phosphorylation and the Cell-Cell Adhesion Complexes
Disruptiðn of the adhesiõn complex has been observed to occur when cells are treated with

tyrosine phosphatase inhibitors (Volberg et a1., 1992). Tyrosine phosphorylation of B-catenin has

been proposed as a mechanism for modulating adhesive strength (Birchmeiet et a1.,1993; Piedra

et a1.,200I; Roura et al., 1999). Other members of the adherens junction such as vascular

endothelial cadherin (VE-cadherin), p120"n and y-catenin have also been found to be tyrosine-

phosphorylated (Esser etal.,1998; Lampugnani et al., 7997;Reynolds et al., 7992;Hazanand

Norton, 199S). Increased tyrosine phosphorylation of these proteins has been correlated with a

decrease in adhesive strength (reviewed in Daniel and Reynolds, 1997; Provost and Rimm,

l9g9). Tyrosine phosphorylation of B-catenin may result in its dissociation from E-cadherin or ø-

catenin, either of which would result in a loss of contact between the adherens complex and the

actin cytoskeleton. There is considerable evidence to suggest that it is the tyrosine

phosphorylation of B-catenin that triggers the dissociation (reviewed in, Daniel and Reynolds,

1997; Lilien et al.,2OOZ) It is possible that the tyrosine phosphorylation of different residues on

B-catenin regulates its binding to E-cadherin and alpha-catenin. Tyrosine kinases e'g. EGFR and

protein tyrosine phosphatases have all been found in association with the adherens junction

complex, (See Sections 1.9 and 1.10 for a more detailed discussion).

6.1.3 Minimum essential criteria to establish that B-catenin is a Pez substrate
In view of the important role played by tyrosine kinases and phosphatases in the

regulation of cell-cell adhesion, we were interested in determining whether Pez might be a

regulator of p-catenin tyrosine phosphorylation.

139



Chapter 6

To demonstrate that B-catenin is a physiological substrate it must meet severai essential

conditions; these are as follows:

1. B-catenin must co-localise with Pez.

2. Pez must interact with its substrate in vivo

3. B-Catenin must show a decrease in tyrosine phosphorylation in the presence of Pez and/or

an increase in tyrosine phosphorylation in the presence of an inactive mutant of Pez

Pez localises to the cell-cell adhesions in confluent cells (Fig 4.6 A) and to the nucleus in

subconfluent cells (Fig a.6B). Therefore it is potentially co-localising with B-catenin at the

adherens junctions or in the nucleus (section 4.4) satisfying the first criterion. Since completion

of my PhD, co-localisation of Pez at the adherens junctions has been unequivocally demonstrated

by confocal microscopy (Wadham et a1., 2003). The data in this chapter demonstrate that B-

catenin also fulfils criteria 2 and 3 as a substrate of Pez.

6.2 Results
6.2.1PTP-Pez Interacts With B-catenin In Vivo

6.2.1.1 co-immunoprecipitation of endogenous Pez with B-catenin

To confirm whether endogenous PTP-Pez can associate with p-catenin in vivo, co-

immunoprecipitation assays were performed using HUVEC, a cell line in which both proteins are

co-express ed,.Pezwas found to co-immunoprecipitate with B-catenin when a B-catenin Ab, but

not a control Ab, was used to immunoprecipitate B-catenin from HUVEC lysate (Fig.6.2.4).
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Figure 6.2
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Figure 6.2 Pez co-immunoprecipitates with B-Catenin from HUVEC lysates.

Confluent P3 HUVEC were lysed in situ in ST buffer and equal volumes of lysate were

immunoprecipitated with either anti p-catenin antibody or an isotype matched control Ig (anti

keyhole limpet hemocyanin (KLH) mouse IgGl, lFl1). A Western blot of the IPs and total cell
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with anti p-catenin antibody. These data are representative of at least three experiments.
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Likewise, when Pez was immunoprecipitated from HUVEC lysates, B-catenin was found to co-

immunoprecipitate (Fig 6.3). There was also some non-specific binding of B-catenin to the non-

immune control however, in repeated experiments there was consistently more B-catenin co-

immunoprecipitating with the Pez Ab.

Only a small fraction of the endogenous pool of B-catenin co-immunoprecipitated with

Pez from HtryEC lysates. There are several possible explanations for this. It has been reported

that B-catenin exists in four distinct pools (Stewart and Nelson, 1997) indicating that it is

segregated within the cell into different protein complexes. Furthermore sub-populations of B-

catenin within the cell have distinct binding properties For example only a small proportion of

the p-catenin in SV/480 cells is able to bind to E-cadherin (Gottardi et a1., 2001). The existence

of inactive and active pools of B-catenin is supported by several studies showing that p-catenin

activity is not regulated solely by protein stability and cytosolic accumulation (Guger and

Gumbiner, 2000;Nelson and Gumbiner, 1999)If Pez is binding to B-catenin in only one of these

pools then only a proportion of the overall cellular p-catenin is available as a potential substrate.

Furthermore Pez is localised to several subcellular compartments (section 4.3.3), the cytoplasm,

the cell-cell adhesions and the nucleus. Consequently, only the fraction that co-localises with p-

catenin will be able to co-precipitate B-catenin which may only be a small percentage of the total

cellular Pez.

6.2.1.2 Truncation mutants of Pez co-immunoprecipitate with B-catenin

The substrate-trapping data (section 5.2.3) suggested that both unphosphorylated and

phosphorylated forms of B-catenin associated equally well with Pez (Fig 5.2) indicating that

regions other than the catalytic cleft ofPez were involved in the association. Deletion mutants of
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Figure 6.3
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Figure 6.3 B-Catenin co-immunoprecipitates with Pez from HUVEC lysates Confluent P2
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The membrane was subsequently re-blotted with anti-Pez R1 antiserum. These dataarc
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Pez (Fig 6.4A) were constructed in order to investigate which of the regions are involved in

binding to B-catenin. WT Pez andAPTP-Pez both co-immunoprecipitated with equally well with

B-catenin from transiently transfected HEK293 cell lysates (Fig. 6.a B). There were no proteins

co-immunoprecipitating from the empty vector control. p-Catenin also co-immunoprecipitated

with AFERM -Pez ftom stably transfected MDCK cell lysates (Fig.6.a C); no p-catenin was

immunoprecipitated with the Flag Ab from the cells expressing vector alone. Figure 6 4 C

suggests that wt-Pez co-immunoprecipitates B-catenin much better than AFERM Pez indicating

that there may be some involvement of the FERM domain sequence in binding to B-catenin' The

binding of APTP- and AFERM-Pez to B-catenin indicates that the intervening domains ofPez

between the FERM and PTP domains are involved in substrate binding.

6.2.1.2 wt-Pez and deletion mutants of Pez localise to the cell-cell junctions in MDCK cells

Having demonstrated that wt and the truncation mutants of Pez are co-immunoprecipitated with

p-catenin in a similar manner we investigated whether they also localised to the AJs in a similar

manner. Confluent monolayers of parental MDCK cells and stable MDCK cell lines expressing,

wt-Pez, AFERM-Pez or APTP-Pez were stained with an anti-flag Ab and examined by indirect

immunofluorescence using epifluorescent microscopy. The flag epitope was detected at the cell

junctions in all cell lines expressing wt or mutant forms of Pez (Fig 6.5). These data indicate that

neither FERM nor PTP domains on their own are absolutely essential for localisation of Pez to

cell junctions. They also suggest that the intervening sequence, either alone or together with

flanking sequences, may be important for targeting to the junctions. It was anticipated that the

FERM domain would anchor the protein at the plasma membrane by binding to an integral

protein. However, the deletion of this domain did not result in the loss of cell junction

localisation. Therefore, it either acts together with other domains to tether Pez to the plasma
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Figure 6.4
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Figure 6.4 Ectopic wt-, APTP- and AFERM-Pez coimmunoprecipitate with B-catenin. A' A

schematic representation of wt, APTP and AFERM Pez deletion mutants' B'HEK293 cells

transiently transfected with either wt-Pez, APTP-Pez or vector were grown to confluence then

lysed in siitu inST buffer. Lysates vyere incubated with a B-catenin Ab and precipitated proteins

were'Westem blotted using a Flag-epitope Ab to detect ectopically expressed Pez. Both wt and

ApTp-pez coimmunoprecipitated with B-catenin; nothing was detected in the empty vector

control indicating spe¿ificity of the coimmunoprecipitation. The blot was stripped and re-blotted

with a p-catenin Ab showing the presence of B-catenin in all 3 immunoprecipitations.

(Transiection and Ip performed by Y-Khew-Goodall) C. Confluent MDCK cell lines expressing

either vector, wt or AFERM Pez were lysed ln situ in ST buffer, immunoprecipitated with anti-

flag antibody and blotted with antibodies to p-catenin. The membrane was subsequently counter-

blotted with anti-flag antibodY'
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Figure 6.5
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Figure 6.5Pezdeletion mutants stably expressed in MDCK cells all localise to the cell-cell

¡unctions. A. A schematic representation of wt-Pez and deletion mutants. B. Epifluorescent

micrographs of MDCK cells stably expressing wt-Pez, 
^PTP, 

AFERM or vector alone and

staineá with an anti-Flag Ab (M2) and detected with a FlTC-conjugated anti-mouse secondary

Ab.
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membrane or altematively is involved in another function such as attachment to the nuclear

membrane.

6.2.2 tr'unctions of Pez elucidated by ectopic expression of dominant negative

mutants
As APTP-Pez bound to p-catenin but lacked catalytic activity, the binding of this mutant

could possibly inhibit the binding of endogenous PTP Pezto its substrate thereby preventing

dephosphorylation of the substrate. Therefore, \¡/e were interested to determine whether this

truncation mutant could act as a dominant negative (DN) of Pez. A DN mutant is one that is able

to interfere with the activity of the endogenous protein. Therefore a DN mutant of Pez would be

expected to prevent the dephosphorylation ofPez substrates'

6.2.2.1ÂPTP-Pez acts as a dominant negative mutant and results in increased tyrosine
phosphorylation.

An epithelial cell line (MDCK) was used to investigate the effect of APTP-Pez expression

on the cell junctions. These cells form morphologically and spatially distinct cell junction

complexes enabling us to analyse the phosphorylation status of the different complexes.

We therefore investigated whether expression of this mutant caused an increase in

tyrosine phosphorylation of proteins localised to the junctions. The tyrosine phosphorylation

status of confluent monolayers of MDCK cell lines stably expressing empty vector, wt-Pez or

APTP-Pez that had been serum-starved were examined by indirect immunofluorescence using an

anti-PY Ab. and epifluorescence microscopy (Fig 6.6). Compared to vector control cells or wt-

Pez MDCK cells, a marked increase in tyrosine phosphorylation was induced by the DN mutant

specifically at the cell junctions, marked by co-staining with an antibody to the tight junction

protein ZO-1. Quantitation of the fluorescence intensities of the ZO-l and anti-phosphotyrosine

Abs across several cell boundaries clearly shows the co-localisation of tyrosine phosphorylation

to the junctions (Fig 6.6 right hand panels). This clearly demonstrated that the APTP-Pez mutant
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Figure 6.6
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Figure 6.6 Expression of ectopic PTP-Pez increases the tyrosine phosphorylation of
proteins at the cell-cell junctions
Confluent monolayers of MDCK cells stably expressing vector, wt-Pez or PTP-Pez were co-

stained with anti-phosphotyrosine (mouse monoclonal Ab) andZO-I (rabbit polyclonal Ab) Abs.

and detected by immunofluorescence using biotinylated anti-mouse Ab, followed by Texas -Red
conjugated streptavidin and Alexa fluor 350-conjugated anti rabbit Ab respectively. Columns

from teft to right: phosphotyrosine Ab staining, ZO-1 staining to show the positions of cell-cell

contacts, merged PY (false coloured red) and ZO-1 (false coloured green) staining and

quantitation of PY andZO-l fluorescent intensities taken along a line connecting the crosses

shown in the merged image. Specific PY staining was only observed in the APTP cells, which

coincided with ZO-lstaining at the intercellular junctions
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was able to act as a DN mutant to increase the tyrosine phosphorylation of the intercellular

junctions. Expression of another Pez mutant ,Pez p1121¡4. also resulted in increased tyrosine

phosphorylation ofjunctional proteins (Wadham et a1.,2003). This mutant contains a single point

mutation and was predicted to act as a dominant negative mutant of Pez based on the mutational

analysis of pTplB (Flint et aL,1997).Because the analysis was carried out by epifluorescence it

was not possible to determine whether the increased tyrosine phosphorylation was at the AJs

only, TJs only or induced in both. Confocal microscopy is required to investigate the specificity

of the phosphorylation at intercellular junctions. Since the completion of my PhD co-localisation

of the phosphotyrosine staining with E-cadherin at the adherens junctions has been confirmed by

Y. Khew-Goodall using confocal microscopy (wadham et a1., 2003).

6.2.2.2 'Western analysis shows an increase in tyrosine phosphorylation of specific proteins

by APTP-Pez in MDCK cells

'Western analysis was carried out to analyse the number and characteristics of proteins that

were being tyrosine-phosphorylated in the presence of ÀPTP-Pez. Confluent monolayers of

MDCK cells, stably expressing either empty vector or Flag epitope tagged wt-Pez or ÂPTP-Pez

\Mere serum-starved for 48-hours and then stimulated with 10% serum for 10 minutes to induce

tyrosine phosphorylation. Lysates from these cells were'W'estem blotted using an anti-

phosphotyrosine Ab (Fig.6.7). The total cellular phosphorylation was low as would be expected

in the absence of pTp inhibitors such as vanadate or overexpressed tyrosine kinases. There was a

sþecific increase in the tyrosine phosphorylation of at least two proteins in the lysate from cells

expressing APTP-Pez but not in the lysate from empty vector control or wt expressing cell

lysates. One of these tyrosine-phosphorylated proteins co-migtated with B-catenin; the other, a

higher molecular weight protein, has not yet been identified. Since the completion of my PhD the
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Figure 6.7
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Figure 6.7 APTP-Pez expression results in increased tyrosine Phosphorylation of proteins in

MDCK cells MDCK cells stably expressing vector, wt or APTP-Pez ìwere serum starved for 48-

hours followed by 10 minutes stimulation with 10 o/o serum to induce tyrosine phosphorylation.

Lysates were western blotted with a phosphotyrosine Ab (left panel). In this cell line two proteins

were specifically phosphorylated in the APTP-Pez cells (indicated by arrowheads, one of which

co-migrates with B-catenin (double-arrowhead) when the blot was stripped and re-blotted with a

p-catenin Ab.A non-specifically phosphorylated protein, present in all lysates, is indicated by an

open affow. An additional unidentified protein is also tyrosine phosphorylated in the presence of
APTP-P9z (single arrowhead). This blot is representative of two experiments.
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increased tyrosine phosphorylation by B-catenin in the presence of ÀPTP-Pez has been confirmed

by Y. Khew-Goodall by immunoprecipitation with a B-catenin Ab. followed by Westem blotting

with an anti phosphotyrosine Ab (V/adham et al., 2003). These data provide further evidence that

APTP-Pez is acting as a dominant negative mutant'

6.2.2.3 Expression of ÂPTP-Pez in 4431 cells

A43I cells were used to verify the dominant negative role of APTP-Pez in a human cell

line. This is a human epidermoid carcinoma cell line that over-expresses the EGF receptor,

potentially giving rise to a higher level of B-catenin tyrosine phosphorylation. (Ref: section

6.2.1.3). 
'When APTP-Pez was transiently expressed in 4431 cells it was found to act as a

dominant negative increasing the level of tyrosine phosphorylation of proteins that co-migrated

with both B-catenin and the tight junctions protein occludin (see chapter 7) compared to cells

expressing the vector control (Fig 6.8). As in figure 6.7 , there were other bands that also showed

increased tyrosine phosphorylation in the presence of ÀPTP-Pez suggesting that there are other

Pez substrates that were not identified by "substrate-trapping". It is probable that these are

physiological substrates of Pez, as the action of a dominant negative requires competitive binding

of the substrate to prevent the action of the endogenous phosphatase. The level of overexpression

is low decreasing the likelihood that there is mislocalisation and forced association with non-

physiolo gical binding p artners.
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Figure 6.8
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6.2.3 Overexpression of the dominant negative mutant (APTP-Pez) enhances

cell migration
Tyrosine phosphorylation of p-catenin has been shown to result in an increase in cell motility.

This was investigated using an in vitro'wound' assay whereby a linear scratch was made on a

confluent monolayer of MDCK cells to generate a linear denuded area following which cells

from the edge of the 'wound' migrated into the denuded area to repopulate it. Cells

overexpressing APTP-Pezmigrated further into the 'wound' afTer 24hthan cells overexpressing

either empty vector or wt-Pez (Fig 6.9). Measurements of the distances migrated after 24h (Fig

6.9.9) showed that the average distance migrated by the APTP-Pez transfectants were

significantly greater (p:0.02) than the distance migrated by either wt-Pez or vector control cells.

There was no significant difference between the distances migrated by the wt-Pez cells and

empty vector transfected cells (p: 0.0S). The data suggest that ÀPTP-Pez expression increases

cell motility, possibly through increasing tyrosine phosphorylation of AJs leading to a decrease in

adhesiveness. Y Khew-Goodall performed these experiments.

6.3 Discuss¡on
The data provided in this chapter and in chapter 5 provide strong evidence that B-catenin

is a physiological substrate of PTP-Pez. B-Catenin binds to endogenous Pez in HLIVEC and also

to ectopically express edPez in HEK293 and MDCK cells. The co-precipitation of the APTP-Pez

mutant with B-catenin confirms that non-catalytic domains are involved in substrate binding.

There are several protein-protein interaction motifs within Pez, which are possibly involved in

substrate binding. These include the C-terminal FERM domain, a poly-proline sequence and an

acidic sequence both located within the intervening sequence between the FERM domain and the

PTP domain (Fig 3.1). It is possible that the FERM domain plays a role in the binding of B-

catenin as co-immunoprecipitation with the AFERM-Pez mutant was decreased compared with
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Figure 6.9
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expressing empty vector, wtl or APTP-Pez werelilounded using the edge of a cell scraper and

pnãtograptred immediately (0h). Each wound was photographed again at the same spot 24hlater
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fhã distance between the wound edges was measured at the same point on each wound at 0h

and at 24h.The difference in distance between the 2 edges at24h and 0h was taken to be the

distance migrated in24h. Three wounds were measured for each cell line' **p :0-02 when

distance migrated by APTP expressing cells was compared with cells expressing empty vector.

(Experiments and analysis performed by Y Khew-Goodall)
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A.

24h

B tr^
E.Ëotr
ä¡.= (ú

o5(JE
ctE(ú-
.r,l €loN

154



Chapter 6

wt-Pez. However more accurate quantitative analysis will be necessary to confirm this. The

reduction in binding of AFERM -Pez to B-catenin may be the result of misfolding due to the

deletion of the FERM domain, or some of the sequences in the C-terminal portion of the FERM

domain flanking the intervening sequence may participate in B-catenin binding.

Many proteins are known to be binding partners of the FERM family members (see review

Hoover and Bryant, 2000). From these binding partners, conserved consensus binding sequences

have been proposed. These are S/TX (IfR) 4 (MAGUK, Ras and small GTPases) and RXK (X)

o-+GXY9X) 3s (glycophorin c and syndecan 2) however, neither of these sequences is in the B-

catenin amino acid sequence, supporting the notion that the B-catenin binding site of Pez is

unlikely to reside solely in the FERM domain'

It was anticipated that deletion of the FERM domain would result in a failure of the

mutant protein to localise at the junctions. However, immunofluorescent analysis of the

subcellular localisation of wt-Pez and the two deletion mutants APTP-Pez and AFERM-Pez

showed that they all localised to the cell junctions. The junctional localisation of the two deletion

mutants indicates that neither the FERM domain nor the catalytic domain is essential for

localising the protein to the plasma membrane.

Another possible B-catenin binding sequence is the poly-proline stretch found in the

region between the FERM and the PTP domains (see Fig 3.1). Proline rich sequences are

recognised by Src homology 3 (SH3) and WW binding domains, however these domains are not

present in B-catenin and there is no record in the literature of p-catenin binding to proline rich

sequences.

p-Catenin associates with many proteins including ct-catenin, which binds to the N-

terminus of B-catenin, APC (adenomatous polyposis coli), TCF/LEF and the cadherin family,

which all bind to the armadillo repeats of B-catenin. The structure of the armadillo repeat region
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of B-catenin has been resolved (Huber et a1.,1991). The twelve repeats generate a groove

enriched in basic amino acids to which highly acidic regions in the binding domains of E-

cadherin, APC or TCF/LEF bind. There is an acidic-sequence in the variable region of Pez (see

Fig.3.1), which, while it does not have sequence homology with the cadherin-binding domain, is

a possible B-catenin binding sequence. Detailed investigation of Pez and B-catenin binding,

involving perhaps a two-hybrid assay and deletion analysis, is required to elucidate the regions

within the two proteins that are involved in this interaction.

The finding that APTP-Pez bound to B-catenin (Figs 6.2 to 6.4) and localised to the cell

junctions (Fig 6.5) suggested that this mutant form of Pez could compete with the endogenous

phosphatase for substrate, thus acting as a dominant negative, which would be reflected in

increased tyrosine phosphorylation of its substrates. This inference is supported by a marked

increase in tyrosine phosphorylation of proteins at the cell junctions observed by

immunofluorescence. 
'Western blots of cell lysates showed tyrosine phosphorylation of several

proteins including one that co-migrates with B-catenin, following expression of APTP-Pez in

MDCK cells (Fig 6.7). This finding was confirmed in the human cell line A43I. Overexpression

of APTP-Pez resulted in an increase in the motility of MDCK cells compared to wt or vector

expressing cells. This finding is consistent with an increased level of tyrosine phosphorylation of

junctional proteins resulting in a loosening of the junctions leading to increased motility.

However this finding is only correlative and further analysis is required to determine the

functional outcome of inhibitin gPez expression. The data collectively indicate that PTP-Pez is

co-localising with B-catenin in vivo and that p-catenin is most likely a substrate of PTP-Pez.

These findings support the substrate trapping data (chapter 5) showing that B-catenin is tyrosine

phosphorylated in the presence of the catalytically inactive ST mutant of Pez.

156



Chapter 6

Since the completion of my PhD, a GST-Pez fusion protein has been shown to

dephosphorylate p-catenin in vitro whereas a GST-ST-Peze1s1e¡fusion protein does not.

Furthermore, immunoprecipitation of p-catenin followed by Western blotting with an anti-

phosphotyrosine Ab confirmed that p-catenin was phosphorylated in APTP-Pez-transfected but not

empty vector-transfected cells, this work was performed by Y Khew-Goodall (Wadham et al., 2003).

These data confirm that p-catenin is indeed a substrate of Pez.

The presence of B-catenin in the adherens junction is controlled by tyrosine

phosphorylation (Balsamo et al., 1996; Hoschuetzky et a1., 1994; Kinch et a1.,1995; Rosato et al.,

1998; Muller et al., lggg). Tyrosine phosphorylation of B-catenin has been shown to cause its

dissociation from E-cadherin in vitro (Roura et a1., 1999) resulting in weakening of the tight

junctions and facilitating such processes as cell migration. Other PTPs have also been found to

interact with B-catenin. PTP LAR co-localises with the cadherin-catenin complex in epithelial

cells and associates with p-catenin and plakoglobin. PTP LAR inhibits phosphorylation of p-

catenin and epithelial cell migration decreases. An increase in the free pool of cytoplasmic B-

catenin was also observed (Muller et al., 1999). PTP¡r is associated with E-cadherin and cr and B-

catenin in E-cadherin-positive cell lines (Brady-Kalnay et al.,1995; Hiscox and Jiang, 1998).

pTPIB binds to the cytoplasmic domain of N cadherin (Balsamo et a1., 1996) and B-catenin

shows increased phosphorylation on tyrosine residues in the presence of catalytically inactive

PTPlB (Balsamo et a1.,1998).

The involvement of multiple PTPs in the regulation of the adherens junctions may be due

to redundancy, underscoring the critical function of the adherens junctions. Then again there

may be tissue or developmental specificity involved. Additionally each PTP may be acting on

different tyrosine residues within the B-catenin sequence.
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Deletion analysis of B-catenin revealed two sequences, aa1-106 and aa 57 5-693 that are

capable of being phosphorylated by pp60c-src (Roura et a1.,1999). The six tyrosine-residues in

these fragments were compared with the sequences of known Src substrates with the result that

several were discarded as not fitting well with the optimal phosphorylation sequence of this

kinase. Consequently only two of these tyrosine residues were investigated for their effect on E-

cadherin binding. The results indicated that, although Tyr-86 was a better substrate for pp60c-src,

only tyrosine phosphorylation of Tyr-654 correlated with disruption of the adherens junctions.

Analysis of the other tyrosine residues present in B-catenin that may also influence its binding to

either E-cadherin or cr-catenin has not yet been undertaken.

Tyrosine kinases other than Src are known to modulate the adherens junctions, such as the

receptor tyrosine kinases for EGF (Hoschuetzky et al., 1994; Shiozaki et al',I995;Hazanand

Norton, 1998; Moon et a1., 2001) hepatocyte growth factor (Birchmeier et al.,1993; Monga et al.,

2002) and insulin-like growth factor 1(IGFl (Playford et al., 2000) and other members of the Src

family of tyrosine kinases such as Fyn (Calautti et al., 2002) and cytosolic tyrosine kinases such

as Fer (Rosato et a1., 199S). These tyrosine kinases possibly phosphorylate different tyrosine

residues in B-catenin, which in turn are substrates for the different PTPs.

In support of this proposition, there is evidence to show that there are differential effects

of tyrosine phosphorylation of p-catenin mediated by different tyrosine kinases. Activation of

ectopically expressed TrkA, the tyrosine kinase receptor for nerve growth factor (NGF), induces

tyrosine phosphorylation of B-catenin but contrary to other findings this results in increased cell-

cell adhesion and promotes the assembly of cells into closely packed clusters (Cozzolino et al.,

2000). Moreover, tyrosine phosphorylation ofjunctional proteins including B-catenin by the Fyn

tyrosine kinase increases the strength of adhesion in differentiating keratinocytes (Calautti et al.,

19e8).
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Detailed analysis of the different tyrosine residues of p-catenin is required to establish

which PTKs and PTPs are involved in their modification and to determine the functional

outcome, which may be a difference in adhesion, morphogenesis or cell signalling.

The APTP-Pez mutant provides a valuable tool for further investigation to determine how

the interaction betweenpez and B-catenin is regulated and the physiological functions of this

interaction. The catalytic activity ofPez ¡1127¡4mutânt has not yet been assayed to determine

whether it is indeed inactive. This could be verified by an in vitro phosphatase assay as shown in

chapter 5 or by incubating the overexpressed Pez nrrzzrr¡ mutant with tyrosine phosphorylated p-

catenin. If this is confirmed then Pez p1127¡a could be used as a dominant negative in preference to

ApTp-pez. As pez Rr27M contains only a single point mutation it is more likely to interact with all

of the pez binding proteins, whereas the deletion mutant will be unable to bind to proteins that

interact with the PTP domain.

The central role of p-catenin in both cell adhesion and cell signalling (see section 1.10.1

and chapter 9) suggestthatPezis an important regulator of these functions. Analysis of Pez

expression in development and cancer, in which processes the regulation of B-catenin is critical,

are areas ofpossible future research.

The next chapter presents preliminary evidence that the tight junction protein occludin is

also a Pez substrate.
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Chapter Seven: PTP-Pez and the tight junction Gomplexes

7.1 lntroduction
Epithelia and endothelia serve to separate compartments within the body with different

molecular, ionic and cellular composition. The tight junctions maintain the integrity of the

epithelial and endothelial barriers. The junctional complexes are located towards the apical

surface of the lateralplasma membrane and are comprised of three components: tight junctions,

adherens junctions and desmosomes. 
'Whereas 

desmosomes and adherens junctions serve to link

a_dj acent cells together, the tight junctions are responsible for sealing the barrier between the

cellular comp artments.

plasma membranes of polarised cells are functionally divided into apical and basolateral

membrane domains. Integral lipids and proteins are able to diffuse freely within the plane of the

plasma membrane. However, the composition of integral membrane proteins and lipids in the

apicaland basolateral domains is distinct. Tight junctions are composed of integral membrane

proteins, occludins, claudins and JAMs which surround the top of individual cells separating the

apical and basolateral membrane domains (Fig 6.l)(reviewed in Balda and Matter, 1998; Mitic et

a1.,2000; Tsukita ef a1.,2001). It is thought that the tight junction acts as a fence, limiting the

lateral diffusion of lipids and integral membrane proteins between the apical and basolateral

domains (Dragsten et al., 1981; van Meer et al., 1986). The TJ also functions as a gate,limiting

diffusion of molecules between body compartments (reviewed in Tsukita et al., 2001; Tsukita et

a1.,1999).

7.1.2 Composition of the tight junctions
Freele-fracture replica mi"ros"opy has been used to analyse the morphology of tight

junctions (Staehelin et al.,1969;reviewed in Tsukita et a1.,2001). These studies have revealed

the tight junctions as a set of continuous, cross-linked intramembranous strands on the
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protoplasmic (p) face or inner leaflet of the lreeze fractured membrane lipid bilayer. On the outer

leaflet of the membrane, the extracytoplasmic (E) face, are unoccupied gtooves in

complementary orientation to the tight junction strands. The number of the tight junction strands

varies widely according to cell t¡pe. Two models were proposed to explain the structure of the

tight junction strands. A lipid model in which the junctions were proposed to be comprised of

lipidic cylinders (Kachar and Reese, 1982; Meyer, 19S3) and a protein model in which the

strands were represented as integral membrane proteins (Gumbiner,1987; Gumbiner, 1993). The

identification first of occludin (McCarthy et al., 1996) followed by the claudins (Furuse et a1',

199g) and JAMs (Martin-padura et al., 1998), all integral membrane proteins localising to the

tight junctions, supports the protein model.

7.1.3 The MAGUK familY
Three members of the membrane-associated guanylate kinase (MAGUK) homologue

proteinfamily, ZO-1 (Anderson eta1.,1988), ZO-2(Jesaitis andGoodenough,T994)atdZO-3

(Haskins et al., 199S) are also incorporated in the tight junction complex. MAGUK proteins are

composed of several domains including thePDZ (PSD95, DLG, ZO-1) domain that appears to

bind to neighbouring proteins to promote clustering. They also contain an SH3 domain that

mediates protein-protein binding to proline rich regions a catalytically inactive guanylate kinase

domain that is also involved in specihc protein-protein interactions and a proline-rich sequence.

In addition to their role in tight junction structure the MAGUK proteins are involved in other

processes such as tumour suppression, regulation of gene expression and protein clustering of ion

channels (Anderson and Van Itallie, 1995).

ZO-l,the first of the tight junction proteins to be identified, is a peripheral membrane

protein of 270-225 kDa that is essential to the structure and function of tight junctions'

Expression of N-terminal deletion mutants of ZO-l results in corneal epithelial and MDCK cells
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undergoing an epithelial to mesenchymal transition possibly due to a modulation of the B-catenin

signalling pathway (Reichert et a1., 2000; Ryeom et al', 2000)'

7 .1.4 Occludin
The first of the integral membrane proteins to be characterised in the tight junctions was

occludin (Furuse et aI, lgg3). Sequence analysis predicts that the protein has four

transmembrane domains, with both the amino and the carboxy termini located intracellularly. The

first of the two extracellular loops is rich in glycine and tyrosine residues and is thought to be

involved in the tight junction formation'

Several studies using overexpressed occludin demonstrated a direct role of occludin in

the formation of tight junctions and in the generation of a transepithelial barrier (Balda et a1.,

I996;Hirase et a1.,1997;McCarthy et al., 1996). Overexpression of the carboxy-terminally

truncated mutants of occludin resulted in the displacement of endogenous occludin from the tight

junctions (Balda et al., 1996; Chen et al.,1997). Expression of both wild type and the truncated

mutant occludin resulted in an increase in the transepithelial resistance (TER), a determination of

the tightness of the junctions, which measures the electrical resistance across apical-basal axis of

epithelial sheets. Expression of an N-terminal deletion, dominant negative mutant of occludin

caused disruption of the tight junctions and loss of the permeability barrier (Bamforth et a1.,

I99g). Furthermore the addition of a synthetic peptide based on the second extracellular domain

of occludin to the growth medium, reversibly increased paracellular flux of macromolecules by

up to 40 fold and decreased TER up to 10 fold. The amount of occludin present at the tight

junction and total cellular content of occludin decreased (Wong and Gumbinet,1997).

However, the tight junctions of mice carrying a null mutation in the occludin gene do not

appear to be affected morphologically, and the transepithelial resistance of the intestinal

epithelium is normal (Saitou et al., 2000). No occludin-like genes have been identified so far;

accordingly this phenotype cannot be explained by functional redundancy (Tsukita and Furuse,
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1999). Therefore, occludin is not required for the formation of functional tight junctions and an

understanding of its function is proving elusive. It is suggested that the primary role of occludin

is in signal transduction (reviewed in Tsukit a et a1.,1999). In support of a signalling role is the

finding that the coiled-coil domain of occludin specifically interacts with the signalling molecules

pKC-(, the non-receptor tyrosine kinase c-Yes and the p85 regulatory subunit of PI 3-kinase

(Nusrat et a1.,2000). Furthermore, the RaÊ1 induced transformation of epithelial cells is

suppressed by the overexpression of occludin (Li and Mrsny, 2000).

7.1.5 Claudins
A large family of transmembrane proteins, the claudins, has been identified as integral

components of the tight junction strands. Like occludin these proteins have four transmembrane

domains but do not have sequence homology to occludin. Exogenously expressed claudins I and

2 were sufficient to form well-developed tight junction strand networks in L-fibroblasts.

Occludin expression, in contrast, resulted in short, sparsely distributed tight junction strands

(Furuse et aL,199g). The claudins can interact with each other in heterogeneous combinations in

a restricted manner. For example claudin 3 caninteract with claudin 1 or 2 to form strands but

claudin 1 cannot interact with claudin 2 (Furuse et a1., 1999). V/hile some of the claudins are

expressed ubiquitously across tissue types, others are tissue specific, eg claudin 5 is specific to

the tight junctions of endothelial cells (Morita et al., 1999). Claudin 11 forms tight junctions in

the central nervous system within myelin sheaths, in the choroid plexus and in the Sertoli cells of

the testis (Morita eL aI., 1999; Wolburg et al., 2001). Claudin-l1 null mice do not have tight

junction strands in the myelin sheath or in the Sertoli cells of the testis resulting in severe

neurological defects and sterility in the male mice (Gow et a1., 1999). This emphasises the

importance of claudins in tight junctions and indicates that there is only limited redundancy

between the claudin family members in junction formation. The implication of the defects seen in

claudin knockout mice is that tight junctions are heterogeneous between tissues and therefore will
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have different functional properties. The permeability of the barrier and the t1'pes of molecule

that are able to cross the barrier will differ according to the molecular composition of the tight

junction.

7.1.6 Junctional adhesion molecule (JAM) proteins
Another transmembrane component of the tight junctions is JAM There are three JAM

proteins (Liang et a1., 2000; Martin-Padura et a1.,1998;Aurrand-Lions et a1', 2001). They have a

single transmembrane domain and two immunoglobulin domains on their extracellular regions,

which form trans-interactions with the extracellular domains of JAM molecules on neighbouring

cells (Kostrewa et al., 2001). The adherens junction protein nectin may be involved in recruiting

JAM to the tight junctions (Fukuhara et a1.,2002). The carboxy-terminus of JAM is bound to the

pDZ-3 domain of zo-I (Itoh et a1.,200I) and to thePDZ domain of polarity related protein

(PAR)-3 (Itoh et a1.,2001).

Recent research indicates that the JAM proteins are localised to the tight junctions in

order to facilitate the transmigration of leukocytes. JAM-2 expression increases leukocyte

transmigration and relocalisation of JAM -2 away from the tight junctions decreases

transmigration (Del Maschio et al., 1999; Ozaki et al., 1999;Johnson-Leger et a1., 2002).

However, another study failed to see any change in leukocle transmigration following reduction

in JAM at the TJs (Shaw et a1.,2001).

JAM-1 is a ligand of the B(2) inte$in lymphocyte function-associated antigen 1 (LFA-1)'

assisting the LFA-1-dependent transendothelial migration of leukocytes. (Ostermann et al.,

2002).JAM-2 on endothelial cells mediates adhesion to T-cells through heterotypic interactions

with JAM-3 (Arrate et al., Z0Ol;Liang et a1.,2002). This interaction enables JAM2 to engage

crapl integrin in T-cells (Cunningham et al',2002)'
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7.1.7 Other tight junction proteins
Several other peripheral membrane proteins have been localised to the tight junctions

including cingulin (Citi et a1., 1988), Rab3b (Weber et a1.,7994), Rab 13 (Zahtaoui et" al.,1994),

AF-6 (prasad et al., 1993) 7H6 (Zhong et a1., 1993), and symplekin (Keon et a1., 1996; Ueki et

aL.,1997). Little is known about their respective roles.

It is thought that the tight junctions of endothelial cells function differently from epithelial

cell tight junctions. Symplekin and7lFr6 are not present in endothelial tight junctions and the TER

appears to be dependent on interactions with other tissues. Lr addition endothelial tight junctions

lose their barrier function in culture, whereas epithelial cell tight junctions retain their barrier

properties in culture.

7.1.8 Tyrosine phosphorylation and tight junction permeability
T-yrosine pñosphórylation is implicated in the increase in paracellular permeability in

epithelial and endothelial cells (Esser et al., 1998; Staddon et a1.,1995). Occludin, ZO-I,ZO-2

andZO-3 can allbe phosphorylated on tyrosine residues suggesting that these proteins could be

involved in the regulation of permeability (Kurihara et a1.,7995; Staddon et al., 1995; Takeda and

Tsukita, 1995; Tsukamoto and Nigam , 1999; Van Itallie et al., 1995). ZO-1, ZO-2, ZO-3, and

occludin are all intensely tyrosine-phosphorylated in the presence of pervanadate (Tsukamoto and

Nigam, l99g), indicating that a PTP is involved in regulation of tight junction tyrosine

phosphorylation. Acetaldehyde-induced disruption of the tight junctions in Caco-Z cell

monolayers correlates with an increase in tyrosine phosphoryl ation of ZO- 1 and a loss of PTP

activity. Inhibition of tyrosine phosphorylation with genistein prevented acetaldehyde-induced

permeability (Atkinson and Rao, 2001).

Conversely tyrosine kinase activity has been found to be essential for the reassembly of

tight junctions following disruption induced by oxidative stress (Meyer et al., 2001) or ATP

depletion (Tsukamoto and Nigam, lggg).Inhibition of the MAPK pathway in Ras-transformed
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MDCK cells, which lack tight junctions, resulted in a significant increase in tyrosine

phosphorylation of occludin and ZO-l associated with their recruitment to the tight junctions.

Although claudin 1 also localised to the junctions this was not correlated with tyrosine

phosphorylation and to date there are no reports of tyrosine phosphorylation of either the claudins

or the JAMs.

Tyrosine phosphorylation is therefore essential to the dynamic restructuring of the tight

junction complexes although the molecular mechanisms involved remain ill defined. It is possible

that tyrosine phosphorylation results in the recruitment of scaffolding and signalling molecules

involved in assembly or disassembly of the tight junction strands.

Inhibition of PTPs with vanadate results in a high level of tyrosine phosphorylation of the

TJ proteins, associated with a decrease in TER and reorganisation of the junctional complexes

(Staddon et al.,1995; Collares-Buzato et al., 1998; Wachtel et a1., 1999). However, so far none of

the PTP family members has been shown to play a specific role in the tight junctions'

7.2 Results
7,2.1Association of Pez and occludin in vivo

MDCK cells were used as a source of tyrosine-phosphorylated substrates in substrate-

trapping experiments (detailed in section 5.2.3) to ascertain whether there were tight junction

proteins associating with Pez. These cells form impermeable tight junctions in contrast to

HIJVEC, which form comparatively permeable junctions. As shown in figure 5.3 two tyrosine-

phosphorylated bands were pulled down from MDCK lysates by ST-PezDroTeA that were not

phosphorylated when pulled down by wt-Pez. The two bands matched the molecular weight of

unphosphorylated (65kDa) and hyperphosphorylated (-80kDa) occludin , an integral membrane

component of the tight junctions. 'Western blots using an anti-occludin Ab on samples run in

parallel showed that the higher MW band co-migrated with occludin.
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To establish whether occludin is an in viyo substrate of Pez, several attempts were made

to co-immunoprecipitat epez andoccludin from epithelial and endothelial cell lines. Occludin co-

immunoprecipitated with an anti-Flag Ab from lysates of the human colon carcinoma cell line

SW480 expressing wt- or ST-Pezorozqn but not cells expressing vector alone (Fig 7.1 A). High

molecular weight forms of occludin co-immunoprecipitated from lysates of confluent HUVEC

with the Pez Ab but not with the pre-immune serum control (Fig 7.1b).

7.2.2 ZO-l Co-immunoprecipitates with Pez
The substrate-trapping "*p"ii*rnts 

in chapter 5 provided evidence that ZO-l is able to

associate with pez, although there was no evidence that ZO-1 is a substrate of Pez. To verify

whether there is a physiological association betweenPez andZO-1, co-immunoprecipitation

experiments were performed from lysates of confluent HUVEC. ZO-l was found to co-

immunoprecipitate with pez antiserum but not with the pre-immune serum (Fig7 '2.4). Pez was

also found to co-immunoprecipitate with aZO-l Ab from HUVEC lysates (Fig.7.2.8).

7.3 Discuss¡on
The data presented in this chapter extend the findings of the substrate-trapping

experiments (Chapter 5) in which occludin was identified as a potential substrate ofPez.

Occludin co-immunoprecipitates with wt and ST-Pezorozea from transfected SW480 cells and

with endogenous pez from HUVEC. Pez was also found to co-immunoprecipitate with the tight

junction scaffolding protein ZO-7 ftomHUVEC cell lysates'

Increased levels of tyrosine phosphorylation of tight junctions have been repeatedly

correlated with an increase in paracellular permeability and a decrease in TER (Mullin et al',

1992;Staddon et al., 1995;Bolton et a1., 1998; Collares-Btzato et al., 1998; Tsukamoto and

Nigam, 1999;Wachtel et al., 1999; Dye et al., 2001). Many of these findings have been based on

the use of the pTp inhibitors vanadate and phenyl arsine oxide. The use of these inhibitors

culminates in the tyrosine phosphorylation of many proteins, which makes interpretation of the
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Figure 7.1
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Figure 7.1 Occludin coimmunoprecipitates with ectopically expressed Pez A. Lysates from

SW+AO cells transiently transfected with either vector, wt-Pez or ST-Pezo167e4 wero

immunoprecipitated *ith utr anti-Flag Ab. Precipitated proteins and lysates were Western blotted

using arroccludin Ab. Occludin was co-immunoprecipitated from wt- and ST-

poz¡1¡Teaoxpressing cell lysates but not vector transfected lysates. B. Preimmune or Pez Abs

were incubát"¿ *ittr HUVEC lysate and the immunoprecipitated proteins were western blotted

with occludin Ab showing specific co-immunoprecipitation of occludin with Pez
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Figure 7.2

Figure i.2.Thetight junction protein ZO-l co-immunoprecipitates with Pez. A. Confluent
p2-HWEC lysate was immunoprecipitated with either PezRl antiserum or pre-immune serum

(upper panel). Westem blot of IPs and whole cell lysate blotted with an anli ZOI Ab (lower

p"*U. n" ff¿OCf cell lysate is included in lane 4 as a positive control fot ZO-1. The membrane

was counter-blotted with PezRl antiserum. B. ConfluentP2 HUVEC Lysates were

immunoprecipitated with pre-immune or Pez Ab (left panel) or ZO-I Ab (right panel)' Western

bIotZO-l eU geft panel) 
-andPezAb. 

(right panel) showing co-immunoprecipitationof ZO-l

and Pez. Data are representative of at least three experiments.
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results difficult. It is possible that the disruption of the tight junctions is due to decreased

adherens junction adhesion rather than tyrosine phosphorylation of the tight junction complex.

Conversely it has also been demonstrated that the reassembly of the tight junctions is dependent

on tyrosine phosphorylation. Following ATP repletion, which results in the reformation of tight

junctions, the Triton-X insoluble occludin, localised at the tight junctions, was seen to be

tyrosine-phosphorylated (Tsukamoto and Nigam, 1999). This finding lñ/a.s supported in a study

investigating the reversible disruption of tight junctions following oxidative stress in MDCK

cells. Tyrosine kinase activity was found to be critical for tight junction reassembly (Meyer et al.,

2001). In another study of TJ restructuring, localisation of occludin andZO-l to the TJs was lost

in Ras-transformed MDCK cells. Treatment with a MAPK inhibitor resulted in recruitment of

occludin and ZO-I and reassembly of the TJ, which correlated with a significant increase in

tyrosine phosphorylation of both proteins (Chen et al., 2000).

Evidently serine/threonine phosphorylation and tyrosine phosphorylation are involved in

the regulation of tight junctions. However, the formation and disassembly of the tight junctions is

a complex process. It is probable that phosphorylation of the component proteins, and indeed of

the different phosphorylation sites within the individual proteins, affects the junctions in diverse

ways

Occludin from MDCK cells has been shown to exist in multiple forms of varying M'W,

migrating as more than ten bands, of between 62 and82l<Da, from MDCK lysates due to

serine/threonine phosphorylation (Sakakibar a et al, 1997). Formation of the tight junctions and

localisation of occludin at the tight junctions correlates with the appearance of the high MW

forms (Wong, 1997; Sakakibara et a1., 1997). The occludin that co-immunoprecipitated with Pez

from SV/480 cells was the low molecular weight form that has been shown in MDCK cells to
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predominate in the absence of tight junction formation (Wong , 1997) and to localise to the

basolateral membranes (Sakakibara et al.,1997). This finding may mean that the association

between Pez andoccludin is not occurring at the tight junctions. However, the low molecular

weight form of occludin is the predominant species in SW480 cells which might explain why this

is the only form associating with Pez. In HUVEC Pez bound to occludin in several of its

phosphorylated forms (Fig 7.18) suggesting that the form of occludin bindingtoPez may be cell

type specific.

The substrate-trappin g data shown in chapter 5 (Fig 5.3) suggest that occludin may be a

physiological substrate of PTP-Pez. However, attempts to demonstrate invivo dephosphorylation

of occludin in the presence of ectopically expressed Pez have so far been unsuccessful, in part

this was due to low ectopic expression of Pez. Additionally, expression of APTP-Pez in MDCK

cells did not result in tyrosine phosphorylation of a band with a M'W corresponding to occludin

(Fig 6.8). Horvever, stimulation with serum may not have activated the kinase that tyrosine

phosphorylates occludin. Possibly occludin is not a physiological substrate of Pez and is co-

immunoprecipitating with Pez as part of a multi-protein oomplex. Further investigation is

required to clarify whether occludin is a physiological substrate ofPez.

pezmay interact with occludin while in a complex with ZO-I, which possibly recruits

both proteins to the tight junctions. ZO-1 is a scaffolding protein that has been found to be

important in the recruitment of occludin to the tight junction fibrils (Mitic et a1., 1999) via the

ZO-l gt:anylate kinase domain interacting with the cytosolic carboxy- terminal sequence of

occludin (Schmidt et al., 2001). Another member of the FERM family of proteins 4.1R has also

been found to specifically interact with the MAGUK family member ZO-2 via the amino

terminus of 4.lR and to co-precipitate with ZO-l and occludin (Mattagajasingh et a1.,2000).
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The functional consequences of these interactions are so far unclear. Permeability assays

did not show a change in permeability in cells overexpressing either wt or APTP-Pez. However,

the permeability assays were preliminary and should be repeated under optimised assay

conditions to verify these data. If confirmed this finding is consistent with reports that occludin-

deficient embryonic stem cells can differentiate into polarised epithelial cells bearing tight

junctions (Saitou et a1., 199S) and that the epithelium of an occludin knockout mouse has normal

barrier function (Saitou et aL.,2000). Possibly, the dephosphorylation of occludin byPez

regulates a signalling pathway involved in the restructuring of the tight junctions. Future analysis

of the Pez expressing MDCK cells will address these questions'
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Ghapter 8: Overexpression of PTP-Pez induces an apparent
epithelial to mesenchymal transition

8.1: lntroduction
To further investigate the role of Pez at the cell junctions stable MDCK cell lines were

generated expressing either wt or mutant forms of Pez.ln light of the data linking tyrosine

phosphorylation of the junctions with decreased adhesion (Daniel and Reynolds, 1997; Kinch et

al.,1995; Muller et a1.,7999; Piedra et al., 2001; Roura et a1., 1999; Staddon et al., 1995) it was

anticipated that overexpressing wt-Pez in an epithelial cell line would decrease tyrosine

phosphorylation and thus increase the strength of the cell junctions. We predicted that the

expression of inactivating mutant forms of Pez in MDCK cell lines would disrupt the junctions

due to an increase in tyrosine phosphorylation of cell-cell adhesion proteins.

The wt-Pez construct was tagged at either the N- or the C-terminus in order to exclude the

possibility that any observed phenotype was due to mislocalisation of the ectopic protein caused

by the Flag epitope. The conserved Argtw in Pez corresponds to Arg22l in PTP1B (see Table

5.1) whereby the point mutation PTP1Bp221¡4 wâs found to abrogate catalytic activity and afñnity

for substrate and hence act as a dominant negative mutant (Flint et al.,1997).It was therefore

predicted that the Pezp1127¡awould act as a dominant negative mutant. The Pez STorozqrmutant in

section 5.1 is less desirable as a dominant negative mutant as it forms a stable complex with the

substrate, which may exert an effect, that is equivalent in function to dephosphorylation of the

substrate. Two APTP, dominant negative mutants, APTP Pe4-y2and APTP Pez 1-s7s,were

generated. A putative bipartite-nuclear localisation signal (aae01-e20), adjacent to the PTP domain

(see Figure 3.1) was included in APTP-P azt-stzand deleted in APTP-Paz rsts, Although it is

unknown whether this putative NLS is in fact involved in nuclear localisation, both mutants were

included in this study to preclude a potential problem of mislocalisation of the mutant protein
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confusing the interpretation of any resulting phenotype. The ÀFERM mutant had the entire

FERM domain deleted. It was anticipated that deleting this domain would alter the targeting or

binding properties of P ez.

It was predicted that the expression of the inactive mutant forms of Pez that could

appropriately localise and bind substrate would lead to disruption of the AJ and TJ complexes

due to the increased level of tyrosine phosphorylation of Pez substrates. The predicted phenotypic

changes to the cells arising from expression of these mutants included decreased strength of cell-

cell adhesion, increased paracellular permeability and increased cell-motility. Conversely the

expression of wt pez was predicted to increase the strength of AJs and decrease permeability due

to a reduction in tyrosine phosphorylation orPez substrates.

8.2 Results
8.2.1Pez induces an EMT in MDCK cells

WT and mutant pez constructs (as listed in Table 8.1) were stably transfected into MDCK

cells. Following selection the resulting phenotlpes of the various Pez transfectants were

examined. Unexpectedly the expression of wt-Pez induced morphological alteration resembling a

dramatic epithelial to mesenchymal transition (EMT) (Fig 8.1) in MDCK cells. The cells had lost

their characteristic regular "cobblestone" appearance and taken on a flattened, spindle shaped

fibroblastoid morphology lacking cell-cell adhesions. Although we have not directly measured

invasiveness, cells sould be seen burrowing beneath neighbouring cells suggesting the acquisition

of an invasive phenotype. Most of the wt-Pez expressing clonal lines underwent this phenotypic

change. The transition was not immediately apparent, requiring 2-4 weeks in some cases to occur'

The morphological alteration was not observed in the pooled vector transfected cells or in any of

the clonal lines expressing the 
^pTP 

Pez mutants. This suggests that the morphological transition
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Figure 8.1

Figure 8.1 The stable expression of Pez in MDCK cells results in an Epithelial to

Mõsenchymal (EMT) transition. Pooled MDCK cells stably expressing vector alone and

representative clonal MDCK cell lines stably expressing vrt-Pez, ÀPTP-Pez and AFERM-Pez

wåre plated at the same cell densities. Cells were imaged by phase contrast microscopy and

photographed 48h after Plating'
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is specifically due to ectopic expression of the full-length Pezrather than an afüfact caused by

transfection or the selection procedure.

Mutant forms ofPezwere also analysed for their ability to bring about the apparent EMT.

Several of the mutant forms of Pez also induced an EMT but at a much lower frequency than wt-

pez. All of the 
^PTP 

Pez clones retained a normal epithelial phenotype whether or not the

putative NLS was present, indicating that the PTP domain is important for inducing the

transition. Among the clones expressing either Pezy1127yor AFERM less than 30% underwent the

apparent EMT indicating that these mutants are able to induce the transition but at a very low

efficiency. Approximately half of the clones expressing the inactivating mutant ST Pezormea also

underwent an EMT.

Table 8.1 MDCK stable I Iine
Number of Clones

Pez wt/mutants EMT Epithelial Mixed Total

V/T (N and C tagged) 2* i1

Pez p¡p7¡11 15 r9

ST-Pez Dlo7eA
10

APTP-Pezr-e32(+NLS)

APTPPez t-s78 CNts)

AFERM

Total 18

2

J

9

2

4 J

6

7

8

6

7

1l

6454l

J

Table 8.1 MDCK cells transfected with Pez constructs were selected for stable

expression. Following three to six weeks in continuous culture many clonal lines

unàerwent an epithelial to mesenchymal transition. The "mixed" celllines

contained both epithelial and mesenchymal phenotypes and probably

originated from more than one clonal line. This transition occurred in all cell lines

"*""pt 
those expressing thePez constructs lacking the catalytic domain.

* Pez expression could not be detected in one of the epithelial wt cell lines
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Figure 8.2
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Figure g.2 Expression of wt-Pez, ÂPTP-Pez and AFERM Pez protein in MDCK stable cell

lin"es. A Lysatås from pooled MDCK cells expressing vector alone and arepresentative clonal

MDCK."ll lin. expreising wt-Pez immunoprecipitated with anti- PezRl antiserum. B Lysates

from pooled MDCK ce[s éxpressing vector alone and representative clonal MDCK cell lines

stably expressing ApTp-pez. C. Lysates from pooled MDCK cells expressing vector alone and

representative clonal MDCK cell lines stably expressing AFERM Pez. A, B and C Western

blotted with an anti-Flag Ab.
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8.2.2 Expression of Pez in MDCK cells
The level ãf p." expression in all of the cells expressing wt-Pez and the full length mutant Pez

proteins was undetectable by Western blotting. However, expression could be detected following

immunoprecipitation with PezRl antiserum (Fig 8.2.4) and also by immunofluorescence (Fig

6.5) (note: the wt-Pez clone shown in Fig 6.6 did not undergo an EMT, therefore it was possible

to see the formation of cell-cell junctions in this cell line). ST Pezorozqn ând Pez p1127¡a expression

levels were similar to that seen in the wt-Pez expressing cells (data not shown). AFERM-Pez and

ApTp-pez (+/- NLS) were all expressed at high levels detectable by Westem analysis (Fig 8.2.8

and C) and by immunofluorescence (Fig 6.5). The AFERM-Poz clone shown in figure 6.5 had

retained an epithelial phenotype but the lysates (Fig 8.2C) were from representative clones of

both epithelial and EMT phenotypes. There was considerable variation between the clonal lines

in the level of expression of the Pez deletion mutants however in the case of the AFERM-Pez

clones there was not a correlation between the level of expression and the transition to a

mesench¡rmal phenotype. All of the Pez proteins localised to the cell-cell junctions (APTP- and

AFERM- Pez (Fig 6.5) ST Pezp1s7e4 andPez Rr127-M (data not shown)). Although the wt-Pez

protein and the full length mutants were not detectable by'Western analysis the level of protein

detectable by immunofluorescence in the wt clone that did not undergo EMT was comparable to

the level of protein in the cells expressing APTP and AFERM (Fig 7.8). A possible explanation

for this discrepancy is that the full-length proteins were bound more tightly to the actin

cytoskeleton and were therefore insoluble under the lysis conditions used'

8.2.3 Downregulation of cell-cell adhesion proteins following EMT
The loss of cell-cell adhesion proteins is an essential step in the process of EMT (see

section 8.3). A concomitant increase in the mesenchymal markers such as the intermediate

filament vimentin is another hallmark of EMTs. Changes in expression levels of cell-cell

adhesion proteins and mesenchymal cell markers were investigated to establish whether the
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Figure 8.3
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Figure 8.3 Expression of adhesion junction proteins in MDCK cells following EMT.
A. MDCK cells stably expressing empty vector and wt-Pez (both EMT and epithelial phenotype)

were plated at confluent densities on 8-well chamber slides and incubated until tight junctions

had formed (3 days). Following fixing and permeabilising the cells were stained fot (rows top to

bottom) (1) E-cadherin, (2) B-catenin and (3) occludin followed by anti-mouse Alexa Fluor 594

(l &,2) or biotin conjugated anti-rabbit followed by streptavidin-FlTC (3) (columns left to right)

wt clone that has undergone an EMT, parental MDCK cells, wt clone that is still epithelial. B'

EMT is correlated with a loss in B-catenin expression and increase in expression of the

mesenchymal marker protein vimentin. 
'Western blot using a B-catenin Ab of whole cell lysate

(50pg) from either pooled MDCK cells expressing vector alone or a representative clonal MDCK
cell line expressing wt-Pezthat had undergone an apparent EMT. The membrane was

subsequently reblotted with an anti-vimentin Ab.
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morphological changes observed by overexpression ofPez were true EMTs. The clonal lines that

had undergone an apparent EMT were immunostained with antibodies to B-catenin, E-cadherin

and the TJ protein occludin. Figure 8.3.4 shows that following the change in phenotype, in

contrast to the junctional staining seen in the parental cells and cells expressing Pez that remained

epithelial, there is diffuse cytoplasmic staining of E-cadherin, B-catenin and the TJ protein

occludin. The loss ofjunctional localisation of B-catenin is correlated with a decrease in pcatenin

protein expression (Fig.S.3 B). This is accompanied by an increase in the expression of vimentin,

an intermediate filament protein characteristic of mesenchymal cells (Denk et al., 1983) (Fig 8.3

B). Together these data indicate that MDCK cells overexpressing Pezhave all the characteristics

of mesenchymal cells. Whether the downregulation of AJ and TJ proteins precedes the onset of

EMT or is a consequence of the transitional process is unclear, although the literature indicates

the former. Decreased E-cadherin at the cell-cell adhesions has been shown to be an early event

in EMT. Furthermore the ectopic expression of E-cadherin can re-establish cell-cell adhesion in

cells that have undergone EMT (reviewed in Hay, 1995; Savagner, 2001). It will be necessary to

use an inducible gene expression system to express Pez in MDCK cells so that the onset of EMT

can be analysed.

8.2.4 No evidence of the activation of B-catenin/TCF/LEF signalling by Pez

expression
It has been suggested that B-catenidTCF/LEF signalling may regulate E-cadherin

expression due to the presence of TCF/LEF binding sites within its promoter region (Huber et al.,

1996) (see section 8.3 for discussion). We analysed p-catenin/TCF/LEF signalling using the

TOpflash and FOPflash TCF/LEF luciferase reporter constructs, a well established assay to

measure transcriptional activation due to activated p-catenin signalling (Korinek et al., 1997).

The pTopflash luciferase reporter construct contains three optimal TCF B-catenin binding sites

upstream of a minimal promoter. The TCF sites are mutated in the pFOPflash reporter construct
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preventing binding of the TCF/B-catenin complex. Cells were co-transfected withwt-Pez or

vector alone and plasmids encoding muitimerised wt (TOP) or mutant (FOP) LEF binding sites

followed by a luciferase reporter gene (Molenaar et aI.,1996). As a control for transfection

efficiency, a CMV driven renilla-luciferase cDNA was also co-transfected.

Transiently transfected cells were used for these experiments as the stable cell lines that had

undergone EMT were likely to have many downstream changes in cell signalling that were not

necessarily directly related to the overexpression of Pez. MDCK cells did not transfect at high

efficiency for transiently transfected cells to be analysed, so other cell lines were utilised.

¡g'EK293 cells, in the absence of ectopic B-catenin, did not have any detectable p-

catenin/TCF/LEF transcriptional activity. Stimulation with EGF to increase the level of tyrosine

phosphorylation of B-catenin (Shibamoto et al., 1994) and thus its translocation into the nucleus

(Monga et al., 2002) did not affect the level of activity. Co-expression of a degradation-resistant,

mutant form of xenopus þ-catenin, resulted in B-catenin/TCF/LEF activity. However, no

difference was seen between v¡t-Pez expressing cells and those expressing vector alone (data not

shown). Expression in S'W480 cells, which have accumulated cytosolic B-catenin due to a defect

in the Ser/Thr-specific glycogen syrthase kinase 3p (GSK3P), consistently showed a slight

increase in transcriptional activity in the presence of wt-Pez (Figure 8.4). However the difference

was not statistically significant (P< 0.35) and it is doubtful that it would result in any

physiological effect.

Thus far the data do not support the involvement of the B-catenin/TCF/LEF signalling

pathway in the Pez induced EMT seen in MDCK cells. However, the cell lines used in the assay

were not optimal. It would be interesting to repeat these assays in hepatocytes in which p-catenin
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Figure 8.4

1.5
---r TOPFlash

I FOPFlash

1.0

0.0 WT PezVector

Figure 8.4 Activation of p-catenin/Tcf/Lef signalling in SW480 cells expressing wt-Pez or

n.õto.. SW480 cells were transfected with TCF/LEF reporter constructs, either pTopflash (T)

(optimal motif) or pFOPflash (F) (inactive motif) together with either wt-Pez or pcDNA3. All

""11. 
*.r" also co-transfected with a plasmid encoding pCMV Renilla luciferase to normalise

transfection efficiency. The cells were harvested 48-hours after transfection in passive lysis

buffer. Luciferase activities were measured using the dual luciferase assay system (Promega)'

The experimental LEF-luciferase reporter activity was controlled for transfection efficiency

and potential toxicity of treatments using the constitutively expressed pCMV-Renilla

luciferase. The luciferase activities obtained from the TOP or FOP reporter constructs were

normalized to Renilla luciferase activity. Each transfection was done in triplicate. Three

independent transfections were performed, and the pooled data are shown. The results

represent mean +SEM. t-Test P< 0.35.
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has been shown to translocate into the nucleus following HGF induced tyrosine phosphorylation

(Monga et al., 2002).

8.3 Discussion
8.3.1 Background

8.3.1.1 Epithelial to Mesenchymal Transition

The processes of dissociation and migration of epithelial cells are required during normal

embryonic development and during pathological situations such as the dispersal of tumour cells.

Epithelial cell dispersal is a complex process that requires the breakdown of cell-cell junctions as

well as remodelling of the actin cytoskeleton and cell adhesion complexes. During

embryogenesis subpopulations of epithelial cells down-regulate the expression of proteins

involved in ce11--ce11 adhesion and migrate to a different location in the developing embryo. This

regulated alteration in phenotype is called the epithelial to mesenchymal transition (EMT) (Hay,

1995). When epithelial cells undergo EMT they lose expression of keratin filaments and cell

junction proteins and acquire vimentin filaments and a flattened phenotlpe, which are all

characteristic of a mesenchymal phenotype. They may also become migratory and secrete

proteases, which break down the basement membrane to allow invasion of other tissues.

Following EMT the cells differentiate into various cell types. EMT is thought to play a

fundamental role during the early steps of invasion and metastasis of carcinoma cells (reviewed

in Savagner,2007).

8.3.1.2 Activators of EMT

Among the biological agents that have been identified as inducers of EMT are a number

of growth factors including EGF and HGF and members of the FGF and TGFp families as well

as extracellular matrix proteins such as collagen. The effectors of the transition appear to be the

same in both the developmental and the pathological processes. The coordinated changes in cell
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morphology, associated with the induction of cell motility and the disruption of intercellular

junctions, are the consequence of a signalling cascade originating from the plasma membrane and

leading to changes in gene expression. The downstream pathways involved include activation of

the GTPase Ras, the Src family of tyrosine kinases and possibly the Wnt pathway. Ras activation

has been shown to be required for the relaying of EMT signals via the MAP kinase and PI3

kinase pathways (Potempa and Ridley, 1998; Bakin et a1.,2000). Src kinases appeat to control

epithelial cell scattering by directly regulating the organisation of the cortical cytoskeleton

without altering gene expression (Boyet et al',1997).

8.3.1.3 Loss of cell-cell adhesion

The phenotypic change that occurs during EMT coincides with a loss of cell-cell contacts

(reviewed in Savagner,200l). There is a strong correlation between loss of the adherens junction

protein E-cadherin and the development of metastatic tumours (Perl et al., 1998; reviewed in

Christofori and Semb, 1999). A study of human carcinomas found that non-invasive,

differentiated human carcinoma cell lines expressed E- cadherin, whereas invasive,

dedifferentiated carcinoma lines had lost E-cadherin expression. Furthermore the invasiveness

could be suppressed by the expression of E-cadherin cDNA and induced again by the addition of

E-cadherin antibodies. (Behrens et al., 1991). ln a transgenic mouse model of pancreatic beta-cell

carcinogenesis (RiplTag2), loss of E-cadherin expression coincides with the transition from well-

differentiated adenoma to invasive carcinoma (Perl et a1.,1998). However, mutations of the E-

cadherin gene are infrequently found in most types of sporadic cancers (reviewed in Strathdee,

2002). E-cadherin expression has also been found to be suppressed by epigenetic and post-

translational mechanisms. Recently DNA methylation has been identified as potentially

responsible for inactivation of E-cadherin during tumourigenesis (reviewed in Strathdee,2002).
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Tyrosine phosphorylation of the adherens junction complex has also been found to

suppress normal E-cadherin function (reviewed in Christofori and Semb, 1999; Lilien et a1.,

2002). Since tyrosine phosphorylation of B-catenin correlates with EMT, it is possible that this is

due to reduced E-cadherin-mediated cell adhesion (Birchmeier et al., 1996). These observations

suggest that the impaired E-cadherin mediated adhesion system is a characteristic of cells with

malignant transformation. The impaired expression of E-cadherin is frequently

observed in tumours with aggressive histopathologic characteristics that are defined by

invasiveness and metastasis (Shiozaki et al., 1996)-

8.3.1.4 Transcriptional control of EMT

The altered expression profile of proteins in cells that have undergone EMT suggests the

invo lvement o f speci fi c transcription factors.

8. 3. 1 . 4. 1 The Slug/snail trans cription factor fomily
Direct transcriptional inhibition of cell-cell adhesion molecules by the slug/snail family of zinc-

finger transcription factors plays a central role in morphogenesis and in other processes that

require extensive cell movements including EMT (Nieto, 2002). Different signalling molecules

including FGF, TGF-p and Wnt have been implicated in the activation of the snail genes leading

to EMT.

The zinc-finger protein slug and closely related members of the snail family are believed to be

involved in EMT. The treatment of chick embryos with antisense oligonucleotides to slug

inhibited neural crest development and mesoderm delamination. Overexpression of slug leads to

an increase in neural crest production in the chick embryo ((Nieto et al., 1994; del Barrio and

Nieto, 2002 reviewed in Nieto, 2002). Snail is a strong repressor of E-cadherin expression and

overexpression of snail triggers an EMT through the repression of E-cadherin expression (Cano

et a1.,2000 reviewed in Nieto,2002).
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8.3. 1.4.2 The ftcatenin/TCF/LÛF pathway.

In addition to its role in the adherens junctions p-catenin acts as a signalling molecule in the Wnt

signalling pathway (Wodarz and Nusse, 1993). In the absence of 'Wnt glycoproteins, the Ser/Thr-

specific glycogen s¡mthase kinase 3P (GSK3p) phosphorylates B-catenin, APC, and axin

(Behrens et a1.,1998), which are present as a multi-protein complex in the cytosol.

Phosphorylated p-catenin is rapidly ubiquitinated and degraded by the proteosome pathway

(Aberle et al., lg97). Binding of Wnt glycoproteins to theFizzled family of receptors leads to

the inactivation of GSK3B resulting in the enhanced stability of B-catenin. Stabilised p-catenin

accumulates in the cytosol and can then translocate into the nucleus. Once in the nucleus p-

catenin binds to members of the TCF/LEF transcription factor family and stimulates transcription

(Behrens et al., lgg1),probably by recruiting the basal transcription machinery to promoter

regions of Wnt target genes such as cyclin Dl (Shtutman et a1., 1999; Tetsu and McCormick,

1999). Oncogenic transformation of mammalian cells is closely linked to the signalling function

of B-catenin (Smits et a1., 1999; Korinek et a1.,1997;Harada et a1., 1999).

There is evidence that EMT is associated with activation of the p-catenin/TCF/LEF

pathway. Ectopically expressed LEF-1 upregulates nuclear B-catenin and promotes EMT in

DLD-1 epithelial tumors that retain nuclear B-catenin. This EMT is reversible if the LEF-I virus

is removed (Kim et a1.,2002).In addition, mouse mammary epithelial cells expressing a fusion

protein of c-Fos and the estrogen receptor (FosER) underwent an EMT following activation of

FosER by estradiol. B-Catenin significantly increased in the cytoplasm and colocalised with

transcription factor LEF-I in the nucleus (Eger et al., 2000).

Mutants of the TJ protein Zo-l,which encode thePDZ domains (ZO-IPDZ) but no longer

localise to the plasma membrane, induce an EMT in MDCK cells. The B-catenin signalling

pathway is activated in the cells expressing the ZO-IPDZ protein. The mesenchymal phenotype
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is reversed by ectopic expression of the APC gene which is known to down-regulate activated p-

catenin signalling.

Interestingly, it has recently been demonstrated that p-catenin also translocates into the

nucleus following tyrosine phosphorylation by the intracellular kinase domain of the HGF

receptor Met (Mong a et al., 2002) . HGF is one of the growth factors known to induce cell

scattering and EMT. The Met associated pool of p-catenin is distinct from and stoichiometrically

greater than the pool of E-cadherin bound p-catenin. Therefore, the correlation between EMT

and tyrosine phosphorylation of B-catenin (Birchmeier et a1., 1996) may be due to its role in

transcriptional activation rather than, or in addition to loss of B-catenin at the AJ.

8.3.2 Summary and conclusions from this study
The expression of wt-Pez proteins containing the phosphatase domain in MDCK cells

resulted in a dramatic epithelial to mesenchymal transition. This phenotypic change was

accompanied by the loss of localisation of adherens and tight junction proteins to the cell

junctions, a decrease in the level of B-catenin and an increase in expression of the mesench¡rmal

marker protein vimentin. However, cells expressing Pez proteins in which the catalytic domain

had been removed retained a normal epithelial phenotype despite expressing high levels of the

exogenous protein (Figure 8.28 & C)'

Characterisation of wt-Pez protein expression levels in individual clones indicated that the

observed effect was not due to the expression of large amounts of the Pez protein as the levels of

protein were undetectable by Westem blot and could only be seen following immuno-

precipitation, thus arguing for a physiologically relevant observation rather than an

overexpression artifact. These data suggest that the phosphatase domain of Pez is required for the

pez induced EMT in MDCK cells. However, some of the clonal cell lines expressing ST-

pez¡167ea andpez R1127-M, which are predicted to be catalytically inactive (see Figure 5.1 and Flint
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et al.,lgg7) also underwent an EMT. This suggests that either non-catalytic sequences within the

phosphatase domain are required for the EMT, or alternatively that these mutants have sufficient

residual catalytic activity to promote the EMT. Another possible explanation is that if the

substrate associated with the apparent EMT is inactivated following dephosphorylation by wt-

pez, then the ST-PezDl.7eA could also functionally inactivate it by stably binding to it. However

not being able to dephosphorylate the substrate and relying only on the physical interaction

would result in lower efficiency of inhibition of the function of the substrate, which would be

reflected in the lower frequency of EMT. The Peznrrzzrr,r inactivemutant could also bind to the

substrate but with a lower affinity than ST-PeZ¡1¡7e¡r€slllting in still lower efficiency of EMT. A

possible explanation for the lower incidence of EMT caused by the expression of the AFERM-

pez deletion mutant which contains the phosphatase domain may be that it binds less efficiently

to the substrate due to misfolding or the loss of the FERM protein binding domain. Further

characterisation of the activity and localisation of the mutants is required to elucidate how Pez is

initiating the apparent EMT.

MDCK cells originate from the renal collecting duct and consist of different cell subtypes

It has been shown that one of the clonal lines, MDCK-C7 cells, will undergo an EMT resulting

from sustained alkaline stress (Oberleithner et al., l99l;Pollack et a1., 1997). Following

transfection there was a period of several days during which the cells were subjected to selective

medium when the cell number was quite low that could possibly result in fluctuations in the pH

of the growth medium. However, the growth medium was changed regularly ensuring that there

was adequate buffering of the cells. The complete absence of a mesenchymal transition in cell

lines expressing either of the two PTP-deleted Pez constructs or the vector-transfected control

confirms that the EMT is due to the expression of Pez and not alkaline stress.
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The loss of cell-cell adhesion following expression of wt-Pez was contrary to the

phenotype that we expected. Tyrosine phosphorylation of AJ proteins has been widely reported to

destabilise junctions. Therefore, as Pez expression causes a reduction in the tyrosine

phosphorylation of the proteins at the cell junctions including B-catenin this would be expected to

increase the stability of adhesive function. This unexpected finding is discussed further in chapter

9.

Truncation mutants of the tight junction protein ZO-l tndttce a time dependent EMT in

corneal endothelial cells (Ryeom et al., 2000) similar to that seen in Pez expressing MDCK cells.

Furthermore, expression of the PDZ domains of ZO-1 in MDCK cells also resulted in an EMT,

which correlated with the activation of B-catenidTCF/LEF signalling. The co-expression of the

APC tumour suppressor gene reverted the phenotype indicating that the EMT resulted from the

deregulation of p-catenin signalling (Reichert et a1., 2000). The association betweenPez,ZO-l

and B-catenin (chapters 6 and 7) prompted the investigation of the B-catenirVTCF/LEF

transactivation pathway as a possible initiator of the observed mesenchymal transition in MDCK-

Pez cells.

Further investigation needs to be ca:ried out in order to elucidate how Pez expression is

initiating this transition. The time-dependent nature of the transition, which entails multiple cell

divisions prior to the change in phenotype, argues against a direct affect on the cell junctions

being the cause of the EMT. The presence of Pez in the nucleus hints at a role in regulating

transcription. A possible mechanism that may initiate the transition is the activation of the snail

transcription factor, which has been shown to induce EMT through the direct repression of E-

cadherin expression (Cano et al., 2000).
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CHAPTERNINE,
General conclusions and Discussion
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Ghapter 9:General conclusions and discussion

9.1 Gonclusions
The experimental data presented in this thesis provide evidence that PTP-Pez is an active

phosphatase that interacts with and dephosphorylates the adherens junction protein B-catenin'

PTP-Pez also associates with proteins that form part of the tight junction complex, the

scaffolding protein ZO-l andthe transmembrane protein occludin. Preliminary evidence suggests

that occludin is also a Pez substrate.

In confluent cells Pez is distributed throughout the cell but is concentrated at the cell-cell

junctions, which is consistent with its role in the regulation of adhesive function. However, in

subconfluent, proliferating cell cultures Pez translocates out of the cytoplasm and concentrates in

the nucleus. Nuclear staining reduces as cell monolayers reach confluence and also when the cells

are serum-starved to induce quiescence. Preliminary evidence suggests that nuclear/cytoplasmic

translocation of Pez is regulated by serine/threonine phosphorylation.

Nuclear localisation can be induced by serum stimulation of serum-starved cells and also

following the impairment of cell-cell contacts by mechanical "wounding" of the monolayer. The

functional role of nuclearPez is yet to be investigated. Possibly the relocalisation is to sequester

the phosphatase away from the cell adhesions to permit phosphorylation ofjunctional substrates.

An example of nuclear sequestration is found in the regulation of cell polarity in budding yeast in

which Cdc24,the guanine-nucleotide exchange factor for the yeast GTPase Cdc42, is sequestered

in the cell nucleus by Farl(Shimada et al., 2000). However, a number ofjunctional complex

proteins including pl20"T" (reviewed in Anastasiadis and Re¡molds, 2000), p-catenin (reviewed in

(Peifer and Polakis, 2000; Seidensticker and Behrens, 2000) andZO-l (Balda and Matter, 2000)

have been found to also function as transcriptional regulators in the nucleus. Although there are

no reports to date of a PTP acting as a transcriptional activator or repressor, members of the PTP
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family have been shown to act as negative regulators of STATs in the nucleus. Other nuclear

roles of PTP family members are discussed in section 4.4

There are differences in the reported functions and localisation of the murine homologue

of pezPTP36 compared to PTP-Pez. PTP36, ectopically expressed in HeLa cells, co-fractionated

with the actin cytoskeleton and its expression was associated with a loss in cell-matrix adhesion

(Ogata et a\,1999 a). When a mouse fibroblast cell line ectopically expressing PTP36 was

detached from the extracellular matrix, PTP36 translocated from the cytosolic to the cytoskeletal

fraction (Ogata et a1.,1999 b). These data indicate that PTP36 is involved in the regulation of

cell-matrix, rather than cell-cell, adhesion. Furthermore the localisation of PTP36, to the nucleus

has not been reported (Sawada et al., 1994; Ogata et al, 1999 a; Ogata et al., 1999 b; Ogata et al',

1999 b). There are several possible explanations for these differences in localisation of the two

pTPs. Firstly PTP36 localisation is based primarily on oveÍexpression data. Ectopically

expressed proteins do not always localise to the appropriate subcellular compartment.

Furthermore, it is possible that some of the cytoskeletally attached PTP36 analysed by subcellular

fractionation is localising to the adherens junctions. Unfortunately the immunofluorescence data

shows only cells cultured at subconfluent levels in which the AJs have not formed. Therefore it

cannot be determined whether PTP36 is at the AJs under these conditions as the fractionation

data does not discriminate between the focal adhesion associated pool of actin and the adherens

j unction associated pool.

It is also notable that the putative bipartite nuclear-localisation signal at the C-terminal

end of PTP-Pez (kqorkkleegmvfteyeqipkkk) is not conserved in PTP36 (kqo¡kkledgnvfteyeqip

nkk), possibly resulting in a species-specific difference in subcellular-localisation' Species-

specific differences in subcellular distribution have been reported for other proteins. For example,

the putative RNA binding protein DAZL translocates between the nucleus and the cytoplasm in
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human testis but is almost exclusively cytoplasmic in rat testis (Ruggiu et al., 2000). Another

illustration is the retinitis pigmentosa GTPase regulator (RPGR), which is distributed differently

in the photoreceptors of mice and humans (Mavlyutov et al., 2002).If there is indeed a difference

in the subcellular localisation of Pez and PTP36, it will be necessary to undertake detailed

mapping analysis of the two PTPs to determine which sequences are responsible.

Ectopic expression of a mutant form of Pez, in which the phosphatase domain has been

removed, increases the tyrosine phosphorylation of proteins localising to the cell junction

complexes. Expression of this dominant-negative mutant specifically increases the tyrosine

phosphorylation of p-catenin. An extensive body of literature analysing the effects of tyrosine

phosphorylation on adhesive function suggests that the ectopic expression of wt-Pez would

therefore have a stabilising effect on cell-cell adhesion. However, the stable expression of wt-Pez

in a canine epithelial cell line resulted in an apparent transition to a mesenchymal phenotype in

which there was a complete loss of cell-cell adhesion. Solving this apparent paradox is beyond

the scope of this project; holever, the extensive literature emerging on the multiplicity of

interactions involved in controlling the adherens junction provides some possible explanations.

p-Catenin is a critical component of both the adherens junction and the Wnt signalling

pathway. The identification of p-catenin as a substrate of Pez implicates a role for Pez in both

cell signalling and cell-cell adhesion. Both of these functions may potentially be involved in the

apparent EMT.

Tyrosine phosphorylation of B-catenin has been repeatedly correlated with loss of

cadherin function (reviewed in Lilien et al., 2002;Daniel and Reynolds, 1997) and appears to be

a crucial step in the dissociation of the adherens complex from the cytoskeleton. This has been

correlated with disruption of the bond between B-catenin and o-catenin (reviewed in Provost and

Rimm, lg99) and also the E-cadherin-p-catenin bond (reviewed in Lilien et al',2002). In vitro
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analysis shows that phosphorylation of Tyr-654, a residue in the last armadillo repeat of B-

catenin, decreases its binding to E-cadherin (Roura et al.,1999). Thus the prevailing view is that

the function of tyrosine phosphorylation of B-catenin is the destabilisation of the adhesion

complex. However, other than the in vitro analysis (Roura et al., 1999; Piedra et al., 2001) most

of the data is correlative and relates to the effect of tyrosine phosphorylation on confluent cells

that have mature junctions. Moreover the in vitro analysis has so far been confined to the tyrosine

residues within p-catenin that can be phosphorylated by pp60'-"'" (Roura et al., 1999; Piedra et al.,

2001) and of these only Tyr-654 has been demonstrated to disrupt binding to cadherin. Another

B-catenin residue, Tyr-86, is also phosphorylated by pp60"-"' , but as it does not lie within the

cadherin binding domain phosphorylation of this residue did not decrease binding to cadherin

(Roura et al.,79gg), from which it can be construed that not all tyrosine phosphorylation of B-

catenin disrupts binding to cadherin. There are other tyrosine residues within the B-catenin

protein that may be phosphorylated by kinases other than pp60"-"'". This is substantiated by the

finding that no changes in the in vitro association of p- and a-catenin were observed after

phosphorylation of B-cateninby pp60'-src (Roura et al., 1999), indicating that another kinase

must regulate this interaction.

It cannot be assumed that phosphorylation of all p-catenin tyrosine residues will

necessarily disrupt adhesion. There is evidence to show that tyrosine phosphorylation is in fact

required for the formation of de novo cell-cell adhesions. The formation of AJ complexes in

differentiating keratinocytes requires the tyrosine phosphorylation of AJ proteins, including B-

catenin (Calautti et a1., 1998). E-cadherin bound to tyrosine-phosphorylated p-catenin in

proliferating normal breast-epithelial cells that were in the process of forming new cell-cell

adhesions, (Takahashi et al., 1997).In these cells, a-catenin did not associate with the complex

until the cells were confluent, following dephosphorylation of p-catenin (Takahashi et a1', 1997).
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Remodelling of the adherens junctions in endothelial cells in response to shear stress correlated

with increased tyrosine phosphorylation of B-catenin, but the amount of B-catenin bound to VE-

cadherin did not alter (Ukropec JA, Hollinger MK,'Woolkalis MJ 2002). Úr newly formed

endothelial cell adhesions the tyrosine phosphorylation of VE-cadherin, p120'h and B-catenin

increases the efficiency of their binding to form the adherens junction complex, while the

formation of mature and cytoskeletally-attached junctions is accompanied by dephosphorylation.

In these cells B-catenin is only found at the adherens junction in newly formed cell contacts, in

which it is tyrosine-phosphorylated. In the mature adherens junction y-catenin takes the place of

B-catenin (Lampugnani et al., 1997). A study of adhesion in bovine aortic endothelial cells

showed that y-catenin and cadherin are recruited to the junctions of cells incubated with the PTP

inhibitor vanadate, which is accompanied by a dramatic increase in junctional tyrosine

phosphorylation (Ayalon and Geiger, 1997).Interestingly, another study showed that short-term

stimulation of tyrosine phosphorylation induced the formation of adherens junctions in NIH3T3,

CEF and COS cells, whereas prolonged inhibition of PTPs caused a breakdown of the cell-cell

contacts (Michalides et a1., 1994). Furthermore the passage from embryonic tissue where there is

dynamic remodelling of cell adhesions, to adult tissue where the cell contacts are stable, is also

associated with a transition of endothelial and epithelial AJ from a phosphorylated to a

dephosphorylated state (Takata and Singer, 1988).

These reports indicate that tyrosine phosphorylation is required for the assembly of the

adherens junctions during the formation of cell-cell contacts followed by a decrease in tyrosine

phosphorylation as the junctions mature. The picture emerging from these studies is that tyrosine

phosphorylation regulates both the assembly and disassembly of the cell adhesions. It is probable

that specific tyrosine residues on the constituent adherens junction proteins exert differential

effects on the assembly of the AJ and the strength of adhesions.
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A requirement for tyrosine phosphorylation of adherens junction proteins during the

formation of cell-cell contacts may provide an explanation for the apparent EMT resulting from

overexpression of PTP -Pez inMDCK cells. A model is assumed in which tyrosine

phosphorylation is required for the dynamic restructuring of cell-cell junctions during processes

that require the disruption and reassembly of the cell-cell contacts such as cell migration during

embryogenesis and wound healing. Accordingly the adherens junction proteins are transiently

tyrosine-phosphorylated on specific residues thereby initiating adhesion. The tyrosine

phosphorylation of B-catenin would promote attachment to E-cadherin while preventing binding

to cr-catenin and consequently cytoskeletal attachment. The binding of a-catenin to p-catenin

following dephosphorylation (Takahashi et al., 1997) would tether the complex to the actin

cytoskeleton providing the stable contacts found in quiescent epithelial and endothelial tissues. In

this model tyrosine phosphorylation of specific residues of B-catenin allows the rapid formation

and restructuring of cell-cell contacts by preventing the formation of the more rigid structures

that result from cytoskeletal tethering.

pez activity would therefore be required to promote the formation of strong cell-cell

contacts during development and wound healing. Pez activity would also be necessary for the

maintenance of cell-cell adhesion in mature adherens junction complexes. When the cells are

subconfluent and forming new adherens junctions then Pez would move into the nucleus enabling

the tyrosine phosphorylation of p-catenin along with the other adherens junction proteins thereby

facilitating their initial binding (Lampugnani et al., 1997). Overexpression of Pez would result in

reduced tyrosine phosphorylation of p-catenin. Therefore, following cell division or cell

migration the reattachment of B-catenin to cadherin would be inhibited leading to the loss of cell-

cell adhesion. Decreased tyrosine phosphorylation would also result in the premature binding of

B-catenin to a-catenin resulting in a loss of plasticity thereby preventing normal restructuring of
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the junctional complexes (Takahashi et al,1997; Ukropec JA, Hollinger MK, Woolkalis MJ

2oo2).

The removal of E-cadherin from the plasma membrane is essential for the migration of

cells during gastrulation and neural crest migration and is a prerequisite for EMT. During

development this is mediated by transcription factors such as Snail/Slug, which block E-cadherin

transcription (reviewed in Savagner, 2001). E-cadherin in adult and embryonic tissue also

undergoes active endocytosis and is then either recycled to locations of new cell-cell contacts or

is degraded. In cells without stable cell contacts the pool being endocytosed is markedly

increased (Le et al., 1999). Therefore, in the presence ofoverexpressed Pez, reduced binding of

B-catenin to E-cadherin may prevent aggregation, which may result in the gradual loss of E-

cadherin at the junctions due to increased endocytosis. The time-dependent onset of EMT seen in

the cells overexpressing Pez is compatible with such a model as it is possible that several cell

cycles would take place before the amount of E- cadherin localising to the junctions reached a

critically low level, precipitating EMT.

Alternatively, the presence of increased cytoplasmic B-catenin resulting from inefficient

binding to E-cadherin may cause an EMT via the Wnt signalling pathway. B-Catenin becomes

diffusely localised in the cytoplasm during embryonic EMT and cytoplasmic p-catenin is not

tyrosine-phosphorylated. It was suggested that non-phosphorylated cytoplasmic B-catenin in

mesench¡rme may be related to invasive motility (Kim et al., 1998). Recently there has also been

direct evidence to show that LEF-I can induce EMT when activated by stable nuclear p-catenin

(Kim et al.,2002). Thus, the decreased efficiency of binding to E-cadherin due to reduced

tyrosine phosphorylation of B-catenin in the presence of overexpressed Pez may lead to an

increase in stable cloplasmic B-catenin, thereby initiating an EMT via the TCF/LEF signalling

pathway.
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It has been demonstrated that the transcriptionally active pool of p-catenin can be

depleted by the expression of E-cadherin (Gottardi et al., 200I); therefore this pool is able to bind

to either E-cadherin or to TCF/LEF. Following Pez overexpression the B-catenin that is unable to

bind efficiently to E-cadherin due to loss of tyrosine phosphorylation may still bind to TCF/LEF,

resulting in transcriptional activation. The lack of supporting data presented here does not

exclude this possibility, as the SV/480 cells used in the transactivation assays were not optimal.

These cells have constitutively high levels of cytoplasmic B-catenin, which is not

transcriptionally active due to a mutation in GSK3B preventing its degradation (Gottardi et a1.,

2001). This large pool of cytoplasmic B-catenin may interfere with the dephosphorylation of the

transcriptionally active pool of B-catenin that is associated with the junctions.

While B-catenin is tyrosine-phosphorylated following growth factor stimulation, it is not

necessarily the same pool of B-catenin that is associated with E-cadherin. There are several pools

of B-catenin within the cell, which are associated in different protein complexes. Moreover, it is

apparent that there are biochemically distinct forms of B-catenin with differential binding

capacities (Stewart and Nelson,1997).It is unclear which of these pools constitute thePez

substrate. The recent finding that p-catenin translocates into the nucleus following tyrosine

phosphorylation by the hepatocyte growth factor (HGF) receptor tyrosine kinase, Met, in a

manner similar to Wnt signalling (Monga et a1.,2002) suggested thatPez might be involved in

regulating this pathway. HGF is known to cause disassembly of the cell-cell junctions and cell

scattering leading to EMT in some cell lines (V/oolf et al., 1995). High levels of expression of

HGF and Met are associated with invasive human breast cancer and may be causally linked to

metastasis (Elliott et a1.,2002). However, although there are TCF/LEF binding sites on the E-

cadherin promoter (Huber et al., 1996), the TCF/LEF transcription factor is a transcriptional

activator and would therefore be expected to increase E-cadherin transcription.
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Altematively, the apparent EMT may be triggered by overexpressed Pez acting on a

substrate other than B-catenin. The data presented in this thesis demonstrate that occludin is also

dephosphorylated in the presence of active Pez.It is probable that there are other substrates that

have not been identified in the substrate-trapping assay. The use of vanadate to enrich for

tyrosine-phosphorylated substrates restricts the potential pool of substrates that may be identified

to those that do not require the specific activation of a kinase. The serum stimulation of quiescent

MDCK cells (Fig 7.7) shows that there is another unidentified potential substrate of

approximately 130kDa. Possibly the action ofPez on this protein or other substrates is

precipitating the EMT.

9.2 Future Directions
There are many avenues that could be pursued in the future investigation of the role of

pez. Overexpression of APTP-Pez in MDCK cells leads to an increase in the tyrosine

phosphorylation at the cell-cell junctions indicating that deletion of the gene is likely to yield

some significant phenotypic information. An inducible gene targeting approach would be

valuable in defining its function while possibly avoiding the problems of functional redundancy

resulting from conventional gene knockouts. A Cre-mediated targeting approach has been used to

achieve both temporally regulated and tissue specific gene expression (reviewed in Muller,

1999). This approach could be used to disrupt Pez expression in either endothelial or epithelial

tissue at different stages in development.

p-Catenin plays an important role in embryonic development, with mRNA transcripts

present in the fertiírized, egg of Xenopus embryos and increasing expression throughout

embryogenesis (DeMarais and Moon, 1992; Schneider et a1.,1993). The critical role of p-catenin

in development is demonstrated by the formation of secondary body axis in Xenopøs embryos by

the injection of antibodies to B- catenin (McCrea et a1., 1993). Therefore as a phosphatase of p-
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catenin, Pez is also likely to play a developmental role. Future studies investigating the

distribution and patterns of expression of Pez in the developing embryo by in situ hybridisation is

likely to yield valuable insights into the regulation of p-catenin during development.

Several phosphatases have been reported to dephosphorylate p-catenin. It will be

interesting to determine to what extent Pez andthe other PTPs overlap in their regulation of AJ

function. Possibly they play different roles in development and/or act on different tyrosine

residues or are activated by different signalling pathways. Determining the specific tyrosine that

is dephosphorylated by Pez will be an important first step in dissecting its involvement in

regulating p-catenin.

The role of Pez in tight junction regulation is another area deserving further investigation.

The precise function of the putative Pez substrate occludin is unclear, as it is not required for the

formation of tight junctions and yet is an integralpartof the junction complex (see section 8.1.4).

It has been suggested that occludin is an intracellular signalling molecule (reviewed in Tsukita et

a1.,1999).The in vlvo bindingofPez to the tight junction protein ZO-I together with the

translocalisation of bothPez andZO-l into the nucleus under similar conditions is consistent

with the involvement of Pez in tight junction regulation. Analysis of the effect ofPez and APTP-

Pez on the dynamic restructuring of the tight junctions following their disassembly may provide

insight into this aspect ofPez function.

The translocation ofPez under certain conditions, shown in chapter five, raises the

question of its role within the nucleus. Preliminary experiments using nuclear extracts in the

"substrate-trapping" assay indicate that there is at least one nuclear-specific Pez substrate (data

not shown). This finding indicates thatPezmay be catalytically active in the nucleus and that the

translocation of Pez into the nucleus is not merely for the purpose of sequestration away from the

cell-cell junctions. Other adherens junction proteins such as ZONAB and B-catenin are involved
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in transcriptional regulation. Pezmay regulate the activity of transcriptional protein complexes.

An example of PTP association with transcriptional regulation is SHP-2, which has recently been

shown to translocate into the nucleus as a complex with STAT5a and to bind and activate the B-

casein gene promoter (Chughtai et a1., 2002).

Pez could be acting in the nucleus to down-regulate signalling pathways such as the

JAIISTAT signalling pathway (see section 1.2.2.1). TC-PTP, SHP-2 and PTP1B have been

found to dephosphorylate STAT5 (Aoki and Matsuda,2000; Yu et a1.,2000; Aoki and Matsuda,

2002)while SHP-I is involved in the negative regulation of Jakl, Jak2, STAT1 and STAT3

activation (Bousquet et al.,1999; David et al., 1995) as well as components of the IL-4|IL-13

signalling pathway (Haque et al., 1998). Other PTPs implicated in regulation of JAIISTAT

signalling include PTP epsilon C (Tanuma et al., 2000; Tanuma et al., 2001) and CD45 (Blank et

a1.,2001; Irie-Sasaki et a1.,2001). CD45, SHP1 and TC-PTP all localise to the nucleus however

only TC-PTP has been reported to dephosphorylate STAT in the nucleus (Aoki and Matsuda,

2002).

Other tyrosine-phosphorylated signalling proteins that localise to the nucleus include the

MAP kinases ERK, JNK and p38. The MAP kinases are dephosphorylated in the nucleus by the

dual-specificity phosphatases MKP-I, MKP-2, MKP-7 and PACl (Bollen and Beullens,2002).

The classical PTP Ptp2 dephosphorylates the MAP kinase Hogl in the nucleus of yeast and also

acts as a nuclear tether (Mattison and Ota, 2000).

Isoforms of the signal transduction enzyrne, protein kinase C (PKC) also translocate to

the nucleus in response to certain stimuli. Tyrosine phosphorylation of PKC isoforms is

associated with increased activation (Konishi et al., 1997) and in the case of atypical PKC

facilitates translocation into the nucleus (White et al., 2002). Clearly there are a number of

tyrosine-phosphorylated proteins within the nucleus that may potentially be substrates of Pez.
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Moreover, as these potential substrates are involved in essential signalling pathways, elucidating

the role that Pez is playing in the nucleus will potentially lead to a better understanding of signal

transduction regulation.

Future research into the role of Pez should include a detailed analysis of the regulatory

mechanisms goveming its activity. As would be expected of proteins involved in signalling

pathways, other members of the PTP family have been shown to be subject to tight regulation

(see section 1. 8). There is some evidence that nuclear translocation of Pez is subject to regulation

by serine/threonine phosphorylation (see section 5.11). Pez also appears to be tyrosine-

phosphorylated under some conditions. Furthermore, the murine homologue ofPez, PTP36, is

expressed in several different splice isoforms, in a tissue specific manner (Aoyama et al', 1999),

indicating that there is regulation of the activity of this protein by alternative splicing.

The data presented in this thesis demonstrate that PTP-Pez is an important regulator of

cell-cell adhesion in endothelial and epithelial cells. We have provided strong evidence that p-

catenin is a Pez substrate. The critical roles played by B-catenin at the adherens junctions and in

the Wnt signalling pathway during development suggest thatPez may be involved regulating key

processes such as embryogenesis, tissue repair and oncogenesis.
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INTRODUCTION

Cell-cell adhesion regulates diverse cellular functions in-
cluding cell proìiferation, migratior¡ and apoptosis (Vlem-
inckx and Kemler, 1999). One important cell-cell adhesion
system, the adherens junction (A]), is mediated by a family
of homophilic receptors, the cadherins (Steinbelg and Mc-
Nutt, 1999). The strength of cadherin-mediated adhesion is

regulated by lateral clustering of cadherin molecules at the
plasma membrane and also through the linkage of its intra-
cellular cytoplasmic tail to the actin cytoskeleton. p-Catenin,

a structural component of AJs and signal transducer of the
wnt signa-Iing pathway, is crucial for cross-linking cadherins
to the actin cytoskeleton tluough another intermediate,
a-catenin (Gumbiner, 1995;Cowin and Burke, 1996).

Articie published orùine ahead of print. Mol. Biol. Cell 1'0.7097/
mbc.E02-09-0577. Atticle and publication date a¡e available at
www-nrolbiolcell.org / cgi / doi / 10.1091 /mbc.E02-09 -0577.

f Cor¡esponding author. E-mail address: )'eesim.khew-
goodall@imvs.sa.gov. au.

Reversible fyrosine phosphorylatiory catalyzed by the op-
posing actions of protein tyrosjne kinases (PTKs) and pro-
tein tyrosine phosphatases (PTPs), is an important mecha-
nism for regulating the linkage of cadherins to the
cytoskeleton. A nurnber of PTKs and PTPs have been found
to be associated r,r'ith Als (Steinberg and McNutt, L999).
Inhibitors of PTPs have been shown to disrupt cell-cell ad-
hesiory suggesting that PTPs play a critical role in maintain-
ing the integrity of AJs (Ayalon and Geiger, 1997). Th.e
observation that phosphorylation of a critical tyrosine resi-
due, Tyr654, on p-catenin results i¡ its dissociation from
E-cadherin (Roura et al., 1999), verifies that tyrosine phos-
phorylation is an important mechanism for regulating the
E-cadherin-catenin linkage. Tyrosine phosphorylation has
also been reported to disrupt the p-catenin-a-catenin link-
age (Ozawa and Kenrler, L998), a-lthough the critical ty-
rosine(s) in this case has not been determined. These obser-
vations suggest that multiple targets for tyrosine
phosphorylation exist to regulate cell-cell adhesion.

The PTP Pez (PTPD2/PTP36) is a 130-kDa cytosolic (non-
transmembrane) PTP (Smith et ø1.,1995) expressed in a num-
ber of tissues. It is a member of the FERM (four-point-one,
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PTP Pez Regulates Adherens ]unctions

quences of a-ll mutated constructs were verified by sequencing from
both the sense and a¡rtisense di¡ections.

ezrin, radixirL moesÐ family of PTPs characterrzed by a
conserved N-terminal FERM domain (Chishti et ø1., 1998)
and a C-terminal PTP catalytic domain separated by an
intervening region. We recently showed that the subcellular
localization of Pez is regulated in both HeLa and human
umbilical vein endothelial cells (HIJVEC); in cells grown to
confluence Pez is localized to the cytosol, where it is con-

ut it is predominantly
have not yet formed

et al., 2000). Other fac-
tors also ization of Pez, includ-
ing TGF n of Pez from the cY-

tosol to which promotes the
accumulation of Pez irr the nucleus (Wadham et a1.,2000).

the assembly or disassembly of adhesion complexes.
To elucidate the function of Pez, we used a "substrate

trapping" approach (Flint ef al., 1997) in combination with
the generation and overexpression of a dominant negative
form of Pez to identify its substrates. We identified B-catenin
as a substrate and show that the dominant negative Pez
enhances both tyrosine phosphorylation of adherens junc-
tions and cell motility.

MATERIALS AND METHODS

Tissue Cultute ønd Cell Lines
MDCK and HEK 293 cell lines were cultu¡ed in DMEM supple-
mented with 10% FBS. HWECS were obtained from disca¡ded
umbilical cords and cultured in M199 medium supplemented with
20% FBS and endothelial growth factors as previously described
(Wa\ el al., 1978).'fralsient t¡ansfections of HEK293 cells were

mega, Madison, WI) resistance.

Antibodies
The polyclonal Pez antibody had previously been characterized
(Wadham et a1.,2000). All othe¡ antibodies used were purchased:
monoclonal Flag epitope antibody (MZ) from AMRAD Biotech (Yic-
toria, Australia), p-catenin, 7-catenin, and E-cadherin monoclonal
antibodies from T¡ansduction Laboratories, a-catenjn mAb from
either Transduction Laboratories (Lexington, KY) or Z;'rned (San

Francísco, CA), monoclonal antiphosphotyrosine antibody (PY100)

f¡om New England Biolabs (Beverley, MA), and polydonal ZO-1
and monoclonal pl20catenin antibody frorn Zymed.

Gcnerøtion of Mutønt Pez Constructs
Isolation of the human Pez cDNA ancl generation of a Flag epitope-

ssion vector, pcDNA3
t al.,2000). The DtotoA
made by site-directed

mutagenesis using PCR. ÀFERM (arrLino acids 337-1787)- and ÀPTP
(amino acids 7-932)-Pez were generated by PCR using the appro-
priate primers to remove the enti¡e FERM or PTP domain, respec-
tively. All conshructs were tagged with the FIag epitope. The se-

Generøtion of GST-Pez Eusion Proteins
wt-Pez and ST-l'ez coding sequences u'ere excised from the
pcDNA3 constructs described above and cloned into the pGEX ^1T-1
vector (Amersham Biosciences, Piscataway, Nf to generate GST-
fusion Pez proteins. The constructs were t¡ansfo¡med into BL21-
Codon Plus (DE3)-RIL Escherichia coll (Stratagene, La |olla, CA) for
protein expression. Cultu¡es r,r'ere induced with 0.15 mM IPTG for
2 h at ambient temperature, and tl're GST-fusion proteirs r'r'ere
purified on glutathione sepharose. The amor:nts of fuJllength fu-
sion proteins produced were determined by Coomassie blue stain-
ing after PAGE. Equaì amou¡ts of GST-wt-Pez and GST-ST-Pez
protein were used fo¡ in vitro dephosphorylation of p-catenin.

Substrate Trøpping
Newly confluent HUVEC lysates, used as a sorrce of tyrosine-
phosphorylated proteirìs, were prepared as clesc¡ibed (Htnt et aL,

1997). BnefIy, the cells were incubated for 30 min with 50 ¡rM
sodium pervanadate to enrich for tyrosine-phosphorylated proteirs,
washed in phosphate-btrfered saline (PBS). and lysed in ST buffer
(50 mM HEPES, pH 7.5, 150 mM NaC1, 150 rrrM NaF, 10 mM sodium
pyrophosphate,5 mM EDTA, 1% Triton X-100, and protease inhib-
itor cocktail lP2774,Sigma, St Louis, MOI) containing 1 mM sodium
orthovanadate at 4'C. The lysates were incubated on ice for 30 min
in the presence of 5 mM iodoacetic acid to irreversibly inactivate
endogenous PTPs. Un¡eacted iodoacetic acid was inactivated with
10 mM DTT. The lysates were then frozen on liquid nitrogen and
stored at -70'C.

Flag-tagged ¡,r't-Pez o¡ ST-Pez was transiently transfected into
HEK293 cells and transfectants lysed in ST bu-ffer 48 h after t¡ans-
fection. Equal amounts of proteìn from each lysate were immuno-
precipitated (in tìre absence of orthovanadate) with an anti-Flag
(M2) antibody precoupled to proteìn A sepharose beads. The Pez
immunoprecipitates we¡e washed three times in ST buffer, adcled to
the phosphotyrosine e¡uiched HLIVEC lysates, and rocked at 4'C
for 2 h. The beads were washed three times with ST bufer, boiled in
Laemmli sample bu-ffer, and bou¡d proteins ¡esolved by 8% SDS-
PAGE. To detect tyrosine-phosphorylated proteins "pulled-down"
by either wt or ST Pez, Westem blots were performed using an
antiphosphotyrosine antibody (PY100).

Immunoprecipit ations ønd Western Blots
Immr-rnoprecipitations rvere carried out after lysis of cells in ice-cold
ST buÍer containing 1 mM orthova¡radate. Lysates were precleared
with 20 pl of protein A-sepharose fo¡ 30 min at 4oC. Protein con-
cent¡ation was assayed using Bradford Reagent from Bio-Rad (Her-
cuJes, CA). Equal amounts (1-5 mg) oi protein were i¡cubated with
2 pg of plirr'aty antibodies supplemented with 20 pl packed protein
A-sepharose fo¡ t h at 4"C. A-fter washing, bor:nd proteins were
eluted by boiling in LaemmÌi sample bu-ffer fo¡ 5 min separated by
8% SD9PAGE and tralsfer¡ed to P\rDF membrane (Hybond-P,
Ame¡sharn Pha¡macia Biotech) for Westem blotting. Western blot-
ting was ca¡¡ied out after blocking with 5% milk, 0.1% Triton X-100
in PBS using the indicated antibodies and developed using HRP-
conjugated secondary antibody (Immr:notech, Marseille, France)
and ECL (Amersham Pharmacia Biotech). For qnantitation, Westem
blots we¡e developed with ECL-Plus (Amersham Pharmacia Bio-
tech), and fluo¡escence intensity was imaged using a Molecular
Dynamics Typhoon 9410 (Amersham Biosciences, United Kingdom)
variable mode imager.

Immunofluotesceflce
MDCK stable cells lines expressíng either wt-Pez, ,ÀPTP-Pez, or
AFERM-Pez were plated at confluent density onto fibronectin
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coated glass LabTek chamber slides (Nalge, Nunc Intemational,
Naperville, IL) and incubated for 2-3 d before staining. The cells
r¡'ere fixed in 47o paraformaldehl'de/PBS for 10 min, quenched with
10 mg,zml sodium borohydride for 15 min, and then permeabilized
by heatment wíth 0.1% Triton X-100. Primary antibodies were used
at 1:100 dilution and binding detected by lncubation with either
fluorophore-coupled secondary antibodies or biotinylated second-
ary antibodies followed by fluorophore-conjugated streptavidin, as

indicated (Molecular Probes, Eugene, OR).
Epifluorescence microscopy was performed on an Olympus

BX-51 rnicroscope equipped with excitation filters for Alexa Fluor
594lTexas ¡ed and fluorescein (494nm), acquired to a Cool Snap FX,

(CCD) camera (Photometrics, Phoenix, AZ).
for brightness and conÍast with V*+ soft-
td., Auckland, New Zealand). The line-pro-

to plot the intensity vs.
a path through the cell

ed for two proteins. Con-
60X oil-immersion objec-

tive on an Ol¡.rnpus IX70 inverted microscope li¡ked to a Bio-Rad
Radíance 2100 confocal mic¡oscope. Sequential scans of eadr fluoro-
phore separately were carried out for hvo-colo¡ colocalization sfud-
les.

Wounding Assøy
MDCK stable cell lines were plated onto six-weÌl trays at densities
that would give confluent monolayers aftet 24}l. Confluent mono-
Iayers were incubated a fwther 48 h to allow intercellular junctions
to matrue before being serum-sta¡ved for 24 h. A linear wor:nd was
generated on the monolayers by scraping with the edge of a cell
scraper. Unattached cells were washed ofi with agitation. Cells we¡e
photographed at the same poirìt on a grid at the time of scraping
and again at 24 h later. The difference in width of the wound
between the lwo edges at the time of scraping and 24 h late¡ rvas
measured and represents the distance migrated. Each line was
plated and wounded in triplicate.

RESULTS

LPTP-Pez Is a Potcntiøl Dominønt Negøtizte
Mutønt of Pez That Cøuses øn Increøse in Tyrosine
Phosphoryløtion øt Afs
Because APTP-Pez is devoid of the catalytic domain and
therefore not enzymatically active, but retains the ability to
localize to intercellular junctions, it can potentially act as a

dominant negative mutant. If Pez is an AJ PT? that regulates
the level of tyrosine phosphorylation at AJs, then overex-
pression of a dominant negative mutant of Pez should lesult
in an increase in tyrosine phosphorylation of A] proteins.
This was investigated using confluent monolayers of MDCK
cells overexpressing ÀPTP-Pez. Cells were serum-staived
followed by L0 min serum stirnulation before staining r,r'ith
an antiphosphotyrosine antibody. Epifluorescence micros-
copy showed that there was a markedly higher level of
tyrosine phosphoryIation at intercellular junctions (marked
by costaining with an anti-ZO-l antibody) in ÀPTP-Pez-
transfected cells compared with the empty vector control or
wt-Pez transfectants (Figrue 2A). Under these experimental
conditions no tyrosine phosphorylation was detected at the
intercellular junctions of empty vector- and wt-Pez-trans-
fected cells. This is best demonstrated when the fluorescence
intensities resulting from both the phosphotyrosine and
ZO-1 antibodies \ 7ere quantitated acLoss several cell bor¡nd-
aries (Figure 2A, right column).

To determine the exact location of the tyrosine-phospho-
rylated proteins induced by overexpression of the putative
dominant negative mutant ÀPTP-Pez, optical sectioning
with a confocal microscope was performed on confluent
APTP-Pez-transfected cells costained with both the an-
tiphosphotyrosine and anti-E-cadherin antibodies. As with
Pez, the tyrosine phosphorylation induced by APTP-Pez
precisely colocalized r.t'ith E-cadherin both along the Z-axis
(Figure 2, B and C) and in the.t-y plane, confirnring that the
increased tyrosine phosphorylation occurred at AJs. ln ad-
ditiorç these data also suggest that the tyrosine-phosphory-
lated substrates remained in the proxirnity of the plasma
membrane and did not translocate to other parts of the cell.
Induction of tyrosine phosphorylation at intercelÌular junc-
tions has also been confi¡med using another potential dom-
inant negative mutant, the RLL27M point-mutant (Figure
2D;R7127 of Pez is the equivalent of R22L of PTPIB, which
when mutated leads to inactivation of its PTP activity (Flint
et øL,1997).

The Al Protein p-Cøtenin Is a Substrøte of Pez ønd
C o immuno p r e cip it øt e s zoith P e z

Data obtained so far suggested that Pez was an AJ PTP and
in concordance with this hypothesis, a putative dominant
negative mutant of Pez caused an increase in tyrosine phos-
phorylation of AJs. A number of components of the AJ
complex can be tyrosine phosphorylated, leading to alter-
ations in their functions (Steinberg and McNutt 1999). We
therefore used a substrate trapping approach to identify
substrates of Pez at the A].

Aspl81 of PTP1B is an essential residue for catalytic ac-
tivity of PTPIB, which when mutated to Ala results in a

catalytically inactive substrate trapping (ST) mutant (FLint ef
ø1., 1997). Sequence alignment of the phosphatase domains
of Pez and PTP1B indicate that Asp1079 of Pez corresponds
to Asp181 of PTP1B. To generate a ST mutant of Pez (denot-

Pez ColocøIizes with E-cødhein øt AIs
We previously obsewed in confluent endothelial monolay-
ers that endogenous Pez localizes to the intercellular junc-
tions (Wadharn et a1.,2000). Here, we investigate the local-
ization of Flag-tagged-Pez stably expressed in MDCK cells,
a polarized epithelial cell line in which cell-cell adhesion is
well characterized. For subsequent investigations of the
function of Pez, truncation mutants of Pez that lack either
the catalytic (APTP-Pez) or FERM (AFERM-Pez) domain
(Figure 1A) were created and their subcellular localization
when stably expressed in MDCK epithelial cell lines were
also examired. wt-Pez ald both truncated Pez rnutants,
exanrined by epifluorescent microscopy, \'ere sinrilarly Io-
calized to what appears to be the intercellular junctions
(Figure 1B). To further confirm that the localization of Pez
was indeed at intercellular junctions rather than at the cell
surface, optical sectioning using a confocal microscope was
performed on wt-Pez-MDCK cells that had been costained
for the Flag-epitope (on Pez) a¡rd E-cadherin (a marker of
AJs). The data showed that Pez precisely colocalized with
E-cadherin at basolateral membranes both along the z-axis
(Figure L, C and D) and in the l-y plane (Figure LE), con-
firming that it is locaìizing to the AJs.
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Figure 3. Identification of Pez subst¡ates and interacting proteins
by substrate trapping and by in vitro dephosphorylation. (A) Sub-
strate trapping. HIFVEC lysate enriched for tyrosine-phosphory-
lated proteins (panel 1) was incubated fo¡ 2 h with Sepharose-bor:nd
anti-Flag immunoprecipitates from cells transfected with wt-Pez,
ST-Pez, or empty vector as shown. The beads were then washed,
ald bou¡d proteins were eluted and immuloblotted with va¡ious
antibodies as indicated. (B) In vitro dephosphoÐ'lation of p-catenìn
by GST-Pez. HUVEC lysate eruiched for tyrosine-phosphorylated
proteins (as in A) was incubated with either GST-wt-Pez or GST-
ST-Pez bound to glutathione sepharose beads. After removal of the
GST-Pez fusion proteins, p-catenin was irnmunoprecipitated, and
the irnmunoprecipitates were Westem blotted with arr antiphospho-
tyrosine antibody. The amount of tyrosine-phosphorylated B-cate-
nin was quantitated by fluorimaging. The blots were then stripped,
courterblotted r,r'ith anti-p-catenin antibody, and quantitated for
tota-l p-catenin. The ¡atio of tyrosine-phosphorylated B-catenin to
total B-catenin for each GST-Pez treatment is shown (one represen-
tative of tluee experirnents).

After stripping and reprobing the filters with antibodies to
other components of junctional adhesion complexes, we
iclentified a nun'rber of other junctional proteins, including
d-catenin þand2, Figure 34, panel 4), ZO-1 þand 3, Figure
34" panel 5), and plakoglobin (unpublished data), which
interact with Pez but do not appear to be substrates for its
PTPase activity. B-Catenin, d-catenin, and plakoglobin are
all components of the AJ cclmplex. ZO-7 is nornìally associ-
ated with tight jr"u-rctions in polarized epithelial and endo-
thelial monolayers but in newly confluent HUVEC, which
have not formed bona fide tight junctions, it is also associ-
ated with AJs (Stevenson and KeorL 1998), suggesting that a
cornplex of AJ proteins may be binding to Pez.

The phospholyrosyl-enriched HUVEC lysate that was tlÌe
source of phospho-B-catenin used in the substrate-trapping
approach was made devoid of any active PTPs by iodoac-
etate treahnent. However, there is a possibility that the

PTP Pez Regulates Adherens Junctions

wt-Pez immunoprecipitates incubated with the lysate may
contain other active PTPs in addition to Pez. To demonstrate
that phospho-B-catenin can be directþ dephosphorylated by
Pez, we carried out a similar experiment using reconrbinant
Pez, prepared as a GST fusion protein from E. coli. As a
control, we perforrned the same reaction with the inactive
GST-ST-Pez. After incubation of recombinant Pez with the
HUVEC lysate, B-catenin n'as immunoprecipitated r¡'ith an-
ti-p-catenin antibody and the amount of tyrosine-phospho-
rylated p-catenin remaining was quantitated by fluorimager
analysis of phosphotyrosine immunoblots. Although the
GST fusion proteins expressed poorly in E. coli (>90'/" of lhe
products were degraded, presumably because the large fu-
sion protein [-160 kDa] was poorly folded), the data
showed that GST-wt-Pez, but not GST-ST-Pez, dephospho-
rylated the B-catenin in the lysate, removing about one third
of the tyrosylphosphates on the B-catenin (Figure 3B). GST-
Pez proteins lackìng the FERM domain were also expressed
and assayed, shor,r'ing that the forrns u'ith wt but not ST
catalytic domains dephosphorylate B-catenin to a similar
extent as full-length GST-wt-Pez (unpublished data).

These experiments indicated that Pez can directly dephos-
phorylate B-catenin in vitro. To fu¡ther assess whether Pez
and B-catenin interact in vivo, we investigated whether Pez
can be coimmunopreciptated with B-catenin. hnmunopre-
cipitation of endogenous p-catenin from cell lysates contain-
ing either endogenous or ectopically expressed Pez was
carried out, followed by Westem blotting to determine if Pez
is coimmunoprecipitated. Endogenous Pez was detected in
B-catenin immunoprecipitates when a B-catenin antibody,
but not a control antibody, r,+'as used to immunoprecipitate
B-catenin from confluent HUVEC rnonolayers (Figure aA).
Similarly, ectopically expressed Pez coimmunoprecipitated
with B-catenin in cells that were transfected with an expres-
sion vector bearing Pez cDNA but not empty vector (Fig,
4B), confirming that Pez and B-catenin interact in vivo.

Although p-catenin coimmunoprecipitated with both en-
dogenous and ectopic Pez, the coimmunoprecipitation ap-
peared to be ¡elatively weak. This could have a number of
possible explanations. First the coimmunoprecipitations
were carried out in 1% Triton X-100 with a brief pulse of
sonication to maxirnize recovery of Pez. These conditions
may be too harsh for the proteins to remain bound. Lr
prelirninary experiments to test the strengtl'r of the interac-
tion between Pez and B-catenin, we have observed better
coimmunoprecipitations if the sonication step was omitted
although more striking increases in coimmr.moprecipitation
were observed by reducing the concentration of detergent
used in the lysis buffer from L% to 0.5% Triton X-l-00 (Figule
48, right panel). This suggests that the complex forrned may
be detergent labile. Such detergent lability has been well
documented with p120 catenin (p120ctr)-cadherin interac-
tions, r,r'hereby only 5-20% of the p120ctrL in detergent ly-
sates is associated with cadherin in contrast to its alnost
complete localization to AJs or membrane fraction under
detergent-free conditions (reviewed in Anastasiadis and
Reynolds, 2000). Finalty, it is likely that not all the Pez within
the cell is localized to the AJ. This has certainly been ob-
served in enclothelial cells where Pez expression is observed
in the cytosol away from the cell junctions, even when the
monolayer is confluent (Wadham et aI., 2000). This is also
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antibody (Figure 4C). Western blots of total lysates from
both the vector- and Pez-tra¡sfected cells showed that HEK
293 cells expressed two major pL20ctn isoforms of similar
abundance (Figure 4C), with the larger isoform correspond-
ing to ful-length p120ctn (isoform L). Interestingly, only the
smaller MW isoform (-95 kDa) coimmunoprecipitated with
Pez. Isoforms 1 and 3 are the most commonly expressed
(reviewed in Anastasiadis and Relmolds, 2000), hence the

interacts directly with Pez and whether it is a substrate.
These will be the subject of future studies. What is clear,
however, is that the cell junctional proteins that are puÌled-
dovrm with Pez are likely to be specific because the coimmu-
noprecipitation discriminated between the two highly re-
lated isoforms of pL20ctn.

LPTP-Pez Interøcts zoith ønd lnduces Tyrosine
Pho sphoryløtion of P-C øtenin
If APTP-Pez acts as â dominant negative mutant of Pez (as

then ÀPTP-Pez should interact with p-catenin in vivo to
increase its tyrosine phosphorylation. To investigate the
ability of ÄPTP-Pez to interact with B-catenin in vivo, p-cate-
nin was immunoprecipitated from HEK293 cells stably
transfected with APTP-Pez. The p-catenin immunoprecipi-
tates were then Western blotted with an anti-Flag antibody
to detect ÀPTP-Pez that has coinrmunoprecipitated with
B-catenin. The data showed that ÀPTP-Pez was able to co-
immunoprecipitate with p-catenin to the same extent as

wt-Pez (Figure 48, left panel).
To exarrrine whether APTP-Pez can irduce tyrosine

phophorylation of Pez substrates through a dominant neg-
ative effect, antiphosphotyrosine Western blots were per-
formed on extracts from confluent monolayers of MDCK
cells stably expressing empty vector, wt-Pez, or ÀPTP-Pez.

Cells were serum-sta¡ved for 24h before addition of serurn
for 10 rnin to induce tyrosine phosphorylation. To see spe-

ion of Pez
adate, whi
e phospho
s (Ayalon

basal level of tyrosine-phosphorylated proteins in vector-
transfectecl cells ¡¡'as vei'y low. Two bands that were specif-

ut not
closed
comi-

grated with B-catenin when the filter was counterblotted
with a B-catenin antibody, suggesting that one of the pro-
teins that is tyrosine phosphorylated through overexPres-_

sion of ÀPTP-Pez is B-catenin. Immunoprecipitation of

to an increased level of B-catenin tyrosine phosphorylation.
The finding that ÀPTP-Pez could interact with and i¡rcrease

IP:

Pèt

Pez

0,5% TXl00

-'f, oû d' .n
p{20ctn
ìsoforms
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A.

wt-Pez
Higher

ls at the
protru-
(Figure

6C). Our observation that the donrinant negative mutarì.t,
APTP-Pez, enhanced cell motility suggests that Pez is a

regulator of cell motility, most likely through its role in
regulating cell-cell adhesion.

DISCUSSION

of cell migration. A nunrber of PTPs
be components of the AJ complex,
PTPs p, r, and LAR and the cytosoli
in (Steinberg and McNutt, 1999).

ln this study, we have identified the PTP Pez as a novel
PTP of AJs. A truncation mutant of Pez lacking the catalytic
domain acted as a dominant negative mutant to enhance

by recombinant Pez in the absence of any other active PTP

aÍso demonstrated that Pez could directly dephosphorylate

phosphorl4ation.^ fnè frighly similar complement of AJ proteins pulled-
down by both wl-Pez and ST-Pez, the observation that wt-
Pez and ST-Pez can pull-down p-catenin equally well, and
the observation that wt-Pez can pull-down unphosphory-

tluough binding to p-catenin or through binding to some

PTP Pez Reguìates Adhe¡ens Junctions
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Figure 1. Flag-tagged wt-Pez
and truncatiorr mutants of Pez lo-
calize to the AJs of confluent
monoÌayers of MDCK cells. (A)
Schematic showing the structure
of wt-, ÅPTP-, and AFERM-Pez.
(B) Epifluorescence microscoPy of
confluent monolayers of Parental
MDCK cells and stable MDCK
cell lines expressing wt-, APTP-,
and AFERM-Pez, labeled with an
antibody against the Flag epitope
and detected by indirect immuno-
fluorescence trsing FITC-coniu-
gated anti-mouse antibodY. SPe-

cific labeling was observed in all
Pez-expressing cell lines at the in-
tercellular jtrnctiorrs. No staining
was observed in the Parental
cells. (C) Z-series obtained bY

confocal laser scantring micros-
copy showing wt-Pez-transfected
MDCK cells double-stai¡ed with
the anti-E-cadherin (top row) and
anti-Flag (bottom row) antibodies
to indicate colocalization of Pez

with E-cadherin along the z-axis.
Anti-E-cadheri¡ antibody was
detected with phycoerythrin-con-
jugated anti-mouse IgG2a and an-
ti-Flag antibody wi th biotinylated
anti-mouse IgGl antibodY and
FITC-conjugated streptavidin. Z-
steps were car¡ied out at 0.5-¡rm
intervals, and alternate oPtical
sections are shown. ToP and bot-
tom panels from each row show
E-cadherin and Pez staining, re-
spectively, from the same oPtical
section. (D) Diagrammatic rePre-
sentation of the optical sections in
the Z-series showu in C, iudicat-
ing t, y, and z axes. (E) High-
resolution merged image of one
optical section (represented bY
panels 7 and 7' from C) showing
colocalization (yellow) in the r-y
plane of Pez (green) and E-cad-
herin (red).
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B. ÂPTP-Pez
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cause
e cat-

iì:;
Band 1 being a specific substrate of Pez.

Because the molecular weight of Band 1 is similar to
that of the AJ protein B-catenin, we probed parallel lanes

with a p-cateñin antibody. B-Catenin was found to be

pulled-down by both wt- A, Panel 3)

and furthermore comigrat 1, suggest-
ing that the substrate at indeed be
p-õatenin. Thus, if indeed it was only

in association with inac-
lack of tyrosine phosphor-
d protein was due to de-

phosphorylation by wt-Pez.

Figure 2, APTP-Pez enhances tY-
rosine phosphorylation of AJs' (A)
Epifluorescence microscopy show-
ing confluent monolayers of
MDCK cells stably expressing vec-
tor, wt- or ÄPTP-Pez, doublela-
beled with phosphotyrosine (PY)

a¡d ZO-1 antibodies and detected
by indirect immunofluorescence
using biotinylated anti-mouse anti-
body followed by Texas Red-con-
jugated streptavidin and Alexa
fluor 350-coniugated anti-rabbit
antibody, respectively. From left to
right coltrmns: phosphotyrosine
antibody staining, ZO-1 staining to
show positions of cell-cell contacts,
merged image of PY staining (false

colored red) and ZO-1 staining
(false colored green), and quantita-
tion of PY and ZO-1 fluorescent in-
tensities taken along a line connecF
ing the crosses shown i¡ the
merged image. (B) Z-series ob-
tained by confocal laser scanning
microscopy showing ÂPTP-Pez-
transfected MDCK cells double-
stained with the anti-E-cadherin
(top row) and antiphosphotyrosine
þottom row) antibodies to show
colocalization of phosphotyrosines
with E-cadherin along the z-axis.
Anti-E-cadherin antibody was de-
tected with phycoerythrin-conju-
gated anti-mouse IgG2a, and an-
tiphosphotyrosine antibody was
detected with biotinylated anti-
mouse IgGl antibody and FITC-
conjugated streptavidin. Z-steps
were carried out at 0.5-pm inter-
vals, and altemate optical sections
a¡e shown. Top and bottom panels
from each ¡ow show E-cadher.in
and phosphotyrosine staining, re-
spectively, f¡om the same optical
section. (C) High-resolution
merged image of one optical sec-

tion (represented by panels 7 and
7' of B) showing colocalization (yel-
low) in the r-y plane of phosphoty-
rosine (green) and E-cadherin (red)
staining. (D) Epifluorescence mi-
croscopy of conflttent monolayers
of parental MDCK or a stable
MDCK cell-äne expressing a Pez
mutant, R7127M, stai¡ed with the
phosphotyrosine antibody.
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A.

0h

24h

B.

been carried out, is essential to fully elucidate the role of

À PTP

into the nucleus in its form and if
form can interact

under conditions where cell-
we have shown that Pez also

translocates into the nucleus (Wadham et a1.,2000)'k would
be particularly important to .deterrnine whether Pez and
p-câtenin interact in the nucleus and if so, what the func-
tional consequence of this interaction is.
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SUMMARY

Pez is a non-transmembrane tyrosine phosphatase with
homology to the moesin) familY

of protõins. T n of Pez in
endôthelial celts bY cell densitY

and serum concentration. In confluent monolayers Pez was

cytoplasmic, but in cells cultured at low density Pez

was-nuclear, suggesting that it is a nuclear protein in
proliferating cetti. tnis notion is supported by the loss of
iuclear Pez when cells are serum-starved to induce
quiescence, and the rapid return of Pez to the nucleus upon

refeeding with serum to induce proliferation' Vascular
endothelial cells normally exist as a quiescent confluent
monolayer but become proliferative during angiogenesis or

upon vascular injury. Using a'wound' assay to mimic these

events in vitro, Pez was found to be nuclear in the cells that
had migrated the 'wound' edge.

TGFp, which but not migration,
inhibited the t nucleus in the cells

at the 'wound' edge, further strengthening the argument
thatPezplays a role in the nucleus during cell proliferation.
Together, the data presented indicate thatPez is a nuclear
tyrõsine phosphatase that may play a role in cell
proliferation.

Key words: Tyrosine phosphatase, Pez, Nuclear localisation,

H UVEC, Prol i leration. Quiescence

INTRODUCTION

Tonks, i997). Although there has been a surge in the numbers

of PTPs identified in the last 5 years' relatively little is known

about the specific functions and modes of regulation of the

individual PTPs.

most highly expressed PTP mRNAs (C. Wadham and Y' Khew-

Goodall, onpoUlistted observation), suggesting it may be a

critical PTP in regulating endothelial cell function'
The FERM supèrfamily of proteins include the ERM (ezrin,

radixin and talin. A feature common to

all thes interact through their N termini

with in ne proteins and through their C

termini with the cytoskeleton, thus forming a bridge between

the plasma membrane and the cytoskeleton (Tsukita and

Yone-mura, 1991 , I999).It has been postulated that the family
of FERM proteins, particularly the ERM proteins, play a role

in organising the cytoskeleton, perhaps in response to external

cues.
By analogy to the other members of the FERM family of

proteins, it is reasonable to predict that the FERM subfamily

òt pfps is similarly localised and perform similar functions'

Some evidence exists to support this' Ogata et al' (1999a'b)

recently demonstrated that ectopic overexpression of PTP36,

the murine homologue of Pez,led to decreases in actin stress

fibre and focal adhesions, resulting in loss of cell-matrix
adhesion and cell proliferation. They showed that ectopically

express
and the
in the
PTPHl
mediate associations of PTPH1 with plasma membrane

structures (Zhang et al., 1999).In addition, the FERM domain

of PTPH1 can inhibit the catalytic activity of PTPH1 in vitro
(Zhanget al., 1995), suggesting that it has functions other than

in tethering PTPH1 to the plasma membrane. Furlhermore,
PTPH1 has been shown to be complexed to the adaptor

molecule 14-3-3 when it is phosphorylated (Zhang et al',
1997), and the major substrate of PTPH1 has been identified,
using a substrate-trapping mutant of PTPH1, to be the valosin-



containing protein (VCP, also known as p97lCDC48) (Zhang
et al., 1999), a protein with various potential functions
including cell-cycle regulation (Madeo er al., 1998). The
studies with PTPHI, a representative of the FERM subfamily
of PTPs, demonstrate that members of this subfamily may havê
functions other than those related to cytoskeletal architecture.

In this report, we show that the subcellular localisation of

or by the 'wounding' of a confluent monolayer, pez is nuclear.
Collectively, our data demonstrate that the presence of pez in
the nucleus correlates with cell proliferation and suggests that
it has a nuclear role during cell pr.oliferation. In blood vessels,
the normally quiescent endothelium is induced to proliferate at
sites of vascular injury and during angiogenesis. Therefore, pez
may play a role in regulating endothelial cell proliferation
during vascular injury and angiogenesis.
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MATERIALS AND METHODS

In studies ncubated with peptides prior to use
in western b carried out in 1 ml PBS containing
100 ¡tglml p m temperature or overnight at 4"C.

Total cell lysates were pr with trypsin,
followed by washing in PBS ample buffer
(Laemmli, 1970) containing fractionation
into nuclear and cytoplasmic fractions was car¡ied out according to
published protocols (Mui et al., 1995). Briefly, cells were harvested
by trypsinisation, washed in PBS and r.esuspended in Buffer. A (50
mM Hepes, pH 7.5, 100 mM NaF, 10 mM
mM MgCl, 2 mM sodium orthovanadate,
2 mM EDTA, lx protease inhibitor cocktail
Nonidet P-40 (Sigma) for I minute on ic
collected by a brief centrifugation for 15 seconds and washed twice
with Buffer A. The nuclear pellet was then either lysed in Laemmli
sample buffer to obtain a total nuclear fraction or resuspended in
Buffer B (50 mM Hepes, pH 7.5, 100 mM NaF, 300 mM NaCl, 10%
glycelol, 10 mM sodium pyrophosphate, 2 mM sodium
orthovanadate, 2 mM sodium molybdate, 2 mM EDTA, 1x protease
inhibitor cocktail) and rocked vigor.ously to obtain nuclear extract
(supernatant after centrÌfugation at 13000 rpm, 5 minutes at 4"C) or
nucleal pellet fraction. Immunoprecipitations were carried out by
lysing cells in RIPA buffer' (50 mM Tris-HCl, 1Z¿ Nonider p-40,
0.257¿ sodium deoxycholate, 150 mM NaCl, 1 mM EGTA, 1 mM
sodium orthovanadate, I mM sodium fluoride, lx protease inhibitor
cocktail) followed by preclearing with protein-A sepharose beads.
Precleared lysate was incubated with antiserum for 2 hours at 4"C,
then protein-A sepharose beads we¡e added and incubated a further 1

hour at 4'C. The protein-A sepharose complex was pelleted by
centrifugation, washed twice with RIPA buffer and boiled in Laemmli
sample buffer.

Confocal microscopy
HUVEC were plated onto frbr.onectin (50 ¡rg/ml) coated glass Lab-
Tek chamber slides (Nalge Nunc International, Naperville, IL, USA)
at the indicated densities. Prior to staining, cells were frxed, in 4Vo
parafolmaldehydeÆBS for 10 minutes, quenched with l0 mg/ml
sodium borohydride for 15 minutes and then permeabitised by
treatment wilh 0.l%o Triton X-100. Affinity-purifled Ab to pez was
used at 1:10 dilution (whole sera was used at l:250) and indirect
immunofluorescence was detected by incubation with biotinylated
anti-rabbit secondary Ab (Rockland, Gilbertsvitle, pA, USA) followed
by FlTC-conjugated streptavidin (Dako A./S, Denmark). Confocal
microscopy was carried out using a BioRad MRC-600 confocal
microscope. For comparison of different treatments, the laser powe¡
confocal aperture and contrast settings were kept constant.

Gulture of primary HUVEC
HUVEC were extracted by collagenase treatment according to a
modiûed version of Wall et al. (1978). Cells were grown in 25 cm2
gelatin-coated tissue culture flasks (Costar., Cambridge, MA, USA) in
endotoxin-fiee M 199 medium (Cytosystems, Sydney, Australia)
supplemenred wiih 2OVa FCS (pA Biological, Sydney, Ausrralia), 20
mM Hepes, sodium pyruvate and non-essential amino acids at 37"C
in a 5Va COz atmosphere. Cells were replated 2-5 days after
establishment of culture by harvesting wtth 0.05Vo trypsin-O.O2Vo
EDTA. Endothelial cell growth supptement (Multicel, Trace
Biosystems, Austlalia) at25 mglml and heparin were added to cells
that were passaged twice or more, In general, cells were used at first
or second passage, All reagents used in the growth and passaging of
HUVEC were made up under endotoxin-free conditions and contained
between 10-100 pglml endotoxin determined by the Limulus
amoebocyte assay.

Plasmids and transfection
Full-length Pez cDNA was tagged at the N terminus with the Flag-
epitope and cloned into the eukaryotic expression vector pcDNA3

Antibodies
Anti-Flag epitope (M2) was obtained f¡om AMRAD Biotech
(Victoria, Australia) and anti-ERK1ÆRK2 from Zymed Laboratories
Inc. (San Francisco, CA, USA).

Generation of Pez-specific antibodies
Two peptides predicted to be immunogenic by the algorithm
'Antigenic' (GCG, University of Wisconsin, USA), located in the

FERM PTPs, suggesting that antibodies (Abs) raised against them
would be specific to Pez. The peptides were conjugated to the carrier
protein, ovalbumin (Sigma, St Louis, MO, USA) and used to
immunise rabbits. Antisera obtained against each of the peptides were
used in an ELISA to screen for binding to unconjugated peptide.
Antisera generated to Pez4ss-5ro andPezeeTøsa wer-e called peiRl and
PezR2, respectively. Whole antiserum to pezRl and pezR2 were

ity columns generated by coupling the
s:-oqo cross-linked to BSA to Affrgel-15
CA, USA) matrix, according to the

Western blotting, subcellular fractionation and
immunoprecipitation
For westem blotting, the lysates were electrophoresed on an g7o SDS-
polyac trans
PVDF ngha
blocke -100
saline were
affrnity-purited Ab were used at 1:50 or l:100 dilution and the blots
developed using an HRP-conjugated secondary Ab (Immunotech,
Marseille, France) and enhanced chemiluminescence (Amersham).
For quantitative western blotting analysis, the blots were developed
using an alkaline phosphatase-conjugated secondary Ab, fluorescent
Vistra ECF substrates (Amersham) and the resulting band intensities
quantitated using a Fluorimager and the Imagequant software
(Molecular Dynamics).
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B. Total lYsates lP: PezRl(Invitrogen, Groningen, The Netherlands). The Flag- A.
tagged mutant, 44. 1, was generated by deletion of amino

actãs 2-336, which essentially removes the entire FERM

domain. HUVEC and 293 cells were transfected using

Lipofectamine 2000 (Life Technologies Inc', Grand

Islãnd, NY). Cells were harvested or analysed 48 hours

after transfection.

RESULTS

Endogenous Pez express¡on detected by Pez-

specif¡c antisera
Two specific antisera generated to two separate

regioni of Pez were used to determine the

suicellular localisation of endogenous Pez in

lA,C). A Flag epitope-tagged Pez ectopically

expressed in 293 cells comigrated with the 130 kDa

band from HUVEC lysate and was recognised by

PezR1, in both western blotting and

immunoprecipitation (Fig. 1B). This suggests that

the 130 kDa band from HUVEC detected by both

Abs is most likely endogenous Pez. Further

evidence th.at the 130 kDa band is indeed Pez is

demonstrated in Fig. lC, where preincubating the

Abs with the peptides used for immunisation
resulted in removal of the 130 kDa band but not the

recognise endogenous Pez.

Sóth the antisera were affrnity-purified using the
. The resulting
d only the 130
purified PezR2

HUVEC

MW (kDa)

c.
Ab pre-

incubation:

Pez

196

126

89

65

53

40

Blot: R'l R2

Pez
1 30kD

12345
Blot: €- PezR 1 -) <( anti-Flag)

s\¡\

detected predominantly the 130 kDa Pez band as

well as a minor non-specific low molecular mass

band (Fig. 2B). Both the affrnity-purified Abs were

subsequently used for detection of Pez by indirect

immunofluorescence.

Endogenous Pez is nuclear or cytoplasmic
depending on cell densitY
The subcellular localisation of Pez in primary HUVEC was

nfocal laser
and PezR2

presence of
Abs stained

predominantly the cytoplasmic compaftment (Fig' 2A,B'

ðonfluent) unã i.t so-e cells appeared to be concentrated at the

Bror:€ PezRl â irfilihe ? PezRZ+ ¡nl'{fi-n"

Fig. 1. Characterisation of anti-Pez antisera. (A) western blot of HUVEC lysate

wit"h PezRl and PezR2 antisera. The migration of prestained markers (MW) is

shown. Each Ab recognises two major bands, of which only the 130 kDa Pez

band is common. (B) Lanes l-3: westem blot of lysates from HUVEC or 293

cells transfected with the PezRl

antiserum showing ec ith endogenous Pez

from HUVEC. Lanes e PezRl antiserum

blotted with the appropriate preimmune serum.

plasma membrane at intercellular junctions (data not shown)'
rWhen cells were plated sparsely, however, predominantly

nuclear sta
sparse). An
the PezRl
preincubated with the corresponding immunising peptides

ihowed either no staining or greatly reduced staining,

monolayers.

-Ð+

,Ð

F-

*- t
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Fig. 2. Affinity purification of PezRl and
PezR2 Abs and their use in the subcellular
localisation of endogenous Pez. (Left)
Westem blots of total HUVEC lysate to
compare crude serum and afÊnity-puriûed
PezRl and PezR2 Abs. (Middle and right)
Confocal micrographs showing indirect
immunofluorescence of HUVEC plated as
confluent (9xl0a cells/well, middle) and
sparse (2.5x 104 cells/well, right) monolayers
stained with either the affrnity-purified pezRl
(A) or PezR2 (B) Abs. The staining with both
Abs is predominantly diffuse cytoplasmic in
the confluent monolayers and nuclear in
sparse isolated cells. (C) Western blot of total
HUVEC lysate (T) and after subcellular
fractionation into crude nuclear (N) and
cytoplasmic (C) extracts, using the PezRl
antiserum (top) and the anti-MAPK Ab
(bottom). Pez was present in both nuclear and
cytoplasmic fractions whereas the MAPK was
detectable only in the cytoplasmic fraction.

Fig. 3. Ectopically expressed Pez also localises to
both the nucleus and cytoplasm. (A) Confocat
microscopy of HUVEC transfected either with
empty vector (left) or Flag-taggedPez (right) and
detected using the PezRl antiserum.Pez-
overexpressing cells (amongst a background of
nontransfected cells showing endogenous pez
staining) are denoted by arrowheads. The figures
shown are represenfative of at least three separate
experiments, each using a different line of
HUVEC. (B) Western blot of HEK293 nuclear
(N) and cytoplasmic (C) lysates obtained after
subcellular fractionation from cells transfected
with either empty vector, wild-type (wt) Flag-
taggedPez or an N-terminal deletion mutant
(44. l). The ectopically expressed proteins were
detected with an anti-Flag epitope Ab. Nothing
was detected in the empty vector transfectants,
wt Pez was present in both the nuclear and
cytoplasmic fractions but the 44.1 mutant was
only present in the cytoplasmic fraction.

r staining observed by in situ
was due to the presence of
HUVEC were fractionated

into nuclear and cytoplasmic extracts and western blotted with
PezRl Ab. The same 130 kDa band was detected in both the

Confluent

B. PezR2

Pez,>.

Pez

P44u'r'
p42'',o

A Vector transfected

B. vector wt a ¿.t

nuclear and cytoplasmic fractions (Fig. 2C). The nuclear
fraction was tamination by
the complet otein MApK
(p44E k and Thus pez is
indeed present in the nucleus.

A. PezRl

.,"u" a.-e
Sparse

Pez transfected

Pez

c
T

wt Pez

A ¿.r

rl*t

aJlr

¡r;
-¡-
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Fig. 4. Refeeding serum-starved cells with serum increases the

fraction of Pez in the nucleus. (A) Confocal microscopy of cells

40

30

20

NoÈ
stained with PezRl Ab showing loss of nuclear Pez in cells serum- s
starved (0.27aFCS) for 48 hours and increased nuclear Pez following Starved Re-fed
refeeding wrth2\qo FCS for 30 minutes. The figures are

representatrve of three separate exPeriments , each done in duPlicate.

(B) A representatle western blot detected with the PezRl Ab (toP and bottom Panels ) used for quantitating the proportion of Pez in the

nucleus. Serum-starved or refed cells (as in A) were fractionated into nuclear (N) and cytoplasmic (C) fractions. Lysates normalised for equal

cell numbers were loaded onto each lane' Blots were also reblotted with an anti-actin Ab (middle panel) to further control for loading. The

nonspecific band (bottom Panel) is a low molecular mass nuclear protein also recognised by the PezRl crude antiserum; it does not translocate

into the cytoplasm when cells are serum-starved. In cells treated with cycloheximide, 10 ¡rg/ml cycloheximide was added 15 minutes Prior to

refeeding with serum and left in for the entire duration ofrefeeding (30 minutes)' (C) Quantitation of westem blots carried out as described in B

using a fluorimager and the Imagequant software. Following background subtraction, the percentage of Pez in the nucleus relative to total

cellular Pez was plotted' No significant difference was observed in the percentage of nuclear Pez between refeeding in the presence or absence

of cycloheximide (CH) (P=0.44, Student 's f-test, n=2)bttt the percentage of nuclear Pez in refed cells compared to serum-starved cells was

significantly different (P<0.01 , Student's t-test, n=2), Inset shows quantitation of actin in the nuclear fraction relative to total cellular actin after

the blots were reprobed with an anti-actin Ab, showing that there is no significant change in the compartmentalisation of actin upon refeeding

with serum or treatment with cycloheximide'

To determine the subcellular localisation of ectopically

expressed Pez, a Flag epitope-tagged .Pez construct was

traisfected into HUVEÓ und the cells stained with the PezRl

Ab. transfected with

Pez the nucleus and

cyto taining in eq¡tjY

vect @ig' 3A)' The

dependent on sequences in the FERM domain'

Similar patterïs of localisation were also observed using the

PezRl Abln HeLa cells (data not shown), suggesting that this

pattem of compartmentalisation was not confined to HUVEC'

Nuclear localisation of Pez is serum dependent

The above observation raised the possibility that Pez may be

nuclear Pez was significantly r uiescent

by serum starvation but was inc ing with

2OVo FCS for 30 minutes (Fig. amount

ofPez in the nucleus following serum starvation and refeeding,

nuclear and cytoplasmic fractions of cell lysates were

examined for Pèz content by western blotting and

fluorimaging. From this analysis, only about l07o of total Pez

;

-<-> - -
-hr-
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Fig.5. TGFp inhibits
translocation of Pez to the
nucleus in a 'wound' assay.
Confocal microscopy of a

confluent monolayer of HUVEC
through which a 'wound' was
made by denuding a linear
region on the monolayer
followed by staining with PezRl
antiserum 17 -24 hours afrer
'wounding'. (A,B) Controls, no
addition. (C,D) TGFp
(0.4 nglml) was added at the
time the wound was made.
(A and C) show the 'wound' into
which a similar degree of
cellular migration has occurred
in both control and TGFB cells.
(B and D) are higher
magnifications of the regions
marked by a vertical line in A
and C, respectively, showing
translocation of Pez into the
nucleus in the control but not
TGFp treated cells that have
migrated into the 'wound'. The
figures are representative of
three separate experiments each
done in duplicate.

c ( 'wound' 
> Directbn of mioration

-

A B
Control

D
+TGFp

remained in the nucleus after serum starvation but about 40_nn:" ,ff¿il'd'*i
Pez is quiscenicells
(at Go) idon of serum.
The Pez in this sh
was presence of
inhi , during lefeed
incr can occur in t
protein synthesis. In contrast to Pez, there was no significant
alteration in the proportion of actin in the nucleus when serum
Ìvas is was similarly unaffected
by c 4B,C, inset). Interestingly,
the non-specific band also
recognised by the crude PezRl antisera does not alter with

(Fig. 48, n
ate from th
escent. The
even after

for some of the residual nuclear staining detected by
immunofluorescence in Fig. 14. We have also found that therê
is no signif,cant alteration in the amount of total pez in the cells
after 30 minutes refeeding with serum (data not shown).

Pez translocates ¡nto the nucleus in cells at a
'wound'edge
At sites of vascular injury and during angiogenesis, endothelial
cells migrate out of the intact confluent endothelium and
proliferate. To mimic these events in vitro, a confluent
monolayer of HUVEC was 'wounded' to generate a linear
region denuded of cells (Fig. 5A,B). The cells from the
confluent area subsequently migrate into the denuded area and
proliferate. In cells at the 'wound' edge that have recently

Translocation of Pez to the nucleus is inhibited by
TGFp
Because the cells at the 'wound' edge are both migratory and
proliferative, the role of Pez in the nucleus of these cells could
be related to either migration, proliferation or both. To
differentiate between these possibilities, cells were treated at
the time of generating rhe 'wound' with TGFB, which inhibits
proliferation by arresting cells at Gl phase (Iavarone and
Massague, 1997)buthas no effect on cell migration. Following
TGFp treatment, cells at the 'wound'edge showed little or nõ
increase in nuclear Pez compared to the cells in the confluent
region distal from the 'wound', suggesting that TGFB inhibited
the translocation of Pez into the nucleus (Fig. 5C,D). There
was no difference in the distance migrated or the number of
cells migrating into the 'wound' between untreated and TGFB-
treated cells, confirming that TGFp does not inhibit cell
migration (Fig. 5A,C). These data further support our earlier
observations that the translocation of pez into the nucleus
correlates with the transition from quiescence to proliferation.

DISCUSSION

Intracellular compartmentalisation is a powerful means of
ensuring specificity of sign
limiting the access of activated
downstream partners, while
reactions by grouping proteins



ellular localisation of a PTP can be

logical role of the PTP.

members of the FERM familY of
proteins are localised through their FERM domain to the

þlur-u membrane-actin cytoskeleton interface (Tsukita and
^Yon"-utu, 

lgg'7, lggg), it was assumed that Pez would also

be However, this had not been

de enous protein. Using specific Abs

to that the nuclear or cYtoPlasmic

localisation of Pez was regulated by a number of factors

serum, all suggest fhat Pez is a nuclear protein during cell

induced from a quiescent state to migrate and proliferate, we

used an in vitro 'wounding' assay to induce a small population

of endothelial cells at the 'wound' edge to migrate and

endothelial cell proliferation occurs'
Studies on thè murine homologue of Pez, PTP36, showed

obvious and requires further investigation' One reason may be

that Pez and Ptp36 are isoforms rather than orthologues' A
precedence' for differential localisation of isoforms of a

member of the FERM family of proteins exists: Band 4'1

cycle in synchronised taken together,

süggest útat Pez tran s at the Go/Gt

transition and moves cells enter Go'

Cell proliferation is a complex, highly coordinated process that

Regulated nuclear localisation of PTP Pez 3123

requires
changes
nuclear
nucleus
its nuclear substrates.
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