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ABSTRACT

The acquisition of an invasive phenotype by neoplastic cells is often associated with
increased activity of tyrosine kinases, such as Src or epidermal growth factor receptor
(EGFR). Additionally, cell-cell adhesion, mediated via cadherin-based adherens junctions
(AJs), profoundly influences whether and how invasion might occur. p120-catenin, which
undergoes prominent phosphorylation on tyrosine in response to growth factor signalling
or activation of Src, has emerged as a key player in promoting E-cadherin stability and AJ
integrity. In this work we address the role of p120, and specifically its tyrosine

phosphorylation, in determining the adhesive and invasive phenotype of neoplastic cells.

As an initial step we generated polyclonal site-specific phosphorylation state-specific
antibodies to recently identified Src phosphorylation sites in p120. Antibodies to two of
eight sites, phospho-tyrosine-228 and phospho-tyrosine-296 were successfully produced
and validated and, together with newly available commercial monoclonal p120 phospho-
specific antibodies, were used to characterise p120 phosphorylation events occurring in

response to activation of Src or EGFR.

Over-expression of constitutively active Src in a colon cancer cell line (KM12C) caused
phosphorylation of p120 at tyrosine residues 228, 280, 291 and 296 and this was dependent
on Src kinase activity and the presence of an intact Src SH2 domain. Simultaneous
phosphorylation of the same sites occurred in a squamous cell carcinoma cell line (A431)
stimulated with EGF, most probably via activation of Src kinase. In both models tyrosine
phosphorylation of p120 correlated with disruption of AJs. However, studies utilising
phosphorylation-defective p120 mutants suggested that tyrosine phosphorylation of p120
was not required for Src-induced inhibition of AJ formation in KM12C cells but, along

with other events occurring at the p120 N-terminal region, was required for growth factor

induced scattering of A431 cells.

RNAi-mediated knockdown of p120 in A431 cells impaired EGF-induced invasion into 3-
dimensional matrix gels or in organotypic culture, while re-expression of RNAi-resistant
p120, or phosphorylation defective p120, restored the collective mode of invasion

employed by A431 cells in vitro. The requirement for p120 was not due to its effects on

stabilizing E-cadherin, since RNAi-mediated E-cadherin knockdown did not cause a
similar reduction in A431 invasion. Thus, we describe a novel requirement for p120 in
mediating the collective invasion of squamous cancer cells via mechanisms which are

independent of p120’s ability to be phosphorylated or to stabilise E-cadherin.
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1 Introduction: p120-catenin, the adherens

junction and invasion.



Invasion, the ability of neoplastic cells to breach tissue barriers, is a hallmark of
malignancy (1). Whether by infiltration and compromise of adjacent tissues, or as an initial
step in the process of metastasis, invasion is directly responsible for much of the morbidity
and mortality of cancer. Over the past two decades an understanding of the molecular
processes fundamental to invasion and metastasis has begun to emerge. It is clear that
invasion requires co-ordinated changes in cell-cell and cell-matrix adhesion, remodelling
of the extracellular matrix, reorganisation of the actin cytoskeleton and increased motility.
Furthermore, current evidence suggests cancer cells are able to utilise differing strategies
of invasion which are characterised by the relative contribution of each of these factors.
Although complex these processes are ultimately coordinated and are regulated, to a large
extent, by tyrosine kinases and their numerous substrates. In this piece of work we have
attempted to identify the contribution of one such tyrosine kinase substrate, the adherens
junction (AJ) protein p120-catenin (hereafter referred to as p120), which would seem well
placed to co-ordinately regulate altered cell-cell adhesion, motility and invasion. Work to
understand the biology of invasion and metastasis 1s timely, not least because of the
recognition that this particular hallmark of malignancy may be susceptible to molecularly
targeted therapies. To use such agents appropriately will require translation from bench to

bedside and back again and will demand a sound understanding of the fundamental biology

of invasion.

1.1 Structure and function of the adherens junction.

Epithelial cell-cell adhesion is determined by three types of specialised structure located at
the basolateral membrane: AJs, tight junctions and desmosomes (Figure 1-1). Of these the
AlJ 1s the key determinant of cell-cell adhesion, epithelial differentiation and tissue
morphogenesis (2) and, at least in vitro, formation of AJs is a prerequisite for the formation
of tight junctions and desmosomes (3). However, far from simply providing inert physical
adhesion it is increasingly clear that AJs are dynamically regulated sites of bi-directional
signalling which regulate and are regulated by tyrosine kinases and the actin cytoskeleton
(2, 4). The core components of the AJ are cadherins and their cytoplasmic binding partners
known as catenins (Figure 1-2). However, it should be borne in mind that diverse
molecules are physically and functionally associated with the AJ including tyrosine and

lipid kinases, phosphatases, integrins, nectins and actin regulatory proteins.



Tight junction F-actin
Adherens junction
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Figure 1-1 Adhesive structures in epithelia.

The tight junction (blue) is composed of transmembrane proteins such as claudin and
occludin. It forms a virtually impenetrable barrier preventing the passage of most dissolved
molecules from one side of the epithelial sheet to the other. The AJ (green) 1s formed by
classical cadherins and catenins. Both AJs and tight junctions are linked to the actin

cytoskeleton (red circles). The desmosome (grey) is composed of desmosomal cadherins

and plakophilins and links sites of cell-cell adhesion to intermediate filaments.



1.1.1 Cadherins

Cadherins form a diverse superfamily of transmembrane glycoproteins characterised by the
presence of one or more extracellular cadherin (EC) repeats. These 110 amino acid long
conserved sequences contain specific calcium-binding motifs and the binding of calcium
10ns 1s essential for the proper folding, rigidity and hence function of the cadherin repeat
(5). Cadherins can be divided into 4 sub-families (6): 1) classical cadherins, including E-,
N-, and P-cadherin which participate in AJs and to which this discussion is limited; 2)
desmosomal cadherins which participate in desmosomes; 3) protocadherins which are

mainly involved in neural development; and 4) cadherin-related proteins like the Flamingo
and FAT family.

Classical cadherins are single pass transmembrane glycoproteins with an extracellular
domain containing 5 EC repeats. This extracellular domain can undergo calcium-
dependant cis -dimerisation with a cadherin molecule of the same cell or trans-
dimensation with a cadherin molecule of an adjacent cell. Mutational studies together with
the solving of the crystal structure of Xenopus C-cadherin indicate that it is the most
membrane-distal cadherin repeat which primarily mediates this interaction (7).
Specifically, a conserved tryptophan side chain in the membrane-distal EC repeat of one

molecule inserts into a hydrophobic pocket in a separate region of the membrane-distal

repeat of the second cadherin molecule.

The cadherin cytoplasmic domain contains two distinct and non-overlapping binding
domains via which it interacts with members of the Armadillo family of proteins known as
catenins. The highly-conserved membrane-proximal juxtamembrane domain (JMD)
interacts with p120-catenin via residues 758-773 (8-10) and other regulatory proteins such
as Hakai (11) and presenilin (12) whilst residues 815-839 of the membrane distal catenin-

binding domain (CBD) interact with B-catenin (13) (numbering refers to E-cadherin).

E-cadherin, the prototypic classical cadherin, is ubiquitously expressed by epithelial tissues

while other classical cadherins such as N-, P- and VE cadherin have a more restricted
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Figure 1-2 p120 and the adherens junction (AJ)

Cadherins are single pass transmembrane proteins which form calcium-dependent

homophilic interactions with cadherin molecules of an adjacent cell via the first
extracellular cadherin repeat. 3-catenin interacts with the cadherin catenin-binding domain.

ai-catenin is recruited to the AJ via B-catenin and regulates interaction of the AJ with the
actin cytoskeleton. p120 binds the cadherin juxtamembrane domain and this physical
Interaction is essential for the stable retention of cadherin at the plasma membrane. p120
can also directly modulate the activity of the Rho-family GTPases RhoA, Rac and Cdc42.
In addition, p120 may enter the nucleus where it binds to and inhibits the transcriptional

repressor activity of Kaiso. p120 is phosphorylated on tyrosine in response to the activation

of receptor and non-receptor tyrosine kinases but the consequences of this for p120

function are enigmatic.



distribution and display important functional differences. In addition to physically
mediating intercellular adhesion, cadherin molecules form a hub of signalling activity (14),
mediate cell sorting during morphogenesis (2), and maintain epithelial polanty and
homeostasis (15). With such fundamental roles in cell biology it is not surprising that
cadherin function is often perturbed in human cancer. For example, germline mutations in
the E-cadherin gene are associated with familial gastric cancer whilst somatic mutations
have been found in up to 50% of diffuse type gastric cancer and lobular breast cancer. In
other tumour types mutation of the E-cadherin gene 1s rare but downregulation of E-

cadherin is a common occurrence and is often mediated by promoter hypermethylation or

by the activity of specific transcriptional repressors (16).

1.1.2 a-catenin

a-catenin has no sequence homology with the other catenins and does not contain
Armadillo repeats. Its closest relative is the actin binding protein vinculin with which it
shares three vinculin homology domains (17). a-catenin is recruited to the AJ via its N-

terminal domain which interacts with cadherin-bound B-catenin or plakoglobin (18). The

N-terminal region is also involved in homodimerisation of unbound cytoplasmic a-catenin
(19). The central and C-terminal regions of a-catenin bind several actin-binding or
regulatory proteins such as a-actinin (20), vinculin (21), ZO-1 (22) and formin (23) as
well as actin itself (24). Until recently the prevailing view was that a-catenin
simultaneously associated with actin and -catenin to physically link E-cadherin to the
actin cytoskeleton. However, recent work demonstrating that the a-catenin-p-catenin and
a-catenin—actin interactions are mutually exclusive has challenged this dogma (25).
Current data suggests that the true role of a-catenin is to act as a molecular switch
controlling the pattern of local actin polymerisation which is essential for AJ formation

(26, 27). Loss of function mutations in the a-catenin gene are associated with impaired

cell-cell adhesion and have been found in tumour cell lines derived from lung, prostate,

ovarian and colon cancers (28).

1.1.3 B-catenin

P-catenin contains a central Armadillo domain flanked by an amino-terminal domain of

approximately 130 amino acids and a carboxyl-terminal domain of 110 amino acids. The

Armadillo domain consists of 12 Armadillo repeats, each of approximately 42 residues,

which are packed together to form a long positively charged central groove via which -
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catenin interacts with cadherins, APC or TCF transcription factors in a mutually exclusive
manner (29). The amino-terminus mediates the interaction with a-catenin and also
contains several serine and threonine residues whose phosphorylation is important in

regulating B-catenin stability. The carboxyl terminus has transcriptional activator

properties (30).

Taken together current evidence indicates dual roles for B-catenin in cell adhesion and
transcription (31). Firstly, B-catenin serves as an adaptor protein simultaneously binding

E-cadherin and a-catenin, and hence is necessary for the recruitment of a-catenin to the Al
(32). Secondly, a tightly regulated nuclear pool of B-catenin can act as a transcriptional
coactivator in the well described Wnt / B-catenin / TCF pathway (Figure 1-3) (33). In the
absence of Wnt signalling, cytoplasmic B—catenin is bound by the APC / axin / glycogen

synthase kinase-33 (GSK3-B) complex and undergoes N-terminal serine / threonine

phosphorylation. This targets B-catenin for ubiquitination and destruction (34-38). Wnt, an
extracellular matrix-associated growth factor signals via its receptor, Frizzled, to inhibit
GSK3-p causing stabilisation of cytoplasmic B-catenin. This pool of cytoplasmic B-catenin
can then translocate to the nucleus where it cooperates with TCF transcription factors to
induce expression of target genes including myc (39), cyclin D1 (40, 41) and MMP7 (42,
43). Importantly, the interactions of -catenin with cadherin, APC and TCFs are mutually
exclusive. Thus, by sequestering B-catenin in AJs, E-cadherin may act as an inhibitor of

this pathway (44-46). Indeed, the ability to coordinate cell-cell adhesion with diverse

cellular pathways via mutually exclusive competitive molecular interactions is a recurring

theme in catenin biology.

The Wnt signalling pathway, with nuclear B-catenin as its main effector, has a critical role

in morphogenesis and organogenesis via the regulation of migration, proliferation and
differentiation (31). Deregulated activity of the Wnt pathway is a common event in
oncogenesis (47). Although upregulation of Wnt-1 expression is an important event in

mouse mammary tumour virus-induced carcinogenesis (48), increased production of Wnts

does not appear to be a common event in human cancer. Rather, mutations in APC or 3-

catenin are the dominant mechanism by which the Wnt / B-catenin / TCF pathway is
upregulated. For example, a loss of function mutation in APC can be detected in
approximately 80% of spontaneous colorectal cancers (49). Furthermore, germline
mutations of APC cause the cancer syndrome familial adenomatous polyposis coli (49). In-

keeping with a critical role of the Wnt / B-catenin / TCF pathway in colorectal

carcinogenesis, those tumours which retain functional APC often contain mutated f3-



catenin which is resistant to GSK3-pB-dependent phosphorylation and, consequently,

degradation (50). Stabilising mutations in the B-catenin gene and, less commonly loss of

function mutations in APC, have also been reported with varying incidence in many other

human tumour types including breast, endometrial, gastric, hepatocellular, ovarian and

pancreatic cancer (28).

1.1.4 Plakoglobin

Plakoglobin, also called y-catenin, can substitute for B-catenin but preferentially binds to

desmosomal cadherins (51). Plakoglobin shares overall 70% amino acid identity with [3-
catenin and as much as 80% within the Armadillo domain (29). Plakoglobin binds E-
cadherin, a-catenin, APC, and TCF transcription factors, and is involved in cell adhesion
as well as Wnt signalling, However, differences exist in both the N-terminal regulatory

events and in the pattern of TCF target gene expression (29). The potential role of

plakoglobin in cancer has been less extensively studied.

1.1.5 p120-catenin

p120 was initially identified as a Src substrate whose tyrosine phosphorylation correlated
with transformation (52) and was subsequently recognised to be a catenin (8, 53, 54) and
the prototypic member of a new subfamily of Armadillo proteins (55). Whilst p120 is
ubiquitously expressed other family members, namely ARVCF (Armadillo Repeat gene
deleted in Velo-Cardio-Facial syndrome), 3-catenin, p0071 and the plakophilins tend to
have a tissue specific distribution and have been less extensively studied (55). Although
over-expression of p120 can rescue depletion of ARVCEF and vice versa (56) there is

currently no strong evidence for functional redundancy in vivo.

In common with B-catenin, p120 exists in membrane, cytoplasmic and nuclear fractions
and cadherins are both necessary and sufficient for recruitment of p120 to the cell
membrane (9, 10). It is increasingly clear that p120 is a fundamental regulator of epithelial
biology with functions which place it at a critical intersection in the regulation of cell-cell

adhesion and, potentially, invasion. For clarity these regulatory roles will be considered in

turn but, by virtue of crosstalk occurring at multiple levels, any such distinction is
somewhat arbitrary.
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Figure 1-3 Catenins regulate gene expression.

In the absence of Wnt signalling cytoplasmic [3-catenin is bound by the APC / axin / GSK-
33 complex and phosphorylated by GSK-33. Phosphoryation targets 3-catenin for

degradation by the ubiquitin-proteosome pathway. Wnt signalling via its receptor Frizzled
activates Dishevelled (Dsh) which inhibits GSK-3f3 thus causing accumulation of 3-
catenin. Loss of function mutations in APC or stabilising mutations in -catenin have a
similar effect. Cytoplasmic -catenin can then translocate to the nucleus where it interacts
with the TCF family of transcription factors to promote transcription of target genes.

Unlike -catenin, p120 has no specific degradative pathway and its level in the cytoplasm

1s determined primarily by cadherin levels. In the nucleus p120 competitively inhibits the

Interaction of the transcriptional repressor Kaiso with DNA hence increasing transcription.
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1.1.5.1 p120 isoforms and nomenclature.

Due to alternative splicing of a single gene there may be as many as thirty-two isoforms of
p120 (57). These 1soforms are expressed in a cell and tissue specific manner (58) which
may be altered in malignancy (59, 60) and which have distinct effects when over-expressed
(61). The four major p120 isoforms in the human are generated by alternative N-terminal
splicing events leading to the use of one of four different start codons (57) and are labelled
1soform 1-4 in order of reducing size (Figure 1-4). Alternative splicing at the C-terminal
end leads to inclusion of exons A or B. A third exon, labelled C, is rarely translated and
encodes a looped out region within the central Armadillo region. A specific isoform is
therefore designated 1-4 depending on the start codon used and attributed the letters of any
additional coded exons (55). In this way isoform 1ABC is the longest and 4N (N =none) 1s
the shortest. Isoform 1 and 3 are the most commonly expressed whilst 4 is rarely detected.

In the mouse two major isoforms have been identified which correspond with human

1soforms 1 and 3 (59). There is a high degree of conservation between human and murine

p120 with 97.2% homology at the protein level for isoform 1A although there does not

appear to be a murine equivalent of exon C.

As alluded to above, the pattern of expression of isoforms varies between different tissues
but 1s constant between tissues of fetal and adult origin (60). Motile cell lines such as
fibroblasts and macrophages preferentially express isoform 1 while epithelial cell lines
express predominantly isoform 3. Immunohistochemical studies of mouse tissues have
shown that 1soform 3 is expressed primarily at the cell-cell junctions of keratinocytes,
squamous epithelium of oesophagus and also in villi of small intestine (58). These tissues
stained weakly or not at all for isoform 1 which was present at cell-cell junctions of

~vascular endothelial cells, serosal epithelium, retina and intercalated discs of

cardiomyocytes.
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Figure 1-4 p120 structure and isoforms.

Four major p120 isoforms exist due to alternative N-terminal splicing events resulting in
the use of different start codons. Furthermore, alternative splicing also determines the
inclusion of exons A, B or C (purple boxes). The longest isoform, p120-1ABC, 1s
illustrated along with two shorter isoforms for comparison. Arrows indicate the start sites
for each major isoform. p120 isoform 1, but not isoforms 2-4, contains an N terminal
coiled-coil domain (blue box). The regulatory domain (red box) contains all identified sites
of tyrosine phosphorylation (96, 112, 228, 257, 280, 291, 296, 302; red diamonds) and six
of the eight identified sites of serine / threonine phosphorylation (122, 252, 268, 288, 310,
312; but not 873 and 910; green circles). Tyrosine-96 is present in isoforms 1 and 2 but not

3. Isotorm 4 lacks the entire regulatory domain. All isoforms contain a central Armadillo

domain which consists of 10 Armadillo repeats. Exons A and B encode additional

sequences 1n the carboxy terminal region whilst exon C encodes a short sequence within

the Armadillo domain (adapted from (62)).
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1.1.5.2 Structure of p120.

p120 contains a central Armadillo domain consisting of 10 Armadillo repeats (Figure 1-4)

(55). By comparison with the known crystal structure of B-catenin each repeat consists of
three helices and all 10 repeats would be predicted to pack together forming a long
positively charged groove (63). Armadillo repeats four, six and nine contain additional
short looped out structures between the second and third helices. The additional looped

sequence within Armadillo repeat six constitutes a highly basic, nuclear localisation
sequence (64). The Armadillo domain mediates protein-protein interactions and 1s

necessary for the interaction of p120 with cadherins (65), Kaiso (66) and tubulin (67).

At the N-terminus of full length p120, but not isoforms 2-4, is a coiled-coil region, a motif
usually associated with protein-protein interactions. However, no binding partners for this
region in p120 have yet been reported. Between this region and the Armadillo domain lies
the regulatory domain, so called because most sites of tyrosine and serine / threonine
phosphorylation are contained within. Using a 2-dimensional tryptic mapping approach
Mariner et al identified eight sites of tyrosine phosphorylation in p120 isolated from
fibroblasts expressing constitutively-active Src. These residues, tyrosines 96, 112, 228,
257, 280, 291, 296 and 302 are all contained within the regulatory region (68). Of these

only tyrosine-291 is not conserved in human, mouse and chicken. Subsequently, serine

residues 122, 252, 268 288, 312, and 873 and threonine residues 310 and 910 were also
identified as sites of phosphorylation (69). Again, with the exception of C-terminal serine-

873 and threonine-910, all of these sites are contained within the regulatory region.

Exon A encodes a twenty-one amino acid sequence in the carboxyl terminal region

adjacent to serine-873. When present this sequence reveals a protein kinase C
phosphorylation consensus sequence for serine-873 (69). Exon B encodes a highly
negatively charged stretch of twenty-nine amino acids at the carboxyl terminus which

contains a bona fide nuclear export signal (70). Exon C codes for six amino acids which,

when expressed, may disrupt the nuclear localisation signal within Armadillo repeat six.
1.1.5.3 p120 regulates the surface retention of cadherin.

To date the main function identified for p120 at the AJ is to stabilise membrane-bound

cadherin via the regulation of cadherin trafficking.
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1.1.5.3.1 Cadherin Trafficking is a continuous process.
AlJs are not static but rather must be amenable to rapid remodelling during, for example,

embryogenesis or wound healing. Even in a confluent epithelial monolayer there is a
continual endocytosis and recycling of cadherin molecules, albeit to a lesser extent than in
subconfluent cells (71). A variety of proteins have been implicated in the exocytic and
endocytic trafficking of cadherins although the mechanisms of cadherin trafficking are not
yet fully elucidated (72). Exocytosis of cadherin requires sorting of cadherin and delivery
In a polarised manner to the basolateral membrane. This requires a conserved dileucine
motif in the cadherin JMD which is recognised by a specific adaptor complex at the trans
golgi network which directs cadherin molecules into clathrin coated vesicles for polarised
exocytosis (73). Several routes of cadherin endocytosis have been identified including
clathrin-dependent (71, 74-76) and independent mechanisms (77) and caveolae (78, 79).
Thus, multiple pathways of cadherin endocytosis and exocytosis may exist, the relative

contribution of which may be determined by cellular context or specific regulatory events.

1.1.5.3.2 p120 regulates cadherin trafficking.
Recent evidence has identified p120 as a key determinant of cadherin trafficking and

suggests that regulating the membrane retention of cadherin is the core function of p120 at
the AJ (80). The first clue linking p120 to cadherin stability was the finding that the SW48
colon cancer cell line lacked p120 due to mutations in both alleles, had reduced levels of
E-cadherin, and displayed impaired intercellular adhesion (81). Reconstitution of SW48
cells with exogenous p120 caused a 10-fold increase in E-cadherin levels and a rescue of
epithelial morphology. Levels of E-cadherin RNA transcripts were unaltered but the half-
life of E-cadherin was more than doubled indicating a post-transcriptional effect of p120.
Deletional studies of the p120 Armadillo repeats showed this effect to be dependent on
direct interaction of p120 with E-cadherin (81). Subsequently Xiao and Davis
independently utilised siRNA to demonstrate a dose-dependent reduction in E-, P- , N-
and VE-cadherin levels in response to p120 silencing in a variety of cell lines (82, 83). In
the absence of p120 there was no difference in the rate of synthesis of cadherin molecules
or in the rate of their delivery to the plasma membrane. However, on arrival at the plasma
membrane cadherin molecules were rapidly endocytosed and degraded by a proteosomal /
lysosomal pathway (82, 83). The level of p120 and the levels of cadherins were strictly
related indicating that p120 functions as a “rheostat” to control the steady state level of
cadherins (80). Furthermore, -catenin and a-catenin are degraded in the absence of E-
cadherin and thus the p120-cadherin interaction determines the stability of the entire

complex. In this respect p120 has been called the “master-regulator” of the AJ (62).
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This appreciation of p120’s role has also provided a prism through which to re-evaluate
earlier literature on cadherin biology. For example, the observation that expression of
dominant negative cadherins (which have intact cytoplasmic but non-functional
extracellular domains) causes downregulation of endogenous cadherin (84-86) 1s now
explained by competition of exogenous and endogenous cadherin molecules for a limiting
pool of p120 (82, 87). Importantly, work utilising DN-cadherins has also provided further
evidence for the key role of p120, rather than B-catenin, as master regulator of the AJ (82).

Firstly, forced expression of p120 but not B-catenin prevents downregulation of
endogenous cadherin by DN-cadherins. Secondly, DN-cadherins require an intact JMD but

not CBD if they are to cause downregulation of endogenous cadherin.

1.1.5.3.3 Mechanisms by which p120 may regulate cadherin trafficking.
Several non-exclusive models with varying levels of evidence have been proposed by

which p120 could inhibit the internalisation and destruction of cadherin (80, 88).
1. p120 acts as a “cap” to inhibit endocytosis.

Fusion of the VE-cadherin cytoplasmic domain to the interleukin 2 receptor (IL-2R)
extracellular domain dramatically enhanced IL-2R endocytosis suggesting that the
cadherin cytoplasmic region encodes a signal for constitutive internalisation (75).
Internalisation of the chimeric protein occurred via a clathrin mediated pathway and
was inhibited by the over-expression of p120 and enhanced by a mutation in the
cadherin JMD which prevented p120 binding. This inhibition of endocytosis was
specific for VE-cadherin as overexpression of p120 did not interfere with the
internalisation of other proteins known to undergo clathrin mediated endocytosis
such as the transferrin receptor. p120 could not be detected with internalised

cadherin. Taken together this suggested a model where p120 might function to “cap”

the cytoplasmic domain, preventing the access of adaptor proteins which would
recruit VE-cadherin to clathrin mediated endocytosis (75). It is not known whether
the cytoplasmic domains of other cadherins contain similar signals for constitutive
endocytosis. However, the JMD of E-cadherin interacts with Hakai, an E3 ubiquitin
ligase, in a mutually exclusive manner with p120 (11). On binding E-cadherin Hakai
induces ubiquitination and endocytosis of the cadherin complex. The effect of Hakai
s specific for E-cadherin and whether similar molecules regulate other cadherins is
unknown. As will be discussed below, both the interaction of p120 with VE-cadherin
and Hakai with E-cadherin are regulated by tyrosine phosphorylation (11, 89).
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2. pl120 stabilises cadherin via the promotion of stable adhesions.

The constitutive turnover of cadherin is diminished as cells become confluent

suggesting that the engagement of cadherin molecules in AJs might directly inhibit
their endocytosis (71). Several lines of evidence implicate p120 in the conversion of
initial cell-cell contacts into mature AJs. For example, cadherin molecules with a
p120 uncoupling mutation in the JMD can mediate some cell-cell adhesion but cells
typically display defects in cadherin clustering (90), cadherin mediated signalling
(91), local organisation of the actin cytoskeleton and formation of stable cell-cell
junctions (10). Thus by promoting the formation of stable AJs p120 may reduce the

pool of free cadherin available for endocytosis.

3. pl120 promotes recycling from the endocytic pathway to the plasma membrane.

Experimental evidence so far has not been of sufficient temporal or spatial resolution
to definitively demonstrate whether p120 acts to inhibit internalisation or whether
p120 is involved in trafficking already endocytosed cadherin away from destructive
pathways back to the plasma membrane. This possibility is suggested by the finding
that p120 promotes the trafficking of newly synthesised N-cadherin to intercellular
junctions (92). Specifically, N-cadherin associates with p120 (via the p120
Armadillo domain) in the perinuclear golgi region immediately after it is synthesised
(93). The N-terminal domain of p120 then interacts with kinesin heavy chain thus
facilitating transport of the N-cadherin-catenin complex along the microtubule
network to the cell membrane (67, 92). However, whether p120 may similarly

regulate the trafficking of endocytosed cadherin is not known.

1.1.5.3.4 p120 similarly stabilises cadherins in vivo.
Recently the in vitro role of p120 as master regulator of the AJ has been confirmed in vivo.

The depletion of p120 with morpholino oligonucleotides (stable oligonucleotides
complementary to the translation start site which effectively block translation of the target
gene) in Xenopus embryos caused a loss of AJ proteins which was associated with gross
defects in early embryogenesis (56). Similarly, knockout of p120 was lethal at an early
stage of murine embryogenesis (62). However, the creation of transgenic mice with

targeted deletion of p120 in the skin or salivary gland was possible and resulted in loss of

E-cadherin, a- and B-catenin in these tissues (94, 95). In the salivary gland this was
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associated with severe defects in epithelial polarisation and glandular morphogenesis.
Depletion of p120 in the skin also caused loss of AJ components although, surprisingly, no
overt defect in morphology. Ultrastructural analysis showed desmosomes to be intact and
functional studies identified no defect in barrier function. However, in-keeping with the
phenotype of p120 deficient cell lines, primary keratinocytes derived from p120 null skins
were unable to form effective junctions when cultured in vitro. The requirement for AJs to
exist for the formation of tight junctions and desmosomes in vitro but not in vivo is
intriguing and may reflect the fundamentally different environmental contexts.
Specifically, keratinocytes in vivo are packed together and adopt a cuboid morphology
whereas cultured cells in vitro are less densely packed and are flat rather than columnar so

that the surface area for adhesive interaction is reduced. In vitro there may also be cell-

substratum signalling or actin dynamics which do not favour AJ formation.

Despite this evidence confirming p120 as a master-regulator of the AJ in vertebrates;, the
depletion of p120 did not alter levels of AJ proteins in Drosophila or C. elegans.
Furthermore, p120 was not required for their development even though the genomes of
these organisms lack potentially redundant p120 family members (96, 97). However, in
both organisms loss of p120 potentiated the effect of mutations in cadherin or other
catenins suggesting a positive but non-critical role for p120 at the AJ. The critical

requirement for p120 in vertebrate, but not invertebrate, development is likely to reflect the

increased complexity and regulation of the AJ in evolutionary higher organisms.

1.1.5.4 p120 regulates Rho GTPases.

Multiple lines of evidence link p120 to the Rho family of small GTPases which includes
RhoA, Rac and Cdc42. Rho GTPases control a wide variety of signal transduction

pathways impacting on cell polarity, microtubule function, membrane trafficking and

survival (98). However, it is their key regulatory role in control of the actin cytoskeleton,

adhesion and motility which is most relevant in understanding the potential role of Rho

GTPases 1n neoplastic invasion (99, 100).

1.1.5.4.1 The activity of Rho GTPases is tightly regulated.
Rho family GTPases cycle between an inactive GDP-bound state and an active GTP-bound

form (Figure 1-5). These processes are controlled by specific regulatory proteins. Rho
GTPase activating proteins (GAPs) catalyse the hydrolysis of GTP to GDP and therefore
cause inactivation. Conversely, Rho guanine nucleotide exchange factors (GNEFs)

promote exchange of GDP for GTP and hence increase activity. Rho GTPases are often
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bound to a third class of regulatory protein, guanine dissociation inhibitors (GDIs), which
stabilise the Rho-GDP interaction maintaining the inactive state. Binding of the Rho-GDI
complex to an activated receptor promotes release of the Rho GTPase which is then free to
be activated by local GNEFs. The activity of Rho GTPases is thus tightly controlled both
spatially and temporally within the cell to ensure specific and localised effects (98, 101).

1.1.5.4.2 Rho GTPases regulate the actin cytoskeleton.
The activity of each Rho GTPase is associated with a specific type of remodelling of the

actin cytoskeleton (102). Increased activity of RhoA results in the formation of contractile
actin-myosin filaments known as stress fibres and promotes the formation of integrin-
containing cell-matrix focal contacts. Rac activity promotes the formation of a meshwork
of actin filaments at the cell periphery which form lamellipodia. Cdc42 activity causes the
formation of peripheral actin rich protrusions known as filopodia. Integrin dependent cell-
matrix adhesion, cadherin-based cell-cell adhesion and cellular motility are all processes
dependent on the integrity and appropriate remodelling of the actin cytoskeleton and Rho
GTPases are therefore 1n a pivotal position to regulate these activities. For this reason
aberrant activity of Rho GTPases might be expected in invasive carcinomas and indeed
increased levels and activity of Rho GTPases have been reported in breast, colon and lung
cancer (103). In vitro studies have demonstrated a direct role for Rho and Rac proteins in
invasion (103). However, the influence of Rho GTPases on adhesion and invasion is
complex and may vary depending on the particular cell context or be influenced by specific
integrin-derived signals (104). One such example is the activation of Rac by its GNEF,
Tiam1, which promotes adhesion in Ras- or Src-transformed MDCK cells (105, 106) but

has the opposite effect in a breast cancer cell line (107).
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inactive active

Rho / Rac

Figure 1-5 Regulation of Rho GTPases

Rho GTPases exist in either an inactive GDP-bound or active GTP-bound state. Guanine
nucleotide exchange factors (GNEFs) promote the exchange of GDP for GTP thus
favouring activation whilst GTPase-activating proteins (GAPs) catalyse the hydrolysis of
GTP to GDP causing inactivation. GDP-dissociation inhibitors (GDIs) associate with GDP
bound Rho proteins keeping them in the inactive state. p120 can activate Rac and Cdc42
via the recruitment of Vav2, a GNEF. p120 also directly interacts with and inhibits RhoA

in a GDI-like manner.
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1.1.5.4.3 Rho GTPases regulate the AJ.
The activity of Rho GTPases has been associated both positively and negatively with the

AlJ. Several studies have demonstrated a requirement for Rho GTPases in AJ formation
(108-111). Indeed, Rho GTPase driven actin polymerisation directly determines the
physical strength of intercellular adhesion (112). This activity of Rho GTPases is required

at multiple stages of cell-cell adhesion. For example, one of the earliest steps in AJ
formation is the Rho GTPase-dependent formation of multiple filopodia (113) or
lamellipodia (114) (the specific structure appears to vary with cell type) which become
embedded in the plasma membrane of the opposing cell. Further Rho GTPase dependent
actin reorganisation is also involved in later stages such as the formation of a
circumferential actin “cable” interconnecting cells throughout the entire epithelial sheet
(113). In contrast, the forced expression of constitutively active RhoA (115) or Rac (78,

116) has been associated with disruption of AJs and loss of cell-cell adhesion.

The molecular mechanisms by which Rho-GTPases regulate the AJ, positively or

negatively, are poorly defined although actin regulation appears to be a critical event (103,
117, 118). The apparently contradictory data showing both positive and negative effects on
adhesion presumably reflects a need for tight spatio-temporal regulation if productive
adhesions are to be formed. One possible molecular explanation was provided by Sahai
who 1dentified two opposing pathways by which Rho signalling may regulate AJs (115).
Firstly, Dia-dependent actin polymerisation stabilised AJs. Secondly, ROCK-mediated
acto-myosin contractility disrupted AJs. Which pathway dominated depended on the level
of Rho activity and on the expression of particular Rho members. Low levels of RhoA
activity favoured signalling through Dia whereas higher levels preferentially signalled to

ROCK. In contrast, even low levels of activity of RhoC, a close relative of RhoA linked to
metastasis (119), favoured signalling to ROCK. (115).

A potential mechanism by which Rac and Cdc42 may promote AJ formation is provided

by IQGAP1 which localises to cell-cell junctions and negatively regulates adhesion by
binding PB-catenin and displacing a-catenin from the AJ (120). Active Rac and Cdc42 bind
and sequester IQGAP1 thus preventing its interaction with B-catenin and positively

regulating adhesion (121). Rho GTPases may also regulate the endocytic trafficking of AJ

proteins (122) and expression of dominant negative (DN)-Rac or Ccd42 mutants in MDCK
cells effectively blocked trafficking of E-cadherin from the trans-Golgi network to the

basolateral membrane (123).
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1.1.5.4.4 Rho-family GTPases are regulated by cytoplasmic p120.
The first suggestion that p120 may act in concert with Rho family GTPases to regulate the

actin cytoskeleton came from the distinct phenotype observed in NIH3T3 fibroblasts
forced to over-express p120 (124). This caused cells to adopt a so-called dendritic
morphology characterised by long branching processes suggestive of active actin
remodelling. Subsequently three groups independently demonstrated that over-expression
of p120 1n fibroblasts resulted in loss of actin stress fibres and focal adhesions, acquisition
of a dendnitic phenotype and increased cell motility (125-127). Critically, this phenotype
could be suppressed by co-transfection of cells with DN-Rac or DN-Cdc42 and was
exacerbated by expression of DN-RhoA. Affinity precipitation assays confirmed that Rac

and Cdc42 activity was increased whereas RhoA activity was diminished. Finally,
sequestration of p120 from the cytoplasm to the membrane by over-expression of E-
cadherin abrogated any effects on GTPase activity. Although these experiments utilised
supra-physiological amounts of p120 they provide proof-of-principle that p120 regulates

Rho GTPases and that this effect is mediated by free cytoplasmic rather than cadherin-
bound p120.

Similar effects of cytoplasmic p120 have subsequently been identified in epithelial cells.
For example, RNA1-mediated depletion of p120 in the SKBR-3 breast cancer cell line
(which lacks E-cadherin and in which p120 is cytoplasmic) caused an increase in RhoA
activity but no change in Rac activity (128); re-localisation of p120 from the membrane to
the cytoplasm increased Rac and Cdc42 activity in a pancreatic cancer cell line (129); and
TGFp-treated LIM1863 colorectal cancer cells have increased cytoplasmic p120 which is
associated with inhibition of RhoA activity (130). Despite the evidence that over-
expression of p120 appears to inhibit RhoA and activate Rac in most cell types there are
exceptions. For example, in keratinocytes the over-expression of p120 activated RhoA in a
Ras / PI 3-K dependent manner but had no effect on Rac or Cdc42 (131). In MCF-10A
breast epithelial cells RNAi-mediated depletion of p120 increased Rac activity whilst over-
expression of p120 or the introduction of a p120 uncoupling mutation in the E-cadherin

JMD, both of which caused cytoplasmic accumulation of p120, inhibited Rac activity
(132).

A potential molecular explanation for Rac and Cdc42 activation by p120 was elucidated by
Noren et al who observed the co-immunoprecipitation and hence potential recruitment of
Vav2, a GNEF for Racl and Cdc42, by p120 (125). Co-expression of a dominant negative
Vav2 mutant with p120 was sufficient to abrogate p120’s ability to induce a dendritic

phenotype in fibroblasts. Taken together this strongly suggested that activation occurred
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via the p120 / Vav2 complex (125). The mechanism by which cytoplasmic p120 might
inhibit Rac activation in MCF-10A cells has not been addressed (132).

p120 appears to inhibit RhoA by direct GDI activity although p120 shares no sequence
homology with known Rho GDIs. However, using purified proteins, p120 demonstrated in
vitro RhoGDI activity (127). Similarly, in Drosophila p120 was found to interact directly
with Rho1 the Drosophila homolog of RhoA. Consistent with a GDI role, p120 interacted
preferentially with GDP rather than GTP-bound Rhol (133). The inhibition of RhoA
activity by cytoplasmic p120 in LIM1863 cells was associated with formation of a p120-
RhoA complex, again consistent with p120 having direct GDI activity.

1.1.5.5 p120 and RhoGTPases cooperate in AJ formation and cadherin-
activated signalling.

In addition to the studies linking cytoplasmic p120 to the regulation of Rho GTPases there

is also data suggesting a more spatially restricted and perhaps more physiological role for
membrane localised p120 in mediating the activation of RhoGTPases following cadherin
engagement. This might reflect a situation where cytoplasmic p120 binds RhoA causing
direct inhibition via its RhoGDI activity. On recruitment to cadherin complexes at the
basolateral membrane p120 could then release RhoA creating a pool available for
activation by local GNEFs which may then contribute to AJ function (62). A paradigm for
this type of spatio-temporal control is the binding of Rho-GDI complexes to CD44 which
is coupled to release and local activation of Rho (101). Alternatively, as discussed below,
cadherin-bound p120 may be an integral part of the cadherin-activated signal transduction

machinery as evidenced by the inability of cadherins with a p120 uncoupling mutation to

activate Rac when ligated (91, 134).

1.1.5.5.1 Cadherin-activated signalling.
Rac, PI 3-K, SFKs and EGFR are recruited to and activated at nascent AJs (135-138).

These events can be blocked by an E-cadherin neutralising antibody (DECMA-1).
However, to clarify whether such events were cadherin-dependent (that is cadherin
engagement simply functioned to bring cell membranes into apposition facilitating
juxtacrine signalling events) or whether they were truly cadherin-activated, several groups
developed model systems where cadherin expressing cells are plated at low density and in
the absence of serum on to an artificial surface expressing recombinant cadherin
extracellular domains (14, 139-142). This reductionist approach has provided proof that

cadherin ligation in the absence of other juxtacrine interactions is sufficient to initiate
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intracellular signalling and that this is important for coordinated changes in the actin
cytoskeleton required for the formation of stable cell-cell adhesions. The two molecules

most implicated are the small GTPase, Rac and the lipid kinase, PI-3 kinase.

E-cadherin expressing cells plated on a substrate coated with E-cadherin extracellular
domain underwent rapid cell spreading with the development of prominent lamellipodial
protrusions (143). Both Rac and PI 3-K were activated and were co-localised with AJ
components at the leading edge of lamellipodia. Rac activation consisted of an early PI 3-
K independent phase followed by a PI 3-K dependent amplification phase. The conversion
of initial contacts to broad zones of adhesion required the activity of both Racl and PI 3-K.
PI 3-K inhibition could be overcome by a DA-Rac mutant consistent with PI 3-K acting as
an upstream activator of Rac (143). Critically, a minimal p120-uncoupling mutation in the
E-cadherin JMD prevented recruitment or activation of Rac and the formation of stable
adhesions although activation of PI 3-K was not altered (91). This was highly suggestive of
a role for p120 in cadherin-mediated Rac activation. Subsequent work by Gavard et al has
further implicated p120 as an essential player in this process. N-cadherin expressing
myogenic C2 or S180 cells plated on a recombinant N-cadherin substrate typically
underwent two experimentally distinguishable responses (134). Firstly, the induction of

lamellipodial protrusions associated with new actin assembly which was PI 3-K and Rac-
dependent. Secondly, the PI 3-K-independent / Rac-dependent reorganisation of N-
cadherin, catenins and actin filaments into higher order “‘cadherin adhesions” located at the
tips of lamellipodia. The formation of “cadherin adhesions’ was inhibited by activated
RhoA. Silencing of p120 by RNAI prevented both lamellipodium extension and cadherin
adhesion formation from occurring. Lamellipodia extension but not maturation of contacts
into “cadherin adhesions” could be rescued by expression of DA-Rac. Additionally, high
level over-expression of p120 had an inhibitory effect, apparently by inhibition of Rac and
this could be prevented by sequestration of p120 at the membrane by a cadherin JMD

construct. This would suggest that membrane-localised p120 is essential for the activation

of Rac by cadherin engagement and that an excess of cytoplasmic p120 may inhibit this

activation, perhaps by sequestering GEFs.

1.1.5.5.2 Regulation of Rho GTPases by p120 in vivo.
Several lines of evidence suggest that the effects of p120 on Rho GTPases identified in

vitro may be relevant in vivo. Over-expression of p120 in Drosophila embryos enhances
the Rhol null phenotype consistent with it being a negative regulator of Rhol activity
(133). In Xenopus the carefully titrated expression of DN-RhoA, DA-Rac or C-cadherin

was sufficient to rescue the defect seen 1n gastrulation resulting from p120 depletion (56).
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This would be consistent with a role for endogenous p120 in inhibiting RhoA, activating
Rac and stabilising cadherin. Whether DN-RhoA and DA-Rac acted by enhancing the
adhesive or signalling function of residual cadherin or by regulating the trafficking of
cadherin was not addressed. Finally, levels of active RhoA were increased in the epidermis
of mice with conditional deletion of p120 in the skin (95). Taken together, these in vivo

finding are in keeping with the in vitro data suggesting that, in many cell types, p120
inhibits RhoA and activates Rac.

1.1.5.6 p120 regulates gene transcription via Kaiso.

Utilising a yeast-two hybrid assay with p120 as bait, Daniel et al. identified a novel
transcriptional repressor which they named Kaiso (66). Kaiso was an addition to the
BTB/POZ (Broad complex, Tramtrak, Bric a brac, Pox virus and Zinc finger) family,
containing an amino-terminal protein-protein interaction POZ domain and a carboxy-
terminal DNA-binding zinc finger domain. Other members of this family include BCL-6
and PLZF which have been causally implicated in non-Hodgkin lymphoma and acute
promyelocytic leukaemia respectively (144). Kaiso is a bi-modal DNA binding protein
able to recognise both methyl-CpG sequences and the non-methylated sequence CTGCNA
(145, 146). The interaction of p120 with Kaiso is mediated by p120 ARM repeats 1-7 and,
interestingly, the carboxy-terminal DNA-binding region of Kaiso rather than the N-

terminal protein-protein interaction domain. Consequently the interaction of p120 with
Kaiso inhibits Kaiso-DNA binding in vitro either via direct steric hindrance or
conformational change (146). Similarly, in vivo studies demonstrated that both Kaiso-
DNA 1nteraction and Kaiso-mediated transcriptional repression are inhibited by over-
expressed p120 (147-149). Inhibition of Kaiso-mediated transcriptional représsion requires
an intact p120 nuclear localisation sequence suggesting that p120 inhibits Kaiso in the

nucleus rather than by sequestering Kaiso in the cytoplasm (64, 147, 149). This action of
p120 1s reminiscent of, but mechanistically different to, that of B-catenin. Specifically, in

the absence of 3-catenin TCFs repress transcription either by acting in an endogenous
dominant negative fashion or by recruiting transcriptional repressors such as Groucho.

Binding of B-catenin does not displace TCFs from DNA but rather functions to contribute
a transactivation domain and to recruit other components of a larger promoter complex

(47). In contrast, Kaiso appears to repress transcription via recruitment of the histone

deacetylase-containing N-CoR complex and the role of p120 is to dissociate this entire

complex from DNA, hence facilitating transcription (148, 150).
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Several Kaiso target genes with potential roles in development and / or cancer have now

been identified including MMP7 (149), rapsyn (151), MTA2 (150), Wnt11 (147), Siamois,
c-Fos, Cyclin D1 and c-Myc (148). Crucially, some of these are also targets of the
canonical Wnt pathway and therefore p120-Kaiso and p-catenin-TCF may regulate target
genes in parallel (Figure 1-3) (152). A further level of interaction is provided by the ability
of Kaiso to interact directly with TCFs thus providing a second mechanism by which 1t can
recruit N-CoR to Wnt target genes (148). It is unclear what upstream pathways might
regulate the p120-Kaiso interaction. Unlike B-catenin, a dedicated destructive pathway has
not been identified for p120 and there is no evidence that p120 acts downstream of Wnt
receptor activation (144). Therefore potential levels of regulation could include: 1) altered
cadherin-p120 binding thus leading to an increased pool of cytoplasmic p120; 2) altered
nucleo-cytoplasmic shuttling of p120; or 3) a p120 isoform switch which can, in 1tself,
influence nuclear localisation. An exciting but untested hypothesis is that parallel
regulation of canonical Wnt target genes by TCFs and Kaiso may allow for differential

regulation by cadherins, acting via B-catenin and p120, versus Wnt signalling acting via 3-

catenin alone (152).

Recent evidence suggests biologically significant roles for Kaiso both in development and

cancer. Depletion of Kaiso caused severe defects in gastrulation of Xenopus embryos (147,
153). In contrast deletion of the mouse Kaiso gene did not result in any obvious phenotype
perhaps due to redundancy with the protein Kaiso-like 1 which is absent in amphibians.
Alternatively, as zygotic transcription is detected at the two cell stage in mice but not until

the 5000 cell mid-blastula stage in frogs, a requirement for Kaiso in ensuring delayed

activation of genes may have no murine counterpart (51).

When the Kaiso-null mouse was crossed with the Apc™™* mouse, a model for human
adenomatous polyposis (154), a significant reduction in intestinal tumorigenesis was
observed (51). In addition Kaiso was found to be upregulated in invasive tumours
developing in Muc2” mice and was present, although not consistently upregulated, in

human colorectal tumours (51). Tumorigenesis in the mouse intestine is dependent on

DNA methylation (155) and it seems likely that Kaiso could promote intestinal

tumorigenesis via the repression of methylated tumour suppressor genes. The elucidation

of p120’s role in this process and how it might be regulated will be fascinating.
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1.1.5.7 p120 is altered in human cancer.

An alteration 1n the protein level or localisation of p120 is a common observation in human
cancers. However, the incidence of other potential tumour related changes such as altered

p120 1soform expression or elevated tyrosine phosphorylation are less well defined.

1.1.5.7.1 p120 is commonly reduced or mis-localised in cancer.
In normal epithelial tissues p120 co-localises with E-cadherin at cell-cell junctions and 1s

not detectable in the cytoplasm. To date there are almost 20 reports in the pathology
literature describing altered levels or localisation of p120 in colorectal, oesophageal,
gastric, pancreatic, bladder, prostate, endometrial, cutaneous squamous cell, melanoma,
non-small cell lung and breast tumours (summarised in (156)). The most useful studies
attempt to correlate p120 staining with that of other AJ components although a significant
number have studied p120 in isolation. Also differences in the categorisation of
immunohistochemical staining patterns by different authors hinders cross comparison of
studies. The largest series is that of Bellovin who, utilising a tissue array containing 557
colorectal tumours, reported complete loss of p120 in 5.4% of cases, re-localisation of
p120 from the membrane to the cytoplasm in 52.9% and normal membranous distribution
in 41.7% (130). All tumours with absent p120 demonstrated absent or cytoplasmic E-
cadherin. In tumours with cytoplasmic localisation of p120, E-cadherin was absent in 36%,
cytoplasmic in 62% and membrane-localised in only 2%. Smaller colorectal studies report

a higher incidence of complete loss of p120 expression in 18-23% of cases (157-159).

In a study of 193 non-small cell lung cancer specimens Bremnes reported absent or low
membranous p120 staining in 61% of cases, intermediate staining in 33% and high in 6% .
Again, p120 and E-cadherin expression were significantly correlated. A second study

confirmed cytoplasmic redistribution of p120 in 114 of 143 (79.7%) of non-small cell lung
cancers (160).

In invasive ductal breast cancers complete loss of p120 occurs in 2.1-10% of cases with
reduced membranous staining in 40-57% and normal membranous staining in 30.8-50%
(161, 162). Re-localisation of p120 to the cytoplasm appears to be a relatively uncommon
event, occurring in approximately 10% of cases. In contrast, lobular breast cancers in
which E-cadherin was undetectable in 78.3% and cytoplasmic in 8.7% demonstrated re-
localisation of p120 to the cytoplasm in 88% of cases (162). Similar results were obtained
In lobular carcinoma in situ and even atypical lobular hyperplasia underlining this as an

early event in the neoplastic process (163). A high incidence of cytoplasmic redistribution
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(90%) also occurred in diffuse-type gastric cancers, another tumour type characterised by

loss of E-cadherin expression (164).

In most studies the reduction or loss of p120 correlated with the grade and stage of the
tumour (157, 158, 165-169). Unsurprisingly then, several studies also report altered p120
to correlate with poor prognosis (130, 158, 165, 166, 168). However, in only one study did

multivariate analysis suggest aberrant p120 expression to be an independent prognostic
factor (168).

Viewed in their entirety these descriptive studies are consistent with two key observations
arising from the mechanistic p120 studies described above. Namely, 1) in the absence of
p120, E-cadherin cannot be stably retained at the AJ; and 2) E-cadherin is necessary and
sufficient to recruit p120 to the membrane and in its absence p120, which is relatively

stable, can accumulate in the cytoplasm. The potential consequences of these observations

for cancer will be considered more fully below.

Finally, two important questions arise from these studies. Firstly, the mechanism by which
p120 is lost in a minority of tumours, whether mutation, promoter methylation,
transcriptional repression or post-translational modification is not known. Secondly,
despite the evidence that approximately 5-20% of colon, breast, pancreatic and bladder
cancers have undetectable p120, to date only one tumour derived cell line has been
identified in which p120 is absent (81). Possible explanations are that the downregulation
of p120 is a reversible event and is dependent on the tumour microenvironment.

Alternatively, p120 null cells may, for as yet unknown reasons, be selected against during

the establishment of cell lines in vitro.

1.1.5.7.2 Alternative splicing leads to altered p120 isoform expression in cancer.
Malignant cell lines often express an altered pattern of p120 isoforms in comparison to

their tissue of origin (60). One such example is the absence of isoform 4A in cell lines
derived from melanoma and cutaneous squamous cell carcinomas despite its presence in
normal keratinocytes and melanocytes (61). Similarly, exon B which is present in p120
from healthy pancreatic, prostate and colonic epithelia was absent in tumour tissues from
the corresponding organs (61). In comparison to normal thyroid epithelium, four anaplastic
thyroid carcinoma cell lines had an upregulation of p120 isoform 1 (170). Similarly, cell

lines derived from a colorectal primary tumour and metastases from the same patient

demonstrated upregulation of isoform 1 in the metastatic line (171). Interestingly

expression of constitutively-active Src in MDCK cells is sufficient to cause an



27

upregulation of isoform 1 and concomitant downregulation of shorter isoforms (59).
Furthermore, Snail, Slug or E47 induced epithelial-mesenchymal transition (EMT)
(discussed in 1.3.1.2) in MDCK cells was associated with a switch from p120 1soform 3 to
isoform 1 (162, 172). A similar isoform switch occurred during c-Fos induced EMT in
mouse mammary epithelial cells (173) although in other models of EMT such as TGFf} and

TNFa induced EMT in LIM1863 colon cancer cells no change in p120 isoform occurred
(130).

Unfortunately, despite the existence of antibodies which specifically detect p120 1soform 1
(174) no large scale immunohistochemical study to identify the prevalence of p120 isoform

switching in human cancer specimens has been performed.

1.1.5.7.3 Tyrosine Phosphorylation of p120.
A constitutive increase in p120 tyrosine phosphorylation has been detected in a variety of

tumour derived cell lines (175, 176). However, whether and with what frequency elevated
tyrosine phosphorylation of p120 may occur in cancers has barely been addressed.
Nishimura et al demonstrated increased tyrosine phosphorylation of 100-130 kDa proteins
in cell lysates from lung cancer tissue in comparison to adjacent normal mucosa and
showed that a significant component of this could be attributed to p120 (177). However,

large scale immunohistochemical studies have been impossible to date due to the lack of

p120 phosphorylation state specific antibodies.

1.2 Tyrosine phosphorylation regulates the AJ.

The AJ 1s an active hub of tyrosine kinase signalling. Specifically, Src family kinases (178,
179) and EGFR (137) are activated on cadherin engagement and participate in “outside-1n”

signalling pathways. Conversely, phosphorylation of AJ proteins by SFKs, EGFR or other

receptor tyrosine kinases (RTKs) can mediate “inside-out” signalling by influencing the

adhesive state or stability of the AJ (180).

The major tyrosine kinase substrates within the AJ are p120, B-catenin, and plakoglobin,

but not a-catenin (180). For example, p120 is heavily phosphorylated in v-Src transformed
cells (52) and in response to EGF, PDGF, CSF-1 and VEGF (181-184). Similarly B-catenin
and / or plakoglobin are phosphorylated in v-Src transformed cells (185, 186) and in
response to EGF (187-190), HGF (187), TGF-a (191) and IGF-1 (192). In most models
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cadherins are only weakly phosphorylated (185-187, 193). Nevertheless, cadherin

phosphorylation has recently emerged as a significant regulatory event.

In this section we consider some of the tyrosine kinases linked to phosphorylation of AJ
proteins and consider the functional consequences of tyrosine phosphorylation for the AJ.
Kinases may also regulate the AJ via mechanisms other than direct phosphorylation of AJ
proteins such as via the regulation of acto-myosin contractility. In addition aberrant kinase

activity can drive changes in gene transcription leading to the phenomenon of EMT and

this 1s considered separately in section 1.3.1.2.

1.2.1 Src family kinases (SFKs)

1.2.1.1 Structure function relationships of SFKs.

There are nine members of the Src family of kinases: Src, Yes, Fyn, Lyn, Lck, Hek, BIk,
Fgr and Yrk. Most are expressed primarily in haematopoietic cells whilst Src, Yes and Fyn
have a ubiquitous distribution with particularly high levels in platelets, neurons and
osteoclasts and are also enriched at epithelial cell-cell junctions (138, 194). SFKs are basic
components of the cell signalling machinery and are involved in diverse signalling
pathways promoting growth, survival, motility and invasion which originate from receptor

tyrosine kinases, integrins, cadherins, cytokine receptors and G-protein coupled receptors.

c-Src (hereafter referred to as Src) consists of an N-terminal unique region containing a
myristylation site which is essential for membrane localisation, an SH3 domain, an SH2
domain, a kinase domain and a C-terminal regulatory sequence (195). The SH3 domain
mediates protein-protein interaction by binding proline rich sequences whilst the SH2
domain binds regions containing phosphorylated tyrosines. Tyrosine-416 (by convention
numerical positioning refers to chicken Src, the corresponding tyrosine residue in human
Src 18 at position 418) which lies within the activation loop of the kinase domain undergoes
autophosphorylation and is often used as a surrogate marker of Src kinase activity.

Tyrosine-527 (tyrosine-530 in human Src) lies in the C-terminal regulatory region and its

phosphorylation is associated with inactivation of Src (196).

The activity of Src is regulated by several mechanisms which have in common the ability
to influence the stability of inhibitory intra-molecular interactions (195). Phosphorylated
tyrosine-527 forms an intra-molecular interaction with the SH2 domain. A further intra-

molecular interaction occurs between the SH3 domain and a short stretch of amino acids
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between the SH2 domain and kinase domain. In this conformation not only is the kinase

domain inaccessible but access of potential binding partners to the protein-protein

interacting domains is sterically hindered. v-Src, the oncogene isolated from Rous Sarcoma
virus, lacks the C-terminal regulatory region and so is constitutively active (197).
Similarly, targeted mutation of tyrosine-527 to phenylalanine (Src527F) is sufficient to
render the proto-oncogene c-Src constitutively active. Consequently the activity of Src can
be regulated in several ways (198). Firstly, the SH2 and SH3 domains may bind ligands
with greater affinity than their intra-molecular binding sites thus forcing Src to adopt an
open conformation. Alternatively dephosphorylation of Src tyrosine-527 may occur via

decreased activity of C-terminal Src kinase (Csk) or increased activity of protein tyrosine

phosphatases such as PTP-a and SHP-1.
1.2.1.2 Src expression and activity is increased in cancer.

Src expression or activity is upregulated in many tumours (199). For example, the activity
of Src 1s elevated in colorectal cancer specimens when compared to adjacent normal
mucosa and the degree of activity increases in parallel with advancing stage of disease

(200-202). Elevated Src kinase activity has also been reported in pathological specimens

from human breast cancer (203, 204), gastric cancer (205), pancreatic cancer (206) and
oesophageal cancer (207). However, the molecular mechanisms by which Src activity may
be elevated in tumours are poorly understood. Although an activating mutation in a subset
of colorectal cancers has been reported by one group (208) other studies have failed to
replicate this finding (209-211) suggesting that mutational activation of Src is an
infrequent event. Increased expression of Src frequently occurs but Src activity is usually
Increased by a relatively greater extent than protein levels indicating additional regulation
at the post-translational level. In many cancers the activity of RTKs such as EGFR or
HER? are increased, commonly by activating mutation or gene amplification (212). Src is

recruited and activated via displacement of tyrosine-527 as the Src SH2 domain binds to

phosphotyrosine residues in the receptor with higher affinity (213). Therefore elevated Src
activity may be secondary to activation of a more upstream receptor to which it is coupled
(214, 215). Alternatively cytoplasmic proteins such as focal adhesion kinase (FAK) are
often over-expressed in tumours and could similarly activate Src by competition with Src
tyrosine-527 for the Src SH2 domain (216). Other potential mechanisms include reduced
phosphorylation of tyrosine-527 either by decreased expression of Csk which has been
reported 1n some hepatocellular cancers (217) or increased expression of phosphatases

such as PTP-1B as has been reported in breast cancer cell lines (218).
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1.2.2 Receptor tyrosine kinases.

As alluded to above, signalling from various RTKs is associated with phosphorylation of
AJ proteins. However, with regard to potential roles in modulating cell-cell adhesion,
members of the EGFR family and c-Met have been the most intensively studied. EGFR

directly associates with the AJ via B-catenin (188) and is the prototypic member of a

family of RTKSs consisting of EGF receptor/HER1, new/ErbB2/HER2, ErbB3/HER3, and
ErbB4/HER4. All consist of an extracellular ligand binding domain, a transmembrane

domain, and a cytoplasmic domain which, with the exception of HER3, has intrinsic
tyrosine kinase activity. Binding of ligand to the extracellular domain of EGFR causes
homo- or hetero-dimerisation and intermolecular phosphorylation of tyrosine residues
within the cytoplasmic tail including positions 992, 1068, 1086, 1148 and 1173. Phospho-
tyrosine binding adaptor or signalling proteins such as Src, PI 3-K, Shc and Grb2 are then

recruited and propagate downstream signals influencing growth, survival and invasion
(219). EGFR activity is aberrantly increased in many cancers by mechanisms including
gene amplification (220, 221), increased ligand stimulation via autocrine loops (222) and
activating mutations within the kinase domain (223, 224) . Like EGFR, HER2 also

assoclates with the AJ via B-catenin (225). HER2 is over-expressed in a subset of breast

and ovarian cancers due to gene amplification events (226). Activating mutations in the

HER2 kinase domain have also been reported but this appears to be less frequent than for
EGFR (227). The potential role of HER3 and HER4 in cancer is less well defined.

c-Met, the receptor for hepatocyte growth factor consists of an a and B chain dimer held
together by disulphide bonds. Ligation elicits intramolecular phosphorylation of two
critical tyrosines residues (tyrosine-1349 and tyrosine-1356) located at the C-terminal of
the 8 chain, forming a docking site for multiple SH2-containing signal transducers,
including Src, PI 3-K, and the adaptor proteins Grb2, Shc and Gab1 (228). Signalling via
c-Met in several models appears to trigger a biological program favouring invasive growth

(228). Aberrant c-Met signalling in human cancer may occur via gene amplification (229,

230), activating mutation (231), or an autocrine signalling loop (232).
1.2.3 EGFR and SFKs cooperate in signal transduction.

Src 1s activated on stimulation of the EGFR (233) and this is thought to be primarily due to

recruitment of Src via its SH2 domain to phosphorylated tyrosine residues in the

cytoplasmic tail of the receptor. Over-expression of Src potentiates EGF-stimulated DNA
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synthesis and proliferation (234). Conversely, inhibition of Src activity by dominant

negative Src mutants or pharmacological inhibition can block EGF-dependent activation of
the downstream STAT3 pathway and inhibit proliferation (235). Interestingly, most of the
actin remodelling that occurs downstream of EGFR appears to involve Src substrates such
as FAK, p130Cas and cortactin (236). As well as being an EGFR effector, Src may
contribute to activation of the EGFR itself. Src phosphorylates EGFR at several positions
including tyrosine-845 although the role of this is controversial with mutation of tyrosine-

845 to phenylalanine either inhibiting EGF-dependent proliferation (237, 238) or having no
effect (239) in different models. In addition to directly modulating EGFR activity by

phosphorylation Src may also regulate the EGFR via receptor endocytosis or ubiquitination
(240). Src also associates with HER2 (241) and c-Met (242) via its SH2 domainin a

tyrosine phosphorylation dependent manner and similarly participates in their downstream

signalling.

1.2.4 Protein tyrosine phosphatases.

At any time the degree of tyrosine phosphorylation of AJ proteins is determined not just by
kinase activity but also by the relative activity of protein tyrosine phosphatases (PTPs)
(243). Several receptor and non-receptor PTPs interact with and dephosphorylate

components of the AJ (244-249). Of these DEP-1 (249), rPTPu (247) and SHP-1 (248) are
recruited specifically by p120. Phosphatase activity is essential for AJ formation as
demonstrated by the ability of vanadate, a phosphatase inhibitor, to cause disruption of AJs
in association with increased phosphorylation of AJ proteins. Consistent with this is the
upregulation of phosphatase activity in a confluent monolayer as compared to more

sparsely plated cells. For example, the expression of DEP-1 is increased more than 10-fold

in various cell lines as they approach confluence (250).

1.2.5 Regulated tyrosine phosphorylation occurs in nascent AJs.

A transient increase in phosphotyrosine content occurs at nascent AJs (138, 251) whilst the
phosphotyrosine content of mature junctions in a confluent monolayer is diminished (251).
Activation of both SFKs (178, 252) and EGFR (137) can be detected at nascent junctions.
Cadherin engagement alone is sufficient to activate SFKs as it occurs in cells plated on
cadhenn ectodomain-coated cover slips which effectively excludes any contribution due to

Juxtacrine activation of other cell surface receptors (252). Phosphorylated proteins in

nascent junctions include cadherins, -catenin and p120 (138, 176, 251). The physiological
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importance of AJ phosphorylation and the identity of potential kinases was demonstrated

by the finding that keratinocytes in mice with a disruption of the Src and Fyn genes have

reduced phosphorylation of p120 and B-catenin and are defective in AJ formation (138).

A molecular explanation of the requirement for SFK activity in AJ formation has recently
been proposed. Initial work showed that pharmacological SFK inhibition or the dominant
negative expression of a kinase-defective Src mutant prevented the recruitment and
activation of PI 3-K at nascent cadherin contacts and impaired the development of initial
cadherin contacts into broad zones of adhesion (179). The effects of Src inhibition could be
reversed by expression of constitutively active PI-3 kinase. Thus Src appeared to influence
AJ formation via the recruitment of PI 3-K (179). Subsequently Fukayama et al confirmed
that inhibition of Src activity prevented the cadherin-dependent activation of Rac and the
conversion of initial contacts to broad areas of adhesion. In this model Src phosphorylated
Vav2 (a Rac GNEF), although this phosphorylation was not sufficient for Vav2 activation.
Src also phosphorylated the Crk adaptor protein which recruited C3G, an exchange factor
for Rapl (253), resulting in the local activation of Rap1 at nascent sites of cadherin
engagement. Rap1 activation caused activation of PI 3-K and both PI 3-K signalling and
tyrosine phosphorylation of Vav2 were required for full activation of Vav2 and subsequent
activation of Rac (252). Thus the regulated activity of SFKs is required for the activation

of Rac at nascent cadherin contacts via a Src-Rap1-PI 3-K-Vav2 pathway.

1.2.6 Deregulated tyrosine phosphorylation disrupts the AJ.

In contrast to the role of SFKs in AJ formation many studies have reported a negative
effect of kinase activity on AJ function. In general these studies utilise constitutively active
kinases or cells which over-express growth factor receptors. Deregulated tyrosine
phosphorylation of AJs by SFKs (185, 186, 189, 193, 254-257) or RTKs (187, 189, 190,
258, 259) causes disruption of cell-cell adhesion, often accompanied by increased
invasiveness. These effects are reversible with pharmacological inhibition of kinase
activity (185, 186, 189, 193, 254-256). Similarly, the ectopic expression of protein
tyrosine phosphatases favours cell-cell adhesion (260, 261) whilst the expression of
dominant negative phosphatase-deficient mutants (262) or pharmacological inhibition of

phosphatase activity (254) causes increased phosphorylation and disruption of AJs.

Conflicting evidence for the role of tyrosine phosphorylation at the AJ can be reconciled if

tightly regulated phosphorylation has a physiological role in AJ formation and turnover

whereas non-physiological sustained or elevated phosphorylation has a deleterious effect.
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For example, although endogenous Fyn was required for AJ assembly in keratinocytes,
expression of constitutively active Src impaired AJ formation (138). Such sustained kinase

signalling is a common pathological event in oncogenesis.

Multiple signalling pathways with pleotropic effects are activated in Src-transformed cells
(198) or in response to growth factor signalling (228). It has therefore been a challenge to
causally link phosphorylation of an individual substrate with regulatory changes at the Al.

However, several plausible models can be proposed by which aberrant tyrosine
phosphorylation might disrupt the AJ (180, 263). The simplest model proposes that
phosphorylation, via changes in charge or conformation may interfere with cadherin —-
catenin binding to cause direct physical disruption of the AJ. Alternatively tyrosine
phosphorylation could trigger the recruitment of other signalling proteins to the AJ as, for
example, occurs at focal adhesions. In addition tyrosine phosphorylation might “target”
proteins for increased turnover or degradation. Finally, tyrosine kinases may exert their
effects on the AJ by mechanisms which are spatially distinct from the AJ and which may
be independent of phosphorylation of the AJ itself. Examples of this would include
unfavourable alterations in acto-myosin contractility or alterations in gene transcription.

These potential mechanisms are not mutually exclusive and indeed may overlap at multiple

levels.

1.2.6.1 Direct effects of cadherin phosphorylation.

In most models cadherins are only weakly phosphorylated (185-187, 193). However
several lines of evidence now support an important role for the tyrosine phosphorylation of
cadherins. Interestingly, distinct mechanisms have been identified for different cadherins.

Whether this indicates genuine differences or simply reflects the experimental models used

1s not yet clear.

Phosphorylation of VE-cadherin at tyrosine-658 and tyrosine-731 is sufficient to cause
dissociation of p120 and B-catenin respectively (89). The IMD of VE-cadherin contains a
sequence motif for constitutive endolysosomal processing which is “unmasked” on

detachment of p120 (75). Thus the ability of p120 to retain VE-cadherin at the membrane
1s determined by the phosphorylation state of VE-cadherin tyrosine-658.

In E-cadherin the phosphorylation of tyrosine residues 755 and 756 promotes interaction
with the E3 ubiquitin ligase, Hakai, which targets cadherin for endocytosis with a resulting

decrease in cell-cell adhesion (11). These residues are within the p120-binding cadherin
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JMD so, reminiscent of the situation for VE-cadherin, it has been suggested that p120 may

act to limit access of Hakai and hence stabilise E-cadherin.

Phosphorylation of tyrosine-860 in N-cadherin causes dissociation of f3-catenin and was

important for the transendothelial migration of melanoma cells, an EMT-like process
which is driven by the accumulation of nuclear f3-catenin (264). This residue is within the
core B-catenin interacting region and is conserved in all classical cadherins (29) although

its equivalent residue in VE-cadherin, tyrosine-733, did not influence f-catenin binding

(89). Taken together these experiments demonstrate an important regulatory role for

cadherin phosphorylation.

1.2.6.2 Direct effects of B-catenin phosphorylation.

Tyrosine phosphorylation of B-catenin causes dissociation of the cadherin / B-catenin / a-
catenin complex, loss of cell-cell adhesion, and increased -catenin-dependent

transcription (262, 265-268). This phenotype is specifically mediated by the
phosphorylation state of tyrosine-142 in the first Armadillo repeat and tyrosine-654 in the

last Armadillo repeat (266, 268). Phosphorylation of tyrosine-654 prevents binding of [3-

catenin to E-cadherin but does not inhibit binding of 3-catenin to TCFs and so

transcriptional activation is promoted (267). Phosphorylation of B-catenin at tyrosine-142
inhibits its interaction with a-catenin (268). In addition, the phosphorylation of tyrosine-
142 is also important for the transcriptional activity of 3-catenin by promoting binding of
B-catenin to BCL9-2 (269). BCL9-2 has transcriptional cofactor and nuclear localisation
activity and is essential for the nuclear localisation and transcriptional activity of 3-catenin

(269). Consequently, tyrosine phosphorylation of f3-catenin drives a switch from the

adhesive function of cadherin-bound B-catenin to the transcriptional function of the B-

catenin / TCF / BCL9 complex (270).

1.2.6.3 Direct effects of p120 phosphorylation.

Ironically, given its discovery as a prominent kinase substrate, the effects of tyrosine
phosphorylation of p120 are largely unknown. Despite repeated assertions in the literature
that tyrosine phosphorylation is likely to regulate the activity of p120 at the AJ (55, 271)

definitive evidence is lacking. Early work reported increased cell-cell adhesion in cell
lines, including HT29 and Colo205, when cadherin with a p120-uncoupling JMD mutation

or p120 with a deleted N-terminal region were expressed (9, 272). Treatment with
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staurosporine, a relatively non-specific kinase inhibitor also promoted adhesion. This was
interpreted as demonstrating a negative modulatory role for p120 and specifically its N-
terminal region, perhaps due to phosphorylation mediated by a constitutively active
staurosporine-sensitive kinase. However this work did not distinguish the contribution of
tyrosine phosphorylation, serine/threonine phosphorylation, or indeed other events

requiring the p120 regulatory region. Subsequently Ozawa et al demonstrated that the
reduction in E-cadherin dependent cell-cell adhesion in L cells (a cadherin-deficient
fibroblast cell line) occurring when E-cadherin and active Src were co-expressed compared
to L-cells expressing E-cadherin alone required an intact cadherin JMD (273). Moreover,

expression of p120 with a tyrosine to phenylalanine substitution at position 217 was

sufficient to abrogate the effects of active Src, although this mutation did not diminish the

tyrosine phosphorylation of p120. In the light of our current knowledge of the p120
tyrosine phospho-acceptor sites (which do not include tyrosine-217) it appears that this

substitution altered p120 conformation or function in an as yet undefined, but

phosphorylation-independent, manner.

The recent identification of p120 tyrosine phospho-acceptor residues has facilitated more
targeted investigation of p120 phosphorylation. For example, over-expression of p120
rendered phosphorylation-defective by mutation of all 8 tyrosine phospho-acceptor
residues to phenylalanine did not inhibit the Src induced transformation of fibroblasts (68)
and did not impair the ability of A431 cells to form AJs (176). However, a possible adaptor
role for phosphorylated p120 is suggested by the finding that the phosphatase SHP-1 could
be recruited by wild type but not phosphorylation defective p120 (68). Interestingly, the

total number of tyrosine residues which were phosphorylated rather than the

phosphorylation state of any specific residue determined the strength of binding.

It has been suggested that one consequence of the tyrosine phosphorylation of p120 may be
to reduce the affinity of its interaction with cadherin, perhaps exposing signals for
internalisation on the JMD. However, most evidence suggests that tyrosine
phosphorylation of p120 either increases its affinity for E-cadherin (138, 265, 266, 268) or
has no effect (8, 176, 273-275). Piedra has suggested that increased binding of p120 to
cadherin may impair AJ stability if p120 functions as an adaptor to recruit the tyrosine
kinase Fer, which may be constitutively associated with p120, to the AJ (276). In this
model phosphorylation of p120 promotes its association with E-cadherin and hence
recruits Fer which subsequently negatively regulates the AJ by phosphorylation of -

catenin at tyrosine-142 (268). Directly contradicting this model is work by Xu ez al which
demonstrated that Fer, recruited to the AJ via p120, phosphorylated the tyrosine
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phosphatase PTP1B at tyrosine-152 enabling it to bind the cytoplasmic domain of cadherin
(277). PTP1B then promoted AJ stability by maintaining tyrosine-654 of f3-catenin in a

dephosphorylated state. This inconsistency may reflect the different experimental systems
with Xu et al using chick retinal cells and fibroblasts which predominantly expressed N-
cadherin whilst Piedra used E-cadherin expressing epithelial cells. Thus whether tyrosine

phosphorylation of p120 is involved in regulation of the AJ remains enigmatic.

1.2.6.4 Kinase-driven acto-myosin contractility may disrupt the AJ.

Several lines of evidence now suggest that increased RhoA activity may influence tensile

forces within the cell in such a way as to be either unfavourable to AJ formation or, in

some cases, to literally pull established AJs apart. In this context Sahai has shown that
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