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Abstract

MDCK epithelial cells initially spread in response to hepatocyte growth factor/scatter 

factor (HGF/SF) followed by the disruption of cell-cell junctions and cell scattering. 

Their motility involves actin rearrangements mediated by Ras, but how Ras and its 

downstream effectors also regulate intercellular adhesions has not been established yet. 

Activation of HGF/SF was shown to induce sustained p42/p44 MAP kinase (MARK) 

activation, and this was required for spreading, disruption of adherens junctions and 
subsequent cell scattering as these responses were blocked by the p42/p44 MARK 
inhibitor RD98059. In addition, activation of phosphoinositide 3-kinase (RI3K) was also 
required for these responses as they were blocked by its inhibitor LY294002. 
Disassembly of adherens junctions required both activation of p42/p44 MARK and RI3K 
and was a prerequisite for the disruption of desmosomes and tight junctions and 
subsequent cell scattering. In polarized MDCK monolayers, HGF/SF induced a decrease 
in transepithelial resistance (TER) and loss of intercellular junctions monitored by 
transmission electron microscopy (TEM) which was RI3K- and p42/p44 MARK- 
dependent.

To analyse the roles of Rho, Cdc42 and Rac in HGF/SF-induced responses and to allow 
their expression in over 70% of cells, mutant forms of these GTRases were cloned into 
adenovirus vectors. Expression of NlTRhoA, N17Cdc42, N17Racl and V I2R acl 
affected tight junctions as they decreased the TER of MDCK cell monolayers although 
N17Racl transiently increased the TER. N19RhoA and N17Cdc42 dispersed adherens 
junctions and N17Cdc42 affected the localization of the tight junction protein ZO-1. 
N17Racl inhibited HGF/SF-induced scattering and disruption of adherens junctions 
whereas V12Racl enhanced scattering. In conclusion, these results show that HGF/SF- 
induced scattering and loss of junctions is RI3K- and p42/p44 MARK-dependent and that 
these changes are mediated by Ras, Rho and Rac.
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1.1 Cell motility and cancer

1 . 1.1  Cell motility in embryogenesis and the adult organism

Cell motility is a fundamental process required during normal embryonic development, 

wound healing, inflammatory responses, and tumour progression towards metastasis 

(Gherardi, 1991). In embryogenesis, cell migration is a recurring theme in important 

processes ranging from gastrulation to the development of the nervous system. In some 
cases, cells move coordinately, for example embryonic epithelial cells during dorsal 
closure or fibroblasts and endothelial cells during wound healing and angiogenesis 
(Lauffenburger and Horwitz, 1996, Noselli, 1998). In other cases, cells move as isolated 
individuals, for example leukocytes crawling towards chemotactic factors in an 
inflammatory response. Migration remains prominent in the adult organism, in normal 
physiology as well as pathology. In metastasis, tumour cells migrate from the initial 
tumour mass into the circulatory system, which they subsequently leave to migrate into a 
new site (Lauffenburger and Horwitz, 1996).

Even though the cellular mechanisms responsible for acquisition of cell motility remain 
unclear, it can be postulated that they are multiple, depending in part on the state of 
differentiation of cells that will eventually migrate. Epithelial cells have two main 
possibilities to move: they can remain linked together and move as epithelial sheets, as 
observed in gastrulation and wound healing; alternatively, they can dissociate and migrate 
as individual cells. For example, during early embryogenesis, certain groups of cells can 
detach from the epithelium and migrate (Chuong and Edelman, 1985, Duband et al.,
1988). In such cases, the acquisition of motility is correlated with dramatic changes in the 
program of cell differentiation. Migrating cells thus no longer express epithelial 
characteristics, and acquire a mesenchymal phenotype. This change in cell differentiation 
is apparent not only through the loss of apico-basolateral polarity typical for epithelial 
cells, but also through an abrupt change in cytoskeletal organization. Mesenchymal cells 
no longer produce cytokeratin filaments and express vimentin intermediate filaments 
instead (Franke et al., 1982). In addition, intercellular and cell-matrix adhesions are 
decreased and strengthened in the reverse process (Chuong and Edelman, 1985, Duband 
et al., 1988). These observations have led to the concept of epithelial-mesenchymal 
transition (EMT). Although not directly linked to EMT, enhanced cell motility and 
changes in cell morphology from epithelial to fibroblast-like have been been observed 

with antibodies against cell adhesion molecules (Behrens et al., 1985, Behrens et al.,
1989), transfection with oncogenes (Garcia et al., 1986), addition of certain growth 

factors such as epidermal growth factor (EGF), transforming growth factor-a (TGF-a) or
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hepatocyte growth factor/scatter factor (HGF/SF) (Barrandon and Green, 1987, Stoker et 
al., 1987) or plating cells on specific substrata (Schoenwaelder and Burridge, 1999).

1.1.2 Mechanisms of cell motility

Cell locomotion is undoubtedly complex and dependent on the co-ordinated activity of the 
cytoskeleton and cell membrane, and on the composition of the extracellular matrix. To 

migrate, cells must acquire a spatial asymmetry enabling them to turn forces generated 
intracellularly into net cell body translocation. One manifestation of this asymmetry is a 
polarized morphology, i.e., a clear distinction between cell front and rear (Mitchison and 

Cramer, 1996).

Forward motility of the membrane at the front of the cells is called protrusion. Protrusive 
structures at the leading edge of motile cells are highly dynamic and contain dense arrays 
of actin filaments. In general, these filaments are organized with their barbed ends (fast 
growing or plus ends) oriented preferentially in the direction of protrusion. The simplest 
protrusive structures are filopodia, thin cylinders that can extend several microns from the 
main cortex. Filopodia contain a tight bundle of long actin filaments oriented in the 
direction of the protrusion. Lamellipodia are thin protrusive sheets. The characteristic 
ruffling appearance of leading edges (membrane ruffling) is due to lamellipodia that lift up 
off the substrate and move backward. Actin filament bundles in cell bodies of motile cells 
are termed stress fibres (Mitchison and Cramer, 1996) and although stress fibres are 
normally only observed in vitro, it has been found that highly motile or transformed cells 
have very few stress fibres (Burridge et al., 1988, Herman et al., 1981).

Adhesion is required for protrusion to be converted into movement along the substrate. 
The process leading to forward movement of the nucleus and cell body has been termed 
traction. The last step in locomotion is comprised of two mechanistically distinct 
processes: de-adhesion and tail retraction. While rates of lamellipodal protrusions and rear 

release both potentially contribute to the migration rate, in some cells the rate of the rear 
release determines the overall migration rate. The rear release is in some cells mediated by 
myosin Il-mediated contraction of actin filaments inducing forces which disrupt cell- 
substratum adhesions. In other cells, rear release requires mainly the degradation of 
extracellular matrix (ECM) components (Lauffenburger and Horwitz, 1996, Galbraith 

and Sheetz, 1998).

Several observations point to a role for protein tyrosine phosphorylation in regulating 

adhesion and detachment of the rear of the cell. Cells transformed with viruses expressing 
oncogenes encoding tyrosine kinases, such as Src, tend to appear more round and less

17



adherent and to show enhanced migration (Burridge et ah, 1988). The activities of many 

kinases and phosphatases on a variety of signaling and structural proteins, especially 

those organized in adhesive complexes linking adhesion receptors to the actin 

cytoskeleton, are predicted to be spatially distributed as well (Huttenlocher et ah, 1995). 
This could regulate a front-versus-rear asymmetry in cell-substratum traction by altering 

the ability and force transmission capability of adhesive complexes.

1.1.3 Carcinoma invasion and the role of cell-cell and cell-matrix 
adhesion

The migratory behaviour of cells requires communication of individual cells with their 
environment, and is dependent upon integration of diverse signals derived from the ECM 
and interactions with adjacent cells (Huttenlocher et ah, 1995). Movement of epithelial 
cells is normally limited by cell-cell and cell-substratum adhesion. Cell-cell contacts are 
mediated by intercellular junctions and cell-substratum interactions are mediated primarily 
by integrins. The integrins are a family of cell-surface glycoproteins that act as receptors 
for ECM proteins. Integrin-mediated cell-ECM adhesion sites are complex specialized 
structures termed focal contacts or focal adhesions, in which many signalling components 
are concentrated (Schoenwaelder and Burridge, 1999). Each integrin is a heterodimer that 
contains an a  and a p subunit with each subunit having a large extracellular domain, a 
single-membrane spanning region, and in most cases (other than P4 ), a short cytoplasmic 
domain. The integrin receptor family of vertebrates includes at least 16 distinct a  subunits 
and 8  or more p subunits which can associate to form more than 2 0  distinct integrins. 
The a/p pairings specify the ligand-binding abilities of the integrin heterodimers. 
Although the ligands for integrins are often ECM proteins such as collagen, laminin, 
vitronectin, or fibronectin, most integrins recognize rather short peptide sequences within 
the larger protein, for example the RGD (Arg-Gly-Asp) sequence found in fibronectin 
(Aplin et al., 1998).

Understanding the progression from carcinoma in situ to invasive carcinoma is one of the 
most complex and challenging problems in the pathobiology of cancer. Because the 
biology of invasive carcinoma is essentially an aberration of epithelial cell biology, insight 
into this problem has been obtained by comparing the properties of untransformed, non- 

tumorigenic epithelial cells with carcinoma cells. Distinguishing features of epithelial cells 
are their polarized morphology, attachment to an underlying basement membrane, and 

presence of specialized cell-cell contacts (Rodriguez-Boulan and Nelson, 1989). The 
progression to invasive carcinoma has been shown to involve perturbations in these 

features resulting in the acquisition of a motile, mesenchymal phenotype. This 
progression involves alterations in the expression and function of surface receptors that
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maintain the epithelial phenotype. Most notably invasive carcinomas are characterized by 

a loss of function of cadherins which are cell-cell adhesion receptors (Takeichi, 1993, 

Birchmeier, 1995). Integrins, in contrast, are essential for both normal epithelial function 

and and for mediating dynamic processes associated with invasive carcinoma such as 

migration (Hynes, 1992). For this reason, it is assumed that the altered expression and 

function of specific integrins contribute significantly to invasive carcinoma (Juliano and 

Varner, 1993). For example, it has been shown that stable expression of «6(^4 integrin 
promotes invasion of breast carcinoma cells (Shaw et al., 1997).
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1.2 Polarity and intercellular junctions of epithelial cells

1.2.1 Maintenance of epithelial cell polarity

Epithelial cells form coherent layers that line body surfaces and fold into complex 

glandular structures, such as follicles, alveoli and branching. They form barriers and 

regulate vectorial transport of ions and solutes between different biological compartments 
separated by these barriers, thereby contributing to the maintenance of homeostasis. Two 
key structural features of epithelial cells specify this function: restricted distributions of 
specific membrane proteins to functionally distinct membrane domains that face these 
compartments and formation of an intercellular junctional complex. This intercellular 
junction complex connects the lateral plasma membranes in epithelial cells through the 
formation of tight junctions, zonulae adherens and desmosomes (Gumbiner, 1996, 
Drubin and Nelson, 1996) (Fig. 1.1). These adhesive junctions are key sites for 
regulation of the epithelial barrier function and must also be able to mediate highly 
dynamic interactions among neighbouring cells and between cells and the substrate during 
cell migration (Gumbiner, 1996, Adams and Nelson, 1998).

Madin-Darby canine kidney (MDCK) cells are used as an in vitro model to study 
epithelial cell biology. They form polarized monolayers when grown in culture under 
appropiate conditions. The apical cell surface is covered with microvilli and faces the 
culture medium. The basal cell surface adheres to the substratum; the lateral surfaces are 
in close contact with adjacent cells in the monolayer. The basolateral surface domain is 
separated from the apical domain by the junctional complex (Rodriguez-Boulan and 
Nelson, 1989).

Epithelial cells maintain their polarity through vectorial delivery of proteins to either the 
apical or the basolateral cell surfaces. MDCK cells that have already established a 
polarized distribution of membrane proteins, sort newly synthesized proteins in the Golgi 
complex and deliver them either to the apical or to the basolateral plasma membrane upon 
recognition of specific sorting signals. Furthermore, the actin cytoskeleton has been 
shown to be important for maintaining epithelial cell polarity in MDCK cells (Drubin and 
Nelson, 1996).
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Fig. 1.1 

Epithelial cell polarity

Epithelial cells have distinct membrane domains, an apical cell surface which faces the 

lumen and is covered by microvilli. The lateral cell surfaces are linked together through 
the intercellular junction complex consisting of tight junctions, zonulae adherens, 

desmosomes and gap junctions. The lateral cell surface is attached to the substratum via 
hemidesmomes and focal contacts.
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1 .2 .2  Adherens junctions

1.2.2.1 Organisation of adherens junctions

Adherens junctions are formed by cadherins, Ca^+-dependent single-membrane spanning 

glycoproteins which form cell-cell contacts via homotypic interaction (Kemler, 1993). The 
cadherin family includes E-(epithelial), P-(placental) and N-(neural) cadherin and VE- 
Cadherin which is present in vascular endothelial cells (Ben-Ze'ev, 1997, Lampugnani et 
al., 1992). In addition, desmocollin and desmoglein are members of the cadherin family 
which are located at demsosomes (Garrod, 1993).

The cadherin extracellular domain mediates the homophilic interaction while the 
conserved cytoplasmic domain forms a complex with proteins called catenins. Initial 
studies showed that deletion of the cytoplasmic domain of cadherins results in an 
adhesion-defective molecule that does not bind to the cytoskeleton (Nagafuchi and 
Takeichi, 1988, Ozawa et al., 1990). An adhesion-deficient phenotype also results from 
the overexpression of the cadherin cytoplasmic domain in Xenopus embryos; this creates 
a dominant negative mutant that competes with endogenous cadherin for catenins 
(Kintner, 1992). Formation of the cadherin/catenin complex is required for cadherin 
functions in cell-cell adhesion and cell polarity (Adams and Nelson, 1998).

Three cytoplasmic proteins, a-catenin, p-catenin, and plakoglobin/y-catenin that associate 
noncovalently with the cytoplasmic domain of cadherins were initially identified. The 
cadherins bind directly to p-catenin or plakoglobin and these in turn associate with a- 
catenin which is then thought to link cadherin complexes to the actin cytoskeleton, either 
by direct interaction, or indirectly via a-actinin (Ben-Ze'ev, 1997).

p-catenin and plakoglobin share a 42-amino acid repeated motif, the Arm repeat, 
originally described in the Drosophila  segement polarity gene armadillo which is 
important for anteroposterior patterning during Drosophila embryogenesis. p-catenin 
lacking the internal armadillo repeats does not bind to cadherins anymore but still interacts 
with a-catenin (Ben-Ze'ev, 1997). Plakoglobin/y-catenin was originally identified as a 

component of desmosomes (Cowin et al., 1986) and binds directly to E-cadherin as well 
as to desmosomal cadherins.

a-catenin exhibits 30% sequence identity to vinculin (Herrenknecht et al., 1991), a 

protein involved in linking membrane proteins to the cortical cytoskeleton at sites of cell- 
substratum and cell-cell contact (Zigmond, 1996).The expression of a-catenin is required
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for cell-cell adhesion. Cell lines that do not express a-catenin do not adhere to each other, 
but cell-cell adhesion can be induced by transfection of a-catenin cDNA (Hirano et al., 

1992). Moreover, a-catenin has been shown to be necessary for cell adhesion during the 

development of Xenopus and mouse embryos (Sehgal et al., 1997, Kofron et al., 1997).

A more distantly related protein, p i20^^", also contains a series of Arm repeats and binds 

to cadherin (Daniel and Reynolds, 1997) at a juxtamembrane site within the cytoplasmic 
domain of the cadherin rather than the more distal site where p-catenin and y-catenin bind 

(Ozawa and Kemler, 1998, Yap et al., 1998). p i 20^^" does not bind a-catenin (Daniel 
and Reynolds, 1997) and it was suggested that only small amounts bind to cadherin in the 
human carcinoma cell line HT29 (Shibamoto et al., 1995) (Fig. 1.2).

Recently, a new catenin has been identified, 6 -catenin, which is a mammalian brain- 
specific protein in the armadillo repeat superfamily with closest sequence similarity to 
p i20^^". It has been found that ô-catenin can be immunoprecipitated as a complex with 
other components of the adherens junction, including cadherin and p-catenin, from 
transfected cells and brain extracts. Like pl20^^", 6 -catenin binds to the juxtamembrane 
domain on cadherins. In MDCK cells, 6 -catenin co-localizes with cadherin, p i20^^", and 
p-catenin when exogenously expressed. The ectopic, expression of 6 -catenin in MDCK 
cells altered their morphology, induced the formation of lamellipodia and increased 
scattering in response to HGF/SF treatment (Lu et al., 1999).

1.2.2.2 Assembly of the cadherin/catenin complex

Several approaches have been used to evaluate the role and function of adherens junction 
in maintaining epithelial cell polarity. One method is Ca^+-switch experiments, where 
adherens junctions are disrupted through lowering of the extracellular Ca^+ concentration. 
Alternatively, cells are seeded in low extracellular Ca^+ concentration and junction 
formation can be observed by gradually increasing the extracellular Ca^+ concentration 
(Nelson and Veshnock, 1987).

In addition, immunoprécipitation experiments have been used to investigate the 

composition and assembly of the cadherin/catenin complex. Initially, the cadherin/catenin 
complex was considered to be of a single type containing E-cadherin, a-catenin, p- 
catenin, and plakoglobin/y-catenin. These studies of cadherin/catenin complex assembly 

and organization relied on co-immunoprecipitation of the complex with cadherin 

antibodies, and were limited to the analysis of the Triton X-KX) (Tx-lOO)-soluble fraction

24



Fig. 1.2

Architecture of adherens junctions

E-cadherin homodimers link the plasma membranes of neighbouring cells through 

interaction of the HAV motif present in the extracellular domain. The intracellular domain 
of E-cadherin binds to p-catenin, pl20^^^ or y-catenin. p-catenin and y-catenin interact 

with a-catenin which links the cadherin/catenin complex to the actin cytosketelon either 
direcly or indirectly via a-actinin.
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of these proteins. However, it has been later found that a significant percentage of the 
cadherin/catenin complex is in the insoluble fraction and immunoprécipitation experiments 

were perfomed from the insoluble fraction to study the assembly of the cadherin/catenin 

complex at the plasma membrane (Hinck et al., 1994).

These studies show that the first step in assembly of the cadherin/catenin complex is the 

assembly of either p-catenin or plakoglobin with newly synthesized cadherin. The second 

step involves incorporation of a-catenin into the E-cadherin/ p-catenin or E- 

cadherin/plakoglobin complex and this occurs concomitant with the time of arrival of the 
complex at the plasma membrane. The fraction of the cadherin/catenin complex found in 
the Tx-100-insoluble fraction might be due to the fact that the complex becomes 
incorportated into the actin-based cytoskeleton, coincident with the association of a- 
catenin. This may be crucial as cell-cell adhesion requires interaction of the 
cadherin/catenin complex with the cortical actin cytoskeleton (Adams and Nelson, 1998).

In addition, there were cadherin-independent pools of catenins present in both the Tx- 
100-soluble and insoluble fractions. In fact, 50% of a-catenin and p-catenin and 
plakoglobin exist in cadherin-independent pools of protein. These pools are present both 
in cells before cell-cell contact and in cells which have extensive intercellular contacts. It 
was suggested therefore that these catenin pools are not present simply for de novo 
assembly of junctions, but rather play a critical role in regulating complex formation with 
cadherins and other proteins.

Recently, it has been shown that E-cadherin is constantly endocytosed via a clathrin- 
dependent pathway and recycled to the cell surface (Le et al., 1999). Surface expression 
of E-cadherin may therefore be influenced by the balance between transport processes that 
deliver proteins to the surface and endocytotic mechanisms that mediate uptake and 
recycling of membrane components. The recycling and turnover of the cadherin/catenin 
complex may regulate both junction formation and junction disruption during 
development, wound healing or tumorigenesis (Miller and MacClay, 1997). In addition, 
the constant turnover of E-cadherin might allow signalling which involves cadherins or 
catenins to occur more rapidly.
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1.2.2.3 Disruption of adherens junctions in cell motility and invasion

1.2.2.3.1 Loss of E-cadherin correlates with enhanced motility and 
invasion

The majority of human cancers originate from epithelial cells. Development of invasive 
epithelial carcinomas, in particular transition from benign lesions to invasive, metastatic 

cancer, is characterized by a tumour cell's ability to overcome cell-cell adhesion and to 
invade the surrounding tissue. This progression often involves the loss epithelial polarity 

maintained by the cadherins (Christofori and Semb, 1999).

Several clinical and experimental studies have revealed that E-cadherin's adhesion 
function is frequently lost during the development of most, if not all, human epithelial 
cancers, including carcinomas of the head, neck, thyroid, skin, oesophagus, colon, liver, 
pancreas, bladder, kidney, lung, breast, prostate and female genital tract. Several 
mechanisms can lead to the loss of E-cadherin function, either down-regulation of its 
expression or inactivation of the E-cadherin gene through deletions or mutations of the 
gene (Birchmeier and Behrens, 1994, Christofori and Semb, 1999). Notably, germline 
mutations in the E-cadherin gene are sufficient to predispose individuals to the 
development of malignant cancer. Moreover, changes in the expression of proteins that 
are part of the E-cadherin adhesion complex impair E-cadherin-mediated cell-cell 
adhesion; for example expression of truncated a-catenin or truncated p-catenin abrogates 
E-cadherin function, and downregulation of p-catenin expression is frequently associated 
with malignant transformation (Christofori and Semb, 1999). Mutations in the gene that 
encodes a-catenin or altered expression levels of the protein, have been found in cultured 
tumour cell lines (Bullions et al., 1997) and also in esophageal tumours (Khare et al., 
1999). Mutations in the gene that encodes p-catenin are evident in many human tumours, 
including melanoma, colon, hepatocellular, colorectal, ovarian, brain, prostate and uterine 
cancer (Polakis, 1999). In general, decreased E-cadherin function correlates with de
differentiation, infiltrative tumour growth and metastasis. In some instances, reduced 
expression of E-cadherin at the cell-cell boundaries correlates significantly with tumour 
grading and thus might be a marker for poor prognosis (Birchmeier and Behrens, 1994, 
Christofori and Semb, 1999).

E-cadherin-mediated cell-cell adhesion is one rate-limiting step in the progression from 
adenoma to carcinoma in vivo. In a transgenic mouse model of tumorigenesis, mice 
expressing SV40 large T antigen in pancreatic p cells were crossed with mice expressing 

either wild-type E-cadherin or dominant negative form of E-cadherin (Perl et al., 1998). 

In this model, maintenance of E-cadherin expression during p-cell tumorigenesis results

2 8



in arrest of tumour development at the adenoma stage whereas expression of the a 

dominant-negative E-cadherin induces early invasion and metastasis.

E-cadherin-mediated cell adhesion might also be abrogated through degradation of E- 

cadherin's extracellular portion by proteases that are activated during tumour progression, 

for example stromelysin-1 (Lochter et ah, 1997). Theoretically, cleavage of the 

extracellular part of E-cadherin could not only inactivate this molecule but also lead to 
conformational changes in the complex followed by signalling to invasion promoters. In 
addition, the extracellular fragments may interact with the extracellular domain of intact E- 
cadherin molecules, preventing homophilic binding to E-cadherin on neighbouring cells. 
HAV-containing peptides homologous to the first extracellular domain of E-cadherin 
inactivate the E-cadherin-catenin complex and induce invasion of MDCK cells into 
collagen gels or chicken heart (Noe et al., 1999). Moreover, it has been shown that 
antibody-mediated neutralization of E-cadherin leads to the loss of contact inhibition of 
motility by an as yet unknown mechanism (Behrens et al., 1989, Frixen et al., 1991, 
Vleminckx et al., 1991). One possibility is that the complex loses its association with the 
actin cytoskeleton.

1.2.2.3.2 p-catenin regulates cell adhesion and transcription

As described above, defects in catenin function have been implicated in tumour 
invasiveness (Daniel and Reynolds, 1997), possibly accounting for carcinomas that are 
metastatic despite apparently normal E-cadherin expression. Recently, several groups 
have reported that p-catenin, besides being a major component of the E-cadherin adhesion 
complex, is also part of the Wnt-mediated signaling pathway (Polakis, 1999). p-catenin is 
usually localized with E-cadherin in adherens junctions. Free p-catenin is rapidly 
phosphorylated by the serine/threonine protein kinase glycogen-synthase kinase 3p 
(GSK-3p) in the adenomatous polyposis coli (APC)-GSK-3p-axin protein complex and 
subsequently degraded by the ubiquitin-proteasome pathway. If the tumour suppressor 
APC is non-functional as in many colon carcinomas, or GSK-3p activity is blocked by 
the activated Wnt signalling pathway, high levels of p-catenin accumulate in the 
cytoplasm. Subsequently, p-catenin translocates to the nucleus, where it binds to a 
member of the T-cell factor (TCF)/leukocyte enhancing factor-1 (LEF-1) family of 
transcription factors and possibly activates the expression of TCF/LEF-1 target genes 

(Ben-Ze'ev, 1997, Polakis, 1999) (Fig. 1.3).

Mutations in p-catenin which prevent the downregulation of p-catenin have been found in 
many tumours and are only present in cancer cells containing wild-type APC. Thus, p- 

catenin can be activated by direct genetic mutation, by the inactivation of the APC tumor
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Fig. 1.3

Molecular interactions of p-catenin in the Wnt signalling pathway and
intercellular adhesion

In the presence of a Wnt signal, GSK-3p is inhibited, which normally phosphorylates (P) 

p-catenin in the cytoplasm and directs it together with APC and axin for degradation by 
the ubiquitin-proteasome pathway. If p-catenin is not degraded, it accumulates in the 
nucleus where its binds to TCP transcription factors, inducing new gene expression, p- 
catenin is also a major component of adherens junctions.
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suppressor or by activation of the Wnt signaling pathway (Ben-Ze'ev, 1997). In 

addition, it was demonstrated that, upon loss of APC function, expression of the 

protooncogene c-myc is upregulated by TCF-4 and p-catenin in the human colon cancer 

cell line HT29 (He et al., 1998). This result functionally connects the loss of APC 
function with the hyperproliferation of colon epithelial cells. In contrast, it has been 

reported that neoplastic transformation of an adenovirus ElA-immortalized cell line 

induced by mutant p-catenin did not result in activation of c-myc (Kolligs et al., 1999). 

Hence, the involvement of myc in p-catenin induced transformation of cells is probably 

cell-line dependent.

Overexpression of p-catenin has been shown to result in accumulation of p53, apparently 
through interference with its proteolytic degradation. Increased p53 activity might be a 
cell cycle checkpoint against oncogenic deregulation of p-catenin, resulting in a pressure 
for mutational inactivation of p53 during the later stages of carcinogenesis (Damalas et 
al., 1999). Another link between p-catenin and regulation of the cell cycle was provided 
by the fact that p-catenin activates the transcription of cyclin D1 in colon carcinoma cells 
(Tetsu and McCormick, 1999) which is of particular interest as cyclin D1 is over
expressed in many colon carcinomas (Arber et al., 1997). Cyclin D1 has been previously 
shown to be rate limiting for progression through the G1 phase of the cell cycle (Quelle 
et al., 1993). Deregulation of p-catenin levels might therefore contribute to neoplastic 
transformation of colon cells by causing accumulation of cyclin D1 and cell proliferation. 
However, Ras has been shown to further activate transcription of the cyclin D1 gene 
through sites within the promoter not regulated by the TCF/LEF family of transcription 
factors (Tetsu and McCormick, 1999). In conclusion, synergistic action between several 
oncogenes, like Ras and p-catenin on the transcription of cyclin D1 might contribute to the 
development of colon cancer and possibly other tumours.

1.2.3 Tight junctions

1.2.3.1 Tight junctions act as diffusion barriers

The tight junction is the most apical structure of the junctional complex and acts as a 

selective permeability barrier to the paracellular space and as an intramembrane fence to 
prevent free mixing of membrane domain-specific proteins and lipids (Baida and Matter,
1998). Freeze-fracture electron microscopy (EM) has depicted the tight junction as a 

continuous network of parallel and interconnected strands that circumscribe the apex of 

lateral membranes of adjacent cells. The seal provided by tight junctions does not appear
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to constitute an absolute diffusion barrier but to allow the passage of water and certain 
solutes.

The transepithelial resistance (TER) is an instantaneous measurement for the degree of 

tightness. The total resistance of an epithelial monolayer is a function of the transcellular 

resistance (the sum of the resistance of the apical and basolateral plasma membrane) and 
the paracellular resistance. The morphology and tightness of tight junctions vary among 

epithelia and are modified in response to physiological conditions and pharmacological 
challenge. For example, the paracellular permeability of leaky epithelia (e.g., proximal 
renal tube) is different from tight epithelia (e.g., distal renal tube) (Baida and Matter, 
1998, Goodenough, 1999).

1.2.3.2 Composition of tight junctions

1.2.3.2.1 Occludin

Occludin (65 kDa) was the first transmembrane protein identified in tight junctions of 
endothelial and epithelial cells but not fibroblasts (Furuse et al., 1993, Ando-Akatsuka et 
al., 1996, S ai tou et al., 1997). Occludin contains four transmembrane domains, amino- 
and carboxy-termini in the cytosol and, consequently, two extracellular loops (Baida and 
Matter, 1998). The first extracellular loop of occludin is characterized by an unusually 
high content of tyrosine and glycine residues. In MDCK cells it has been shown that
occludin is phosphorylated on serine and threonine residues during tight junction 
assembly in Ca -switch experiments implicating that phosphorylation of occludin is 
required during tight junction formation (Sakakibara et al., 1997).

Occludin seems to be involved in the barrier and fence function of tight junctions as 
overexpression of chicken occludin in cultured MDCK cells increases the number of tight 
junctions strands, with the concomitant elevation of their TFR. The TFR of cultured 
Xenopus epithelial cells is reduced by the addition of a synthetic peptide corresponding to 
the second extracellular loop of occludin. In addition, in transfected fibroblasts, occludin 

shows some cell-adhesion activity (Tsukita and Furuse, 1999).

Conversely, other evidence suggests that occludin is not important for tight junction 

function. Introduction of carboxy-terminally truncated occludin into MDCK cells caused 
concentration of endogenous occludin in a punctate pattern along the cell-cell border, but 

the continuous network of tight junction strands was not affected (Baida et al., 1996). In 

addition, when a synthetic peptide corresponding to the second extracellular loop of
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occudin was added to the culture medium, it drove out the endogenous occludin from 

junctional areas of cultured epithelial cells without affecting the gross epithelial cell 

morphology (Wong and Gumbiner, 1997). Third, transgenic ablation of the occludin 

gene indicates that occludin is not required for tight junction gate function (Saitou et al.,
1998).

1.2.3.2.2 Claudins

Recently, there has been a new multigene family identified, the so-called "claudin family" 
(Morita et al., 1999). To date, more than a dozen members of the gene family have been 
characterized: all localize to tight junctions and appear to bridge the intercellular space by 
homo- or heterotypic interactions. Claudin-1 and claudin-2 are 23 kDa integral membrane 
proteins that were identified as components of tight junction strands. In contrast to the 
short strands induced by occludin, these claudin-induced strands are very long and have a 
morphology that resembles endogenous tight junctions very closely. These findings 
suggested that claudin-1 and claudin-2 act as major structural components of tight 
junction strands. All of these claudin proteins are predicted to contain four transmembrane 
domains (Furuse et al., 1998).

Most of these molecules have the ability to induce the formation of tight junctions when 
introduced into mouse L fibroblasts (Morita et al., 1999). The level of occludin 
expression in various types of cells generally correlates well with the number of tight 
junction strands (Saitou et al., 1997). By contrast, northern blotting showed no such 
correlation with the expression of the claudin family members, and the tissue distribution 
pattern varkssignificantly between claudins (Morita et al., 1999). This suggests that 
multiple claudin family members are involved in the formation of tight junction strands in 
a tissue-dependent manner.

It is suggested that tight junction strands consisting of claudin-1 are tighter than those 
consisting of claudin-2 as determined by freeze-fracture EM. Since the tightness of tight 
junctions in situ is known to be regulated dynamically, an attractive speculation is that the 
tightness of tight junctions is regulated by the combination of the claudin-family members 

expressed (Furuse et al., 1998).

Paracellin-1, a more distantly related member of the claudin family has been recently 
identified in renal tight junctions. Mutations of paracellin-1 have been found in a rare 

genetic disease, where Mg^^ resorption is impaired leading to renal failure (Simon et al.,
1999). This implies that paracellin-1 and the other members of the claudin family may
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mediate specific paracellular properties and thus determine the permeability of different 

epithelia.

It has been suggested that several species of claudins together with occludin co- 

polymerize to form tight junction strands in situ (Furuse et al., 1998). Judging from their 

ability to reconstitute tight junction strands in mouse L fibroblasts, claudins rather than 
occludin appear to be the leading players in formation of tight junctions. Occludin may 

still be an important co-polymerizing component, but its exact function still remains to be 
determined as occludin does not seem to be absolute essential for tight junction formation 

but can clearly affect tight junction function.

1.2.3.2.3 Intracellular proteins associated with tight junctions

The zonula occludens-1 (ZO-1) protein (225 kDa) is a peripheral membrane protein 
localized underneath the tight junction complex in epithelial and endothelial cells (Baida 
and Matter, 1998). ZO-1 associates with other tight junction proteins, ZO-2 (Gumbiner et 
al., 1991), ZO-3 (Haskins et al., 1998) and occludin. ZO-1, ZO-2 and ZO-3 constitute 
the tight junction undercoat structure, in addition to other peripheral membrane proteins. 
The association of ZO-1 with the underlying cytoskeleton is required for occludin to be 
localized to the tight junctions. In cells lacking tight junctions such as fibroblasts and 
cardiac muscle cells, ZO-1 is colocalized with cadherins. ZO-1, ZO-2 and ZO-3 also 
contain three PDZ domains and one SH3 domain. PDZ domains appear to be involved in 
the clustering and docking of other proteins and Src-homolgy-3 (SH3) domains bind 
proteins containing proline-rich domains (Fanning and Anderson, 1996, Pawson, 1995). 
Zonula occludens proteins might therefore recruit signalling molecules to the tight 
junction (Baida and Matter, 1998, Haskins et al., 1998). The carboxy-terminal half of 
ZO-1 can bind actin and stress fibres, creating a possible linkage between the actin 
cytoskeleton and the tight junction complex (Goodenough, 1999). In addition, ZO-1 
binds to a-spectrin and the second PDZ domain of ZO-1 binds to connexin43, implicating 
a role for ZO-1 in mediating gap-junction function. Moreover, the Ras target AF-6 has 

been shown to interact directly with ZO-1 (Yamamoto et al., 1997).

In addition to ZO-1, ZO-2 and ZO-3, several peripheral membrane proteins including 
cingulin, 7H6, Rab3B, symplekin are found at tight junctions (Baida and Matter, 1998). 

Little is known about the roles of these proteins in tight junction function, but it appears 

that tight junctions follow the architecture of adherens junctions and desmosomes where 
transmembrane proteins are linked via peripheral membrane proteins to the cytoskeleton.
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1.2.3.3 Assembly of tight junctions

Classically, studies focusing on the biogenesis and assembly of tight junctions have made 

use of filter-grown epithelial cells that form electrically tight monolayers upon the addition 

of Ca^^extracellular and, hence, were observing the de novo assembly of tight junctions 
(Ca^^-switch experiments). The disruption of tight juntions in a confluent epithelial 

monolayer is induced through the addition of Ca^^-free, EGTA-containing buffers 

(Cereijido et ah, 1978, Martinez-Palomo et al., 1980)

Both extracellular Ca^+ and cell-cell contact are necessary for normal localization of ZO-1 
to the plasma membrane as ZO-1 is located in the cytoplasm in single cells (Siliciano and 
Goodenough, 1988). It has been suggested that the initial requirement for Ca^^ in tight 
junction assembly is in permitting homotypic intercellular binding of the Ca^^-dependent 
adhesion molecule E-cadherin as Ca^^-induced assembly of tight junctions can be 
inhibited by antibodies to the extracellular domain of E-cadherin (Gumbiner et al., 1988). 
ZO -1 interacts transiently with jUcatenin during the Ca^^-switch, but it is not yet clear if 
this interaction is mediated by direct binding of ZO-1 to a-catenin. Catenins have been 
therefore suggested to participate in the mobilization of ZO-1 from the cytosol to the 
plasma membrane early in tight junction development (Baida and Matter, 1998).

Assembly of tight junctions has been shown to be independent of de novo protein 
synthesis as the addition of cycloheximide to either established or developing monolayers 
has no effect on either the existing TER, or the development of resistance (Siliciano and 
Goodenough, 1988). This suggests that a stable pool of proteins involved in tight 
junction formation exists in the presence or absence of cell-cell contact and then is 
assembled under appropriate growth conditions.

1 .2 .4  Desm osom es

Desomsomes are intercellular junctions that mediate strong adhesion between epithelial 
cells, cardiac muscle cells and follicular dendritic cells. They form punctate cell-cell 

contacts which interact on their cytoplasmic sides with intermediate filaments (e.g. 

keratins in epithelia) (Garrod, 1993, Gumbiner, 1996).

The major transmembrane demosomal proteins, desmoglein and desmocollin, belong to 

the cadherin family of Ca^+-dependent adhesion molecules. Both of these classes of 

molecule occur as several different isoforms and three desmogleins and desmocollins 

exist each encoded by a separate gene (Garrod, 1993). The major cytoplasmic

36



desmosomal proteins are desmoplakin and plakoglobin. Plakoglobin is present in 

adherens junctions as well as demsosomes and therefore associates both with cadherins 

and desmogleins. Desmoplakins I and II are cytoplasmic proteins of 220 kDa and 250 

kDa derived from the same gene by alternate splicing. The cytoplasmic tails of these 

proteins bind to a highly conserved sequence in epidermal keratins and therefore connect 

the desmosomes with intermediate filaments (Cowin and Burke, 1996).

The localization of several cytoskeletal and junctional proteins is dependent on cell-cell 
contact and extracellular Ca . Desmoplakin I and II have a diffuse cytoplasmic 
distribution when MDCK monolayers are maintained in low Ca^^-medium and in single 
suspension MDCK cells (Pasdar and Nelson, 1988). In contrast, the distribution of the 
intermediate filament proteins, vimentin and cytokeratin is similar in both single MDCK 
cells, small colonies, and confluent monolayers (Nelson and Veshnock, 1986).

Far from being static structures that link cells with their neighbours there is increasing
evidence to suggest that the adhesion of desmosomes changes with time and can be
modulated in response to signals. For example, it has been shown that during epithelial-
mesenchymal transition of rat bladder carcinoma cells, desmosomes are lost leading to an
increase in soluble desmoplakin correlating with increased cell motility (Boyer et al.,
1989). Such modulation is probably important for normal cell motility, as well, as
morphogenesis and repair of developing and mature tissue. Assembly of individual
mature desmosomes following initiation of cell-cell contact appears to take about 2 h.
However, development of desmosomal adhesion between MDCK cells after contact
formation appears to proceed for at least 24 h, involving formation of progressively more
individual desmosomes. After initial assembly, desmosomes are readily disrupted by
reducing the extracellular Ca^^-concentration. However, with progressive confluent
culture, desmosome Ca^^-dependence is lost in MDCK cells: the desmosomes even

2+ 2+become resistant to Ca -chelation. Ca -independence may well be the predominant 

condition of desmosomes in vivo (Garrod, 1993).
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1.3 Signalling and the regulation of intercellular junctions

1.3.1 Signalling molecules

1.3.1.1 Protein tyrosine kinases

Tyrosine kinases play a central role in regulation of complex biological processes such as 
growth, differentiation, motility and death the as they transduce external stimuli to the cell 
interior. Transmembrane growth factor receptors such as the EGF and platelet-derived 
growth factor (PDGF), insulin, colony-stimulating factor-1 (CSF-1) receptors, are 
endowed with ligand-induced tyrosine kinase activity. Upon ligand binding, receptors 
dimerize and display a short-time-pulse of activity leading to their autophosphorylation 
and to the phosphorylation of cellular substrates on tyrosine residues (Weiss et al., 
1997). Membrane-associated tyrosine kinases of the Src family are similarly involved in 
signal transduction. Many oncogenes encode receptor tyrosine kinases and structural 
alterations such as amino-terminal and carboxy-terminal truncation and point mutation are 
critical for the transforming proteins.Whatever the mechanism, activation of their 
transforming potential leads to the expression of a protein with non-regulated, often 
enhanced enzymatic activities (Ullrich and Schlessinger, 1990, Hanks et al., 1988).

Tyrosine phosphorylation of the receptor creates binding sites for Src-homolgy-2 (SH2) 
and phosphotyrosine-binding (PTB)-domain-containing proteins. SH2 domains are 
protein modules that are able to bind to specific tyrosine-phosphorylated residues present 
within a distinct sequence on activated receptor tyrosine kinases and cytoplasmic proteins. 
PTB domains also bind to phosphorylated tyrosines, but require specific residues amino- 
terminal to the phosphotyrosine for binding (Pawson, 1995, Songyang et al., 1993). 
Some of the proteins containing SH2 domains are tyrosine phosphorylated like Src and 
phospholipase C-y (PLC-y) and activated whereas others like She, Grb2 and Nek are 
adaptor molecules that link tyrosine kinases to downstream signalling pathways (Hackel 
et al., 1999).

1.3.1.2 Ras

1.3.1.2.1 The Ras family

The Ras superfamily of GTPases are involved in the regulation of many cellular 
responses including the regulation of cell migration and junction integrity. Four members
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of the Ras family have been described (H-Ras, N-Ras, K-Ras4A, K-Ras4B). The 

mammalian Ras proteins (21 kDa) are almost identical but diverge in a 20 amino-acid 

hypervariable domain that separates the highly conserved portion of the protein containing 

the nucleotide-binding and functional domains from the carboxy-terminal CAAX motif 

(Boguski and McCormick, 1993). Members of the Ras-related subfamily are R-Ras and 

the R-Ras related TC21/R-Ras2 which have only 55% amino acid identity with Ras 

proteins. In most assays Ras isoforms (except for R-Ras and TC21/R-Ras2) yield 
indistinguishable responses. However, mice homozygous for a mutation in K-Ras die in 
utero whereas H-Ras and N-Ras are not essential for mouse development (Johnson et 
al., 1997). In addition, it has been recently shown that H-Ras is a more potent activator 
of PI3K whereas K-Ras recruits Raf-1 more efficiently to the plasma membrane (Yan et 

al., 1998).

1.3.1.2.2 Carboxy-terminal modification of Ras

Ras has to be localized at the plasma membrane to activate one of its main targets, the Raf 
kinase (Leevers et al., 1994). Plasma membrane localization of Ras requires two 
components. First, Ras is farnesylated in the cysteine residue of the carboxy-terminal 
CAAX motif. Then the AAX residues are removed by proteolytic cleavage and the 
carboxy-terminus is finally carboxyl methylated. This modification of the carboxy- 
terminus makes Ras hydrophobic, mainly through the addition of the farnesyl group. 
However, plasma membrane localization requires a second signal provided in the 
hypervarible region of Ras which has been shown to be S-acylation (palmitoylation) of 
cysteine residues in N- and H-Ras proteins or for K-Ras4B, a polybasic stretch of amino 
acids (Magee and Marshall, 1999). Recent evidence has shown that N-Ras and H-Ras are 
targeted to the plasma membrane by the endoplasmatic reticulum (ER) and Golgi while K- 
Ras4B might reach the plasma membrane by a more direct route without localization to 

the Golgi (Choy et al., 1999).

1.3.1.2.3 Activation of Ras family GTPases through guanine nulceotide 
exchange

Ras proteins are guanine nucleotide-binding proteins that exist in two functional states: as 

an inactive form bound to GDP and as an active form bound to GTP. Two enzymatic 
reactions regulate the equilibrium between the active and inactive form. Ras-guanine 
nucleotide exchange factors (GEFs) such as Sos and RasGRF promote the release of 

Ras-bound GDP and the subsequent uptake of GTP. GTPase activating proteins (GAPs), 

such as RasGAP and NF-1, enhance the intrinsic Ras GTPase activity (Katz and 

McCormick, 1997, Downward, 1998).
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Cell stimulation by many growth factors results in an increase of the relative amount of 

Ras protein in the active GTP-bound state. The activation of membrane bound Ras by 

growth factor or cytokine receptors is generally achieved by the recruitment of Grb2-Sos 

complexes to the receptors themselves or to adaptors like She. The extent, time course, 

and mechanisms of Ras activation reported so far vary greatly according to the cell type 

and the growth factor (Downward, 1997). Activated Ras can be detected in cell lysates 
using the known specifity of the interaction between Ras-GTP and the Ras-binding 

domain (RED) of its downstream target Raf-1, as glutathione-S-transferase-bound RED 
(GST-RED) binds only activated Ras (Taylor and Shalloway, 1996).

Point mutations in Ras have been found in many human cancers that result in a greater 
proportion of Ras existing in the GTP-bound state. For example, mutations of amino acid 
12 from glycine to valine (V12Ras) generates constitutively activated proteins which are 
insensitive to GAPs and have decreased GTPase activity. Dominant negative mutants of 
Ras can be generated by mutation of the serine/threonine residue at amino acid position 
number 17 to asparagine (N17Ras). This amino acid is essential for Mg^^ binding 
required for guanine nucleotide binding. These domanint-negative mutants are locked in 
an inactive state and compete with the endogenous protein for GEFs (Feig, 1999).

1.3.1.2.4 Roles of Ras and its downstream effectors in cell motility and 
cancer

Ras proteins mediate their actions through binding to effector proteins which involves 
interactions with the Ras effector loop (amino acids 32-40), some flanking residues, and 
the switch II region (amino acids 60-72). Downstream effectors of Ras include Raf-1, 
Raf-E, Raf-A, phosphoinositide 3-kinases (PI3K), RalGEFs, Rinl and AF-6 (Marshall, 
1996, Katz and McCormick, 1997, Downward, 1998). Ras stimulates activation of the 
p42/p44 MAP kinase (p42/p44 MAPK) via sequential activation of the protein kinases 
Raf and MAP kinase kinase 1 and 2 (MAPKKl/2), and constitutively active M APKKl 
can induce the transformation of fibroblasts (Cowley et al., 1994, Robinson and Cobb, 
1997). However, this response can be blocked by inhibiting endogenous Ras, implying 

that other Ras-activated signalling pathways are required long-term to mediate the effects 
of MAPKKl (Cowley et al., 1994). Activated Raf stimulates p42/p44 MAPK activity and 
new gene transcription but not membrane ruffling or the cytoskeletal changes 
characteristic of morphological transformation (Thorbum et al., 1994). Instead, the ability 

of activated Ras mutants to induce membrane ruffling has been correlated with their 

ability to activate PI3K and to be dependent on Rac (Rodriguez-Viciana et al., 1997).
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Activated Ras stimulates both the proliferation and morphological transformation of many 

cell types. Activating mutations of ras genes are commonly found in a variety of tumours, 

and, in addition, oncogenic mutants of Ras confer both tumorigenic and metastatic 

properties to rodent cells in culture, providing a system for determining the molecular 

events necessary for tumour progression (Marshall and Nigg, 1998).Point mutations 

within the effector domain of oncogenic Ras generate mutants that interact selectively with 
only a subset of effectors and therefore activate in theory specific downstream signalling 

pathways (White et al., 1995). By using these effector domain mutants (V12S35Ras, 
V12G37Ras, and V12C40Ras), it was suggested that Ras-mediated transformation can 
occur independently of the p42/p44 MAPK cascade (White et al., 1995, Khosravi-Far et 
al., 1996). However, for acquistion of metastasis in nude mice, activation of p42/p44 
MAPK seems to be required (Webb et al., 1998). R-Ras which fails to activate the 
p42/p44 MAPK is tumorigenic but not metastatic (Marte et al., 1997).

In was previously shown that p42/p44 MAPK regulates cell motility and migration across 
extracellular matrix and induces urokinase proteolytic activity implying a role in 
metastasis (Lengye et al., 1995). Urokinase mediates degradation of the ECM, which is 
important for the invasive stage of metastasis, and its expression was shown recently to 
be reduced in squamous cell carcinoma cell lines on treatment with the M APKKl/2 
inhibitor PD98059, with concominat reduced invasion in vitro (Simon et al., 1996).

The function of oncogenic Ras has been studied for many years, however, activated Ras 
only transforms immortalised cell lines and fails to transform primary cells. Recent 
evidence has shown that induction of three genes is sufficient to transform human 
epithelial cells and fibroblast cells under tissue culture conditions. The genes introduced 
were SV40 large-T antigen which interferes with p53 and retinoblastoma protein 
signalling, activated Ras and the catalytic subunit of telomerase (hTERT) (Hahn et al., 
1999). The central role for Ras in tumour development was recently demonstrated in 
melanomas where genesis and maintenance of the tumours in mice were strictly 
dependent on constitutive activation of Ras (Chin et al., 1999).

1.3.1.3 Phosphoinositide 3-kinases

1.3.1.3.1 Classes of and structures of PI3Ks

PI3Ks are lipid kinases which are activated by a number of growth factors and cytokines. 

They phosphorylate the D3 position of phosphatidylinositol (PI), PI(4) phosphate 

(PI[4]P) or PI (4,5)bisphosphate (PI[4,5]P2) to produce PI(3)P, PI(3,4)P] or 
PI(3,4,5)trisphosphate (PI[3,4,5]Pg), respectively (Leevers et al., 1999).
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Three classes of PI3Ks have been defined on the basis of their in vitro lipid substrate 

specificity, primary structure and regulation. Class I PI3Ks phosphorylate PI, PI(4)P and 

PI (4,5)P2. Class lA PI3Ks are composed of a 85 kDa adaptor protein (regulatory 

subunit) (p85a) and 110 kDa catalytic domain (pi 10a). The p85a subunit contains two 

SH2 domains and directly associates with tyrosine phosphorylated proteins such as 

receptor tyrosine kinases. Binding of p85a to receptor tyrosine kinases brings PI3Ks to 

the membrane and therefore in close vicinity to its substrates the lipids. Moreover, upon 
receptor binding, p85a becomes phosphorylated on serine by the intrinsic kinase activity 
of p i 10a to shut off PI3K activity. The p i 10a subunit contains the lipid and protein 
kinase activity and the p85a and Ras-binding domains (Carpenter and Cantley, 1996, 

Vanhaesebroeck et al., 1997).

In addition to Class lA PI3Ks, Class II and Class III PI3Ks exist. Class II PI3Ks were 
first identified in Drosophila and phosphorylate only PI and PI(4)P in vitro. They are 
larger than Class I PI3Ks (>210 kDa), contain a C2 domain at their carboxy terminus and 
lack a p85 binding domain. Class III PI3Ks only phosphorylate PI. They are homolgous 
to Vps34p, the only PI3K present in yeast and have been implicated in vescile trafficking. 
Human Vps34p associates with a 150 kDa adaptor protein (p i50) which activates and 
recruits Vps34p to the plasma membrane (Vanhaesebroeck et al., 1997).

1.3.1.3.2 PI3Ks have lipid kinase activity

PI(3,4)P2 and PI(3,4,5)Pg are almost absent in resting cells and their intracellular 
concentrations rise rapidly upon stimulation. Degradation of PI(3,4,5)Pg seems to occur 
mainly via PIP 3,4-phosphate 5-phosphatase, resulting in the corresponding delayed 

increase in PI(3,4)P2 observed in intact cells. PI(3,4)P2, PI(4,5)P2 and PI(3,4,5)Pg can 
interact with a variety of actin-binding proteins and also bind to PH (pleckstrin 
homology) domains with different specificities.These lipids can thereby participate in a 

number of signal transduction pathways (Leevers et al., 1999). For example, it has been 
suggested that PI(3,4,5)Pg can contribute to the GEF activity of Vav, a PH-domain 
containing GEF for Rac (Han et al., 1998).

1.3.1.3.3 Role of PI3K in cellular signalling

PI3K has been found to associate with and to be activated by a number of tyrosine kinase 

receptors, including the receptor for PDGF and the EGF and stem cell growth factor 
(Carpenter and Cantley, 1996). In addition, it has been shown that Ras binds to the 

p i 10a subunit of PI3K and PI3K has been implicated downstream of Ras in mediating
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membrane ruffling and lamellipodium formation (Rodriguez-Viciana et aL, 1994, 

Rodriguez-Viciana et aL, 1997).

In addition, it has been shown that Rac and Cdc42 can bind to PI3K in vitro (Zheng et 

aL, 1994, Tolias et aL, 1995) and PI3K increases the level of GTP-bound active Rac, 

which in turn induces the changes on the actin cytskeleton responsible for membrane 

ruffling (Hawkins et aL, 1995). In general, it is important to note that PDKs fulfill 
multiple roles as they mediate changes in the actin cytoskeleton, but are also involved in 
the regulation of mitogenic signalling, cell motility, inhibition of apoptosis, intracellular 
tafficking, secretion and regulation of integrin functions (Vanhaesebroeck et aL, 1997).

1.3.1.4 Rho GTPases

1.3.1.4.1 The family of Rho GTPases

The Rho family is part of the Ras superfamily of GTP-binding proteins (Fig. 1.4). So 
far, 14 mammalian members of the Rho family have been identified: Rho A, RhoB, 
RhoC, R acl, Rac2, Rac3, Cdc42, TCIO, RhoD, RhoE/Rnd3, RhoG, R ndl, Rnd2 and 
TTF (Ridley, 1999, Nobes et al., 1998, Foster et aL, 1996, Guasch et aL, 1998, Murphy 
et aL, 1996). Members of this family show at least 40% amino acid identity with 
particular homology between RhoA, RhoB, RhoC and R acl, Rac2 , Rac3 (Ridley,
1999).

1.3.1.4.2 Activation of Rho GTPases

Like Ras-GTPases, Rho-like GTPases cycle between an active GTP-bound state and an 
inactive GDP-bound state except for RhoE/Rnd3, Rndl and Rnd2 as they cannot bind 
GDP nor hydrolyse GTP (Nobes et aL, 1998, Foster et aL, 1996, Guasch et aL, 1998). 
The activity of Rho GTPases is regulated by GEFs and GAPs as described for Ras 
GTPases. In addition, in resting cells Rho proteins are complexed by guanine nucleotide 
dissociation inhibitors (GDIs) which inhibit their GTP/GDP exchange. Rho proteins are 
released from the GDI during activation and translocate to the plasma membranes (Van 

Aelst and D'Souza-Schorey, 1997).
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Fig. 1.4

Members of the Ras superfamily and mechanism of activation through
guanine nuleotide exchange

The Ras superfamily consists of six subfamilies of which the Ras (including N-Ras, K- 

Ras and H-Ras and the more distantly related R-Ras, R-Ras2/TC21, RAIA and RalB) and 

the Rho subfamily (containing RhoA, RhoB, RhoC, R acl, Rac2, Rac3, Cdc42, TCIO, 

RhoG, RhoD, RhoE/Rnd3, R ndl, Rnd2 and TTF) are the main mediators of signal 
transduction. A role in intracellular trafficking is found in the Rab and Arf subfamily, the 
Ran subfamily controls nuclear import whereas the function of the Rad subfamily is 
presently unknown. Members of these subfamilies are GTPases which are activated 
through GTP-GDP exchange which is contrdHed by GEFs and GAPs.
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1.3.1.4.3 Modification of the carboxy-terminus

As with Ras, Rho family members are modified by prénylation, carboxymethylation and 

removal of the last three amino acids of the CAAX motif. Rho, Rac and Cdc42 are all 
prenylated through addition of a geranylgeranyl group whereas RhoB can also be 

farnesylated (Adamson et al., 1992a) and RhoE is only farnesylated (Foster et al., 1996). 

These modifications could be important for the localization and different functions of Rho 

GTPases as recently shown for Ras proteins (Choy et al., 1999) as RhoB is located in 
endosomes and lysosomes whereas RhoA and RhoC are mainly cytoplasmic (Adamson et 
al., 1992b).

In addition, re-localization of the Rho family proteins is likely to be crucial for their 
regulation. Indeed, translocation of Rho, Rac and Cdc42 to the plasma membrane is 
observed after cell stimulation (Bokoch et al., 1994). In the case of Rac, the re- 
localiziation to the plasma membrane is mediated through association with its GEF Tiam- 
l(T-lymphoma invasion and metastasis-1) (Michiels et al., 1997).

1.3.1.4.4 Effects of Rho GTPases on the actin cytoskeleton

The GTP-binding proteins Rho, Rac and Cdc42 are known to regulate actin organization 
as constitutively active forms of the proteins induce actin reorganization, whereas 
dominant-negative forms inhibit agonist-induced actin reorganization. The Rho GTPases 
activate several downstream signalling pathways simultaneously as they are activated in 
response to various cytokines, growth factors and ECM proteins and through interaction 
with many different targets in one cell. The activity of Rho GTPases is measured in a 
similar approach as for Ras: the GTPase binding domain is bound to GST and will only 
bind the activated GTP-bound protein. Rac activity is measured using the GTPase 
binding domain (CRIB domain) of Rac target p21-activated kinase (PAK) and Rho 
activity can be determined using the Rho binding domain of the Rho target Rhotekin 
(Sander et al., 1998, Ren et al., 1999).

In quiescent fibroblasts, Rho activation is linked to the assembly of stress fibres and focal 
adhesions (Ridley and Hall, 1992). Rho in particular induces the formation of focal 
adhesions where stress fibers are linked via integrins to the ECM (Burridge and 
Chrzanowska-Wodnicka, 1996). Stress fibres are bundles of actin filaments associated 

with myosin II filaments and other proteins, forming contractile fibres. Treatment of cells 
with the Clostridium botulinum  exoenzyme C3 transferase, which inactivates RhoA 

(Aktories et al., 1989, Sekine et al., 1989) results in the disassembly of stress fibres 
(Chardin et al., 1989, Paterson et al., 1990). Activation of Cdc42 and Rac results in the 

formation of filopodia and lamellipodia, respectively (Ridley et al., 1992, Kozma et al..
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1995, Nobes and Hall, 1995). The cytoskeletal changes induced by constitutively active 

V12Cdc42 and V12Rac are also associated with specific-integrin based adhesion 

complexes and cell spreading (Nobes and Hall, 1995). In addition, these microinjection 

studies in Swiss 3T3 cells suggests that there is a hierarchy in the way in which these 

GTPases regulate each other activities. Expression of V12Cdc42 leads to activation of 

Rac, while V12Rac can stimulate RhoA activity. Similarly, injection of V12Ras also leads 

to activation of Rac, resulting in the induction of membrane ruffling (Ridley, 1999).

In addition to effects on the cytoskeleton, Rho GTPases have been implicated in 
transcriptional activation (Perona et al., 1997) oncogenic transformation (Khosravi-Far et 

al., 1995) and metastasis (Habets et al., 1994), activation of NADPH oxidase and 
phagocytosis, endocytosis and vesicle trafficking (Ridley, 1999, Lamaze et al., 1996, 
Murphy et al., 1996, Adamson et al., 1992b).

1.3.1.4.5 The rôles of Rho GTPases and downstream targets in cell 
migration

Rho GTPases are mediators of cell motility for example, in fibroblasts, Rac is required 
for the extension of the protrusion and Rho mediates the contraction of the cell body. In 
epithelial cells, like MDCK cells, stress fibres have to be disassembled for cell motility 

and Rac induces the formation of strong cortical actin instead of lamellipodia (Ridley 
et al., 1995). Rho, Rac and Cdc42 have the potential to regulate cell migration both via 
their effects on the actin cytoskeleton and via their effects on cell adhesion to the ECM 
(Allen et al., 1998, Nobes and Hall, 1999). In addition, Rho and Rac are mediators of 
tumour metastasis as cells transformed with activated Racl or RhoA genes have 
metastatic potential in vivo (del Peso et al., 1997).

Rho GTPases mediate their effect on cell motility through the activation of downstream 
effectors. A target for Rho, Rho-kinase (ROCK) directly acts on the actin cytoskeleton as 
it increases the levels o f phosphorylated active myosin II. Increased levels of 
phosphorylated myosin II induce the assembly of stress fibres. An oppossing effect is 

exterted by Rac or Cdc42, as they activate PAK which leads to a decrease in the amount 
of phosphorylated active myosin II, disassembly of stress fibers and the formation of 

lamellipodia and filopodia (Burridge and Chrzanowska-Wodnicka, 1996, van Leeuwen et 
al., 1999). The ezrin-radixin-moesin (ERM) family of actin-associated proteins and 
adducin have also been shown to be substrates for ROCK. The ERM family of proteins 

link actin filaments to the plasma membrane via binding to transmembrane receptors such 

as intercellular adhesion molecule-1 (ICAM-1). In epithelial cells, ERM proteins are
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mainly located at the apical surface of the cells in microvilli in addition to intercellular 

borders. Rho is required for the association of ERM proteins with the plasma membrane 
and a correct interaction of ERM proteins with actin is required for Rho-induced actin re

organization. ERM proteins may increase Rho activity by releasing it from RhoGDI 

(Bretscher, 1999). Another actin-binding protein is IQGAP which cross links actin 
filaments in addition to binding to Cdc42 and Rac (Bashour et al., 1997).

Another downstream effector of Rho and Rac acting on the actin cytoskeleton may be 

phosphatidylinositol 4-phosphate 5-kinase (Chong et al., 1994), which regulates 

PI(4,5)P2 synthesis. PI(4,5)P2 binds to actin-monomer binding proteins (e.g., profilin), 
which results in a release of actin monomers, and causes the dissociation of capping 
proteins (e.g., gelsolin) from the ends of actin filaments. These ideas led to the 
hypothesis that Rho and Rac stimulate PI(4,5)P2 synthesis to induce actin polymerization 
contributing to the to assembly of stress fibres or lamellipodia, respectively (Ren and 
Schwartz, 1998).

1.3.2 R egulation of adherens and tight junctions by tyrosine  
phosphorylation

1.3.2.1 Role of tyrosine phosphorylation in adherens Junction integrity

The ability of cadherins to mediate cell-cell interactions is dependent upon their 
association with the cytoplasmic catenins, and this adhesiveness, in turn, appears to be 
influenced by the tyrosine phosphorylation of these proteins. For example, tyrosine 
phosphorylation of p-catenin and E-cadherin by Src correlates with a decrease in the 
strength of adhesion and a concomitant increase in cell migration in MDCK cells. 
However, the level of expression of cadherins and p-catenin is not changed (Behrens et 
al., 1993).

In Src-transformed cells, tyrosine phosphorylation of a-catenin has been reported, but its 
level of phosphorylation is relatively low compared to the Arm catenins, and it remains to 

be determined whether its phosphorylation is physiologically significant. In addition, 
phosphorylation of cadherins has been reported, but as with a-catenin, the extent of 
cadherin phosphorylation in vivo is generally low relative to the p-catenin and its 

significance is presently unknown. Overall the data suggests that the p-catenin is a 
particulary good in vivo protein tyrosine kinase target , whereas a-catenin and E-cadherin 

are not (Daniel and Reynolds, 1997).

48



In addition to Src, members of the Src family of tyrosine kinases such as Yes and Lyn 

have been shown to be present at adherens junctions (Tsukita et al., 1991) however, it is 

not clear which kinases are responsible for the phosphorylation events occurring for 

example after inhibition of tyrosine kinases with pervanadate (Volberg et ah, 1992). It is 

possible that different kinases have different specificity with respect to components of the 
cadherin/catenin complex. Dephosphorylation of the cadherin complexes might be 

important when cells become confluent as the cell surface expression of protein tyrosine 
phosphatases (FTP) such as PTPji and PTPk is upregulated by cell-cell contact (Gebbink 

et al., 1995, Fuchs et al., 1996).

Some tyrosine kinases might directly extert their effects on adherens junctions as the EGF- 
receptor has been shown to interact directly with p-catenin in the human epidermal 
carcinoma cell line A431. When A431 cells are stimulated with EGF, p-catenin is tyrosine 
phosphorylated in these cells (Hoschuetzky et al., 1994). However, direct .association of 
adherens junction proteins with tyrosine kinase receptors does not present a general 
mechanism of affecting adherens junction integrity as the HGF/SF-receptor, the Met 
tyrosine kinase has not been shown yet to bind directly to adherens junction components.

Together these studies indicate that regulated tyrosine phosphorylation and 
dephosphorylation events might regulate cadherin/catenin adhesiveness (Daniel and 
Reynolds, 1997, Barth et al., 1997). There exist several models trying to understand how 
tyrosine phosphorylation might alter the cadherin/catenin complex. First, it is possible 
that tyrosine phosphorylation of p-catenin reduces the affinity of p-catenin for its 
interaction partners like a-catenin or E-cadherin. Another model suggests that the 
interaction between catenins and E-cadherin persists, however the cadherin/catenin 
complex undergoes a conformational change leading to a loss of its adhesive properties. 
As tyrosine phosphorylated residues present docking sites for signalling molecules 
containing for example SH2 domains, it might be that signalling molecules are recruited 
to the cadherin/catenin complex modifying its adhesion abilities (Daniel and Reynolds, 
1997).

1.3.2.2 Role of tyrosine phosphorylation in tight junction integrity

ZO-1 contains twice as much phosphate in low electrical resistance MDCK cells (strain U) 
as in high electrical resistance strain (strain I) (Stevenson et al., 1989). Consequently, 
high phosphotyrosine content of ZO-1 is linked to low TER and may represent reduced 

tight junction function. However, no differences in tight junction morphology were 

observed in strains of MDCK cells possessing low and high electrical resistance by
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freeze-fracture EM (Stevenson et al., 1988). In addition, transfection of MDCK cells with 

low levels of the tyrosine kinase Src causes disruption of adherens junction but tight 

junctions are not affected as revealed by freeze-fracture electron miroscopy (Warren and 

Nelson, 1987). Freeze-fracture studies might therefore not be an absolute indicator for 

tight junction integrity. Treatment of MDCK cells with the phosphotyrosine inhibitor 

pervanadate has also no effect on ZO-1 immunolocalization (Volberg et al., 1992).

However, other studies imply a role for increased tyrosine phosphorylation in the 
reduction of tight junction integrity. MDCK cells transformed with a temperature 
sensitive v-src gene show decreased TER after incubation at the permissive temperature 
(Behrens et al., 1993). A rapid concentration and time-dependent decrease in TER is also 
observed when in MDCK and brain endothelial cells are treated with the tyrosine 
phosphatase inhibitor phenylarsine oxide. In A431 cells, EGF-stimulation results in a 
transient redistribution of actin and ZO-1 at apical sites of cell contact. Coincidently, ZO-1 
becomes transiently tyrosine phosphorylated. Cytochalasin D which disrupts normal 
actin filament reorganization blocks the EGF-induced ZO-1 rearrangement and tyrosine 
phosphorylation, suggesting that these responses are dependent on an intact actin filament 
system (Van Itallie et al., 1995).

These studies imply that increased tyrosine phosphorylation of ZO -1 may be involved in 
the regulation of tight junction permeability and therefore certain physiological events 
related to tight junction control could be influenced by activation of kinases.

1.3.3 Regulation of adherens and tight junction integrity by Ras and 
downstream signalling

Transformation of breast epithelial cells with Ras results indirectly in increased tryosine 
phosphorylation of p-catenin and p i 20^^^. These cells exhibit decreased cell-cell 
interactions and altered adherens junctions with less organized E-cadherin localization. In 
addition, tyrosine phosphorylated p-catenin does not interact with E-cadherin and shows 
increased detergent-solubility suggesting a decreased association with the actin 

cytoskeleton (Kinch et al., 1995).

It has been shown that the Ras target AF-6 can interact with ZO-1 in epithelial cells and 

has a distribution similar to ZO-1. AF-6 co-localizes with ZO-1 at the apical site sites of 
the cell-cell contact in MDCK cells. In cells lacking tight junctions such as non-epithelial 

cells, ZO-1 co-localizes with cadherin (Howarth et al., 1992, Itoh et al., 1993) and also 

with AF-6. The overexpression of Ras in R ati fibroblasts or PC12 cells, results in the
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perturbation of intercellular contacts and decreased accumulation of AF-6 and ZO-1 at the 

cell surface. It is possible therefore that AF-6 participates in the regulation of intercellular 

contacts, including tight junctions, via direct interaction with ZO-1 downstream of Ras 

(Yamamoto et al., 1997). Adhesion of epithelial cells to ECM has been previously shown 

to lead to protection from apoptosis via the activation of PI3K and protein kinase B 

(PKB) also named Akt. PKB acts downstream from PI3K in mediating cell survival in 

response to several stresses or growth factor deprivation (Alessi and Cohen, 1998). In 
addition, E-cadherin has been previously shown to mediate aggregation-dependent cell 
survival in a variety of experimental settings (Kantak and Kramer, 1998, Day et al.,

1999).

Recently, it has been shown that E-cadherin-mediated cell adhesion promotes a PI3K- 
dependent increase in the activity of PKB and rapid translocation of PKB into the nucleus 
(Pece et al., 1999). PI3K mediates the translocation of PKB into the nucleus, where it 
parlicipitates in the regulation of gene expression (Alessi and Cohen, 1998). In fact, E- 
cadherin physically associates with p85a in immunoprécipitation experiments and can 
stimulate the activation of the PI3K/PKB cascade (Pece et al., 1999). Further evidence 
for a role of E-cadherin in the regulation of PKB activity was found in MDCK cells 
where PKB localizes not only to cell-matrix but also to cell-cell contacts where it co- 
localizes with p-catenin. This localization is disrupted when PI3K inhibitors are present. 
Consequently, it was proposed that PI3K mediated cell survival is not only dependent on 
cell-matrix but also on cell-cell interactions (Watton and Downward, 1999).

These data indicate that E-cadherin might have a dual role in regulating the relationship 
between intra- and extracellular environment as it controls the cell adhesion state 
simultaneously with the cell fate, cell death by apoptosis or cell survival. In addition, the 
observation that cadherin-mediated adhesion might transduce signals to the nucleus raises 
the intriguing possibility that changes in cell adhesion modulate gene expression and thus 
cell fate. Given the findings that gain of E-cadherin function blocks the transition from 
adenoma to carcinoma and that loss of cadherin-mediated cell adhesion induces invasion 
of carcinoma cells (Perl et al., 1998), it could be speculated that these cell-adhesion- 
mediated signals govern complete genetic programmes, such as mesenchymal-epithelial 

conversion during embryonic development or progression from adenoma to carcinoma.

1.3.4.1 Regulation of adherens junctions by Rho GTPases

In epithelial cells, the effects of Rho GTPases seem contradictory, since they have been 

shown to be required for cell migration as well as for cell-cell adhesion. In kératinocytes, 

the activity of both Rho and Rac proteins is required for the assembly of adherens

51



junctions during Ca^^-switch experiments (Braga et al., 1997, Takaishi et al., 1997). In 
polarized MDCK monolayers, Racl and RhoA regulate adherens junctions integrity and 

cell polarity (Jou and Nelson, 1998). In addition, Tiam-1 and V12Rac inhibit HGF/SF- 

induced scattering of MDCK cells by increasing E-cadherin-mediated cell-cell adhesion 

(Hordijk et al., 1997). In addition, Tiam-1-Rac signalling inhibits the motility and 
invasion of Ras-transformed MDCK cells due to restoration of E-cadherin-mediated 

adhesions. These data suggest that the activity of Rho-like GTPases is required to 
maintain cell-cell adhesion of a polarized epithelium. In contrast to these results are the 

findings that N17Rac inhibits the HGF/SF-induced membrane ruffling and lamellipodium 
formation in MDCK cells, suggesting a role for Rac in cell motility (Ridley et al., 1995). 
V 12Rac and V 12Cdc42 also stimulate the motihty of T47D mammary carcinoma cells in a 
manner which requires PI3K activity (Keely et al., 1997). Thus, in addition to a role for 
Rac in the establishment and maintenance of E-cadherin mediated adhesions, Rac also 
plays an essential role in migratory responses of epithelial cells.

An explanation for these dual roles of Rac has been given by (Sander et al., 1998). They 
find that different Rac-mediated cellular responses are dependent on the cell substrate. 
They further suggest that Rac activation inhibits migration of Ras-transformed MDCK 
cells by establishing E-cadherin-mediated cell-cell adhesion on fibronection and laminin- 
1, but promotes motility on collagen substrates when E-cadherin mediated adhesions are 
weaker. Different intracellular localization of Rac could determine whether Rac stimulates 
E-cadherin mediated cell-cell adhesion or lamellipodial extension.

Finally, IQGAPl regulates cell-cell adhesion through Rac and Cdc42. Overexpresson of 
IQGAPl appears to induce the dissocation of a-catenin from the E-cadherin cell adhesion 
complex by competing with a-catenin's binding to p-catenin. This results in the loss of E- 
cadherin-mediated cell adhesion (Kuroda et al., 1998). However, it is possible that 
IQGAPl exerts its effects on cell-cell adhesion in this study primarily by titrating Cdc42 

and Rac of the system.

1.3.4.2 Regulation of tight junction integrity by Rho GTPases

Several studies have implicated Rho GTPases in the organization of tight junctions. For 
example, the organization of the perijunctional actin cytoskeleton and ZO-1 is disrupted 
after exposing T84 intestinal epithelial cells to C3 transferase (Nusrat et al., 1995). 

Concomitantly, the tight junction gate function is disturbed. Another study shows that 
constitutively expressed mutant RhoA genes do not change tight junction morphology in 

MDCK cells but the formation of tight junctions is inhibited by the injection of C3
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transferase in Ca^+-switch experiments. However, ultrastructural or functional analyses 

of the tight junctions are not included in this study (Takaishi et al., 1997).

In contrast, inducible expression of mutant Rho GTPases in MDCK cells shows that the 

tight junction gate function is disrupted upon expression of RhoA and Racl mutants in a 

dose-dependent and reversible manner when monitored by TER measurements. 

Constitutively active RhoA and Racl mutants induce disorganization of tight junction 
strands and protein (occludin, ZO-1, actin) distribution, while dominant negative RhoA 
and Racl mutants affect neither tight junction strand organization as revealed by freeze- 
fracture EM or protein distribution. However, dominant negative mutants were expressed 

to a lower level than activated mutants in these experiments (Jou et al., 1998).
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1.4 The hepatocyte growth factor/scatter factor receptor

1.4.1 Hepatocyte growth factor/scatter factor

1.4.1.1 Identification

Scatter factor (SF) (92 kDa) was originally purified from fibroblast culture medium on the 

basis of its capacity to dissociate epithelial cells (Stoker et ah, 1987, Gherardi et ah, 
1989). Hepatocyte growth factor (HGF) was identified in the serum of partially 
hepatectomized rats as a potent mitogen for cultured rat hepatocytes (Nakamura et al., 

1989). HGF was subsequently purified from rat platelets (Nakamura et al., 1986), 
human plasma (Zamegar and Michalopoulos, 1989), and rat liver (Asami et al., 1991), 
and its amino acid sequence was deduced by cDNA cloning (Nakamura et al., 1989, 
Miyazawa et al., 1989, Seki et al., 1990).

HGF and SF were shown to be identical by amino acid sequencing, by immunological 
methods, and by comparison of biological activities (Gherardi and Stoker, 1990, Weidner 
et al., 1991, Furlong et al., 1991) as well as by cDNA cloning, by receptor binding 
studies, and by the fact that a single gene exists in the human genome (Weidner et al., 
1991, Naldini et al., 1991c) and the growth factor was therefore referred to as HGF/SF.

1.4.1.2 Structure and activation of HGF/SF

Mature HGF/SF is a glycoprotein existing as a heterodimer, consisting of a heavy chain 
(60 kDa-a) and a light (30 kDa-p) chain held together by a single disulphide bond 
(Nakamura et al., 1989). The heavy chain consists of a hairpin structure and four kringle 
domains, the light chain exhibits sequence similarity to serine pro teases. Due to the 
absence of important catalytic amino acid residues (e.g., serine in the active site) (Donate 
et al., 1994), this light chain has no protease activity. In addition, HGF/SF contains four 
kringle domains instead of the five kringle domains as found for example in 
plasminogen.

HGF/SF is secreted as a single-chain (pro-HGF/SF), biologically inert precursor. Under 
appropriate conditions, such as tissue damage (Miyazawa et al., 1994), pro-HGF/SF is 

converted into its bioactive form by proteolytic digestion at a specific site within the 
molecule. This proteolytic digestion may be mediated by urokinase plasminogen activator 

(uPA) (Naldini et al., 1992) or by proteases homologous to factor XVII (Miyazawa et al., 
1994). A single-chain HGF/SF resulting from the destruction of the protease cleavage site 

between heavy and light chain (Arg-494-Gln) is largely inactive, indicating that
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proteolytic cleavage is essential for acquisition of the biologically active conformation 

(Hartmann et al., 1992).

A further interesting aspect of the action of HGF/SF results from the analysis of mutant 

and variant HGF/SF isoforms. Expression of the heavy chain of HGF/SF as well as a 

naturally occurring splice variant consisting of the amino-terminal hairpin structure and 

the first two kringle domains (Miyazawa et al., 1991, Chan et al., 1991) was sufficient to 

induce the motile but not the mitogenic response (Hartmann et al., 1992). In addition, 
(Matsumoto et al., 1991) examined various mutants of HGF/SF in proliferation and 
motility assays: deletion of either the hairpin structure or each of the first two-kringle 
domains resulted in fully inactive proteins. These data suggest that the complete HGF/SF 
is required to elicit the full spectrum of responses to HGF/SF stimulation including the 
mitogenic effect.

In addition to HGF/SF, one other plasminogen-related growth factor has been identified 
so far: HGF-like/macrophage stimulating protein (HGFl/MSP) (Skeel et al., 1991, Han et 
al., 1991). Whereas HGF/SF binds to the HGF/SF-receptor Met, HGFl/MSP binds to 
the Met-related receptor Ron (Wang et al., 1994, Gaudino et al., 1994).

1.4.2 The HGF/SF receptor Met

1.4.2.1 Identification and structure

The met protooncogene was initially discovered as an activated oncogene based on its 
ability to transform normal fibroblast cell lines (Cooper et al., 1984). Park et al. (1986) 
demonstrated that activation of the met oncogene resulted from a genetic fusion between 
two distinct genetic loci {met and trp) and that the activated Met expresses as a hybrid 
transcript. NIH 3T3 tansfection analysis revealed that the murine c-met proto-oncogene 
exhibits transforming activity (Tashiro et al., 1990). Since this cell line produces 
HGF/SF, an autocrine mechanism may provide the basis for transformation in each case.

HGF/SF binds specifically to Met, as demonstrated in immuncomplexes where ^^^I- 
labelled HGF/SF was cross-linked to the p-subunit of the Met protein and by the rapid 
HGF/SF-induced autophosphorylation of Met on tyrosine residues (Bottaro et al., 1991, 

Naldini et al., 1991c, Naldini et al., 1991b).

The structure of the Met protein has been investigated in a human gastric tumour cell line 

(GTL16) where the gene is amplified and overexpressed (Giordano et al., 1989b). The
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protein is a 190 kDa heterodimer made of a 50 kDa subunit (a) disulphide-linked to a 145 

kDa subunit (p). The molecule is synthesized as a single-chain 170 kDa precursor, which 

undergoes post-translational glycosylation. Disulphide rearrangements and proteolytic 

cleavage lead to the mature two-chain 190 kDa heterodimer (Giordano et al., 1989a). The 

a-chain and the amino-terminal portion of the b-chain of the mature protein are exposed at 

the cell surface. The carboxy-terminal portion of the p-chain is cytoplasmic and includes a 
tyrosine kinase domain (Birchmeier and Gherardi, 1998) and the phosphorylation sites 

involved in regulation of its activity (Ferracini et al., 1991).

1.4.2.2 Heparan sulphate proteoglycans as low affinity HGF/SF 
receptors

As well as the high affinity receptor for HGF/SF, Met, low affinity/high capacity binding 
sites exist for HGF/SF. Since it is known that HGF/SF binds to heparin (Nakamura et 
al., 1987, Zarnegar and Michalopoulos, 1989) it is likely that heparan sulphate 
proteoglycans in the extracellular matrix and on the cell surface provide these additional 
binding sites. These binding sites for HGF/SF on epithelial cells are not directly involved 
in signal transduction. However, they might still play an important role in the storage of 
the HGF/SF in the extracellular matrix or in the presentation of HGF/SF to Met. Such a 
role for heparan sulphate proteoglycans has been demonstrated for the fibroblast growth 
factor (FGF) receptor system (Rapraeger et al., 1991, Yayon et al., 1991).

1.4.2.3 Met is a tyrosine kinase

The kinase activity of Met is regulated by phosphorylation of regulatory sites. Negative 
modulation is mediated by phosphorylation of a serine residue located in the 
juxtamembrane domain. This site is phosphorylated following activation of protein kinase 
C (PKC) or of a serine kinase sensitive to intracellular Ca^+ (Gandino et al., 1990, 
Gandino et al., 1991). Positive modulation of Met is mediated by auto-phosphorylation 
(Naldini et al., 1991a). The major auto-phosphorylation site of Met was identified as 
tyrosine 1235 (Y1235) (Ferracini et al., 1991). This residue lies in the catalytic domain 
within a sequence highly conserved among tyrosine kinases (Hanks et al., 1988). Full 
activation of Met is achieved by phosphorylation of Y 1234 in addition to Y 1235 (Longati 

et al., 1994).

Two further auto-phosphorylation sites, Y 1349 (YVHV) and Y1356 (YVNV), are 
located in the carboxy-terminal tail of Met (Ponzetto et al., 1993). Individual or combined 

mutation of these tyrosine residues did not alter the kinase activity of the receptor towards 

the major phosphorylation site (Y1235). However, mutation of Y 1349 and Y1356 results
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in the loss of biological activity, as shown by the loss of transforming ability in the 

oncogenic form of Met (Ponzetto et ah, 1994).

Y 1349 and Y 1356 are part of a multidocking site in the HGF/SF receptor which mediates 
the intermediate to high-affinity interaction with multiple SH2-containing signal 

transducers. The SH2 domains of p85a, PLC-y and Src bind (with fast association and 
dissociation rates) either of the two phosphotyrosines, in which both residues can be 
simultaneously phosphorylated. The only exception is Grb2, which selectively binds 

Y1356 (Fig. 1.5). The two tyrosines corresponding to Y 1349 and Y1356 are conserved in 
the carboxy-terminal tail of the Met-related receptors Sea (Huff et ah, 1993) and Ron 
(Ronsin et ah, 1993), thus Sea and Ron potentially interact with the same effectors.

1 . 4 . 3  Role of HGF/SF in vivo

1.4.3.1 Role in organ development, growth and regeneration

Met is widely expressed in normal epithelial tissues (Zamegar and Michalopoulos, 1995) 
but is also present in endothelial cells as HGF/SF can stimulate the growth of blood 
vessels (Bussolino et ah, 1992, Grant et ah, 1993). HGF/SF, on the contrary, is 
expressed in stromal cells such as fibroblasts, smooth muscle cells but also in mast cells, 
macrophages, endothelial cells and leukocytes, but not in epithelial cells (Zarnegar and 
Michalopoulos, 1995). The expression pattern of HGF/SF and Met strongly supports the 
idea that HGF/SF may be one of the paracrine mediators of morphogenetic epithelial- 

mesenchymal interactions.

The existence of HGF/SF was initially postulated based on studies in which liver 
regeneration was surgically stimulated by removal of two-thirds of the liver in rats 
resulting in the appearance of a HGF/SF in the peripheral blood. HGF/SF is the most 
potent mitogen known for mature parenchymal hepatocytes in primary culture
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Fig. 1.5

HGF/SF and Met

HGF/SF is composed of a 60 kDa a-chain and a 30 kDa p-chain resulting from 
proteolytic cleavage of the inactive precursor. Mature HGF/SF contains an amino- 
terminal hairpin structure followed by four kringle domains. HGF/SF may bind to 
heparan sulphate protoglycans before binding to its high affinity receptor Met. Met is a 
190 kDa heterodimer composed of a 50 kDa subunit (a), dilsuphide-linked to 145 kDa 
subunit (p). The a-chain and the amino-terminus of the p-chain are extracellular and the 
carboxy-terminus of the p-chain is intracellular and contains the kinase domain and the 
multidocking site including the tyrosine phosphorylation sites Y 1349 and Y1356 which 
function as docking sites for p85. p85 binds to p i 10 leading to activation of PI3K. 
Y 1356 specifically binds to Grb2 which interacts with the Ras exchange factor Sos 
activating Ras at the plasma membrane.
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and seems therefore to act as a trigger for liver generation after partial hepatectomy 

(Zamegar and Michalopoulos, 1995).

However, HGF/SF also influences other aspects of liver growth and development. 
HGF/SF is present in the developing liver especially in hematopoietic cells (Defrances et 

al., 1992). Transgenic mice homozygous for a null mutation in the HGF/SF or met gene 

do not survive beyond day 15 of embryonic development with most notable defects in 

liver formation and architecture due to extensive loss of hepatic parenchyma. The 

development of the placenta is also affected due to a severe reduction in the number of 

trophoblasts (Schmidt et al., 1995, Uehara et al., 1995).

In animal models where the kidney (Kawaida et al., 1994) or lung (Yanagita et al., 1993) 
has been damaged experimentally, it has been observed that HGF/SF expression is 
markedly induced. The increase in HGF/SF mRNA is followed by an increase in the level 
of pro-HGF/SF and its subsequent activation by proteolytic cleavage to the bioactive 
heterodimeric form in the damaged tissue (Miyazawa et al., 1994).

Inhibition of HGF/SF signalling by the use of neutralising antibodies further 
demonstrated a role for HGF/SF in the development of the kidney, the lung, the 
mammary gland and the tooth. As HGF/SF and c-met null embryos show intact kidney, 
lung and tooth development, it is possible that compensatory mechanisms exist for the 
development of these structures in the embryo (Birchmeier and Gherardi, 1998). The 
HGF/SF-receptor-related receptors like Ron (Ronsin et al., 1993) and Sea (Huff et al., 
1993) might replace HGF/SF-receptor-signalling in the these structures. For example, 
Ron is highly expressed in hematopoitic stem cells and monocytes (Iwama et al., 1994, 
Gaudino et al., 1994).

Analysis of HGF/SF or c-met null mice gene indicates a role for HGF/SF-signalling in 
the development of migratory muscle precursors (Bladt et al., 1995). In addition, 
disruption of the consensus for Grb2 binding in the mouse homologue of the met gene 
severely impairs the targeted migration of myoblasts from cervical myotomes to 
peripheral muscles (Maina et al., 1996).

HGF/SF and c-met are also expressed in the developing nervous system, as various glial 
cells and neurons respond to HGF/SF stimulation in vitro. Finally, HGF/SF is a potent 
angiogenic factor as it can stimulate the formation of blood vessels in vivo (Bussolino et 

al., 1992, Grant et al., 1993).
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1.4.3.2 Role of HGF/SF and Met in cancer and invasion

A number of oncogenes, including Src and ErbB2, impart tumorigenic and metastatic 

properties to cells, and they are thought to play a role in the formation of naturally 

occurring métastasés in humans (Egan et al., 1987, Yu et al., 1994). However, the Met 

family of oncogenes are capable of inducing not only proliferation but also cell 

dissociation, motility and invasion of extracellular matrices (Comoglio and Boccaccio, 
1996, Gherardi and Stoker, 1991). Indeed, cells transfected with an activated version of 
Met acquire invasive and metastatic properties in vitro as well as in vivo, in nude mice 
(Rong et al., 1994). In addition, it was found that the Met gene is mutated in a small 
number of genetically inherited tumours (Schmidt et al., 1997), is overexpressed at high 
frequency in primary cancers (Comoglio and Boccaccio, 1996, Di Renzo et al., 1991, Di 
Renzo et al., 1992), and is amplified during the transition between primary and metastatic 

cells (Di Renzo et al., 1995).

HGF/SF itself acts as an invasion promoter, both in experimental and clinical cancers 
(Bellusci et al., 1994, Humphrey et al., 1995). The stimulation of cancer cell invasion by 
HGF/SF results from a cross-talk between the cancer cells, secreting interleukin-1, basic 
FGF and FDGF or combinations of these, and stromal fibroblasts responding to these 
cytokines by production of HGF/SF (Nakamura et al., 1997). Progression to a more 
malignant phenotype renders the cancer cells more sensitive to the invasion-inducing 
effects of HGF/SF. After transfection with simian virus 40 large T, but not with the ras 
oncogene, MDCK cells became invasive into collagen gels and into chicken heart and 
their conditioned medium contained HGF/SF (Martel et al., 1997).

It has been previously reported that disruption of intercellular adhesion by antibodies 
against E-cadherin induces MDCK cells to invade collagen gels (Behrens et al., 1989, 
Weidner et al., 1990). However, it is not clear yet whether HGF/SF-induced invasion is 
a consequence of effects on the E-cadherin-catenin pathway. One mechanism that is 
believed to facilitate cellular invasion in a variety of biological processes is the limited and 
focal degradation of matrix components by extracellularly acting proteolytic enzymes, 
which mainly include metalloproteases such as collagenases and serine proteases such as 
plasmin and plasminogen activators (Shapiro, 1998, Boudreau and Bissell, 1998). 

Indeed, it has been found that HGF/SF induces the expression of uPA and uPA receptor 

(Pepper et al., 1992).
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1 . 4 . 4  HGF/SF responses in vitro

MDCK cells represent a good model system for studying the factors that govern the 

ordered assembly of epithelial cells into organized multicellular units. When MDCK 

epithelial cells are plated on top of collagen gels, HGF/SF induces invasiveness of single 

cells into the gel matrix (Weidner et al., 1990, Weidner et al., 1991). In addition, when 

HGF/SF is added to MDCK epithelial cells pregrown as cysts in collagen gels, it induces 
the outgrowth of tubules within few days (Montesano et al., 1991a, Montesano et al., 

1991b).

It is interesting that HGF/SF induces formation of well-organised tubules of MDCK cells 
grown in collagen gels while causing dissociation of MDCK cell colonies in conventional 
tissue culture dishes (Weidner et al., 1991, Naldini et al., 1991c, Furlong et al., 1991). 
The critical factor that dictates whether these cells will dissociate or organise into tubules 
in response to HGF/SF is likely to be the geometry of cell-substrate interactions (two- 
dimensional versus three-dimensional interactions). It is well-known that MDCK cells 
grown on the surface of collagen gels spread extensively and form a monolayer, whereas 
they organize into three-dimensional tissue-like structures when embedded into a collagen 
gel (Hall et al., 1982, Warren and Nelson, 1987). It is therefore likely that the stimulating 
effect of HGF/SF on cell motility and migration may elicit different biologial responses 
dependening upon the geometrical relationships between the target cells and their 
substratum. Thus, stimulation of cell motility in monolayer cultures may result solely in 
dissociation and scattering of preformed epithelial colonies. In contrast, complex 
topographical and mechanical cues conveyed by a three-dimensional extracellular matrix 
scaffolding may precisely guide and orient cell movement, in such a way that cell 
repositioning is achieved without disruption of intercellular contacts.

The effect of either co-culture or fibroblast-conditioned medium on the induction of 
MDCK cell tubules was not duplicated by any of a variety of known growth and 
differentiation factors, including EGF, basic and acidic FGF, TGF-a and TGF-p, PDGF, 
insulin-like growth factors (IGF) I and II which is consistent with the lack of tubulogenic 
effect of these growth factors in organocultures of mouse embryonic kidney (Weller et 

al., 1991).
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1.4.5 Signalling downstream of the HGF/SF receptor

1.4.5.1 Role of Ras and downstream targets in HGF/SF signalling

Upon HGF/SF stimulation Met recruits the Grb2 adaptor protein-Sos complex, 

stimulating Ras activity (Graziani et ah, 1993). Mutagenesis of the asparagine in position 

+2 of Y 1356 to histidine (N1358H mutant) in the Met docking site disrupts the consensus 

for binding of Grb2 and reduces the transforming ability of Met. The reduced 
transforming ability of the N1358H mutant is thought to be due to a reduction in Ras 
activation, although p42/p44 MAPK was still activated in these cells after HGF/SF 
stimulation. The N1358H mutant still induces scattering but not proliferation in response 
to HGF/SF (Ponzetto et al., 1996). In contrast, duplication of the Grb2 binding site in the 
HGF/SF receptor increases the transforming ability of Met but abolishes its metastatic 
ability. These findings show that the Ras pathway (activated through Grb2 binding to 
Met) is necessary but not sufficient to induce metastasis suggesting that other pathways 
are required in addition to Ras activation (Giordano et al., 1997).

She is recruited to Met after HGF/SF stimulation and overexpression of She enhances 
cell motility in response to HGF/SF in A549 (human non-small cell lung cancer) cells 
(Pelicci et al., 1995). She contains both an SH2 domain and a PTB domain (Batzer et al., 
1995, Kavanaugh and Williams, 1994) and tyrosine phosphorylation of the She adaptor 
protein forms a consensus binding site for the Grb2-Sos complex (Kavanaugh and 
Williams, 1994), and where studied, this association promotes activation of Ras 
(Rozakis-Adcock et al., 1992, Basu et al., 1994).

Activation of p42/p44 MAPK downstream of Ras has been implicated in mediating 
HGF/SF-induced tubulogenesis and invasion. Treatment of MDCK cells with the 
MAPKKl/2 inhibitor PD98059 inhibits HGF/SF-induced tubologenesis (Khwaja et al., 
1998). A new and more potent inhibitor of p42/p44 MAPK activation, PD 184352, 
inhibits the growth of colon tumours in mice in vivo and inhibits HGF/SF-induced 
invasion of colon carcinoma cells in vitro (Sebolt-Leopold et al., 1999). Finally, it has 
been shown that constitutive activated MAPKKl will induce invasion of MDCK cells into 

collagen (Montesano et al., 1999).

Using MDCK cells as a model system to study HGF/SF-induced cell motility, it has 

been shown that Ras is required for dissociation and scattering of MDCK cells (Ridley et 

al., 1995). Expression of dominant negative N17H-Ras (Hartmann et al., 1994) or 
microinjection of a neutralizing antibody for Ras (Ridley et al., 1995) blocks HGF/SF- 

induced scattering. Microinjection of activated VI2H-Ras protein induces Rac-dependent
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ruffling, lamellipodium formation and spreading of MDCK cell colonies but does not 

induce cell dissociation or scattering. This implies that cell scattering requires activation of 

another, presumably Ras-independent, intracellular signalling pathway by HGF/SF 

(Fig. 1.6). As scattering occurred only after 4 h- 6  h after addition of HGF/SF, it was 

suggested that cell scattering might involve changes in gene expression. Indeed, 

cycloheximide, an inhibitor of protein synthesis, has been shown to inhibit HGF/SF- 

induced cell scattering (Rosen et al., 1990). In contrast, MDCK cell lines expressing 
constitutively active Ras display a scattered and disorganized phenotype in some cases 
(Behrens et al., 1989, Schoenenberger et al., 1991), suggesting that high levels of Ras 

activity can in the long-term induce destabilization of cell-cell interactions presumably by 
altering patterns of gene expression.

Using microinjection it has been shown that Rac is also required for HGF/SF-induced 
cell motility, whereas an increase in Rho activity inhibits motility through the induction of 
stress fibres and focal adhesions which might intefere with the extension of lamellipodia 
(Fig. 1.6) (Ridley et al., 1995).

Upon HGF/SF stimulation Met binds and activates P13K (Graziani et al., 1991, Ponzetto 
et al., 1993). It has been shown that activation of P13K is essential for HGF/SF-induced 
scattering of MDCK cells using the P13K inhibitor wortmannin, which is a fungal 
metabolite that directly binds to and inhibits the activity of the p i 10 subunit of P13K 
(Royal and Park, 1995). In addition, it was shown that P13K activity was increased 4- 
fold within 1 min following HGF/SF stimulation of MDCK cells and this level was 
maintained over 1 0  min.

p70 which phosphorylates ribosomal protein S6  has been described as a downstream 
target of P13K and PKB in various cell types and is required for progression through G1 
in response to serum and growth factors in a variety of cells (Alessi and Cohen, 1998). 
p70 is activated following stimulation of MDCK cells with HGF/SF and this activity 
is also inhibited by wortmannin, suggesting that p70^^^ is a downstream target for P13K 
in MDCK cells. However, although pretreatment of MDCK cells with rapamycin 
inhibited the activation of HGF/SF-induced p70 , this had no effect on MDCK cell
spreading or cell scattering (Royal and Park, 1995). These results suggest that although 

P13K is required for cell dissociation and scattering, this is independent of the activation 

of p70^^^.
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Fig. 1.6

Signalling pathways downstream of the HGF/SF receptor

Summary of the known signalling pathways downstream of Met. After ligand binding, 

Met activates Ras and Rac which are both required for spreading. Spreading and 

scattering are inhibited by activated Rho. However, an additional signal to Ras is required 
to induce scattering.
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1.4.5.2 Other proteins interacting with Met

In A549 cells, upon phosphorylation of Met induced by HGF/SF stimulation, PLC-y 

becomes phosphorylated on tyrosine (Ponzetto et ah, 1994) which has been found to be 

essential for activation and hydrolysis of PI(4 ,5 )P2 . PI(4 ,5 )P2 hydrolysis generates 1 ,2 - 
diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) which leads to an increase in 
the intracellular concentration of Ca^+ (Spiegel et al., 1996, Berridge, 1993). PKC 

requires the opening of Ca^+-channels and DAG for activation (Nishizuka, 1992). 

However, activation of PLC-g or PKC is not essential for MDCK cell scattering (Royal 
and Park, 1995).

In addition, HGF/SF stimulated Src kinase activity in A549 and MDCK cells and Src 
interacts directly with either version of the degenerate sequence (YVHV or YVNV) in the 
Met docking site (Ponzetto et al., 1994). Expression of v-Src in MDCK cells results in a 
fiboblast-like morphology and cells have reduced intercellular adhesions (Behrens et al., 
1993) whereas elevated expression of c-Src in MDCK cells grown in collagen gels results 
in the formation of irregularly shaped cysts with a distorted architecture (Warren et al., 
1988).

Gabl (Grb2-associated binder-1) was identified as a Met-binding partner in a genetic 
screen and has been shown to induce morphogenesis of MDCK cells in the absence of 
HGF/SF when overexpressed (Weidner et al., 1996). Gabl is a Grb2-binding protein 
and has structural similarity to the insulin-receptor substrate (1RS) docking proteins 
(Holgado-Madruga et al., 1996). As the SH2 domain of Gabl serves as a binding site for 
tyrosine phosphorylated proteins, G abl can mediate the interaction of several 
cytosplasmic signal transducers with the Met multidocking site.

Immunoprécipitation experiments suggest that G abl and Stat3 interact with each other 
and that G abl can activate Stat3. Stat3 has been shown to be required for the 
morphogenetic response but not for motility or growth of MDCK cells in response to 
HGF/SF. Formation of branched tubules requires the recruitment of Stat3 to the receptor, 
dimérisation of Stat3 with subsequent nuclear translocation and expression of genes 

involved in cell-cycle regulation (Boccaccio et al., 1998). However, the Stat pathway 

alone is not sufficient for tubulogenesis. Other tyrosine kinases, such as the EGF 

receptor, are coupled to the same Stat proteins but are unable to induce branching 
tubulogenesis (Ihle, 1996). Thus activation of the Stat pathway in concert with other 

signalling pathways may be important to promote branching morphogenesis.
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1.5 Objectives of the thesis

HGF/SF and its receptor, Met have been linked to cancer, invasion of carcinomas and 

metastasis. MDCK cells which express the HGF/SF receptor have been frequently used 

to study epithelial cell motility as a model for invasion. Understanding how HGF/SF 

induces scattering of MDCK cells in this model system will improve our knowledge on 
how cells separate from their neighbours and invade the extracellular matrix leading 

ultimately to metastasis.

Experiments studying the effects of HGF/SF on the polarity of epithelial cells and motility 
had previously concentrated on elucidating the changes in the actin cytoskeleton mediated 
by Rho GTPases. One of the first aims was therefore to study the effect of HGF/SF 
stimulation on intercellular junction integrity. In addition, the use of HGF/SF-receptor 
mutants had established a role for Ras and PI3K in HGF/SF-induced motility, but the 
precise downstream signalling pathways had not been dated. The effects of HGF/SF 
were mainly studied in subconfluent epithelial cells and therefore it was also of interest to 
determine the effects of HGF/SF in confluent polarized epithelial monolayers which 
resemble more the in vivo situation. Finally, adenoviruses were generated as new tools to 
express high levels of Rho GTPases in order to study the effects of Rho GTPases on 
HGF/SF-induced signalling in biochemical assays as opposed to microinjection 
experiments.
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2. Materials and Methods

2.1 Materials

2.1.1 Buffers and solutions

5 X reducing SDS-PAGE gel 

loading buffer
250 mM Tris-HCL pH 6 .8 , 50% glycerol, 

5% SDS, 0.2% bromophenol blue,
5% p-mercaptoethanol

running buffer 20 mM glycine, 25 mM Tris-HCL pH 8 .8 , 
0.1% SDS

1 0  X loading buffer 0.25% (w/v) xylene cyanol, 0.25% (w/v) 
bromphenol blue, 15% (w/v) Ficoll type 400 in 
water

PBS
(phosphate buffered saline)

137 mM NaCl; 3 mM KCl; 8  mM Na2HP0 4 ; 
2 mM K2HPO4 pH 7.4

TAB 40 mM Tris-HCL pH 7.8; 20 mM sodium 
acetate; 1 mM EDTA

TBS 20 mM Tris-HCl pH 7.6; 120 mM NaCl

LB 1,5% Bacto Tryptone, 1% Bacto Yeast, 
1% NaCl (w/v)

IPTG stock 100 mM in H2O
(isopropyl p-D-thiogalactopyranoside)

Ampillicin stock 1 0 0  mg/ml in H2O

Chloramphenicol stock 34 mg/ml in ethanol

Tetracyclin stock 5 mg/ml in ethanol

Bluo-Gal stock 100 mg/ml in dimethylformamide
(bromo-3-indolyl-p-D-galactopyranoside)
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DTT stock 1 M in H2O
(dithiothreitol)

2.1.2 HGF/SF

HGF/SF was bought from RD Systems (Abingdon, UK) as a lyophilized powder and 

reconstituted to a final concentration of 1 |Xg/ml in PBS/0.l%BSA.The cytokine was 

lyophilized from a 0.2 jiim filtered solution in 20 mM sodium phosphate buffer plus 0.5 

M sodium chloride (pH 7.0) containing 50 jig of bovine serum albumin per 1 jig of 
cytokine by the manufacturer.

2.1.3 Antibodies

The rabbit polyclonal antibody against the carboxyl-terminus of bovine p i 10a (amino 
acids 1054-1068) was a gift from Roya Hooshmand-Rad. The rabbit polyclonal antibody 
recognizing MAPKKl (Alessi et al., 1994) was a gift from Chris Marshall. The rabbit 
antiserum to desmoplakin C-terminus (DP 145) was kindly provided by Tony Magee. 
The rabbit anti-Ras antibody, the mouse anti-c-Myc antibody 9E10, the mouse anti- 
phosphotyrosine antibody PY99 and the mouse anti-RhoA we%purchased from Santa 
Cruz, Santa Cruz, USA. The mouse anti-E-cadherin, mouse anti-p-catenin, mouse anti-a- 
catenin and mouse anti-Cdc42 antibodies were obtained from Transduction Laboratories, 
Lexington, USA. The rabbit anti-ZO-1 antibody was obtained from Zymed, San 
Franscisco, USA. The mouse monoclonal anti-Rac antibody was obtained from Upstate 
Biotechnology, Lake Placid, USA. The mouse monoclonal anti-cytokeratin antibody was 
purchased from Sigma, Poole, UK and was previously described in (Gigi et al., 1982).

Secondary TRITC-or FITC-labelled antibodies were purchased from Jackson 
ImmunoResearch, West Grove, USA (tetramethylrhodamine isothiocyanate (TRITC)- 
labelled donkey anti-rat antibody and fluorescein isothiocyanate (FITC)-labelled donkey 
or TRITC-labelled goat anti-mouse antibodies) and from Southern Biotechnology, 
Birmingham, USA (FITC-labelled goat anti-rabbit antibody). Horseradish peroxidase 

(HRPO)-conj ugated sheep anti-mouse or donkey anti-rabbit antibodies were obtained 
from Amersham, Little Chalfont, UK.

2.1.4 Plasmids

The pSG5-5-Myc-pl lOa-WT-3-K-Ras plasmid was a gift from Jonathan Backer, the 

pEXV3-N17H-Ras-3-M yc and the pCDNA3-V12H-Ras construct from Julian
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Downward, the pEXV3-AFG MAPKKl, pEXV3-Ala-221 MAPKKl, pEXV3-wild-type 

MAPKKl, pEXV3-Glu-217/Glu-221 MAPKKl constructs from Chris Marshall and the 

pEFHm-RAFCAAX-Myc construct from Richard Marais. The admid system cloning 

vectors pCR244 and pCR259 were provided by Carolyn Dent, GlaxoWellcome, 

Stevenage.

2.1.5 Admid primers

To sequence the admid transfer vectors resulting from pCR244 the following pimers were 
used:
5' pimer: priCR37: 5' gtctataggcccaccccttggc 3'
3' primer: priCR38: 5' ggatctcctaggatcaccg 3'
To sequence transfer vectors resulting from subcloning into pCR259 the following 
primers were used:
5' primer: 259f: 5' ctctccacaggtgtccactcc 3'
3' primer: 259r: 3' ctgcattctagttgtggtttg 3'
Primers were synthesized and kindly provided by GlaxoWellcome, Stevenage, UK.

2.2 Methods

2.2.1 Preparation and handling of DNA

2.2.1.1 Extraction of plasmid DNA from bacteria

For small scale production of DNA up to 25 |ig (minipreparation), 2 ml of LB containing 
0 .1  mg/ml ampicillin was inoculated with a single colony from the agar plate and 
incubated overnight with shaking at 37°C. Plasmid DNA was prepared using the Wizard 

miniprep kit (Promega) which employs the alkaline lysis method of (Birnboim, 1983). 
Bacterial cells were pelleted at 10 000 g for 1 min and resuspended in 200 pi of the cell 
resuspension buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA, lOOmg/ml RNase A). For 
cell lysis and precipitation of the proteins, 200 pi of cell lysis solution (0.2 M NaOH, 1% 
SDS) and 200 pi of neutralization mixture (1.32 M potassium acetate pH 4.8) was added 
after 1 min of incubation and the tubes gently inverted. Cell debris and proteins were then 
removed by pelleting for 5 min at 10 000 g. The supernatant was collected and incubated 

with 1 ml of a DNA binding resin for 1 min at room temperature. The resin with bound 
plasmid DNA was then separated from the solution by using a spin minicolumn. After 

washing the column once with wash buffer containing ethanol, the DNA was eluted from 
the beads with 50 pi water by spinning the minicolumn for 20 s at 10 000 g. The resin
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stayed inside the minicolumn and the water containing the DNA was collected into an 

eppendorf tube.

The O^iagen maxi kit ( Gtiagen, Crawley, UK) was used for the preparation of DNA on a 

large scale (up to 500 pg) using 400 ml of bacterial culture. The Q. iagen protocol is 

based on the modified alkaline lysis procedure of (Birnboim, 1983). The procedure 

follows the same principle as the Wizard kit. After lysis under alkaline conditions using 
the solutions provided, the lysate was filtered and applied to a equilibrated Qiiagen 

column containing a resin which selectively binds DNA while allowing proteins, RNA 
and cell debris to flow through. The column was washed once with the wash buffer 
provided and DNA eluted with the elution buffer. The DNA was precipitated by addition 
of 0.7 volumes of isopropanol followed by centrifugation at 10 000 g for 30 min to pellet 
the DNA. The pellet was then air-dried, resuspended in 300 pi water and the DNA 
concentation measured by spectrophotometry. Mormahy a DNA concentration of
1̂ 5l|itto»sobtained.

2.2.1.2 Determination of DNA concentration

The concentration o f nucleic acid in aqueous solutions was determined by 
spectrophotometry. An OD (optical density) of 1 at 260 nm was taken to be equivalent to 
50 pg/ml DNA. The amount of DNA could also be estimated by loading 1 pg of DNA 
marker (1 Kb DNA ladder, Gibco BRL, Life Technologies, Paisley, UK) and comparing 
the intensity of the standard bands with the sample.

2.2.1.3 Restriction enzyme digestion of DNA

Plasmid DNA was digested using 10 units enzyme/pg DNA for 1-2 h. The restriction 
enzymes EcoRI, Pad , BamHI, Notl were supplied from Roche Molecular Biochemicals, 
Lewes, UK and New England Biolabs, Hitchin, UK. The digestionvo«iScarried out in the 
appropiate buffer as recommended by the supplier. To determine if complete digestion 

had occurred a small aliquot was loaded onto a gel and when possible compared to an 
undigested sample.

2.2.1.4 Agarose gel electrophoresis of DNA

DNA was fractionated according to size on agarose gels using a flat bed apparatus. Gels 
contained 0.8% -2.0% w/v agarose (depending on the size of the DNA fragments to be 

separated) in TAE buffer and ethidium bromide added to 0.5 pg/ml and were run in TAE 
buffer. A 1:10 dilution of 10 x loading buffer was added to the samples before loading
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into the wells. Gels were run at 7 volts/cm for as long as required to get adequate 

separation of DNA fragments (0.5 to 2 h). DNA was visualized by illumination with 

short wave (254 nm) ultraviolet light.

2.2.1.5 Isolation of DNA fragments from agarose gels

The band of interest was excised from the agarose gel and the DNA extracted using the 
Jetsorb kit (AMS Biotechnology, Witney, UK) following the manufacturers instructions. 

The protocol is based on the method of (Vogelstein and Gillespie, 1979) and makes use 
of the fact that DNA binds to glass. In short, the agarose is dissolved in a solution 
containing concentrated NaClO^ and the DNA extracted using the silica bead suspension 
provided.

2.2.1.6 Ligation of DNA fragments into vectors

Ligations were carried out in a total volume of 15 |Ltl containing vector and insert DNA 
(50 ng vector with a 3 times molar excess of insert), 0.1 volumes of 10 x ligation buffer 
(300 mM Tris-HCl pH7.8, 100 mM MgClz, 100 mM DTT, 10 mM ATP) and 10 units of 
T4 DNA ligase (Promega, Southhampton, UK). The mixture was incubated for 2 h at 
room temperature or for 18 h at 16°C. To determine vector religation, a control ligation 

was set up where the insert was replaced with water.

Vector DNA fragments to be used for ligation were dephosphorylated following 
restriction enzyme digestion to remove 5’ terminal phosphate groups in order to prevent 
vector religation using shrimp alkaline phosphatase (Amersham, Life Science, 
Cleaveland, USA). The digest was further incubated at 37 °C for 45 min and then loaded 

directly onto an agarose gel to isolate the vector fragment and to remove enzymes.

2.2.1.7 Transformation of bacteria

2 |xl of ligation mix or 10 ng of plasmid DNA was added to 20 |xl of competent bacteria 
(XL-1 Blue, Stratagene, Cambridge, UK) and left on ice for 30 min. The bacteria were 
heat shocked at 45°C for 45 s, then put onto ice for 2 min. 80 p.1 of LBroth were added 
and the cells incubated at 37°C for 45 min before plating on LB plates containing 0.1 

mg/ml ampicillin. The plates were incubated overnight at 37 °C. A control transformation 

where the insert DNA was replaced by water in the ligation mix was also transformed and 
plated out to estimate the background level of vector religation. Colonies were screened 

by preparing plasmid DNA which was then subjected to restriction digest analysis to 

determine the presence and orientation of the insert.
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2.2.2 Preparation, expression and analysis of proteins

2.2.2.1 Purification of recombinant proteins

The recombinant proteins V12Ras, V14Rho, V12Rac and N lTRacl were expressed in 

Escherichia coli (E.coli) from the pGEX-2T vector as glutathione-5-transferase fusion 

proteins and purified on glutathione-S-transferase beads as previously described (Ridley 
et ah, 1992). The proteins were released from the beads by thrombin cleavage and 

dialysed against dialysis buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 5 mM MgCl%, 
1 mM DDT). The proteins were concentrated using Amicon centricon filters (Amicon, 
Stonehouse, UK), and snap-frozen in liquid nitrogen. Active protein concentrations for 
GTP-binding proteins were determined by a filter binding assay using [^H]GDP (Hall 
and Self, 1986). Total protein concentrations were estimated using the Bio-Rad assay 
(Bio-Rad, Hemel Hempstead, UK) according to the manufacturers instructions.

2.2.2.2 Size fractionation by SDS-PAGE (Sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis)

Discontinous gel electrophoresis was performed in a minigel apparatus (Mini-Protean II 
Cell, Bio-Rad, Hemel Hempstead, UK). The concentration of acrylamide was varied by 
using different volumes of the 40% acrylamide stock (Bio-Rad, 37.5:1 acrylamide: 
bisacrylamide). The resolving gel contained 7.5% acrylamide, 375 mM Tris-HCl pH 
8 .8 , 0.1% SDS and water to a final volume of 10 ml. For polymerization, 5 pi N, N, 
N', N'-tetramethylethylenediamine (TEMED) and 50 pi of freshly prepared 10 % 
ammonium persulphate (APS) were added. The stacking gel contained 4 % acrylamide, 
190 mM Tris-HCl pH 6 .8 , 0.1 % SDS and water in a volume of 5 ml. To start 
polymerization, 5 pi TEMED and 25 pi APS were used. The stacking gel was layered on 
top of the resolving gel and a comb inserted to form wells into which protein samples 
would be loaded.

Reducing SDS-PAGE gel loading buffer was added to the protein samples which were 
then heated for 2 min at 95 °C and loaded into the wells. Coloured protein molecular 

weight markers (Rainbow markers, Amersham, Little Chalfont, UK) were used as a 

standard to determine the molecular mass of proteins. Gels were run in a protein 
electrophoresis tank filled with running buffer at 100 V. The voltage was increased to 150 

V when the sample was through the stacking gel.
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2.2.2.3 Western blotting (general procedure)

After SDS-PAGE, proteins were transferred onto a membrane (Immobilon-P, Millipore, 

Watford, UK). The gel and the membrane were pre-equilibrated in transfer buffer 

(running buffer; 20% methanol), sandwiched between 2 sheets of Whatman 3MM paper 

and two sponges (both equilibrated in transfer buffer). The case was then placed in a 

blotting tank (Mini-Protean II Cell, Bio-Rad, Hemel Hempstead, UK) which was filled 

with transfer buffer and proteins were transferred 1 h at 100 V. All proteins were 
transferred for 1 h, however proteins bigger than 200 kDa (e.g. ZO -I) were blotted 

overnight at 20 V.

Following blotting, the membrane was blocked with 50 ml in 5% non-fat dried milk in 
TBS containing 0.1% Tween 20 for 1 h at room temperature with gentle agitation. The 
blocking solution was replaced by 3 ml of 5% non-fat dried milk in TBS containing 0.1% 
Tween-20 containing 0.1- 0.5 jig/ml of antibody and left for 1 h. The first antibody was 
removed and the membrane washed three times for 5 min in TBS; 0.1% Tween 20. The 
membrane was then incubated for 1 h with the second antibody conjugated to horse 
radish peroxidase (HRPO) (Amersham) diluted 1:3000 in 10 ml of 5% non-fat dried milk 
in PBS containing 0.1% Tween 20. Finally, the membrane was washed two times for 5  
min with TBS; 0.1% Tween 20, one time for 5 min in TBS, incubated in enhanced 
chemiluminescence (ECL) substrate (Amersham) for 1 min and exposed to Fuji medical 
X-Ray film (Super RX, Fuji, Tokyo, Japan).

Blots were stripped by immersing in stripping buffer (100 mM glycine pH 2.0) for 2x15  
min and were then rinsed with TBS before blocking and reprobing as described above.

2.2.2.4 Preparation of MDCK cell lysates

On day three after seeding, cells were starved overnight in 0.2% FCS/DMEM. Afîer 3 
days, subconfluent cells were incubated with DMEM containing 0.2% FCS for 1 h with 
or without 50 juM PD098059 or 20 juM LY294002 before adding HGF/SF at 10 ng/ml 
for various times as indicated in the different experiments. Subsequently, cells were 

washed in ice-cold PBS (137 mM NaCl, 3 mM KCl, 8  mM Na2 HP0 4 , 2 mM KH2PO4  

pH 7.4) and then all following steps were carried out at 4 °C.

2.2.2.5 Detection of activated p42/p44 MAPK

For detection of activated p42/p44 MAPK, the cells were lysed in 20 mM Tris-HCl pH

8.0, 40 mM Na4 P2 0 7 , 50 mM NaF, 5 mM MgCl2 , 100 jiM Na3V0 4 , 10 mM EGTA pH
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8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 20 )ig/ml aprotinin, 20 pg/ml 

leupeptin, 3 mM PMSF for 10 mins at 4 °C. The lysates were centrifuged at 10,000 g for 

5 min and equal amounts of protein were electrophoresed on 10% SDS-polyacrylamide 

gels and then transferred to polyvinylidene fluoride (PVDF) membranes. For detection of 

activated phosphorylated p42/p44 MAPK, membranes were blocked in 5% non-fat dried 

milk in PBS containing 0.1% Tween-20, and then incubated with the primary antibody 

rabbit anti-active MAPK pAb (Promega, Madison, USA), diluted 1:20,000 in PBS 
containing 0.05% Tween-20 and 0.5% BSA for 16 hrs at 4 °C. Membranes were then 

incubated for 1 h at room temperature with (1:1500) horseradish peroxidase-conjugated 
donkey anti-rabbit antibody (Amersham) in PBS containing 0.1% Tween-20 and 5% 
non-fat dried milk.

For detection of total p42/p44 MAPK (extracellular signal regulated kinase [ERKl/2]), 
membranes were blocked in 5% non-fat dried milk in TBS (20 mM Tris-HCl pH 7.6, 
137 mM NaCl) containing 0.1% Tween-20 and then incubated with a rabbit anti-ERKl 
antibody (Santa Cruz, USA) diluted 1:1000 in TBS-Tween containing 5% non-fat dried 
milk for 1 h at room temperature. Membranes were then incubated with HRPO- 
conjugated donkey anti-rabbit antibody (1:3000) in TBS-Tween containing 5% non-fat 
dried milk.

2.2.2.6 Cell fractionation

Detergent-soluble and insoluble fractions were obtained by lysing cells in NP-40 buffer 
(25 mM Hepes/NaOH pH 7.4, 150 mM NaCl, 4 mM EDTA, 25 mM NaF, 1% NP-40, 
1 mM NagVO^, 1 mM PMSF, 10 pg/ml leupeptin, 10 |Lig/ml aprotinin) for 30 min at 
4°C. The lysates were centrifuged at 10 000 g for 30 min and the supernatant was 
collected as the NP-40 soluble fraction. The pellet was resuspended in 100 pi of 25 mM 
Hepes, pH 7.5, 4 mM EDTA, 25 mM NaF, 1% SDS and 1 mM Na3 V 0 4  using a 
homogenizer (Wheaton, USA). After adding 900 pi of the NP-40 buffer, the homogenate 
was passed 10 times through a 27-gauge needle and left for 30 min on a rotating wheel at 
4 °C. The lysates were then centrifuged at 10 000 g for 30 min and the supernatant was 
used as the NP-40 insoluble fraction.

Equal volumes of all fractions were electrophoresed on 7.5% SDS-polyacrylamide gels, 
transferred to PVDF membranes which were blocked for 1 h at room temperature with 

TBS-Tween containing 5% non-fat dried milk. The membranes were incubated for 1 h 
with a mouse anti-p-catenin (1:500) or a mouse anti-E-cadherin antibody (1:2500) and 
then further incubated for 1 h with HRPO-conjugated sheep anti-mouse antibody 

(Amersham) (1:3000) in blocking solution at room temperature. Immunoreactive bands

76



were visualized using enhanced chemiluminescence (ECL) as described by the 

manufacturer (Amersham).

2.2.2.7 Immunoprécipitation

Cells were lysed and scraped into 0.5 ml lysis buffer. The lysis buffer was either Tx-lOO 

buffer (20 mM Tris pH 7.5, 5 mM EDTA, 1% Tx-100, 25 mM NaF, 1 mM Na3V0 4 , 1 
mM PMSF, 10 pg/ml leupeptin, 10 pg/ml aprotinin) for p-catenin immunoprécipitations or 

NP-40 buffer (25 mM Hepes/NaOH pH 7.4, 150 mM NaCl, 4 mM EDTA, 1% NP-40, 25 
mM NaF, 1 mM NagVO^, 1 mM PMSF, 10 pg/ml leupeptin, 10 pg/ml aprotinin) for ZO- 
1 immunoprécipitations. For ZO-1 immunoprecipitates, the cell extracts were passes 10 
times through a 27-gauge needle. The insoluble material was removed by centrifugation 
for 20 min at 4°C and the supernatant was transferred to tubes containing 30 pi protein A- 
sepharose beads (Pharmacia, St.Albans, UK) and precleared for 1 h at 4°C on a rolling- 

wheel. Equal amount of proteins were contained in each sample as determined by Bio-Rad 
assay of the supernatants. The supernatant was removed from the beads after a short spin 
and added to new beads together with 2 pg of anti-ZO-1 antibody and incubated on a 
rolling-wheel at 4°C for 16 h. For p-catenin immunoprécipitation experiments, supernatants 

containing equal amounts of protein were directly incubated with 0.5 pg anti-p-catenin 
antibody and left with 30 pi protein A-sepharose beads for 2 h at 4 °C on a rolling-wheel. 

After washing four times with lysis buffer, the immunoprecipitates were analysed on a 
7.5% polyacrylamide-SDS gel and transferred to a PVDF membrane. Membranes were 
probed with the mouse anti-phosphotyrosine antibody PY99. After stripping, the p-catenin 
blots were probed with mouse anti-a-catenin antibody (1:250), with mouse anti-E-cadherin 
antibody (1:2500) and mouse anti-p-catenin (1:1000). The ZO-1 blots were stripped and 
reprobed with rabbit anti-ZO-1 antibody (1:2000). Secondary sheep anti-mouse HRPO and 
donkey anti-rabbit HRPO antibody (Amersham) were always used in a dilution 1:3000.

2.2.3 Cell culture techniques

2.2.3.1 Growing and passaging cells

A subclone of MDCK cells (Ridley et al., 1995), 293 (human embryonic kidney) cells 

and 911 (human embryonic retina) cells (Fallaux et al., 1996) were grown in Dulbecco's 
modified Eagle's medium (DMEM) containing 10% bovine fetal calf serum (FCS), 
penicillin (10,000 lU/ml) and streptomycin (10,000 pg/ml). Cells were grown at 37 °C in 

a humidified atmosphere containing 1 0 % CO2 .
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Cells were passaged every 3 to 4 days in their respective media. Cells were grown in 

25cm^ tissue culture flasks and were split before reaching confluency. They were washed 

once with 10 ml PBS to remove any remaining FCS which would inactivate the 

trypsin/EDTA before they were incubated with 1ml trypsin/EDTA at 37 °C for about 5 

min. When the cells floated off the bottom of the flask, 10 ml of 10% FCS/DMEM was 

added to inactivate the trypsin. Cells were then diluted according to their growth rate at a 

ratio of 1:5 - 1:10.

2.2.3.2 Freezing and thawing of cells

Cell stocks were cryopreserved in liquid nitrogen for storage. To prepare for freezing, 
cells were pelleted by centrifugation at 200 g for 5 min and resuspended at 10^- 10^ 
cells/ml in freezing solution (cell culture medium containing 1 0 % dimethyl sulphoxide 
(DMSO) and 20% FCS). The cells were dispensed in 1 ml aliquots in cryotubes (nunc) 
and wrapped up in tissue to allow slow freezing overnight in a polystyrene box at -70 °C. 
The next day cells were transferred to liquid nitrogen for long-term storage.

To thaw cells, an aliquot was removed from liquid nitrogen and thawed rapidly in a 37°C 
waterbath. Cells were then transferred into a 50 ml falcon tube and 10 ml of fresh 
medium was then added dropwise to the cells to dilute slowly the DMSO contained in the 
freezing solution. After pelleting at 200 g, cells were resuspended in 10 ml fresh medium, 
put in a 25 cm^ tissue culture flask and incubated at 37 °C. They were checked the next 
day and passaged when required.

2.2.3.3 HGF/SF stimulation

To study the effects of HGF/SF stimulation, MDCK cells were starved for 16 h prior to 
stimulation with 10 ng/ml HGF/SF in 0.5% FCS/DMEM. For experiments involving the 

inhibitors LY294002 or PD98059, the culture medium was replaced with DMEM 
containing 0.5% FCS for at least 1 h prior start of the experiment. LY294002 and 
PD98059 were obtained from Calbiochem, Nottingham, UK. The synthetic compound 

PD98059 has been shown to inhibit growth factor-induced activation of M APKKl/2 in 

various cell types, and thus to inhibit p42/p44 MAPK activation at 50 |LiM (IC50  for 
MAPKKl/2; [Alessi et al., 1995]). LY294002 is a synthetic compound which blocks 

activation of PI3K specifically (IC50 =1.4  p.M) without affecting the activity of protein 
serine/threonine kinases, protein tyrosine kinases and lipid kinases (PI 4-kinase) when 

used at concentrations of up to 50 pM (Vlahos et al., 1994).
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2.2.3.4 M icroinjection

Cells for microinjection or stimulation with HGF/SF were seeded in 15 mm wells at 1 0 ^ 

cells/well on 13 mm circular glass coverslips. After 3 days, cells were transferred to 

DMEM containing 0.5% FCS with or without 50 jiM PD98059 or 20 |iM  LY294002, and 

HGF/SF (10 ng/ml) was added and/or cell groups were injected at the edge and in the 

middle of colonies. For microinjection, proteins were diluted in 50 mM Tris-Cl pH 7.5, 

100 mM NaCl, 5 mM MgCl% and microinjected into the cytoplasm of MDCK cells 
maintained in 0.5% FCS for 1 h before injection. To identify injected cells, 
tetramethylrhodamine dextran MW 10 000 (Molecular Probes, Leiden, The Netherlands) at 
5 mg/ml was microinjected together with recombinant proteins. Cells microinjected with the 
proteins V12Ras, V12Racl, V14RhoA or NlVRacl were incubated for different timepoints 
according to the different experiments. In some experiments where the injected component 
had an inhibitory effect, cells were treated with HGF/SF (10 ng/ml) for different timepoints 
as indicated in the figure legends.

Cells microinjected with plasmids encoding NlTRas, AFG MAPKKl, Ala-221 MAPKKl, 
Glu-217/Glu-221 MAPKKl, wild-type MAPKKl, p i 10a or RafCAAX were incubated at 

37 °C for 4-6 h to allow protein expression. Plasmid-injected cells were detected by using 
an antibody against the expressed protein. Cells were then fixed and stained for F-actin 
and junctional complexes as described below.

2.2.3.5 Time-lapse videomicroscopy

MDCK colonies chosen for each experiment contained between 15-20 cells, and in 
microinjection studies every cell in each colony was microinjected. For experiments 
studying the motility of MDCK cells, HGF/SF was added after microinjection, at a final 
concentration of 10 ng/ml. Cells were filmed on a Zeiss ICM 405 microscope linked to a 
Panasonic F15 camera and Hamamatsu image processor with a Sony U-matic time-lapse 
video recorder. In some experiments, after filming, cells were fixed and stained for 

confocal analysis.

2.2.3.6 TER measurements

4 2MDCK cells (passage 9-21) were plated at 6  x 10 /cm on Transwell filters (6.5 mm 
diameter, 0.4 pm pore size) (Costar, Cambridge, MA) and grown in 10% FCS/DMEM. 

Cells were used between three and four days after plating when they reached a resistance 

in the range of 3000-6000 Q/cm^. Initial resistance measurements were taken with the 
Millicell-ERS instrument (Millipore Continental Water Systems, Bedford, MA).
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Resistance measurements were subsequently taken at timepoints as indicated in the 

figures. In all cases, appropriate solvent controls were included in the TER 

measurements. TER values were obtained by subtracting the contribution of the filter and 

the bathing solution. To normalize the results of different experiments, the transepithelial 

resistance for monolayers in control cells (unstimulated) was taken as 1 0 0 %.

2.2.4 Staining procedures and image generation

2.2.4.1 X-gal staining and phase contrast microscopy

AdCM V-p-Gal infected cells were fixed with 3.7% formaldehyde for 20 min. After 
washing two times with PBS, 1 mg/ml of X-gal (5-bromo-4-chloro-3-indoyl galactoside) 
substrate (Promega, Southhampton, UK) in PBS containing 5 mM potassium ferricyanide, 
5 mM potassium ferrocyanide and 2 mM MgCl2 was added and cells were incuabted at 37 
°C. One to two h later, infected cells stained blue. Blue cells were counted to monitor 
infection with AdCMV-p-Gal and documented taking phase contrast images.

Phase contrast micrographs were taken with a Cool view 12, 1024x1024, 12 bit cooled 
CCD camera (Photonic Science, Robertsbridge, UK) using a x40 NA 0.75 objective 
(Zeiss, Jena, Germany) on an axiophot microscope (Zeiss, Jena, Germany) illuminated at 
intensities that avoided saturation of the pixel content. The data sets were collected using 
Image pro Plus v 3 (Media Cybernetics, Maryland, USA). To produce micrographs the 8 

bits of data with the highest content of infomation were transferred to Adobe Photoshop v
4.0.

2.2.4.2 Immunofluorescence and confocal microscopy

MDCK cells were fixed with 3.7% formaldehyde dissolved in PBS for 10 to 20 mins at 
room temperature and permeabilised for 5 min with 0.2% Triton X-100. Primary and 
secondary antibodies were diluted in 0.5% bovine serum albumin/PBS and all 

incubations were for 1 h at room temperature. The adherens junctions proteins were 
visualised by mouse anti-E-cadherin (1:200) or mouse anti-p-catenin (1:400), 
respectively. Secondary staining was performed using FlTC-labelled donkey or TRITC- 
labelled goat anti-mouse antibodies (1:200). Tight junctions were stained for ZO-1 with a 
rabbit anti-ZO-1 antibody (1:200) and desmosomes with a rabbit anti-desmoplakin 1/11 

antiserum (DP145) (1:200). Cells injected with pEXV3-AFG MAPKKl, pEXV3-Ala- 
221 M APKKl, pEXV3-wild-type MAPKKl or pEXV3-Glu-217/Glu-221 MAPKKl 

were detected with a rabbit anti-MAPKKl antibody (1:100), cells injected with pEFHm-

80



RAFCAAX-Myc were visualised with the mouse anti-c-Myc antibody 9E10 (1:500), 
pSG5-5-M yc-pllOa-W T-3-K-Ras-injected cells with a rabbit an ti-p llO a antibody 

(1:200), pEXV3-N17H-Ras-3-Myc and pCDNA3-V12H-Ras injected cells with a rat or 

rabbit anti-Ras antibody (1:50). The secondary stain for the rat anti-Ras antibody was a 

TRITC-labelled donkey anti-rat antibody (1:400). Actin filaments were detected by 

incubation with 0.8 nM TRITC-phalloidin (Sigma, Poole, UK) or 20 nM FITC- 

phalloidin (Molecular Probes, Leiden, The Netherlands). Intracellular localization of 
adenoviral expressed amino-terminal myc-tagged N19RhoA, N17Cdc42, V12Racl and 

N17Racl was monitored with the mouse anti-c-Myc antibody 9E10 (1:500). A rabbit 
polyclonal antibody recognizing giantin (1:250) (Seelig et al., 1994) was used as a 
marker for cis-Goli.

Subsequently, the specimens were mounted in mowiol (Calbiochem, Nottingham, UK) 
containing antiquench (p-phenylendiamine. Sigma, Poole, UK). The specimens were 
analysed by confocal laser scanning microscopy using an LSM 310 and an LSM 510 
(Zeiss, Welwyn Garden City, UK). Data were collected using a x40 NA 1.3 oil 
immersion objective and a x63 NA 1.4 oil immersion objective (Zeiss, Jena, Germany). 
After staining of filter-grown MDCK cells, the filters were cut, mounted on glass slides 
in a solution of mowsiol. Analysis of the very thin tight junction area in monolayers 
grown on filters (which are relatively uneven compared to glass coverslips) was 
performed by taking serial optical sections with a laser scanning confocal microscope (1 0 - 
15 sections at 0.5 pm interval 1 where four to six individual images were selected and 
merged) The broader adherens junction was analysed by taking a single section.

Image files collected with the LSM 310 and the LSM 510 described a matrix of 
1024x1024 pixels that represented the average of 8  frames scanned at 0.062 Hz. 
Fluorophores were excited at either 488 nm or 543 nm and visualised with a 540±25 or a 
608+32 nm bandpass filter respectively, where the levels of interchannel cross-talk were 

insignificant.

2.2.4 3 Transmission electron microscopy (TEM)

After use of MDCK cells grown on transwell filters in TER measurements to study the 
effect of HGF/SF on TER, cells were fixed on the filters in 2.5% glutaraldehyde/2% 

paraformaldehyde in PBS for a minimum of 24 h. The membranes weres removed from 
the plastic support and processed for transmission electron microscopic examination. 

First the species were incubated for 1 h in 1% osmium tetroxide, washed with ethanol 

and then incubated with propylene oxide two times for 5 min. Finally, they were 
embedded in epoxy resin and left to polymerise overnight at 60°C. The resin was
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composed of epoxy resin (Agar 100) (46%), the hardeners dodecenylsuccinic anhydride 

(31%) and methyl nadic anhydride (19.4%) and as an accelerator benzyldimethylamine 

(4%). Sections were cut at right angles to the supporting membrane on a LKB Ultrotome 

Nova on to a cooper 200 mesh hexagonal grids. The ultra-thin sections were stained in 

1% Uranyl acteate in 70% ethanol, washed in water (500 ml) followed by 0.25% lead 

citrate 10 min each. Samples were embedded and sections were cut by Gillian Brown, 

GlaxoWellcome, Stevenage, UK. They were examined and micrographed on a Philips 
CMIO transmission electrone microscope at GlaxoWellcome, Ware, UK, operating at 60 

kV. Photographic prints were made by Visual Communications. Resin, grids and stains 
were supplied by Agar Scientific Ltd, Stanstead, UK. All TEM experiments were 
performed and analysed as a double-blind study.

2.2.5 Generation of recombinant adenoviruses

2.2.5.1 Construction of admid vectors

To generate recombinant adenoviruses (Ad), the cDNAs for Rho GTPases were 
subcloned into the admid transfer vectors pCR259 and pCR244 from pcDNA3- 
N19RhoA, pUHG 10-3N17Cdc42, pcEXV3-N17Racl and pcEXV3-V 12Rac 1. These 
vectors express amino-terminal myc-tagged dominant negative RhoA, dominant negative 
Cdc42, dominant negative R a d  and constitutively activated Racl. The N19RhoA mutant 
was kindly provided by Alan Hall. After subcloning genes into the transfer vector 
(N19RhoA, N17Cdc42 into pCR244, N17Racl and V12Racl into pCR259; pCR259 
and pCR244 differ only in the multicloning site), positive clones were identified by 
restriction enzyme digestion and subsequently sequenced. Sequence analysis confirmed 
that in N19RhoA, amino acid 19 was changed from threonine (ACA) to asparagine 
(AAC), in N17Cdc42 amino acid 17 threonine (ACA) was changed to asparagine (AAT), 
in N17Racl amino acid 17 threonine (ACT) was changed to asparagine (AAT) and that in 
V12Racl amino acid 12 glycine (GGA) was changed to valine (GTA). The admid 
transfer vectors were transformed into an E.coli K12 strain already transformed with two 

vectors coding for a transposase and the Ad5 genome (adenovirus homing vector). Thus, 
transposition of the gene occurred from the transfer vector into the adenovirus homing 
vector which contained the cytomegalovirus (CMV) promotor concomitantly disrupting 
the Escherichia coli LacZ gene, encoding p-galactosidase (p-Gal).
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2.2.5.2 Selection of recombinant admids

After transformation, bacteria were plated on Bluo-Gal (Life Technologies)/IPTG plates 

and only white colonies were selected which in addition had been selected to be 

chloramphenicol resistant (CmR), tetracycline sensitive (TcS) and ampicillin sensitive 
(ApS). The plates contained 20 |ig/ml chloramphenicol, 15 )Lig/ml tetracyclin and 100 

jig/ml ampicillin. Clones were picked and DNA extracted, retransformed into competent 

DHIOB E.coli (Gibco BRL, Life Technologies, Paisley, UK) and reselected on 
chloramphenicol (20 ]Llg/ml) and Bluo-Gal/IPTG plates (20 |Lig/ml). Bluo-Gal, IPTG, 

tetraycyclin, ampicillin and chloramphenicol were purchased from Sigma, Poole, UK.

2.2.5.3 Transfection of cells and production of adenoviral master stocks

The recombinant admid DNA was linearized with the restricition enzyme P ad  to remove 
the bacterial promoter and CmR gene. Using lipofectamine reagent (1 mg/ml) (Gibco 
BRL, Life Technologies, Paisley, UK) 293 cells were transfected with 1 pg admid DNA. 
The day before transfection, cells were seeded in six well trays (35 mm diameter per well) 
at a density of 2.5 x 10  ̂cells/ml per well in 10% FCS/ DMEM. The following day, 1 pg 
DNA in 100 pi DMEM was combined with 10 pi of Lipofectamine in 100 pi DMEM and 
incubated for 1 h at room temperature. Meanwhile, cells were washed twice with serum- 
free medium to remove FCS. Then 800 pi of DMEM was added to the transfection mix 
which was then added to the washed cells. The following day, after overnight incubation, 
the solution was removed and cells were washed twice with serum-free medium before 
feeding with 2 ml DMEM containing 2% FCS per well.

After further incubation of transfected 293 cells for 5 days, it was observed that some 
cells detached from the tissue culture plastic due to production of live virus. The virus 
was therefore harvested by scraping the attached cells into the medium and then released 
from cells by three cycles of flash-freeze-thawing. Cellular debris was removed by 
centrifugation at 2000 g for 10 min. The supernatant was used to infect a nearly confluent 
175 cm2 flask (70-80% confluency) of 293 cells. To reach maximal efficiency of 
infection, the cell medium contained only 2% FCS and the total volume was 10 ml for a 
175 cm2 flask. After 1 week of incubation, cells were detached easily from the tissue 
culture plastic by shaking. Cells were transferred to a 50 ml tube, centrifuged at 2000 g 

for 1 0  min, and the pellet containing most virus particles was resuspended in 1 ml of 2 % 

FCS/DMEM. Virus was isolated by three cycles of flash-freeze-thawing. The lysate was 
again centrifugated and the supernatant was used to infect three nearly confluent 175 cm2 

flasks of 293 cells.
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2.2.5.4 Titration of adenoviruses

When these flasks were harvested after 3 to 4 days, the titer of the adenoviruses was

determined by titration on 911 cells. 911 cells were originally generated by transfection of
primary human embryonic retina (HER) cells with the DNA coding for the E l gene of the

Ad5 serotype. They have been shown to perform well in the plaque assays (CPE assay,

cytopathic toxicity assay) as plaques used to determine the viral titer already become

apparent in monolayers of 911 cells 3-4 days after infection versus 4-10 days in
monolayers of 293 cells (Fallaux et al., 1996). The RCA (replication competent

adenovirus) assay was performed on A549 (human lung cancer) cells as they can only
propagate replication-competent adenovirus (Zhang, 1997). Cells were set up 24 h before
infection in 96 well trays at 10^ cells/well. Serial dilutions of virus (10'^- 10"^^) were
added in 50 jil aliquots to the cells and incubated at 37°C for several days. Plaques were

counted using standard bright field microscopy and the viral titer calculated. Viral titers
8 10(plaque-forming units (pfu)) obtained in 911 cells were in the range of 10 to 10 pfu/ml 

for the master stocks when plaques were counted by bright-field microscopy.

2.2.5.5 Production of seed stocks

To produce the viral seed stocks, twenty 175 cm^ flasks of nearly confluent 293 cells 
were infected at 0 .0 1  multiplicity of infection (m.o.i) (number of virus particles per cell) 
and harvested after 1 week. The low m.o.i was used for the production of the seedstock 
to reduce the level of defective interfering particles (DI). Dis are always made in normal 
adenoviral replication as a by-product. A DI will not lead to production of complete 
adenovirus particles, due to the defective genome (Dimmock and Primrose, 1987). The 
harvested adenovirus was stored in 10% glycerol/DMEM to allow repeated freeze- 
thawing of the stored aliquots. Stocks were frozen in 1 ml or 100 pi aliquots and were 
stored for short-term use at -20  °C and for long-term use at -70  °C. At 4 °C adenovirus 

is stable for 24 h and no decrease in titer was ever observed by repeated freeze-thawing of 
the aliquots. In addition, the seed stocks should be stored and subsequent batch stocks 
should be derived from the seed stock to prevent an increase in RCA and DI.

2.2.5.6 Expression of Rho GTPases in MDCK cells using adenoviruses

N19RhoA, N17Cdc42, N17Racl and V12Racl were expressed in MDCK cells by 
adenovirus-mediated gene transfer. To evaluate the efficiency of adenoviral infection of 

MDCK cells and the m.o.i required for efficient gene expression after 24 h, a control 
virus AdCMV-p-Gal was used to visualize infected cells. After three days in culture in 

10% FCS/DMEM, the medium was replaced in confluent and subconfluent MDCK cells
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with 0.2% FCS/DMEM (infection medium). As it is commonly assumed that high serum 

inhibits adenoviral infection, medium containing low serum was used for all infection 

experiments (except for filter-grown monolayers).

Recombinant adenovirus were applied at m.o.i 100 either to subconfluent MDCK cells 

grown on tissue culture plastic or glass coverslips in 0.2% FCS/DMEM or to the apical 

surface of MDCK cells grown on Transwell filters in 10% FCS/DMEM for 6  h. After 

infection, the medium was replaced with either 0.2% FCS/DMEM for subconfluent or 
10% FCS/DMEM for filter-grown MDCK cells with or without 10 ng/ml HGF/SF. Cells 
were then incubated at 37°C for different timepoints (18 h for immunofluorescence, 

immunoprécipitation and TER studies, 42 h for TEM).
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Chapter 3

Effects of HGF/SF on cell scattering and intercellular junctions 
of MDCK cells

3.1 Introduction

It is known that HGF/SF-induced spreading requires changes in the actin cytoskeleton 

(Ridley et ah, 1995, Dowrick et ah, 1991). In addition, intercellular junctions have to be 
disrupted to allow cell scattering. However, how HGF/SF disrupts intercellular junctions 
to enable cells to detach from each other has not been investigated yet. In epithelial cells, 
the lateral plasma membranes of adjacent cells interact via adherens, tight junctions and 
desmosomes (Ben-Ze'ev, 1997). Previous reports studying disruption of intercellular 
junctions have concentrated on v-src expression in MDCK cells. Forced expression of 
low levels of v-src in polarized MDCK epithelial cells results in the disruption of 
adherens junctions, but tight junctions and desmosomes are retained (Warren and Nelson, 
1987). In MDCK cells as well as chicken embryo and rat fibroblasts, it has been reported 
that disruption of adherens junctions correlates with increased tyrosine phosphorylation 
of adherens junction proteins, principally p-catenin (Matsuyoshi et al., 1992, Behrens et 
al., 1993, Hamaguchi et al., 1993). In contrast, no change in the expression or 
phophorylation state of E-cadherin, a major cell-cell adhesion molecule in epithelial cells 
was observed in MDCK cells following HGF/SF addition (Weidner et al., 1990).

Therefore, to study how HGF/SF mediates the disruption of intercellular junctions, the 
HGF/SF effect on localization of intercellular junctions was mainly studied in this first 
Chapter. In addition, further experiments tried to evaluate the role of tyrosine 

phosphorylation of adherens and tight junction proteins in cell scattering.

3.2 Results

3.2.1 Characterization of the effects of recombinant HGF/SF on MDCK 
cells

3.2.1.1 Titration of the concentration of the recombinant HGF/SF

In the preceding study recombinant human HGF/SF was obtained from the supernatant of 

sf9 cells infected with a baculovirus carrying the human HGF/SF cDNA (a gift from G. 

Gaudino, University of Turin). The supply of HGF/SF was therefore limited. However,
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when this study was started the first recombinant HGF/SF was developed by R&D 

Systems. The DNA sequence encoding 728 amino acid residue variant of the human pro- 

HGF/SF (Nakamura et ah, 1989) had been expressed in sf21 insect cells using a 

baculovirus expression system by RD Systems. They measured the biological activity of 

the recombinant human HGF/SF by its ability to stimulate 3H-thymidine incorporation in 

the HGF responsive monkey epithelial cell line, 4MBr-5 (Rubin et al., 1991).

The insect cell derived recombinant HGF preparation is a mixture of predominantly single 
HGF, as well as some heterodimeric HGF. Previous studies have shown that single 
chain HGF and heterodimeric HGF are equally active in in vitro bioassays due to either 
the production of the protease by the cell culture or the presence of a apparently 
ubiquitous protease in serum. Indeed, there has been a serine protease in serum identified 
which processes single chain HGF/SF into its active heterodimeric form (Miyazawa et 
al., 1993).

Therefore, it was necessary to test if this recombinant HGF/SF could induce cell 
scattering on the MDCK cell strain used in the preceding study (Ridley et al., 1995). 
First, the optimal concentration for the HGF/SF response (spreading and scattering of 
MDCK cells) was determined. MDCK cells were seeded at 1 x lO^cells per well 
(diameter, 1.8cm) on glass coverslips. Two days after seeding, cells were transferred 
from 10% FCS to 0.5% FCS for 24 h before addition of different concentrations of the 
growth factor into the medium on day 3 after seeding. On day 3, before growth factor 
addition, MDCK cells formed colonies of variabale size of around 10-50 cells. Cells 
within the colony were in close contact with each other and displayed discrete edges with 
very few occasional membrane ruffles. As it was noticed that cells responded better to 
growth factor stimulation in low percent serum, HGF/SF stimulation was always 
performed in 0.5% FCS in subconfluent MDCK cells. After overnight incubation with 
HGF/SF (16 h), the number of colonies, in which most of the cells had detached from 
each other (scattered), were counted using phase contrast light microscopy.

The optimum concentration where most colonies (50%-100%) were scattered after 16 h 
was found to be 10 ng/ml of HGF/SF (Table 3.1). Consequently, this concentration was 
used in all subsequent experiments. At concentrations below 5 ng/ml cells did not 
respond and above 10 ng/ml the response got weaker. This might be due to the fact that at 

concentrations above 10 ng/ml, the receptors were saturated and at higher concentrations 
were down-regulated. Down-regulation of the HGF receptor has been previously 

reported in acute lung injury 12 h after secretion of HGF/SF (Yanagita et al., 1993). 
Alternatively, as with higher concentrations the dilution factor of the HGF/SF stock was 

smaller, toxic substances contained in the sample could have had an effect.
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In several experiments it was observed that not all cells responded equally to HGF/SF. 
There probably exist more potent forms of the growth factor in vivo as its recombinant 

version might not be folded and glycosylated in the same way as in vivo secreted 

HGF/SF. Furthermore, the ED 50 to induce 3H-thymidine incorporation 4MBr-5 
epithelial cells was found to be 20-40 ng/ml by RD Systems. In contrast, in this work, it 

was found that concentrations of 10 ng/ml were optimal for MDCK cell scattering 

overnight.

Table 3.1 Titration of HGF/SF

cone (ng/ml) 0 1 2 5 1 0 15 2 0 30

scattered cells - - - 4-4- 4-4-4- 4-4- 4- -

0-10% of cells scattered 
+: 10-30%
++: 30-50%
+4-4-: 50-100%

3.2.1.2 Timecourse of the HGF/SF response

In order to monitor the timecourse of cell scattering in response to the insect-cell derived 
recombinant HGF/SF, time lapse video microscopy was used. As previously described, 
it was observed that the motile response to HGF/SF could be divided in two stages 
(Stoker and Perryman, 1985, Ridley et ah, 1995): cell colonies spread centrifugally 
during the first 4 h to 6 h after addition of HGF/SF followed by the breakdown of cell
cell contacts and scattering of the colony at 8 h to 24 h (Table 3.2). If cells were further 
stimulated through addition of new HGF/SF (HGF/SF seemed to be degraded after 24 h) 
cells continued to scatter until all colonies were scattered and were even more elongated 
and fibroblastoid in their cell shape (progressive scattering).

Table 3.2 Timecourse of HGF/SF-induced scattering

time (h) 0 2 4 6 8 12 16 24

scattered cells - - - 4- 4-4- 4-4- 4-4-4- 4-4-4-
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Phase contrast pictures in Fig. 3.1 A illustrate the two stages of the HGF response: 

unstimulated cells grew as a compact colony when grown subconfluent (a) and then 

spread following addition of HGF/SF for 4 h (b) and had detached from each other after 

16 h (c).

3.2.1.3 Changes in the actin cytoskeleton induced by HGF/SF

HGF/SF has been reported to induce cell migration and changes in the actin cytoskeleton 
of MDCK cells which have been previously studied in detail by (Ridley et al., 1995) and 
are shown in Fig. 3. IB. Unstimulated MDCK cells had strong actin cables at the edge of 
colonies and contained stress fibers (Fig. 3. IB a). After 4 h of HGF/SF-stimulation (Fig. 
3 .IB b), these actin structures were disassembled and replaced by lamellipodia and 
membrane ruffles (Fig. 3 .IB, b, c and d). At later time points (8 h-16 h) cells also started 
to detach from each other (Fig. 3 .IB, c and d).

3.2.2 HGF/SF-induced changes in E-cadherin and p-catenin localization

E-cadherin is a transmembrane protein which defines the adherens junction through 
homophilic interaction of its extracellular domains while the intracellular domains directly 
interact with p-catenin, (Ben-Ze'ev, 1997). In addition to changes in actin organization, 
the migratory response of MDCK cells to HGF/SF also requires the disruption of cell-cell 
junctions. Cell-cell contact in MDCK cells is maintained via tight junctions, desmosomes 
and adherens junctions. Therefore stimulated and unstimulated cells were analysed for the 
integrity of their adherens junctions using immunofluorescence techniques where the cells 
were fixed and stained for E-cadherin or p-catenin. Fig. 3.2 shows that p-catenin and E- 
cadherin localized to intercellular junctions in unstimulated MDCK cells (Fig. 3.2, a and 
b). When serial sections were taken, it was realized that E-cadherin and p-catenin 
localized to sites in the basolateral membrane which were more apical located in 
comparison to the stress fibres in actin filament stainings (Fig. 3.1.B).

89



Fig. 3.1

A. HGF/SF induces spreading and scattering of MDCK cells

Phase-contrast pictures of a colony of MDCK cells are shown before the addition of 
HGF/SF (a) or at 4 h (b) or at 16 h (c) after addition of HGF/SF. Bar, 50 pm.

B. HGF/SF-stimulation of MDCK cells involves membrane ruffling and 
dispersal of cortical actin cables and stress fibres

TRITC-phalloidin staining for actin filaments in MDCK cells in the absence (a) or 
presence of HGF/SF (for 4 h in b, for 8 h in c, for 16 h in d). The arrowheads indicate 
strong actin cables at the edges of the colony (a), membrane ruffles (b) and the arrow 
indicates stress fibres (a). Bar, 10 pm.

90



A .

.̂ *' W .
T.V \*7  .>

91



B .

92



When cells were incubated with HGF/SF, p-catenin and E-cadherin started to disperse 

from adherens junctions. The first effects of HGF/SF on adherens Junction localization 

were detected after 1 h. Cells at the edges of the colony responded first to the growth 

factor stimulation and extended lamellipodia into the free space surrounding them. Thus, 

it appeared that cells have to be able to spread in order to disrupt their intercellular 
junctions as cells located in the middle of big colonies (over 100 cells) only lost their 

adherens junctions after 4 h. In general, most discrete E-cadherin and p-catenin staining 

had disappeared from the sites of intercellular contacts after 4 h of HGF/SF stimulation 
(Fig. 3.2, c and d). However, cells still remained located in colonies at this timepoint 
indicating that they were still attached to each other via some intercellullar adhesions. 
Further incubation led to detachment of the first cells from the edges of the colonies and 
resulted in final scattering of colonies by 16 h (Fig. 3.2, e and f).

3.2.3 Role of tyrosine phosphorylation in the HGF/SF-induced disruption 
of adherens junctions

In order to evaluate if the HGF/SF-induced breakdown of adherens junctions in MDCK 
cells involved changes in tyrosine phosphorylation, p-catenin was immunoprecipitated 
from stimulated and unstimulated MDCK cell lysates and probed for phosphotyrosine 
content. It has been previously shown that in EGF-stimulated A431 cells virtually all 
tyrosine-phosphorylated p-catenin is found in the detergent-soluble fraction, whereas the 
insoluble fraction contains mainly unphosphorylated p-catenin (Hoschuetzky et al., 
1994). Therefore, immunoprécipitation experiments to determine the phosphotyrosine 
content of p-catenin were performed using the detergent soluble fraction of the MDCK 
lysates. For these experiments, cells were lysed in 1% NP-40 after different timepoints of 
growth factor addition (30 min, 2 h, and 4 h). As cells were stimulated with HGF/SF up 
to 4 h, most adherens junctions should have been dispersed (see Fig. 3.2) and spreading 
of the whole colony had occurred as monitored by light microscopy before lysis. As 
shown in Fig. 3.3, no increase in the tyrosine phosphorylation of p-catenin was 
detectable in lysates at any times after HGF/SF stimulation.

It was further noticed that p-catenin co-immunoprecipitates with E-cadherin and a-catenin 
suggesting that although the adherens junction at the plasma membrane has been 
disrupted, the complex of E-cadherin- p-catenin and a-catenin still persisted in a more 

soluble form (Fig. 3.3, top blot). It was remarkable as well that the HGF/SF-stimulation
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Fig. 3.2

HGF/SF induces the disruption of intercellular junctions containing
p-catenin and E-cadherin

Immunofluorescence staining for p-catenin (a, c and e) and E-cadherin (b, d and f) in 

MDCK cells in the absence (a and b) or presence of HGF/SF (for 4 h in c and d, for 16 h 

in e and f). Bars, 10 |xm.
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Fig. 3.3

The composition of the cadherin/complex is not changed and adherens 
junctions components are not tyrosine phosphorylated in response to

HGF/SF

MDCK cells were lysed unstimulated (0) or stimulated with HGF/SF for 30 min (30’), 2 
h or 4 h with HGF/SF. p-catenin was immunoprecipitated from these lysates and the 

precipitates resolved by gel analysis and transferred to a PVDF membrane. In the top 
blot, the membrane was probed with the anti-phosphotyrosine antibody PY99. Three 
bands corresponding to the sizes of E-cadherin (120 kDa), a-catenin (102 kDa) and p- 
catenin (92 kDa) were revealed. The membrane was stripped and reprobed with the 
antibody against p-catenin showing equal amounts of precipitated p-catenin protein 
(bottom blot).
The data are representative of at least three different experiments.
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did not appear to alter the amount of E-cadherin or a-catenin attached to p-catenin further 
suggesting that the complex presumably had lost its attachment to the actin cytoskeleton. 

In previous biochemical analyses of the cadherin/catenin complex it has been shown that 

E-cadherin (120 kDa) co-precipitates with a-catenin (102 kDa) and p-catenin (92 kDa) 

when immunoprécipitations were performed from the detergent-soluble fraction 

(Ozawa et ah, 1989, Hinck et al., 1994). Thus the two additional proteins 

immunoprecipitated with the p-catenin are likely to be E-cadherin and a-catenin. In fact, 

other blots have been reprobed for these molecues and the identity of these bands 

confirmed to be E-cadherin and a-catenin as for example in Fig. 6.10, Chapter 6.

3.2.4 HGF/SF regulation of tight junctions and desmosomes

Immunofluorescence staining after 4 h following HGF/SF stimulation, indicated that cell
cell contact was often maintained despite the loss of p-catenin and E-cadherin (Fig. 3.2, c 
and d), suggesting that other junctions were still present. In addition to the adherens 
junctions, tight junctions and desmosomes have to be disrupted for epithelial cells to 
detach from each other.

To determine whether the loss of these three types of junction was co-ordinately regulated 
during the HGF/SF response, the localization of the tight junction protein ZO-1 and the 
desmosomal component desmoplakin was investigated at different timepoints after 
addition of HGF/SF. ZO-1 is associated with tight junctions which constitute the most 
apical intercellular junction found in epithelial cells, sealing the paracellular space (Baida 
and Matter, 1998). Desmoplakin is located in desmosomes which interconnect the 
basolateral membranes of epithelial cells in addition to tight and adherens junctions 
(Garrod, 1993).

As previously reported, ZO-1 localized to regions of intercellular contact in MDCK cells 
(Fig. 3.4A c) (Anderson et al., 1988, Siliciano and Goodenough, 1988, Baida et al.,
1996). Desmoplakin was localized to cell-cell boundaries in a punctate fashion as 
previously described (Fig. 3.4A g) (Penn et al., 1987). When cells were treated with 
HGF/SF for 4 h (Fig. 3.4A , b, d, f and h), ZO-1 (d) and desmoplakin (h) still localized 
to areas of cell-cell contact where staining for p-catenin indicated that adherens junctions 

were disrupted (b and f).

In order for cells to detach from each other in response to HGF/SF they finally have to 
disrupt their tight junctions and desmosomes. In Fig. 3.4B, MDCK were stimulated with 

HGF/SF for 16 h (c and d) and started to scatter. However, as immunofluorescence
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staining for ZO-1 (Fig. 3.4B, b and d) or desmoplakin (Fig. 3.4B, a and c) revealed, 

desmoplakin and ZO-1 not only localized to areas of cell-cell contact in control cells (Fig. 

3.4B, a and b) but was still detected in HGF/SF-stimulated cells (16 h) in areas where 

cells had not completely detached from each other (Fig. 3.4B, arrows in c and d). 

Although, the staining for these proteins did appear weaker at 16 h after HGF/SF 

addition, desmosomes and tight junctions were only completely disrupted where cells had 

detached from each other (Fig. 3.4B, c and d). The dispersal of adherens junction 
proteins therefore occurred considerably earlier than the disruption of desmosomes and 
tight junctions, suggesting that the stability of these latter junctions was regulated 

differently to adherens junctions.

3.2.5 HGF/SF induced tyrosine phosphorylation of ZO-1

It could nevertheless be possible that a reorganization o f tight junctions and/or 
desmosomes occurred at an earlier tim epoint, but was not detectable by 
immunofluorescence staining, and may be required for their final disruption. It has 
previously been reported that disruption of tight junction function involves tyrosine 
phosphorylation of ZO-1 (Staddon et al., 1995, Van Itallie et al., 1995, Citi, 1992).

Levels of tyrosine phosphorylation of ZO-1 in unstimulated and stimulated MDCK cell 
lysates were analyzed using an affinity-purified rabbit anti-ZO-1 antibody in 
immunoprécipitation. The overall expression level of ZO-1 remained the same in 
unstimulated cells compared to cells stimulated with HGF/SF for 10 min, 1 h, 2 h or 4 h 
(Fig. 3.5, bottom panel). However, the phosphotyrosine content of ZO-1 increased 
slightly after 10 min of incubation with HGF/SF and was still reproducibly elevated after 
4 h (Fig. 3.5, top panel). These data suggest that although no changes in ZO-1 
localization were detected by immunofluorescence staining, tight junction organization 
had been possibly affected during the first 4 h of HGF/SF stimulation when cells were 
spreading and disrupting their adherens junctions. In fact, in Chapter 5 the effect of 
HGF/SF on tight junction function was studied in more detail using polarized MDCK cell 
monolayers grown on Trans well filters.
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Fig. 3.4

A. Adherens junctions are disrupted before tight and desmosomal 
junctions in response to HGF/SF

Unstimulated MDCK cells were co-stained for p-catenin (a) and ZO-1 (c), or for p-catenin 

(e) and desmoplakin (g). Co-staining of cells treated with HGF/SF for 4 h with p-catenin 

(b) and ZO-1 (d), or with p-catenin (f) and desmoplakin (h) indicates that p-catenin is lost 
from intercellular junctions (e.g. arrow in b and arrowhead in f) where ZO-1 (d, arrow) 

and desmoplakin (h, arrowhead) are still present. Bar, 10 pm.

B. Desmosomes and tight junctions are only disrupted where cells have
detached from each other

MDCK cells were co-stained for desmoplakin (a and c) and ZO-1 (b and d) when 
unstimulated (a and b) or stimulated with HF/SF for 16 h (c and d). The arrows indicate 
the presence of desmosomes (c) or tight junctions (d) in cells which are stimulated with 
HGF/SF for 16 h but have not detached from each other yet. Bar, 10 pm.
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Fig. 3.5

HGF/SF induces tyrosine phosphorylatin of ZO-1 in tight junctions

MDCK cells were lysed unstimulated (0) or stimulated with HGF/SF for 10 min (10’), 1 
h, 2 h or 4 h with HGF/SF. ZO-1 was immunoprecipitated from these lysates and the 

precipitates resolved by gel analysis and transferred to a PVDF membrane. In the top 
blot, the membrane was probed with the anti-phosphotyrosine antibody PY99 revealing 
one band corresponding to ZO-1 (225 kDa). The membrane was stripped and reprobed 
with the antibody against ZO-1 showing equal amounts of precipitated ZO-1 protein 
(bottom blot).

The data are representative of three different experiments.
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3.3 Discussion

HGF/SF induces spreading and scattering of MDCK cells. The HGF/SF-mediated cell 

motility involves changes in the actin cytoskeleton and requires the disruption of 

intercellular junctions. When HGF/SF-stimulated cells were stained for the adherens 

junction components p-catenin and E-cadherin, it was observed that adherens junctions 
started to disperse from 1 h to a complete loss at 4 h.

It has been suggested that tyrosine phosphorylation of the cadherin/catenin complex 
accompanies the disruption of intercellular contacts which is required for cell scattering 
and subsequent invasiveness of tumor cells. However, p-catenin immunoprecipitates 
from M DCK cells stimulated with HGF/SF showed no increase in tyrosine 
phosphorylation in comparison to untreated cells. A role for tyrosine phosphorylation in 
dispersal of adherens junctions has been derived from studies in MDCK cells expressing 
an active form of Src (Behrens et al., 1993) or treated with tyrosine phosphatase 
inhibitors (Volberg et al., 1992) as well as from experiments in the carcinoma cell line 
HT29 exposed to HGF/SF (Shibamoto et al., 1994). Other studies, however, have 
suggested that tyrosine phosphorylation of p-catenin is not involved in the disruption of 
adherens junctions. Mouse fibroblast L-cells which lack p-catenin but express an E- 
cadherin-a-catenin chimera show a strong but inflexible adhesive phenotype (Nagafuchi 
et al., 1994). Src expression in these cells disrupts adherens junctions as in wild-type 
cells, suggesting that p-catenin tyrosine phosphorylation is not crucial for the Src-induced 
disruption of adherens junctions (Takeda et al., 1995). In fact, the literature on tyrosine 
phosphorylation of the cadherin/catenin complex suggests that loss of intercellular 
junctions concomitant with tyrosine phosphorylation of adherens junctions is variable 

depending on the stimulation and the cell line used.

Rather, changes in the actin cytoskeleton might play a more important role in the 
breakdown of intercellular junctions. Indeed, MDCK cells stimulated with HGF/SF 
dispersed their adherens junctions during cell spreading which involved the loss of stess 
fibers and the extension of lamellipodia. A role of the actin cytoskeleton and intercellular 
junction regulation is suggested by the fact that the Rho GTPases not only regulate 
changes in the actin cytoskeleton and therefore cell motility but also control the stability of 

intercellular junctions (Braga et al., 1997, Takaishi et al., 1997, Jou and Nelson, 1998, 
Jou et al., 1998). In addition, adherens junctions are directly linked to the actin 
cytoskeleton via a-catenin and a-actinin and therefore changes in the actin cytoskeleton 

could lead to the loss of anchorage of the cadherin/catenin complex (model of anchor loss 
reviewed by (Daniel and Reynolds, 1997). In favor of such a model is evidence that some 

oncogenes which are not protein tyrosine kinases like Bcl-2 induce the loss of E-
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cadherin-mediated cell-cell adhesion in mammary epithelial cells (Lu et al., 1995), 

suggesting that direct tyrosine phosphorylation of cadherin complexes may not be the 

primary cause of diminished cadherin function.

Clearly, an important challenge in this area is to separate experimentally the direct effects 
of cadherin/catenin tyrosine phosphorylation from the pleiotropic effects associated with 

protein tyrosine kinase activation and other factors that contribute to the transformed 

phenotype. Consequently, it was concluded that the HGF/SF-induced disruption of 
adherens junctions is not concomitant with an increase in tyrosine phosphorylation.

In summary, the data here show that HGF/SF-induced motility does not require tyrosine 
phosphorylation to disrupt adherens junctions. Therefore, other signalling pathways than 
tyrosine phosphorylation must play a role in disrupting adherens junctions. One 
possibility would be the activation of proteases which cut the extracellular domain of E- 
cadherin which then would lead to internalisation of the E-cadherin-p-catenin complex and 
therefore destabilisation of the cadherin/catenin complex. In fact, a candidate E-cadherin 
degrading proteases is uPA which is upregulated in human breast cancer cells in culture 
after incubation with the E-cadherin antibody DECMA-1 (Frixen and Nagamine, 1993) 
and in MDCK and human scarcoma cells after HGF/SF stimulation (Pepper et al., 1992, 

Jeffers et al., 1996). Consequently, one possibility explaining how HGF/SF could 
disrupt adherens junctions is via secretion of proteases which interfere with the 
localisation of the cadherin/catenin complex at the apical site of the plasma membrane.

However, although the cadherin/catenin complex was not localized at the same site in the 
plasma membrane anymore after HGF/SF-stimulation (as adherens junctions were 
dispersed), no changes in the composition of the cadherin/catenin complex were observed 
when proteins co-immunoprecipitating with p-catenin were analysed. Other reports have 
also suggested that the stoichiometry of the cadherin complex is not obviously affected by 
growth factor treatment in epithelial carcinoma cell lines, like HT29 or by Src-induced 
disruption of adherens junctions in MDCK cells (Shibamoto et al., 1995, Reynolds et al., 
1994). This is consistent with the results obtained in Chapter 3, demonstrating that 
adherens junctions were dispersed in HGF/SF stimulated cells without altering the 

stoichiometry of the cadherin complex.

In addition, in HGF/SF-stimulated MDCK cells, ZO-1 and desmoplakin were still 

detected in sites of intercellular junctions at the 4 h timepoint where adherens junctions 
were disrupted. It has been previously reported that adherens junctions but not tight 

junctions or desmosomes were disrupted in MDCK cells expressing low levels of Src 
(Warren and Nelson, 1987). This observation together with the different timecourse
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required for the disruption of adherens junctions (1 h-4 h) and the loss of desmosomes 

and tight junctions (16 h-24 h) indicates the possibility of different regulation of adherens 

junctions and desmosomal or tight junction disruption.

Indeed, tight junctions and desmosomes were only lost from intercellular junctions in 

completely detached cells, showing that adherens junctions are disrupted during cell 
spreading and tight junctions and desmosomes during cell scattering. In general, it has 

been reported that the stability of tight junctions is dependent on the presence of tight 
junctions. In Ca^+-switch experiments desmosomes and tight junction are destabilized 
when adherens junctions which are Ca^+-dependent are absent. In addition, the binding 
of antibodies specific for E-cadherin to MDCK cells before a Ca^+-switch not only blocks 
the formation of adherens junctions but also the assembly of tight junctions, 
desmosomes, and gap junctions (Behrens et al., 1985, Gumbiner et al., 1988). It 
appears, therefore, that the loss of adherens junctions precedes the dispersal of tight 
junctions and desmosomes as the latter two might be destabilised through the absence of 
adherens junctions. However, Ca^+-switch experiments are not completely comparable to 
the HGF/SF-responses on intercellular junctions. In Ca^+-switch experiments the 
formation of intercellular junctions and in the HGF/SF-response the disruption of 
intercellular junctions is observed. In fact, it was found that disruption of desmosomes 
and tight junctions required more than the absence of adherens junctions when the effect 
of activated Ras on intercellular junctions was monitored. The conclusion is that tight 
junction and desmosome dispersal requires the breakdown of adherens junctions together 
with an additional signal which could be in fact the forces generated by the movement of 
cells from its neighbours. Interestingly, it has been shown that actin microfilaments 
terminate at or near tight junctions and disruption of actin filaments causes a decrease in 
tight junction function as measured by TFR (Meza et al., 1980, Meza et al., 1982).

A further difference between the regulation of adherens and tight junctions was revealed 
by the fact that adherens junctions disruption occurred without increased tyrosine 
phosphorylation of adherens junction proteins whereas the phosphotyrosine content of 
ZO-1 increased with HGF/SF stimulation. Increased levels of tyrosine phosphorylation 

of ZO-1 have been shown before to lead to a decrease in tight junction function and 
intracellular relocalization (Staddon et al., 1995, Van Itallie et al., 1995). Consequently, 

tight junction function was likely to be affected during cell spreading although no obvious 
changes in ZO -I localization in response to HGF/SF were detected by 

immunofluorescence at this timepoint.
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Chapter 4

Signalling proteins involved in mediating HGF/SF-induced
motility and their influence on intercellular junctions

4.1 Introduction

It has been shown that the motile response to HGF/SF is mediated by the GTPases Ras 

and Rac (Ridley et ah, 1995). HGF/SF activates Ras by increasing the level of Ras-GTP 
(Graziani et ah, 1993), and HGF/SF-induced cell motility is dependent on Ras (Ridley et 
ah, 1995). Microinjection of activated Ras protein induces Rac-dependent ruffling, 
lamellipodium formation and spreading of MDCK cell colonies but does not induce cell 
dissociation or scattering. MDCK cell lines expressing constitutively active Ras, 
however, can display a scattered phenotype (Schoenenberger et ah, 1991), possibly as a 
result of the secretion of autocrine factors which stimulate scattering. In contrast to the 
requirement for Ras and Rac in the HGF/SF response, Rho actually inhibits spreading 
and scattering (Ridley et ah, 1995), probably because the increase in stress fibers and 
focal adhesions interferes with the extension of lamellipodia required for cell motility.

In addition to activation of the p42/p44 MAPK cascade, Ras activates P13K and 
RalGEFs (Wolthuis and Bos, 1999). P13K has been implicated downstream of Ras in 
mediating membrane ruffling and lamellipodium formation (Rodriguez-Viciana et ah,
1997). HGF/SF has also been shown to activate P13K in MDCK cells and wortmannin, 
an inhibitior of P13K, blocks scattering of MDCK cells in response to HGF/SF (Royal 
and Park, 1995). However the stage of the scattering response that is inhibited by 
wortmannin has not been defined. In addition, scattering requires the disruption of 
intercellular junctions. It has recently been reported that E-cadherin-mediated cell-cell 
adhesion in MDCK cells promotes P13K-dependent activation of PKB and PKB has been 
shown to localize to p-catenin-containing adherens junctions implicating a role for PKB in 
the regulation of intercellular adhesion (Pece et ah, 1999, Watton and Downward, 1999).

In summary, it is known that Ras is required for HGF/SF-induced cell motility, however 
the signalling pathways downstream of Ras involved in the HGF/SF response have not 
been characterized in detail. In addition, the role of MAPK activation in the scattering 

response of MDCK cells is unknown. It was therefore investigated how Ras and potential 
signalling pathways activated by Ras participate in regulating HGF/SF-induced disruption 

of intercellular adhesions and scattering.
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4.2 Results

4.2.1 HGF/SF induces sustained activation of p42/p44 MAPK

It has been shown that HGF/SF rapidly activates the p42/p44 MAPK cascade in A549 
cells (Ponzetto et ah, 1994), but the response in MDCK cells has not been reported, nor 

has the length of time for which p42/p44 MAPK remains activated following HGF/SF 

stimulation been investigated. To determine the timeframe within which p42/p44 MAPK 
is activated and how this relates to the spreading and scattering phases of the motile 

response induced by HGF/SF, MDCK cells were incubated with HGF/SF, with or 
without pre-incubation with PD98059, for differing lengths of time. The compound 
PD98059 has been shown to inhibit growth factor-induced activation of MAPKKl/2 in 
various cell types, and thus to inhibit p42/p44 MAPK activation. PD98059 seems to be 
stable for at least 16 h at a concentration of 50 pM at 37°C (Alessi et al., 1995, Dudley et 
al., 1995).

Western blotting of MDCK cell lysates with an antibody recognizing only the activated, 
phosphorylated form of p42/p44 MAPK revealed that HGF/SF activates MAPK within 
10 min and that this activation is maintained for at least 4 h (Fig. 4.1, top blot). At 16 h 
there was still a low level of phosphorylated p42/p44 MAPK detectable, but this was not 
always observed in different experiments (3 out of 6 times). Activation of p42/p44 
MAPK was inhibited at all timepoints by preincubating the cells with PD98059 at 50 pM 
(IC50  for M APKKl/2; [Alessi et al., 1995]) for 1 h before addition of HGF/SF (Fig. 
4.1, top blot). The Western blot was reprobed with an antibody recognizing total p42/p44 
MAPK (ERKl/2) to confirm that similar levels of p42/p44 MAPK were present in all 
lanes (Fig. 4.1, bottom blot). p42/p44 MAPK is therefore active throughout the cell 
spreading stage of the HGF/SF-induced motility response. This prolonged activation of 
p42/p44 MAPK by HGF/SF contrasts with the rapid timecourse of activation and 
inactivation induced by many growth factors (Marshall, 1995).

4.2.2 The M A PK K l/2 inhibitor PD98059 blocks HGF/SF-induced  
scattering

The motile réponse of MDCK epithelial cells to HGF/SF can be divided into two stages 
(Stoker and Perryman, 1985, Dowrick et al., 1991, Ridley et al., 1995): first, colonies of 
cells extend lamellipodia and spread for 4-6 h after addition of HGF/SF and then the cells 

start to detach from each other so that by 16 h most cells are scattered (Fig. 4.2, a and b).
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Fig. 4.1

HGF/SF induces sustained activation of p42/p44 MAPK

Cells were stimulated with HGF/SF (HOF) for 10 mins, 4 h or 16 h with (+) or without 

(-) preincubation with 50 pM PD098059. The cells were subsequently lysed and the 
lysates were electrophoresed on SDS-polyacrylamid gels and tranferred to PVDF 
membranes. The upper panel shows Western blotting for the activated, phosphorylated 
form of p42/p44 MAPK (pMAPK). The lower panel shows the blot reprobed with an 
anti-ERKl antibody against total p42/p44 MAPK (ERK1/ERK2).
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Ras is required for HGF/SF-induced motile responses (Hartmann et al., 1994, Ridley et 
al., 1995) and is known to activate the p42/p44 MAPK cascade (Marshall, 1996). To 

determine if inhibiting the p42/p44 MAPK cascade affected the motility response to 

HGF/SF, cells were treated PD98059 at different concentrations (5 jiM, 25 )liM  and 50 

|iM). Pretreatment of cells with PD98059 at 50 |iM  for 1 h before addition of HGF/SF 

completely blocked scattering (Fig. 4.2c).

Time-lapse videomicroscopy of cells treated with PD98059 confirmed that the motile 
response to HGF/SF was inhibited as cells did not spread or scatter when incubated with 
50 |xM PD98059 and HGF/SF for 16 h (data not shown). The inhibitor was not toxic to 
MDCK cells for at least 48 h after addition and its effects were fully reversible. When 
cells were washed free of PD98059 and fresh HGF/SF was added, they scattered 
completely and scattering was induced earlier than usual (after 2 h) (data not shown). 
These observations suggest that p42/p44 MAPK activation is required for a key step of 
the motility response to HGF/SF.

4.2.3 HGF/SF-induced disruption of adherens junctions is inhibited by 
PD98059

The images in Fig. 4.2 show that loss of cell-cell contact induced by HGF/SF is 
prevented by PD98059. As described in Chapter 3, cell-cell contact in MDCK cells is 
maintained via tight junctions, desmosomes and adherens junctions. To determine 
whether p42/p44 MAPK activation plays a specific role in the disruption of any of these 
intercellular junctions, the localization of adherens junction proteins was investigated 
initially, as in Chapter 3 it was shown that adherens junctions disperse first following 
HGF/SF addition. Immunofluorescence staining showed that the adherens junction 
components p-catenin and E-cadherin localized to intercellular junctions in unstimulated 
MDCK cells (Fig. 4.3, a and b). As described in Chaper 3, when cells were incubated 
with HGF/SF, p-catenin and E-cadherin started to disperse within 2 h and were no longer 
detected at intercellular junctions by 4 h (Fig. 4.3, c and d, note that panels a-d of Fig.
4.3 have already been used in Fig. 3.2 and are repeated to facilitate comparison with cells 
treated with PD98059 as shown in Fig. 3.2, e and f). When cells were pretreated for 1 h 
with 50 pM  PD98059 before addition of HGF/SF for 4 h, the HGF/SF-induced dispersal 

of both p-catenin and E-cadherin was prevented (Fig. 4.3, e and f). When cells were 
incubated with 50 jiM PD98059 and HGF/SF for 16 h, cells still preserved their 

intercellular junctions and cell shape (data not shown).
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Fig. 4.2
HGF/SF-induced scattering is blocked by the M APKKl/2 inhibitor 
PD 098059

Phase contrast images of a colony of MDCK cells are shown prior to the addition of 
HGF/SF (a) or at 16 h (b) after addition of HGF/SF. Cells in panel c were preincubated 

with 50 pM  PD098059 before addition of HGF/SF for 16 h. The bar in panel c 
represents 50 pm and applies also to panels a and b.
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Fig. 4.3

Disruption of adherens junctions by HGF/SF is blocked by the 
MAPKKl/2 inhibitor PD98059

Unstimulated MDCK cells (a and b) were incubated with HGF/SF for 4 h (c and d) or 
were preincubated with 50 pM PD98059 (e and f) before addition of HGF/SF for 4 h. 
MDCK cells were then fixed and stained for p-catenin (a, c and e) and E-cadherin (b, d 
and f) localization. Bar, 10 pm.
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4.2.4 Dominant negative mutants of MAPKKl inhibit HGF/SF-induced 
loss of adherens junctions

The data obtained with the MAPKKl/2 inhibitor PD98059 suggest that p42/p44 MAPK 

is involved in mediating the loss of adherens junctions induced by HGF/SF. Further 

evidence for this role of p42/p44 MAPK was obtained by expressing two dominant 
negative versions of MAPKKl in MDCK cells: a kinase dead mutant, AFG MAPKKl (in 

which asparate is substituted by alanine in the DFG motif to prevent Mg^+ binding, for 
review on DFG motif see [Johnson et ah, 1998]) and a mutant which cannot be 
phosphorylated by Raf within the catalytic domain (Alessi et ah, 1994) (Ala-221 
MAPKKl, in which serine 221 is substituted with alanine; see [Cowley et ah, 1994]). 
Expression vectors encoding these proteins were microinjected into cells which were then 
incubated for 6 h to allow expression of the proteins and subsequently treated with 
HGF/SF for 2 h (Fig. 4.4A) or 16 h (Fig. 4.4B). Expression of the AFG MAPKKl 
(Fig. 4.4A, a and b) and the Ala-221 MAPKKl (Fig. 4.4A, c and d) mutants inhibited 
both the dispersal of p-catenin after 2 h of HGF/SF stimulation (Fig. 4.4A, arrows 
indicate p-catenin at intercellular junctions of injected cells and the arrowheads point to 
disrupted junction in uninjected cells) and E-cadherin (data not shown).

When cells were stimulated with HGF/SF for 16 h, cells expressing AFG MAPKKl 
(Fig. 4.4B, a and c) or Ala-221 MAPKKl (Fig. 4.4B, b and d) still maintained their 
adherens junctions (arrowhead indicating p-catenin in injected neighboring cells in Fig. 
4.4B, c and d) and also did not scatter (Fig. 4.4B, a and b). Note that one cell which did 
not express the dominant MAPKKl mutant, started to lose its adherens junctions and 
detached from the neighbouring injected cell (shown for Ala-221 MAPKKl in Fig. 4.4B, 
b and d, arrow indicating the uninjected cell). Activation of p42/p44 MAPK by HGF/SF 
therefore contributes to cell motility at least in part by mediating the disruption of 
adherens junctions.

Some cells microinjected with the Ala-221 MAPKKl mutant displayed intercellular 
aggregates of p-catenin (22% of analysed cells displayed these at 10 h after injection and 
40% of them 22 h after injection). Hardly any cells expressing the AFG MAPKKl 

mutant displayed these aggregates (only 10% 22 h after injection and none 10 h after 
injection) and they were not observed in uninjected cells, cells expressing other 
constructs, or cells treated with PD98059 for longer times, e.g. 7 h. The different effects 

of the MAPKKl mutants on p-catenin localization in the cytoplasm could be due to the 
fact that the two mutants interfere with different steps in the p42/p44 MAPK cascade. In 

fact, the Ala-221 MAPKKl mutant cannot be phosphorylated by MAPKKK (Raf) 
(Alessi et al., 1994) and acted like the PD98059 compound as it inhibited the activation
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Fig. 4.4

A. Dominant negative mutants of MAPKKl block disruption of adherens 
junctions

MDCK cells were microinjected with constructs expressing dominant negative mutants of 

MAPKKl, AFG MAPKKl (100 ng/pl) (a and b) and Ala-221 MAPKKl (100 ng/pl) (c 
and d). After microinjection cells were incubated for 6 h before addition of HGF/SF for 2 

h. Cells were stained for p-catenin (a and c) and for expression of the mutant MAPKKl 
using the rabbit-anti MAPKKl antibody (b and d). The arrows in panels a and c show p- 
catenin localizing to adherens junctions in injected cells and the arrowheads indicate 
disrupted adherens junctions in uninjected cells. Bar, 10 pm.

B. Dominant negative mutants of MAPKKl block disruption of adherens 
Junctions and scattering induced by HGF/SF

MDCK cells were microinjected with AFG MAPKKl (100 ng/pl) (a and c) and Ala-221 
MAPKKl (100 ng/pl) (b and d) (injected colony shown in red), stimulated with HGF/SF 
for 16 h and stained for p-catenin (p-catenin shown in green). Injected cells did not scatter 
in response to HGF/SF but note the detachment of a single uninjected cell from an 
injected colony indicated with arrows in panels b and d. Injected cells retained p-catenin in 
cell-cell junctions (p-catenin indicated by arrowheads in c and d). The bar represents 5 pm 
in panel a and b and 15 pm in panel c and d.
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of MAPKKl. In contrast, the AFG MAPKKl mutant is a kinase dead mutant and thus 

prevents the activation of endogenous p42/p44 MAPK (ERK1/ERK2) (C.Marshall 
personal communication, for review of DFG motif see [Johnson et al., 1998]). Blocking 

Raf kinase to MAPKKl signalling could therefore have distinct effects on signalling and 
thus intracellular localization of p-catenin from blocking MAPKKl signalling to MAPK.

Similar aggregates of E-cadherin have previously been observed in MDCK cells 

overexpressing NlVRacl although these cells also show E-cadherin staining at the plasma 
membrane (Jou and Nelson, 1998). These aggregates colocalized with F-actin in the case 
of NlVRacl whereas in V12Racl-expressing cells aggregates were formed between F- 
actin and intracellular GP135, an actin-associated apical membrane protein. (Jou and 
Nelson, 1998) assume that overexpression of V12Racl in MDCK cells influences the 
intracellular trafficking of GP135 to the plasma membrane leading to the formation of 
these intracellular aggregates. Although it is not known that R a d  plays a role in direct 
vesicle transport from the Golgi complex to the plasma membrane, it has been shown to 
affect endocytosis (Lamaze et al., 1996). It has been suggested that NlVRacl blocks the 
release of E-cadherin from intracellular stores to basolateral membranes, perhaps by 
affecting linkage between E-cadherin and the actin cytoskeleton, which is critical for 
maturation of cell-cell contacts (Jou and Nelson, 1998).

4.2.5 Dominant activated MAPKKl can not disrupt adherens junctions or 
induce cell scattering

It has been shown that Raf-1 activates MAPKKl through phosphorylation on two serine 
residues within the catalytic domain, serine 21V and serine 221. Substitution of these 
residues with acidic amino acids mimics phosphorylation and leads to partial activation of 
MAPKKl (Alessi et al., 1994, Zheng and Guan, 1994). By mutating these sites to 
glutamate in the Glu-21V/221 MAPKKl mutant, a constitutively activated interfering 
mutant of M APKKl has been generated (Alessi et al., 1994). The Glu-21V/221 
MAPKKl mutant has been shown to induce a constitutive activation of p42/p44 MAPK 
that was 1.9 fold greater than that produced by EGF treatment of cells expressing wild- 
type MAPKKl in COS cells and to induce neurite outgrowth in PC 12 cells in the absence 
of differentiating factors (Cowley et al., 1994).

To test the effect of activating p42/p44 MAPK on adherens junctions, the constitutively 
active Glu-21V/221 MAPKKl mutant was microinjected into MDCK cells. From 4 h 

onwards following microinjection, expression of the Glu-21V/Glu-221 MAPKKl mutant 

was readily observed when cells were stained with a rabbit polyclonal antibody
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recognizing MAPKKl (Alessi et al., 1994). However, changes in the actin cytoskeleton 

could only be observed when cells were incubated for at least 16 h following 

microinjection (Fig. 4.5). After this long incubation period, cells expressing Glu- 

217/Glu-221 MAPKKl (Fig. 4.5d) displayed a reduced number of stress fibres in 

comparison to uninjected cells (see arrowheads for location of stress fibres in Fig. 4.5c). 

In addition, it was observed that the injected cells changed their morphology and showed 

extensions which, however, do not resem ble lamellipodia or filopodia. It appeared that 

these cells adopted a more elongated cell shape suggesting that long-term activation of 
p42/p44 MAPK leads to transcriptional changes which might induce morphological 
transformation of these cells.

Despite the changes in the actin cytoskeleton, no changes in adherens junctions were 
observed (Fig. 4.5a) although the injected cells showed extensions after to long-term 
expression of Glu-217/Glu-221 MAPKKl (Fig. 4.5b). In conclusion, these data indicate 

that activated MAPKKl alone is not able to disrupt adherens junctions like HGF/SF (Fig. 
3.2).

4.2.6 Activated Raf is not sufficient to disperse junctions or induce cell 
motility

To investigate further the role of the p42/p44 MAPK cascade in the regulation of adherens 
junction disruption, an expression vector encoding activated Raf (pEFHm-RAFCAAX- 
Myc) was microinjected into MDCK cells (Fig. 4.6). This Raf mutant is constitutively 
activated as is targeted to the membrane through the addition of the carboxy-terminal 
membrane localization sequence of K-Ras and therefore bypasses the requirement for Ras 
in its activation (Leevers et al., 1994). Expression of RafCAAX was visualized using a 
mouse anti-myc antibody 9E10 recognizing the amino-terminal myc tag of RafCAAX 
(Fig. 4.6d). It was not possible to detect both RafCAAX and p-catenin by 
immunofluorescence, because both were recognized by mouse antibodies. Detection of 
cells expressing Raf was facilitated therefore by injection of pEFHm-RAFCAAX-Myc 
together with TRITC-dextran. The construct was efficiently expressed as in cells co

injected cells with TRITC-dextran and pEFHm-RAFCAAX-Myc all cells positive for 
TRITC-dextran were also positive with the myc antibody (data not shown). RafCAAX 
expression was therefore not toxic to cells and it was assumed in the double 

immunofluorescence experiments of p-catenin and injected cells, that the injected cells 
visualized via TRITC-Dextran expressed Raf (Fig. 4.6, b and f).
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Fig. 4.5

Dominant activated MAPKKl does not disrupt adherens junctions

MDCK cells were microinjected with a construct expressing a dominant active mutant of 
M APK K l, Glu-217/221 M APKKl (100 ng/|il). After microinjection cells were 

incubated for 16 h before staining for p-catenin (a) and actin filaments (c). Expression of 
the mutant MAPKKl in microinjected cells was detected using the rabbit-anti MAPKKl 
antibody (b and d). The arrowheads in panel c indicate stress fibres in an uninjected cell 
in comparison to an injected cell and the arrow indicates a protrusion. Bar, 10 pm.
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Fig. 4.6

Expression of membrane-targeted Raf does not induce dispersion of p-
catenin or cell motility

Cells were microinjected with a plasmid encoding membrane-targeted Raf (pEFHm- 

RAFCAAX-Myc) incubated for 6 h (a, b, e and f) or 16 h (c and d) and then stained for 
actin filaments (a and c) or p-catenin (e). Injected cells were visualized either using an 
antibody against myc (d) or by co-injection of TRITC-dextran (b and f). The arrow in 
panel c indicates the loss of stress fibres and the arrowheads show actin-rich protrusions. 
The arrow in panel e indicates the localization of p-catenin at adherens junctions of 
injected cells. Bar, 10 pm.
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Although RafCAAX is known to activate the p42/p44 MAPK cascade (Leevers et al.,

1994), no changes in the actin cytoskeleton (Fig. 4.6a) or intercellular junctions (Fig. 
4.6e) were apparent 6 h after microinjection. In fact, the staining for |3-catenin between 

injected cells was very similar to that between uninjected cells (arrow in Fig. 4.6e 

indicating an intact adherens junction between injected cells).

When microinjected cells were incubated for a longer time, e.g. 16 h, they displayed a 
similar phenotype to that observed with Glu-217/Glu-221 M APKKl (Fig. 4.5): 
disassembly of stress fibres (arrow in Fig. 4.6c) and actin-rich protrusions. In the case of 

RafCAAX, some small lamellipodia were also observed (arrowheads in Fig. 4.6c 
indicating protrusions and lamellipodia) which were not detected in cells expressing the 
activated mutant Glu217/221 MAPKKl (Fig. 4.5c). This difference could be due to the 
fact that RafCAAX might be a more potent activator of p42/p44 MAPK than Glu217/221 
MAPKKl.

In conclusion, activation of p42/p44 MAPK is not sufficient to mimic the HGF/SF- 
induced changes in the actin cytoskeleton or intercellular junctions when constructs 
leading to the activation of p42/p44 MAPK are expressed for a short time (6 h -10  h).

4.2.7 HGF/SF-induced disruption of adherens junctions is dependent on 
PI3K activation

As inhibition of p42/p44 MAPK will block the HGF/SF responses (Fig. 4.2, Fig. 4.3, 
Fig. 4.4) but activation is not able to induce reorganization of the actin cytoskeleton and 
disruption of intercellular junctions (Fig. 4.5, Fig. 4.6), it was clear that an additional 
downstream target of the HGF/SF receptor must be involved in controlling these 
changes.

Another downstream target of the Met receptor is PI3K (Ponzetto et al., 1993). Inhibition 
of PI3K using the fungal metabolite wortmannin has previously been shown to reduce 
HGF/SF-induced scattering (Royal and Park, 1995). The role of PI3K in the HGF/SF- 
induced disruption of adherens junctions was investigated using LY294002, a synthetic 

compound which blocks PI3K specifically (IC50  =1.4  pM) without affecting the activity 
of protein serine/threonine kinases, protein tyrosine kinases and lipid kinases (PI 4- 

kinase) when used at concentrations of up to 50 pM (Vlahos et al., 1994).

MDCK cells were stained for p-catenin and E-cadherin without HGF/SF (Fig. 4.7A, a 
and b) or after addition of HGF/SF for 4 h which led to complete dispersion of p-catenin
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and E-cadherin-containing junctions (Fig. 4.7A, c and d, please note that panels a-d of 

Fig. 4.7A have been used already in Fig. 3.2 and Fig. 4.3 and are repeated here to 

facilitate comparison with cells treated with LY294002 shown in Fig. 4.7A, e and 

f).When cells were pre-incubated for 1 h with the PI3K inhibitor LY294002 at 20 |iM, p- 

catenin- and E-cadherin-containing junctions remained intact even 4 h after addition of 
HGF/SF (Fig. 4.7A, e and f). Actin filament staining revealed that lamellipodium 

extension was also inhibited by LY294002 (data not shown), in agreement with previous 

studies in other cell types showing that PI3K is required for lamellipodium formation and 
membrane ruffling (Hawkins et al., 1995, Rodriguez-Viciana et al., 1997).

The effects of PD98059 and LY294002 on adherens junctions were quantitated by 
scoring cells for p-catenin /E-cadherin staining at cell-cell contacts (Fig. 4.7B). Only 2% 
of control MDCK cells lacked detectable p-catenin or E-cadherin staining at sites of cell 
interaction. However, when cells were treated with HGF/SF for 4 h, 78% of the cells 
showed disrupted adherens junctions when stained for p-catenin and 89% of the cells had 
lost E-cadherin from intercellular contacts. Preincubation of cells with LY294002 or 
PD98059 completely inhibited the HGF/SF-induced loss of p-catenin and of E-cadherin 
from junctions.

4.2.8 HGF/SF-induces the redistribution of adherens junction proteins 
from the detergent insoluble to the detergent soluble fraction

The HGF/SF-induced loss of E-cadherin and p-catenin from intercellular junctions could 
be a result of degradation of the proteins and/or their relocalization away from the 
junctions. Fractionation of MDCK cell lysates into NP-40-soluble and -insoluble 
fractions showed that HGF/SF induced a decrease in the amount of E-cadherin and p- 
catenin in the insoluble fraction, but that the overall level of each protein was unchanged 
(Fig. 4.8). These results indicate that the HGF/SF-induced loss of adherens junctions 
observed by immunocytochemical staining correlates with a decrease in the association of 
E-cadherin and p-catenin with the detergent-insoluble fraction, which is presumed to 
contain cytoskeletally-associated protein complexes. A small proportion of NP-40- 
insoluble p-catenin and E-cadherin remained after the addition of HGF/SF, which 

presumably reflects some association of these proteins with the actin cytoskeleton even
when adherens junctions were lost. A similar proportion of Triton X-100-insoluble E- 
cadherin was observed in MDCK cells maintained in low extracellular Ca^^-concentration 

to prevent adherens junction formation (Shore and Nelson, 1991).
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Fig. 4.7

A. Disruption of adherens junctions by HGF/SF is blocked by the PI3K

inhibitor LY294002

Unstimulated MDCK cells (a and b) were incubated with HGF/SF for 4 h (c and d) or 
were preincubated with 20 pM LY294002 (e and f) before addition of HGF/SF for 4 h. 
MDCK cells were then fixed and stained for p-catenin (a, c and e) and E-cadherin (b, d, 
and f) localization. Bar, 10 pm.

B. Disruption of adherens junctions is inhibited by LY294002 and
PD98059

MDCK cells were treated as indicated with 20 pM LY294002 (LY) or 50 pM PD098059 
(PD) before addition of HGF/SF (HGF) for 4 h. Disrupted junctions in control cells 
(cont) and stimulated cells were defined as junctions where no E-cadherin and p-catenin 
could be detected at the sites of intercellular contact and were subsequently counted. The 
numbers represent the mean of 300 cells which were counted in three independent 
experiments.
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Fig. 4.8

E-cadherin and p-catenin are redistributed from the NP-40-insoluble 
fraction to the soluble fraction in réponse to HGF/SF

Cell lysates of unstimulated control cells (C) or cells incubated with HGF/SF for 4 h 
(HGF) or cells treated with 20 |iM  LY294002 for 1 h before addition of HGF/SF 

(HGF/LY) or 50 pM PD98059 (HGF/PD) were fractionated into a NP-40-soluble (S) 
and NP-40-insoluble (I) fraction. Equal sample volumes were loaded and probed for E- 
cadherin (upper blot) and p-catenin (lower blot).
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PD98059 and LY294002 inhibited this redistribution of E-cadherin and p-catenin to the 

soluble fraction (Fig. 4.8). These results support the observations from the 

immunofluorescence studies, indicating that both p42/p44 MAPK and PI3K are required 

for changes in B-cadherin/p-catenin distribution at the plasma membrane.

4.2.9 LY294002 and PD98059 do not induce changes in the level of 
tyrosine phosphorylation of p-catenin or E-cadherin

It was previously reported that in cells expressing the oncogene v-src, p-catenin and E- 
cadherin are phosphorylated on tyrosine residues and these modifications correlate with 
the transformed phenotype. However, the level of expression of E-cadherin was not 
changed. This suggests that tyrosine phosphorylation of one or more components of the 
cadherin/catenin complex might promote junctional disassembly required for invasiveness 
of tumour cells (Behrens et ah, 1993). Interestingly, certain growth and motility factors 
that activate receptor tyrosine kinases cause the breakdown of epithelial junctions and 
HGF/SF itself acts through the receptor tyrosine kinase Met. However, HGF/SF did not 
induce an increase in the level of tyrosine phosphorylation of p-catenin, E-cadherin or a- 
catenin (Fig. 3.4). As the disruption of adherens junctions was shown to be p42/p44 
MAPK and PI3K-dependent (Fig. 4.3 and Fig. 4.7), it was investigated if any changes in 
the level of tyrosine phosphorylation of p-catenin, E-cadherin or a-catenin would occur if 
cells were treated with PD98059 or LY294002.

Detergent-soluble proteins were extracted and immunoprecipitated with an antibody 
against p-catenin after a 2 h stimulation of MDCK cells with HGF/SF in the presence or 
absence of LY294002 or PD98059. When the resulting blots were probed with an anti- 
phosphotyrosine antibody, no increase in the level of tyrosine phosphorylated p-catenin 
(molecular weight 92 kDa) could be observed in comparison to unstimulated cells (Fig. 
4.9, top blot). The blot was stripped and reprobed with an anti-p-catenin antibody to 
show that equal amounts of protein were immunoprecipitated (Fig. 4.9, bottom blot). In 
addition, it was noted that E-cadherin and a-catenin coimmunoprecipitated with p-catenin 
as indicated. The 120 kDa band was shown to correspond to E-cadherin and the 102 kDa 
band to a-catenin in different experiments (not shown) and in Chapter 6 (Fig. 6.10).

In addition, the level of tyrosine phosphorylation on E-cadherin and a-catenin were not 
significantly increased (Fig. 4.9, top blot). The slight increase in E-cadherin levels in 

cells treated with LY294002 in the phosphotyrosine blot was not significant
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Fig. 4.9

LY294002 or PD98059 do not change the level of tyrosine 
phosphorylation of p-catenin or E-cadherin

MDCK cells were lysed unstimulated (-) or stimulated with HGF/SF for 2 h after 
preincubation for 1 h with 50 |iM  PD98059 (+PD) or 20 pM LY294002 (+LY) or 

without preincubation with inhibitors (-). p-catenin was immunoprecipitated from these 
lysates and the precipitates resolved by SDS-polyarylamide gel analysis and transferred to 
a PVDF membrane. In the top blot, the membrane was probed with the anti- 
phosphotyrosine antibody PY99. Three bands corresponding to the sizes of E-cadherin 
(120 kDa), a-catenin (102 kDa) and p-catenin (92 kDa) were revealed. The membrane 
was stripped and reprobed with the antibody against p-catenin showing equal amounts of 
precipitated p-catenin protein (bottom blot).
The data are representative of three different experiments.

135



p-cat IP 2h HGF

-  +PD +LY

9 7  kD a —

E-cadherin

a-catenin
p-catenin

136



as it was not observed in other experiments. Tyrosine phosphorylation of E-cadherin or 

p-catenin was therefore not required for the HGF/SF-induced disassembly of adherens 

junctions.

4.2.10 Ras induces disruption of adherens junctions but not tight 
junctions or desmosomes

The results presented here show that two targets of Ras signalling, the p42/p44 MAPK 
cascade and PI3K, are required for adherens junction disassembly. However, neither 
activated MAPKKl (Fig. 4.5) nor Raf (Fig. 4.6) were able to mimic HGF/SF-induced 
disruption of adherens junctions and cell scattering. It was therefore investigated whether 
Ras itself could induce changes in intercellular junctions in microinjection experiments.

Constitutively active V12Ras protein disrupted adherens junctions by 1 h following 
microinjection as monitored by p-catenin localization (Fig. 4.10a, arrow indicating two 
injected cells with a dispersed adherens junctions, arrowhead showing an intact junction). 
Quantification of these responses showed that V12Ras and HGF/SF disrupted adherens 
junctions to a similar extent (compare Fig. 4.7B and Fig. 4. IOC). The Ras-induced loss 
of p-catenin from junctions was blocked when cells were pretreated with 50 pM PD98059 
1 h prior to microinjection (Fig. 4.10A, c and d) or 20 pM LY294002 (Fig. 4.10A, e and 
f). These results show that V12Ras signalling is sufficient to induce adherens junction 
disassembly and that, as with HGF/SF, this is dependent on both p42/p44 MAPK and 
PI3K.

In contrast to its effects on adherens junctions, Ras did not detectably disrupt tight 
junctions or desmosomes (Fig. 4.I0B). ZO-I was detected in nearly all cell-cell contacts 
in uninjected cells (arrowhead in Fig. 4.I0A a), and at different time points after VI2Ras 
injection (2 h, 4 h, 6 h, 8 h, 16 h). The localization of ZO-1 was unaltered (shown for 16 
h in Fig 4.I0B a, arrow indicates ZO-1 localization between two injected cells). 
Similarly, the localization of desmoplakin was unchanged at these time points (shown for 
16 h in Fig. 4.1 OB c, arrow indicates desmoplakin localization between two injected 

cells). The V I2Ras protein was still active up to 16 h after injection as determined by the 

presence of lamellipodia on injected cells stained for actin filaments (data not shown) 
(Ridley et al., 1995). From these results it can be concluded that Ras induces disruption 

of adherens junctions but not tight junctions and desmosomes (see also Fig. 4. IOC), and 
therefore that the latter junctions are regulated by a different signalling pathway not 

activated by Ras.
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Fig. 4.10

A. Ras-induced disruption of adherens junctions is inhibited by PD98059
or LY294002

Cells were microinjected with V12Ras (35 ng/pl), fixed after 1 h and stained for p-catenin 
(a, c and e). Microinjected cells were detected by co-injection of TRITC-dextran (b, d and 
f). Cells were preincubated with 50 pM PD98059 (c and d) or with 20 pm LY294002 (e 
and f) prior to microinjection. The arrow in panel a shows the dispersion of p-catenin in 
injected cells and the arrowhead indicates the localization of p-catenin at adherens 
junctions in uninjected cells. Bar, 10 pm.

B. Ras does not disrupts desmosomes or tight junction

Cells were microinjected with V12Ras (100 ng/pl), fixed after 16 h and stained for ZO-1 
(a) or for desmoplakin (c). Microinjected cells were detected by co-injection of TRITC- 
dextran (b and d). The arrows indicate the localization of ZO-1 (a) and desmoplakin (c) in 
injected cells in comparison to their distribution in uninjected cells indicated by 
arrowheads. Bar, 10 pm.

C. Summary of Ras-induced disruption of intercellular junctions

Cells microinjected with V12Ras (ras) were pre-incubated with or without LY294002 (ly) 
or PD98059 (pd) for 1 h prior to injection, as indicated. Cells were fixed 1 h after 
injection and stained for p-catenin (be) and E-cadherin (ec) or incubated for 16 h and 
stained for ZO-1 (zo-1) or desmoplakin (dp). The numbers represent the mean of at least 
three independent experiments (the error bars represent the mean of 5 experiments) where 
100 cells were injected in each experiment or where 100 uninjected cells (control) were 
counted.
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4.2.11 Ras and Rac are required for the HGF/SF-induced breakdown of 
adherens junctions

The above experiments showed that constitutively active Ras can activate signalling 

pathways leading to the disassembly of adherens junctions. To determine whether Ras is 

normally required for HGF/SF-induced loss of adherens Junctions, a dominant negative 
Ras protein, N17Ras, was expressed in MDCK cells. Dispersal of p-catenin (Fig. 4.11) 
and E-cadherin (data not shown) induced by HGF/SF was inhibited by microinjection of 
an expression vector encoding NlTRas (pEXV3-N17HRas-myc) (Fig. 4.11a, arrowhead 
indicating p-catenin in injected cells).

As Ras-induced spreading and actin reorganization is dependent on Rac (Ridley et al.,
1995), the possibility that Rac also acts downstream of Ras to mediate adherens junction 
disassembly was investigated. In cells injected with a dominant negative version of Rac, 
N17Racl (Ridley et al., 1992), the redistribution of p-catenin induced by HGF/SF was 
prevented (Fig. 4.11c, arrowhead indicates p-catenin at an intercellular junction between 
injected cells). The Ras-mediated disruption of adherens junctions was also dependent on 
Rac as in cells co-injected with V12Ras and N17Racl proteins, Ras-induced dispersal of 
p-catenin was completely blocked (Fig. 4.1 le). These data indicate that the breakdown of 
adherens junctions induced by HGF/SF is dependent on Ras acting upstream of Rac.

4.2.12 PI3K and Rac induce actin reorganization but are not sufficient to 
induce disruption of adherens Junctions

To determine whether activated PI3K alone alters adherens junction integrity or actin 
organization, cells were microinjected with a plasmid encoding the p i 10a subunit of 
PI3K (pSG5-5-Myc-pllOa-WT-3-K-Ras, which is targeted to the plasma membrane by 
virtue of the addition of a carboxy-terminal membrane localization sequence from K-Ras 
(includes the carboxy-terminal 20 amino acids of K-Ras4B, [Leevers et al., 1994]). In 
general, it was observed that expression of p i lOaCAAX was toxic as most injected cells 
died when p i lOaCAAX was expressed for longer than 3 h and therefore only a few cells 
expressing were detected after 6 h. Other activating mutants of p i 10a were also tested but 

they proved to be even more toxic in microinjection experiments then the mutant 
described in this study (data not shown). A kinase dead version of p i 10a was not toxic 

to cells but showed no inhibitory effect on the HGF/SF-induced changes in the actin 
cytoskeleton (data not shown). This mutant, however, does not function as a dominant 

inhibitory mutant for p i 10a (Bart Vanhaesebroeck, personal communication).
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Fig. 4.11

Ras and Rac mediate the disruption of adherens junctions

In panel a, cells were microinjected with a construct expressing NlTRas (100 ng/pl). 

After microinjection cells were incubated for 6 h prior to addition of HGF/SF for 2 h and 
stained for p-catenin. In panel c, cells were microinjected with N lTRacl protein (150 
ng/pl) and incubated for 2 h with HGF/SF before staining for p-catenin. Cells were co
injected with V12Ras (100 ng/pl) and N lTRacl (100 ng/pl), incubated for 2 h and 
subsequently stained for p-catenin in panel e. The arrowheads show p-catenin localization 
at intercellular junctions in injected cells and the arrows indicate dispersed adherens 
junctions in uninjected cells (a and c). Microinjected cells were detected by co-injection of 
TRITC-dextran (b, d and f). Bar, 10 pm.
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Taken together, it appeared that overexpression of PI3K is toxic to MDCK cells. It has 

also been reported that prolonged activation of PI3K by inducible expression in rat 

fibroblasts results in apoptosis (Klippel et al., 1998).

The expression of pllOaCAAX was visualized using a rabbit antibody against p i 10a 

which detected only high expression levels of p i 1 0 a  and did not detect endogenous 
protein. After 3 h, the microinjected cells had not yet died but the expression level of 

p i 1 0 a  was not yet high enough to obtain good quality immunofluorescence images by 
confocal microscopy, although the changes in actin cytoskeleton were visible (data not 
shown). Consequently, cells microinjected with the vector encoding p i lOaCAAX were 
fixed after 6  h which resulted in a small number of cells expressing pllOaCAAX but 
which were at least detectable with the anti-pllOa antibody. Microinjection experiments 
were repeated more than ten times as in each experiment only around 8 - 2 0  cells were 
detected expressing p i 1 0 a  under these conditions.

Cells microinjected with the vector encoding pllO aCAA X  were stained for actin 
filaments and p-catenin localization (Fig. 4.12, a and c). The effect of p llO aC A A X  
expression on the actin cytoskeleton was similar to the response induced by V12Racl 
(Fig. 4.12e) (Ridley et al., 1995): increased actin filament staining at intercellular 
junctions (arrow in Fig. 4.12, a and e), a decrease in stress fibres (uninjected cells, see 
arrowheads in Fig. 4.12, a and e) and some punctate actin filament staining near 
intercellular junctions (arrow in Fig. 4.12a). Neither activated p i 10a nor Rac induced 
dispersal of p-catenin (Fig. 4.12, c and g, p-catenin at the intercellular junctions of 
injected cells indicated by arrow) or E-cadherin (data not shown) from intercellular 
junctions. In contrast, p i 10a or Rac appeared to enhance adherens junctions in 
comparison to uninjected cells (p-catenin between two uninjected cells indicated by 
arrowhead in Fig. 4.12, c and g, p-catenin between two injected cells indicated by arrow 
in Fig. 4.12, c and g), as previously reported for V12Rac (Hordijk et al., 1997, Takaishi 
et al., 1997). Taken together, these results suggest that PI3K and Rac are necessary but 
not sufficient to induce adherens junction disassembly.

4.2.13 Ras and Rac synergise in adherens junction disassembly but the 
Ras-induced disruption can not be mimicked by activated MAPKKl and 
activated Rac or by activated Raf and activated PI3K

To determine whether activated Ras will still cause disruption of adherens junctions in the 

presence of activated Rac, V 12Ras and V12Racl were co-injected into MDCK cells (Fig. 
4.13). Two hours after injection cells showed a phenotype similar to that of cells injected
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Fig. 4.12

PI3K induces Rac-like actin rearrangements but can not disrupt adherens
junctions

Cells were microinjected with a construct expressing p i lOaCAAX (100 ng/pl), incubated 
for 6  h and then stained for actin filaments (a), for p-catenin (c) and for expression of 
pllO aCA A X  with a rabbit anti-pllO a antibody (b and d). Cells microinjected with 
V12Racl protein (100 ng/pl) were incubated for 2 h and stained for actin filaments (e), 
for p-catenin (g) and were visualised by co-injection of TRITC-dextran (f and h). The 
arrowheads show the presence of stress fibres in uninjected cells (a and e) whereas the 
arrows indicate punctate F-actin staining and strong actin filament cables. The arrows in 
panel c and g indicate the presence of p-catenin in pllOaCAAX- (c) and V12Racl- 
expressing cells (g) in comparison to the distribution of p-catenin in uninjected cells 
indicated by arrowheads. Bar, 10 pm.

146



147



with V12Ras alone (Fig. 4.10,A a and b): cells showed lamellipodium formation and 

membrane ruffling, and p-catenin was scarcely detectable at sites of intercellular adhesion 

(Fig. 4.13a, arrowhead indicating disrupted adherens junction in injected cells). 

Extension of lamellipodia appeared enhanced (Fig. 4.13, a and b) in comparison to cells 

where V12Ras protein was injected alone (Fig. 4.10A, a and b).

Because inhibition of either PI3K or p42/p44 MAPK prevented HGF/SF-induced 

disruption of adherens junctions (see Fig. 4.3 and Fig. 4.7), but activation of PI3K or 
p42/p44 MAPK alone did not induce disruption of junctions, combination of activators of 
PI3K or Rac and of the p42/p44 MAPK cascade were tested to dertermine whether they 
could mimic the Ras-induced dispersal of adherens junctions. First cells were 
microinjected with pBXV3-Glu-217/Glu-221 MAPKKl vector and V12Racl protein, 
fixed after a 6  h incubation period and stained for expression of the MAPKKl mutant 
using the specific antibody as described before (Fig. 4.4 and Fig. 4.5). When adherens 
junctions were visualized by staining the cells with the anti-p-catenin antibody it was clear 
that these intercellular junctions were still intact (arrowhead in Fig. 4.13c indicates an 
intact adherens junction between two injected cells). In fact, it seemed that p-catenin 
localization between cells was actually stronger in injected cells than in uninjected cells 
suggesting that cells displayed the V12Rac phenotype on adherens junction as was 
observed before (Fig. 4.12g).

A second approach to activate PI3K and p42/p44 MAPK signalling simultaneously was 
to co-inject RafCAAX and pllO aC A A X  plasmids. After fixation 6  h following 
microinjection, pllOaCAAX-expressing cells were visualized using the antibody against 
pllOaCAAX (Fig. 4.131). In preliminary experiments all cells expressing pllOaCAAX 
were shown to express RafCAAX, as it is less toxic and better expressed in MDCK cells 
than pllOaCAAX. Staining for p-catenin showed that the localization of p-catenin was 
not altered in the injected cells (arrowhead in Fig. 4.13e indicates the localization of p- 
catenin at the site of the intercellular junction between two injected cells).

In summary, these data suggest that the Ras-induced dispersal of adherens junctions 
although dependent on PI3K and p42/p44 MAPK signalling can not be mimicked by co
injection of activated MAPKKl with activated Rac or p i 10a with activated Raf.

4.2.14 Rho inhibits the HGF/SF-induced loss of adherens junctions

V14RhoA has been previously shown to induce stress fibre formation in serum-starved 

Swiss 3T3 fibroblasts (Ridley and Hall, 1992). Increased stress fibre formation is also
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Fig. 4.13

Ras and Rac synergise on disruption of adherens junctions but Ras- 
induced disruption can not be mimicked by co-expression of MAPKKl

and Rac or Raf and PI3K

Cells were co-injected with V12Ras (100 ng/pl) and V12Racl (100 ng/pl) and incubated 
for 2 h. Microinjected cells were detected by co-injection of TRITC-dextran (b). The 
arrowhead in panel a points to a disrupted adherens junction between two neighboring 
injected cells. In panels c and d, cells were co-injected with Glu-217/221 MAPKKl (100 
ng/pl) and V12Racl protein (100 ng/pl). Cells were stained for expression of Glu- 
217/221 MAPKKl using the MAPKKl antibody (d) or for p-catenin (c). The arrowhead 
in panel c shows the localization of p-catenin to intercellular junctions in injected cells. In 
panels e and f, cells were co-injected with plasmids encoding membrane-targeted p i 1 0 a  
(pSG5-5-M yc-pllOa-W T-3-K-Ras) (100 ng/pl) and Raf (pEFHm-RAFCAAX-Myc) 

(100 ng/pl) incubated for 4 h and then stained for p-catenin (e) and for expression of 
p i 10a with a rabbit anti-pl 10a antibody (f). The arrowhead indicates the presence of p- 

catenin at adherens junctions of injected cells. Bar, 10 pm.
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observed in MDCK epithelial cells and microinjection of V14RhoA blocks the motility 

response to HGF/SF (Ridley et al., 1995). To determine if this inhibition of motility is 

due in part to an effect of Rho on intercellular adhesions, V 14RhoA protein was injected 

into MDCK cells. As expected, V14RhoA induced the formation of stress fibres in cells 

which were incubated with HGF/SF for 4 h (Fig. 4.14a). In V14RhoA-injected cells 

treated with HGF/SF, intercellular p-catenin levels (Fig. 4.14c, arrow indicating junction 

between injected cells) and E-cadherin levels (data not shown) were generally higher than 
in uninjected cells (dispersed adherens junction indicated by arrowhead in Fig. 4.14c). 
Activated Rho therefore inhibits the disruption of adherens junctions by HGF/SF.

4.3 Discussion

HGF/SF-induced disruption of adherens junctions is dependent on 
p42/p44 MAPK and PI3K

Both HGF/SF and Ras are known to activate p42/p44MAPK and PI3K (Graziani et al., 
1991, Ponzetto et al., 1993, Ponzetto et al., 1994, Rodriguez-Viciana et al., 1994), and it 
was shown here that p42/p44 MAPK activation is required for HGF/SF-induced motility 
and is specifically involved in the loss of adherens junctions. Moreover, addition of 
PD98059 not only prevented HGF/SF-induced scattering but also inhibited the extension 
of lamellipodia. PI3K has previously been implicated in HGF/SF-induced cell scattering, 
although the stage at which it acts was not established (Royal and Park, 1995). It was 
now demonstrated that PI3K, like p42/p44 MAPK, is required for adherens junction 
disassembly. At least two signals downstream of Ras are therefore required for 
disruption of adherens junctions and cell spreading.

How do p42/p44 MAPK and PI3K act to induce disassembly of adherens junctions? One 
possibility is that they induce changes in the phosphorylation state of adherens junction 
components. It has been shown that v-Src induces tyrosine phosphorylation of the 
adherens junction proteins p-catenin and E-cadherin and that this correlates with 
disruption of adherens junctions in MDCK cells (Behrens et al., 1993). However, 
tyrosine phosphorylation of p-catenin is not required for the weakening of cadherin-based 

cell adhesions induced by v-Src (Takeda et al., 1995), and the authors suggest that other 
components of intercellular junctions, such as ZO-1 or ezrin/radixin/moesin, may be more 
relevant targets for Src. HGF/SF stimulation of MDCK cells did not cause an increase in 
the tyrosine phosphorylation of either E-cadherin or p-catenin over 4 hours following 

HGF/SF addition and it is therefore unlikely that the disruption of adherens junctions by 

HGF/SF and Ras is regulated by the level of tyrosine phosphorylation of these proteins.
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Fig. 4.14

Activated Rho blocks HGF/SF-induced disruption of adherens junctions

Cells were microinjected with V 14RhoA protein (50 ng/pl) and incubated with HGF/SF 

for 4 h prior to staining for actin filaments with FITC-labelled phalloidin (a). Injected 
cells were detected by co-injection of TRITC-dextran (b and d). The arrow in panel c 

indicates the presence of p-catenin between neighboring injected cells. The arrowhead 

shows that HGF/SF has completely disrupted adherens junctions in uninjected cells after 
4 h. Bar, 10 pm.
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It is quite possible, however, that p42/p44 MAPK acts by phosphorylating junctional 

proteins on serine/threonine residues. In addition, PI3K induces activation of the 

serine/threonine kinase PKB (Hemmings, 1997) and it has recently been reported that 

PKB co-localizes with adherens junctions and could therefore similarly modify proteins 

in adherens junctions (Watton and Downward, 1999). Little is known of the potential 

serine/threonine phosphorylation of adherens junction components, and it will therefore 

be important to investigate this in future studies on adherens junction stability.

In MDCK cells expressing the dominant negative Ala-221 M APKKl stimulated with 
HGF/SF for 16 h, not only were adherens junctions retained but also aggregates of p- 
catenin in the cytoplasm observed. Either p-catenin sorting or recycling is therefore 
affected or p-catenin is accumulating in the cytoplasm but not being degraded via binding 
of its degradation-inducing factor APC. Ala-221 MAPKKl might influence recycling of 
p-catenin as inhibition of Raf signalling to MAPKKl could interfere with the turnover of 
junctions, especially the correct delivery of newly formed junctional proteins to the 
basolateral site of the plasma membrane. In fact, increasing evidence suggests that 
junctions have a high turnover rate (Le et al., 1999) and their formation is dependent on 
the correct delivery of junctional proteins to the plasma membrane as well as their linkage 
to the actin cytoskeleton (Christofori and Semb, 1999).

Desmosomes and tight junctions are disrupted after adherens junctions in 
HGF/SF-induced cell motility and are not disrupted by Ras

The breakdown of desmosomal and tight junctions induced by HGF/SF occurred well 
after the disruption of adherens junctions and is clearly regulated independently as it is 
not induced by activated Ras. Activated Ras induces loss of adherens junctions and 
lamellipodium extension but this is not sufficient for cells to detach from each other and 
scatter, therefore another signal must be required for the breakdown of desmosomes and 
tight junctions and/or for increased motility of cells. It has previously been reported that 
when adherens junctions are absent tight junctions and desmosomes are destabilized: 
Ca^^-induced assembly of tight junctions can be inhibited by blocking the formation of 
cell-cell adhesion with antibodies to the extracellular domain of E-cadherin (Gumbiner et 
al., 1988). In contrast, the disruption of adherens junctions by Ras was not followed by 
the disassembly of desmosomes and tight junctions. It might be, however, that E- 
cadherin antibodies have signalling properties influencing tight junction formation 

through the activation of signalling pathways.

The time delay of 4-6 h between addition of HGF/SF and loss of intercellular contacts 

suggests that new gene expression could be involved. However, use of general inhibitors
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such as cycloheximide (which blocks protein synthesis) has not been informative as the 

effects of cycloheximide on cell morphology suggest that synthesis of a labile protein is 
continuously required to maintain HGF/SF-induced actin reorganization (Ridley et al., 

1995). Identification of specific genes whose expression is altered by HGF/SF is likely 

to be more informative in analysing regulation of the scattering response. One candidate 

gene is slug, which encodes a zinc-finger protein, is upregulated at the transcriptional 

level by FGF-1, and is required for FGF-1- and HGF/SF-induced loss of cell junctions 

in a bladder carcinoma cell line (Savagner et al., 1997). The prolonged activation of 
p42/p44 MAPK by HGF/SF observed in MDCK cells could be important in mediating 

changes in gene transcription (Marshall, 1995), and it will therefore be of interest to 
investigate whether p42/p44 MAPK regulates the transcription of genes such as slug 
which may be involved in long-term responses to HGF/SF.

Role of Rac in junction maintenance and disassembly

HGF/SF- and Ras-induced disruption of adherens junctions was also dependent on Rac, 
which was previously shown to be required for HGF/SF-induced lamellipodium 
extension (Ridley et al., 1995). This implies that either the initial Rac-dependent 
extension of lamellipodia is an essential prerequisite for the loss of adherens junctions, or 
that Rac acts directly to destabilize these junctions. In contrast to this involvement of Rac 
in the HGF/SF response, constitutively activated Rac by itself does not induce 
lamellipodium formation in MDCK cells but in fact induces the accumulation of F-actin at 
intercellular junctions and enhances the formation of adherens junctions (Ridley et al., 
1995, Hordijk et al., 1997, Takaishi et al., 1997). In addition, Rac was shown to be 
required for the formation of cadherin-dependent junctions in kératinocytes (Braga et al.,
1997). However, this effect of Rac can be inhibited by Ras signalling, as co-injection of 
activated Ras with activated Rac prevented the stabilization of adherens junctions by Rac 
and led to junctional disassembly. One possible explanation for these observations is that 
Ras induces the modification of one or more adherens junction components such that the 
junctions are no longer stable, and that under these conditions it is not possible for Rac to 
signal enhanced junctional assembly. Presumably the end-result of the opposing actions 
of Ras and Rac on adherens junctions depends on the relative level of signalling from 
each protein and the level of Rac activation could determine whether cells form 

intercellular contacts or lamellipodia and are motile. This is supported by the finding that 
Ras-transformed cells have a very low level of activated Rac in comparison to wild-type 
MDCK cells. Consequently their motility is inhibited when Rac activity is increased 

through expression of Tiam-1, a GEF for Rac (Hordijk et al., 1997, Sander et al., 1998). 

Furthermore, different Rac mediated responses are dependent on the cell substratum as
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Rac expression in Ras-transformed MDCK cells inhibits motility on fibronectin and 

laminin-1 but not on collagen (Sander et al., 1998).

In HGF/SF-induced motility of MDCK cells, it is possible that when the appropriate Ras 

signal, perhaps p42/p44 MAPK activation, is strong enough, junctions disassemble and 

then endogenous Rac activity is diverted to stimulate lamellipodium formation and 
adherens junction disassembly.

Expression of PI3K or Rac alone enhances adherens junctions

Unlike Ras, expression of an activated catalytic subunit of PI3K, p i 10a, did not induce 
adherens junction disassembly. Instead p i 10a expression induced an accumulation of 
adherens junction components at intercellular junctions similar to that previously reported 
for V l2R acl (Hordijk et al., 1997, Takaishi et al., 1997). This is consistent with a model 
where PI3K is an upstream regulator of Rac (Wennstrom et al., 1994, Hawkins et al., 
1995, Rodriguez-Viciana et al., 1997). These results suggest that PI3K activation 
downstream of Ras is not by itself sufficient to induce adherens junction disassembly, 
and imply that the function of PI3K activation in the motility response to HGF/SF is to 
activate Rac. In addition, it has been recently suggested that PI3K might directly act on 
adherens junction via activation of PKB (Pece et al., 1999, Watton and Downward, 
1999).

Simultaneous expression of MAPKK with PI3K or Rac or Raf kinase and 
PI3K is not sufficient for Junction dispersal

There was no disruption of adherens junctions observed when Glu-217/Glu-221 
MAPKKl and p i 10a and V12Racl or RafCAAX and p i 10a were expressed together. 
Together with the previous results, it was concluded that PI3K, Rac and p42/p44 MAPK 
are necessary but not sufficient to induce adherens junction disassembly and that there 
may be still another signal downstream of Ras required for this response. This signal 
could be provided by a RalGEF. RalGEFs have been show to be activated by Ras and 
exhibit specific in vitro exchange activity for the highly related proteins RalA and RalB 

(Wolthuis and Bos, 1999).

Another simpler explanation is that the precise timecourse of p42/p44 MAPK, P13K and 
Rac activation by HGF/SF or Ras important for adherens junction disassembly can not be 

mimicked by co-microinjection experiments.
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Long-term expression of activated MAPKKl or Raf kinase induces 
changes in MDCK cell morphology

It has been observed that when activated Glu-217/221 MAPKKl or RafCAAX were 

expressed for 16 h in MDCK cells, changes in cell morphology occurred which were not 
obvious 6  h after expression. It has been previously shown that expression of the Glu- 

217/221 M APKKl mutant induced transformation of NIH 3T3 cells which was, 

however, transiently reverted by injection of a Ras neutralising antibody Y13-259 
suggesting that Ras is involved in the Glu-217/221 MAPKKl induced transfomation of 
NIH 3T3 cells (Cowley et al., 1994). RafCAAX, which is probably a more potent 
activator of p42/p44 MAPK than Glu-217/222 MAPK (Leevers et al., 1994, Cowley et 
al., 1994), induced stronger changes in the cell morphology of MDCK cells than 
activated MAPKKl and some cells displayed small lamellipodia. Lam ellipodium  
formation and membrane ruffling are dependent on P13K and subsequent Rac activation 
(Hawkins et al., 1995, Rodriguez-Viciana et al., 1997, Ridley et al., 1992) which could 
be activated by growth factors secreted by RafCAAX-expressing cells. It would be 
interesting to express N17Racl in these cells or to incubate them with LY294002 to see if 
RafCAAX expression induces lamellipodium formation through activation of P13K.

In addition, it has been reported that MDCK cells stably expressing Ras (Behrens et al., 
1989, Vleminckx et al., 1991) display a fibroblastoid phenotype and scatter whereas 
microinjected Ras never induced cell scattering as shown here and as previously reported 
(Ridley et al., 1995). Therefore long-term expression of mutants activating transcriptional 
changes may lead to responses different to short-term expression, and this might be due 
to new secretion of growth factors activating an autocrine loop.
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Chapter 5

Responses of polarized MDCK cell monolayers to HGF/SF- 
induced signalling

5.1 Introduction

In Chapter 3 it was shown in subconfluent cells that HGF/SF stimulation disrupted 

adherens and tight junctions when cells were scattering. During cell spreading adherens 
junctions were disassembled, but no HGF/SF-induced disassembly of tight junctions 
could be detected. However, tyrosine phosphorylation of ZO-1 was shown to be slightly 
increased by HGF/SF stimulation suggesting that HGF/SF might in fact influence tight 
junction function already at early timepoints where immunofluorescence data did not 
show obvious changes in ZO-1 localization.

Several reports have shown that tyrosine phosphorylation of ZO-1 correlates with 
increased tight junction disruption. It has been reported that tyrosine phosphorylation of 
ZO-1 induced by the tyrosine phosphatase inhibitors pervanadate or phenylarsine oxide 
correlates with a dramatic and rapid decrease in the TER of MDCK cells (Staddon et al., 
1995). However, the treatment also resulted in tyrosine phosphorylation of (3-catenin. It 
was suggested, therefore that tight junction permeability may be regulated via 
mechanisms involving tyrosine phosphorylation of both adherens and tight junctions 
proteins. Another report suggests that tyrosine phosphorylation of ZO-1 could be 
significant in determining the localization of ZO-1. Addition of EGF to A431 human 
epidermal carcinoma cells results in actin reorganization, tyrosine phosphorylation and 
redistribution of ZO-1 to apical sites of the plasma membrane (Van Itallie et al., 1995).

In addition, a role for HGF/SF in influencing tight junction function has been described 
in confluent epithelial cell monolayers. When MDCK monolayers were treated with 
HGF/SF, the levels of the tight junction protein ZO-1 were found to decrease at the lateral 
sites of the plasma membrane (Grisendi et al., 1998). In addition, attenuation of TER in 
T84 intestinal epithelial and MDCK cells has been observed in cells seeded on transwell 

filters in the presence of HGF/SF in a dose- and time-dependent manner (Nusrat et al., 
1994). The effect of HGF/SF addition is only observed when HGF/SF is applied 
basolaterally consistent with the finding that Met is localized basolaterally in polarized 

epithelial monolayers (Crepaldi et al., 1994). However, very high doses of the growth 

factor (500 U/ml) were used in these TER studies (Nusrat et al., 1994).

158



MDCK cells grown on a permeable support are an excellent model to study the assembly, 

integrity and the physiological functions of tight junctions (Cereijido et al., 1978). Filter 

grown MDCK cell monolayers were therefore used to analyse changes in tight junction 

function induced by HGF/SF using TER assays, immunofluorescence staining and TEM.

5.2 Results

5.2.1 Characterization of the effects of HGF/SF on the TER of MDCK 
monolayers

To study the effects of HGF/SF on TER, MDCK cells were seeded on transwell filters to 
establish a confluent polarized monolayer. Three days after seeding, cells were confluent 
and gave TER readings in the range of 3000-6000 QJcrn^ which is comparable to strain I 
MDCK cells (2500-5000 O/cm^) (Stevenson et al., 1988). MDCK cell monolayers 
grown on polycarbonate filters (Transwell chambers) expose separately the apical and the 
basal surfaces to experimental probes (Lisanti et al., 1988).

When cells were starved in 0.2% FCS/DMEM for 16 h before addition of HGF/SF the 
control TER was decreased to 70% and therefore the HGF/SF-induced decrease in TER 
(maximal 60% of TER) was not so dramatic (data not shown). As previously described 
TER measurements in MDCK cells were performed in 10% FCS/DMEM (Nusrat et al., 
1994, Crepaldi et al., 1994, Jou et al., 1998), these conditions were used for the TER 
assays described here and in Chapter 6 .

When confluent MDCK cell monolayers were stimulated with HGF/SF basolaterally in 
10% FCS/DMEM there was a rapid decrease in TER in comparison to control monolayers 
observed where only 10% FCS/DMEM had been added (Fig. 5.1). The majority of the 
decrease in TER occurred during the first hour of HGF/SF incubation and reached 40% 
of the initial TER value by 24 h. After 4 h of HGF/SF stimulation, the TER observed was 
between 60-70% of the initial value. In addition, different concentrations of HGF/SF (10 

ng/ml, 100 ng/ml and 300 ng/ml) were used to determine which concentration of 
HGF/SF gave the best response on confluent MDCK cell monolayers. The optimal 
concentration of HGF/SF to monitor the HGF/SF-induced decrease in TER was 10 ng/ml 

(Fig. 5.1). This concentration had already been found to be the most efficient for 
HGF/SF-mediated cell scattering in subconfluent cells (Chapter 3, Table 3.1). The 

changes in TER were only observed when HGF/SF was applied basolaterally (60-70% of 

initial TER) but not when added apically (still 100% of initial TER, data not shown) in
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Fig. 5.1

The effects of HGF/SF on the TER of MDCK monolayers

MDCK monolayers were exposed basally to varying concentrations of HGF/SF (10 
ng/ml (HGF 10), 100 ng/ml (HGF 100), 300 ng/ml (HGF 300) or left unstimulated 

(control) on day 3 after plating and TER was measured before addition of HGF/SF (set as 
100%) and the first time 1 h after addition of HGF/SF. TER values represent the mean ± 
standard deviations (n=3). The results are representative of three independent 
experiments.
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accordance with data from (Crepaldi et al., 1994) showing that the HGF/SF receptor is 

localized basolaterally in polarized MDCK monolayers.

By employing TER measurements as a sensitive assay of tight junction permeability, it 

was demonstrated that HGF/SF affects the tight junction gate function of confluent 
MDCK monolayers although no effect on ZO-1 distribution was observed in 

subconfluent MDCK cells (Chapter 3).

5.2.2 The HGF/SF-induced decrease in TER is inhibited by PD98959 and 
LY294002

In Chapter 4 it was shown that spreading, disassembly of adherens junctions and 
scattering is dependent on p42/p44 MAP kinase and PI3K. It was investigated therefore 
whether these kinases would also regulate the HGF/SF-induced decrease in TER (Fig. 
5.1). Confluent MDCK monolayers were preincubated apically and basolaterally with 
either PD98959 or LY294002 at the concentrations used in Chapter 4. After 1 h, the TER 
of all filters was measured. Subsequently, HGF/SF was added to the basolateral side of 
the filters and measurements were taken every hour. Graphic illustration of the data taken 
from the first 4 h of HGF/SF stimulation showed that the HGF/SF-induced decrease in 
TER to 70% (Fig. 5.1) could be partially blocked (85%) by PD98059 (Fig.5.2A) and 
completely (95%) blocked by LY294002 (Fig. 5.2B). The strongest inhibition was seen 
in the first hour after addition of HGF/SF, presumably because the strongest decrease in 
TER is observed in the first hour after HGF/SF addition and the inhibitors might also 
have slight toxic side effects detectable by this very sensitive assay when incubated for 
longer (Fig. 5.2A and Fig. 5.2B).

Indeed, as shown in Fig. 5.2C, long-term exposure (24 h) to PD98059 induced a slight 
decrease in TER in comparison to untreated control cells indicating that long-term 
exposure to PD98059 inhibited the maintenance of intercellular junctions. Inhibition of 
p42/p44 MAPK signalling for up to 4 h decreased the TER by only about 10% whereas 
long-term exposure (24 h) resulted in a 30% difference to control cells. It is possible that 
PD98059 blocked transcriptional events required for new synthesis of junctional proteins. 

In contrast, LY294002 led to an increase in TER (170%). Thus, it appeared that 
inhibition of PI3K signalling strengthens tight junction function in the long-term. It is 
known that class III PI3Ks play a role in vesicular trafficking and class I and class II 
PI3Ks are likely to function as well in vesicular trafficking and receptor-mediated 

endocytosis, all three of which are inhibited by 20 p.M LY294002 (Corvera and Czech,

1998). It is possible, therefore, that LY294002 inhibited the constitutive endocytosis of

162



Fig. 5.2

A. Effects of PD98059 on TER of MDCK monolayers with or without
HGF/SF-stimulation

MDCK monolayers were exposed basally to either 10 ng/ml HGF/SF (HGF), 50 |iM 
PD98059 (PD) or 10 ng/ml HGF/SF together with 50 jiM PD98059 (HGF/PD) or treated 
with 0.1% DMSO (control) apically and basally on day 3 after plating and TER was 
measured before addition of HGF/SF (set as 100%) and the first time I h after addition of 
HGF/SF. PD98059 was added 1 h before HGF/SF to cells apically and basally. TER 
values represent the mean ± standard deviations (n=3). The results are representative of at 
more than three independent experiments.

B. Effects of LY294002 on TER of MDCK monolayers with or without
HGF/SF-stimulation

MDCK monolayers were exposed basally to either 10 ng/ml HGF/SF (HGF), 50 )liM  

LY294002 (LY) or 10 ng/ml HGF/SF together with 20 ^iM LY294002 (HGF/LY) or 
treated with 0.1% DMSO (control) apically and basally on day 3 after plating and TER 
was measured before addition of HGF/SF (set as 100%) and the first time 1 h after 
addition of HGF/SF. LY294002 was added 1 h before HGF/SF to cells apically and 
basally. TER values represent the mean ± standard deviations (n=3). The results are 
representative of more than three independent experiments.

C. Longterm effects of PD98059 or LY294002 on the TER of MDCK
monolayers

MDCK monolayers were exposed apically and basally to either 50 p.M PD98059 (PD) or 
20 jiM LY294002 (LY) or treated with 0.1% DMSO (control) apically and basally on day 

3 after plating. TER was measured before addition of PD98059, LY294002 or DMSO 
(set as 100%) and the first time 1 h after addition of the inhibitors. TER values represent 
the mean ± standard deviations (n=3). The results are representative of more than three 

independent experiments.
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junction components, as described for adherens junctions (Hinck et al., 1994), resulting 

in an accumulation of intercellular junctions.

5.2.3 Immunocytochemical analysis of the distribution of adherens and 
tight junctions in MDCK ceils exposed to HGF/SF

To determine whether the HGF/SF-induced decrease in TER reflects altered localization 
of tight junction proteins, filters were fixed after TER measurements and processed by 
immunofluorescence. As the permeability properties of tight junctions depend upon the 
integrity of the adherens junctions (Gumbiner and Simons, 1986), adherens junction 
localization was also investigated.

Optical sectioning and merging of individual sections was performed for all the following 
ZO-1 immunofluorescence data derived from filter-grown MDCK cells as filters were not 
as even as glass coverslips when mounted on glass slides (see also Chapter 2, 2.2.4). 
The distribution of ZO-1 and p-catenin was determined in control cell monolayers (Fig. 
5.3A, a and b) and cells exposed to LY294002 (Fig. 5.3A, c and d) or PD98059 (Fig. 
5.3A, e and f) for 4 h. By immunofluorescence analysis, ZO-1 (Fig. 5.3A, a, c and e) 
and p-catenin localization (Fig. 5.3A, b, d and f) were not affected by addition of the 
inhibitors (Fig. F5.3A, a and b).

As previously reported, ZO-1 localized predominantly at the plasma membrane in 
confluent MDCK monolayers (Siliciano and Goodenough, 1988). However, when cells 
were stimulated with HGF/SF, cells extended under each other (Fig. 5.3B, a and b). In 
fact, in HGF/SF-treated MDCK cells, many adherens junctions appeared to be dispersed 
(Fig. 5.3B b). In contrast, only minor changes in the organization of tight junctions were 
observed (Fig. 5.3B a) as only in regions where p-catenin did not localize to basolateral 
membranes (Fig. 5.3B a), ZO-1 staining appeared weaker (Fig. 5.3B b).

As inhibition of p42/p44 MAP kinase or PI3K signalling reduced the HGF/SF induced 
decrease in TER (Fig. 5.2A and B), the effect of PD98059 and LY294002 on the 
localization of tight and adherens junction in MDCK cell monolayers was investigated. 
MDCK cells which were preincubated with LY294002 (Fig. 5.3B, c and d) or PD98059 
for 1 h (Fig. 5.3B, e and f) before HGF/SF stimulation for 4 h displayed a morphology 

similar to control cells (Fig. 5.3A, a and b). They were not spread and displayed intact 
tight junctions (Fig. 5.3B, c and e) and adherens junctions (Fig. 5.3B, d and f) as 

monitored by immunofluorescence staining for ZO-I and p-catenin. Inhibition of p42/p44 

MAP kinase or PI3K therefore blocked not only the HGF/SF-induced disruption of
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Fig. 5.3

A. Distribution of ZO-1 and p-catenin in MDCK monolayers exposed to
LY294002 or PD98059

MDCK monolayers were untreated (a and b) or exposed to 20 |iM  LY294002 (c and d) or 
50 pM PD98059 (e and f) for 4 h, fixed and stained for ZO-1 (a, c and d) or p-catenin (b, 
d and f). Analysis of the very thin tight junction area in monolayers grown on filters 
(which are relatively uneven compared to glass coverslips) was performed by taking 
serial optical sections with a laser scanning confocal microscope whereas the broader 
adherens junction distribution was monitored by taking a single section. The localization 
of p-catenin is shown in a single section whereas ZO-1 localization is shown by merging 
four individual sections. The data shown are representative of three individual 
experiments. Bar, 10 pm.

B. Distribution of ZO-1 and p-catenin in MDCK monolayers exposed to 
HGF/SF with or without LY294002 or PD98059

MDCK monolayers were exposed basally to 10 ng/ml HGF/SF (a and b), together with 
20 pM LY294002 (c and d) or 50 pM  PD98059 (e and f) for 4 h, fixed and stained for 
ZO-1 (a, c and d) or p-catenin (b, d and f). Before addition of HGF/SF, monolayers were 
exposed apically and basally for 1 h to the inhibitors. The localization of p-catenin is 
shown in a single section whereas ZO-1 localization is shown by merging four individual 
sections. The data shown are representative of three individual experiments. Bar, 10 pm.
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intercellular junctions in subconfluent MDCK cells (Chapter 4) but also in confluent 

polarized monolayers.

5.2.4 Electron microscopy analysis of the HGF/SF-induced dispersal of 
intercellular junctions which is inhibited by LY294002 and PD98059

Previous reports have indicated that TER and immunolocalization data do not always 
correspond to data obtained by EM. In fact, (Baida et al., 1996) did not observe any 
morphological changes in tight junction organization by EM in MDCK cells expressing a 
mutant occludin, but did observe higher TER and disrupted occludin localization. 
However, in occludin mutant-expressing MDCK cells, ZO-1 exhibits only a slight 
redistribution and still forms a continuous ring suggesting that its localization is not only 
determined by occludin but also by other junctional components, or more, importantly, 
the cytoskeleton (Baida et al., 1996).

As the TER was reduced in HGF/SF stimulated MDCK cells (Fig. 5.1) but changes in 
ZO-1 localization were not obvious (Fig. 5.3A), TEM was used to evaluate if tight 
junctions were still present in these cells. TEM images were prepared from MDCK cell 
monolayers treated with HGF/SF with or without the inhibitors. MDCK cell monolayers 
were grown and stimulated in the same way as for TER measurements or 
immunolocalization of proteins. After 4 h of HGF/SF stimulation with or without 
PD9859 or LY294002, cells were fixed in 2.5% glutaraldehyde/2% paraformaldehyde in 
PBS and embedded in epoxy resin for cutting of ultrathin sections. This work was done 
in collaboration with Glaxo Wellcome, Stevenage. Gillian Brown embedded the samples, 
cut the sections for TEM as described in Chapter 2 (2.2.4) and assisted the use of the 
electron microscope. Each sample contained approximately 100 cells which were 
analysed for their intercellular junction organization under the electron microscope and of 
which at least three representative images were taken. All the following TEM images are 
representative of the TEM samples analysed.

A TEM image of large intestine epithelial cells shows as an example, the intercellular 
junction organisation of epithelial cells (Fig. 5.4). TEM images showed several 
intercellular contacts in control MDCK cells (Fig. 5.5A a, arrowheads). In the low 
magnification image, the most apical junction was found to be the tight junction followed 
by a broader electron dense area representing the adherens junction (Fig.5.5A a). MDCK 

cells are also interconnected through several desmosomes which were located 

basolaterally to the adherens junctions (Fig. 5.5A a). The close apposition of cell to cell 
contact shown in the high magnification image is mediated through the strong tight and 

adherens junction (see black line in Fig. 5.5 A b).
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Fig. 5.4

TEM micrograph of intercellular junctions of large intestine epithelial
cells

From the basal to the apical site of the plasma membrane of large intestine epithelial cells 

are shown and indicated by numbers: tight junction (1), adherens junction (2) and 
desmosome (3). (Source: Cells and Organelles, edited by Johannes A.G. Rhodin. 
Chapter 2 pp 8-63).
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When cells were treated with HGF/SF for 4 h, the low magnification micrographs 

showed that fewer intercellular contacts were present. In addition, wide gaps immediately 

below the tight junction area were detected and very few desmosomes were present. In 

fact, only half of a desmosome was present in this low magnification image (arrow in 

Fig. 5.5A c). In the high resolution image it was noticed that tight junctions were barely 

touching and also the adherens junction appeared to be wider than in control cells (black 

lines in Fig. 5.5A d). HGF/SF, therefore, appeared to reduce all intercellular junctions as 
observed by TEM.

When cells were treated with LY294002, cells were in very close apposition and 
displayed many intercellular junctions in low the magnification image, including tight, 
adherens and several desmosomal junctions (arrowheads in Fig. 5.5B a). High 
magnification revealed a tight junction which was much longer and had an even higher 
electron density (Fig. 5.5B b) than observed in control cells (Fig. 5.5A b). When cells 
were stimulated with HGF/SF for 1 h after LY294002 treatment, no HGF/SF-induced 
disassembly of intercellular junctions was observed (Fig. 5.5B c, arrowheads in low 
magnification picture). At higher magnification, tight and adherens junctions appeared 
very tight and intact (black lines in Fig. 5.5A d).

In addition to being dependent on PI3K, p42/p44 MAPK was shown to be necessary for 
junction disassembly (Chapter 4). Cells were therefore treated with the p42/p44 MAPK 
inhibitor PD98959 with HGF/SF stimulation 1 h later (Fig. 5.5C, c and d) or without 
(Fig. 5.5C, a and b). The low magnification images showed that cells incubated with 
PD98059 (Fig. 5.4C a) or HGF/SF and PD98059 (Fig. 5.5C c) had electron-dense tight 
and adherens junctions and many desmosomes and cells were generally closely apposed 
(arrowheads in Fig. 5.5C, a and c). At higher magnification adherens and tight junctions 
were clearly observed (black lines in Fig. 5.5C, b and d).

The TEM data on tight junctions are summarized in Fig. 5.5D. Cells treated with 
HGF/SF alone either lost their tight junctions or they were reduced significantly in length 
(0.01 jim +/- 0.01 |im) in comparison to intact tight junctions in control cells (0.7 |Lim +!- 
0.2 |Lim). This response was inhibited by LY294002 and PD98059. In summary, all cells 
displayed intact adherens juntions (100 +/-0 %) except the HGF/SF-treated monolayers 

(10% +/- 5%).

Very few desmosomes were present in HGF/SF-stimulated cells (14-/-0.5) compared to 
control monolayers (5+/-1) (Fig. 5.5E). Inhibition of PI3K blocked the HGF/SF-induced 

disruption of desmosomes {6+1-1). However, cells treated with the PD98059 inhibitor 

only had less desmosomes (2-k/-l) than control cells (5+/-1). Thus, it appeared that
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Fig. 5.5

A. TEM analysis of intercellular junctions of MDCK monolayers
stimulated with HGF/SF

MDCK monolayers were unstimulated (a and b) or exposed basally to HGF/SF 10 ng/ml 
(c and d) for 4 h, fixed and processed for TEM analysis. Samples were examined using a 
Philips CM 10 transmission electron microscope with the help of Gillian Brown at 
GlaxoWellcome, Ware. In panel a of the low magnification images (2.950 x) (a and c), 
tight junctions (t), adherens junctions (a) and desmosomes (d) are indicated by 
arrowheads and half of a desmosome (Ad) is indicted by an arrow in panel c. In panel b 

of the high magnification images (28.500 x) (b and d), the localization of tight junctions 
(t) and adherens junctions (a) is described by black lines. In panel d, only a reduced, less 
functional tight junction is shown (At). White bar 1 pm (c and d) and black bar 0.1 pm (b 

and d).

B. TEM analysis of intercellular Junctions of MDCK monolayers exposed 
to LY294002 with and without HGF/SF

MDCK monolayers were incubated with 20 pM LY294002 apically and basally without 
(a and b) or with basal addition of 10 ng/ml HGF/SF (c and d) for 4 h, fixed and 
processed for TEM analysis. Cells were pretreated apically and basally with 20 pM 
LY294002 1 h before addition of HGF/SF. In the low magnification images (2.950 x) (a 
and c), the tight junctions are very close to the adherens junctions (t/a) and desmosomes 
(d) which are indicated by arrowheads. In the high magnification images (28.500 x) (b 
and d), the localization of tight junctions (t) and adherens junctions (a) is described by 
black lines. White bar 1 pm (a and c) and black bar 0.1 pm (b and d).
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c. TEM analysis of intercellular junctions of MDCK monolayers exposed 
to PD98059 with and without HGF/SF

MDCK monolayers were incubated with 50 pM PD98059 apically and basally without (a 

and b) or with basal addition of 10 ng/ml HGF/SF (c and d) for 4 h, fixed and processed 

for TEM analysis. Cells were pretreated apically and basally with 50 jiM PD98059 1 h 
before addition of HGF/SF. In the low magnification images (2.950 x) (a and c), the tight 

junctions (t), adherens junctions (a) and desmosomes (d) are indicated by arrowheads. In 
the high magnification images (28.500 x) (b and d), the localization of tight junctions (t) 
and adherens junctions (a) is described by black lines. White bar 1 pm (a and c) and black 
bar 0 .1  pm (b and d).

D. Analysis of tight junction length in cells exposed to LY294002 or 
PD98059 with or without HGF/SF stimulation

MDCK monolayers were incubated with 20 pM LY294002 or 50 pM  PD98059 or 
apically and basally without or with basal addition of 10 ng/ml HGF/SF for 4 h, fixed 
and processed for TEM analysis. Cells were pretreated apically and basally with 20 pM 
LY294002 or 50 pM PD98059 1 h before addition of HGF/SF. Samples were examined 
by TEM and the length of tight junctions was measured from seven representative 
individual micrographs taken from the examined cell population taken of approximately 
1 0 0  cells.

E. Quantification of the number of desmosomes contained in an 
intercellular junction of MDCK monolayers exposed to LY294002 or 

PD98059 with or without HGF/SF-stimulation

MDCK monolayers were incubated with 20 pM  LY294002 or 50 pM  PD98059 or 
apically and basally without or with basal addition of 10 ng/ml HGF/SF for 4 h, fixed 

and processed for TEM analysis. Cells were pretreated apically and basally with 20 pM 
LY294002 or 50 pM PD98059 1 h before addition of HGF/SF. Samples were examined 
by TEM and the number of desmosomes present in intercellular junctions of MDCK 

monolayers was counted from seven representative individual micrographs taken from the 

examined cell population of approximately 1 0 0  cells.
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inhibition of p42/p44 MAPK alone interfered with desmosome function and 

consequently, intercellular junctions were not so tight as with the LY294002 inhibitor 

alone (5+/-0.5) or in the presence of LY294002 and HGF/SF (6+/-1).

In summary, the TEM data suggest that HGF/SF induces disassembly of tight junctions, 

adherens junctions and desmosomes which is inhibited by both LY294002 and PD98059.

5.3 Discussion

In this Chapter three different approaches (TER, immunofluorescence, TEM) were used 
to study the effect of HGF/SF on intercellular junctions on MDCK cell monolayers. It 
was important to study the effect of HGF/SF in confluent monolayers in comparison to 
the studies described in Chapter 3 and 4 in subconfluent MDCK cells as polarized 
monolayers resemble more the in vivo situation. In this Chapter, it was demonstrated that 
HGF/SF not only disrupted intercellular junctions in subconfluent cells (Chapter 3), but 
also modulated their function in confluent monolayers.

HGF/SF decreased the TER of MDCK monolayers which was inhibited by 
LY294002 and PD98059

Although the electrical assay of TER is commonly used by cell biologists (Madara and 
Dharmsathaphorn, 1985) as an assay of tight junction permeability, it is clear that this 
assay can be influenced by events such as cell lysis, cell detachment and cell death and by 
the regulated opening of channels on apical and basolateral membranes for example in 
neutrophil migration across epithelial T84 cell monolayers (Parkos et al., 1992). 
Therefore, in addition to TER assays, immunofluorescence and TEM studies were
performed to analyse the integrity of intercellular junctions. However, at high resistance

2
values, such as those seen in the MDCK monolayers used here (3000-6000 iD/cm ), 

TER assays provide an extremely sensitive detection of even minor alterations in passive 
paracellular ion flow when no alterations in ZO-1 distribution are detected (Madara and 
Dharmsathaphorn, 1985).

As it was previously shown that the HGF/SF receptor is localized basolaterally in 

polarized MDCK cells (Crepaldi et al., 1994), HGF/SF-containing medium was always 
applied to the basolateral side of monolayers. The basolateral localization of the HGF/SF 

receptor is consistent with the site of action of the ligand in vivo, which is present in the 

circulatory system (Nakamura et al., 1986, Zarnegar and Michalopoulos, 1989) and is 
stored in the extracellular matrix (Masumoto and Yamamoto, 1991) presumably by
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binding to heparansulphate proteoglycans (Birchmeier and Gherardi, 1998). TER studies 

revealed a decrease in the tightness of HGF/SF-stimulated MDCK monolayers consistent 

with data from (Nusrat et al., 1994) and results obtained in subconfluent cells treated with 

HGF/SF (Chapter 3). In addition, it was shown that the HGF/SF-induced decrease in 

TFR was inhibited by LY294002 and PD98059 which is consistent with a role of PI3K 
and p42/p44 MAPK in HGF/SF-induced junction dispersal shown in subconfluent cells 

in Chapter 4.

Dispersal of p-catenin precedes subtle changes in the localization of 
ZO-1

Although the decrease in TFR was observed already 1 h following HGF/SF-stimulation, 
immunolocalization of ZO-1 was only slightly affected. It has been previously reported 
that tight junction structure and ZO-1 content were identical in MDCK cell strains which 
display a different electrical resistance (Stevenson et al., 1988) implying that either slight 
changes in ZO-1 localization are sufficient to induce this decrease in TFR or that other 
tight junction components like occludin and claudin (Goodenough, 1999) play a more 
important role in maintaining tight junction gate function. This implies that although ZO-1 
is a component of tight junctions its localization is not a general indicator for tight junction 
function.

In addition, tight junctions were only affected in regions where adherens junctions were 
dispersed after HGF/SF-stimulation and consequently adherens junctions might be 
disrupted before tight junctions in MDCK monolayers as shown in subconfluent cells in 
Chapter 3. In fact, cadherin-catenin mediated intercellular adhesion appears to be a 
prerequisite for the formation of tight junctions (Gumbiner and Simons, 1986, Gumbiner 
et al., 1988). Reduction of the extracellular Ca^^-concentration leads to a rapid opening of 
tight junctions in epithelial cells, attributable to a disruption of cadherin-mediated 
intercellular adhesion. In HGF/SF-stimulated monolayers, MDCK cells overlapped more 
basally and their adherens junctions were dispersed. The cell staining was not the typical 
cobblestone pattern of unstimulated MDCK cells, but cells appeared to have a larger basal 
surface area. HGF/SF therefore affected the distribution of p-catenin in confluent cells as 
in subconfluent cells but the dispersal of adherens junctions was less complete than that 
observed in subconfluent cells (Chapter 3). The HGF/SF induced redistribution of p- 
catenin and the subtle changes in ZO-1 localization were inhibited by LY294002 and 

PD98059 indicating a role for PI3K and p42/p44 MAPK in HGF/SF-induced intercellular 

junction disassembly in confluent cells as shown in subconfluent cells (Chapter 4).
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It was reported by (Grisendi et al., 1998) that apical, lateral staining for ZO-1 in MDCK 

cell monolayers was reduced after HGF/SF stimulation for 15 minutes. The decrease in 
ZO-1 staining was not due to a reduction in total cellular protein as judged by Western 

blotting. The most dramatic effect on ZO-1 localization was observed in Ca -switch 

experiments where tight junction assembly was inhibited by HGF/SF (Grisendi et al., 
1998). In contrast, the immunofluorescence data presented here were taken after 4 h of 

HGF/SF-stimulation as no effects on adherens and tight junction were obvious at earlier 

timepoints. Although major changes in tight junction localization were observed during 
the Ca^^-switch experiment, they did not find an increase in tyrosine phosphorylated ZO- 
1 but instead increased tyrosine phosphorylation of p-catenin. In contrast, in Chapter 3 it 
was demonstrated that in subconfluent MDCK cells p-catenin is not tyrosine 
phosphorylated in response to HGF/SF but ZO-1 is. However, it has not been 
established yet if ZO-1 is also tyrosine phosphorylated in confluent monolayers 
stimulated with HGF/SF. It is likely that these differences are due to the use of different 
techniques: Ca -switch experiments follow the assembly of intercellular junctions 
whereas HGF/SF stimulation disrupts established junctions. In addition, the reduction of 
extracellular Ca^^-concentration is quite artificial and not likely to happen in vivo whereas 
HGF/SF acts on epithelial cell monolayers in vivo in situations where cells are moving, 
such as organ regeneration, development and metastasis.

TEM analysis indicates that HGF/SF disrupts tight junctions, adherens 
junctions and desmosomes

The TEM data in conjunction with the data obtained by TER measurements and 
immunofluorescence staining indicate that HGF/SF disassembled intercellular junctions in 
polarized monolayers, including tight junctions, adherens junctions and desmosomes in 
the first 4 h after stimulation. Tight junctions were therefore disassembled by HGF/SF 
even though only minor changes in ZO-1 distribution were observed by confocal 
microscopy indicating that ZO-1 localization is not an absolute marker for tight junction 
function.

The finding that adherens junctions were disrupted by HGF/SF stimulation in confluent 
cells is consistent with the previous results from Chapter 3 in subconfluent cells. In 

contrast, in subconfluent cells it appeared that desmosomes were still present in cells 
which were still attached to each other as shown by confocal microscopy (Chapter 3) 
whereas in the TEM studies here their number was greatly reduced. It has been reported 

in early studies that desmosomes are not disassembled in subconfluent MDCK cells until 

they are scattered (Stoker and Perryman, 1985). It would be necessary to analyse the 
localization of desmosomes in confluent MDCK monolayers by confocal microscopy to
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determine if the antibodies against desmoplakin would also bind to non-functional 

desmosomes (e.g. half of a desmosome) or if desmosomes are indeed completely 

dispersed in HGF/SF-stimulated confluent monolayers .

In summary, the TER, immunofluorescnce and TEM data suggest that HGF/SF 

diassembled intercellular junctions in confluent monolayers and that this event requires 

p42/p44 MAPK and PI3K as shown before in subconfluent cells (Chapter 4). In addition 

it is known that HGF/SF remodels cell monolayers in vivo in angiogenesis (Bussolino et 
al., 1992, Grant et al., 1993) and in the branching morphogenesis of epithelia that occurs 
during development (Birchmeier and Gherardi, 1998) and invasion and mestastasis in 

cancer (Rong et al., 1992, Bellusci et al., 1994, Humphrey et al., 1995). All of these 
processes require the detachment of single cells from monolayers which presumably 
involves the disruption of intercellular junctions. It would be interesting to see therefore if 
inhibition of PI3K or p42/p44 MAPK in vivo will influence invasion and metastasis of 
tumours. In fact, it has been recently reported that a new and more potent inhibitor of 
p42/p44 MAPK, PD 184352, inhibits the growth of colon tumours in mice in vivo and 
inhibits HGF/SF induced invasion of colon carcinoma cells in vitro (Sebolt-Leopold et 
al., 1999). Moreover, it has been shown that constitutive activated MAPKKl will induce 
invasion of MDCK cells into collagen (Montesano et al., 1999).

To summarize, the data presented in these first three chapters underline the role of 
HGF/SF in the disruption of intercellular junctions and the requirement for PI3K and 
p42/p44 MAPK in this process making them targets for developing potential anti-invasion 
and anti-tumorigenic drugs.

185



Chapter 6

Adenoviral expression of the GTPases RhoA, Cdc42 and R a d  
in MDCK cells and characterization of their effects

6.1 Introduction

The microinjection experiments described in Chapter 4 showed that the HGF/SF-induced 

disruption of adherens junctions is influenced by the GTPases Racl and RhoA. In 

addition, other laboratories have found evidence for a role of small GTPases in the 
regulation of intercellular junctions. In one study, it was reported that microinjection of 
RhoA or Racl mutants into keratinocyes prevented the formation of E-cadherin-mediated 
adhesions during Ca^^-switch experiments (Braga et al., 1997). Another study showed 
that introduction of C3 transferase disrupted tight junction organization and function in 
T84 intestinal epithelial cells (Nusrat et al., 1995). In contrast, it was reported that RhoA 
or Racl mutants had little or no effect on either adherens junctions or tight junction 
organization in MDCK cells, although activated Racl protein increased the amount of p- 
catenin and E-cadherin localized in adherens junctions (Takaishi et al., 1997). However, 
expression of some of the mutants was not detected by Western blotting indicating that 
maybe very low levels of the proteins were expressed. In addition, the mutant proteins 
were stably expressed and therefore, the selection of clones might have influenced their 
results. Indeed, further studies showed that RhoA and Racl regulate adherens as well as 
tight junctions in MDCK polarized monolayers (Jou and Nelson, 1998, Jou et al., 1998). 
They generated MDCK cell lines that expressed constitutively active or dominant-negative 
Racl or RhoA under the control of the tetracycline repressible transactivator.

Previous results in Chapter 3 and 4 were obtained by either stimulation with HGF/SF or 
use of inhibitors. The roles of Rac and Rho in HGF/SF-induced cell spreading and 
scattering were analysed by microinjection of a limited number of subconfluent MDCK 
cells in Chapter 4. However, the effect of Cdc42 was not investigated in Chapter 4. To 
study the involvement of RhoA, Racl and Cdc42 in HGF/SF-induced responses using 

biochemical assays and TER studies it was necessary to express these proteins in the 
whole cell population. As an approach which did not use stable cell lines or an inducible 
system, adenoviral-mediated gene transfer of these proteins into MDCK cells was 
chosen.

The use of adendoviral-mediated gene transfer provides several advantages over the 
systems used in the previous studies mentioned above. Adenoviruses (Ad) are very
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potent gene delivery tools for several reasons: Ad have been widely studied and

characterized as a model system for eukaryotic gene regulation, which served as a solid

base for vector development. They have a medium-size genome (36 kb average), and are

suitable for the development of large-capacity vectors with minimal viral sequences which

are easy to generate and manipulate. Ad are relatively stable and can be readily obtained in 
11 12high titers of up to 10 -10 plaque-forming units (pfu)/ml. They exhibit a broad host 

range in vitro and in vivo with high infectivity, including non-dividing cells, and can thus 
be used on many cell lines and primary cells in addition to MDCK cells. The life cycle of 

Ad does not require integration into the host cell genome as the foreign genes delivered by 

Ad vectors are expressed episomally (Zhang, 1997).

However, adenoviral gene delivery is dependent on the availability and accessibility of the 
Ad receptors on the target cell surface (Huang et al., 1995). Ad are non-enveloped 
icosahedral particles containing an outer capsid and an inner core containing the viral 
DNA (Fig. 6.1 A). The capsid is built from 252 capsomers, 240 hexons and 12 pentons. 
From every penton base a fibre projects out of the capsid (Horwitz, 1990). The entry of 
human Ad into host cells involves the interactions of virus particles with two separate 
cellular receptors. Initial binding of Ad to target cells is via a fibre protein-mediated 
attachment to a cellular receptor (Defer et al., 1990), which has recently been identified as 
a 46 kDa transmembrane protein, called coxsackievirus and adenovirus receptor (CAR) 
(Bergelson et al., 1997). Virus entry into cells occurs via internalisation into clathrin- 
coated vesicles (Dales and Chardonnet, 1973), and is mediated by an Arg-Gly-Asp 
(RGD) sequence in the pentone base protein, which binds to cellular integrins and 
«vP5 (Wickham et al., 1993, Bai et al., 1993).

6.2 Results

6.2.1 Generation of recombinant adenoviruses expressing N19RhoA, 
NI7Cdc42, NlTRacl and V12Racl

Standard recombinant Ad used as gene transfer vectors are deleted in the E l and E3 

region to provide space for exogenous DNA sequences. As the E l region is required for 
adenoviral DNA replication (Zhang, 1997), the El-deleted Ad is replication-deficient. 
This makes Ad fairly safe to work with, but the consequence is that production of these 

vectors require expression of E l genes in the producer cells. For this purpose, 293 cells 

are commonly used which are human embryonic kidney (HEK) cells transformed with 

sheared Ad5 DNA (Graham et al., 1977), constitutively expressing E l proteins. The E l 
region in the adenovirus homing vector is substituted with the Escherichia coli LacZ gene.
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Fig. 6.1A

a. Structure of adenoviruses

Schematic outline of an adenovirus particle depicting the relative locations and 

relationships of the virion components. Adenovirus particles are non-enveloped and their 

capsid is composed of hexons and pentons. A thin fibre protrudes from the centre of each 
penton and mediates receptor binding. The core is associated with the DNA genome and 
the penton base and may mediate the packaging of the DNA.

b. Adenoviral entry

After receptor binding, uncoating of the adenoviral particle follows an ordered sequence, 
first the pentons, releasing a spherical, partially uncoated particle into the cytoplasm. The 
core migrates to the nucleus where the DNA enters through nuclear pores, whereupon it 
is converted into a virus-DNA histone complex. The replication of the adenovirus occurs 
then in the nucleus.

Source: http://www-micro.msb.le.ac.uk
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encoding p-galactosidase ((3-Gal), and contains a transposition acceptor site. The admid 
system uses only the Ad5 backbone as Ad5 serotype is not associated with any severe 

pathologies in humans (Horwitz, 1990).

To generate recombinant Ad, the cDNAs for Rho GTPases were subcloned into the 

admid transfer vectors pCR259 and pCR244 from pcDNA3-N19RhoA, pUHGlO- 

3N17Cdc42, pcEXV3-NI7Racl and pcEXV3-V12Racl. These vectors express amino- 
terminal myc-tagged dominant negative RhoA, dominant negative Cdc42, dominant 

negative Racl and constitutively activated R acl. The N19RhoA mutant was kindly 
provided by Alan Hall.

Fig. 6 . IB gives an overview of cloning and selection of the recombinant Ad. Generation 
of Ad in 293 cells by transfection and production of the viral seed stocks is described in 
Chapter 2 (2.2.5). Viral titers (CPE) and RCA (replication competent adenovirus) were 
determined for all four seed stocks (Table 6.1). CPE is the cytopathic toxic effect of the 
adenovirus on cells which are able to replicate the virus and then will be lysed after 
several days of infection and leave plaques in the confluent monolayer as part of the lytic 
lifecycle of the virus. The RCA of the seed stock is the content of replication competent 
adenovirus in the stock. The plaque-forming assay for CPE was performed on 911 cells 
which propagate replication deficient Ad as they contain the El gene. The plaque assay 
for RCA was performed on A549 (human lung cancer) cells which have no AdEl gene, 
but support the growth of replication competent Ad (Zhang, 1997).

In theory, all the stocks should be replication defective, however, as the seed stocks had 
been produced in 293 cells which contain part of the Ad5 genome, homologous 
recombination of the overlapping sequences between the recombinat Ad and adenoviral 
sequences in 293 cells can occur. This leads to the replacement of the inserted gene of the 
vector by an intact E l region. It has been previously reported that subsequent propagation 
of the same viral stock will lead to progessive increase in RCA as RCA has a replicative 
advantage over recombinant Ad vectors which is possibly due to the improved regulation 
of early gene expression over the replication defective mutant (Zhang, 1997).
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Fig. 6.1B

Generation of recombinant adenoviruses

The gene of interest was first cloned into the admid transfer vector. N19RhoA and 
N17Cdc42 were cloned into pCR244 and N17Racl and V12Racl were cloned into 
pCR259, respectively. The resulting admid vectors were then transformed into E.coli 
containing pCR220 and pMON7124. pMON7124 endodes a transposase resulting in 
transposition of the gene of interest from pCR259 or pCR244 into the adenovirus homing 
vector pCR220. pCR220 contains the adenovirus serotype 5 backbone deleted in the E l 
and E3 gene (Ad5 AE1AE3).

Transposition of the gene into pCR220 results in disruption of the p-galactosidase gene 
(Bgal-), tetracyclin sensitiveness (TcS) and ampillicin sensitiveness (ApS). 293 cells 
were transfected with the selected admid vectors which were digested for linearisation of 
the DNA genome with P ad  restriction enzyme.

The admid transfer vectors were sequenced to confirm the mutations in the Rho GTPase 
genes. In AdmycN 19RhoA, amino acid 19 was mutated from threonine (Thr [T]) to 
asparagine (Asn [N]) yielding a dominant inhibitory mutant. In Admye N17Cdc42 amino 
acid 17 was mutated from threonine to asparagine resulting in a dominant inhibitory 
mutant. In Admye N17Racl, amino acid 17 was mutated from asparagine to threonine 
yielding a dominant inhibitory mutant whereas in AdmycV12Racl, amino acid 12 glycine 
(Gly [G]) was mutated to valine (Val [V]) resulting in a constitutively activated mutant.
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Table 6.1 Final CPE and RCA titers of the seed stocks

Adenovirus CPE (pfu/ml) RCA (pfu/ml)

AdCMV-N19RhoA 1 0 ^̂ 1 0 ^

AdCMV-N17Cdc42 1 0 ^̂ 1 0 ^^

ADCMV-N17Racl 1 0 ^̂ 1 0 ^^

ADCMV-V12Racl lo '^ 1 0 ^^

In addition, a seed stock for AdCMV-p-Gal (CPE: 2.5 x 10^^ pfu/ml and RCA: 20 
pfu/ml) was provided by Carolyn Dent, GlaxoWellcome, Stevenage to measure 
adenoviral infection efficiency of MDCK cells and as a control for distinguishing between 
effects due to adenoviral infection and adenovirus-mediated expression of mutant Rho 
GTPases. AdCMV-(3-Gal expressed p-galactosidase and therefore, infected cells could be 
visualized. All materials and methods for cloning were kindly supplied by 
GlaxoWellcome, Stevenage. Cloning and production of the adenoviral seed stocks was 
performed under the supervision of Thomas Eichholtz, Carolyn Dent and Soondri Slathia 
at GlaxoWellcome, Stevenage.

6.2.2 Titration of AdCMV-p-Gal on MDCK cells to determine adenoviral 
infection efficiency

In Fig. 6.2, titration of AdCMV-p-Gal control virus is shown. Using X-gal staining as 
described in Chapter 2 (2.2.4) it was found that 100 m.o.i. (multiplicity of infection) Ad 
was required for efficient adenoviral infection giving detectable expression in 70-100% of 
cells. 100 m.o.i of Ad means that 100 pfu and therefore infectious virus particles per 
MDCK cell are used. It is possible that more cells were infected by AdCMV-p-Gal but 
expression levels of p-galactosidase were below the detection limit. Thus 100 m.o.i of 

AdN19RhoA, AdN17Cdc42, AdN17Racl and AdV12Racl was used for all subsequent 
experiments.

6.2.3 Adenoviral infection of MDCK cells and expression levels of the 
proteins

To monitor the expression levels of the mutant Rho GTPases, subconfluent MDCK cells 

were infected in 0.2% FCS/DMEM with the adenoviruses. The adenovirus was removed
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Fig. 6.2

Titration of AdCMV-p-Gal on confluent MDCK cells

Confluent MDCK cells sseeded on glass coverslips were stained with X-Gal for 
expression of p-galactosidase after infection with AdCMV-p-Gal infected cells. Cells were 

uninfected (a) or infected with 10 m.o.i (b) or 100 m.o.i of AdCMV-p-Gal (c) for 6  h, the 
medium was then replaced with 0.2% FCS/DMEM and cells were fixed 18 h later. Bar, 
1 0  |im.
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6  h after infection and cells incubated for an additional 18 h before cell lysis followed by 

Western blot analysis. Using the 9E10 antibody which recognizes the myc epitope of the 

amino-terminal myc-tagged mutants, it was shown that the mutant Rho GTPases were 

first detectably expressed at 6  h after infection and that expression increased to high levels 

by 24 h (Fig. 6.3A). Adenoviral mediated gene transfer therefore rapidly induced high 
levels of protein expression. It was observed that adenoviral driven gene expression 

persisted at high levels for at least 72 h but had reached its maximum already at 24 h after 

infection (data not shown). Consequently, experiments were performed at 24 h after 
infection to study the short-term effects of mutant Rho GTPases in MDCK cells.

To compare the expression level of each expressed exogenous mutant Rho GTPase with 
that of the endogenous protein, cells were lysed 6  h and 1 2  h after adenoviral infection 
and expression levels were compared to uninfected, control cells by Western blot analysis 
(Fig. 6.3B). Antibodies against RhoA, Cdc42 or Racl recognized simultaneously the 
endogenous and the expressed protein. Due to the myc-tag, RhoA, Cdc42 and Racl 
mutants had a slower electrophoretic mobility in SDS-polyacrylamide gels than 
endogenous RhoA, Cdc42 and Racl and could therefore be distinguished from the 
endogenous proteins. N19RhoA levels reached approximately 20% of the endogenous 
protein level at 12 h, while N17Cdc42 expression levels were less than N19RhoA 
compared to endogenous protein at 12 h. In contrast, N17Racl and V12Racl were 
expressed nearly to the level of endogenous protein at 12 h. In general, this analysis 
indicated that V 12Racl expressed to the highest level and N 17Cdc42 to the lowest level 
compared to endogenous proteins. However, blots probed with the myc antibody (Fig. 
6.3A) showeds strong expression of the Cdc42 mutant suggesting that MDCK cells 
contain more endogenous Cdc42 protein than Rac l  or RhoA protein. 
Immunofluorescence studies detecting N17Cdc42 expressing cells using the myc 
antibody provided further evidence that N17Cdc42 was expressed in many cells at high 
levels (see Fig. 6.5A).

6.2.4 Changes in cell morphology mediated by HGF/SF in conjunction 
with expression of the mutant Rho GTPases

It has been shown that expression of mutant Rho GTPases in MDCK cells under the 
control of the tetracycline repressible activator results in maximum expression of the 

mutant genes only after 36 to 48 h (Jou and Nelson, 1998). When cells were monitored 
after adenoviral infection using bright-field microscopy, in contrast, first changes in cell 

morphology were apparent by 3 h at the edges of colonies where the first expression
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Fig. 6.3

A. Expression levels of adenoviral-expressed mutant Rho GTPases

Cells were infected with adenoviruses expressing myc-tagged versions of N19RhoA 
(upper left panel), N17Cdc42 (bottom left panel), NlVRacl (top right panel) and 

V12Racl (bottom right panel). Uninfected cells (c) were lysed and infected cells were 
lysed 6  h, 12 h and 24 h after addition of adenoviruses and the lysates were 
electrophoresed on 12% SDS-polyacrylamide gels. Proteins were transferred to PVDF 
membranes which were probed with the 9E10 antibody against the myc tag.

B. Comparison of exogenous Rho GTPase expression levels with
endogenous protein levels

Western blots were prepared as described above and probed with either RhoA (upper left 
panel), Cdc42 antibody (upper right panel), or Racl antibody (bottom panels).
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appeared to take place (data not shown). Most cells were expressing 24 h after addition of 
Ad as shown before by titration of the AdCMV-p-Gal virus (Fig. 6.2).

To monitor the influence of the mutant Rho GTPases on MDCK cell morphology, phase 

contrast light microscopy pictures were taken of control and AdCMV-p-Gal infected cells 
(Fig. 6.4A) and of cells expressing the Rho GTPases (Fig. 6.4B). Subconfluent MDCK 

cells were infected with adenoviruses for 6  h, the medium was then replaced with 0 .2 % 

FCS/DMEM with or without HGF/SF and cells were fixed 18 h later. Changes in cell 
morphology were therefore studied 24 h after adenoviral infection when protein 
expression levels had reached their maximum as shown by Western blotting (Fig. 6.3).

As previously described (Chapter 3), uninfected subconfluent MDCK cells grew as small 
compact colonies when subconfluent and scattered by 16 h after HGF/SF stimulation 
(Fig. 6.4A, a and b). AdCMV-p-Gal-expressing MDCK cells behaved identically (Fig. 
6.4A, c and d). Adenoviral infection by itself therefore did not change the morphology of 
MDCK cells or their response to HGF/SF.

Subconfluent MDCK cells infected with AdCMV-N19RhoA started to detach from each 
other, as gaps formed between the cells and their morphology appeared flattened (Fig. 
6.4B, a). Expression of N19RhoA appeared to enhance the HGF/SF-induced motility 
(Fig. 6.4B b). In contrast, some cells expressing N17Cdc42 displayed a spindle-like cell 
morphology and other cells had tubular extensions (Fig. 6.4B c). Expression of 
N17Cdc42 had no marked inhibitory or stimulatory effect on HGF/SF-induced cell 
scattering (Fig. 6.4B d). Cells expressing N17Racl (Fig. 6.4B e), however, were very 
compact and small in size and did not scatter in response to HGF/SF (Fig. 6.4B f) as 
previously shown by microinjection studies (Ridley et al., 1995). In V 12Rac 1 -expressing 
cells, cell spreading was observed similar to a short exposure to HGF/SF (similar to 4 h 
HGF/SF shown in Fig. 3.1 A) (Fig. 6.4B g), some cells were motile and V12Racl 
appeared to promote HGF/SF-induced spreading and scattering (Fig. 6.4B h).

6.2.5 Intercellular localization of RhoA, Cdc42 and R a d

Adenoviral-mediated expression of the Rho GTPases allowed the analysis of the 
intracellular localization of Rho GTPases in a whole cell population as opposed to 

microinjection experiments where protein was injected (Chapter 4). Subconfluent MDCK 
cells were infected and stimulated with HGF/SF as described above and the localization 

of expressed proteins was detected using the 9E10 antibody. N17Cdc42 was distributed 
throughout the cytoplasm but concentrated in the perinuclear region in subconfluent
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Fig. 6.4

A. HGF/SF induces scattering in AdCMV-p-Gal-infected MDCK cells

Phase contrast light microscopy micrographs were taken of control (a and b) and 
AdCMV-p-Gal infected cells (c and d). Subconfluent MDCK cells were incubated without 

(a and b) or with the adenovirus (c and d) for 6  h, the medium was then replaced with 
0.2% FCS/DMEM without (a and c) or with HGF/SF (b and d) and cells were fixed 18 h 
later. Bar, 10 jam.

B. Influence of the mutant Rho GTPases on MDCK cell morphology and
HGF/SF-induced scattering

Phase contrast light microscopy micrographs were taken of MDCK cells expressing 
N19RhoA (a and b), N17Cdc42 (c and d), N17Racl (e and f) and V12Racl (g and h). 
Subconfluent MDCK cells were incubated with the adenoviruses for 6  h, the medium was 
then replaced with 0.2% FCS/DMEM without (a, c, e and g) or with HGF/SF (b, d, f 
and h) and cells were fixed 18 h later. Bar, 10 jam.
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unstimulated MDCK cells (Fig. 6.5A, a and b). In addition, the protrusions observed by 
phase-contrast light microscopy (Fig. 6.4B c) were apparent again in unstimulated and in 

HGF/SF-stimulated cells (arrows in Fig. 6.5A, a and b). N 17Cdc42 did not dramatically 

change its distribution in response to HGF/SF stimulation, although there was slightly 

more perinuclear localization (Fig. 6.5A b). N19RhoA was localized in the cytoplasm, 

excluded from the nucleus and did not accumulate at intercellular junctions (Fig. 6.5, c 

and d). These data are in agreement with (Jou and Nelson, 1998). In addition, N19RhoA 
was not detected in membrane ruffles induced by HGF/SF (Fig. 6.5A d). NlVRacI was 
detected at cell-cell contact areas (Fig. 6.5A, e and f) as shown by (Jou and Nelson, 
1998) and (Takaishi et al., 1997). When cells were incubated with HGF/SF, it appeared 
that less N17Racl localized to intercellular junctions and more localized in the cytoplasm 
(Fig. 6 .5A f). Similar effects were seen with V12Racl (Fig. 6 .5A, g and h) which 
localized mainly to the sites of intercellular junctions when cells were in close contact as 
previously reported (Jou and Nelson, 1998). There was less V12Racl detected in 
junctions in cells which were scattered, as fewer areas of cell-cell contact were present. 
N17Racl was almost exclusively present at sites of intercellular junctions in 
approximately 1 0 0  cells counted in three different experiments which were in close 
contact with each other (100%), but more than half of N17Racl protein localized in the 
cytoplasm when cells were stimulated with HGF/SF (64%). V12Racl was mostly 
detected in intercellular junctions (6 8 % of cells) but after HGF/SF stimulation, V12Racl 
was mainly localized in the cytoplasm (63%).

Endogenous Cdc42 was previously shown to localize to the Golgi complex in several cell 
lines (Erickson et al., 1996) and in addition, it has been recently demonstrated that 
microinjected Cdc42 plasmid or protein were Golgi-associated in MDCK cells 
(Kroschewski et al., 1999). To investigate the perinuclear localization of N17Cdc42 in 
more detail, co-staining experiments were performed using the mouse-anti-myc antibody 
9E10 (Fig. 6.5B, a and b) and a rabbit polyclonal antibody recognizing giantin (Seelig et 
al., 1994), a marker for the cis-Golgi compartment (Fig. 6.5B, c and d). N17Cdc42 
colocalized with the cis-Golgi compartment, although Cdc42 staining was also detected in 
regions surrounding the cis-Golgi compartment which presumably included medial- and 
trans-Golgi compartments and endosomes (Fig. 6.5B, e and f). HGF/SF stimulation did 
not significantly alter the staining, although in some cells N17Cdc42 and giantin 
appeared to co-localize to a higher degree (Fig. 6.5B, b, d and f).
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Fig. 6.5

A. Intracellular localization of Rho GTPases

Confocal laser microscopy images of MDCK cells expressing N17Cdc42 (a and b), 

NlVRhoA (c and d), N lTRacl (e and f) and V12Racl (g and h). Subconfluent MDCK 

cells were incubated with the adenoviruses for 6  h, the medium was then replaced with 
0.2% FCS/DMEM without (a, c, e and g) or with HGF/SF (b, d, f and h) and cells were 
fixed 18 h later and stained with the 9E10 antibody. Arrows in panel a and b indicate 
protrusions in N17Cdc42-expressing cells. Bar, 10 \xm.

B. Cdc42 is associated with the Golgi complex

Confocal laser microscopy images of MDCK cells expressing N17Cdc42. Subconfluent 
MDCK cells were incubated with the adenovirus for 6  h, the medium was then replaced 
with 0.2% FCS/DMEM without (a, c and d) or with HGF/SF (b, d and f) and cells were 
fixed 18 h later and stained with the either the myc antibody 9E10 (a and b) or the giantin 
antibody (c and d), a marker for the cis-Golgi compartment. Images were overlaid to 
show co-localization of Cdc42 with the Golgi complex (e and f). Bar, 10 pm.
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6.2.6 Rho GTPases do not regulate HGF/SF-induced activation of 
p42/p44 MAPK

A requirement for p42/p44 MAPK in HGF/SF-induced spreading, disruption of adherens 

junctions and scattering was shown in Chapter 4 using the inhibitor PD98059. To 

evaluate the role of p42/p44 MAPK activation in the changes in cell morphology observed 

in Fig. 6.4B, Western blot analysis was performed as previously described in Chapter 4 
(Fig. 4.1). As shown in Fig. 6 .6 , there was no activation of p42/p44 MAPK induced in 

cells infected with any of the adenoviral constructs (top blots were probed for activated, 
phosphorylated MAPK). In addition, HGF/SF-induced activation of p42/p44 MAPK was 
not blocked by expression of any of the mutants (Fig. 6 .6 , top blots). Thus, the effects 
observed by AdCMV-N19RhoA, AdCMV-N 17Cdc42, AdCMV-NlTRac and AdCMV- 
V 12Rac interfered with signalling pathways distinct from the p42/p44 MAPK cascade to 
induce the morphological changes observed in Fig. 6.4B.

6.2.7 Effects of N19RhoA, N17Cdc42, N17Racl and V12Racl on the 
organization of the actin cytoskeleton in subconfluent cells

The roles of Rho and Rac in the regulation of the actin cytoskeleton in MDCK cells have 
been described previously, but no effect of N19Rho on stress fibres has been reported 
and the role of Cdc42 has not been described yet (Ridley et al., 1995, Jou and Nelson, 
1998).

Subconfluent MDCK cells were infected with the adenoviruses for 6  h, incubated for a 
further 18 h, then fixed and stained with phalloidin to visualize F-actin. AdCMV-p-Gal 
infected cells showed actin organization undistinguishable from uninfected MDCK cells 
(Fig. 3 .IB a): stress fibres in cells in the middle of the colony (arrow in Fig. 6.7a) and 
strong cortical actin bundles in cells at the edge of the colony (arrowhead in Fig. 6.7a). 
Expression of N19RhoA induced a disassembly of stress fibres (arrow in Fig. 6.7b) and 
cortical actin bundles, cells were spread and some started to detach from colonies. 
N17Cdc42-expressing cells still contained some stress fibres but had lost most of their 

cortical actin filaments.
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In addition, they displayed the previously described protrusions (Fig. 6.4B and Fig. 

6.5A) which were visible at the edge of the colony (arrow in Fig. 6.7c), and cells 

appeared in general more spread than p-Gal-expressing cells (Fig. 6.7a). The effect of 

N17Racl expression is consistent with previous results reported following microinjection 

of protein into MDCK cells (Ridley et al., 1995): cells were relatively compact and had 

many stress fibres (arrow in Fig. 6.7d) and also contained strong cortical actin cables at 

the edge of the colony (arrowhead in Fig. 6.7d).
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Fig. 6.6

Expression of mutant Rho GTPases does not interfere with HGF/SF- 
induced activation of p42/p44 MAPK

Uninfected MDCK cells (c), and MDCK cells expressing NlVRhoA, N17Cdc42, (3-Gal, 

N lTRacl and V12Racl were lysed 24 h after infection with (+) or without (-) HGF/SF 
stimulation for 1 h. The upper panels show Western blots were probedwith antibodies 
against the activated, phosphorylated form of p42/p44 MAPK (pMAPK). The lower 
panels show the blot reprobed with an anti-ERKl antibody against total p42/p44 MAPK 
(ERK1/ERK2).
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Expression of V12Racl showed actin filament staining similar to that observed in Fig. 

4.12: increased cortical actin filament staining (arrowhead in Fig. 6.7e), disappearance of 
stress fibres and some punctate actin filament staining in the cytoplasm (arrow in Fig. 

6.7e).

Adenoviral-expressed Rho GTPases therefore influenced the cell morphology of MDCK 

cells concomitant with changes in the actin cytoskeleton consistent with previously 
described effects of Rho and Rac on the organization of the actin cytoskeleton in MDCK 

cells (Ridley et al., 1995).

6.2.8 Effects of N19RhoA, N17Cdc42, N lT R acl and V 12R acl on 
adherens and tight junctions in subconfluent cells

Microinjection experiments shown in Chapter 4 defined roles for RhoA and R a d  in the 
HGF/SF-induced disruption of adherens and tight junctions. First, it was necessary to 
see if N17Racl and V12Racl expression using adenoviruses elicited the same effects on 
adherens junctions and tight junctions. In addition, the effect of N19RhoA on adherens 
junctions was previously not investigated in these cells as it was either not possible to 
express high levels of N19RhoA or no morphological changes were detected (Takaishi et 
al., 1997, Jou and Nelson, 1998). There has been no report of the effects of N17Cdc42 
on adherens junctions in epithelial cells yet.

Subconfluent MDCK cells were infected with adenoviruses, the viruses were removed 
after 6  h and cells incubated to allow expression of the mutant proteins for 18 h in 0 .2 % 
FCS/DMEM. When cells were stained for the adherens junction protein p-catenin, it was 
observed that p-catenin localized to intercellular junctions in AdCMV-p-Gal-infected cells 
(Fig. 6 .8 A a). Adenoviral infection therefore did not detectably affect the integrity of 
adherens junctions. However, cells expressing N19RhoA displayed a marked decrease in 
adherens junctions. Hardly any p-catenin staining was found at the sites of cell-cell 
contact and instead p-catenin was only diffusely detected in jagged intercellular edges and 
ruffles (Fig. 6 .8 A b). N17Cdc42-expressing cells displayed similar reduced adherens 
junction staining, although p-catenin was still detected in some junctions (Fig. 6 .8 A c). 

As already observed by phase contrast light microscopy (Fig. 6.4B, e and f), N17Racl- 
expressing cells were organized in compact colonies. Their adherens junctions were well 
preserved and appeared to be even stronger in particularly small cells (Fig. 6 .8 A d). In 

contrast, although V 12Rac 1 -expressing cells spread as observed already by phase 

contrast light microscopy (Fig. 6.4B, g and h), cells in close contact still retained 

adherens junctions (Fig. 6 .8 A e). In cells that had similarly spread in response to 
HGF/SF stimulation, adherens junctions were dispersed as previously shown in
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Fig. 6.7

Actin filament localization in MDCK cells expressing mutant Rho
GTPases

Confocal laser microscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 
N17Cdc42 (c), N lVRacl (d) and V12Racl (e). Subconfluent MDCK cells were 
incubated with the adenoviruses for 6  h, the medium was then replaced with 0 .2 % 

FCS/DMEM and cells were fixed 18 h later and stained for actin filaments with TRITC- 
phalloidin. Arrows in panels a and d indicate the presence and in panels b and e the 
absence of stress fibres. The arrow in panel c indicates a protrusion in N17Cdc42- 
expressing cells. The arrowheads in panels a, d and e indicate the localization of cortical 
actin cables. Bar, 1 0  pm.
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Chapter 3 (Fig. 3.2 and Fig. 3.4A). Therefore, a strong Rac signal might maintain 
adherens junction localization even when cells are spreading. Restoration of E-cadherin- 

mediated adhesion in motile Ras-transformed MDCK cells via induction of a strong Rac 

signal has been reported (Hordijk et al., 1997, Sander et al., 1998).

In addition to adherens junctions, the localization of tight junctions was investigated by 

immunofluorescence staining for ZO-1 in subconfluent MDCK cells expressing the 
mutant Rho GTPases. Adenoviral infection using AdCMV-p-Gal by itself did not induce 
changes in ZO-1 localization (Fig. 6 .SB a). N19RhoA and N17Cdc42 displayed a more 
jagged ZO-1 localization at the plasma membrane (Fig. 6 .SB, b and c) in comparison to 
AdCMV-(3-Gal-infected cells (Fig. 6 .SB a). In addition, N19RhoA- and N17Cdc42- 
expressing cells showed weaker ZO-1 staining in areas where cells were not in close cell
cell contact and started to detach from each other. Intense ZO-1 staining was detected in 
the N17Racl expressing cells (Fig. 6 .SB d) in agreement with the strong p-catenin 
staining (Fig. 6 .SA d) as cells were again very compact. In V12Rac I-expressing cells, 
ZO-1 was only lost from the plasma membrane where cells detached from each other 
(Fig. 6 .SB e) which is similar to the finding that ZO-1 was locally disrupted in 
subconfluent HGF/SF-stimulated MDCK cells. In general, ZO-1 distribution was not as 
severely affected as p-catenin (Fig. 6 .SA) by the expression of the mutant Rho GTPases 
in unstimulated MDCK cells.

Further immunostainings for ZO-1 and p-catenin were performed to study the effects of 
HGF/SF stimulation in conjunction with expression of the mutant Rho GTPases. As 
demonstrated in Chapter 3, HGF/SF induced disassembly of adherens junctions during 
cell spreading (1 h-4 h) (Fig. 3.2A and Fig. 3.4A), and dispersal of ZO-1 later during cell 
scattering (16 h-24 h) (Fig. 3.4B).

Cells infected with adenoviruses were fixed and stained to show p-catenin localization 24 
h after infection. As shown already in previous experiments described in this Chapter, 
infection with AdCMV-p-Gal did not block HGF/SF-induced spreading and scattering or 
HGF/SF-mediated loss of adherens junctions (Fig. 6 .SC a). N19RhoA-, N17Cdc42- and 
V12Rac-expressing cells showed the same low level of p-catenin staining at sites of 

intercellular contact (Fig. 6 .SC, b, c and e), indicating that they did not inhibit the 
HGF/SF-induced loss of adherens junctions. In fact, as already observed by phase 
contrast light microscopy (Fig. 6.4B), they enhanced HGF/SF-induced cell scattering. 

Expression of N17Racl, in contrast, blocked the HGF/SF-induced spreading (Fig. 6 .SC 
d) consistent with the previous data shown in this Chapter (Fig. 6.4B and Fig. 6.5A). 

The cells contained adherens junctions resembling control MDCK cells (compare to
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Fig. 6.8

A. p-catenin localization in MDCK cells expressing mutant Rho GTPases

Confocal laser miroscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 

N17Cdc42 (c), N lVRacl (d) and V12Racl (e). Subconfluent MDCK cells were 
incubated with the adenoviruses for 6  h, the medium was then replaced with 0 .2 % 
FCS/DMEM and cells were fixed 18 h later and stained for p-catenin localization. Bar, 10 
pm.

B. ZO-1 localization in MDCK cells expressing mutant Rho GTPases

Confocal laser microscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 
N17Cdc42 (c), N17Racl(d) and V12Racl(e). MDCK cells were infected as described 
above and stained for ZO-1 localization. Bar, 10 pm.

C. p-catenin localization in MDCK cells expressing mutant Rho GTPases
and stimulated with HGF/SF

Confocal laser microscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 
N17Cdc42 (c), N17Racl(d) and V12Racl(e). Subconfluent MDCK cells were incubated 
with the adenoviruses for 6  h, the medium was then replaced with 0.2% FCS/DMEM 
containing HGF/SF and cells were fixed 18 h later and stained for p-catenin localization. 
Bar, 10 pm.

D. ZO-1 localization in MDCK cells expressing mutant Rho GTPases and
stimulated with HGF/SF

Confocal laser miroscopy pictures were taken of MDCK cells expressing p-Gal (a), 

N19RhoA (b), N17Cdc42 (c), N17Racl(d) and V12Racl(e). MDCK cells were 
stimulated with HGF/SF as described above and stained for ZO-1 localization. Bar, 10 
pm.
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AdCMV-p-Gal-infected MDCK cells in Fig. 6 .8 A a or wild-type MDCK cells in Fig. 

3.4A).

When cells were stained for ZO-1, cells infected with AdCMV-p-Gal (Fig. 6 .8 D a), 
AdCMV-N19RhoA (Fig. 6 .8 D b), AdCMV-N17Cdc42 (Fig. 6 .8 D c) and AdCMV- 

V12Raci (Fig. 6 .8 D e) displayed the same ZO-1 localization as cells stimulated with 

HGF/SF for 16 h (Fig.3.4B d) as ZO-1 was only detectable in areas where cells had not 

detached from each other. NlTRacl preserved ZO-1 localization (Fig. 6 .8 D d) similar to 
control MDCK cells (compare to AdCMV-p-Gal infected MDCK cells in Fig. 6 .8 B a or 
wild-type MDCK cells in Fig. 3.4A and Fig. 3.4B).

6.2.9 Effects of N19RhoA, N17Cdc42, N lT R acl and V 12R acl on 
detergent solubility of p-catenin

As reported in Chapter 4 (Fig. 4.8), HGF/SF-mediated loss of adherens junctions was 
not a consequence of downregulated expression but of redistribution of the 
cadherin/catenin complex. Fractionation of MDCK cell lysates into a detergent-soluble 
and insoluble fraction showed that HGF/SF induced a decrease in the amount of E- 
cadherin and p-catenin in the insoluble fraction without changing the overall level of 
protein. As described above, adenoviral expression of mutant Rho proteins in MDCK 
cells induced changes in p-catenin localization as monitored by immunolocalization. In 
particular N19RhoA and N17Cdc42 infection was demonstrated to reduce the amount of 
p-catenin staining at sites of intercellular contact in infected MDCK cells. It was 
investigated whether this correlated with a decrease in detergent-insoluble p-catenin.

Western blots were performed of the NP-40-soluble and insoluble fraction of lysates of 
infected cells as described in Chapter 2 (2.2.2). In addition, blots were probed with an 
antibody to keratins (Gigi et al., 1982) to show equal loading of the insoluble fraction 
(Fig. 6.9, right panels). Keratins (40-68 kDa) are intermediate filament proteins of 
epithelial cells which are relatively detergent-insoluble (Hofmann and Franke, 1997). 
Early reports showed that HGF/SF treatment of MDCK cells did not alter intermediate 

filament organization as revealed with a anti-keratin antibodies (Stoker and Perryman, 
1985).

AdCMV-p-Gal infection did not induce a redistribution of p-catenin as the amount of 

insoluble material was unchanged (Fig. 6.9, left panels) in comparison to control MDCK 
cells (Fig. 4.8). In addition, HGF/SF stimulation of AdCMV-p-Gal infected MDCK cells 

for 4 h induced the redistribution of p-catenin into the soluble fraction as shown before 

for uninfected MDCK cells treated with HGF/SF for 4 h (Fig. 4.8).
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Fig. 6.9

Effects of mutant Rho GTPases on the detergent solubility of p-catenin in 
MDCK cells stimulated with HGF/SF

Cell lysates of p-Gal expressing cells (p-gal) or cells expressing N19RhoA, N17Cdc42, 
N lV Racl, V12Racl with (+) or without (-) stimulation of HGF/SF for 4 h were 

fractionated into a NP-40-soluble (S) and NP-40-insoluble (I) fraction. Equal sample 
volumes were loaded and probed for p-catenin (left blots) or keratin (right blots).
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Although the immunofluorescence studies indicated major changes in adherens junction 
localization in cells expressing the mutant Rho GTPases (Fig. 6.9), only AdCMV- 

N 19RhoA-infected MDCK cells displayed a significantly reduced amount of p-catenin in 

the insoluble fraction compared to p-Gal expressing cells (Fig. 6.9, left blots, first panel) 
which was independent of HGF/SF stimulation (Fig. 6.9, left blots, second panel).

No major changes in comparison to the AdCMV-p-Gal-infected cells were observed in 
MDCK cells infected with AdCMV-N17Cdc42 or AdCMV-NIVRac 1. In some 

experiments it appeared that V12Racl increased the amount of p-catenin in the insoluble 
fraction in HGF/SF-stimulated MDCK cells (Fig. 6.9, left blots, bottom panel) consistent 
with the observations in Fig. 6 .8 B e, where HGF/SF-stimulated V 12Rac-expressing 
MDCK cells still displayed some intercellular p-catenin staining between spread cells. 
Similar findings were reported by (Takaishi et al., 1997) in MDCK cells stably 
expressing V12Racl. The amount of E-cadherin remaining in the insolube fraction 
increased in V12Racl-expressing cells compared with that in wild-type MDCK cells. 
They also report that the changes in the distribution of E-cadherin were not due to 
changes in the expression levels of both E-cadherin and p-catenin in V 12Rac 1 -expressing 
MDCK cells compared to wild-type MDCK cells. Another report by (Sander et al., 1998) 
showed that Tiam-l/Rac signaling caused restoration of E-cadherin-mediated adhesions in 
Ras-transformed MDCK cells which was not caused by an increase in the expression 
level of E-cadherin. Taken together, the results obtained by cell fractionation and 
immunofluorescence analysis indicate that adenoviral expression of V12Racl in MDCK 
cells stimulated the formation or stabilization of functional cadherin/catenin complexes at 
the cell surface and thus even cells which were spreading still contained some adherens 
junctions.

6.2.10 Influence of adenoviral expression of Rho GTPases on tyrosine 
phosphorylation of p-catenin

As described in Chapter 3, tyrosine phosphorylation of the adherens junction proteins E- 
cadherin and p-catenin was not increased in response to HGF/SF stimulation although 

HGF/SF induced a rapid disassem bly of these junctions as m onitored by 
immunofluorescence staining. As adenoviral expression of the Rho mutants influenced 
adherens junction distribution in unstimulated MDCK cells (Fig. 6 .8 A) as well as the 

HGF/SF-mediated disassembly of adherens junctions (Fig. 6 .8 C), it was investigated if 
these effects correlated with changes in tyrosine phosphorylation of p-catenin.
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As described in Chapter 2 and shown in Chapter 3, Fig. 3.3, immunoprecipitates were 

performed from the detergent (1% Tx-100)-soluble fraction. No apparent increase in the 
tyrosine phosphorylation of p-catenin in HGF/SF-stimulated and unstimulated MDCK 

cells infected with the adenoviruses was observed. In the case of AdCMV-N19RhoA 

infection, there was a slight decrease in the amount of immunoprecipitated tyrosine 

phosphorylated p-catenin detectable (Fig. 6.10). In addition, in Fig. 6.9 it was found that 

N19RhoA decreased the amount of insoluble, presumably actin cytoskeleton-associated 
p-catenin. The N19RhoA-mediated decrease of the phosphotyrosine content of p-catenin 

in the soluble fraction (Fig. 6.10) as well as the decrease of the amount of p-catenin in the 
insoluble fraction (Fig. 6.9) were both not changed by HGF/SF stimulation. Altogether, 
this suggests that N19RhoA may affect adherens junctions through changing the tyrosine 
phosphorylation of p-catenin and its attachment to the actin cytoskeleton.

It has been shown that tyrosine phosphorylated p-catenin is mainly located in the soluble 
fraction upon EGF stimulation of human epidermoid carcinoma A431 cells (Hoschuetzky 
et al., 1994). However, it has been also demonstrated that increased tyrosine 
phosphorylation of p-catenin was linked to the establishment of adherens junctions in 
kératinocytes (Calautti et al., 1998). Both tyrosine phosphorylation and 
dephosphorylation of adherens junction proteins may therefore be crucial in the formation 
as well as disruption of adherens junctions. Indeed, several tyrosine phosphatases have 
been found to co-localize with adherens junctions (Müller et al., 1999).

By reprobing the blots for a-catenin which links the cadherin/catenin complex to the actin 
cytoskeleton (Christofori and Semb, 1999) or E-cadherin, it was further observed that 
equal amounts of a-catenin and E-cadherin co-immunoprecipitated with p-catenin 
showing that the complex was still existent but was not located in adherens junctions 
anymore as observed by immunofluorescence (Fig. 6 .8 A).

6.2.11 Effects of N19RhoA, Cdc42 and NlTR acl and V12Racl on the 
TER of MDCK cell monolayers

It has been shown that expression of mutant RhoA or R a d  in polarized MDCK cell 
monolayers perturbed tight junction function. These Ca -switch experiments showed 
that expression of the mutant Rho GTPases inhibited the development of TER (Jou et al., 

1998). In contrast to this, it has been recently reported that activation of Rho in MDCK
cells leads to an increase in TER and paracellular flux which was however not observed 

during Ca^^-switch experiments (Hasegawa et al., 1999). In Chapter 5 it was described 

that HGF/SF reduced the TER of polarized MDCK monolayers (Fig. 5.1).
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Fig. 6.10

Analysis of tyrosine phosphorylation of p-catenin in MDCK cells 
stimulated with HGF/SF and expressing mutant Rho GTPases

MDCK cells were unstimulated (-) or stimulated with HGF/SF for 2 h (+) after 
expression of N19RhoA, N17Cdc42, p-Gal, N lTRacl, V12Racl for 18 h or uninfected 
(c). p-catenin was immunoprecipitated from the cell lysates and the precipitates resolved 
by SDS-polyacrylamide analysis and transferred to a PVDF membrane. In the top blot, 
the membranes were probed with the anti-phosphotyrosine antibody PY99. Three bands 
corresponding to the sizes of E-cadherin (120 kDa), a-catenin (102 kDa) and p-catenin 
(92 kDa) were revealed. The membranes were stripped and reprobed with the antibody 
against p-catenin showing equal amounts of precipitated p-catenin protein (pc, panels in 
the middle). In addition, blots were reprobed for a-catenin (ac, panels second from the 
bottom) or E-cadherin (Ec, bottom panels).
The data are representative of three different experiments.
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To evaluate the effects of Rho GTPases on established epithelial junctions, polarized 

MDCK cell monolayers were grown on transwell filters as described in Chapter 5 and 

infected apically with 100 m.o.i of AdCMV-N19RhoA, AdCMV-N17Cdc42, AdCMV- 

N 17Rac 1 and AdCMV -V12Rac 1.

As a control for adenoviral infection, 100 m.o.i. of AdCMV-|3-0al was applied apically 

to polarized monolayers. All TER studies were performed in 10% FCS/DMEM as 
reduction in serum caused a decrease in resistance (see Chapter 5). Although high serum 
was present, adenoviral infection was as effective as in subconfluent cells grown in 0 .2 % 
FCS/DMEM. X-gal staining displayed an infectivity of 70-100% of cells as shown in 
subconfluent cells (Fig. 6.2). The TER of AdCMV-p-Gal -infected cells did not vary 
significantly from uninfected control cells, implying that adenoviral infection by itself had 
no effect on TER. When the mutant Rho GTPases were expressed, however, the TER 
decreased in all cases to 60% of the initial TER value for N19RhoA, 75% for N17Cdc42, 
30% for N17Racl and 15% for V12Racl 48 h after infection (Fig. 6 .11 A). In the case of 
N17Racl there was also a transient increase in TER of up to 150% of the initial value 
observed during the first hours after infection which then strongly decreased again over 
the following 10 h (Fig. 6.11 A). This effect was never observed with the other mutants. 
To test whether the N17Racl effect was specific and dependent on expression efficiency 
and expression time, TER assays were performed varying the m.o.i. of AdCMV- 
N17Racl. When the m.o.i. of AdCMV-N17Rac 1 was increased, a larger transient 
increase in TER was observed (Fig. 6.1 IB). A significant increase in TER was only 
observed at 100 m.o.i. of AdCMV-N17Rac 1. 100 m.o.i. was shown to be sufficient for 
70-100% of expression in AdCMV-p-Gal infected cells (Fig. 6.2). In addition, it was 
observed that the AdCMV-N17Rac 1 -induced increase in TER declined after 5 h and had 
dropped to control levels (uninfected cells) by 1 0  h.

Low levels of N17Racl are likely to be expressed during this first 5 h as protein 
expression was detected by Western blotting at 6  h (Fig. 6.3B). This low level expession 
of N 17Racl protein at early timepoints might be enough to cause a tightening of cells as 
has been observed after long-term expression (24 h) of N17Racl by phase contrast 
microscopy (Fig. 6.4B e) and immunofluorescence staining (Fig. 6 .8 A, d and Fig. 6 .8 B 
d). When higher levels of N17Racl are expressed, the high N17Racl concentrations 

might induce the formation of holes in the monolayer. As TER measures the resistance of 
the whole cell monolayer, a decrease in TER could be caused by only some cells 
expressing high levels of N17Racl. This will be relevant for immunofluorescence and 

TEM data shown in the following subchapters.
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Fig. 6.11

A. The effects of expression of mutant Rho GTPases on the TER of
MDCK monolayers

MDCK monolayers were infected apically with 100 m.o.i adenovirus expressing 

N19RhoA (upper left panel), N17Cdc42 (upper right panel), NlVRacl (bottom left 
panel) or V12Racl (bottom right panel) on day 3 after plating and TER was measured 
before infection (set as 100%) and the first time 1 h after infection. In addition, in every 

experiment the TER of uninfected monolayers (control) and monolayers expressing p-Gal 
(p-gal) was monitored. TER values were obtained by measuring three equally treated 
monolayers, data were pooled and shown together with the corresponding standard 
deviations. The results are representative of more than three independent experiments.

B. Time-dependent effects of expression of NlTRacl on the TER of
MDCK monolayers

MDCK monolayers were infected apically with either 1 m.o.i (MOIl), 10 m.o.i (MOIIO) 
or 100 m.o.i (M O Il00) adenovirus expressing NlVRacl on day 3 after plating and TER 
was measured before infection (set as 100%) and the first time 1 h after infection. In 
addition, in every experiment the TER was monitored of an uninfected sample (control). 
TER values were obtained by measuring three equally treated monolayers, data were 
pooled and shown together with the corresponding standard deviations. The results are 
representative of more than three independent experiments.
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6.2.12 Redistribution of ZO-1 in MDCK cell monolayers expressing 
N19RhoA, N17Cdc42, NlVRacl and V12Racl

The TER data shown in Fig. 6.11 A imply that tight junction function is affected by 

adenoviral-mediated expression of the Rho GTPase mutants. To determine the 

localization of the tight junction protein ZO-1, MDCK cell monolayers were infected 
apically in 10% FCS/DMEM at 100 m.o.i., the virus was removed after 6  h and new 

medium containing 10% PCS added apically. Monolayers were fixed after a further 18 h 
incubation and stained for ZO-1 distribution. Optical sectioning and merging of individual 
confocal sections was performed for all the following ZO-1 immunofluorescence data 
derived from filter-grown MDCK cells as shown on Chapter 5 and described in Chapter 2 
(2.2.4).

Adenoviral infection itself did not influence the localization of ZO-1, as shown in MDCK 
cells infected with AdCMV-p-Gal (Fig. 6.12A a). Expression of N19RhoA, in contrast, 
induced cell spreading and weakening of tight junctions in areas where cells were spread 
(loss of ZO-1 localization indicated by arrow in Fig. 6.12A b). The tight junction staining 
of AdCMV-N19RhoA-infected cells was similar to that observed in confluent cells 
stimulated with HGF/SF shown in Chapter 5 (Fig. 5.3B a). Expression of N17Cdc42 
resulted in an increased diffuse cytoplasmic staining of ZO-1 which was observed in at 
least three independent experiments (Fig. 6.12A c). In addition, ZO-1 staining at 
junctions appeared to be slightly weaker. It is possible that N17Cdc42 expression 
inhibited the targeting of ZO -1 to the plasma membrane as Cdc42 has been reported to 
control epithelial cell polarity by regulating basolateral membrane trafficking 
(Kroschewski et al., 1999). However, in this paper, expression of N17Cdc42 did not 
affect positioning of ZO-1, although V12Cdc42 did alter ZO-1 distribution as tight 
junctions were basally displaced. The discrepancies between these findings and the 
results presented here might be due to the fact that the results presented by (Kroschewski 
et al., 1999) were based on microinjection studies as opposed to adenoviral-mediated 
gene transfer. In preliminary microinjcetion studies with N17Cdc42 protein no effect on 
adherens or tight junctions was observed in subconfluent MDCK cells (data not shown). 
N17Cdc42-microinjected cells, however, displayed no obvious changes in cell 
morphology (data not shown) in contrast to the changes observed with adenoviral- 
expressed N17Cdc42 (Fig. 6.4B and Fig. 6 .8 A).

In N17Racl-expressing cells ZO-I localization was disrupted focally where cells either 

appeared to pull apart or to have been lost from the monolayer (Fig. 6.12A d). As 
described before, long-term expression of N17Racl induced a decrease in TER (Fig.

6.1 lA  and Fig. 6.1 IB) and as shown in subconfluent cells, high expression levels of
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NlVRacl resulted in compaction of individual cells within the colony (see for example, 
Fig. 6 .8 A d). Therefore, it is possible that disruption of tight junctions in MDCK cell 

monolayers by NlVRacl was caused by compaction of some cells which subsequently 

detached from the filter or retracted and left gaps to neighbouring cells (gaps between 

cells and holes indicated by arrows in Fig. 6.12B d). V12Racl-expressing cells appeared 

similar to NlVRacl-infected MDCK cells: they also displayed gaps in their tight junction 

organization (indicated by arrows in Fig. 6.12B ejwhich might be due to compaction of 

individual cells or loss of single cells from the monolayer. It was observed that cells 

expressing high levels of V12Racl showed cytoplasmic blebbing and these may have 
been lost from the monolayer at later timepoints (data not shown).

In summary, the effect of N19RhoA on ZO-1 localization was similar to that induced by 
HGF/SF in MDCK monolayers. NlVCdc42 expression possibly resulted in a defect in 
localization of ZO-1 whereas with NlVRacl and V12Racl some junctions were lost in 
places where cells had pulled apart.

In addition, the effects of Rho GTPases on ZO-1 localization in MDCK cell monolayers 
stimulated with HGF/SF for 18 h in 10% FCS/DMEM were investigated. AdCMV-p-Gal 
infection (Fig. 6.12B a) itself did not block HGF/SF-induced extending of cells which 
was also not inhibited by infection with AdCMVN19RhoA, AdCMV-NlVCdc42 or 
AdCMV-V12Rac 1 (Fig. 6.12B, b, c and e). Sometimes very large cells were detected 
(indicated by arrow in Fig. 6.12B a) and as cells were confluent, cells which were 
extended in response to HGF/SF stimulation might have been located in areas which were 
not so densely packed. A slight increase in cytoplasmic ZO-1 staining was observed in 
cells expressing NlVCdc42 (Fig. 6.12B c) as shown before in unstimulated cells (Fig. 
6.12A c). NlVRacl expression blocked HGF/SF-induced cell spreading as demonstrated 
before in subconfluent cells (Fig. 6 .8 D d). Cells were compact although they lost their 
tight junctions in some places where apparently high expression levels of NlVRacl 
resulted in cells pulling apart as described in Fig. 6.10A, d for unstimulated MDCK cells 
(weakend ZO-1 localization and gaps between cells indicated by arrowheads in Fig. 
6.12B, b, d and e).

Together, these data suggest that expression of high levels of mutant Rho GTPases 
perturbed tight junction function. These findings are in agreement with data showing that 
the development of TER in Ca^+-switch experiments is attenuated in MDCK cells 

expressing mutant Rho or Rac (Jou et al., 1998).
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Fig. 6.12

A. Localization of ZO-1 in MDCK monolayers expressing mutant Rho
GTPases

Confocal laser microscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 

N17Cdc42 (c), NlVRacl (d) and V12Racl (e). Confluent MDCK monolayers were 
incubated with the adenoviruses for 6  h, the medium was then replaced with 0 .2 % 
FCS/DMEM and cells were fixed 18 h later and stained for ZO-1 localization. Analysis of 
the very thin tight junction area in monolayers grown on filters (which are relatively 

uneven compared to glass coverslips) was performed by taking serial optical sections 
with a laser scanning confocal microscope. Four individual sections were merged to 
show ZO-1 localization. The arrow in panel c indicates an area where ZO-1 localization is 
reduced and the arrows in panels d and e indicate the loss of ZO-1 from areas where cells 
have detached from each other or are lost from the monolayers. The data shown are 
representative of three individual experiments. Bar, 10 pm.

B. Localization of ZO-1 in HGF/SF-stimulated MDCK monolayers 
expressing mutant Rho GTPases

Confocal laser miroscopy images of MDCK cells expressing p-Gal (a), N19RhoA (b), 
N17Cdc42 (c), N lVRacl(d) and V12Racl(e). Confluent MDCK monolayers were 
incubated with the adenoviruses for 6  h, the medium was then replaced with 0 .2 % 
FCS/DMEM containing HGF/SF and cells were fixed 18 h later and stained for ZO-1 
localization. Merged serial sections are shown and were generated as described above. 
The arrow in panel a shows a very large cell, the arrowheads in panel b indicate areas 
where ZO-1 localization is reduced and the arrowheads in panels d and e indicate the loss 
of ZO -1 from areas where cells have detached from each other or are lost from the 
monolayers. The data shown are representative of three individual experiments. Bar, 10 
pm.
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6.2.13 TEM analysis of intercellular junctions in monolayers infected 
with N19RhoA, N17Cdc42, NlVRacl and V12Racl

As TER (Fig. 6 .11 A) and immunofluorescence data (Fig. 6.12A) indicated that Rho 

GTPases regulated tight junction function, transmission electron microscopy (TEM) was 

performed on filters as described in Chapter 5. MDCK cell monolayers were infected 
apically in 10% FCS/DMEM at 100 m.o.i. The adenovirus was removed after 6  h and 

cells were fixed and processed for TEM after TER measurements for the following 42 h 
which gave consistent results to the data shown in Fig. 6 .12A. Preparation of the samples 
and help with the electron microscope was provided by Gillian Brown, GlaxoWellcome, 
as for the TEM data shown in Chapter 5. Each sample contained approximately 100 cells 
of which the intercellular junctions were analysed under the electron microscope and of 
which representative images were taken.

As previously described in Chapter 5, uninfected MDCK cells displayed clear tight 
junctions, and adherens junctions and desmosomes were located basally from the tight 
junctions (tight and adherens junction and desmosome indicated by arrowheads in low 
magnification picture. Fig. 6.13A a and black lines in high magnification picture Fig.
6.13 A b). As a control for the effects of adenoviral infection, MDCK cells infected with 
AdCMV-p-Gal were processed for TEM. Low magnification (Fig. 6.13B a) as well as 
higher magnification (Fig. 6.13B b) images demonstrated that these cells were 
morphologically similar to control, uninfected MDCK cells (Fig. 6.13A, a and b) as they 
contained tight and adherens junctions and desmosomes (arrowheads in Fig. 6.13B a and 
black lines in Fig. 6.13B b).

Expression of N19RhoA resulted in a widening of the cell-cell contact area so that tight 
and adherens junctions and desmosomes appeared to be disassembled (arrowheads 
indicating disrupted tight and adherens junctions in Fig. 6.13A c, low magnification). 
High magnification revealed that there were no tight junctions, adherens junctions or 
desmosomes detectable in these cells (6.13A d). AdN17Cdc42-expressing cells appeared 
to be in close contact, but no discrete junctions were visible under low magnification 
(Fig. 6.13A e). The high magnification data set showed that although these cells were 
closely opposed they did not contain tight or adherens junctions or desmosomes (Fig. 
6.13A f).

Both NlVRacl-expressing cells (Fig. 6.13B, c and d) and V 12Rac 1 -expressing cells 

(Fig. 6.13B, e and f) were in close cell-cell contact with each other as observed by low 
magnification images (Fig. 6.13B c). However, as monitored using higher magnification 

(Fig. 6.13B d), some NlVRacl-expressing cells contained a small but close tight and
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adherens junction. In fact, it was not possible to distinguish in the image shown between 
the tight junction and the adherens junction (Fig. 6.13B d). During optical screening of 

the sample under the electron microscope, it was observed that in some cells expressing 

NlVRacl separate tight and adherens junctions were present whereas in other cells they 

appeared condensed (Fig. 6.13B d). Therefore, expression levels of NlVRacl possibly 
determined if junctions were enhanced and high expression induced disruption of the 

junctions although cellss were closely opposed. V12Racl-expressing cells were in close 

contact with each other and contained tight junctions, adherens junctions and 
desmosomes when samples were screened under the electron microscope (Fig.6.13B, e 
and f). Tight and adherens junctions appeared to be stronger (Fig. 6.13B f) than in 
control (Fig. 6.13A b) or AdCMV-p-Gal infected cells (Fig. 6.13B b). It is therefore 
possible that V12Racl enhanced tight and adherens junctions, and that the decrease in 
TER (Fig.6.1 lA) is due to the fact that some cells were lost from the monolayers.

In summary, it was observed that N19RhoA and NlVCdc42 expression both induced the 
disassembly of intercellular junctions where N19RhoA had a similar effect on MDCK cell 
monolayers to HGF/SF stimulation (Fig. 5.5A). In contrast, NlVRacl-induced effects 
were variable depending on the amount of expressed protein as high expression levels 
possibly resulted in the disruption of intercellular junctions. The enhancement of 
intercellular junctions in V 12Rac 1 -expressing cells was consistent with data obtained in 
subconfluent cells where expression of V12Racl enhanced adherens junctions in cells 
which were spreading (Fig. 6 .8  A e) and the amount of detergent insoluble p-catenin in 
HGF/SF-stimulated cells (Fig. 6.9).

6.3 Discussion

In this Chapter, using adenoviruses for gene expression, the effects of RhoA, Racl and 
Cdc42 in subconfluent MDCK cells as well as in established polarized MDCK 
monolayers were determined. In subconfluent cells, adenoviral-expressed RhoA, Racl 
and Cdc42 confirmed the roles for RhoA and Racl in regulating intercellular junctions 
found in Chapter 4 by microinjection studies and in addition defined a role for Cdc42 in 

junction integrity for the first time. Moreover, these initial studies proved that the 
adenoviruses were functional in MDCK cells. Using adenoviral-mediated gene transfer it 
was also possible to determine the intracellular localization of these Rho GTPases. In the 

second part of this Chapter, biochemical studies and assays in subconfluent and confluent 
filter-grown MDCK cells showed new roles for RhoA, Racl and Cdc42 in the regulation 

of intercellular junctions in polarized epithelial monolayers.
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Fig. 6.13

A. TEM analysis of intercellular junctions of MDCK monolayers 
expressing N19RhoA and N17Cdc42

Confluent MDCK monolayers were uninfected (a and b) or infected apically with 
adenoviruses expressing N19RhoA (c and d) or N17Cdc42 (e and f). Monolayers were 
incubated with the adenoviruses for 6  h, the medium was then replaced with 0 .2 % 
FCS/DMEM and cells were fixed 18 h later and processed for TEM analysis. Samples 
were examined using a Philips CM 10 transmission electron microscope with the help of 
Gillian Brown at GlaxoWellcome, Ware. In the low magnification images (2.950 x) (a, c 
and e), tight junctions (t), adherens junctions (a) and desmosomes (d) are indicated by 
arrowheads and the absence of tight junctions (At) and adherens junctions (Aa) is indicted 

by an arrowhead in panel c. In the high magnification images (28.500 x) (b, d and f), the 
localization of tight junctions (t), adherens junctions (a) and desmosomes (d) is described 
by black lines. Bar in panel e, 1 pm (for a, c and e) and bar in panel f, O.I pm (b, d and

f).

B. TEM analysis of intercellular Junctions of MDCK monolayers 
expressing p-Gal, NlTRacl and V12Racl

Confluent MDCK monolayers were infected apically with adenoviruses expressing p-Gal 
(a and b), NlVRacl (c and d) or V12Racl (e and f). Monolayers were treated and 
analysed by TEM as described above. In the low magnification images (2.950 x) (a, c 
and e), tight junctions (t), adherens junctions (a) and desmosomes (d) are indicated by 
arrowheads and the absence of tight junctions and adherens junctions (At/a) is indicted 

by an arrowhead in panel c. In the high magnification images (28.500 x) (b, d and f), the 
localization of tight junctions (t), adherens junctions (a) and desmosomes (d) is described 
by black lines. In panel d, the tight junction is condensed with the adherens junctions (t/a) 
and described by a black line. Bar in panel e, 1 pm (for a, c and e) and bar in panel f 0.1 
pm (b, d and f).
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Efficiency of adenoviral infection of MDCK cells

It was recently reported that airway epithelial cells grown on filters as polarized 

monolayers were resistant to adenoviral infection, as the basolateral localization of the 

adenovirus receptors restricted the entry of apically applied adenovirus. However, when 

tight junctions were transiently disrupted by reducing the extracellular Ca^^- 

concentration, adenoviruses gained access to the basolateral surface for efficient infection 
(Walters et al., 1999). In contrast, it has been shown that polarized MDCK monolayers 
were infected apically with an adenovirus coding for nerve growth factor as expression 
was detected 24 h after infection (Jou et al., 1998).

In this study, adenoviral infection of subconfluent MDCK cells and confluent MDCK 
monolayers was successful at 100 m.o.i of Ad 3 days after seeding. It is possible that 
either adenoviral receptors are also located apically in polarized MDCK monolayers or Ad 
can access more easily the basolateral surface of MDCK cells because junctions might not 
be as tight as in well-differentiated airway epithelium (airway epithelial cells were infected 
14 days after seeding). Indeed, when TEM images were analysed, wide gaps were 
observed between neighbouring MDCK cells although their lateral plasma membranes 
were connected by intercellular junctions.

Changes in the actin cytoskeleton are required for efficient entry of 
adenoviruses into epithelial cells

Interestingly, it has been also shown that reorganization of the actin cytoskeleton 
mediated by P13K and the Rho GTPases is essential to mediate Ad endocytosis after 
receptor binding in A549 (human non-small cell lung cancer) epithelial cells (Li et al., 
1998b, Li et al., 1998a) resulting in filopodium formation and membrane ruffling for 10- 
25 minutes after infection. As viruses were expressed for 6  h at least (virus binding and 
internalization is thought to occur in Ih), these actin mediated changes did not influence 
adenoviral infection of MDCK cells as described in Chapter 6 . Nevertheless, it is possible 
that in cells expressing one copy of virus, uptake of further virions was prevented. 
However, Western blot analysis showed that NlVRacl was expressed to a similar degree 
as V 12Racl, indicating that inhibition of Rac did not significantly affect the expression of 
NlVRacl in MDCK cells.
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Expression levels of the Rho mutants: endogenous versus exogeneous 
protein levels

As the aim of this study was to inhibit or activate RhoA, Cdc42 or Racl in MDCK cells, 

it was first necessary to compare the endogenous protein levels with the adenoviral- 
expressed protein levels. All Rho mutants were expressed but to a different protein level. 

To discuss whether these mutants were completely inhibiting the endogenous proteins, it 
is necessary to consider how these dominant-inhibitory proteins work.

It has been reported that dominant-inhibitory mutants work in cells by competing with the 
endogenous proteins for GEFs (Feig, 1999). At least for NlTRas it has been shown that 
only a three-fold excess wild-type Ras is required to overcome the growth-inhibitory 
effects of NlTRas in NIH 3T3 cells (Farnsworth et al., 1991). In addition, one can 
attribute a phenotype associated with NlTRas expression to suppression of Ras activity 
only if it is clear that RasGEFs in that cell activate only Ras proteins, as for example the 
RasGEF Sos can also activate the GTPase TC21 (Graham et al., 1996). In addition, Ras 
might be activated by a decrease in GAP activity (Downward et al., 1990).

The GEFs for Rho GTPases have been found to activate more than one Rho GTPase in 
vitro (Zheng et al., 1995), however, dominant-inhibitory Rho GTPases have been 
shown to yield specific responses in cell culture experiments implying that Rho GEFs 
might be specific in vivo. To determine if a specific Rho GTPase is involved in mediating 
a certain response would be direct measurement of the levels of Rho GTPase bound to 
GTP as previously demonstrated for Ras (Marais et al., 1998). This has been shown for 
activation of Rac by the RacGEF Tiam-1 in Ras-transformed MDCK cells (Sander et al.,
1998). However, it was also found that although the Tiam-1-induced level of Rac-GTP 
was similar in Ras-transformed MDCK cells grown on fibronection and collagen, Tiam-1 
signalling inhibited the migration of these cells on fibronection but not on collagen. 
Consequently, other factors in addition to the total GTP-level of a Rho GTPase determine 
its function, including localization as suggested by (Sander et al., 1998).

In summary, to achieve complete inhibition of the endogenous protein, it was assumed 
that dominant-inhibitory mutants should be expressed at least two to three times more 

than endogenous levels. Thus, when expression levels of N19RhoA, NlTCdc42 and 
NlTRacl were compared to endogenous protein levels, it was realized that only NlTRacl 

was expressed to a high level. However, as the expressed mutant proteins were myc- 

tagged at the aminos-terminus and had presumably slight different folding properties.
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they also migrated slower in SDS-polyacrylamide gels. Consequently, it is possible that 

the mutant proteins were less recognized by the antibodies against RhoA, Cdc42 and 

Racl than their endogenous counterparts and therefore expression levels of the mutants 

could be higher than revealed with antibodies to RhoA, Racl and Cdc42.

In fact, distinct phenotypes were observed when the Rho GTPase mutants were 
adenovirally expressed in MDCK cells with and without HGF/SF stimulation. The 

phenotypes obtained were consistent with the previous microinjection studies (Ridley et 
al., 1995) and data shown in Chapter 4. Thus, although it is possible that complete 
inhibition of endogenous proteins was not achieved, expression levels of the mutant Rho 
GTPases were still sufficiently high to elicit distinct responses in MDCK cells.

N19RhoA, N17Cdc42, NlTR acl and V12Racl influence the motility of 
subconfluent MDCK cells

Adenoviral expression of N19RhoA and V12Racl expression in subconfluent MDCK 
cells promoted cell dissociation, whereas NlVRacl inhibited HGF/SF-induced scattering. 
N17Cdc42 expression resulted only in the frequent detachment of isolated cells from the 
colony but did not significantly enhance scattering. The stimulating effect of V12Racl 
and N19RhoA was only investigated when cells were fixed but was not monitored by 
video timelapse-videomicroscopy as the facilities for filming cells did not match the safety 
requirements for working with adenoviruses. However, installing timelapse- 
videomicroscopy facilities in the adenovirus laboratory would make it possible to measure 
the effects of the mutant Rho GTPases on the motility of MDCK cells.

p42/p44 MAPK activation by HGF/SF is not influenced by expression of 
the Rbo mutants

It has been previously shown that Rac- or Cdc42-induced activation of PAKl synergises 
with Raf in the activation of M APKKl in fibroblasts (Frost et al., 1997). However, 
expression of N19RhoA, N17Cdc42, N lVRacl or V12Racl neither induced the 
activation of p42/p44 MAPK nor blocked the HGF/SF-induced stimulation of p42/p44 
MAPK activity. It is likely, therefore that the role of Rac in mediating p42/p44 MAPK 
activity is linked to the activation of p42/p44 MAPK via integrins as previously described 

in fibroblasts (Chen et al., 1994) and is not direct.
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RhoA, Racl and Cdc42 have distinct intracellular localizations in MDCK 
cells

Adenoviral expressed-N19RhoA was shown to localize to the cytoplasm and N17Cdc42 

to the perinuclear region including the Golgi complex. The localization of Cdc42 suggests 

that it plays a role in the regulation of vesicle transport in the Golgi complex. Indeed, it 
has been recently reported that Cdc42 is required for the maintenance of MDCK cell 

polarity as it controls membrane traffic to the basolateral plasma membrane (Kroschewski 
et al., 1999). Considering the localization of N17Cdc42 at the Golgi and the increased 
cytoplamic localization for ZO-1 in confluent MDCK cells, it is possible that Cdc42 
inhibited the trafficking of ZO-1 to the apical site of the plasma membrane. However, in 
subconfluent cells, ZO-1 distribution was not severely affected, only p-catenin 
localization was changed. It is possible that the effect on ZO-1 distribution was not seen 
in subconfluent cells as these cells are less polarized than filter-grown confluent 
monolayers. To elucidate if Cdc42 plays a role in Golgi-dependent membrane trafficking 
and if that has effects on intercellular junctional localization it would be necessary to carry 
out more studies. One useful experiment would be the use of brefeldin A which has been 
shown to induce the disassembly of cis and medial-Golgi and will thus block Golgi- 
dependent vesicle trafficking (Lippincott-Schwartz et al., 1989). In addition, gold- 
labelling of Cdc42, Golgi complex and endosomes in conjunction with labelsling of 
intercellular junctions and TEM would elucidate more about the interplay of Cdc42 with 
vesicle trafficking, Golgi function and localization and recycling of intercellular junction 
proteins.

In contrast to N17Cdc42 and N19RhoA, N17Racl was mainly localized in intercellular 
junctions and cells were in close contact with each other. V12Racl also localized to 
intercellular junctions, although some V12Racl was detected in the cytoplasm. Following 
HGF/SF stimulation, a proportion of N17Racl and V12Racl was redistributed from the 
intercellular junctions to the cytoplasm. Consequently, one could suggest a model where 
Racl localization determines its functions: localization at intercellular junctions helps to 
maintain and establish intercellular contacts whereas localization in the cytoplasm and 
probably in lamellipodia is important for cell motility. A similar model has been 
previously reported trying to explain the contradictory reports in the literature arguing that 
Racl can either induce or inhibit motility through the induction of intercellular junctions 
(Sander et al., 1998). However, the regulation of intercellular junctions by Racl might 

not be explained so simply. In the study here, it was also observed that adenoviral 

expressed N17Racl blocked the HGF/SF-induced disassembly of adherens junctions and 
presumably also membrane ruffling but was nevertheless now located mainly in the 
cytoplasm.
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Effects of adenoviral-expressed mutant Rho GTPases on the organization 
of the actin cytoskeleton

Previous studies were unable to express detectable levels of N19RhoA or show any 

changes in the actin cytoskeleton when expressed (Takaishi et a l, 1997, Jou and Nelson,

1998). Adenoviral-expressed N19RhoA did however affect the actin cytoskeleton of 

subconfluent MDCK cells and induced disassembly of stress fibres and cortical actin 
filaments as previously reported for microinjection of C3 transferase (Ridley and Hall, 
1992). The adenoviral-expressed N19RhoA is therefore either more functional or most 
likely higher expression levels are obtained compared to N19RhoA-tansfected MDCK 
cells or tetracyclin-regulated inducible N19RhoA (Takaishi et al., 1997, Jou and Nelson,
1998). The effects of Cdc42 on the actin cytoskeleton of subconfluent MDCK cells have 
not been described in detail yet. N17Cdc42-expressing cells had extensions which were 
not filopodia or ruffles. In contrast, microinjection of activated V 12Cdc42 in MDCK cells 
resulted in the formation of filopodia (data not shown here).

N17Racl expression in subconfluent MDCK cells resulted in compact colonies 
containing lots of stress fibres. Stress fibres were decreased and replaced by strong 
cortical actin cables and punctate cytoplasmic F-actin when V12Racl was expressed. In 
contrast, large F-actin aggregates in the plane of the apical membrane and beaded F-actin 
staining in conjunction with very few stress fibres were reported for inducible V12Racl 
and N17Racl (Jou and Nelson, 1998). However, these experiments were carried out 40 
h after induction of protein expression whereas the studies described here were performed 
24 h after adenoviral infection and the different timecourses might therefore explain the 
discrepancies in these results.

Effects of RhoA, Cdc42 and Racl on adherens distribution and the role of 
tyrosine phosphorylation

Immunofluorescence analysis showed that p-catenin levels at intercellular junctions were 
reduced when N19RhoA and N17Cdc42 were expressed in subconfluent MDCK cells. 
However, only N19RhoA-expressing MDCK cells displayed a significantly reduced 
amount of p-catenin in the insoluble fraction. It is possible that dominant-negative Rho 

disturbed the linkage of adherens junctions with actin filaments which is required for the 
localization of adherens junctions at sites on intercellular junctions and makes them more 
detergent-insoluble (Christofori and Semb, 1999). N19RhoA could also interfere with 

Rho signalling to ERM proteins and adducin disturbing the linkage of actin filaments to 

the plasma membrane (Bretscher, 1999) and affect the localization of adherens junction 

proteins.
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Tyrosine phosphorylation was not required for these changes in the distribution of p- 

catenin or E-cadherin induced by expression of mutant Rho GTPases or as previously 

described in Chapter 3 by HGF/SF stimulation. The reduced level of p-catenin 

localization at intercellular junctions was likely to be due to the redistribution of p-catenin 

caused by decreased attachment to the actin cytoskeleton and less by changes in tyrosine 

phosphorylation.

Overexpression of RhoA, Cdc42 and Racl mutants disturb tight junction 
gate function

When Rho GTPases were expressed in confluent MDCK cells, a decrease in TER was 
observed indicating that N19RhoA, N17Cdc42, N lTRacl and V12Racl perturb tight 
junction gate function. However, transient expression of low levels of N lTR acl 
increased the TER whereas high levels of N lTRacl protein resulted in the formation of 
holes in the monolayer and caused a decrease in TER. V12Racl induced also holes in 
monolayers and presumably cell death which led to the decrease in TER. To determine 
what concentration of NlTRacl will reduce or increase the TER of MDCK monolayers, it 
would be necessary to measure the expression levels of NlTRacl at various time-points 
where the increase and decrease in TER is observed. In addition, GTP-binding assays 
would indicate how much activated V12Racl protein is present in cells expressing 
V12Racl during TER measurements. Moreover, it would be interesting to determine the 
localization of intercellular junctions by immunofluorescence as well as by TEM at early 
time-points when NlTRacl still induced an increase in TER.

It has been proposed that contraction of the perijunctional actinomyosin ring and the 
resulting centrifugal traction on the tight junction membrane regulates tight junction 
permeability (Madara, 1988). In addition, it has been shown recently that Rac 
phosphorylation of myosin II regulates contractility and cell spreading and consequently, 
expression of N lTRacl or activated V12Racl possibly influences the TER of MDCK 
monolayers by acting on myosin II (van Leeuwen et al., 1999).

Immunofluorescence analysis suggested that ZO-1 localization was not so much affected 
as the localization of p-catenin although the TER and TEM data had shown that tight 

junction function was decreased by the expression of the Rho mutants. It has been 
reported previously that tight junctions also contain occludin and several members of the 
claudin-subfamily which are required for tight junction function (Tsukita and Furuse,

1999). Consequently, the effect of Rho GTPases on occludin and claudin localization 

should be monitored next to elucidate further the role of Rho GTPases in regulating tight 
junction function.
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Comparison of the regulation of intercellular junctions in subconfluent 
MDCK cells versus confluent polarized MDCK monolayers

In Chapter 3 and Chapter 4 it was shown that adherens junctions were disrupted after 4 h 

of HGF/SF stimulation where desmoplakin ad ZO-1 were still detected at sites of 

intercellular contact using immunofluorescence analysis. In contrast, results obtained by 
TEM in confluent monolayers showed that both adherens Junctions, tight junctions and 
desmosomes were disrupted following 4 h of HGF/SF-stimulation (Chapter 5). 
However, TER assays in Chapter 5 suggested that HGF/SF affected tight junction 
function even earlier as HGF/SF stimulation decreased the TER of MDCK cells within 1 
h after growth factor addition. It has to be noticed, that the immunofluorescence and TEM 
studies of confluent monolayers stimulated with HGF/SF (Chapter 5) or expressing Rho 
GTPases shown here are still preliminary as the localization of other junctional proteins 
like E-cadherin, desmoplakin, occludin and claudins has not been investigated yet. 
Definite evidence when adherens junctions, desmosomes and tight junctions are 
disassembled in response to HGF/SF (Chapter 5) or expression of mutant Rho GTPases 
could be supplied for example by combination of gold-labelling of these proteins with 
TEM. In addition, to elucidate the role of Rho GTPases in the disruption of these 
intercellular junctions it would be necessary to investigate the localization of intercellular 
junction proteins at earlier time-points (for example, 1 h, 4 h, 12 h, 24 h) than shown in 
the TEM studies (48 h).

In summary, polarized monolayers grown on filters resemble more the in vivo situation 
of an epithelial monolayer and thus it is likely that HGF/SF induces a quick disassembly 
of all intercellular junctions as shown by TEM studies in Chapter 5. As HGF/SF acts in 
vivo presumably on the basal side of epithelial cells where its receptor is localized 
(Crepaldi et al., 1994), adherens junction and desmosomes might be disrupted before 
tight junctions as suggested already in Chapter 3.
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Chapter 7
Concluding discussion

7.1 Signalling pathways mediating the disruption of intercellular junctions
downstream of Met

HGF/SF induces the spreading and scattering of MDCK cells which requires the 
disruption of intercellular junctions. In subconfluent MDCK cells grown on glass 

coverslips, adherens junctions were disrupted prior to desmosomes and tight junctions 
when cells were stimulated with HGF/SF (Chapter 3). Disruption of intercellular 
junctions in these cells was shown to be dependent on PI3K and p42/p44 MAPK which 
are downstream targets of the Met receptor (Chapter 4). In confluent cells, which were 
grown on transwell filters and polarized, it appeared that adherens junctions were 
disassembled together with desmosomes and tight junctions in response to HGF/SF 
(Chapter 5). These studies applied TER and TEM analysis to investigate the effects of 
HGF/SF on junction integrity. However the effects of HGF/SF on confluent and 
subconfluent cells are not directly comparable as different techniques were used. It would 
be necessary therefore to perform TEM and TER analysis on subconfluent cells if 
possible. In addition, TEM images were only generated at one timepont (4 h) and more 
TEM studies including several time-points after HGF/SF stimulation would give a better 
understanding of when the individual types of junction are disassembled. In summary, 
the results in intercellular juntions in confluent as on subconfluent MDCK cells add to the 
concept that HGF/SF disrupts all intercellular junctions before cell scattering occurs. It is 
probable that confluent monolayers resemble more the in vivo situation of cells before 
metastasis and it is likely that all intercellular junctions are disassembled if cells detach 
from a monolayer in vivo and become motile.

The disruption of adherens junctions was specifically regulated by Ras, whereas Ras did 
not disrupt desmosomes or adherens junctions in subconfluent MDCK cells. It has been 
previously reported that the disassembly of adherens junctions is followed by the loss of 
tight junctions and desmosomes, for example when antibodies aginst E-cadherin were 
applied to these cells or in Ca^+-switch experiments where tight junctions and 
desmosomes are diassembled in response to inhibition of E-cadherin-mediated 
interactions due to reduced extracellular Ca^+-concentrations (Gumbiner and Simons, 

1986, Gumbiner et al., 1988). Another study suggested that adherens jucntions can be 
disrupted without affecting tight junctions. Transfection of MDCK cells with low levels 

of the tyrosine kinase Src induces the disruption of adherens junction but tight junctions 
are not affected when monitored by freeze-fracture electron miroscopy (Warren and 

Nelson, 1987). However, the appearance of tight junctions in freeze-fracture studies do
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not always correlate with tight junction function, and Src activation leads to the 
phosphorylation of many proteins possibly including signalling molecules affecting 

intercellular junction integrity.

Microinjection experiments in subconfluent cells showed that Rac and Rho affect not only 

cell scattering but also the HGF/SF-induced disruption of intercellular junctions (Chapter 

4). Other studies investigating the role of Rho GTPases in epithelial cell motility and 
regulation of intercellular junctions have used stable cell lines, microinjection experiments 

or inducible expression systems. Each of these approaches has some disadvantages: 
stable cell lines include the selection of clones and long-term expression of high protein 
levels. Long-term expression of high protein levels might lead to artefacts such as the 
induction of apoptosis as high protein levels might be toxic to the cells or autocrine 
secretion of growth factors activating additional signalling pathways. Microinjection 
experiments, on the other hand, yield only a small number of expressing cells, and 
inducible systems are often slow in protein induction and are not always always tightly 
controlled. In consequence, to evaluate the roles of Rho GTPases in a large number of 
cells as well as in confluent monolayers in a rapid expression system which does not 
require clonal selection, adenoviral-mediated gene transfer was chosen (Chapter 6 ). It 
was possible to generate four different adenoviruses in a short time as adenoviruses were 
generated using a new technique developed by GlaxoWellcome. In this technique, the 
recombination step occurs in bacteria facilitating the selection of the recombinant 
adenovirus (Ghersa et al., 1998).

The use of adenoviruses to express genes has the advantage that protein expression is 
achieved rapidly and to a high level. In addition, through the variation of the adenoviral 
dose used for infection, the expression level of the proteins can be varied or the 
adenovirus only expressed in a subset of cells. However, the production of adenoviruses 
is still limited by cost and safety issues. In addition, it is important to use an adequate 
control for all experiments (preferably the same adenovirus vector expressing a non-toxic 
reporter gene) as adenoviral infection itself might have some effects on the cells.

Using adenoviral-mediated gene expression, it was shown that Rho GTPases act on 
subconfluent cells in a similar way as shown before in microinjection studies (Chapter 4) 

in that Rac I and RhoA influenced cell motility and integrity of intercellular junctions 
(Chapter 6 ). In addition, this was the first time that specific effects of N19RhoA and 
N17Cdc42 were described in these processes. In particular, the localisation of N17Cdc42 

to the Golgi complex, concomitant with the increase of cytoplasmic ZO-1 staining was 
intriguing. It has previously been reported that Cdc42 is associated with the Golgi 

complex but this has been not linked to the control of ZO-1 localization or effects on the
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actin cytoskeleton and adherens junctions (Erickson et al., 1996). Cdc42 might also be 

associated with endosomes, as Cdc42 also localized to the region surrounding the Golgi 
complex which would further support a role for Cdc42 in controlling membrane sorting 

and trafficking.

Long-term expression of mutant Rho GTPases in confluent monolayers not only 

decreased the TER of MDCK monolayers but also induced the disassembly of 

intercellular junctions (Chapter 6 ) implying that the levels of active Racl, RhoA, Cdc42 
have to be tightly regulated and determine whether cells will establish junctions, maintain 
junctions or become motile and disrupt intercellular junctions. In particular, Racl levels 
can have opposing effects on tight junction function as transient expression of low levels 
of NlVRacl increased the TER of MDCK monolayers whereas high NlTRacl levels and 
long-term expression decreased the TER. It is likely that RhoA, Cdc42 and Racl exert 
their effects on the TER of MDCK monolayers using different mechanisms (Fig.7.1). 
N19RhoA might influence tight junction function through its effects on the actin 
cytoskeleton whereas N17Cdc42 might interfere with ZO-1 localization at the apical site 
of the plasma membrane. Expression of high levels of N17Racl or V12Racl protein 
leads to compaction of the cells which then could lead to the fomation of gaps as forces 
might be generated pulling cells apart. It would have been interesting to express Ras 
mutants using adenoviruses to study the effect of Ras on intercellular junctions in more 
detail however this was not possible due to safety reasons.

In this study, the effects of the Rho GTPases were only studied in HGF/SF-induced 
motility and disruption of intercellular junctions, however, these adenoviruses provide 
new tools to study the function of Rho GTPases in many different areas of cell biology, 
including cell cycle regulation and vesicle trafficking as well as in several diseases where 
intercellular junction integrity is affected such as asthma, arteriosclerosis, Alzheimer’s 
disease and invasion and metastasis of tumours. In addition, the Rho GTPases are 
expressed in Ad vectors suitable for gene therapy and once specific roles for these 
proteins have been established in an in vitro system they could be applied in vivo as well. 
For example, it has been shown that an adenovirus expressing N17Ras inhibits tumour 
growth in oesophageal cancer cell lines implanted in mice (Senmaru et al., 1998).

7.2 HGF/SF-induced sustained activation of p42/p44 MAPK might lead to 
new gene expression required for scattering

HGF/SF was shown to activate p42/p44 MAPK for at least 4 h (Chapter 4) and 
sustained activation of p42/p44 MAPK has been implicated in new gene transcription 

(Marshall, 1995). In addition, microinjection of subconfluent MDCK cells with
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Fig. 7.1

Model for the regulation of intercellular junctions by Rho GTPases

HGF/SF binds to Met and induces the disruption of all intercellular junctions. Adherens 

junctions are probably disrupted before tight junctions. The disruption of intercellular 

junctions is inhibited by PD98059 and LY294002. The main regulator of adherens 
junction function was N19RhoA which disrupted actin filaments. N17Cdc42 showed the 
strongest effect on tight junction disassembly involving the re-localization of ZO-1. 
NlVRac and V12Rac played dual roles mediating cell motility and disruption and 
maintenance of adherens and tight junctions.
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constitutively activated Ras protein induced a spreading response resembling that to 

HGF/SF, but this did not lead to scattering, implying that the scattering response requires 

another signal transmitted by Met in addition to that leading to Ras activation (Chapter 4) 

(Fig. 7.2). The time delay between addition of HGF/SF and scattering suggests that this 

signal could involve new gene transcription (Chapter 3). This could include genes 

encoding proteins regulating cell-cell contacts or proteases which degrade the extracellular 
matrix. Indeed, HGF/SF has been reported to stimulate the expression of uPA in MDCK 

cells, which can activate plasminogen to form plasmin, a protease capable of degrading 
certain matrix components (Pepper et al., 1992). Approaches to determine if scattering 
requires new gene expression include blocking of transcription by using actinomycin D 
and proteomics analysis to detect new proteins expressed after HGF/SF stimulation. In 
addition, microarray techniques could be used for analysis of HGF/SF-induced gene 
transcription.

7.3 Tyrosine phosphorylation and the regulation of intercellular junctions

Accumulating data provides compelling evidence that tyrosine phosphorylation plays an 
important role in the regulation of cadherin function, but there is as yet no consensus as to 
the mechansim(s) involved. In the study here no overall change in tyrosine 
phosphorylations of p-catenin or E-cadherin was observed when junetions were disrupted 
after stimulation with HGF/SF (Chapter 3) or expression of mutant Rho GTPases 
(Chapter 6 ). It might be that specific sites get tyrosine phosphorylated and others are 
dephosphorylated so that the overall tyrosine phosphorylation level is the same as before 
but the tyrosine phosphorylation pattern of the protein has changed. While tyrosine 
phosphorylation of p i20^^^ and (3-catenin correlates with Src transformation, the overall 
contribution of these molecules to the transformed phenotype remains to be identified. In 
addition, it is not clear yet if tyrosine phosphorylation events by Src regarding p-catenin 
are specific or are just due to the overexpression of Src in these cells. Another problem 
derives from the pleiotropic effects of protein tyrosine kinases and how to discriminate 
definitively between the direct consequences of cadherin/catenin phosphorylation and 
long-term effects related to cell growth and differentiation. To address these issues, it will 
be necessary to identify and mutate specific phosphorylation sites on each catenin, and to 
develop assays which will detect the biochemical and cellular effects of tyrosine 
phosphorylation on cadherin-mediated events that presumably underpin the phenotypes 

observed in animal models and cancer.

It will also be interesting to investigate if HGF/SF induces any changes in the serine or 

threonine phosphorylation of junctional proteins including E-cadherin, p-catenin or 

desmosomal proteins.
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Fig. 7.2

Characterization of the signalling pathways downstream of the HGF/SF
receptor in MDCK cells

HGF/SF binds to its receptor Met which activates Ras and PI3K. Disruption of adherens 

junctions requires the activity of PI3K (use of LY294002) and Rac (microinjection of 
NlVRac) and the activation of Ras and p42/p44 MAPK (microinjection of dominant- 
negative Ras, Ala-221 MAPKKl and AFG MAPKKl, use of PD98059). In addition, 
Rac is required downstream of Ras and PI3K (microinjcetion of NlVRac) in mediating 
the changes in the actin cytoskeleton and the disruption of adherens junctions. However, 
an additional signal is required to induce scattering which could be provided by a protein 
interacting with Met, another Ras effector or new gene transcription induced through 
activation of p42/p44 MAPK.
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7.4 Role of adherens junctions in motility and cancer: E-cadherin as an
invasion inhibitor and p-catenin as an oncogene

The HGF/SF-induced disassembly of adherens junctions might be similar to the
disruption of intercellular adhesion in cancer as loss of intercellular adhesion is a

characteristic of many tumour cells. For example, reduced levels of E-cadherin, or 

mutations in the E-cadherin gene, are often found in carcinomas (Christofori and Semb,
1999). In vitro studies have demonstrated that restoration of E-cadherin levels by cDNA 
transfection leads to suppression of invasiveness and tumourigenicity of cells (Frixen et 
al., 1991, Vleminckx et al., 1991).

In this study, the effect of HGF/SF on p-catenin has concentrated on investigating the role 
of p-catenin in adherens junctions. However, accumulating evidence suggests that p- 
catenin also plays a role in the regulation of transcription and apoptosis in cancer. 
Deregulation of p-catenin signaling has been found in many cancers and p-catenin can be 
oncogenically activated by direct genetic mutation, by the inactivation of the APC tumour 
suppressor or by activation of the Wnt-1 signaling pathway (Polakis, 1999). In addition, 
it was recently shown that p-catenin can upregulate the expression of the protooncogene 
myc and the cell cyle regulator cyclin D1 (He et al., 1998, Tetsu and McCormick, 1999). 
Further, more p-catenin leads to the accumulation of the tumour suppressor gene p53 and 
might result in a pressure for mutational inactivation of p53 during the later stages of 
carcinogenesis (Damalas et al., 1999). These recent data indicate that p-catenin not only 
regulates adherens junction function but also signals to the nucleus in the Wnt-1 signaling 
pathway leading to the expression of proto-oncogenes like myc, p53 and cyclin D  which 
further involves regulation of the cell cycle machinery. Therefore, deregulation of p- 
catenin levels might contribute to neoplastic transformation of cells by inducing cell 
proliferation. It would be interesting to determine therefore if HGF/SF-induced disruption 
of adherens junctions also involves an increase in p-catenin signalling to the nucleus. 
Nuclear localization of p-catenin could be investigated by cell fractionation and gelshift 
studies with oligomers containing a LEF-1 binding site incubated with HGF/SF- 

stimulated nuclear extracts.

7.5 Possible functional roles for Rho GTPases in regulating tight 
junctions

Tight junctions are rate-limiting to passive ion flow through the paracellular space, but the 

permeability of tight junctions can be varied in response to different signals and allow
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cells to regulate the structural and permeability characteristics of these junctions is the case 
in certain epithelia. Rho GTPases have been shown to regulate tight junction function in 

MDCK cells and may be regulators of tight junctions in vivo. It is possible that Rho 

GTPases exert their effects not directly on the tight junction protein ZO-1 but rather on the 

integral membrane proteins occludin and claudins or other peripheral tight junction- 

associtated proteins. Indeed, several peripheral membrane proteins are concentrated at 
tight junction strands which are thought to be involved not only in cross-linking tight 

junctions strands with the underlying actin-based cytoskeleton but also in cellular 
signalling and vesicle targeting (Tsukita and Furuse, 1999). In addition, ZO-1 contains 
protein docking sites such as three PDZ and a SH2 domain enabling it to recmit signalling 
molecules to tight junctions.

7.6 The signalling molecules characterized in this thesis and where we are 
in cancer

Metastasis is the leading cause of death in cancer patients and consequently, it is 
important to inhibit metastasis in patients diagnosed with cancer. Mestastasis requires the 
disruption of intercellular adhesions so that single cells or groups of cells can detach from 
the tumour mass. The HGF/SF receptor Met is overexpressed in many epithelial tumours 
and overexpression of Met or HGF/SF is often linked to a transition from adenoma to 
invasive metastatic carcinoma (Di Renzo et al., 1995). In addition, spontaneous NIH 3T3 
métastasés showed overexpression of Met (Webb et al., 1998). Targeting Met signalling 
may therefore be useful to find inhibitors of metastasis.

The HGF/SF-induced disruption of intercellular junctions was inhibited by LY294002 
and PD98059 suggesting a role for PI3K and p42/p44 MAPK in invasion and metastasis. 
The development of potential therapeutics should therefore also concentrate on p42/p44 
MAPK and PI3K as possible drug targets. Interestingly, a new and more potent inhibitor 
of p42/p44 MAPK, PD 184352, inhibited the growth of colon tumours in mice in vivo 
and inhibited HGF/SF-induced invasion of colon carcinoma cells in vitro (Sebolt-Leopold 
et al., 1999). In addition, constitutive activated MEK induces invasion of MDCK cells 
into collagen (Montesano et al., 1999). Moreover, activation of p42/p44 MAPK induces 

urokinase proteolytic activity leading to the degradation of the extracellular matrix 
(Lengye et al., 1995). Expression of urokinase was reduced upon treatment with 
PD98059 resulting in reduced invasion of squamous carcinoma cell lines in vitro (Simon 
et al., 1996). Tumour metastasis requires constitutive activation of p42/p44 MAPK by 

activated H-Ras in NIH 3T3 cells implanted into nude mice.
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Several data also suggest that PI3K might be involved in tumour generation. First, 

sequences encoding p i 10 have been found in a viral oncogene which transforms chicken 

fibroblasts (Chang et ah, 1997). In addition, the gene for p i 10a is amplified in ovarian 

cancers and ovarian cancer cell lines (Shayesteh et al., 1999) and increased p i 10a protein 

expression has been found in colorectal tumours (Phillips et al., 1998). Finally, the 

identification of PTEN, a tumour suppressor, as a lipid phosphatase that removes the 
phosphate from the 3'position of 3-phosphoinositides has further suggested that 

3'phosphorylated lipids (the products of PBKs) play a role in cancer (Chang et al., 
1997). In summary, these data suggest that the p42/p44 MAPK pathway and P13K are 

good targets for cancer therapy in humans.

It has recently been reported that the formation and maintenance of melanoma is strictly 
dependent on the presence of constitutively activated Ras in a mouse model (Chin et al.,
1999). In addition to activating the p42/p44 MAPK pathway, Ras also mediates cell 
motility and invasion through acting on the Rho GTPases. Rho for example has been 
shown to induce metastatic properties in vivo when Rho-transformed NIH 3T3 cells are 
injected into nuce mice (del Peso et al., 1997). However, the precise Ras-mediated 
signalling pathways and downstream events leading to the acquisition of the metastatic 
phenotype in humans are presently unknown. Other Ras-activated pathways could be 
involved in mediating metastasis in humans such as for example RalGDS.

Mutated forms of Ras appear in over 30% of all human cancers, in over 50% of colon 
cancers and in over 90% of pancreatic cancers. In addition, mutations of K-Ras found in 
colorectal cancer are associated with métastasés in the lung, bone and brain (Finkelstein et 
al., 1999). Most of the efforts in developing inhibitors for Ras GTPases have so far 
concentrated on Ras farnesylation inhibitors to block the anchorage of Ras to the 
membrane. It has been shown that the compound L-744,832 is an effective inhibitor of 
Ras farnesylation in vivo. However, it was found this farnesyltransferase inhibitor blocks 
cell proliferation and increases apoptosis by affecting RhoB farnesylation. In addition, 
recent evidence suggests that L-744,832 inhibits DNA synthesis in TGF-a/neu-transgenic 
mice through a pathway involving p7 0 ^6K downstream of Ras (Law et al., 1999).

As the domain in Ras which interacts with its GDP-GTP exchange factors is highly 
conserved, efforts are also being concentrated on developing small molecules designed to 

interfere with the Ras-exchange factor interaction. However, these molecules are likely to 
be be toxic in high doses as Ras function is presumbed to be essential in nearly every cell 

type. Finally, other Ras inhibitors have been developed which target its interaction of 
Raf-1. In addition, Rho GTPases are potential targets for the development of
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therapeutics for cancer as they play a crucial role in Ras-induced signalling and 

transformation (Levitzki, 1996).

In conclusion, synergistic action between several oncogenes such as Ras and p-catenin on 

cell cycle control and cell adhesion might result in the development of tumours and 

metastasis. In fact, recent evidence has shown that indroduction of three genes was 

sufficient to transform human epithelial cells and fibroblast cells into cancer cells. The 
genes introduced were acting both on the cell cycle like SV40 large-T antigen (through 

inactivation of p53 and retinoblastoma protein) as well as on cell adhesion like V12Ras. 
In addition, however, it was necessary to stabilise the length of telomeres through 
introduction of the catalytic subunit of telomerase (hXERT) (Hahn et al., 1999).

In summary, the deregulation of cell adhesion and the cell cycle machinery through 
activation of Ras and its downstream effectors, PI3K, the p42/p44 MAPK cascade in 
concert with the Rho GTPases and also p-catenin appears to be one of the main causes for 
cancer and mestastasis. Consequently, the development of therapeutic agents could 
concentrate in inhibition of anyone of these signalling molecules. Many of the genes that 
allow tumour cells to proliferate and spread through the body have been discovered, 
however, the new challenge is to treat tumour cells so that they respond again normally to 
their environmental signals and can be prevented from proliferating and metastasizing.
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