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Abstract

Abstract
Transformation by Ras and other oncogenes is generally accompanied by
dramatic alterations in cell morphology and re-organisation of the actin cytoskeleton,
suggesting a role for Rho GTPases.

There is now accumulating evidence for the

requirement of Rho GTPases in Ras-induced transformation of rodent fibroblasts, but at
present little is known about their involvement in human cancers. Therefore, the role
played by Rho GTPases in the transformation of human breast and colon epithelial cells
was investigated.
Mutant active and dominant negative forms of Rho proteins were injected into
cells to study the short-term effects of each protein on cell behaviour. Each protein
induced morphological changes as predicted from previous research, although the extent
of the response was dependent on the initial morphology of individual cell lines. In
summary, RhoA induced stress fibre formation. R a d injection resulted in membrane
ruffling and Cdc42 gave rise to filopodia. The effects of Rho proteins on cell motility
were studied in a motile Ras-transformed breast epithelial cell line. Active forms of
RhoA, R a d and Cdc42 each reduced cell motility, while inhibition of either RhoA or
R a d had no effect.

However, injection of dominant negative Cdc42 significantly

reduced the migration speed of the Ras-transformed cells.
A tetracycline-regulated expression system was used to study the long-term
effects of mutant active or dominant negative Rho proteins in DLD-1 cells derived from
a human colon carcinoma.

Expression of active forms of RhoA, R a d and Cdc42

inhibited colony formation in soft agar and disrupted growth on Matrigel.
expression also altered the cellular organisation of DLD-1 cells.

Their

RhoA disrupted

nuclear division through deregulated centrosome duplication, resulting in cells that
exhibited multi-septated nuclei and continued to synthesise DNA without undergoing
division. R a d altered membrane trafficking as illustrated by cells showing surface
blebs and increased levels of pinocytosis.

Finally, Cdc42 altered cell morphology,

although in a manner more associated with a R a d phenotype, as cells spread and
showed large lamellipodia and membrane ruffles. These observations differ from those
obtained previously in other cell types and indicate that the effects of Rho family
proteins are cell-type dependent.
This work emphasises the importance of analysing protein function in a range of
cell types as well as the effects of both short- and long-term protein expression, in order
to understand the precise roles of proteins in specific situations.
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1.1 : Introduction

Tumour development is a multi-stage process that involves the de-regulation of
growth control, termed transformation. As long as neoplastic cells remain clustered
together in a single mass, this primary tumour is said to be benign and can usually be
wholly removed. However, a tumour can become malignant if its cells have the ability
to invade and colonise surrounding tissue, a process termed metastasis.

In order to

metastasise, tumour cells must acquire several properties, such as loss of adhesion to the
primary tumour, migration to escape from the tissue of origin, invasion of various
extracellular matrices, avoidance of immune surveillance and interaction with the
endothelium for neo-vascularisation.

1.2 : Rho family GTPases

Rho family proteins form a subgroup of the Ras superfamily of small GTP
(guanosine 5 ’-triphosphate) -binding proteins. Over sixty members of this superfamily
have been identified, and regulate a wide variety of cellular processes. The Ras gene
was the first human oncogene to be characterised in the early 1980s and it was the
discovery that many human cancers contained oncogenic mutations in Ras genes that
first stimulated interest in determining the role of the Ras GTPases.

The Ras

superfamily is divided into six subfamilies based on sequence homology and also
reflecting similarities in function; Ras, Rho, Rab, Arf, Sar and Ran (Figure 1.1). Rho
proteins were first identified in the marine snail Aplysia in 1985 and termed Rho for
‘Ras homologous’ (Madaule and Axel, 1985). At present fifteen distinct members of
the Rho family have been identified, with many more homologous genes isolated from
other species, including yeast and Drosophila (for reviews see Hall, 1994, Ridley, 1996,
Ridley, 2000, Figure 1.2).
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The Ras superfamily o f small GTP-binding proteins

Ras proteins are essential components o f receptor-mediated signal
transduction pathways, stimulating proliferation and differentiation.
Rho
family proteins play a critical role in regulation o f the actin cytoskeleton, as
well as a role in cell proliferation and growth. Rab, A rf and Sar regulate the
transport o f proteins and vesicles between intracellular compartments and Ran
is required for nuclear protein transport (for reviews see Boguski and
M cConuick, 1993, Hall, 1994).
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Expression o f Rho G TPases

Rho G TPases have been found in all eukaryotic species
exam ined, including yeast, w orm s, plants and m am m als
(for review see R idley, 2 0 0 0 )
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Ras-related small GTPases function as ‘molecular switches’; they cycle between
an active GTP-bound form and an inactive GDP (guanosine diphosphate)-bound form
and can hydrolyse GTP. The exchange of hydrolysed GDP for GTP causes a
conformational change in the proteins, unmasking structural domains through which
they can bind their target proteins or effectors. Transition between these two states is
regulated by a number of accessory proteins that control the level of active, GTP-bound
protein (Figure 1.3).

Guanine nucleotide exchange factors (GEFs) facilitate the

exchange of hydrolysed GDP for GTP, so driving activation of GTPases.

GTPase

activating proteins (GAPs) turn off GTPases by enhancing the intrinsic GTP hydrolysis
activity of GTPases.

Guanine nucleotide dissociation inhibitors (GDIs) inhibit

dissociation of GDP from the protein as well as both intrinsic and GAP-stimulated GTP
hydrolysis (for review see Boguski and McCormick, 1993).

1.2.1

: Structure

Different mammalian Rho GTPases are at least 40% identical at the amino acid
level and are approximately 25% identical to Ras (Figure 1.4). Although the overall
structure of Rho proteins is similar to Ras, they contain an ‘insert region’ of 13 amino
acids, making them typically about 190 residues in length. Loss of the insert region
destroys GDI-dependent inhibition of guanine nucleotide dissociation, but does not
reduce GDI binding affinity to Rho proteins (Leonard et al, 1992). Mammalian RhoA,
B and C are highly homologous and show more than 85% identity at the amino acid
level with the majority of differences occurring within the C-terminal 15 amino acids
(Ihara et at, 1998). Racl, Rac2 and RaclB/Rac3 are over 88% identical and again differ
primarily within the C-terminal 13 amino acids (Haataja et al, 1997). Two mammalian
Cdc42 homologues have been identified and subsequently shown to be splice variants
with different C-terminal sequences (Marks and Kwiatkowski, 1996).

When Rho

sequences are aligned with Ras, most show conservation of specific amino acids, which
are critically required for nucleotide binding, hydrolysis of GTP or for controlling the
conformational switch (Figure 1.4). Exceptions include the Rho family proteins TTF,
RhoE (Rnd3), Rndl and Rnd2 that possess amino acid substitutions, which inhibit GTP
hydrolysis and confer oncogenicity on Ras, suggesting that these proteins are
constitutively active. Replacement of these amino acids with those found in other Rho
proteins restores normal GTP hydrolysis (Foster et al, 1996).
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Figure 1.3

Ras GTPases function as ‘molecular sw itches’

Extracellular signals activate GTPases by increasing the level o f GTP-bound
protein. Transition between the active and inactive states is regulated by a number
o f accessory proteins. GEFs activate proteins by catalysing exchange o f GDP for
GTP. After completing its function, active GTP-Rho is converted to inactive
G DP-Rho by GAP proteins, which stimulate the intrinsic GTP hydrolysis function
o f small GTPases. The inactive protein is then bound by GDIs and is translocated
back to the cytosol, where it is held until a signal triggers release and interaction
with a GEF (for review see Boguski and McCormick, 1993).
In addition protein function can be modulated by a number o f bacterial toxins, as
indicated by black arrows (for review see Aktories et al, 2000).
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Figure 1.4

Sequence alignment o f Rho GTPases with Ras (from ihara et al, 1998)

Conserved residues are highlighted in lilac for all proteins, green for the Rho subfamily,
yellow for Rho proteins, grey for Rac proteins and pink for Rac and Cdc42 proteins.
Residues that are not conserved amongst the Ras proteins are in red. The secondary
structures are indicated as follows: a -h elices (A I-A 5 ) are in blue and the p-sheets (B 1-B 6)
are in red. Other secondary structure elem ents are as indicated. The active mutations and
the dominant negative mutation are marked with red and blue stars respectively.
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Within the last few years the crystal structures of RhoA complexed with GDP
(Wei et al, 1997) and GTP (Ihara et al, 1998), and Racl complexed with a GTP
analogue (Hirshberg et al, 1997), together with the solution structures of Cdc42
complexed with the GTPase-binding domains of its targets WASP and ACK (AbdulManan et al, 1999, Mott et al, 1999), have been solved. Ras family GTPases show a
common structure of a six-stranded p-sheet, connected by loops to surrounding helices
(Figure 1.4). The switch I domain is located within loop2 and P-strand 2 and is thought
to be involved in effector binding, with another putative target domain located in the Cterminal two-thirds of Rho (Self et al, 1993, Oncogene). Analysis of mutations within
this effector domain in Rac/Cdc42 have been shown to severely perturb specific effector
interactions, including those with PAK, PORI and NADPH oxidase (Freeman et al,
1996, Westwick et al, 1997, Lamarche et al, 1996, Joneson et al, 1996). However,
although the switch I domain is required for effector binding, the N-termini of Rho and
Rac containing this domain, are interchangeable with regard to effector specificity
(Zong et al, 1999).

The insert region has also been shown to be involved in the

interaction of Rac with the NADPH oxidase complex (Freeman et al, 1996, Joneson and
Bar-Sagi, 1998) and additional regions of Rac, including a region located between
residues 143-175, are also implicated in effector binding and/or activation (Diekmann et
al, 1995). More recent work used amino acid substitution experiments between Rho
and Rac to revert effector specificities, specifically with the Rho effectors PKN and
ROCK, to demonstrate that residues 75-92 within loop 6 are important for determining
target specificity (Zong et al, 1999). Therefore it has been suggested that while Rho
effectors can utilise the switch I effector domain to sense whether the protein is GTPbound, other unique residues are essential for determining both effector binding
specificity and cellular function (Zong et al, 1999).
The segment between P-strands B3 and B4 contains the switch II region
including the key catalytic residue Q61.

GTP binding by GTPases induces a

conformational change, bringing together switch I (residues 32-39 in Rho) and switch II
(residues 61-78 in Rho) (for review see Wittinghofer and Nassar, 1996). Both regions
also contribute to the contact regions between GTPases and GAPs, as demonstrated by
the crystal stmcture of GTPase/GAP complexes for Rac, RhoA and Cdc42 (for review
see Gamblin and Smerdon, 1998).
Dominant negative forms of Rho GTPases possess a mutation at amino acid 19
in Rho, from threonine to asparagine and are believed to inhibit the activity of
endogenous GTPases by competing for binding to GEFs, thus sequestering these
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exchange factors into dead-end complexes. The high affinity of dominant negatives for
GEFs is the result of their weak affinity for guanine nucleotides (for review see Feig,
1999). Constitutively active forms of Rho GTPases possess a mutation of amino acid
14 in Rho, from glycine to valine, a substitution equivalent to the V I2 oncogenic
mutation in Ras. Mutation of amino acid 63 in Rho, from glutamic acid to leucine, also
serves to activate the protein. Both mutations were initially identified in Ras oncogenes
and reduce both the intrinsic and GAP-stimulated GTPase activity of these proteins
(Scheffzek et al, 1997, Garrett et al, 1989). Crystal structures have shown that these
amino acids are positioned similarly in Rho and Rac and are thus predicted to function
similarly in facilitating GTP hydrolysis (Hirshberg et al, 1997, Ihara et al, 1998)

1.2.2

: Regulation of GTPase activity

1.2.2.1 : Guanine nucleotide exchange factors (GEFsl

Most small GTP-binding proteins bind guanine nucleotides very tightly and the
intrinsic dissociation rate is very slow, but GEFs increase this dissociation rate
dramatically (for review see Wittinghoefer, 2000).

GEFs first associate with GDP-

bound GTPase and GDP dissociates from this complex at an increased rate, leaving the
GEF bound to the free GTPase. GTP, as the dominant nucleotide within the cell, then
immediately binds, prompting GEF dissociation and leaving the GTPase in the active
form (for review see Boguski and McCormick, 1993).
GEFs belong to a large family of growth regulatory molecules termed the Dblrelated proteins. Many members of this family were originally isolated as oncogenes in
NIK 3T3 transformation assays, although as yet no genetic alterations affecting DH
proteins have been found in human cancers (for reviews see Cerione and Zheng, 1996,
Van Aelst and D ’Souza-Schorey, 1997). The presence of a Dbl homology (DH) domain
is conserved among GEFs and is C-terminally connected to a pleckstrin homology (PH)
domain.

The DH domain is directly responsible for binding and activating Rho

GTPases, encoding exchange activity and as such catalysing nucleotide exchange on
Rho proteins. PH domains generally mediate molecular interactions and are thought to
be involved in translocation and/or tethering of DH domains to the plasma membrane
where many GEFs and their target Rho proteins are presumed to act (Zheng et al, 1996).
Structural and biochemical studies have also demonstrated that the PH domain is
actively involved in controlling catalysis, possibly through regulation of the DH domain
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(Wittinghofer, 2000).

N-terminal truncation is normally required for oncogenic

activation of Dbl family proteins, suggesting a role for this region in the negative
regulation of GEF activity and hence that activation involves a conformational change
(Cerione and Zheng, 1996). Both PH and DH domains have also been shown to be
required for transformation (Zheng et al, 1996, for reviews see Cerione and Zheng,
1996, Van Aelst and D ’Souza-Schorey, 1997).
Most GEFs can act on multiple Rho GTPases in vitro, although some have a
limited specificity for a preferred target in vivo. Among these, Lbc shows selectivity for
Rho, Tiaml (T-lymphoma invasion and metastasis gene 1) for Rac and Cdc24 in yeast
for Cdc42 (for review see Van Aelst and d’Souza-Schorey). Although Trio has two
DH/PH domains, of which one is active on RhoG and the other on R a d in vitro, work
in fibroblasts suggests that Trio primarily activates RhoG, which then activates both
Racl and Cdc42 (Blangy et al, 2000). A number of GEFs may exert specificity through
restricted expression patterns such as Vav, which is expressed only in haematopoeitic
cells (Van Aelst and d’Souza-Schory, 1997).

The observation that Tiaml is

ubiquitously expressed, which is unusual for a GEF protein, suggests that it may be
essential in Rac-mediated signalling pathways (Habets et al, 1994, Michiels et al, 1995).
While signalling pathways regulating the activation of Ras-GEFs, such as Sos,
are well established, less is known about activation of Rho-GEFs.

The recent

identification of a novel PDZ domain-containing GEF for Rho, termed PDZ-RhoGEF
may provide a link between G-protein signalling and Rho effector pathways (Fukuhara
et al, 1999).

PDZ-RhoGEF mediates the activation of Rho by G a l2 and G al3,

providing a novel method of cross talk between these two pathways (Fukuhara et al,
1999). The fact that many Dbl family proteins are large and contain other motifs
including SH2 and SH3 domains may implicate them as scaffold proteins, bringing Rho
GTPases into complex with other signalling molecules (Cerione and Zheng, 1996).

1.2.2.2 : GTPase activating proteins fGAPs')

Members of the Ras superfamily generally have a very slow rate of spontaneous
GTP hydrolysis in vivo. GAPs serve to activate the GTPase cleavage reaction such that
the half-life of the GTP-bound state is reduced, through stimulation of and participation
in GTP hydrolysis (for review see Gamblin and Smerdon, 1998).
Within the Rho subfamily, GAPs are sequence-related to each other and all
share a homologous domain that has GAP activity, although this is often part of a much
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larger multidomain protein (for reviews see Boguski and McCormick, 1993, Van Aelst
and D ’Souza-Schorey, 1997). Microinjection or expression of GAP domains alone can
inhibit Rho-, Rac- and Cdc42-mediated actin reorganisation (Ridley et al, 1993, Kozma
et al, 1996). However, the other domains within GAP proteins may alter their role in
signalling, with some GAPs shown to act as downstream effectors. One such example
is rt-chimaerin, which shows GAP activity for Rac, but also induces lamellipodia and
filopodia, an effect that is independent of its GAP activity although requires Rac/Cdc42
binding (Kozma et al, 1996). «-chimaerin may act by assisting the correct localisation
of Rac and Cdc42 to the plasma membrane through its ability to bind phospholipids
(Ridley, 1996).

How GAPs are regulated is unknown, but a change in subcellular

localisation and incorporation into multimolecular signalling complexes is likely to be
important (Sharma, 1998).

1.2.2.3 : Guanine nucleotide dissociation inhibitors TGDIsl

GDIs preferentially associate with GDP-bound proteins, inhibiting dissociation
of GDP, but they also associate weakly with GTP-bound proteins, inhibiting intrinsic
and GAP-stimulated GTPase activity (for review see Van Aelst and D’Souza-Schorey,
1997). GDIs extract Rho GTPases from membranes and are believed to hold inactive
proteins in the cytoplasm until an appropriate stimulus induces dissociation of the
complex and translocation of the GTPase to the plasma membrane.

C-terminal

prénylation of Rho proteins has been shown to be essential for efficient GDI binding,
which prevents association of GTPases with membranes by masking the membranebinding prenyl group (Gosser et al, 1997).
Three mammalian GDIs for members of the Rho family have been identified.
RhoGDI is ubiquitously expressed, D4/LyGDI is found only in haematopoetic cells, and
RhoGDIy/RhoGDI-3 is preferentially expressed in the brain and pancreas (for review
see Van Aelst and D ’Souza-Schorey). These proteins differ greatly in activity and
specificity with D4/LyGDI showing a greatly reduced activity and binding affinity for
RhoA, Racl and Cdc42 than RhoGDI (Gorvel et al, 1998).

RhoGDIy shows

preferential binding to RhoB and RhoG (Zalcman et al, 1996), suggesting it may have a
higher affinity for famesylated over geranylgeranylated proteins. Microinjection studies
have shown that RhoGDI inhibits several downstream functions of by Rho proteins,
including cell motility and JNK signalling (Takaishi et al, 1993, Coso et al, 1995).

26

Chapter 1
1.2.3

Introduction

: Modification of Rho GTPases by bacterial toxins

Rho family proteins can be selectively modified by a variety of bacterial toxins,
which have been utilised to determine the roles of Rho proteins (Figure 1.3). The most
commonly used is C3 transferase, an exoenzyme from Clostridium botulinum. C3-like
transferases ADP-ribosylate Rho at Asparagine 41, which is in one of the putative target
domains of Rho, and thus render Rho biologically inactive (Sekine et al, 1989, Paterson
et al, 1990). Although Rac and Cdc42 are also ribosylated by C3 transferase, they are
ribosylated 100 and 400 times less efficiently respectively than Rho, while Ha-Ras is
not ribosylated at all (Ridley and Hall, 1992). However it is important to remember that
sufficiently high concentrations of C3 transferase will inhibit other Rho GTPases
(Rottner et al, 1999). Although ADP-ribosylation of Rho has been shown to inhibit
some effects of the protein, ADP-ribosylated Rho can still interact with some effectors
such as PKN (Sehr et al, 1998).
A second group of bacterial toxins able to modify Rho GTPases are the large
clostridial cytotoxins. The prototypes of this group are Clostridium difficile toxins A
and B, while other members of the group include lethal toxin, LT and haemorrhagic
toxin, HT of C. sordellii, and a-toxin of C. novyi. These enzymes are cytotoxic and
cause destruction of the cytoskeleton, via glucosylation of Rho family members, which
inhibits GAP-stimulated GTPase activity, and prevents interaction with effectors (Sehr
etal, 1998).
A further group of GTPase modifying bacterial toxins deamidate and activate
Rho, Rac and Cdc42, inhibiting both intrinsic and GAP-stimulated GTPase activity,
rendering proteins constitutively active.

This group includes cytotoxic necrotising

factors (CNF) 1 and 2 and dermonectrotic toxin (DNT) produced by E. coli strains and
Bordetella species respectively (for review see Aktories et al, 2000).

1.2.4

: Post-translational modification of Rho GTPases

Rho family GTPases require post-translational lipid modification for interaction
with GEFs and GDIs, and for some, if not all downstream functions (Boguski and
McCormick, 1993, Takaishi et al, 1993, Takai et al, 1995, Gosser et al, 1997, Adnane et
al, 1998).

Prénylation involves covalent addition of either farnesyl (15-carbon) or

geranylgeranyl (20-carbon) isoprenoids to conserved cysteine residues at or near the Cterminus of proteins, and promotes membrane association through these hydrophobic
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lipids (for review see Zhang and Casey, 1996). RhoA, Racl and Cdc42 are generally
modified by geranylgeranylation of a conserved cysteine located within the C-terminal
‘CAAL’ sequence, an event that is followed by proteolytic cleavage of the terminal 3
amino

acids.

The

resulting

exposed

C-terminal

cysteine

then

undergoes

carboxylmethylation and the stretch of five basic lysines just upstream facilitates or
stabilises membrane binding by interaction with acidic lipids (Katayama et al, 1991,
Madaule and Axel, 1985).

1.2.5

: Expression and function of Rho GTPases

Rho proteins are generally widely expressed in different tissues and mammalian
cell lines (Marks and Kwiatkowski, 1996, Foster et al, 1996). The exceptions are Rac2,
which is only expressed in haematopoietic cells where it stimulates NADPH oxidase
activity (Knaus et al, 1992), Rndl and Rnd2, which show tissue-specific expression
patterns (Nobes et al, 1998), and RhoB, RhoG, RaclBIRacS, which are serum/growth
factor-inducible genes (Fritz and Kaina, 1997, Vincent et al, 1992, Haataja et al, 1997).
RhoB transcription is also upregulated by damage-inducing agents such as UV
irradiation, and its activity is stimulated by Rac and is downregulated by RhoA together
with its own product RhoB (Fritz and Kaina, 1997).
Rho proteins are simple enzymes with complex roles in regulating cell
morphology,

gene

transcription,

cell

cycle

progression,

endocytosis, cell polarity and tumour progression.

apoptosis,

secretion,

Although little is known about

exactly how Rho proteins are activated in vivo, it is likely to be mediated by GEFs
linked to membrane receptors (Machesky and Hall, 1996).

In support of this, the

majority of targets preferentially recognise the GTP-bound conformation of Rho
proteins, although some, such as phosphatidylinositol 4-phosphate 5-kinase (PI(4)P 5kinase) do not appear to distinguish between the GTP-and GDP-bound conformations
(Chong et al, 1994, Tolias et al, 1995, Ren et al, 1996). In yeast the functions of Rho
have been investigated mainly genetically, while in mammals micro injection of active
forms of Rho GTPases and their inhibitors has been the method of choice, with various
co-injection procedures and mutant proteins used to confirm results. Researchers have
also used cell-free assays and intact cell systems to demonstrate the direct involvement
of Rho proteins in the activation of a range of downstream effectors.
It is important to remember that the Rho family consists of many members and
there is increasing evidence that proteins other than RhoA, Racl and Cdc42, can also
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influence cell morphology and cytoskeletal arrangements. RhoE (Rnd3) and the related
protein Rndl have been shown to act antagonistically to RhoA, leading to a loss of
stress fibres (Nobes et al, 1998, Guasch et al, 1998). In fibroblasts Rndl even causes
detachment of cells from the substratum, while epithelial cells show reduced numbers of
stress fibres. Since the effector regions of RhoE, Rndl and Rnd2 are almost identical to
those of RhoA, B and C, it has been suggested that these proteins may compete for
binding to common targets, so preventing Rho activation of specific effectors (Nobes et
al, 1998).

RhoG has been shown to induce filopodia, lamellipodia and membrane

ruffling via Cdc42 and Racl. However, despite its homology to these proteins, it does
not appear to interact with targets such as PAKl, PORI or WASP (Gauthier-Rouviere et
al, 1998).

TCIO is most closely homologous to Cdc42 and upon expression in

fibroblasts induces a phenotype most closely resembling that of Cdc42 including the
formation of peripheral extensions, as well as stimulation of JNK and PAK activities
(Neudauer et al, 1998). However despite interacting with a set of effectors including
targets of both Cdc42 and Rac, TCIO fails to interact with mixed lineage kinase 3
(MLK3) or WASP (Neudauer et al, 1998).

1.3 : Rho GTPases and the actin cytoskeleton

The actin cytoskeleton is a highly dynamic network, composed of actin
filaments and many specialised actin-binding proteins, and is organised into a number
of discrete structures each designed to fulfil a specialised role (for review see Small et
al, 1999). The cytoskeleton provides the structural framework that determines cell
shape and polarity, enabling motility and cell division.

Most of the early work

concerning the actions of Rho GTPases focussed on their roles in regulation of the actin
cytoskeleton (for reviews see Hall, 1994, Tapon and Hall, 1997, Hall, 1998). Many
extracellular stimuli induce a rapid reorganisation of the actin cytoskeleton, and have
been used to define specific Rho family protein-dependent pathways. These include the
generation of Rho-dependent stress fibres and focal adhesions (Ridley and Hall, 1992),
Cdc42-dependent filopodia (Nobes and Hall, 1995) and Rac-dependent lamellipodia and
membrane ruffles (Ridley et al, 1992) (Figure 1.5). In addition, Rho proteins are able to
coordinate other cellular activities with actin organisation, such as cell adhesion, cell
growth and intracellular vesicle transport.
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Rho, Rac, and Cdc42 signal transduction pathways

Upstream regulation o f Rho, Rac, and Cdc42 activity in mammalian cells is
poorly characterised. There is evidence that stimulation o f Rac by PDGF and
insulin is mediated by PI 3-kinase, and LPA regulation o f Rho is mediated by a
tyrosine kinase, while activation o f Rac by V12Ras may be cell-type dependent.
Both bradykinin and LPA receptors belong to the heterotrimeric G proteincoupled receptor family and thus the trimeric G proteins are likely to play a role
in GTPase activation (for review see Van Aelst and D ’Souza-Schorey, 1997).
Purple arrows indicate a hierarchical activation pathway characterised in Sw iss
3T3 fibroblasts (Ridley et al, 1992, N obes and Hall, 1995).
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: Rho and actin cytoskeleton reorganisation

1.3.1.1 : Rho and stress fibre formation

A role for Rho in actin organisation was first predicted by the loss of stress
fibres and cell body contraction that followed addition of C3 transferase to fibroblasts
(Chardin et al, 1989). Subsequently, microinjection experiments implicated Rho in the
assembly of actin stress fibres and focal adhesions in Swiss 3T3 fibroblasts (Paterson et
al, 1990, Ridley and Hall, 1992). Rho has now been shown to induce stress fibre
assembly in cultured mammalian cells that can form these structures, such as
fibroblasts, and to increase actomyosin-based contractility in cells that cannot, such as
neuronal cells and macrophages (Allen et al, 1997, for review see Ridley, 1999). Stress
fibres are made up of contractile bundles of actin and myosin II filaments, together with
actin binding proteins such as a-actinin, and occur in most cultured mammalian
fibroblast, endothelial and epithelial cells (for review see Burridge and ChrzanowskaWodnicka, 1996).

1.3.1.2 : Rho and adhesion to the extracellular matrix

Cell-substratum adhesion plays a major role in a variety of cell functions,
including migration, proliferation and differentiation and when these interactions
become deregulated tumorigenesis and metastasis can occur. In addition, many cell
types are anchorage-dependent, requiring signals from the extracellular matrix (ECM),
as well as from soluble mitogens, to survive.
Focal adhesions are developed where cells in culture attach to the ECM through
integrin-mediated adhesion. They comprise a multi-molecular protein complex on the
cytoplasmic face of the plasma membrane, providing attachment sites for stress fibres.
Although many of these proteins are considered structural such as a-actinin, talin,
vinculin and tensin, there are also a number of signalling molecules including focal
adhesion kinase (FAK) and Src. These complexes therefore serve as a framework for
the organisation of signalling molecules that control integrin-mediated changes in cell
behaviour, such as alterations in patterns of gene expression and modulation of cell
motility (reviewed in Burridge and Chrzanowska-Wodnicka, 1996).
Complete focal adhesion assembly and integrin-dependent signal transduction
only occur in the presence of matrix, integrin clustering and functionally active Rho.
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Cells plated on poly-L-lysine do not form focal adhesions, indicating a requirement for
integrin engagement of the ECM (Hotchin and Hall, 1995). Integrin clustering is also
required, since at low integrin densities cells spread but do not form focal adhesions
(Massia and Hubbell, 1991). While clustering alone recruits tensin and FAK, ECM
engagement is required to recruit additional proteins such as talin, vinculin, a-actinin
and actin (Burridge and Chrzanowska-Wodnicka, 1996).

However interaction of

integrins with the matrix alone is insufficient to induce integrin clustering or focal
adhesion assembly, and Rho is also required (Hotchin and Hall, 1995). In addition, Rho
is known to induce focal adhesion formation and to stimulate the tyrosine
phosphorylation of a number of focal adhesion associated proteins, including FAK,
pl30CAS and paxillin (Flinn and Ridley, 1996).
The complete biochemical mechanism of focal adhesion assembly is still
unknown. One line of research supports the idea that focal adhesion assembly and
stress fibre formation are intimately linked (Burridge and Chrzanowska-Wodnicka,
1996). Rho may affect the assembly of focal adhesions in a number of ways. Through
actin filament bundling and the induction of contractile stress fibres, Rho may induce
integrin clustering, so catalysing the formation of mature focal adhesions through the
recruitment and accompanying tyrosine phosphorylation of associated proteins, leading
to downstream signalling (Burridge and Chrzanowska-Wodnicka, 1996, Ridley, 1996,
Figure 1.6). In support of this theory, actin reorganisation precedes protein tyrosine
phosphorylation following introduction of active Rho into cells (Flinn and Ridley,
1996).
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Other research used cytochalasin D to demonstrate that the formation of focal
adhesions and stress fibres are separate events (Nobes and Hall, 1995, Chihara et al,
1997). Rho-induced stress fibre formation has been shown to be ultimately dependent
upon integrins (Hotchin and Hall, 1995), and it has been suggested that focal adhesions
could function as actin nucléation sites, specifying that newly polymerised actin forms
stress fibres (Ridley and Hall, 1992).

Rho may directly promote focal adhesion

assembly by modification of at least one constituent of the multi-protein complex,
which could lead to integrin clustering through the formation of multiple cross-linking
interactions (Hotchin and Hall, 1995).

1.3.1.3 : Rho and actin polymerisation

Cellular actin rapidly turns over between monomeric (G-actin) and polymeric
(F-actin) forms. The rate of turnover is essentially determined by two classes of actin
binding proteins, sequestering proteins that inhibit actin polymerisation by binding
monomeric actin, and capping proteins that inhibit actin polymerisation by binding to
the fast polymerising barbed ends of actin filaments. Actin filaments in vivo polymerise
primarily from their fast-growing barbed ends and the induction of polymerisation
results from the severing or uncapping of pre-existing actin filaments, or de novo
nucléation. The correct spatial organisation of polymerised actin is ensured by targeting
actin polymerisation to discrete sites termed actin nucléation sites, believed to be
located at the plasma membrane (for reviews see Hall, 1994, Symons, 1996).
Rho has been shown to stimulate an overall increase in F-actin in cells (Norman
et al, 1994, Wojciak-Stothard et al, 1998). It has been suggested that the increase in Factin could be attributed to stabilisation of actin-containing structures brought about by
filament bundling rather than polymerisation.

In Swiss 3T3 cells Rho did not

significantly induce new actin polymerisation as an early response, as measured by the
incorporation of fluorescently-labelled actin monomers into stress fibres (Machesky and
Hall, 1997). However, in mast cells this increase in F-actin does appear to involve de
novo actin polymerisation, since it is inhibited when new actin polymerisation is
prevented (Norman et al, 1994). Rho is also required for actin polymerisation that
occurs during entry of the pathogenic bacteria Shigella into HeLa cells (Adam et al,
1996).

Although Rho appears to mediate actin polymerisation from new actin

nucléation sites, research has shown that it is not involved in the formation of nucléation
sites (Adam et al, 1996).

In reality, there is likely to be a balance between actin
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reorganisation and new polymerisation and the relative contribution of each may depend
on the type of response involved and vary between cell types (Ridley, 1996).

1.3.1.4 : Rho and cvtokinesis

As well as its established role in the formation of contractile actin stress fibres,
Rho has been implicated in other contractile events, including development of the
contractile ring at mitosis (for reviews see Ridley, 1995a, Prokopenko et al, 2000).
Dramatic changes in actin organisation occur in cells during mitosis and cytokinesis. At
mitosis F-actin structures disappear and cells round up and become very loosely
attached to the substratum. During mitosis, an actomyosin-based contractile ring is
assembled, which constricts to form the cleavage furrow to divide the cell into two
daughter cells, a process termed cytokinesis. Rho has been shown to be required for
actin filament assembly and constriction of the contractile ring in Xenopus embryos.
Inhibition of Rho did not inhibit nuclear division and thus multinucleated embryos
formed (Drechsel et al, 1997). In addition translocation of Rho from the cytosol to the
cleavage furrow during cytokinesis in Swiss 3T3 cells has been reported (Takaishi et al,
1995). Evidence has now been provided of a role for Rho in cytokinesis in a range of
cell types including HeLa cells, and suggests that Rho regulates cleavage furrow
ingression both spatially and temporally (O’Connell et al, 1999).

The resemblance

between stress fibres and the contractile ring may point to a common mechanism of
formation (for review see Prokopenko et al, 2000).

1.3.1.5 : Rho targets in reorganisation of the actin cvtoskeleton

A number of Rho effectors have now been identified, although only a few have
been assigned specific functions downstream of Rho (Figure 1.7) (for review see
Aspenstrom, 1999).
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ROCK (Rho kinaselROK)
Rho associated kinases form a family of highly related serine/threonine kinases,
which are related to myotonic dystrophy kinase, and interaction with Rho results in a
modest increase in their kinase activity. Two mammalian ROCK isoforms have been
identified as targets of Rho and are ubiquitously expressed, ROCK-I also known as
ROKP or plbORGCK, and ROCK-II also known as Rho kinase or ROKa (Leung et al,
1995, Leung et al, 1996).
Expression of constitutively active ROCK mutants in a range of fibroblast and
epithelial cell lines induces stress fibre formation and focal adhesion assembly that is
not inhibited by C3 transferase. Dominant negative ROCK mutants cause disassembly
of these structures, implicating ROCK as a downstream effector of Rho in these
pathways (Amano et al, 1997, Leung et al, 1996, Sahai et al, 1998). Expression of
activated RhoA or ROCK has been demonstrated to increase the level of myosin light
chain (MLC) phosphorylation in cells (Chihara et al, 1997). MLC phosphorylation
increases the ATPase activity of myosin II, inducing a conformational change and
increasing its interaction with actin, leading to stress fibre formation in a range of non
muscle cells or contraction of smooth muscle (Kimura et al, 1996, Chihara et al, 1997,
Tapon and Hall, 1997). ROCK can control the phosphorylation status of MLC and
subsequently myosin activity, by a dual mechanism. ROCK directly phosphorylates
MLC at the site also used by MLC kinase (Amano et al, 1996b), as well as
phosphorylating the myosin binding subunit (MBS) of MLC phosphatase, inactivating
the phosphatase and increasing MLC phosphorylation (Kimura et al, 1996, for review
see Ridley, 1999, Figure 1.8). A further ROCK substrate, a-adducin, which promotes
the binding of spectrin to actin filaments, is also regulated by MBS, and is thus likely to
contribute to Rho-induced actin reorganisation (Kimura et al, 1998).

Dominant

negative forms of ROCK also inhibit cytokinesis, resulting in multinucleate cells (Yasui
et al, 1998). During cytokinesis, phosphorylated MBS and MLC proteins accumulate at
the cleavage furrow, with the level of MBS phosphorylation increased (Kawano et al,
1999). The intermediate filament proteins GFAP (glial fibrillary acidic protein) and
vimentin are also phosphorylated by ROCK at the cleavage furrow (Kosako et al, 1997,
Goto et al, 1998). The phosphorylation of these proteins by ROCK may therefore
provide a link between Rho and cytokinesis.

Finally, the exchange activity of the

Na'^/H^ exchanger protein NHEl, which is important for integrin-mediated cell adhesion
properties of a number of cell types, has been shown to occur through activation of Rho
and ROCK (Tominaga and Barber, 1998).
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Although it is as yet unclear exactly how ROCK is activated, it is likely to be
linked to a phosphorylation event since increased ROCK phosphorylation has been
observed in response to thrombin stimulation (Fujita et al, 1997). ROCK interacts with
Rho in a GTP-dependent manner and upon activation, Rho causes translocation of
ROCK to cell membranes where it was found localised with actin microfilaments at the
cell periphery (Leung et al, 1995). Translocation of ROCK from a detergent soluble to
insoluble fraction has also been shown following integrin activation in platelets (Fujita
et al, 1997), indicating that relocalisation of the protein also plays a role in its
activation.

Diaphanous proteins
Although ROCKs are essential, they are most likely not the only Rho effectors
required for the correct assembly of Rho-dependent stress fibres, since both the number
and distribution of ROCK-induced stress fibres differs from that induced by Rho
(Amano et al, 1997). Diaphanous proteins are members of a larger family of forminrelated proteins that contain two C-terminal formin-homology (FH) domains consisting
of long polyproline rich motifs, which bind proteins such as profilin (for review see
Wasserman, 1998). Mammalian proteins include Dial (pl40mDial, DFNAl) and Dia2,
while homologues Diaphanous and Cappuccino, and Bnilp and Fuslp, have been found
in Drosophila and yeast respectively and shown to be involved in cytokinesis, cell
polarity and cell morphology. Rho binds the amino terminus of Dial, which is bound to
the carboxy terminus in the inactivated protein, inducing unfolding of the protein and
exposing the FH domains, to which proteins such as profilin are then able to bind
(Watanabe et al, 1999). Deletion of the Rho-binding domain creates activated mutants
of Dial that induce the formation of thin actin stress fibres. Therefore it is proposed
that Rho activity is responsible for subcellular targeting of the Dial protein in complex
with profilin, to the plasma membrane, resulting in a localised increase in profilin,
leading to F-actin assembly (Watanabe et al, 1999, Figure 1.8). Since Dial and ROCK
induce fibres of varying thickness and density depending on the relative level of each
protein, it has been suggested that Rho may induce the formation of different actin
structures by manipulating this balance (Watanabe et al, 1999).
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subunit (M BS), so promoting accumulation o f phosphorylated MLC, generated by MLC kinase.
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actin monomers. This action may require ‘uncapping’ o f existing actin filaments to provide sites
for actin polymerisation, which may be achieved through localised Rho-induced PIP2
generation. Whether or how other Rho targets, such as the PRKs, contribute to Rho-induced
actin-cytoskeletal changes is not clear (for reviews see Ridley, 1996, Ridley, 1999).
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Phospholipid metabolism
Rho has been shown to regulate several enzymes involved in phospholipid
metabolism including phosphatidylinositide 3-kinase (PI 3-kinase) (Zhang et al, 1993),
phospholipase D (PLD) (Dae Bae et al, 1998) and type I PI(4)P 5-kinase (Chong et al,
1994), implying that Rho regulates actin cytoskeleton reorganisation through the
formation of phospholipid metabolites (for review see Ren and Schwartz, 1998). Rho
was found in a complex with PI(4)P 5-kinase in Swiss 3T3 fibroblasts (Ren et al, 1996),
Although this interaction is GTP-independent, activation of PI(4)P 5-kinase requires
GTP and thus may occur through another Rho effector or through translocation to a site
of interaction with other activators (Chong et al, 1994, for review see Ren and
Schwartz, 1998). No direct interaction between Rho and either PI 3-kinase or PLD has
been found.

Activation of PI 3-kinase is suggested to occur as a consequence of

integrin clustering and the subsequent translocation of the p85 subunit to the
cytoskeleton, while PLD activation may be mediated by PIP2 (for reviews see
Machesky and Hall, 1996, Toker, 1998).
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phospholipase Cy (PLCy), leading to production of the signalling molecules
diacylglycerol (DAG) and inositol triphosphate (IP3 ), as well as for PI 3-kinase which
converts it to 3,4,5-PIP3. PIP2 is strongly linked to regulation of the actin cytoskeleton
and binds and regulates the function of a number of actin-binding proteins involved in
regulating actin filament turnover and organisation including profilin, gelsolin and
vinculin.

Sequestration of PIP2 prevents Rho-induced stress fibre formation, while

overexpression of a PIP2 phosphatase disrupts actin stress fibres.

Therefore Rho-

dependent actin polymerisation may occur through localised increases in PIP2 , which is
predicted to induce uncapping and subsequent elongation of actin filaments and to
enhance association of actin filaments with actin-binding proteins (for reviews see Ren
and Schwartz, 1998, Toker, 1998, Figure 1.8).
Recently, PI(4)P 5-kinase has been implicated in the pathway downstream of
Rho, leading to phosphorylation of ERM proteins (Matsui et al, 1999). ERM proteins
include ezrin, radixin, moesin and the recently cloned merlin, and when activated are
recruited to the plasma membrane with concomitant phosphorylation, where they
interact with F-actin and transmembrane receptors such as CD44. Rho has been shown
to co-localise to the plasma membrane with ERM proteins and inactivation of Rho
prevents the localisation of ERM proteins to the plasma membrane in MDCK epithelial
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cells (Kotani et al, 1997). ERM proteins have been shown to be required for Rhodependent actin reorganisation and focal adhesion assembly in permeabilised fibroblasts
(Mackay et al, 1997). Interestingly, RhoGDI interacts with ERM proteins, and the
amino terminus of radixin has been shown to inhibit RhoGDI activity in vitro and to
induce release of Rho from RhoGDI. Although Rho-GEF was unable to stimulate
GDP/GTP exchange on Rho complexed with RhoGDI, it was able to stimulate
nucleotide exchange when radixin was present (Takahashi et al, 1997). These data
suggest that members of the ERM family are involved in the activation of Rho, and may
coordinately induce Rho release from GDIs and enhance nucleotide exchange (Ridley,
2000).

Other Rho targets
Two groups identified protein kinase N (PKN), also known as PRKl, as a target
serine/threonine kinase for Rho (Watanabe et al, 1996, Amano et al, 1996a).

The

catalytic domain of PKN is similar to that of PKC proteins, although the regulatory
domain is clearly different.

PKN is ubiquitously expressed and interacts with Rho

specifically, in a GTP-dependent manner, leading to autophosphorylation of the kinase
and an increase in kinase activity (Watanabe et al, 1996, Amano et al, 1996a).
Overexpression of a kinase-dead form of the closely related PRK2 protein in fibroblasts
induced a loss of stress fibres, indicating a role for PKN proteins in Rho-mediated actin
cytoskeleton organisation (Vincent and Settlement, 1997). It has been speculated that
Rho serves to localise PKN to a particular target, although the in vivo substrates of this
kinase are as yet unknown (Tapon and Hall, 1997). Such activity has been shown for
RhoB, which interacts with and targets PRKl to the endosomal compartment, so
activating the kinase, suggesting that PRKl is involved in RhoB-mediated endocytosis
(Mellor et al, 1998).
Citron kinase consists of a kinase domain similar to those found in ROCK and
myotonic dystrophy kinase, and has a splice variant, citron, that lacks the kinase domain
(Madaule et al, 1998). Although no effect of citron kinase has been shown on stress
fibres or focal adhesions, it has been co-localised with Rho to the cleavage furrow.
Overexpression of active kinase inhibits cytokinesis giving rise to multinucleated cells,
while a kinase mutant causes abnormal contraction during cytokinesis, demonstrating a
role for citron kinase in the regulation of actomyosin contraction (Madaule et al, 1998).
Therefore Rho may act through either ROCK or citron kinase to coordinate the
actomyosin cytoskeleton changes required during cytokinesis (Ridley, 1999).
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Two further effectors Rhophilin and Rhoteckin, specifically interact with the
GTP-bound form of Rho. They have no obvious catalytic domain and their function is
not clear, although their Rho binding sites show significant homology to an N-terminal
putative regulatory domain in PKN (Watanabe et al, 1996, Reid et al, 1996).

1.3.2

: Rac/Cdc42 and the actin cytoskeleton

Rac and Cdc42 have been demonstrated to regulate the production of
lamellipodia and filopodia respectively through microinjection and transfection studies
in a number of cell lines (Ridley et al, 1992, Kozma et al, 1995, Nobes and Hall, 1995,
Allen et al, 1997).

Both lamellipodia and filopodia are highly dynamic structures,

which are thought to be driven by rapid polymerisation of actin at the leading edge of
the cell, followed by depolymerisation within the cell (Nobes and Hall, 1995, for
reviews see Small, 1995, Mitchison and Cramer, 1996). The polymerised actin in Racinduced lamellipodia and in Cdc42-induced filopodia is associated with focal complexes
that are analogous to, but distinct from, Rho-induced focal adhesions (Nobes and Hall,
1995, Allen etal, 1997).

1.3.2.1 : Rac and lamellipodium formation

PDGF (platelet-derived growth factor) and insulin were originally found to
induce membrane ruffling and lamellipodium formation by a Rac-dependent pathway
(Ridley et al, 1992, Figure 1.5). Lamellipodia are thin protrusive sheets at the cell
periphery, containing a highly compact meshwork of actin filaments (Small, 1995,
Small et al, 1999). They are key features in motile cells, being particularly apparent
during chemotaxis, and drive forward extension of the cell. Membrane ruffling is due to
lamellipodia that lift up off the substrate and fold back on themselves (for review see
Mitchison and Cramer, 1996).

Although the biological significance of membrane

ruffling is unknown, there is evidence that pinocytosis occurs through such phenomena
(Ridley et al, 1992, Michiels et al, 1995, Qiu et al, 1995a, for review see Ellis and
Mellor, 2000).
Lamellipodia extend over the substratum to form new adhesive contacts termed
focal complexes, the formation of which has been shown to be Rac-dependent in a
number of cell types (Nobes and Hall, 1995, Allen et al, 1997, Clark et al, 1998). Focal
complexes, like Rho-dependent focal adhesions, are associated with and dependent on
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integrin engagement (Nobes and Hall, 1995, Machesky and Hall, 1997).

However,

although they contain many of the same constituents such as paxillin and FAK, they are
morphologically quite distinct being much smaller than focal adhesions, and do not
seem to be required for the formation of lamellipodia (Nobes and Hall, 1995, Machesky
and Hall, 1997).

More recently focal complexes, which are located at the base of

lamellipodia, were shown to mark the border about which ruffling activity occurs
(Rottner et al, 1999).

Although the role of Rac in epithelial cells appears more

complicated than in fibroblasts as discussed below, dominant negative Rac has been
shown to inhibit lamellipodium formation and membrane ruffling induced following
addition of hepatocyte growth factor/scatter factor (HGF/SF) to MDCK cells (Ridley et
al, 1995). In addition, in T lymphocytes, expression of activated Rac enhances integrinmediated adhesion by triggering cell spreading (D’Souza-Schorey et al, 1998).

1.3.2.2 : Cdc42 and filopodium formation

Filopodia are thin, finger-like cytoplasmic extensions, consisting of bundles of
actin filaments and are thought to be involved in recognition of the extracellular
environment and cell motility (O’Connor and Bentley, 1993, for review see Mitchison
and Cramer, 1996). Filopodia or microspikes also occur at the ends of growth cones in
neurones, where they guide extension and have been shown to be dependent on Cdc42
(O’Connor and Bentley, 1993, Kozma et al, 1997). Filopodia like lamellipodia, have
sites of adhesion associated with them termed focal complexes, which are found at the
cell periphery and resemble those induced by Rac (Nobes and Hall, 1995, Allen et al,
1997). What is not yet clear is whether these sites serve as nucléation points for actin
polymerisation or to stabilise and organise filaments nucleated elsewhere (Nobes and
Hall, 1995). Cdc42 has also been shown to play a role in ingression of the cleavage
furrow during cytokinesis in Xenopus embryos (Drechsel et al, 1997). Mammalian cells
expressing activated Cdc42 have been shown to accumulate multiple nuclei, indicating
that cytokinesis may be impaired and implicating Cdc42 in this process (Dutartre et al,
1996, Qiu etal, 1997).
Cdc42 appears to function in a hierarchical cascade linking Cdc42, Rac and Rho
in a number of cell types including Swiss 3T3 fibroblasts and B a d macrophages.
Microinjection of Cdc42 leads to the formation of lamellipodia and Rac can induce
stress fibres, effects that can be blocked by dominant negative forms of Rac and Rho
respectively (Ridley and Hall, 1992, Nobes and Hall, 1995, Allen et al, 1997). Other
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recent work with fibroblasts has shown that downregulation of Rho, Rac or Cdc42 leads
to upregulation of the other two.

This work suggests that Rho family GTPases

coordinate cytoskeletal organisation through a balance of signalling (Moorman et al,
1999). However the action of Cdc42 has also been suggested to involve inactivation of
Rho function, since a decrease in stress fibres and increase in punctate actin staining is
often associated with expression of active Cdc42 protein (Kozma et al, 1995, Manser et
al, 1997, Qiu et al, 1997). More recently, activation of both Rac and Cdc42 was shown
to lead to downregulation of endogenous Rho activity, with Cdc42 acting either directly
on Rho or via Rac (Sander et al, 1999, Rottner et al, 1999). In addition, treatment of
neuronal cells with C3 transferase induced filopodia and lamellipodia in growth cones
and along neurites (Kozma et al, 1997). Therefore, while hierarchies between Rho
proteins may exist, a simple linear relationship between them does not always occur.
Different phenotypes are likely to be dependent upon cell type and situation, and factors
such as cell-cell contacts and other stimuli are important in determining the particular
morphological changes induced.

1.3.2.3 : Rac/Cdc42 targets in reorganisation of the actin cvtoskeleton

Many proteins that interact with Rac and Cdc42 contain an 18-amino acid CRIB
(Cdc42/Rac-interactive binding) motif (Burbelo et al, 1995), although a number of
effectors do not contain this motif (Figure 1.9).

CRIB domain-containing proteins

interact with the effector region of Rac and Cdc42 and mutation of specific amino acids
within this region strongly reduce binding (Lamarche et al, 1996, Joneson et al, 1996,
Westwick et al, 1997), although other regions are also important for optimal binding
(Section 1.2.1).
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PAK family proteins
Members of the PAK (p21 activated kinase) family of serine/threonine kinases
are the best-characterised target proteins of Rac and Cdc42 (for reviews see Daniels and
Bokoch, 1999, Bagrodia and Cerione, 1999). Although much research has focussed on
their involvement in regulating kinase cascades (Section 1.6.2), work also suggests that
PAKs play a role in actin organisation, although their precise role in mammalian cells
remains unclear.
At least four PAK isoforms have been identified and are differentially expressed
in mammalian tissues, PAKl (PAKa), PAK2 (PAKI, PAKy, hPak65, H4/S6 kinase),
PAK3 (PAK(3) and PAK4, with homologues found in yeast, worms and flies (for
reviews see Bagrodia and Cerione, 1999, Aspenstrom, 1999). The catalytic activity of
PAK is stimulated by Rac/Cdc42 binding to the N-terminal CRIB domain. Binding is
thought to disrupt an intramolecular interaction between the regulatory N-terminal
domain and the catalytic C-terminal domain, relieving autoinhibition of the catalytic
domain and stimulating kinase activity (Zhao et al, 1998). Interestingly, PAK4 differs
from the other isoforms in that it does not contain an autoinhibitory domain, is
constitutively active, and binds only activated Cdc42 (Abo et al, 1998). The adaptor
protein Nek recruits PAK to membranes, causing PAK activation in a Rac/Cdc42dependent manner, although G protein-independent mechanisms of PAK activation
have also been reported (for reviews see Bagrodia and Cerione, 1999, Daniels and
Bokoch, 1999).
PAKl localises to areas of Racl-induced membrane ruffling as well as to
Rac/Cdc42-regulated focal complexes in fibroblasts and HeLa epithelial cells
(Dharmawardhane et al, 1997, Manser et al, 1997). However Cdc42 and Rac mutants
defective for PAK binding can still form filopodia and lamellipodia, suggesting that
PAK activity alone is not required for these effects (Lamarche et al, 1996, Joneson et al,
1996, Keely et al, 1997, Westwick et al, 1997). In addition, neither dominant negative
nor mutant active forms of PAK were observed to have any effect on the formation of
lamellipodia in endothelial cells (Kiosses et al, 1999). PAKl generally induces two
types of morphological changes, one in which its kinase activity is essential for the
disassembly of stress fibres and focal adhesions, together with the formation of
filopodia (Manser et al, 1997, Sells et al, 1997, Zhao et al, 1998), and a second effect in
which kinase-defective PAKl promotes lamellipodia formation and membrane ruffling
(Sells et al, 1997, Zhao et al, 1998). This second activity probably reflects interactions
at the regulatory N-terminal proline-rich region of PAK, since modification of this
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region is also required (for reviews see Bagrodia and Cerione, 1999, Daniels and
Bokoch, 1999).

Therefore it has been suggested that the physiologically relevant

actions of PAK on the actin cytoskeleton include filopodium formation and the
downregulation of stress fibres and focal adhesions (Zhao et al, 1998).

PAK effectors
Recent research has focussed on identifying PAK effectors. In Dictyostelium
and Acanthamoeba, PAK-like kinases have been found to phosphorylate and activate
certain myosin I isoforms (Daniels and Bokoch, 1999). There is also data to suggest
that PAK can indirectly regulate phosphorylation of myosin in mammalian cells. PAK
was shown to phosphorylate MLC kinase and reduce the activation of the regulatory
MLC both in vitro and in vivo in HeLa cells (Sanders et at, 1999).

However this

activity seems to be cell-type dependent with active PAK shown to increase MLC
phosphorylation in endothelial cells, as well as in fibroblasts (Kiosses et al, 1999, Sells
et al, 1999). The precise role of PAK in MLC phosphorylation has yet to be resolved
and may even occur via Rac activation of Rho in cells in which this hierarchy is thought
to exist, such as fibroblasts. This line of research is of interest because of the known
effects of Rho on MLC phosphorylation (Section 1.3.1.5), and it has been suggested that
Rho

family

proteins

may

act

antagonistically

through

regulation

of MLC

phosphorylation (for reviews see Daniels and Bokoch, 1999, Bagrodia and Cerione,
1999).
A putative exchange factor for Rac and Cdc42 has been identified, which binds
to PAK via an SH3 domain (Manser et al, 1998, Bagrodia et al, 1998). At least two
isoforms of PIX (PAK interacting exchange factor) have been cloned, aPIX (Cool-2)
and pPIX (p85Cool-l). Although the rates of exchange activity for PPIX on Rac and
aPIX on Cdc42 are relatively slow, binding of PIX to PAK enhances exchange activity
(for review see Bagrodia and Cerione, 1999, TiCB). PIX has been localised to Cdc42and Rac-stimulated peripheral focal complexes and has been suggested to mediate the
recruitment of PAK into these structures (Manser et al, 1998). The binding of PIX to
PAK at the plasma membrane activates PAK by directly altering PAK conformation,
and this activity is dependent on the exchange activity of PIX, although a PAK mutant
defective for Rac/Cdc42 binding was activated by PIX in a GEF-independent manner
(Daniels et al, 1999). PIX was also shown to mediate PAK activation by a Cdc42
mutant defective for PAK-interaction, with this activity dependent on Rac, and
therefore, the effects of PAK-interaction defective Rac and Cdc42 mutants should be
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interpreted carefully. This work also suggests that PIX may function as the GEF that
mediates cross-talk between Cdc42 and Rac (Manser et al, 1998). PIX may also be
responsible for phenotypes induced by some PAK mutants, which are not thought to be
mediated by PAK kinase activity (Zhao et al, 1998).
A new class of potential PAK effectors has been identified as the LIM kinase
(LIMK) family of serine kinases. In vitro PAK phosphorylates LIMKl and increases
LIMKl-mediated phosphorylation of the actin-binding protein cofilin, which normally
promotes the disassembly of actin filaments (Edwards et al, 1999).

Expression of

activated Rac or Cdc42 increases association of PAK with LIMKl and enhances
LIMKl-mediated phosphorylation of cofilin, while a kinase-inactive form of LIMKl
inhibited Rac-, Cdc42- and PAKl-dependent changes to the actin cytoskeleton
(Edwards et al, 1999, for reviews see Daniels and Bokoch, 1999, Bagrodia and Cerione,
1999). If Rac/Cdc42 activation of LIMK occurred in a localised manner at the plasma
membrane, inhibition of cofilin would allow filament elongation and would then restrict
cofilin activity to regions away from the plasma membrane where actin filament
depolymerisation would be expected to occur (Ridley, 2000).

WASP proteins
The effects of Cdc42 and Rac on the formation of dynamic actin structures have
been proposed to involve the Wiskott-Aldrich immunodeficiency syndrome protein
(WASP) family proteins (Aspenstrom et al, 1996, for review see Svitkina and Borisy,
1999).

Wiskott-Aldrich

syndrome

is a severe X-linked disorder

affecting

haematopoietic cells and patients have a weakened immune response. Lymphocytes
isolated from WAS patients, in which WASP is either absent or truncated, have severely
distorted and reduced numbers of cell surface microvilli and are defective for
chemotaxis (for review see Ramesh et al, 1999).

In addition to WASP, which is

expressed exclusively in cells of hematopoietic lineage (Derry et al, 1994), this family
includes the more widely expressed N-WASP, originally cloned from neuronal cells
(Miki et al, 1996), together with the less well characterised proteins SCARl-4
(Machesky and Insall, 1998).

WASP and N-WASP are effectors of Cdc42, and

SCARI/WAVE is implicated in lamellipodium formation and co-immunoprecipitates
with Rac (Symons et al, 1996, Miki et al, 1996, Machesky and Insall, 1998).
Overexpression of WASP induces the formation of actin filament clusters in a Cdc42dependent manner in several cell types, suggesting a role for WASP in Cdc42-mediated
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actin polymerisation (Symons et al, 1996), while N-WASP co-operates with active
Cdc42 to induce filopodia in COS cells (Miki et al, 1998).
WASP proteins possess a CRIB domain for binding Cdc42 and Rac although
other regions of WASP also contribute to this interaction. In addition WASP has a
number of proline-rich stretches that bind SH3 domain-containing proteins such as the
adaptor proteins Nek and Grb2. WASP proteins also contain an N-terminal PH domain
that binds PIP2 , and partially overlaps with a WASP-homology (WH) domain W Hl,
which is also found in other proteins involved in maintenance of cytoskeletal integrity
including VASP (vasodilator-stimulated phosphoprotein).

WASP-interacting protein

(WIP) binds to WASP in the N-terminus, and interacts directly with actin, the actinbinding protein profilin, and Nek, suggesting that WASP proteins recruit actin
monomers bound to profilin to sites of actin polymerisation (Ridley, 2000).

The

majority of point mutations in WAS patients are located in the W Hl domain, which
could potentially disrupt the association of WASP with WIP, raising the possibility that
the interaction of WASP with WIP might be crucial for WASP function (Ramesh et al,
1999). Within the C-terminus of these proteins is a second WH domain WH2, also
called verprolin homology domain (V), which binds G-actin, together with a cofilinhomology sequence (CHS) and an acidic region (A), that bind the p21 subunit of the
Arp2/3 complex (Machesky and Insall, 1998, for review see Ramesh et al, 1999). The
Arp2/3 complex contains the actin-related proteins 2 and 3 plus five other proteins,
nucleates actin filaments and is localised to the leading edge of crawling cells, so
linking WASP to the control of dynamic actin assembly (for review see Svitkina and
Borisy, 1999).

Phospholipid metabolism
Both Rac and Cdc42 are proposed to directly activate PI 3-kinase, since both
bind to the regulatory p85 subunit, stimulating kinase activity (Tolias et al, 1995, Zheng
et al, 1994).

Rac and Cdc42 have been shown to stimulate epthelial cell motility

through a PI 3-kinase-dependent pathway and inhibition of PI 3-kinase disrupts actin
structures, suggesting that PI 3-kinase activation leads to actin reorganisation necessary
for motility and invasion (Keely et al, 1997). It has been hypothesised that Cdc42
activation leads to relocation of the regulatory p85 subunit of PI 3-kinase, which
influences the activity of the associated lipid kinase, so influencing cytoskeletal
assembly (Dutartre et al, 1996).

Since integrin-mediated PI 3-kinase activity also

stimulates Rac-dependent membrane ruffling, hierarchical activation of Rac by Cdc42
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may occur through PI 3-kinase (Clark et al, 1998), although PI 3-kinase has also been
shown to activate Rac downstream of Ras (Rodriguez-Viciana et al, 1997).
In permeabilised platelets Rac stimulates PIP2 synthesis leading to uncapping of
actin filaments and increased actin polymerisation (Hartwig et al, 1995). As with Rho,
recombinant Rac has been shown to associate with a type 1 P1(4)P 5-kinase both in vitro
and in vivo (Tolias et al, 1995, for review see Ren and Schwartz, 1998). In fibroblasts,
ERM protein interaction with actin is required for Rac to induce actin reorganisation
and focal complex assembly (Mackay et al, 1997) and as observed with Rho (Section
1.3.1.5) P1(4)P 5-kinase may be involved in this interaction. Recent work using Rac
mutants unable to bind P1(4)P 5-kinase, and kinase-inactive P1(4)P 5-kinase mutants,
demonstrates that type 1 P1(4)P 5-kinase a is a critical mediator of Rac-dependent actin
assembly (Tolias et al, 2000). In contrast, neither PIP2 nor other polyphosphoinositides
have been shown to act downstream of Cdc42 in actin polymerisation (Zigmond et al,
1997).

However data from cell-free extracts demonstrate a requirement for both

phosphoinositides and Cdc42 in the induction of actin assembly, and that
phosphoinositides may promote GTP exchange on Cdc42 as well as the interaction
between Cdc42 and actin nucleating activities (Ma et al, 1998).

IQGAP proteins
IQ GAP proteins have been identified as potential targets for Cdc42 and Rac in
actin cytoskeleton organisation, with two known isoforms binding GTP-bound
Rac/Cdc42. Although IQGAP proteins have a GAP domain with homology to known
Ras GAPs, they do not possess GAP activity, and instead this domain is required for
interaction with Cdc42 and Rac (for review see Machesky, 1998). IQGAPs contain
putative actin-binding domains and bind directly to and crosslink actin filaments,
properties that at least in vitro, can be regulated by Cdc42 (Fukata et al, 1997).
Although analysis in yeast has shown that IQGAPs have essential roles in cytokinesis,
mammalian IQGAPs appear to be cytoplasmic proteins that are enriched in lamellipodia
and cell-cell junctions, but not in stress fibres and no role in cytokinesis has yet been
established (for review see Machesky, 1998).

Other Cdc42 targets
Myotonic dystrophy kinase-related Cdc42-binding protein kinases (MRCK) a
and p bind Cdc42 in a GTP-dependent manner and affect actomyosin contractility by
phosphorylation of MLC (Leung et al, 1998).
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defective in Cdc42 binding blocked the induction of focal complexes and microspikes
by active Cdc42, suggesting that MRCKa acts downstream of Cdc42 in cytoskeletal
reorganisation (Leung et al, 1998).
Members of the ACK (activated Cdc42-associated kinase) family are tyrosine
kinases that interact specifically with Cdc42 (Yang and Cerione, 1997).

ACK2 is

activated by cell adhesion and activates INK, both in a Cdc42-dependent manner,
suggesting a role for ACK proteins in mediating Cdc42-dependent cell adhesion signals
(Yang et at, 1999).
A further Cdc42-specific target, CIP4, was identified through yeast 2-hybrid
screens and lacks a CRIB domain. CIP4 interacts with Cdc42 in a GTP-dependent
manner but not with Rac, and overexpression of this protein in fibroblasts leads to loss
of stress fibres and increased cell spreading and membrane ruffling (Aspenstrom, 1997).
MSE55 and a member of the serine/threonine mixed lineage kinase family
MLK3, are further CRIB domain-containing proteins. Both proteins were shown to
bind to Cdc42 in a GTP-dependent manner, and more weakly to Rac (Burbelo et al,
1995).

MSE55 induces the formation of long, Cdc42-dependent, actin-based

protrusions in NIH 3T3 cells and increases membrane actin polymerisation in COS-7
cells, implicating this protein in cytoskeleton reorganisation downstream of Cdc42
(Burbelo et al, 1999).

Other Rac targets
PORI (partner of R a d ) and pl40Sra-l (140kDa specifically R a d associated
protein) are specific Rac effectors. PORI has been implicated in membrane ruffling,
since Rac mutants that fail to bind PORI also fail to induce membrane ruffling and
truncated PORI mutants inhibit membrane ruffles induced by active R a d (Van Aelst et
al, 1996).

pl40Sra-l localised with active R a d at membrane ruffles and directly

interacts with F-actin, suggesting that pl40Sra-l acts downstream of Rac in actin
cytoskeletal reorganisation (Kobayashi et al, 1998, JBC).

1.4 : Rho GTPases and intercellular adhesion

The actin cytoskeleton is structurally linked to sites of cell-cell adhesion and
therefore the established role for Rho proteins in regulating actin organisation suggests
that they also affect these linked adhesion sites. Epithelial cells adhere tightly to their
neighbours, a characteristic that is essential for barrier formation between two
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compartments and for polarised secretion.

Normally, epithelial cells are tightly

connected through tight junctions, adherens junctions and desmosomes, which are
intimately associated with the cytoskeleton. Loss of intercellular adhesion contributes
to cancer cell invasion and metastasis by enabling cells to detach from the primary
tumour.

1.4.1

: Adherens junctions

In epithelial cells, adherens junctions mediate both intercellular adhesion and
signal transduction. They are protein complexes consisting of dimers of transmembrane
cadherins that mediate homophilic interactions with adjacent cells, and cytoplasmic
catenins that link cadherins to the actin cytoskeleton. These include p- and y-catenin
(plakoglobin), which bind directly to the intracellular domain of E-cadherin, together
with a-catenin, which links the cadherin-catenin complex to the actin cytoskeleton.
Free P-catenin is degraded through activation of the WNT signalling pathway.
However, if the tumour suppressor APC is non-functional, as in many colon cancer
cells, or the WNT signalling pathway is blocked, P-catenin translocates to the nucleus
where it participates in transcription through binding of TCF/LEF-1 transcription factors
(for review see Christofori and Semb, 1999).

Loss of expression or function of

adherens junction components is frequently observed in carcinomas, and cadherins and
catenins are often considered tumour suppressors (Behrens et al, 1989, Vermeulen et al,
1995, for review see Christofori and Semb, 1999).
In MDCK cells, expression of either active R a d or the Rac GEE Tiaml
enhances the formation of adherens junctions (Takaishi et al, 1997, Hordijk et al, 1997).
Rac is also required for the formation and maintenance of adherens junctions between
kératinocytes, and for the recruitment of actin to clustered cadherin complexes (Braga et
al, 1997, Braga et al, 1999). Active forms of Rac and Tiaml even induced E-cadherinmediated cell-cell adhesions in NIH 3T3 cells (Sander et al, 1999), although active Rac
failed to induce adhesion between kératinocytes (Braga et al, 1999). However, Rac is
also required for the loss of adherens junctions induced by HGF/SF, which reversibly
stimulates the conversion of epithelial cells to a highly motile, fibroblastic phenotype
(Potempa and Ridley, 1998).

It has been suggested that in these assays, HGF/SF-

initiated signals may override Rac effects on adherens junctions and allow Rac to
stimulate lamellipodium extension, leading to cell migration and the pulling apart of
intercellular junctions (Ridley, 2000).

In contrast to most research, active Rac
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exacerbated the decreased stability of adherens junction components induced by Ras in
Rat BRK epithelial cells, possibly by preventing the association of a-catenin with Ecadherin and (3-catenin (Quinlan, 1999). VE-cadherin localisation at cell-cell junctions
is independent of Rac activity in endothelial cells, but not when expressed in COS-7
cells (Braga et al, 1999). E-cadherin-mediated adhesion in Swiss 3T3 fibroblasts and L
cells is also unaffected by inhibition of Racl. This suggests that the precise effects of
Rac on intercellular adhesion are cell-type dependent, and are thought to be influenced
by the maturation status of the junction and the cell in which junction components are
expressed (Braga et al, 1999). Like Rac, activated Cdc42 also increases actin filament
accumulation at intercellular adhesion sites in MDCK cells, together with E-cadherin
and p-catenin, although it inhibits the disruption of cadherin-based cell-cell adhesion
induced by HGF treatment of MDCK cells (Kodama et al, 1999).
Rac and Cdc42 may exert their effects on adherens junctions through IQGAP
proteins, which are localised to sites of intercellular adhesion in both fibroblasts and
epithelial cells (Kuroda et al, 1998). In L cells, IQGAPl interacts with E-cadherin and
P-catenin at sites of cell-cell contact and when overexpressed induces dissociation of acatenin from the adhesion complex by competing with a-catenin for binding to Pcatenin, so reducing cell-cell adhesion (Kuroda et al, 1998, Fukata et al, 1999). It has
been suggested that Cdc42 and Racl negatively regulate the function of IQGAPl by
inhibiting the interaction of IQGAPl with p-catenin, leading to stabilisation of the
cadherin-catenin complex (Fukata et al, 1999).
Rho is also required for the assembly and maintenance of cadherin-based
adherens junctions in a number of epithelial cells (Zhong et al, 1997). Rho activity was
required for Rac-induced intercellular adhesion in kératinocytes, L-cells and Rastransformed fibroblasts (Braga et al, 1997, Braga et al, 1999, Sander et al, 1999),
although active Rac was able to overcome C3 transferase-mediated inhibition of
adhesion in MDCK cells (Takaishi et al, 1997). This role of Rho is predicted to be
separate from its role in stress fibre and focal adhesion assembly, since inhibition of
contractility enhances adherens junction formation (Zhong et al, 1997). Rho may exert
its role in junction maintenance and formation through its effects on ERM proteins,
since perturbation of ERM protein function leads to disruption of cell-cell interactions
(Takeuchi et al, 1994).
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: Tight junctions

Tight junctions form impermeable barriers between epithelial/endothelial cells,
that prevent the movement of macromolecules paracellularly (for review see Tsukita
and Furuse, 2000). Tight junctions occur between two adjacent cells at the most apical
region of lateral membranes. They contain the transmembrane proteins occludin and
members of the claudin family, that interact with the cytoplasmic proteins ZO-1, -2 and
-3, which associate with apical F-actin filaments and may recruit signalling molecules
(for review see Tsukita and Furuse, 2000, Jou et al, 1998).
Rho and Rac are required for tight junction formation in polarised intestinal
epithelial cells (Nusrat et al, 1995) and in MDCK cells (Takaishi et al, 1997).
Inhibition of Rho increased permeability and induced disassembly of F-actin in the apex
of the cell, including the perijunctional ring, together with displacement of ZO-1 from
the membrane at tight junctions (Nusrat et al, 1995). However in different experiments,
although dominant negative Rho and Rac disrupted the barrier function of tight
junctions in MDCK cells, only activated forms of Rho and Rac caused abnormal
localisation of occludin and ZO-1 leading to disruption of tight junction morphology
(Jou et al, 1998).

These differences have been attributed to different levels of

expression of the various mutants, and indicate that both Rho and Rac play critical roles
in tight junction function. Recently ROCK has been implicated in the regulation of
tight-junction permeability by Rho (Fujita et al, 2000).

1.5 : Rho GTPases and cell motility

Cell motility involves the co-ordinated activity of cytoskeletal, membrane and
adhesion systems. Protrusion at the leading edge of the cell is converted into movement
along a substrate by adhesion at the front of the cell, together with detachment and
retraction at the rear of the cell (for review see Mitchison and Cramer, 1996, Nobes and
Hall, 1995). This requires the coordinated polymerisation of actin at the leading edge,
in the form of lamellipodia, together with the contraction of more stable actin-myosin
cables found to the middle and rear of the cell (Small, 1995, Machesky and Hall, 1997).
Other factors important for motility include recycling of the plasma membrane and
integrin-mediated adhesion to the substratum.

In many cells, the capacity for

locomotion is normally repressed, but can be activated upon wounding or oncogenic
transformation. Cell invasion is an important process in metastatic cancer progression
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and in vivo is dependent on cell motility, the strength of cell adhesions and secretion of
matrix-degrading proteases (for review see Kohn and Liotta, 1995).
Rac and its role in lamellipodium formation is essential for the migration of
many cell types in vitro (Ridley et al, 1995, Allen et al, 1998, Potempa and Ridley,
1998, Nobes and Hall, 1999).

Activated Rac promotes motility and invasion of

mammary epithelial cells, by disrupting normal polarisation (Keely et al, 1997). Rac is
also required for metastasis, as illustrated in a model system of T lymphoma cells,
where activated Racl and its GEF Tiaml, promote cell invasion into a fibroblast
monolayer (Michiels et al, 1995, Habets et al, 1994). Finally, Racl and Cdc42 are
required for dorsal closure in Drosophila embryos, a process requiring migration of
epithelial sheets (Glise and Noselli, 1997). Together these results point to a universal
role for Rac in driving cell movement of both single cells and cell monolayers.
However responses to Rac appear to be somewhat cell-type specific and are thought to
be dependent on a role for Rac in controlling the equilibrium between intercellular
adhesion and motility (see Section 1.4). For example, active Rac promotes motility of
MDCK cells on collagen substrates when formation of E-cadherin-mediated adhesions
is prevented (Sander et al, 1998), but inhibits migration of NIH 3T3 fibroblasts through
the formation of cadherin-based adhesions (Sander et al, 1999).
In addition to regulating lamellipodium extension, Rac may contribute directly
to cell contraction, in part through its interaction with PAK, which has been implicated
in the control of MLC phosphorylation (Section 1.3.2.3, for review see Bagrodia and
Cerione, 1999). In endothelial cells and fibroblasts, constitutively active PAK increases
MLC phosphorylation. In endothelial cells, dominant negative PAK mutants inhibit cell
migration through decreased cell contractility (Kiosses et al, 1999). In fibroblasts a
kinase-dead PAK mutant has no effect on cell speed, but disrupts directional motility,
while cells expressing wild-type or constitutively active PAK show increased motility
(Sells et al, 1999). Therefore although PAK appears to be involved in cell motility, its
precise role has yet to be determined.
Cdc42 is required for cell polarisation and chemotaxis in cells that respond to
cytokine gradients, such as macrophages (Allen et al, 1998). A role for Cdc42 in cell
polarisation has also been established in T cells, where the cytoskeleton is polarised
towards the antigen presenting cell (Stowers et al, 1995), and in fibroblasts migrating
into a wound (Nobes and Hall, 1999).

In addition, Cdc42 enhances motility and

invasion of mammary epithelial cells by disrupting normal polarisation, although this
activity was limited to collagen substrata (Keely et al, 1997). Therefore, rather than
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being absolutely essential for motility like Rac, Cdc42 seems to be required for efficient
cell movement (Nobes and Hall, 1999). Recent work has suggested that Cdc42 does not
activate Rac, but rather serves to localise Rac activity through generation of a polarising
signal within cells (Nobes and Hall, 1999).
It has been established that substratum adhesion is essential for locomotion, with
strong transient forces occurring near the leading edge and weaker, more stable forces to
the rear of motile cells (Horwitz and Parsons, 1999, Figure 1.10).

Rac and Cdc42

establish new, but weak, integrin-mediated focal complexes, which link lamellipodia
and filopodia with the underlying substratum (Nobes and Hall, 1995, Allen et al, 1997,
Clark et al, 1998).

Rho may then act in the maturation of some of these focal

complexes to focal adhesions, which would serve as points of traction over which the
cell body moves (Rottner et al, 1999, Horwitz and Parsons, 1999). This could explain
why C3 transferase inhibits motility in a number of different cell lines (Takaishi et al,
1993, Allen et al, 1998). Rho is also thought to be required for contraction of the cell
body leading to detachment of the cell rear, through stimulation of actin-myosinmediated contractility. A role for Rho in cell contractility has been observed in wound
healing in chick embryos (Brock et al, 1996), cell contraction in macrophages (Allen et
al, 1997) and neurite retraction (Kozma et al, 1997).
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F igure 1.10

A model for the roles o f Rho GTPases in cell migration

Migration is initiated by polymerisation o f an actin network at the c e ll’s leading edge.
Rac and Cdc42 act at the leading edge to stimulate forward protrusion through actin
polymerisation. The spreading and locomotion, at least o f fibroblasts, entails a cycle o f
contact formation, where new focal com plexes fonried beneath lamellipodia becom e
uncoupled from it and develop into focal adhesions that eventually dissolve as spreading
progresses or the cell body advances over them. The fonnation o f new focal com plexes
is controlled by Rac and Cdc42, and their growth is determined by a Rho-dependent
process. Rho stimulates actomyosin-based contractility within the body o f the cell,
allowing the cell body to m ove forwards towards the leading edge. The turnover o f
adhesive com plexes is regulated by the combined activity o f microtubules and regulators
that reside in these com plexes (Horwitz and Parsons, 1999, Small et al, 1999).
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Reflecting the observation that high levels of stress fibres and focal adhesions
are antagonistic to cell motility, being generally absent from motile cells, active Rho
inhibits motility induced by HGF/SF treatment of MDCK cells (Ridley et al, 1995).
More recent studies have shown that inhibition of the Rho effector ROCK can also
enhance the rate of cell migration, although a complete loss of actin-myosin filaments is
inhibitory (Nobes and Hall, 1999).

In support of this, Rho has been shown to be

required but not sufficient for invasion of T-lymphoma cells (Stam et al, 1998). Rho is
also required for the in vitro invasiveness of a number of tumour cells, a process shown
to be driven through ROCK (Itoh et al, 1999). Recent evidence suggests that prolonged
activation of Rho, rather than Rac, is required for MDCK cell scattering induced by
HGF/SF (Zondag et al, 2000). In general, too strong an attachment of cells to the
substratum is refractory to locomotion, although some attachment to the substratum is
essential (for review see Huttenlocher et al, 1995). Complete inhibition of Rho by C3
transferase may therefore lead to disruption of motility through loss of substratum
adhesion and excessive stimulation of Rho activity may also inhibit motility through
enhanced adhesion and contractility.

1.6 : Rho GTPases and growth control

Progression of eukaryotic cells through the cell cycle is regulated by the
assembly and activation of key regulatory cyclin and cyclin-dependent kinase (cdk)
complexes (Figure 1.11). Entry of quiescent Go cells into Gi-phase and progression into
S-phase is dependent on growth factor stimulation of the Gi cyclin/Cdk complexes (for
review see Marshall, 1999). Growth factors typically induce cyclin D-cdk4/6 activity
during early Gi-phase by stimulating expression of the D-type cyclins.

As cells

progress through Gi-phase, they pass through a restriction point and become irreversibly
commited to continued cell cycle progression, and at this point progression becomes
growth factor-independent. This key regulatory event is mediated by the Gi Cdks,
which phosphorylate the retinoblastoma tumour suppressor protein (pRb) (for review
see Mittnacht, 1998). In quiescent cells, pRb is hypophosphorylated and associates with
the E2F family of transcription factors, repressing transcription of genes required for
entry into S-phase and subsequent proliferation. Following phosphorylation of pRb by
Gi Cdks, E2F is released and transcription ensues. Growth factor stimulation of cyclin
E-cdk2 activity occurs during the Gi/S-phase transition, through regulation of the
expression of the Cip/Kip family of cdk-inhibitory proteins (CKIs), including
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which bind to and inhibit cyclin E-cdk2 complexes. Since the

cyclin E gene is itself E2F-responsive, cyclin E-cdk2 acts through positive feedback to
facilitate progressive rounds of pRb phosphorylation. The onset of cyclin A synthesis
late in Gi is also critical for the Gi/S transition, and may also be mediated by E2F.
Cyclin
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B-dependent kinases probably
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its
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dephosphorylated until completion of mitosis (see Figure 1.11) (for reviews see Sherr,
1996, Mittnacht, 1998 and Marshall, 1999).
In normal, adherent cells, cell cycle progression from Gi- to S-phase requires an
intact actin cytoskeleton and adhesion to the ECM, together with mitogenic stimulation
by growth factors, while cancer cells continue to proliferate in the absence of signals.
Rho proteins play an important role in the control of cell proliferation, independent of
their effects on the actin cytoskeleton (for reviews see Hall, 1994, Symons, 1996,
Marshall, 1999). Constitutively active forms of Rho, Rac and Cdc42 stimulate cell
cycle progression through Gi and subsequent DNA synthesis in quiescent Swiss 3T3
fibroblasts, while inhibitors of these GTPases inhibit serum-stimulated DNA synthesis,
indicating the importance of these proteins in normal growth control (Olson et al, 1995).
However, Rho GTPases, unlike Ras, do not induce DNA synthesis by direct activation
of the p42/p44 MAP kinase cascade (Olson et al, 1995, Coso et al, 1995, Minden et al,
1995).

1.6.1

: Rho and growth control

Rho is required for DNA synthesis and progression through the cell cycle in a
range of cell types (Yamamoto et al, 1993, Udagawa and McIntyre, 1996, Hirai et al,
1997, Tanaka et al, 1998, Laufs et al, 1999, Cleverley et al, 2000). Rho is also required
for DNA synthesis induced by oncogenic Ras, although in contradiction to earlier
reports, active Rho alone was unable to stimulate DNA synthesis significantly in serumstarved fibroblasts (Olson et al, 1998).
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Rho may induce a mitogenic response in cells through its ability to activate the
transcription factor SRF, which binds to the serum response element (SRE) found in the
promoters of a number of growth factor-induced ‘early’ genes (Hill et al, 1995).
Although Rho, Rac and Cdc42 are all able to activate SRF-dependent reporter
constructs, only Rho was required for serum-induced SRF activation (Hill et at, 1995).
The pathway whereby Rho activates SRF is not clear, but does not involve known
MAPK cascades (Hill et at, 1995). In NIH 3T3 cells, PRK2 cooperates with RhoA to
potentiate transcriptional activation by SRF (Quilliam et al, 1996). ROCK has also
been implicated in V14RhoA-mediated SRE activation (Chihara et al, 1997). Rho may
also act through regulation of G-actin, since the level of G-actin has been shown to
control SRF (Sotiropoulos et al, 1999)
Rho may regulate cell cycle progression by altering the activity of CKIs. Rho
has been shown to suppress activity of the CKI

and may act both by

regulating p21^^^^^^'^^ transcription and translational activation (Olson et al, 1998,
McCormick, 1998, Adnane et al, 1998). Research using Rho effector domain mutants
suggests ROCK as a candidate target for Rho effects on
although how ROCK acts has yet to be established.

expression,

However since ROCK is not

required for the growth of normal non-transformed NIH 3T3 cells, this function of Rho
may only be required under certain circumstances (Sahai et al, 1999).

When Rho

signalling is low, upregulation of p21^^^^^^'^^ has been shown to occur through ERK
MAP kinase activity, leading to cell cycle arrest (Olson et al, 1998). This requirement
for Rho signalling may ensure that anchorage-dependent cells only respond to activation
of the ERK MAP kinase pathway when Rho is in the active GTP-bound state, such as
when cells are attached to the ECM (Marshall, 1999). In normal cells, Gi arrest is often
mediated by p53-dependent transcriptional activation of p21^^^^^^'^^ in response to DNA
damage, to allow cells time to repair the damage prior to DNA synthesis (Sherr, 1996).
The p53 gene is one of the most frequently mutated genes in human cancer. Therefore a
desirable characteristic of novel anticancer agents is restoration of p21^^^^^^'^^ induction
in the absence of functional p53, and RhoA-induced inhibition of

may

represent a novel point of intervention (Adnane et al, 1998).
Inhibition of RhoA also inhibits growth factor-stimulated degradation of p27^*’\
together with inhibition of pRb hyperphosphorylation, with Rho activation leading to
downregulation of p27*^P^ and increased DNA synthesis (Hirai et al, 1997, Laufs et al,
1999).

Rho activity is also required for the induction of cyclin E expression and

subsequent Cdk2 activation, leading to Gi/S transition (Tanaka et al, 1998, Hu et al,
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1999). Regulation of

degradation by RhoA has therefore been suggested to

occur through regulation of cyclin E/Cdk2 (Hu et al, 1999).
Activation of RhoA induced cyclin D1 expression in NIH 3T3 fibroblasts
(Westwick et al, 1997), while in gastric-derived tumour cell lines, RhoA activity was
required for adhesion-dependent expression of cyclin A, which is essential for Gi/Sphase transition (Udagawa and McIntyre, 1996).
In summary, Rho may stimulate cell cycle progression through effects on Cdk
activity and/or SRE activity.

1.6.2

: Rac/Cdc42 and growth control

As observed for RhoA, Racl and Cdc42 have been shown to regulate
components of the cell cycle.

Active forms of Racl and Cdc42 induce cyclin D1

accumulation and pRb hyperphosphorylation in serum-deprived NIH 3T3 fibroblasts,
resulting in potent stimulation of E2F-mediated transcription (Gjoerup et al, 1998).
However, although this activity stimulated entry into S-phase and DNA synthesis in
serum-starved Rati fibroblasts, as had been observed previously for Swiss 3T3
fibroblasts (Olson et al, 1995), it was insufficient to induce cell-cycle progression in
NIH 3T3 fibroblasts, indicating that factors additional to E2F may be required in these
cells (Gjoerup et al, 1998). Expression of dominant negative Racl in Rat2 fibroblasts
resulted in accumulation of cells in Gz/M-phase of the cell cycle, indicating a role for
Rac in control of Gi/M transition as well (Moore et al, 1997).
The pathways leading downstream from Rac and Cdc42 to induction of cell
cycle progression have yet to be identified. However, Rac-stimulated production of
superoxide and reactive oxygen species (ROS) has been shown to correlate with
induction of DNA synthesis by Rac in fibroblasts (Joneson and Bar-Sagi, 1998), and
with Racl-induced transcription from the cyclin D1 promoter in airway smooth muscle
cells (Page et al, 1999). The generation of superoxide and ROS was until recently,
assumed to be a highly specialised function of Rac in phagocytic cells, but has now
been found in muscle cells, fibroblasts and epithelial cells (for review see Hall, 1998,
Page et al, 1999).

Racl binding to PAK has also been shown to correlate with

transcription from the cyclin D1 promoter (Westwick et al, 1997), although PAK
interaction is not required for Rac/Cdc42-induced DNA synthesis in Swiss 3T3 cells
(Lamarche et al, 1996).

These data may further indicate the need for pathways

additional to cyclin D-Cdk-mediated activation of E2F transcription factors, for cell62
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cycle progression. Mutant active Cdc42, but not Rac, induces anchorage-independent
transcription of cyclin A, leading to cell cycle progression in fibroblasts, an activity that
correlates with an inability to induce p38 MAPK activity in cells in suspension (Philips
et al, 2000).
Rac and Cdc42 also activate transcription by SRF, and although the signalling
pathway leading to SRF activation is not known, it is distinct from that of Rho,
suggesting that the Rho family proteins are involved in parallel signalling pathways
leading to the SRE (Hill et al, 1995). Activation of SAPK/JNK by Cdc42 has been
shown to lead to activation of SRF-mediated transcription (Alberts et al, 1998), with
LIM kinase also identified as a potent stimulator of SRF (Sotiropoulos et al, 1999).
Rac and Cdc42 have also been shown to activate a number of MAP kinase
pathways.

These pathways are a broadly conserved mechanism for transducing

extracellular signals to the nucleus and have been classified into three subfamilies,
extracellular signal-regulated kinases (ERKs), also known as MAPKs, c-Jun N-terminal
kinases (JNKs) also known as stress-activated protein kinases (SAPKs), and p38 kinase.
Activated forms of Rac and Cdc42 lead to increased activity of SAPK/JNK and p38
kinases, while dominant negative forms of Rac and Cdc42 inhibit activation of these
kinases by imflammatory cytokines, in a range of cell types (Olson et al, 1995, Minden
et al, 1995, Coso et al, 1995, Bagrodia et al, 1995, Zhang et al, 1995).
In mammalian cells as observed previously in yeast, PAK activity is generally
required for Rac/Cdc42-induced activation of JNK (Zhang et al, 1995, Joneson et al,
1996, Lamarche et al, 1996).

Rac/Cdc42-dependent JNK activation has also been

suggested to occur through ‘mixed lineage’ kinases, MLK2 and MLK3 (Nagata et al,
1998).

However an effector loop mutation in Rac that still effectively stimulates

JNK/SAPK activation is unable to bind MLK (Lamarche et al, 1996, Tapon et al,
1998). In addition, an active PAK mutant was unable to induce JNK activation (Tapon
et al, 1998), suggesting that further effectors are required. One candidate is the Racspecific target POSH (plenty of SH3 domains), which stimulates JNK/SAPK activation
and interacts with a Rac mutant specific for this function (Tapon et al, 1998). POSH
has no kinase domain and therefore may act as a scaffold protein (Tapon et al, 1998).
MEKKl (mitogen-activated protein kinase/ERK kinase kinase) and MEKK4 have also
been shown to bind activated Rac and Cdc42 and to potentiate signals from them to
JNK/SAPK (for review see Aspenstrom, 1999, Figure 1.9).
The main problem with Rac- and Cdc42-induced activation of SAPK and p38
kinases as a method of mitogenic stimulation, is that these kinases are poorly activated
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In contrast, they are normally activated by ‘stress’ stimuli and

inflammatory cytokines, which result in apoptosis, cell cycle arrest or lymphocyte
activation, and rarely in cell proliferation (for review see Kyriakis and Avruch, 1996).
In agreement with this, Cdc42 has been shown to inhibit cell cycle progression at Gi/S
in NIH 3T3 cells, through a mechanism requiring activation of p38 (Molnar et al, 1997),
and p38 was found to be active in growth-inhibited fibroblasts and endothelial cells
(Bourdoulous et al, 1998). In addition, p38 activity was shown to have an inhibitory
function on cell cycle progression in primary mouse embryo fibroblasts (Philips et al,
2000). Research using Rac effector domain mutants has demonstrated that mutants
defective for JNK activation are still able to stimulate Gi cell cycle progression
(Lamarche et al, 1996) and vice versa (Joneson and Bar-Sagi, 1998).
Another possible mechanism for Rac and Cdc42 to stimulate mitogenesis is
through activation of p70^^^, which is generally rapidly activated by mitogenic stimuli
and for which the principal target is the 40S ribosomal protein S6 (Chou and Blenis,
1996, for review see Proud, 1996).

Inhibition of this serine/threonine kinase in

quiescent fibroblasts abolishes serum-induced entry into S-phase, while inhibition in
late Gi-phase also inhibits DNA synthesis, suggesting an important role for this kinase
in cell cycle progression from Gi- to S-phase, and throughout Gi (Lane et al, 1993).
Active forms of Rac/Cdc42 stimulate p70^^*^ activity in a range of cell types, although
interaction is insufficient to activate kinase activity. However dominant negative forms
of Rac/Cdc42 inhibit growth factor-induced activation of p70^^^, indicating a role for
Rac/Cdc42 in the activation process (Chou and Blenis, 1996).
Rac has also been shown to stimulate nuclear translocation and transcriptional
activity of NF-kB and to be required for cytokine-stimulated NF-kB activity (Sulciner
et al, 1996, Tapon et al, 1998). Two Rac effectors, POSH and MLK3, induce nuclear
translocation of NF-kB in Swiss 3T3 fibroblasts, with a kinase-deficient MLK3 mutant
shown to inhibit NF-KB-dependent transcription elicited by Rac and Cdc42 (Tapon et
al, 1998, Hehner et al, 2000). Rac-stimulated production of ROS is also implicated in
Racl-mediated NF-KB-dependent transcriptional regulation (Sulciner et al, 1996,
Kheradmand et al, 1998). Although translocation of NF-kB is often stimulated by
inflammatory cytokines, the pathway through which Rac stimulates the production of
ROS has been shown to correlate with induction of DNA synthesis by Rac in fibroblasts
(Joneson and Bar-Sagi, 1998) and thus NF-kB may play a role here.
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1.7 : Rho GTPases and transformation

Tumorigenesis involves increased cell proliferation, and changes in cell
adhesion and migration, which lead to invasion and metastasis. It is recognised that the
actin cytoskeleton is altered in transformed cells, contributing to abnormal growth and
malignant behaviour (for review see Jordan and Wilson, 1998) and thus Rho proteins
could play a role in many of the processes required for transformation. Indeed the
observation that DH-containing GEFs possess oncogenic potential suggests that their
effects on transformation are likely to involve Rho proteins (for review see Van Aelst
and D ’Souza-Schorey, 1997).

Four major hallmarks characterise the process of

transformation: morphological alteration, anchorage-independent growth, enhanced
growth under low serum conditions and tumour formation in nude mice, and each of
these can be assayed to study transformation.

1.7.1

: Ras-induced transformation

Mutations in Yidi-Ras, Ki-Rfl5 and ^-Ras have all been found in human tumours,
and the frequency of Ras mutations is among the highest for any gene in human cancers
(for review see Weijzen et al, 1999). Ras is involved in multiple signalling pathways,
of which the best characterised is the Raf/MAPK cascade, which ultimately affects gene
expression, while other effectors include PI 3-kinase and Ral GDS. Ras is also involved
in actin cytoskeleton reorganisation, acting through Rho and Rac (Ridley et al, 1992),
and each of these pathways is likely to be involved in transformation (for review see
McCormick, 1999).
There is now accumulating evidence for the requirement of Rho GTPases in
Ras-induced transformation (for review see Symons, 1995).

Dominant negative

inhibitors of RhoA, Racl and Cdc42 inhibit to some degree Ras focus formation, and
partially revert the morphology of Ras-transformed fibroblasts and epithelial cells
(Khosravi-Far et al, 1995, Qiu et al, 1995a, Qiu et al, 1995b, Qui et al, 1997).
Activated Rho and Rac also potentiate Ras-induced transformation and act
synergistically with a membrane-targeted active Raf mutant to induce a transformed
phenotype that is indistinguishable from that induced by Ras. These data suggest that
oncogenic Ras drives both the ERK and Rho/Rac pathways to cause cell transformation,
and that these pathways bifurcate at the level of Ras (Khosravi-Far et al, 1995, Qiu et
al, 1995a, Qiu et al, 1995b, Khosravi-Far et al, 1996).
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Ras-transformed fibroblasts typically show decreased numbers of actin stress
fibres and possess sparse, less prominent focal adhesions (Symons,

1995).

Interestingly, stress fibre formation was restored in Rati fibroblasts upon expression of
either dominant negative RhoA (Qiu et al, 1995b) or mutant active RhoA (Izawa et al,
1999), leading to reversion of the transformed morphology. This suggests that Rho
does not contribute to Ras-induced transformation of fibroblasts through pathways
leading to stress fibre formation, and instead Rho is proposed to cooperate with
activation of the MAP kinase pathway, at least in Ras-transformed NIH 3T3 cells (Qiu
et al, 1995b). Recent work in MDCK cells demonstrated increased Rho activity in Rastransformed cells, probably through downregulation of Rac activity by oncogenic Ras
(Zondag et al, 2000). The recently described inhibition of

by Rho (Chapter

1.6.1) may explain how Rho helps Ras to transform cells, since Rho is required for Rastranscription (Olson et al,

induced DNA synthesis through inhibition of

1998). It appears that this is the only function of Rho that really matters in the context
of Ras-induced DNA synthesis, since Rho is dispensable for Ras-driven transformation
in cells that lack

(McCormick, 1998).

However a ROCK inhibitor

significantly inhibits focus formation by Ras, as well as anchorage-independent growth
of two out of four colorectal tumour cell lines containing Ras mutations (Sahai et al,
1999). In addition, a truncated ROCK derivative exhibits weak ability to cooperate with
activated Raf in focus formation assays, indicating that ROCK signalling also
contributes to the Ras-transformed phenotype (Sahai et al, 1999).
Cdc42 is essential for Ras-induced anchorage-independent growth and inhibition
of Cdc42 activity potently reverts the transformed morphology of V12Ras-expressing
fibroblasts (Qiu et al, 1997, Nur-E-Kamal et al, 1999).

However no correlation

between filopodium formation and anchorage-independent growth was observed,
suggesting that Cdc42 controls these phenotypes by independent pathways (Qiu et al,
1997). Studies using the Cdc42-binding fragment of Ackl to specifically block GTPbound Cdc42 signalling indicated that Ras induces activation of Cdc42 (Nur-E-Kamal
et al, 1999). However, Cdc42 is not required for growth factor-independent growth in
Ras-transformed fibroblasts (Qiu et al, 1997). In contrast, Rac is essential for growth in
low serum, in addition to being required for anchorage-independent growth, but
dominant negative Racl only marginally reverted the transformed morphology of
oncogenic Ras-expressing fibroblasts (Qiu et al, 1995a, Qiu et al, 1997). These data
indicate that Rac and Cdc42 contribute distinct effects to Ras transformation, with Rac
specifically controlling Ras mitogenicity, while Cdc42 contributes to the transformed
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morphology and both Rac and Cdc42 are necessary for anchorage-independent growth
{Q m etal, 1997).
In addition, although dominant negative forms of each Rho protein inhibit focus
fomation induced by oncogenic Ras, only dominant negative Cdc42 and RhoA inhibited
focus formation induced by a membrane-targeted activated Raf mutant, suggesting
possible cross-talk between these pathways (Qiu et al, 1995a, Qiu et al, 1995b, Qiu et
al, 1997). Recent work demonstrates that expression of active Racl in Ras-transformed
MDCK cells reverts the cells from a fibroblastic to an epithelial morphology (Sander et
al, 1998, Zondag et al, 2000), illustrating cell type differences in methods of
transformation. Therefore Ras appears to act through multiple pathways that can act
independently or synergistically to cause transformation, and the long-term effects of
activating Ras proteins vary considerably depending on both cell type and cell status.

1.7.2

: Transformation by Dbl-family members

Typically the deregulated expression of Dbl family members in NIH 3T3
fibroblasts results in a highly transformed phenotype.

Although the mechanism by

which these proteins induce transformation is unknown, they may do so through
activation of several members of the Rho family (for reviews see Boguski and
McCormick, 1993, Cerione and Zheng, 1996, Van Aelst and D ’Souza-Schory, 1997).
This has been shown for the GEFs Dbl and Dbs, transformation by which is inhibited by
specific inhibitors of their targets RhoA and Cdc42 (Whitehead et al, 1999). In contrast
to Ras-transformed cells, Dbl-transformed fibroblasts possess actin structures
characteristic of each of the proteins Rho, Rac and Cdc42, suggesting that all three Rho
GTPases are activated in these cells. However, the focus-forming activity of Dbl family
members often far exceeds that of activated mutants of Rho proteins, suggesting that
small GTPases mediate only part of this response (Lin et al, 1999). ‘Fast-cycling’ Rho,
Rac and Cdc42 mutants have been generated, which mimic the effects of Dbl activation
because they have an enhanced intrinsic GTP/GDP exchange rate and thus in vivo
become spontaneously activated, due to the high GTP:GDP ratio in the cytosol (Lin et
al, 1999). Expression of these ‘fast-cycling’ mutants in NIH 3T3 cells causes a loss of
serum dependence and increased saturation density, inducing cells that are tumorigenic
in nude mice (Lin et al, 1999). Although ‘fast-cycling’ Rho, Rac and Cdc42 GTPases
each contributed a different aspect of the Dbl-mediated transformed phenotype, they
failed to act synergistically to reproduce the actions of oncogenic Dbl.
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indicate that other effectors are required, or that these mutants cannot reproduce the in
vivo regulation of signalling by Dbl (Lin et al, 1999).
The transforming potential of Dbl family proteins has been shown to correlate
with their ability to stimulate transcription of cyclin D1 (Westwick et al, 1998). More
recently, research has shown that activation of NF-kB is necessary for transformation
induced by Dbl and Dbs, and that these proteins regulate transcription from the cyclin
D1 promoter in a NF-kB-dependent manner (Whitehead et al, 1999).

1.7.3

: Transformation by Rho, Rac and Cdc42

Although the amount of Rho proteins has been shown to be increased in tumours
from colon, breast and lung (Fritz et al, 1999), direct evidence for mutant active RhoA,
Racl or Cdc42 in tumours or cancer cell lines has never been provided. However recent
work found high levels of RaclB/Rac3 activity in highly proliferative human breast
cancer-derived epithelial cell lines, and in one in three human metastatic breast cancer
tissues (Haataja et al, 1997, Mira et al, 2000). RaclB/Rac3 differs from Racl in the
insert region and the C terminus, regions that have been determined to be important in
transformation, interaction with GEFs and subcellular localisation, with endogenous
protein localised at the plasma membrane irrespective of guanine nucleotide state. The
activation of PAK by RaclB/Rac3 was shown to be essential for DNA synthesis and for
the highly proliferative phenotype displayed by these breast cancer cells (Mira et al,
2000). In addition, the gene encoding RhoH/TTF was found to be rearranged in nonHodgkin’s lymphomas (Preudhomme et al, 2000).
There is increasing evidence to show that constitutively active forms of RhoA,
Racl and Cdc42 can induce transformation themselves, although they have a much
weaker transforming potential than Ras. Fibroblasts expressing activated Racl show
anchorage- and serum-independent growth and decreased contact inhibition, and give
rise to tumours in athymic nude mice (Qiu et al, 1995a, Westwick et al, 1997).
Fibroblasts expressing mutant active Cdc42 show significant growth in soft agar, with
growth efficiency correlating approximately with V12Cdc42 expression levels, and
induce tumours in nude mice, but fail to show increased growth in low serum or higher
saturation densities (Qiu et al, 1997). This work indicates that Rac and Cdc42 play
distinct roles in growth control, with Cdc42 specifically required for an anchoragedependent mitogenic signal, while Rac mediates more general mitogenic signalling (Qiu
et al, 1997).
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Use of effector domain mutants has shown that Rac activation of PAK and JNK
does not correlate with transformation (Joneson et al, 1996, Westwick et al, 1997). It
has previously been suggested that because the promotor region of most matrix
metalloproteinases contain AP I binding sites, activation of the JNK pathway, which
stimulates AP I transcriptional activity, by Rac may contribute to the function of Rac in
invasion (Symons, 1995). JNK activity may indeed be required for invasion, since the
transformation assays used here did not determine effects on metastasis and invasion.
Further work using Rac mutants suggests that effects of Rac in transformation may
occur through the PORI pathway, which is involved in actin reorganisation (Joneson et
al, 1996).
Fibroblasts overexpressing wild-type or mutant active RhoA show anchorageand serum-independent growth, some loss of contact inhibition and are tumorigenic in
athymic nude mice (Avraham and Weinberg, 1989, Perona et al, 1993). However in
general, RhoA demonstrates only weak transforming potential in NIH 3T3 cells (Perona
et al, 1993, Khosravi-Far et al, 1995, Self et al, 1993) and in Rat 1 fibroblasts, active
RhoA failed to induce either anchorage-independent cell growth or tumours in nude
mice (Qiu et al, 1995), illustrating cell-type specific effects of transformation. The
ability of RhoA effector domain mutants to transform cells correlates with their ability
to bind ROCK, rather than to potentiate transcriptional activation by SRF (Sahai et al,
1998). More specifically inhibition of ROCK blocked focus formation by RhoA in NIH
3T3 cells (Sahai et al, 1999). RhoA activity may contribute to transformation either by
mimicking growth-promoting signals generated by cell anchorage or by blocking
growth inhibitory signals induced by confluence, with ROCK suggested to be intimately
involved in these processes (Sahai et al, 1999).
In contrast, a role for RhoA as a tumour suppressor gene has also been reported
(Moscow et al, 1994, Cleverley et al, 2000). Such evidence includes mapping of RhoA
to chromosome region 3p21, a site frequently deleted in human cancers, especially lung
and renal cell cancer (Cannizzaro et al, 1990). In addition, mice showing thymocytespecific

expression

of C3

transferase

develop

lymphoblastic lymphomas (Cleverley et al, 2000).

aggressive

malignant

thymic

Interestingly an initial defect in

these cells is increased rates of apoptosis and therefore cells that go on to become
lymphomas have most likely compensated for loss of Rho function and undergone
further transforming events (Cleverley et al, 2000). Finally a decrease in expression of
RhoA mRNA has been observed in lung tumours relative to surrounding tissues
(Moscow et al, 1994). Therefore, as for Ras-transformed cells, a precise level of Rho
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protein activity is likely to be required for both normal and transformed growth and thus
in different cell types and situations Rho may act either as a tumour suppressor or as an
oncogene.

1.8 : Other responses regulated by Rho GTPases

1.8.1

: Rho GTPases and membrane trafficking

A number of cellular processes such as secretion, endocytosis and phagocytosis,
are linked to reorganisation of the actin cytoskeleton, and thus a role for Rho GTPases is
predicted (for review see Van Aelst and D ’Souza-Schorey, 1997).
Rho, Rac and Cdc42 play a role in the regulation of secretory vesicle tranport in
mast cells (Norman et al, 1996, Brown et al, 1998). Although actin reorganisation is
closely linked to secretion and is mediated by Rho GTPases, the two responses have
been shown to be independently regulated (Norman et al, 1996). A role for Rac in
stimulating exocytosis of recycling membrane has also been described (Bretscher and
Aguado-Velasco, 1998). In addition, Rho and Rac have been implicated in endocytosis
(for review see Ellis and Mellor, 2000). Activated forms of Racl and RhoA inhibit
receptor-mediated internalisation of clathrin-coated vesicles, possibly through local
remodelling of the actin cytoskeleton (Lamaze et al, 1996, Ellis and Mellor, 2000).
Active RhoA and Rac also stimulate clathrin-independent endocytosis and pinocytosis
respectively (Schmalzing et al, 1995, Ridley et al, 1992). Actin rearrangement appears
to be required for the generation of pinocytic vesicles and for their intracellular
movement (for review see Ellis and Mellor, 2000).

It has been suggested that the

effects of Rac and Rho on secretion and endocytosis may occur through altering
membrane phospholipid composition, in addition to altering the actin cytoskeleton
(Ridley, 1996). Such effects could be mediated by activation of PI(4)P 5-kinase and/or
PLD (for review see Van Aelst and D ’Souza-Schorey, 1997).
Both RhoB and RhoD are localised to endocytic vesicles, suggesting a role in
endocytosis (for review see Ellis and Mellor, 2000). RhoD localises to early and/or
recycling endosomes and regulates the rate of traffic of vesicles along cytoskeletal
tracks. The precise localisation of RhoB has not yet been defined, but it has been
suggested that regulation of intracellular traffic by RhoB may indirectly regulate
signalling pathways, since RhoB expression is upregulated in response to growth factors
(Ellis and Mellor, 2000).
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In addition, Rho, Rac and Cdc42 play a role in phagocytosis, which involves
actin-dependent endocytosis of large particles such as bacteria. Rac is then required
together with two other cytosolic proteins, p47phox and p67phox, for the activation of
NADPH oxidase in phagocytic cells, leading to the release of ROS into phagosomes
(for reviews see Ellis and Mellor, 2000, Van Aelst and D’Souza-Schorey, 1997, Ridley,
1995b).

1.8.2

: Apoptosis

Both RhoA and Racl are capable of inducing apoptosis in NIH 3T3 fibroblasts
and in a human erythroleukemia cell line devoid of p53 (Esteve et al, 1998). Inhibition
of Racl also inhibited TNFa-induced apoptosis in myeloid leukemia cells (Esteve et at,
1998). In other studies active Cdc42 has been suggested to play a role in initiating
apoptotic signalling in Jurkat cells (Chuang et al, 1997). Recent data have implicated
the SAPK/JNK and p38 pathways in the induction of apoptosis (Molnar et al, 1997,
JBC). In contrast, inactivation of Rho has been reported to lead to the induction of
apoptosis in both fibroblasts and hematopoeitic cells, implying that Rho may play an
important role in cell survival signalling (Moorman et al, 1999). This may indicate
once more that the level of Rho activity within cells is critical. Interestingly, neither
active Rac nor active Cdc42 expressed alone or together, initiated apoptosis in these
experiments (Moorman et al, 1999).

1.9 : Conclusions

Rho proteins co-ordinately regulate a wide variety of cellular responses and are
key players in cell signalling. A degree of cross-talk between the different Rho proteins
is observed in many situations. However while a hierarchical activation cascade exists
in some cell types for reorganisation of the actin cytoskeleton, other cells show
antagonism between different Rho GTPases. It appears that Rho proteins have evolved
to interact with a large number of proteins and serve to co-ordinate the activation of
multiple signalling pathways, possibly ensuring specific responses are linked in time
and place (Ridley, 1996, Current Biology). One example is wound healing where Rac
may coordinately activate signals for cell migration across the wound with signals for
cell proliferation to replace damaged cells (Ridley, GTPases book). The use of mutant
proteins along with the determination of the specific intracellular localisation of
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regulators, GTPases and targets will elucidate the specificity of such interactions.
However it is also important to remember that cellular responses regulated by Rho
proteins are dependent on cell type and environment and thus protein interactions and
accesibility of effectors for each other need to be determined in different cell systems.
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2.1 ; Materials

2.1.1

: Reagents and equipment

General chemicals were obtained from Sigma Aldrich Company Ltd., Poole, Dorset and
from B.D.H. Ltd., Poole, Dorset
All cell culture media and reagents were obtained from GibcoBRL, Life Technologies
Ltd., Paisley, Scotland
ABI P R IS M d R h o d am in e Terminator Cycle Sequencing Ready Reaction Kit was
purchased from PE Applied Biosystems, Warrington, Cheshire
Bio-Rad Protein Assay was purchased from Bio-Rad Laboratories Ltd., Hemel
Hempstead, Hertfordshire
Bromodeoxvuridine TBrdUl was supplied by Amersham, Buckinghamshire - 1 mM
stock stored at -20°C
CvcleTEST

PLUS DNA Reagent Kit was produced by Becton Dickinson

Immunocytometry Systems, San Jose, California, U.S.A.
ECL (enhanced chemiluminescencel kit was purchased from Amersham
GenElute

Agarose Spin Columns, for fast recovery of DNA from agarose, were made

by Supelco, Bellefonte, PA and purchased from Sigma
Growth Factor Reduced Matrigel® Matrix and BioCoat® Matrigel® Invasion Chambers
were produced by Collaborative Biomedical Products and purchased through
Becton Dickinson Lab ware, MA, U.S.A.
Hvbond^“-C extra: supported nitro-cellulose hybridisation transfer membranes were
made by Amersham
Hvgromvcin B was supplied by Calbiochem®, Nottingham, U.K. - stock 150 mg/ml in
DMEM, sterile filtered and aliquots stored at 4°C
Oligodeoxvribonucleotides were synthesised by Genosys DNA Service
Plasmid DNA preparation kits were made by QIAGEN Inc., Chatsworth, California,
U.S.A.
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Restriction enzymes. Tag DNA polymerase. T4 DNA ligase. BSA and buffers were
purchased from Promega Corporation, Madison, Wisconsin, U.S.A., or from
New England Biolabs, Beverly, Massachusetts, U.S.A.
Super RX Fuii medical X-rav film was purchased from Fuji Photofilm (Europe) GmbH,
Düsseldorf, Germany
Transwell filters were purchased from Costar U.K. Ltd., High Wycombe, Bucks
Tritiated GDP (^H-GDP - 1 piCi/ml, approx. 12 Ci/mmole) was produced by Amersham

2.1.2

: Buffers and solutions

In general, buffers and solutions for DNA, protein and cell work were made up
in sterile de-ionised water, and where possible, were autoclaved or filtered through 0.2
p,m filters. Water was purified by treatment with activated charcoal, reverse osmosis
and de-ionisation, in a ‘Purite Select Analyst HP’ system. Where ultrapure water was
required, the water was also sterilised by autoclaving.
Acid Stripping Buffer:

0.5 M Glycine pH 2.0

Ampicillin:

100 mg/ml stock in ddH20, aliquots stored at -

20°C
Blocking buffer (^Western blottingV 5% (w/v) skimmed milk powder in TBS-T
Cell Lvsis buffer:

10 mM Tris pH 7.8, 5 mM EDTA, 50 mM NaCl, 3

p,g/ml leupeptin, 1% Triton X-100, 1 mM PMSF, 2 p-g/ml pepstatin, 1.9 pig/ml
aprotinin
Coomassie Blue gel stain:

50%

methanol,

10%

acetic

acid,

0.025%

CooMassie Blue
Destain:

30% methanol, 10% acetic acid

Doxvcvcline Hvdrochloride:

50 mg/ml stock in ddHzO, filter sterilised and

aliquots stored at -20°C
6X DNA loading buffer:

0.025 g bromophenol blue, 0.025 g xylene cyanol

in a 25% (w/v) Ficoll 400 solution (10 ml)
DTT fdithiothreitoB:

1 M stock in ddH20

Frozen Storage Buffer:

100 mM KCl, 50 mM CaCl2 , 10% (v/v) re

distilled glycerol, 10 mM Kac
Gel drving solution:

25% ethanol, 5% glycerol
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Glycerol stock solution:

65% glycerol, 100 mM MgSO^, 25 mM Tris, pH

8.0
IPTG lisopropvl P-D-thiogalactopvranosidel:
L-Broth:

100 mM stock in ddH2 0

1.5% (w/v) Bacto Tryptone, 1% (w/v) Bacto
Yeast, 1% (w/v) NaCl in ddHjO

LB-Agar:
8

1.5% (w/v) bacterial agar in L Broth

% Paraformaldehyde:

8

% paraformaldehyde dissolved in PBS at 55°C

and supplemented with 0.01% CaClj and 0.01% MgClj - stored at -20°C
PBS (phosphate buffered salineV

137 mM NaCl, 3 mM KCl,

8

mM Na2HP 0 4 , 2

mM K2 HPO4 pH 7.4
Ponceau S stain:

0.2% Ponceau S solution, in 3% trichloroacetic

acid
12% Resolving Gel ISDS-PAGEl: 12% acrylamide, 375 mM Tris (pH

. ), 0.1%

8 8

(w/v) SDS, 0.05% (w/v) APS, 0.05% (v/v) TEMED
Running buffer fSDS-PAGEl:

20 mM glycine, 25 mM Tris-HCl pH

. , 0.1%

8 8

(w/v) SDS
Stacker Gel ISDS-PAGEl:

4% (v/v) acrylamide, 126 mM Tris (pH 6 .8 ), 0.1%

(w/v) SDS, 0.05% (w/v) APS, 0.05% (v/v) TEMED
2 X SDS-PAGE Gel loading Buffer: 4% (w/v) SDS, 20% (v/v) Glycerol, 160 mM Tris
(pH

. ), 200 mM DTT, 0.2% (w/v) Bromophenol blue.

6 8

Buffer stored in

aliquots at - 2 0 °C.
1 X TAE buffer:

40 mM Tris-HCl pH 7.8, 20 mM sodium acetate, 1

mM EDTA
TE:

10 mM Tris.HCl, pH 8.0,1 mM EDTA pH 8.0

Tetracycline:

5 mg/ml stock in ethanol stored at -20°C

Transfer Buffer (Western blotting): 20% (v/v) Methanol,

1.44% (w/v) Glycine,

0.3025% (w/v) Tris
1 M Tris-HCl:

121 g Tris was dissolved in 800 ml dH2 0 , the pH

adjusted to the required amount by adding concentrated HCl and the final
volume made up to
TBS fTris buffered salinel:

1

litre with ddH2 0
20 mM Tris-HCl (pH 7.5), 137 mM NaCl, in

ddH20

TBS-TITBS with tweenl:

0.1% (v/v) Tween 20 in TBS
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: Nucleic acid and protein size markers

1 kilobase

DNA ladder was obtained from GibcoBRL Life Technologies

Rainbow pre-stained SDS-PAGE MW (molecular weight) markers were obtained from
Amersham
The sizes of these markers are as follows:
1 kb DNA ladder

12,216, 11,198, 10,180, 9162, 8144, 7126, 6108, 5090, 4072,

3054, 2036, 1636, 1018, 517/506, 396, 344, 298, 220, 201, 154, 134, 75
base pairs
Rainbow MW markers THigh-range RPN 7561: - 200, 97.4, 66, 46, 30, 21.5,14.3 kDa
Rainbow MW markers IFull-range RPN 8001: - 250, 160, 105, 75, 50, 35, 30, 25, 15,
10 kDa

2.1.4

: Plasmids

pUHGlO-3 ^Response Unitl:

eukaryotic expression vector, used

for the stable

transfection of dominant negative and mutant active Rho constructs into
mammalian cell lines, kindly donated by GlaxoWellcome, based on pUHDlO-3
(Gossen and Bujard, 1992)
pUHG15-l (Regulator Unitl:

eukaryotic expression vector, used

for the stable

transfection of the tetracycline transactivator into mammalian cell lines, kindly
donated by GlaxoWellcome, based on pUHD15-l (Gossen and Bujard, 1992)
pGEX-2T:

Glutathione S-transferase prokaryotic gene fusion

vector used for high-level expression of genes as GST fusion proteins in
bacteria (Smith et al, 1986)
pEXV-3:

Prokaryotic

expression

vector

(Miller

and

Germain, 1986)

2.1.5

H4.1:

: Cell lines

derived from an immortalised human luminal breast epithelial cell line
HB4a (Stamps et al, 1994), and transfected with a hygromycin-B resistance
plasmid (Harris et al, 1995) - maintained in RPMI-1640 (Roswell Park
Memorial Institute) (GibcoBRL) growth medium supplemented with 10% (v/v)
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FCS (fetal calf serum), 100 u/ml penicillin, 100 pg/ml streptomycin, 5 pg/ml
hydrocortisone, 5 pg/ml insulin
derived from the HB4a cell line (Stamps et al, 1994), transfected with

R4.2:

human Ha-V12/?a5 gene (Harris, 1996) - maintained in the same medium as
H4.1 cells
derived from the HB4a cell line (Stamps et al, 1994), over-expressing

C5.2:

normal human ErbB-2 receptor protein (Harris et al, 1999) - maintained in the
same medium as H4.1 cells
a colon carcinoma-derived human cell line (Dexter et al, 1981), obtained

DLD-1:

form the ATCC (American Type Culture Collection) (CCL 221) - maintained
in DMEM (Dulbecco’s modified Eagle’s medium) (GibcoBRL) supplemented
with 10% (v/v) FCS, lOOu/ml penicillin and 100p,g/ml streptomycin
DT-1:

derived from theDLD-1 cell line (Thomas Eichholtz, GlaxoWellcome),
expressing the tTA (tetracycline transactivator protein) of the two-plasmid
tetracycline-regulated expression system (Gossen and Bujard, 1992) maintained in the same medium as DLD-1 cells, supplemented with 50 p,g/ml
G418

2.1.6

: Antibodies

2.1.6.1 : Primarv antibodies

(3-catenin:

mouse monoclonal antibody (Transduction Laboratories,

Lexington, U.S.A.) (3-tubulin (clone Tub 2.11:

used at 0.5 pg/ml
mouse monoclonal antibody (Sigma) - diluted 1:50

Bromo-deoxvuridine (RPN 202):

mouse monoclonal antibody (Amersham Life

Science) -

used neat

c-Mvc (9E101 Gc-401:mouse monoclonal IgG, antibody raised against amino acids 408439 of human c-Myc (Santa Cruz) -

used at 0.2 p,g/ml

c-Mvc TA-41 (sc-78^):

rabbit polyclonal IgG (Santa Cruz) -

used at 0.2 pg/ml

Cdc42Hs fP ll (sc-087):

rabbit polyclonal IgG (Santa Cruz) -

used at 0.2 pg/ml

Cvclin D l:

mouse monoclonal antibody, kindly donated by Gordon

Peters (Gillett et al, 1994)

diluted at 1:1000
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ERKl (K-23^ (sc-094):

rabbit polyclonal IgG (Santa Cruz) -

Giantin:

rabbit polyclonal antibody used as a marker of the cis-

used at 0.2 pg/ml

Golgi, kindly donated by Graham Warren (Seelig et al, 1994) - diluted 1:250
p 2 ^wafi/cipi.

mouse monoclonal antibody, kindly donated by Xin Lu,

LICR St. Marys (Fredersdorf et al, 1996)

diluted 1:500

Racl 1C-141 (SC-217):

rabbit polyclonal IgG (Santa Cruz) -

RhoA126C41 (sc-418Y

affinity purified mouse monoclonal IgGl antibody raised

used at 0.1 pg/ml

against amino acids 120-150 of human RhoA (Santa Cruz) -

used at 0.2

pg/ml
TetR (868632-lY

mouse monoclonal antibody raised against the tetracycline

responsive transactivator (tTA) (Clonetech) -

diluted 1:1000

2.1.6.2 : Secondarv antibodies

FITC (fluorescein isothiocvanateV or TRITC (tetramethvlrhodamine isothiocvanateV
coniugated

secondarv

antibodies

were

purchased

from

Jackson

ImmunoResearch, West Grove, U S A. and used at 7.5 pg/ml (TRITCconjugated goat anti-mouse IgG, FITC-conjugated goat anti-mouse IgG, FITCconjugated donkey anti-rabbit IgG)
FITC-labelled anti-rat IgG was purchased from Sigma and used at a 1:400 dilution
Horseradish peroxidase fHRPVconjugated sheep anti-mouse Ig fNA9311 or donkev
anti-rabbit Ig antibodies (NA9341 were purchased from Amersham, and used at
a 1:3000 dilution
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2.2 ; DNA methods

2.2.1

: Preparation of plasmid DNA

Plasmid DNA was prepared from bacterial cultures using either a small scale
‘Mini-prep’ DNA purification protocol or the QIAGEN “Plasmid Maxi” kit (Qiagen
Inc.)

2.2.1.1 : Plasmid D N A ‘Mini-prep’

Bacterial cultures were established by transferring single, isolated colonies from
LB-agar plates to L-broth (3 ml) containing appropriate antibiotic (e.g. 100 [xg/ml
ampicillin) and growing overnight at 37°C in a shaking incubator.
The following morning, aliquots (1.5 ml) were transferred to micro-centrifuge
tubes and spun for 15 seconds in a micro-centrifuge. The supernatant was removed and
the bacterial pellet resuspended in cold solution 1 (50 mM glucose, 25 mM Tris pH 8.0,
10 mM EDTA pH 8.0) (100 |il). Freshly prepared solution 2 (0.2 N NaOH, 1% (w/v)
SDS) (200 p,l) was added to lyse cells and denature cellular proteins, chromosomal and
plasmid DNA. The suspension was inverted gently to mix and then incubated on ice for
5 minutes. Ice-cold solution 3 (3 M potassium acetate, 11.5% (v/v) glacial acetic acid)
(150 pi) was added to neutralise the solution, mixed by inversion and incubated on ice
for 5 minutes. The high salt concentration caused denatured proteins, chromosomal
DNA, cellular debris and SDS to precipitate, while allowing the shorter plasmid DNA to
re-nature correctly and remain in solution.

The sample was then centrifuged for 5

minutes at 10,000 rpm in a micro-centrifuge and the supernatant transferred to a new
tube, avoiding transfer of the white precipitate. To this was added 100% ethanol (1 ml)
and samples were mixed and left to precipitate at room temperature for 2 minutes. The
sample was then centrifuged for 5 minutes at 10,000 rpm in a micro-centrifuge and the
supernatant removed.

The DNA pellet was given a final wash in 70% ethanol,

centrifuged for 1 minute at 10,000 rpm in a micro-centrifuge, the supernatant removed
and the pellet left to dry for a few minutes. Finally the pellet was resuspended in TE (30
pi).
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2.2.1.2 : ‘QIAGEN’ Plasmid ‘Maxi-prep’ kit

E. coll cultures were established by inoculating L-broth (5 ml) containing the
appropriate antibiotic with E. colt expressing the plasmid of interest. These cultures
were diluted 1:100 approximately 8 hours after inoculation (during the log phase of their
growth) into 500 ml cultures, which were grown overnight at 37°C in a shaking
incubator.
The following morning the bacteria were pelleted by centrifugation at 4000 rpm
in a Beckman JS4.2 centrifuge, at 4°C for 10 minutes. The supernatant was removed
and the bacterial pellet resuspended in cold buffer PI (with RNAse A) (10ml). Buffer
P2 (NaOH, SDS) (10 ml) was added, mixed by inversion and incubated at room
temperature for 5 minutes. Chilled buffer P3 (acidic potassium acetate) (10 ml) was
added next, mixed by inversion and incubated on ice for 20 minutes. Samples were then
centrifuged at 13,000 rpm in a Sorvall RC5C centrifuge, fixed angle rotor SS-34, 4°C
for 30 minutes, the supernatant transferred to a new tube and centrifuged briefly again to
remove any last traces of precipitated debris. Meanwhile, a ‘QIAGEN-tip 500’ was
equilibrated by applying buffer QBT (10 ml) and the column allowed to empty by
gravity flow. The cleared lysate supernatant was then transferred to the QIAGEN-tip
and allowed to enter the resin by gravity flow. The resin was washed column wash
solution QC (1 M NaCl) (2 x 30 ml) to remove RNA and contaminants, and the DNA
eluted from the resin with elution buffer QF (1.25 M NaCl, pH 8.5) (15 ml). The DNA
was precipitated with room temperature isopropanol (10.5 ml), mixed and immediately
centrifuged at 12,000 rpm in a Sorvall RC5C centrifuge, fixed angle rotor SS-34, 4°C
for 30 minutes. The supernatant was carefully removed and the pellet washed in 70%
ethanol (5 ml).

The washed DNA pellet was briefly air-dried for 5 minutes and

resuspended in TE (200 p.1). At this point the DNA concentration was determined using
a UV spectrophotometer, followed by electrophoretic gel analysis. Samples were stored
at-20°C.

2.2.2

: Spectrophotometric analysis of DNA concentration

The concentration of DNA was determined by measuring the optical density of
dilutions of the sample at wavelengths of 260 nm and 280 nm, using ddH2 G as a
calibration control, where an optical density of 1 at 260 nm s 50 pg/ml DNA was
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assumed. The following formula was used to calculate the concentration of double
stranded DNA present in the samples.

(-36 X OD 280 nm) + (62.9 x OD 260 nm) x dilution factor = fxg/ml ds DNA

DNA concentration could also be estimated on agarose gels by loading 1 pg
DNA marker and comparing the intensity of the marker DNAs with that of the sample.

2.2.3

: Enzyme reactions for DNA manipulation

2.2.3.1 : Restriction enzyme digestion

Plasmid DNA was cleaved at specific sequences using restriction endonucleases
for the sub-cloning of fragments into new vectors or for restriction mapping analysis.
Typical reactions contained buffer as recommended by/provided by manufacturer, BSA
(0.1 mg/ml), 5 units of enzyme and 1 pg DNA. Digestions were carried out at 37°C for
3 hours, after which an aliquot of the reaction mix was analysed by agarose gel
electrophoresis.

On occasions where partial digestion was required, the digestion

conditions were determined empirically. Where necessary restriction enzymes were
heat-inactivated, or removed by phenol/chloroform extraction and ethanol precipitation.

2.2.3.2 : Ligation

Ligation of DNA fragments using bacteriophage T4 DNA ligase was generally
carried out in a reaction containing 1 mM ATP, 1 unit T4 DNA ligase, ligase buffer and
vector/insert DNA, generally at a 1:3 molar ratio. A molar ratio of 1:4 was used to
ligate V12Racl, NlTRacl, V14RhoA and N19RhoA cDNAs to the pUHGlO-3 vector
(Chapter 4.2.1). Control ligations containing the vector alone were routinely carried out
to determine the frequency of self-ligation of vector molecules. Ligation reactions were
carried out at 16°C overnight.
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2.2.33 : Removal of phosphate groups from DNA

When a digested vector possessed compatible sticky ends, it was generally
treated with calf intestinal alkaline phosphatase (CIP) after restriction enzyme digestion,
to remove the 5’ terminal phosphate groups and thus prevent self-ligation. The reaction
was carried out in phosphatase buffer (0.05 M Tris-HCl, pH 9.3, 1 mM MgCl2 , 0.1 mM
ZnClj, 1 mM spermidine), to which 1 unit of CIP (Boehringer Mannheim) was added
per 100 pi reaction volume. After incubating at 37°C for 60 minutes, the phosphatase
was inactivated by incubation with 20 mM EGTA at 65°C for 10 minutes. Finally the
DNA was purified by phenol/chloroform extraction and ethanol precipitation.

2.2.4

: Phenol/chloroform extraction of DNA

This was undertaken in order to remove final traces of protein, in particular
DNA modification enzymes, from DNA solutions. The solution containing DNA was
mixed vigorously with an equal volume of phenol/chloroform/isoamyl alcohol
(25:25:1). The aqueous and organic phases were then separated by centrifugation for 3
minutes at 12,000 rpm in a micro-centrifuge. The upper aqueous phase was removed to
a fresh micro-centrifuge tube, and if protein carry over from the interface was observed,
the solution was re-extracted. Finally the DNA was precipitated from the aqueous phase
by ethanol precipitation.

2.2.5

: Ethanol precipitation of DNA

DNA, in particular oligonucleotide primers, was ethanol precipitated to clean up
the DNA and to ensure the amount of DNA present was known. Sodium acetate was
added to the DNA solution, to a final concentration of 0.3 M, followed by 3 volumes of
cold 100% (v/v) ethanol. The solution was mixed vigorously and the DNA allowed to
precipitate by incubation on ice for 15 minutes.

The DNA was then recovered by

centrifugation in a micro-centrifuge at 12,000 rpm for 15 minutes and the supernatant
discarded. The DNA was washed with 0.5 ml 70% (v/v) ethanol, air-dried and finally
resuspended in ddH2 0 .
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: Amplification of DNA by the polymerase chain reaction (PCR)

Template DNA (80 ng) was incubated with Tag DNA polymerase buffer (50
mM KCl, 10 mM Tris-HCl (pH 9.0 at 25°C), 1.5 mM MgCl^, 0.1% Triton X-100), 200
pM each dNTP, 10 p,g/ml each primer oligonucleotide, 5 units Tag DNA polymerase, in
a total volume of 100 pi, and overlaid with mineral oil. The concentration of MgClz
was optimised and increased to 5.5 mM.

The final amplification conditions were

modified to optimise amplification of Cdc42 DNA seguences.

The thermal cycler

conditions used were 30 cycles of denaturing (94°C for 30 seconds), annealing (45°C
for 30 seconds) and extension (72°C for 1 minute), followed by a final extension period
of 6 minutes at 72°C and ending in a 15°C sink. The amplified DNA was analysed by
agarose gel electrophoresis.

2.2.7

Agarose gel electrophoresis

Horizontal gel electrophoresis was used analytically and preparatively, the latter
for purification of fragments after restriction enzyme digestion, for subseguent ligation.
For most purposes a small 1% (w/v) agarose gel was prepared, by adding 1 g of agarose
to 100 ml of 1 X TAE buffer, and boiling to dissolve. Once the gel had cooled to 50°C,
0.5 pg/ml ethidium bromide, a DNA intercalating dye which fluoresces under exposure
to ultraviolet light, was added and the gel poured into a gel tank on a level surface.
When the gel had solidified it was immersed in 1 X TAE buffer. Before loading into
the wells, the DNA samples were mixed with 1/6 volume 6 X DNA loading buffer; and
1 pg 1 kb DNA ladder (Section 2.1.3) was also loaded. Electrophoresis was typically
carried out at 8 V/cm for 2-3 hours. Finally DNA bands were visualised under UV
illumination. For recovery of DNA fragments for cloning, long wavelength UV light
(366 nm) was used, to minimise damage to the DNA, while for analysis purposes, 254
nm UV light was used.

2.2.8

: Extraction of DNA from agarose

Restriction fragments separated by agarose gel electrophoresis were recovered
from the gel by passage through GenElute™ Agarose Spin Columns. A column was re
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hydrated by addition of 100

TE, followed by centrifugation at 12,000 rpm for 5

seconds in a micro-centrifuge. The DNA band of interest was excised from the gel with
a sterile scalpel and placed in the column. The column was then placed on a fresh
eppendorf tube and centrifuged for 10 minutes at 12,000 rpm in a micro-centrifuge. The
DNA was removed from the TAE solution by ethanol precipitation, resuspended in an
appropriate volume of TE or ddH20 and stored at -20°C. An aliquot of the DNA was
analysed by gel electrophoresis to estimate the percentage recovery.

2.2.9

:

Preparation of DNA for sequencing - ABI P R I S M d R h o d a m in e

Terminator Cycle Sequencing Ready Reaction Kit

Primers were used that annealed within the pUHGlO-3 vector and allowed
sequencing of the Cdc42 insert from either end (primers were kindly provided by
GlaxoWellcome). All primers were ethanol precipitated before use. Reactions were set
up in thin-walled PCR tubes, containing 8.0 pi terminator ready reaction mix, 0.5 pg
double-stranded DNA, 3.2 pmol primer and water up to 20 pi total volume.

The

reaction mixture was mixed well, centrifuged briefly, overlaid with 40 pi mineral oil
and the tubes placed in a thermal cycler block. The block was set to perform 25 cycles
of 96°C for 30 seconds, 50°C for 30 seconds and 60°C for 4 minutes, with rapid thermal
ramping.

Following the PCR reaction the extension products were recovered and

unincorporated dye terminators removed, by ethanol precipitation. The entire contents
of each extension reaction were transferred to micro-centrifuge tubes, without the
mineral oil. 70% ethanol/0.5 mM MgClj (74 pi) was added to each tube and samples
briefly vortexed. Samples were then left at room temperature for 10-15 minutes to
precipitate the extension products, after which they were centrifuged at 12,000 rpm in a
micro-centrifuge for 10-20 minutes.

Supernatants, containing unincorporated dye

terminators, were completely removed and samples dried by placing in a heat block at
90°C for 1 minute. The final DNA pellets were stored at 4°C until needed. Samples
were then loaded and run on an automated sequencer (Chris O’Dell, Ludwig Institute
for Cancer Research). DNA sequences were analysed using the ‘Sequed’ computer
package. Once sequences were generated they were aligned with the human G25K
sequence obtained from the EMBL database, and clones chosen that possessed no base
mutations or only mutations that did not cause amino acid changes.
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2.3 ; Bacterial methods

2.3.1

: Competent bacterial cell generation

Frozen XL-1 blue tetracycline resistant E. colt were inoculated into L-broth (2
ml) containing tetracycline (10 pig/ml) and grown overnight at 37°C in a shaking
incubator.
The following day 500 pi of this culture was added to 50 ml L-broth containing
tetracycline, mixed and incubated at 37°C in a shaking incubator for 2-4 hours. Small
samples were removed at appropriate intervals to determine bacterial concentration.
The optical density of these samples was compared to that of L-broth alone using a
spectrophotometer reading at 600 nm. When an OD reading of between 0.5 and 0.6 was
attained, the bacterial culture was transferred to an ice-cold 50 ml tube and chilled on
ice for 10 minutes. The bacteria were pelleted by centrifugation at 2000 rpm in a
Sorvall RC5C centrifuge, fixed angle rotor SS-34, 4°C for 15 minutes and then carefully
resuspended in 17 ml Frozen Storage buffer. Bacteria were left on ice for 10 minutes
and then cells pelleted by centrifugation at 1000 rpm in a Sorvall RC5C centrifuge,
fixed angle rotor SS-34, 4°C for 15 minutes. Cells were resuspended in 2 ml Frozen
Storage buffer and 200 pi aliquots transferred to ice-cold micro-centrifuge tubes. The
bacterial suspensions were flash frozen in a dry ice/ethanol bath for 5-10 minutes and
stored at -70°C.

2.3.2

: Bacterial transformation

XL-1 blue competent cells were usually transformed with 1/10 volume of
ligation mix or 10 ng of plasmid self-ligation as a transformation control. The cells
were thawed on ice and 50 pi aliquots transferred to cold micro-centrifuge tubes. DNA
was added and the mix incubated on ice for 30 minutes. The bacteria were given a 2minute ‘heat-shock’ at 42°C to facilitate DNA uptake, followed by a 1-minute recovery
time on ice, before 0.5 ml L-broth was added. The bacterial culture was then transferred
to a 37°C water bath for 1 hour to allow expression of the antibiotic resistance marker.
Bacterial suspension (50 pi) was spread onto a LB-agar plate containing appropriate
antibiotic (100 pg/ml ampicillin). The remaining bacteria were pelleted by low speed
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centrifugation for 30 seconds in a micro-centrifuge, 450 pil of supernatant removed, and
the bacteria resuspended in the remaining supernatant. This final bacterial suspension
was spread to a second LB-agar plate and the plates inverted and incubated overnight at
37°C.

2.3.3

: Bacterial glycerol stock preparation

E. colt cultures were established by inoculating L-broth (3 ml) containing
appropriate antibiotic with bacteria expressing the plasmid of interest. After 8 hours,
450 p,l glycerol stock solution was added to 1 ml bacterial culture. The mix was then
‘flash frozen’ in a dry ice/ethanol bath and stocks stored at -70°C.
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2.4 : Cell culture methods

2.4.1

: Cell culture

The cell lines used in this project and their respective growth media, are detailed
in section 2.1.5. Cells were cultured in tissue culture flasks and grown at 37°C in a
humidified atmosphere containing 5% (v/v) carbon dioxide (CO2). Cells were generally
passaged every 3-5 days and split before reaching confluence by dilution at a ratio of
1:8 into fresh growth medium. The old medium was removed by aspiration and the
cells washed briefly in PBS. An appropriate amount of trypsin/EDTA was then added
to the cells, for example 0.5 ml for a 75 cm^ flask. After 3-5 minutes’ incubation the
cells could be easily detached from the flask by gentle agitation. The trypsin/EDTA
was then inactivated by dilution in growth medium. Where required, cell counts were
performed using an improved Neubauer hemocytometer, 0.0025 cm^ x 0.1 mm deep.

2.4.2

: Freezing and thawing of cells

Long-term storage of cell lines was in liquid nitrogen. Cells to be frozen were
trypsinised as above and pelleted by centrifugation at 1500 rpm in a Sorvall Technospin
centrifuge to remove the trypsin. Cells were resuspended in an appropriate amount of
growth medium containing 50% (v/v) FCS (4 ml for a semi-confluent 75 cm^ flask) and
10% (v/v) DMSO (dimethyl sulfoxide) was added drop-wise as a cryoprotectant. The
cell suspension was then aliquoted into cryo-vials and frozen by incubation in a
polystyrene box at -70°C for 24 hrs before transfer to liquid nitrogen.
Cells were thawed by rapid warming in a 37°C water-bath and then transferred
into 5-10 ml growth medium. The cells were pelleted by centrifugation, resuspended in
fresh growth medium and plated out in a 25 cm^ flask. The cells were allowed to settle
overnight, before the medium was changed to remove cell debris and any remaining
traces of DMSO.

2.4.3

: Microinjection

Cells were generally seeded in 15 mm wells at 10"^ cells/well onto 13 mm
circular glass coverslips. After a period of 2-4 days, cells were transferred to 30 mm
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dishes in fresh medium and allowed to equilibrate for 1 hour at 37°C in a humidified
atmosphere containing 5% CO2 , prior to injection. Groups of cells were injected at both
the edges and centre of colonies. Proteins for microinjection were diluted in 50 mM
Tris-Cl (pH 7.5), 100 mM NaCl, 5 mM MgCl2 and injected into the cytoplasm of cells.
To identify injected cells, protein was co-injected with either Rat IgG at a final
concentration of 0.5 mg/ml (Pierce, Rockford, Illinois, U.S.A.) or tetramethylrhodamine
dextran (MW 10,000) (D-7<Si 7 Molecular Probes, Leiden, The Netherlands) at 5 mg/ml.
Following injection, cells were incubated with protein at 37°C in a humidified
atmosphere containing 5% CO2 , for appropriate time periods.

2.4.4

: Fluorescence labelling and confocal microscopy

2.4.4.1 : General methods

Cells were seeded onto glass coverslips in appropriate growth medium, which
was changed daily for all experiments performed in the presence or absence of
tetracycline. When required for staining, cells were washed in PBS and fixed in 3.7%
formaldehyde dissolved in PBS (+ Ca^VMg^^) as used throughout this protocol, for 1020 minutes at room temperature.

The cells were washed with PBS before

permeabilisation for 5 minutes with 0.2% Triton X-100. Primary antibodies were used
as detailed in section 2.1.6.1). Actin filaments were detected by incubation with 0.1
pg/ml TRITC-phalloidin (Sigma). Secondary staining was performed using FITC- or
TRITC-labelled anti-mouse and/or anti-rabbit antibodies (Section 2.1.6.2).

Cells co

injected with Rat IgG (Pierce) to locate microinjected cells were visualised with FITClabelled anti-rat antibodies (Section 2.1.6.2). Primary and secondary antibodies were
diluted in 0.1% BSA in PBS and all incubations were for 1-2 hours at room
temperature. Cells were washed with 5 changes of PBS following incubation with each
antibody, for a period of 20 minutes. Following finally washing steps, coverslips were
mounted onto slides in 5 pi Mowiol (Calbiochem) containing anti-quench (pphenylendiamine) (Sigma).
For (3-tubulin staining, cells were fixed in ice-cold methanol for 20 minutes at
0°C, and stained with primary and secondary antibodies as described above.
For staining with propidium iodide, cells were fixed in 4% paraformaldehyde for
20 minutes, washed in PBS and stained.
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Specimens were analysed by confocal laser scanning microscopy using Zeiss
LSM 310 and LSM 510 microscopes (Welwyn Garden City, U.K.). The microscope
was aligned as described in Entwistle and Noble, 1994. Data were collected using a x
40, numerical aperture 1.3, oil immersion objective, or a x 63, numerical aperture 1.4,
oil immersion objective (Zeiss, Jena, Germany). The image files collected described a
matrix of 1024 x 1024 pixels that represented the average of 8 frames scanned at 0.062
Hz. Fluorophores were excited at either 488 nm (argon laser for FITC-stained samples)
or 543 nm (HeNe laser for TRITC-stained samples) and visualised with a 505-550
bandpass filter, or a 560 longpass filter respectively. Final images were processed in
Adobe Photoshop v 4.0.1.

2.4.4.2 : Bromodeoxvuridine fBrdUl labelling

BrdU was added to cells at a final concentration of 10 pM and incubated for an
appropriate length of time.

Cells were then rinsed with PBS and fixed in 4%

formaldehyde in PBS (+ Ca^^/Mg^^) as used throughout this protocol, for 15 minutes.
Cells were washed 6 times in PBS to remove the formaldehyde and then permeabilised
with 0.2% Triton X-100 in PBS for 5 minutes, washed as before, and incubated in 2 M
HCl for 10 minutes. Cells were washed again in PBS, incubated for 5 minutes in 100
mM Tris-HCl (pH 7.8), washed and then non-specific binding sites blocked by pre
incubation for 20 minutes in 0.5% BSA in PBS. After blocking, cells were incubated
with primary anti-BrdU antibody (Section 2.1.6.1) for 1 hour, followed by 4 washes in
PBS, and a 30-minute incubation with secondary antibody (FITC-conjugated goat anti
mouse IgG (Section 2.1.6.2) - 7.5 pg/ml in 0.5% BSA in PBS). Coverslips were then
mounted in Mowiol (Calbiochem) containing anti-quench (p-phenylendiamine) (Sigma)
onto microscope slides, and once the mountant had set cells were counted using a
fluorescence microscope.

2.4.4.3 : Measurement of pinocvtosis

Cells were cultured on glass coverslips in appropriate conditions. To assess
relative pinocytosis activity, cells were incubated with 0.5 mg/ml FITC-labelled dextran
(MW 19,000) for defined periods of time, generally 1-24 hours. At the end of the
incubation period cells were fixed in 3.7% formaldehyde for 15 minutes. Cells were
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then counter-stained with antibodies to the 9E10 c-myc epitope to visualise transfected
Rho proteins and the coverslips mounted onto slides (Section 2.4.4). Levels of FITCdextran within cells were compared using fluorescence confocal microscopy, with
conditions of image acquisition strictly standardised to enable comparison of cells
containing FITC-dextran.

2.4.5

: Time-lapse video microscopy

Groups of cells were chosen to contain ideally between 20 and 50 cells per field
of view.

If cells were microinjected prior to video analysis appropriate cells were

located and injected to represent the population as a whole. Cells were returned to a
37°C incubator where they were kept in a humidified atmosphere of 5% CO 2 for 30
minutes, or a longer specified time, before placement in the humidified chamber of a
Zeiss ICM 405 microscope. Where necessary, dishes were sealed with vacuum grease.
For motility studies, cells were filmed using a Panasonic F I5 camera linked to a
Hamamatsu Image processor with a Sony U-matic time-lapse recorder. Migration was
measured by following the nucleolus of 15 randomly chosen cells. Measurements were
made at 1-hour intervals and migration calculated as the speed of cells over 8 hours
(distance moved/time).
For time-lapse video analysis of cell division, cells were cultured in 10 cm^
vented cap flasks (GibcoBRL). Flasks were placed on the heated stage of an Axiovert
135 inverted microscope (Zeiss) and cells viewed using a Photonic Science cooled CCD
camera. Images were taken at a frame interval of 4 minutes, for a period of 200 ms,
using a X 20 objective. Data were analysed using Tempus Video software produced by
Kinetic Imaging.

2.4.6

: Generation of stable cell lines

2.4.6.1 : Transfection of DLD-1 cells

Cells were seeded at 5 x 10^ cells per 60 mm tissue culture dish, in normal
growth medium. Cells were transfected the following day, when cells were 50-80%
confluent. Two solutions were prepared for each transfection. Solution A contained 3
p,g DNA, plasmid encoding the gene of interest (pUHGlO-3) and selection plasmid
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(pSVj-HYG, which contains the hygromycin B resistance sequence under the control of
the SV40 early promoter) at a ratio of 15:1, in 300 pi Opti-MEM I reduced serum
medium (GibcoBRL).

Solution B contained 15 pi of L ipofectA M IN E reagent

(GibcoBRL) in 300 pi Opti-MEM I. The solutions were combined, mixed gently and
incubated at room temperature for 30 minutes to allow DNA-liposome complexes to
form. Meanwhile the cells were rinsed with 2.5 ml Opti-MEM I. A further 2.4 ml OptiMEM I was added to each tube containing the DNA-liposome complexes. The complex
suspension was gently mixed, overlaid onto the rinsed cells and incubated with the cells
for 5 hours at 37°C in a 5% CO2 incubator.

Following incubation the transfection

mixture was removed and replaced with 5 ml normal cell growth medium.

2.4.6.2 : Selection of transfected cells

48 hours after transfection, when cells were 80-100% confluent, each 60 mm
plate of transfected cells was split to three 10 cm dishes and 150 pg/ml hygromycin B
added to select for clones expressing the pSVj-HYG plasmid.

2.4.Ô.3 : Ring cloning of transfected cells

After 14-18 days, clones were selected on the basis of their isolation and the
location of the selected clone was marked on the underside of the dish. The medium
was removed by aspiration and the dish washed twice in PBS. Sterile plastic cloning
rings were coated in sterile vacuum grease and placed over the marked clones, with
pressure applied to seal the clone inside the ring. 2-3 drops of trypsin/EDTA were
added into the cloning ring and the dish returned to a 37°C incubator for 2-3 minutes.
Once cells within the clone were observed to be “rounding up”, using phase-contrast
microscopy, the contents of the cloning ring were gently transferred to a small 35 mm
dish containing normal growth medium. Over the next few weeks cell stocks were
established and stored in liquid nitrogen, while samples were tested for appropriate
protein expression by western blot analysis.
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: Whole cell lysis

Cells growing in tissue culture dishes were rinsed once with PBS and then an
appropriate volume of cell lysis buffer (Section 2.1.2) (e.g. 500 |il for a 10 cm dish),
was added and the cells incubated on ice for 10 minutes. The cells were scraped into a
micro-centrifuge tube, triturated, and centrifuged at 13,000 rpm in a cooled micro
centrifuge for 10 minutes at 4°C. The supernatant was then transferred to a fresh tube
for immediate use or stored at -70°C until required.

2.4.8

: Phase contrast microscopy

Cells were cultured in vented cap flasks (GibcoBRL) and placed on the heated
stage of a Nikon Diaphot inverted microscope linked to a monitor using a JVC video
camera. Images were taken using x 4, x 10 and x 20 objectives. Images were viewed
using Sight Systems Freelance software.

Final images were processed in Adobe

Photoshop V 4.0.1.

2.4.9

: Monolayer growth assays

2.4.9.1: Measurement of cell growth bv optical densitv

Cells were plated in triplicate (1000 cells/well), in the presence of tetracycline (5
pg/ml) to 96-well plates. Control wells containing medium alone were included and the
wells to the edge of the plate also filled with medium alone to maintain humidity and
gaseous equilibrium across the plate. After 2 days (day 0) the tetracycline was removed
by washing twice with pre-warmed PBS and the cells re-fed with appropriate medium.
Generally cells were incubated in growth medium containing 10, 1 or 0% FCS, in the
presence or absence of tetracycline. Medium was removed by careful aspiration and the
cells were re-fed or dye-stained (0.5% methylene blue (w/v) in 50% ethanol) every 2-3
days, on days 2, 5, 7, 9 and 12. Stained cells were then washed and air-dried. Finally
the dye was solubilised with lauryl sarkosyl (1% (w/v) in PBS) and cell density
quantified spectrophotometrically, by measuring absorbance at 620 nm on an Anthos
HT3 lab tec plate-reader, using Anelisa software.
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2.4.9.2: Cell proliferation measured bv cell number

Cells were seeded in 96-well plates as above and medium changed every 2-3
days. Instead of dye-staining, cells were trypsinised and counted on days 0, 2, 5, 7, 9
and 12, using an improved Neubauer hemocytometer, 0.0025 cm^ x 0.1 mm deep.

2.4.10 : Soft agarose colony assays

A 0.9% base-layer agarose solution was prepared by mixing 0.9 g SeaPlaque
agarose with 16 ml ddH20 and autoclaving at 120°C for 15 minutes. The mixture was
cooled to 65°C in a water-bath and mixed with 84 ml pre-warmed 37°C medium
(containing appropriate additives, i.e. +/- tetracycline). 0.9% agarose solution (4 ml)
was pipetted quickly into each well of a 6-well plate and allowed to set for 30 minutes at
4°C. Plates were pre-warmed to 37°C before addition of top layer agarose. A 0.8% toplayer agarose solution was then prepared as above. Cells were harvested, counted and
diluted to 10,000 cells/ml. The cell suspensions were mixed with the agarose solution at
a ratio of 1:2 and 2 ml cell suspension (1 x 10"^ cells) in 0.4% agarose quickly pipetted
onto the base agarose. Plates were incubated at 4°C for 10 minutes to set the agarose
and then moved to 37°C incubators to allow cells to grow. Cells were fed the following
day, with 2 ml appropriate medium gently added to wells. Following this medium was
removed by careful aspiration and replaced, weekly. After 2 weeks, when foci were
visible in control wells, cells were stained overnight at 37°C with 0.2% (w/v) piodonitrotetrazolium violet in ddHzO (1 ml). The following day plates were analysed or
stored at 4°C.
Individual wells were photographed using a JVC colour video camera and the
Quantimet 600 image analysis program used to count the points of highly saturated
colour, indicative of colonies. Both the number and size of colonies was determined,
with a threshold level of 80 jxm diameter set to exclude possible fluctuations in agar
quality or the presence of cell debris.
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2.4.11 : Flow cytometry

2.4.11.1: Analysis of cell size bv flow cytometry

Cell size was measured by flow cytometry using the principle that cells scatter
light, and that changes in forward light scatter correlate with changes in cell size, such
that a larger cell will scatter more light than a smaller cell.
Cells were grown in appropriate conditions prior to assay, then trypsinised,
counted and resuspended at a concentration of 10^ cells/ml medium. Cell suspensions
were analysed using a Beckman-Coulter XL bench-top analyser, taking a sample
population of 10,000 events. The data were analysed using Beckman XL version 2
software and light scatter measured in the forward direction on a linear scale. For this
assay, the percentage of cells falling within a designated range of light scatter,
determined by taking the main population of control cells as a reference, was calculated.
This figure gave an indication of how alike two populations were, although this failed to
indicate whether cells differed because of an increase or a decrease in cell size.
Therefore changes in forward light scatter were also compared to determine relative cell
size.

2.4.11.2: Analvsis of cell cvcle distribution bv flow cvtometry

CycleTEST™ PLUS DNA Reagent Kit (Becton Dickinson) was used for the
analysis of nuclear DNA. Cells were trypsinised and pelleted by centrifugation at 1000
rpm in a Sorvall Technospin centrifuge, 5 minutes, room temperature. The supernatant
was aspirated leaving approximately 50 |il of residual fluid in the tube to avoid
disturbing the pellet. Cells were washed in buffer solution (1 ml), containing sodium
citrate, sucrose and DMSO, by gently vortexing at low speed. Cells were pelleted as
above and washed again in buffer solution (1 ml).

After pelleting, cells were

resuspended in buffer solution (1 ml) and counted using an improved Neubauer
hemocytometer, 0.0025 cm^ x 0.1 mm deep. The concentration of the cells was adjusted
to 10^ cells/ml with buffer solution. Cells were then either snap-frozen on dry ice/99%
ethanol for future use or stained as described below.
Samples (5 x 10^ cells) were centrifuged at 1500 rpm in a Sorvall Technospin
centrifuge, 5 minutes, room temperature and the supernatant removed completely.
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Solution A (trypsin buffer) (250 p,l) was added to each sample, gently mixed and
incubated for 10 minutes at room temperature (20°C-25°C).

Solution B (trypsin

inhibitor and RNase buffer) (200 pi) was added to each sample, gently mixed as above
and samples incubated at room temperature for 10 minutes. Cold (2°C-8°C) Solution C
(propidium iodide (PI)) (200 pi) was added.

Samples were mixed as above and

incubated for 10 minutes in the dark on ice or in the refrigerator (2°C-8°C). Finally the
samples were filtered using 35 pm cell strainer caps (Becton Dickinson Falcon
Catalogue No. 2063), into a 12 x 75 mm tube. Samples were then kept on ice and in the
dark and run on a flow cytometer within 3 hours of addition of Solution C, taking care
to resuspend cells before use.
Cell cycle distribution was analysed using a sample population of 10,000 events,
with CENs (chicken erythrocyte nuclei) (Becton Dickinson DNA QC Particles, Cat. No.
349523) stained as above, as a control population producing a range of peaks and used
for the set-up of the Becton Dickinson FACScan^” flow cytometer. Sample filtering
generated samples that required no ‘gating’ of the desired population. Gj and G2/M
peaks were identified using DNA histogram data and the percentage of cells in each
stage of the cell cycle calculated using the ‘S-FIT’ program of the Becton Dickinson
CellFIT™ Cell-cycle Analysis software, version 2.01.2.

2.4.12 : Growth on MATRIGEL® Matrix

2.4.12.1: Analvsis of cell growth on Growth Factor Reduced MATRIGEL® Matrix Thin Gel Method

MATRIGEL® Matrix is a soluble basement membrane preparation derived from
the Engelbreth-Holm-Swarm (EHS) mouse sarcoma that is stored at -20°C, liquifies at
4°C and gels at room temperature to form a reconstituted basement membrane. The
major components are laminin, collagen IV and entactin (Kleinman et al, 1982). Growth
factor reduced MATRIGEL® Matrix contains 0-0.1 pg/ml bFGF, <0.5 ng/ml EGF, 5
ng/ml IGF-1, <5 pg/ml PDGF, <0.2 ng/ml NGF and 1.7 ng/ml TGFp (Taub et al, 1990).
Prior to use, growth factor reduced MATRIGEL® Matrix was thawed at 4°C
overnight on ice and kept on ice before use. Pre-cooled pipettes, plates and tubes were
also prepared for use with the matrix. Using a cooled pipette, the matrix was mixed to
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homogeneity. MATRIGEL® Matrix (200 ^il) was pipetted into each well of a 24-well
plate and the plates incubated at 37°C for 30 minutes to allow the gel to set. A cell
suspension containing 10"^ cells in appropriate growth medium was carefully layered
onto the set matrix and incubated at 37°C in a humidified atmosphere containing 5%
CO2 for 7 days, with fresh medium added every 3-5 days. At the end of the assay, cells
were analysed by phase contrast microscopy.

2.4.12.2: BioCoat® Matrigel® Invasion Chamber assays

BioCoat® Matrigel® Invasion Chambers were used to assess the invasive
potential of cells. They provide cells with the conditions that allow assessment of their
invasive property in vitro. The Matrigel blocks the pores in the membrane preventing
non-invasive cells from migrating through, while invasive cells are able to detach
themselves from and invade through the matrix and the 8 pm membrane pores.
Prior to use, BioCoat® Matrigel® Invasion Chambers were removed from 4°C
storage and allowed to come to room temperature. Pre-warmed growth medium (250
pi) was added to the interior of the chambers and the Matrigel left to re-hydrate for 1.52 hours at room temperature.

Following re-hydration, the medium was carefully

removed in preparation for cell seeding.

Cells were seeded into wells containing

BioCoat® Control Inserts (Becton Dickinson) or BioCoat® Matrigel® invasion chambers,
at densities ranging from 5 x 10^ to 1 x 10^ cells/well and grown in medium in the
presence or absence of serum, with corresponding wells fed with medium containing
10% serum. Plates were incubated at 37°C in a humidified atmosphere containing 5%
CO 2 for 1-14 days. Non-invasive cells remaining on top of membranes were removed
using a cotton swab. Cells that had migrated to the underside were either dye-stained
(0.5% methylene blue (w/v) in 50% ethanol) or fixed in 3.7% formaldehyde,
permeabilised and stained with TRITC-labelled phalloidin. Once washed the inserts
were then removed from the chambers with a scalpel blade and mounted cells upward,
onto microscope slides in a drop of immersion oil. A second drop of immersion oil, or
Mowiol containing anti-quench for phalloidin-stained cells, was placed on top of the
membrane and covered with a coverslip. Invasive cells could then be viewed by light or
fluorescence microscopy. In addition any cells that had migrated through to the base
well were visualised by Methylene Blue staining.
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2.4.13 : Preparation of cells for histological sectioning

Cells were grown on collagen-coated Transwell filters in preparation for
histological analysis. Once cells had reached the required density, they were washed in
medium in the absence of serum, which was then replaced by a glutaraldehyde fixative
solution (2.5% glutaraldehyde, 2% paraformaldehyde in PBS). Filters were then stored
in preparation for post-fixing in osmium tetroxide and processing to an EPOXY resin,
which were carried out by Gillian Brown at GlaxoWellcome.

She then cut 1 p,m

sections and stained with Toluidine Blue for analysis by light microscopy.

2.4.14 : Analysis of apoptosis by Annexin-V-Biotin staining

Annexin V, which is a Ca^^-dependent phospholipid-binding protein with high
affinity for phosphatidylserine was used to analyse apoptosis, using the translocation of
phophatidylserine from the inner leaflet of the plasma membrane to the outer leaflet as a
readout.
Cells were grown on glass coverslips for 2-4 days, rinsed in PBS (+ Ca^^) and
incubated with Annexin-V-Biotin (Boehringer Mannheim) diluted 1:50 in PBS (+ Ca^^)
for 20 minutes at room temperature. The cells were washed in PBS (+ Ca^^) and
incubated with rhodamine-conjugated streptavidin for 20 minutes. Cells were once
again washed in PBS (+ Ca^^) prior to fluorescence analysis.
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2.5 : Protein methods

2.5.1

: Bio-Rad protein assay

Bovine gamma globulin (1 mg/ml in ddH20) was used as a protein standard, and
dilutions prepared in ddHzO (800 p,l) to give a protein standard range of 1-60 pg/ml
when samples were made up to 1ml with dye reagent. A reagent blank containing no
protein was included. Sample dilutions were prepared as required (1 pi undiluted cell
lysate and three dilutions of 1:2, 1:4 and 1:20 in ddHjO were normally tested). Dye
reagent concentrate (200 pi) was added to each sample and gently vortexed. Samples
were incubated at room temperature for 10 minutes before measuring the OD at 595 nm
versus reagent blank in a spectrophotometer using 1 cm path-length polystyrene
cuvettes. Sample protein concentrations were determined using the BSA standard curve
generated.

2.5.2

: Size fractionation by SDS-PAGE

Mini-gels were generally prepared by pouring a 1.5 mm thick 12% resolving gel
(Section 2.1.2), overlaying with ethanol and leaving to set for 30 minutes. The ethanol
was removed by rinsing with water and stacking gel (Section 2.1.2) poured on top. The
gel comb was inserted and the gel left to set for 20 minutes. Once set, the gel was
transferred to the gel tank and immersed in running buffer (Section 2.1.2). Protein
samples and Rainbow pre-stained SDS-PAGE protein MW markers (Section 2.1.3),
were mixed with an equal volume of 2 X SDS-PAGE gel loading buffer (Section 2.1.2)
and boiled for 4 minutes.

The comb was removed and the wells washed out with

running buffer. Samples were carefully loaded and the gel electrophoresed at 100-150
Volts. If gels were no longer required, the stacking gel was removed and the remaining
resolving gel was then stained with Coomassie Blue gel stain (Section 2.1.2) for at least
30 minutes, followed by several incubations in Destain (Section 2.1.2) to reveal stained
protein bands. If gels were to be dried for storage, they were pre-incubated in Gel
drying solution (Section 2.1.2) and then either dried onto Whatmann 3MM paper, using
a gel drier, or dried on a frame between plastic membranes.
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: Western blotting

Non-stained gels, along with Hybond^“-C extra; supported nitro-cellulose
membranes (Amersham), Whatmann 3MM paper and sponges were pre-wetted in cold
Transfer Buffer (Section 2.1.2). The transfer apparatus was then assembled, ensuring no
air bubbles were present between gel and membrane, immersed in Transfer Buffer and
electrophoresed at 100 Volts for 1 hour, at 4°C.

The blotting apparatus was then

disassembled and the membrane transferred to TBS-T. If desired, the blot was stained
in Ponceau S to visualise transferred proteins. Blots were incubated in Blocking buffer
(Section 2.1.2) for either 1 hour at room temperature or overnight at 4°C, on a rocking
table, while gels were Coomassie Blue stained. Blots were then washed in TBS-T twice
briefly, then for 15-, 5- and 5-minute intervals on a shaking table. Primary antibody in
1% skimmed milk powder in TBS-T, was incubated with the blots for at least 1 hour on
a rocking table. Blots were washed as before and then incubated with HRP-labelled
secondary antibody (Section 2.1.6.2) in 1% skimmed milk powder in TBS-T for 1 hour,
as above. Blots were washed as before, the excess liquid drained off and ECL reagents
added for 1 minute. Blots were then drained, wrapped in SaranWrap and exposed to
Super RX Fuji medical X-ray film for varying times before the film was developed
using an AGFA automated developer.

2.5.4

: Purification of recombinant proteins

2.5.4.1 : RhoA and Racl GST fusion protein purification

L-broth (100 ml), containing 100 pg/ml ampicillin, was inoculated with bacteria
and incubated overnight in a 37°C shaking incubator.
The following day the culture was diluted 1:10 into fresh, pre-warmed L-broth
containing 50 pg/ml ampicillin and grown for 1 hour. Protein expression was induced
with 0.2 mM IPTG and the culture grown for a further 3 hours. Bacteria were then
pelleted by centrifugation at 4000 rpm in a Beckman JS4.2 centrifuge, at 4°C for 10
minutes and resuspended in 6 ml cold lysis buffer (50 mM Tris-Cl (pH 7.5), 50 mM
NaCl, 5 mM MgClj, 1 mM DTT, 1 mM PMSF). Samples were sonicated for 3 x 45
seconds, with 1-minute intervals between bursts, and kept on ice throughout.

Cell

debris was removed by centrifugation at 10,000 rpm in a Sorvall RC5C centrifuge, fixed
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angle rotor SS-34, at 4°C for 10 minutes and supernatants transferred to fresh tubes.
Glutathione-sepharose beads were washed by briefly centrifuging a 500 pi suspension in
a micro-centrifuge, removing the supernatant and resuspending in 1 ml ice-cold lysis
buffer.

Beads were pelleted again; supernatant removed and washed twice more.

Finally the beads were resuspended in 500 pi lysis buffer and added to the sonicated
supernatant. The beads were incubated with the supernatant for 1 hour at 4°C, and
inverted at regular intervals to mix. The beads were then collected by centrifugation at
1000 rpm in a Sorvall Technospin centrifuge for 1 minute, the supernatant removed and
the beads washed 3 times with 5 ml cold lysis buffer (without PMSF) to remove all
unbound protein. The beads were next resuspended in an equal volume (500 pi) of
thrombin buffer (50 mM Tris-Cl (pH 7.5), 2.5 mM CaClj, 100 mM NaCl, 5 mM MgClz,
1 mM DTT). At this point a 1 pi aliquot was removed and stored at -20°C for future
gel analysis. Bovine thrombin was added to the beads (5 units/ml beads) and incubated
with inversion at 4°C overnight (or 1 hour at room temperature).
The following day the beads were pelleted in a micro-centrifuge, and the
supernatant transferred to a fresh micro-centrifuge tube. The beads were washed with
500 pi lysis buffer (without PMSF), centrifuged, and this supernatant added to the
previous supernatant. At this point a 1 pi aliquot of supernatant and of beads was taken
and stored at -20°C for subsequent gel analysis. 10 pi of p-aminobenzamidine-agarose
bead suspension (Sigma) was added to the supernatant to remove thrombin. The sample
was incubated with inversion for 30 minutes at 4°C, after which it was briefly
centrifuged and the supernatant transferred to a fresh micro-centrifuge tube.

The

supernatant was then dialysed twice, for at least 3 hours, against 1 litre of dialysis buffer
(50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 5 mM MgCl^, 1 mM DTT) at 4°C. After
dialysis a further 1 pi aliquot was removed and stored at -20°C for future analysis.
Finally the protein was concentrated in Centricon 10 tubes by centrifugation at 5000
rpm in a Sorvall RC5C centrifuge, fixed angle rotor SS-34, 4°C until the volume was
reduced to approximately 100 pi. This concentrate was collected by inverting the tubes
and centrifuging for 1 minute at 2000 rpm in a Sorvall RC5C centrifuge, fixed angle
rotor SS-34. A final 1 pi aliquot was removed to estimate the concentration and purity
of the protein preparation, by gel electrophoresis. The remaining concentrated protein
was snap-frozen in liquid nitrogen in 10 pi aliquots and stored in liquid nitrogen until
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needed. The sample aliquots removed throughout the process were analysed by SDSPAGE to confirm that each step had been successful.

2.5.4.2 : Cdc42 GST fusion protein purification

To induce expression of plasmids encoding Cdc42 constructs the following
changes were made to the above protocol. Expression was induced with 0.1 mM IPTG
for 4 hours. The cell pellets were resuspended in 3 ml cold Cdc42 Lysis Buffer (50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgClj) and PMSF added to 2 mM prior to
sonication for 6 x 10-second bursts.

Cell debris was removed by centrifugation at

10,000 rpm in Sorvall RC5C centrifuge, fixed angle rotor SS-34, at 4°C for 20 minutes.
DTT was added to the cleared supernatant to a final concentration of 15 mM and this
crude extract dialysed against Cdc42 Lysis Buffer containing 0.1 mM DTT ( 3 x 1 litre,
over 2 hours) to remove free glutathione and improve the yield. A 1 ml suspension of
glutathione-sepharose beads was prepared as above, added to the dialysed extract and
rotated for 30 minutes at 4°C. The beads were then collected by centrifugation at 4000
rpm in a Sorvall Technospin centrifuge for 1 minute, the supernatant removed and the
beads washed 4 times with 5 ml cold Cdc42 Lysis Buffer containing 0.1 mM DTT. The
beads were thrombin-cleaved as above, except that after overnight incubation, additional
thrombin was added (half the original amount) and incubated with the beads for a
further 1-2 hours. The beads were pelleted and the supernatant transferred to a fresh
micro-centrifuge tube. The beads were washed with 2 x 1 ml Cdc42 Lysis Buffer and
the washes combined with the supernatant. Thrombin was removed by incubation with
40 \i\ of p-aminobenzamidine-agarose bead suspension (Sigma) for 30 minutes at 4°C,
after which it was briefly centrifuged and the supernatant transferred to a fresh micro
centrifuge tube. The supernatant was then dialysed twice, for at least 3 hours, against 1
litre of Cdc42 Dialysis Buffer (20 mM K-HEPES, pH 7.5, 100 mM KCl, 5 mM MgClz,
1 mM DTT) at 4°C. The protein was concentrated as above.

2.5.5

: GDP-binding assay

A 1:20 dilution of protein was prepared in ice-cold assay buffer (50 mM Tris pH
7.5, 1 mM DTT). Four further dilutions were generated by adding 1, 2, 5 or 10 jil
diluted protein to assay buffer to a final volume of 36 fil, and these solutions kept on
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ice. Tritiated GDP (^H-GDP - 1 ^iCi/ml, approx. 12 Ci/mmole) was diluted 1:10 in
assay buffer and kept on ice. EDTA (50 mM, pH 8.0) (4 p,l) was added to each protein
sample, followed by 2 fil diluted ^H-GDP and samples incubated at 30°C for 10
minutes. Tubes were then transferred to ice and 1 ml ice-cold wash buffer (50 mM Tris
pH 7.5, 5 mM MgCl2 , 50 mM NaCl) added to each sample. Nitro-cellulose filters were
placed on a filtration block and pre-wet with 1ml wash buffer. Samples were added
drop-wise to the filters and washed with 10ml ice-cold wash buffer. Filters were dried
on paper towel for at least 15 minutes, then transferred to scintillation vials, scintillation
fluid (10 ml) added and radioactivity measured on a Beckman LSI801 scintillation
counter. Calculations of protein activity were made assuming 1 fxg proteins (21 kDa 48 pmole) = -10^ dpm.
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Chapter 3
Characterisation of changes induced in breast and colon epithelial cells
by microinjection of constitutively active and dominant negative forms
of Rho family GTPases.
3.1 : Introduction

There is a large body of evidence to support a role for Rho proteins in
transformation, although as yet no direct evidence of mutations in RhoA, R a d or
Cdc42 has been found in human tumours (Chapter 1.7). Since fibroblasts have been
used for the majority of research into the roles of Rho proteins, including research into
effects on transformation (Perona et al, 1993, Qiu et al, 1995a, Qiu et al, 1997, Sahai et
al, 1999), the aim of this project was to study Rho proteins in epithelial cells.
Researchers have used epithelial cells primarily to study the effects of Rho proteins on
intercellular adhesion (Takaishi et al, 1997, Zhong et al, 1997, Jou et al, 1998), with no
research directly investigating their role in epithelial cell transformation. This chapter
describes the effects of Rho GTPases in a panel of human epithelial cell lines including
breast luminal epithelial-derived cells and a colon carcinoma-derived cell line.

Microinjection techniques were used to introduce the proteins into cells and to
study their effects on actin organisation, intercellular adhesion, motility and DNA
synthesis. Microinjection has been widely used as a technique to analyse responses to
Rho GTPases including actin cytoskeletal changes (Paterson et al, 1990, Ridley and
Hall, 1992, Ridley et al, 1992, Nobes and Hall, 1995), effects on cell cycle progression
(Olson et al, 1995), motility (Allen et al, 1998) and cytokinesis (Drechsel et al, 1997).
This technique allows the investigation of early responses to proteins and is highly
effective with Rho GTPases because large quantities of recombinant proteins can be
purified from bacteria.
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: Stable human epithelial cell lines

3.1.1.1 : Breast epithelial-derived cell lines

A panel of cell lines derived from an immortalised human mammary luminal
epithelial cell line HB4a, was kindly donated by Glaxo Wellcome (Chapter 2.1.5).
HB4a cells were originally derived from reduction mammoplasty material, retrovirally
transduced with a temperature-sensitive mutant of the SV40 large T antigen (Stamps et
al, 1994). Immortalisation requires the ability to overcome the limited proliferation of
primary cells together with the inhibition of programmed cell death by apoptosis, and is
linked to sequestration of pRb and p53 proteins by the large T antigen (for review see
Darmon and Jat, in press). pRb regulates cell cycle progression at the restriction point
late in Gi, and phosphorylation of pRb provides a signal for cell transition through this
checkpoint (for review see Mittnacht,

1998).

Large T antigen binds the

hypophosphorylated form of pRb early in Gi phase, which disrupts the Rb-E2F complex
resulting in release of E2F, allowing it to activate transcription of genes required for
entry into S-phase (see Chapter 1.6, Figure 1.11). p53 functions at the Gi/S-phase
boundary, inducing cell cycle arrest in response to minimal DNA damage or apoptosis
in response to extensive, irreparable DNA damage.

Large T antigen binds and

sequesters p53, releasing p53 control of cell cycle arrest and apoptosis. The relative
contribution of each of these effects seems to be cell-type dependent, with large T
antigen also binding other proteins involved in cell cycle regulation (for review see
Darmon and Jat, in press).
H4.1 cells were derived from HB4a cells by transfection with a hygromycin
resistance plasmid, and represent the normal, non-transformed control for the process of
transfection and selection, since the other breast cell lines were derived using the same
methods (Harris et al, 1999). R4.2 cells were derived from the HB4a line through
transfection with a mutant active Ha-(V12)-A*fl5 oncogene (Harris, 1996). Ras proteins
transmit signals from tyrosine kinases at the plasma membrane to a cascade of
serine/threonine kinases, which deliver signals to the cell nucleus, and constitutive
activation of this pathway contributes to malignant transformation.

Activating Ras

mutations are found in twenty to thirty percent of human tumours and tumour-derived
cell lines, making Ras and its downstream signaling pathways important therapeutic
targets, although the Ras mutation frequency is low in breast cancer, at only 5%
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(Weijzen et al, 1999). R4.2 cells have some of the characteristics of transformed cells,
although they are unable to form tumours in athymic nude mice (Harris, 1996).
C5.2 cells were also derived from the HB4a line and over-express the human cerhB-2 receptor, a proto-oncogene (Harris et al, 1999). This receptor is a 185-kDa
glycosylated phosphoprotein, a member of the ErbB class of membrane spanning
receptor protein tyrosine kinases and is homologous to, but distinct from the EOF
receptor.

Over-expression of c-erbB-2 has been observed in 25-30% of all breast

tumours and correlates with a poor prognosis in these patients (Robertson et al, 1996).
C-erbB-2 overexpression leads to increased dimérisation of the receptor, in the absence
of ligand, resulting in constitutive phosphorylation and activation of protein tyrosine
kinase activity.

Increased receptor hetero-dimerisation with other ErbB receptors

including the EGF receptor also occurs, resulting in signal diversification and
amplification due to higher ligand binding affinity for receptor hetero- rather than
homo-dimers. The C5.2 cell line, like the R4.2 line, shows in vitro characteristics of
transformed growth, but is unable to give rise to tumours in athymic nude mice (Harris
et al, 1999).

3.1.1.2 : DLD-1 colon carcinoma-derived cell line

Carcinomas are the major form of human cancer, with 80-90% of cancers
originating from epithelial cells (McCormick, 1999). Since none of the breast epithelial
cells already described are either carcinoma-derived or tumorigenic in nude mice, the
DLD-1 colon carcinoma-derived cell line was also used (Dexter et al, 1981). Colorectal
tumorigenesis is associated with multiple genetic alterations, including activation of the
Kl-ras proto-oncogene, and inactivation of the tumor suppressor genes p53 and APC,
with some colorectal tumors also displaying deregulated expression of c-myc
(Shirasawa et al, 1993). In a genetic model of colorectal tumorigenesis, Ras mutations
are thought to occur in a pre-existing small benign epithelial tumour (adenoma) and
through clonal expansion produce a larger and more dysplastic tumor, whereas p53
mutations are usually found in malignant invasive tumours (carcinomas) (Fearon and
Vogelstein, 1990).
DLD-1 cells were established from a moderately to poorly differentiated
adenocarcinoma of the sigmoid colon, from a 45-year old man with primary colonic
adenocarcinoma, who despite combination therapy died five months after diagnosis
(Dexter et al, 1981). DLD-1 cells represent a cultured, heterogeneous cell population
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and are tumorigenic in nude mice (Dexter et al, 1981). They contain one normal YA-Ras
allele and one with a point mutation at codon 13 that converts glycine to asparagine,
with no mutations in Ha-Ras or N-Ras.

DLD-1 cells also express mutated p53

(Shirasawa et al, 1993), and express very low levels of the CKI p21 (Chen et al, 1995).
In addition DLD-1 cells are defective in a DNA mismatch repair pathway that corrects
replication errors that escape proofreading, and have a spontaneous mutator phenotype
(Branch et al, 1995).

Despite these various mutations, knockout studies have

demonstrated that the activated Ki-/?a5 gene is required for the malignant phenotype of
DLD-1 cells (Shirasawa et al, 1993).

3.1.2

: Protein purification

The proteins required for this study were purified from E. coli, in which they
were expressed as glutathione-S-transferase (GST) fusion proteins, using pGEX-2T
(Smith et al, 1986). Where appropriate, protein activity was estimated using a GDPbinding assay (Chapter 2.5.5) and protein concentration was calculated using a BioRad
protein assay (Chapter 2.5.1).

Since dominant negative proteins only bind guanine

nucleotides very weakly, and C3 transferase does not at all, a GDP-binding assay could
not be used to estimate their relative activities and thus only a protein concentration is
provided. Once proteins were established as active, they were microinjected into the
different cell lines, given sufficient time to exert their effects, and the cells then filmed
by time-lapse video microscopy, or fixed and stained, as appropriate. Immunoglobulin
or fluorescently-conjugated dextran was injected with the protein of interest to visualise
cells that had been successfully microinjected.
Both mutant active and dominant negative forms of Rho proteins were used to
determine their involvement in the specific responses studied. Mutant active proteins
contain an amino acid substitution from glycine to valine at position 12 in Racl/Cdc42,
or 14 in RhoA, equivalent to the V I2 oncogenic mutation in Ras (Chapter 1.2.1).
Dominant negative proteins contain an amino acid substitution from threonine to
asparagine at position 17 or 19 depending on the protein, and are believed to inhibit
endogenous protein activity by competing for GEFs (Chapter 1.2.1, for review see Feig,
1999).
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Actin cytoskeletal organisation following microiniection of Rho family

GTPases.

The short-term effects of mutant active RhoA, R a d and Cdc42, and their
inhibitors C3 transferase and dominant negative R a d and Cdc42, on the organisation of
the actin cytoskeleton were studied by staining cells with TRITC-labelled phalloidin,
which binds polymerised actin (F-actin).

3.2.1

: Breast epithelial-derived cell lines

3.2.1.1 : Actin organisation in non-injected cells

Before the effects of Rho proteins were determined, the morphology of the three
breast epithelial-derived cell lines was compared.
H4.1 cells grew as fairly well organised colonies and demonstrated contact
inhibition of growth at confluence. Cells were generally quite spread and possessed a
number of actin stress fibres (Figure 3.1 a, purple arrows). Although cells grew in
colonies they were not completely adherent to one another. Gaps were often observed
between cells (Figure 3.1 a, yellow arrows), although they remained attached through
finger-like extensions (Figure 3.1 a, blue arrows).
R4.2 cells exhibited a fibro-epithelial morphology (Figure 3.1 b). Cells were
often fairly isolated, rarely forming large colonies, although interactions between cells
were observed. F-actin staining revealed the absence of the stress fibres observed in
H4.1 cells, and instead an abundance of membrane ruffles and lamellipodia was
observed (Figure 3.1 b, red arrows). R4.2 cells were also generally smaller and less
spread than H4.1 control cells.
C5.2 cells generally resembled H4.1 control cells (Figure 3.1 c, pink arrows),
but there was a sub-population that grew as small, tightly packed cells that tended to
overgrow each other, demonstrating a loss of contact inhibition (Figure 3.1 c, white
arrows).

All cells possessed actin bundles, resembling stress fibres, and the more

tightly packed cells also showed very strong F-actin staining at points of intercellular
contact (Figure 3.1 c, green arrows).
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F igure 3.1

Actin organisation in breast epithelial cells

H4.1 (a), R4.2 (b) and C5.2 (c) cells were stained with TRITC-labelled phalloidin
to visualise polymerised actin filaments.
(a) purple arrows indicate stress fibres, yellow arrows point out gaps between cells
and blue arrows show finger-like extensions between cells
(b) red arrows indicate lamellipodia and membrane ruffles
(c) pink arrows indicate cells resembling H4.1 cells, white arrows indicate sub
population o f cells and green arrows indicate strong F-actin staining between cells
Scale bars = 20 pm
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3.2.1.2 : Rho GTPase effects on actin cytoskeletal organisation

After studying actin organisation in normal growing cells, activated RhoA, R a d
and Cdc42 proteins and their respective inhibitors were injected into cells of each line
and their effects on the actin cytoskeleton studied.

H4.1 cells
H4.1 cells showed an increase in stress fibres 1 hour after injection of mutant
active RhoA (V14RhoA), with bundles appearing denser and thicker by 4 hours (Figure
3.2 a, purple arrows).

When the RhoA inhibitor C3 transferase was injected, cells

showed dissolution of stress fibres within 1 hour (Figure 3.2 c), and an increase in
lamellipodia and membrane ruffles (Figure 3.2 c, red arrows). After 4 hour’s incubation
with C3 transferase, lamellipodia were rarely observed and were replaced by micro
spikes at cell edges (Figure 3.2 e, blue arrows). In addition cells showed a further
decrease in F-actin and a more punctate F-actin staining pattern (Figure 3.2 e, white
arrows). Staining for co-injected IgG revealed that these cells contained many vacuoles
(Figure 3.2 f, green arrows).
The effects of mutant active R a d (V12Racl) and Cdc42 (V12Cdc42) were
transient and usually only detectable within 1 hour of injection. Transient activity of
V12Racl has been seen before, where effects following injection into fibroblasts were
observed within 15 minutes, sustained for 2 to 4 hours and no longer detectable by 16
hours after microinjection (Ridley et al, 1992).

After 15 minutes, high levels of

V12Racl induced a loss of stress fibres, which were replaced by punctate F-actin
(Figure 3.3 a, white arrows). In addition the cells possessed a ring of cortical actin from
which lamellipodia extended (Figure 3.3 a, red arrows). In cells expressing the highest
levels of V12Racl, filopodia were also observed extending through the lamellipodia
(Figure 3.3 a, blue arrows). No actin cytoskeleton changes were observed in H4.1 cells
upon microinjection of dominant negative Racl (NlTRacl) (data not shown).

The

effects of V12Cdc42 on H4.1 cell morphology were strongest after an incubation period
of 30 minutes. By this time stress fibres were lost and cells showed a punctate F-actinstaining pattern (Figure 3.3 c, white arrows). A high density of micro-spikes and more
elongated filopodia around the cell periphery was also observed (Figure 3.3 c, blue
arrows). As with NlTRacl, microinjection of dominant negative Cdc42 (N17Cdc42)
caused no significant changes in H4.1 cell morphology (data not shown).
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Actin organisation in H4.1 cells microinjected with V M R hoA or C3

C ells were microinjected with V M R hoA (40 |ig/m l, measured by GDP-binding assay) (a, b)
or C3 transferase (8 fig/ml, measured by BioRad protein assay) (c, d, e, f) and incubated for
a further I (c, d) or 4 (a, b, e, f) hours. Cells were stained with TRITC-labelled phalloidin
(a, c, e) to visualise F-actin and fluorescein-tagged antibodies to rat IgG (b, d, f) to locate
successfully injected cells. Purple arrows indicate increased stress fibres, red arrows show
lamellipodia and membrane ruffles, blue arrows point out microspikes, white arrows show
punctate F-actin and green arrows indicate vacuoles. Scale bars = 20 pm
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Actin organisation in H4.1 cells microinjected with V 12R acl

C ells were microinjected with V 12R acl (125 |xg/ml, GDP-binding assay) (a, b)
or V 12C dc42 (80 fig/ml, GDP-bmding assay) (c, d) and incubated for a further
15 (a. b) or 30 (c, d) minutes, prior to formaldehyde fixing. Cells were stained
with TRITC-labelled phalloidin (a, c) to visualise F-actin and fluoresceintagged antibodies to rat IgG (b, d) to locate successfully injected cells.
White arrows indicate punctate F-actin. red arrows indicate lamellipodia and
blue arrows indicate filopodia. Scale bars = 20 pm
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R4.2 cells
Following microinjection with V14RhoA, the morphology of R4.2 cells
resembled that of the H4.1 control cells, with cells more spread and densely packed
with stress fibres (Figure 3.4 a, purple arrows), which increased in number after 4 hours
of incubation (data not shown).

Microinjection of C3 transferase caused dramatic

changes in R4.2 cell morphology. Within 1 hour cells showed a sharp decrease in Factin and were observed to have retracted from neighbouring cells, maintaining contact
by only long finger-like fibres (Figure 3.4 c, yellow arrows).
observed in these cells (Figure 3.4 d, green arrows).

Vacuoles were also

Cells that contained less

microinjected protein had a less dramatic phenotype and had more F-actin but had
begun to retract. After 4 hours’ incubation with C3 transferase, R4.2 cells were highly
retracted and almost dendritic in morphology, possessing very long cell processes
(Figure 3.4 e, yellow arrows).
Microinjection of V12Racl induced R4.2 cell spreading, with cells having an
increased cell surface area (Figure 3.5 a).

Since these cells already possessed

lamellipodia and membrane ruffles, further changes in these structures were difficult to
quantify although V12Racl appeared to enhance lamellipodium formation (Figure 3.5
a, red arrows). Although R4.2 cells microinjected with NlTRacl continued to possess
lamellipodia (Figure 3.5 c, red arrows), membrane ruffles were absent from these cells
indicating that their formation had probably been inhibited by NlTRacl. It is possible
that insufficient NlTRacl was injected into cells, in comparison to endogenous Racl, to
inhibit all Racl-induced responses (Feig, 1999).

Microinjection of R4.2 cells with

V12Cdc42 resulted in a loss of lamellipodia and membrane ruffles, and the formation of
filopodia (Figure 3.5 e, blue arrows). This morphology was apparent within 15 minutes
and still observed 4 hours after injection (data not shown).

Microinjection of

NlTCdc42 had no effect on R4.2 cell morphology (data not shown), which might be
expected because non-injected cells did not exhibit filopodia.
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Actin organisation in R4.2 cells microinjected with V M R hoA or C3

Cells were microinjected with V M R hoA (40 |xg/ml, measured by GDP-bmding assay) (a. b)
or C3 transferase (8 |xg/ml, measured by BioRad protein assay) (e, d, e, f) and incubated for
a further 1 (a. b, c, d) or 4 (e, f) hours. Cells were stained with TRITC-labelled phalloidin
(a, e, e) to visualise F-aetin and fluorescein-tagged antibodies to rat IgG (b, d, f) to locate
successfully injected cells. Purple arrows indicate dense actin stress fibres, green arrows
indicate vacuoles and yellow arrows indicate long ‘dendritic’ processes Seale bars = 20 pm
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Figure 3.5

Actin organisation in R4.2 cells microinjected with V 12R acl or V 12C dc42

Cells were microinjected with V 12R acl (125 |ag/ml. GDP-binding assay) (a, b), N lV R acl
(1.5 m g/m l, BioRad protein assay) (c, d) or V 12C dc42 (80 pg/m l, GDP-binding assay) (e, f)
and incubated for a further 15 minutes (a, b, e, f) or 2 hours (c, d), prior to formaldehyde
fixing Cells were stained with TRITC-labelled phalloidin (a, c, e) to visualise F-actins and
fluorescein-tagged antibodies to rat IgG (b, d, f) to locate successfully injected cells Red
arrows indicate lamellipodia and blue arrows indicate filopodia. Scale bars = 20 pm
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C5.2 cells
The effects of Rho proteins were also studied in C5.2 cells, and the short-term
morphological changes resembled those observed in H4.1 cells, just as the major
population of C5.2 cells resembled H4.1 cells (compare Figure 3.1 c with a), and
therefore no images are shown of these cells.

Briefly, V14RhoA enhanced the

formation of stress fibres, C3 transferase caused dissolution of F-actin and cell
retraction, V12Racl and V12Cdc42 transiently induced structures as described for H4.1
cells and their dominant negative counterparts had no significant effects on C5.2 cell
morphology.

3.2.2

: Colon carcinoma-derived DLD-1 cells

DLD-1 cells grew as dense, tightly packed colonies and showed a loss of contact
inhibition at confluence. It was difficult to visualise the actin cytoskeleton of the DLD1 cells clearly because they were so small. However it was observed that DLD-1 cells
exhibited a range of actin structures including bundles of actin filaments (Figure 3.6,
purple arrows), extensions resembling filopodia (Figure 3.6, blue arrows) and
lamellipodia (Figure 3.6, red arrows).
Microinjection of VMRhoA increased the numbers of stress fibres in DLD-1
cells (Figure 3.7 a, purple arrows), with cells staining more strongly with phalloidin,
and cells maintained filopodia (Figure 3.7 a, blue arrows) and lamellipodia (Figure 3.7
a, red arrows).

C3 transferase induced a loss of F-actin within 1 hour, although

filopodia and lamellipodia were maintained (Figure 3.7 c, blue and red arrows). By 4
hours, cells had lost almost all F-actin and appeared devoid of actin structures (Figure
3.7 e).

Interestingly cells exposed to C3 transferase often appeared multinucleate

(Figure 3.7 d, f) and after 4 hours, cell boundaries were not discernible by F-actin
staining so that it was impossible to determine individual cells (Figure 3.7 f). Although
C3 transferase has been reported to inhibit cell division (Drechsel et al, 1997), this
would not explain the effects occurring within the 4-hour time-course studied here.
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F igure 3.6

Actin organisation in DLD-1 colon epithelial cells

Cells were stained w ith TRITC-labelled phalloidin to visualise F-actin.
Purple arrows indicate stress fibres, blue arrow s indicate filopodia and
red arrow s indicate lamellipodia . Scale bars = 20 pm
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Actin organisation in DLD-1 cells microinjected with V M R hoA or C3

Cells were microinjected with V M R hoA (40 jag/ml, GDP-binding assay) (a. b) or C3
transferase (8 |ag/ml, Bio-Rad protein assay) (c, d, e, f) and incubated for a further 1 (a. b,
c, d) or 4 (e, f) hours. Cells were stained with TRITC-labelled phalloidin (a. c, e) to
visualise F-actin and fluorescein-tagged antibodies to rat IgG (b, d, f) to locate successfully
injected cells. Purple arrows indicate dense actin stress fibres, blue arrows show filopodia
and red arrows indicate lamellipodia and membrane ruffles . Scale bars = 20 pm
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No changes in DLD-1 cell morphology were observed following incubation with
V12Racl for periods of 1 or 4 hours (data not shown). Although it was difficult to
determine clear changes in morphology following microinjection of NlTRacl,
lamellipodium formation seemed to be inhibited, since these structures were absent
from injected cells, yet present in non-injected cells (Figure

3.8 a, red arrows).

Following a 1-hour incubation with V12Cdc42, DLD-1 cells showed dissolution of Factin and instead a punctate F-actin pattern was observed (Figure 3.8 c, white arrow).
Positively injected cells appeared to be multinucleate (Figure 3.8 d), although as
mentioned previously, 1 hour istoo short a time-period for a

single cell to have

undergone multiple divisions. Despite the loss of F-actin within cells, filopodia were
still observed at intercellular boundaries (Figure 3.8 c, blue arrows), and membrane
ruffles were observed in cells at the colony edge (Figure 3.8 c, red arrows). After a 4hour incubation with V12Cdc42, cells showed a similar phenotype although actin
staining between cells was often enhanced (Figure 3.8 e, pink arrows), as were numbers
of filopodia (Figure 3.8 e, blue arrows). Vacuoles were also apparent in cells injected
with V12Cdc42 (Figure 3.8 d, f green arrows). No change in DLD-1 cell morphology
was observed with N17Cdc42 and cells continued to possess filopodium-like extensions
(data not shown).
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F igure 3.8
Actin organisation in DLD-1 cells microinjected with N 17R acl or
V 12Cdc42
Cells were micro-injected with N lT R a cl (1.5 mg/ml, BioRad protein assay) (a, b), or with
V 12C dc42 (80 pg/m l, GDP-bindmg assay) (c, d, e, f), and incubated for a further 1 (a, b, c,
d) or 4 (e, f) hours prior to formaldehyde fixing. Cells were stained with TRITC-labelled
phalloidin (a. c, e) to visualise F-actin and fluorescein-tagged antibodies to rat IgG (b, d, f) to
locate successfully injected cells. Red arrows indicate membrane ruffles, the white arrow
show s punctate actin staining, blue arrows indicate filopodia. pink arrows show strong Factin at intercellular boundaries and green arrows indicate vacuoles. Scale bars = 20 pm
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DNA synthesis rates as studied bv measuring the incorporation of the

thymidine analogue, bromodeoxvuridine (BrdU)

3.3.1

: Rho GTPase effects on DNA synthesis

The role of Rho GTPases in DNA synthesis was investigated because they have
been shown to participate in a number of signalling pathways known to be involved in
the regulation of cell growth and mitogenesis (Chapter 1.6). RhoA and Cdc42 have also
been implicated in the regulation of cytokinesis (Drechsel et al, 1997, Kodama et al,
1999).
Initial experiments were performed in growing cells, incubated in normal growth
media containing 10% serum.

A 2-hour incubation period with BrdU was chosen

following optimisation assays. Using this labelling protocol, it was observed that a
greater proportion of R4.2 cells were undergoing DNA synthesis than any of the other
cell lines (Figure 3.9). This was not surprising because R4.2 cells expressed the mutant
Ha-Rfls oncogene known to have significant effects on cell growth (for review see
McCormick, 1999). What was somewhat unexpected was that less DLD-1 cells were
undergoing DNA synthesis, despite being derived from a true human carcinoma and
themselves known to express the Ki-R«5 oncogene.
In control microinjection experiments, TRITC-conjugated dextran was found to
reduce the percentage of cells undergoing DNA synthesis in all cell lines apart from
H4.1 cells. This was most significant in R4.2 cells where numbers fell from around
55% to 30%. Dextran was originally chosen because it required no further staining to
locate successfully microinjected cells. However, its use was discontinued in future
assays because of the effects noted here, which for limitations of time were not
investigated further. Since dextran appeared to have a general inhibitory effect on DNA
synthesis and was co-injected with all Rho proteins, it was necessary to compare any
changes in BrdU incorporation induced by protein micro injection with the results for
dextran control injected cells, rather than non-injected cells.
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Figure 3.9
D N A synthesis in cells microinjected with active Rho
GTPases or their inhibitors
Cells were microinjected with the proteins as indicated and TRITC-conjugated
dextran as a co-marker. Proteins were injected at the following concentrations,
V M R hoA 40 pg/ml (GDP-binding assay), C3 transferase 8 pg/ml (BioRad
protein assay), V 12R acl 125 pg/ml (GDP-binding assay), N lT R a cl 1.5 mg/ml
(BioRad protein assay), V 12C dc42 80 pg/ml (GDP-bindmg assay) and
N 17C dc42 4 mg/ml (BioRad protein assay).
The cells were incubated
overnight (16 hours) and then compared for differences in D NA synthesis over
a 2-hour period, using incorporation o f bromodeoxyuridine (BrdU) as a
marker. It w as aimed to microinject 500 cells in each assay and a minimum o f
200 cells staining positively for dextran, were counted. The number o f cells
staining positively for BrdU was then expressed as a percentage o f total cells.
Error bars indicate standard deviation from the mean over 2 or more
independent assays.
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In H4.1 cells, injection of V14RhoA, C3 transferase, NlTRacl and V12Cdc42
all reduced the proportion of cells undergoing DNA synthesis to some degree and
V12Racl enhanced DNA synthesis, although these results were not significant (Figure
3.9). Both V14RhoA and C3 transferase inhibited DNA synthesis in R4.2 cells, while
V12Racl increased the percentage of R4.2 cells undergoing DNA synthesis from the
reduced levels observed following dextran injection, to those seen in normal growing
cells (Figure 3.9). The effects on C5.2 cells were minimal, which may reflect the fact
that this is a mixed population of cells, although both mutant active and dominant
negative forms of Cdc42 slightly increased the proportion of cells undergoing DNA
synthesis (Figure 3.9). DNA synthesis in DLD-1 cells was most strongly inhibited by
both mutant active and dominant negative Racl, although since experiments were only
performed on a single occasion this was not confirmed.
Although one aim of these experiments was to determine whether activation or
inhibition of RhoA, Racl or Cdc42 could reduce DNA synthesis in transformed cell
lines, it was also of interest to determine which proteins could stimulate synthesis,
especially in the non-transformed H4.1 cells. However the levels of BrdU incorporation
in all cell lines were relatively high, at around 50-60% after just two hours’ labelling
and this may have made it difficult to observe a significant increase in DNA synthesis.
The cells were also at different stages of the cell cycle, making it more difficult to
determine effects of protein microinjection. Experiments were therefore performed to
determine whether there were culture conditions under which cells survived but ceased
to cycle. Experiments were also undertaken to find a substitute for TRITC-conjugated
dextran, which would allow visualisation of injected cells without affecting DNA
synthesis.

3.3.2

: Growth in reduced serum conditions

These assays were undertaken in an attempt to bring cells to quiescence, where
cells are in resting stage Go of the cell cycle, so producing a synchronous population of
cells. If this could be achieved, the effects of Rho GTPases on entry into S-phase could
be studied. Serum starvation is widely used to quiesce cells, and thus the effects of
serum starvation were determined on the cell lines used here.
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Figure 3.10
DNA synthesis in breast and colon epithelial cells
cultured under reduced serum conditions
Cells were grown under different reduced serum conditions for the times
indicated and then compared for differences in DNA synthesis over a 2
hour period, using incorporation o f BrdU as a marker. Approximately
500 cells were counted in each assay and the number o f cells staining
positively for BrdU was expressed as a percentage o f total cells.
Error bars indicate standard deviation from the mean over 2 or more
independent assays.
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The percentage of cells undergoing DNA synthesis fell with increasing time in
conditions of reduced serum, although results for C5.2 cells were highly variable, which
may be caused by the heterogeneity of the population (Figure 3.10). Cells continued to
survive and grow in the absence of serum, although the non-transformed H4.1 cell line
was reduced to around 5% and the other three cell lines to levels of around 25% of cells
compared with 40-60% of cells incorporating BrdU under normal growing conditions.
The ability of these cells to grow under such conditions is indicative of their
transformed phenotype, while H4.1 cells exhibited a more normal phenotype and may
have stopped cycling after increased incubation periods in the absence of serum.

3.3.3

; Rho GTPase effects on DNA synthesis in serum-starved cells

Having reduced the percentage of cells undergoing DNA synthesis in all lines,
the effects of Rho GTPases were studied in serum-starved cells. Microinjection of the
co-marker rabbit IgG, unlike dextran, did not affect BrdU incorporation in any of the
breast epithelial cell lines (Figure 3.11). The decrease in DNA synthesis shown in
DLD-1 cells upon IgG microinjection was therefore most likely due to injection
technique rather than effects of the immunoglobulin itself. DLD-1 cells are very small,
with the nucleus taking up the vast majority of the cell, leaving very little cytoplasm
into which to inject protein and as a result microinjection of these cells was more
difficult and probably more stressful to the cells. Detrimental effects of microinjection
were not so apparent in cells growing in 10% serum (Figure 3.9), which may indicate
that DLD-1 cells grown in the absence of serum are already ‘stressed’ and thus recover
less quickly from the effects of microinjection.
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Figure 3.11
D N A synthesis in serum-starved cells microinjected with active
Rho GTPases or their inhibitors
Cells were incubated in medium in the absence o f serum for approximately 56
hours. Cells were then co-injected with protein as indicated and rabbit IgG as a
marker. Proteins were injected at the follow ing concentrations, V 14RhoA 40
pg/ml (GDP-bmding assay), C3 transferase 8 pg/ml (BioRad protein assay),
V 12R acl 125 pg/ml (GDP-binding assay), N lT R acl 1.5 mg/ml (BioRad protein
assay), V 12C dc42 80 pg/ml (GDP-binding assay) and N 17C dc42 4 mg/ml (BioRad
protein assay). The cells were incubated for a further 16 hours and then compared
for differences in D N A synthesis over a 2 hour period, using incorporation o f BrdU
as a marker. It was aimed to microinject 500 cells in each assay and a minimum o f
200 cells staining positively for dextran, were counted
The number o f cells
staining positively for BrdU was then expressed as a percentage o f total cells
Error bars indicate standard deviation from the mean over 2 or more independent
assays.

125

Chapter 3

Microinjection

C3 transferase inhibited DNA synthesis in both R4.2 and C5.2 cell lines,
suggesting a requirement for RhoA in cell cycle progression in the absence of
extracellular stimuli. Both V14RhoA and V12Racl enhanced the percentage of H4.1
cells undergoing DNA synthesis although the effects were very small, but is consistent
with their reported stimulation of DNA synthesis in quiescent fibroblasts (Olson et al,
1995). It is possible that the experimental approach used here required optimisation,
such as incubation of cells with BrdU for longer time periods in order to catch all cells
that had been induced to progress through the cell cycle. In DLD-1 cells, V14RhoA and
V12Cdc42 enhanced DNA synthesis, but again were unable to recreate the effects of
normal growth media.

This could be because the cells were not exposed to these

proteins for sufficiently long periods of time. It may also be because activation of a
single protein may be insufficient, with other effectors required to resume normal cell
cycle progression.
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3.4 : Intercellular adhesion

Epithelial cells adhere to each other through a number of different types of cell
junctions, including desmosomes, tight, gap and adherens junctions.

Cell adhesion

through adherens junctions is mediated by homophilic binding of E-cadherins, which
through their interaction with actin connect the cytoskeleton of neighbouring cells
(Chapter 1.4.1). Loss of E-cadherin is widely associated with carcinoma invasion and
metastasis (for review see Christofori and Semb, 1999) and therefore the localisation of
E-Cadherin in the epithelial cells used here was investigated by immunofluorescence
and confocal microscopy.

3.4.1

: E-cadherin localisation in breast epithelial cells

Initial experiments were undertaken to study cell-cell interactions in normal,
growing cells (Figure 3.12).

In H4.1 and C5.2 cells, E-cadherin localised at most

intercellular junctions (Figure 3.12 b, f, white arrows), although some gaps were still
apparent and some adherent cells showed no junctional E-cadherin (Figure 3.12 b, f, red
arrows). In addition, a perinuclear localisation of E-cadherin was observed in both H4.1
and C5.2 cells (Figure 3.12 b, f, yellow arrows). R4.2 cells showed no E-cadherin
localisation where cells appeared to be attached (Figure 3.12 d, red arrows), although a
faint perinuclear localisation of E-cadherin was observed (Figure 3.12 d, yellow
arrows).
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Figure 3.12

Localisation o f F-actin and E-cadherin in breast epithelial cells

H4.1 (a. b), R4.2 (c, d) and C5.2 (e, f) cells were stained with TRITC-labelled
phalloidin (a. c, e) to visualise F-actin and with antibodies to E-cadhenn (b, d, f).
White arrows indicate E-cadhenn at intercellular junctions, red arrows indicate
points o f cell adhesion devoid o f E-cadherin, yellow arrows indicate perinuclear
E-cadhenn and green arrows indicate membrane ruffle Scale bars = 20 pm
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3.4.1.1 : Effects of serum starvation on intercellular adhesion

The actin cytoskeletal organisation of cells cultured in the absence of serum was
studied because it had been noted that some cells showed an altered morphology. Cells
were also stained for E-cadherin to determine whether removing serum altered
intercellular adhesion (Figure 3.13).

H4.1 cells showed the greatest morphological

changes upon incubation in 0% serum. Cells became dispersed and took on a more
elongated, fibro-epithelial phenotype (Figure 3.13 a).

However a number of cells

maintained intercellular adhesion and stained positively for E-cadherin (Figure 3.13 b,
white arrows).

It would be interesting to determine whether increased incubation

periods in the absence of serum would cause total disruption of intercellular adhesion in
H4.1 cells. Despite the dispersed nature of H4.1 cells in the absence of serum, no
changes in actin cytoskeleton organisation were observed (Figures 3.13 a and 3.12 a).
The majority of R4.2 cells appeared highly elongated, with strongly staining cortical
actin at cell margins (Figure 3.13 c, red arrows). A number of R4.2 cells maintained the
phenotype observed in the presence of serum, with cells possessing membrane ruffles
(Figures 3.13 c and 3.12 c, green arrows). The heterogeneity of the population of C5.2
cells became even more obvious when cells were grown in the absence of serum (Figure
3.13 e, f). The cells that showed a loss of contact inhibition in the presence of serum,
continued to overgrow each other, had higher levels of F-actin (Figure 3.13 e, purple
arrows) and expressed E-cadherin at intercellular junctions (Figure 3.13 f, white
arrows). The population of cells resembling H4.1 cells did not disperse to the same
degree as H4.1 cells following serum starvation, although some showed a more
elongated morphology (Figure 3.13 e).

Generally C5.2 cells showed very little

morphological change in the absence of serum, which may indicate a loss of growth
factor dependence in these cells, indicative of their transformed phenotype.

129

Microinjection

Chapter 3

m

Figure 3.13
Localisation o f F-actin and E-cadherin in breast epithelial cells grown in
the absence o f serum for 72 hours
H 4 .1 (a, b), R4.2 (c, d) and C5.2 (e, f) eells were stained with TRITC-labelled phalloidin
(a. c, e) to visualise F-actin and with antibodies to E-cadhenn (b, d, f). White arrows
indicate E-cadhenn localisation, red arrows indicate eortical actin, green arrows indicate
membrane ruffles and purple arrows indicate overgrown cells. Scale bars = 20 pm
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: E-cadherin localisation in DLD-1 colon carcinoma cells

The images of DLD-1 cells demonstrated that they possessed E-cadherin at
intercellular junctions (Figure 3.14, white arrows).

When grown in the absence of

serum, DLD-1 cells showed no change in actin organisation, continued to grow in
tightly packed colonies and maintained localisation of E-cadherin at intercellular
junctions (Figure 3.14 a, b, c, d, white arrows). The ability of DLD-1 cells to grow
normally in the absence of serum is indicative of their transformed phenotype.
However, bright spots of fluorescence were observed in all images of DLD-1 cells
stained with antibodies to E-cadherin (Figure 3.14, red arrows). These were observed
more often in cells grown in the absence of serum and may represent internalised Ecadherin.
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F igure 3.14

Localisation o f F-actin and E-cadhenn in DLD-1 ceils

Cells were stained with TRITC-labelled phalloidin (a. c, e) to visualise F-actin
and with antibodies to E-Cadherin (b, d, f) Cells were grown in 10% serum
(e, f) or 0% serum for 72 hours prior to staining (a. b, c, d). White arrows
indicate E-cadhenn localised to intercellular junctions and red arrows indicate
bnght punctate points o f E-cadhenn staining Scale bars = 20 pm
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3.5 : Analysis of cell motilitv

Current research supports a critical role for Rho family GTPases in cell motility
(Chapter 1.5) and in particular a requirement for Rho proteins in epithelial cell motility
and invasion has been demonstrated (Keely et al, 1997),

Migration was therefore

studied in the epithelial cells used here and the effects of Rho proteins determined.
Cell motility was studied by time-lapse video microscopy.

Only R4.2 cells

exhibited a true migratory phenotype, migrating at an average speed of 17 p,m/hour
(Figure 3.15).

Cells of this line migrated as single cells and showed significant

membrane activity in the form of lamellipodia and membrane ruffles. The cells were
more isolated than those of any other line, and showed only transient cell-cell
interactions.

H4.1 cells, which possess thick F-actin bundles, tended to move as a

colony, with individual cells rarely leaving the group. The majority of cells of the C5.2
line also remained as a colony, demonstrating very little movement. However some
cells showed an independent migratory phenotype and these cells generally possessed
polar extensions. A faster average speed of migration was therefore observed for C5.2
cells than for H4.1 cells (Figure 3.15). DLD-1 cells demonstrated the least movement
because they grew only as colonies. Any migration depicted on the graph therefore,
was often the result of movement of a nucleolus within a static cell, or as a result of cell
proliferation and colony expansion, and as such cannot be considered as translocation.
Although attempts were made with the DLD-1 line to plate cells at a low enough
density to achieve single cells and thus possibly visualise migration, even these
individual cells failed to move.
The effects of Rho proteins on cell motility were primarily studied in the
migratory R4.2 line (Figure 3.16), where microinjection itself did not inhibit migration.
However removal of serum did inhibit cell migration, suggesting R4.2 cells require
extracellular stimuli for increased migration.

Microinjection of C3 transferase or

N17Racl failed to inhibit migration, implying that Rho and Rac are not essential for the
migratory phenotype exhibited by R4.2 cells, or that the inhibitory proteins were not
sufficiently active. In addition, active forms of RhoA and Racl both inhibited R4.2 cell
migration, resulting in a migration rate similar to that of H4.1 cells (Figures 3.16 and
3.15). Active Cdc42 also inhibited migration, although this was not significant. The
most interesting data was that indicating that inhibition of Cdc42 activity significantly
inhibited migration of R4.2 cells, indicating that Cdc42 is required for migration in
these cells.
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Figure 3.15
Cell motilit>
epithelial cell lines

in human breast and colon

Cells were analysed by time-lapse video microscopy and
migration measured by follow ing a single nucleolus o f 15
randomly chosen cells (Chapter 2.4.5). Measurements were
made at 1-hour intervals and migration calculated as the speed
o f cells over 8 hours (distance m oved/time). Results do not
include those for cells that have undergone division since such
cells undergo a penod o f increased movement just follow ing
division that may distort the data. Error bars indicate standard
deviation from the mean over 2 or more experiments.
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Figure 3.16
Rho GTPases

Cell motility in R4.2 cells microinjected with

Cells were microinjected and then returned to the incubator for 15
minutes to allow temperature and CO, levels to equilibrate.
Dishes were then sealed with vacuum grease and placed on the
heated stage o f the time-lapse video microscope and filmed for 16
hours Migration was calculated as in Figure 3.15, Proteins were
injected at the follow ing concentrations, V 14RlioA 40 pg/ml
(GDP-bmding assay), C3 transferase 8 pg/m l (BioRad protein
assay), V 12R acl 125 pg/ml (GDP-binding assay), N lT R acl 1.5
mg/ml (BioRad protein assay), V12C dc42 80 pg/ml (GDPbinding assay) and N 17C dc42 4 mg/ml (BioRad protein assay).
Error bars indicate standard deviation from tlie mean for data
com piled from 2 or more independent assays.
* p < 0.05 (Students t-Test)
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Further experiments were undertaken to study the effects of Rho proteins in the
other cell lines (Figure 3.17). In H4.1 cells NlTRacl stimulated migration, possibly
through downregulation of intercellular adhesion.

The effects of NlVRacl on cell

morphology were never studied over these longer time-periods and thus this was not
confirmed.

In contrast to results in migratory R4.2 cells, inhibition of Cdc42 and

removal of serum had no effect on migration of H4.1 cells, most likely because H4.1
cells are non-migratory. Interestingly, inhibition of RhoA activity greatly enhanced the
speed of migration of C5.2 cells, to levels observed with R4.2 cells, which again may
have been due to downregulation of intercellular adhesion, in addition to decreased
adhesion to the substratum (Figure 3.17). In contrast, activation of RhoA in R4.2 cells
inhibited migration to the rate observed in C5.2 cells (Figure 3.16). It is likely that the
decrease in stress fibres and focal adhesions induced by C3 transferase results in less
adherent cells that are able to migrate, while increased RhoA activity stimulates focal
adhesion formation, so inhibiting migration in R4.2 cells. Injection of DLD-1 cells with
active Racl failed to enhance motility, which may be explained by expression
throughout the cell (see Section 3.6.3).
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Figure 3.17
Cell motilit> in breast and colon epithelial
cells microinjected with Rho GTPases
A ssays were performed as described in Figures 3.15 and 3.16.
Error bars indicate standard deviation from the mean for data
compiled from 2 or more independent assays.
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3.6 : Discussion

3.6.1

: Comparison of the morphology of Ha-/?a5-expressing breast epithelial
cells with that of the colon carcinoma-derived DLD-1 cell line containing
mutant l ^ - R a s

Oncogenic Uâ-Ras induced striking changes in the morphology of breast
epithelial cells.

Control H4.1 cells generally grew as colonies, with E-cadherin

observed at intercellular junctions, while R4.2 cells were mostly isolated and even
where intercellular adhesion was observed, E-cadherin was not detected. This indicates
that there is a decrease in E-cadherin-mediated adhesion induced by Hsi-Ras as shown
by other researchers (Potempa et al, 1998, Espada et al, 1999). The perinuclear Ecadherin localisation in R4.2 cells indicates that E-cadherin is expressed but localisation
to intercellular junctions is disrupted. While H4.1 cells were spread and possessed
stress fibres, R4.2 cells were smaller and had lamellipodia and membrane ruffles,
suggesting that expression of Ha-Ras inhibits RhoA-mediated actin cytoskeletal
changes as has been observed previously (Qiu et al, 1995b). Injection of R4.2 cells
with active RhoA induced a phenotype similar to that observed for H4.1 cells, further
implying a downregulation of RhoA-induced actin cytoskeletal activity in R4.2 cells.
Although Racl-dependent structures were apparent in R4.2 cells, expression of active
Racl in H4.1 cells did not induce a phenotype directly resembling that of R4.2 cells,
indicating activation of other pathways by \ia-Ras (for review see McCormick, 1999).
It would be interesting to compare levels of active RhoA, Racl and Cdc42 in the
different cell lines, and a number of researchers have successfully used ‘pull-down’
assays to analyse the activity of different GTPases in cells (Zondag et al, 1999). The
heterogeneous morphology of C5.2 cells made it difficult to use this line for further
assays, but suggested that over-expression of the ErbB-2 receptor induced a loss of
contact inhibition in these cells.
The morphology of DLD-1 cells suggested that each Rho protein was active,
with cells possessing stress fibres, membrane ruffles and filopodia.

As such, the

phenotype of these cells was most likely not solely the consequence of the Ki-Ras
mutation, since Ras-transformed cells generally show a loss of actin stress fibres
(Symons, 1995).

Despite the fact that loss of expression or function of adherens

junction components is frequently observed in carcinomas (for review see Christofori
and Semb, 1999), DLD-1 cells express E-cadherin at intercellular junctions. This is
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consistent with the observation that E-cadherin levels in colon epithelial cells containing
oncogenic ¥3-Ras remain unchanged, with decreases instead observed in the levels of
N-cadherin (Yan et al, 1997). The different morphologies of R4.2 and DLD-1 cells
probably reflect their different cell origins, and possibly also the different mutant Ras
proteins expressed in each cell line. Recent research has shown that Ki-Ras4B activates
Raf-1 more efficiently than Ha-Ras, while Ha-Ras but not Ki-Ras4B induces focus
formation in a range of fibroblasts and epithelial cells, with both proteins unable to
induce anchorage-independent growth in RIE-1 epithelial cells (Voice et al, 1999).
The effects of Rho proteins on actin cytoskeleton reorganisation in both breast
and colon cells were generally as expected, with the extent of responses dependent on
the initial morphology. This was most evident upon injection of C3 transferase, which
induced the most significant change in morphology in R4.2 cells that possessed the least
number of RhoA-dependent stress fibres.

In H4.1 cells, C3 transferase led to

replacement of actin cables first by membrane ruffles, which were subsequently
replaced by micro-spikes, implying the presence of some form of cross-regulation,
where inhibition of RhoA activity leads to increased Rac, and later Cdc42 activity. In
fibroblasts, downregulation of Rho, Rac or Cdc42 leads to upregulation of the other two
(Moorman et al, 1999), and treatment of neuronal cells with C3 transferase induced
filopodium and lamellipodium formation (Kozma et al, 1997). In addition, active forms
of both Racl and Cdc42 inhibited stress fibre formation in H4.1 cells, inducing
lamellipodia and filopodia respectively.

Antagonism between Cdc42 or Racl, and

RhoA has been shown in a number of cell types (Kozma et al, 1995, Izawa et al, 1998,
Rottner et al, 1999).
The smallest effects were observed with DLD-1 cells, which above all
maintained their colony structure.

No cell retraction was evident in these cells

following microinjection of C3 transferase, in contrast to previous observations in
breast epithelial cells.

This may indicate that at the concentration used here C3

transferase was insufficient to inhibit all RhoA activity, which may be enhanced in
DLD-1 cells, as observed previously in Ras-transformed MDCK epithelial cells
(Zondag et al, 2000). It is also possible that intercellular adhesion in DLD-1 cells is
independent of RhoA, which has previously been shown to play a role in the
maintenance of both adherens and tight junctions in epithelial cells (Nusrat et al, 1995,
Zhong et al, 1997, Takaishi et al, 1997). Interestingly the effects of C3 transferase and
V12Cdc42 in these cells were very alike, with both proteins inducing the appearance of
multinucleate cells, together with a loss of F-actin. As mentioned previously these cells
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did not have time to undergo DNA synthesis and it is more likely that the effects were
due to cell fusion, a response also observed by time-lapse video microscopy of
V14RhoA-transfected DLD-1 cells (Chapter 5.3.7).

Cell fusion has been seen

following microinjection of other cell types, although normally to a lesser degree (Anne
Ridley, personal communication). It is possible that microinjection itself stimulates
fusion in DLD-1 cells because they may be pre-disposed to this characteristic, and that
some proteins increase this effect.

3.6.2

: DNA synthesis in breast and colon epithelial cells

The differences in the fraction of cells from each cell line undergoing DNA
synthesis were somewhat unexpected, since during routine cell culture both R4.2 and
DLD-1 cells were observed to grow faster than the other two cell lines. H4.1 cells were
most greatly affected by removal of serum, with the percentage of cells in DNA
synthesis reduced from 50 to 5% after 72 hours. Each of the other cell lines continued
to cycle with around 25% of cells labelled over the 2-hour time period, indicating that
each of these cell lines had some ability to grow in the absence of additional growth
factors, as generally observed for transformed cells (Mira et al, 2000).
In H4.1 cells injection of V12Racl increased the number of cells undergoing
DNA synthesis in both the presence and absence of serum, while V12Cdc42 reduced
DNA synthesis under both culture conditions. Effects in R4.2 cells were difficult to
interpret because dextran itself greatly inhibited DNA synthesis. However, in both the
presence and absence of serum, C3 transferase inhibited DNA synthesis. C3 transferase
also inhibited DNA synthesis in H4.1 cells, although to a lesser degree, and in the
absence of serum, V14RhoA enhanced DNA synthesis.

These results imply a

requirement for RhoA activity in cell cycle progression in breast epithelial cells.
Although RhoA, Racl and Cdc42 have all been shown to be required for cell cycle
progression in fibroblasts (Olson et al, 1995), evidence for a role for RhoA is greatest
(Chapter 1.6.1). It would be interesting to determine whether the significant inhibition
of DNA synthesis in R4.2 cells following treatment with C3 transferase in the presence
of serum, reflects a requirement for RhoA downregulation of

in Ras-

transformed cells (Olson et al, 1998). C3 transferase did not inhibit DNA synthesis in
DLD-1 cells, which also express oncogenic Ras. However it has been shown previously
that DLD-1 cells express very low levels of the cyclin-dependent kinase inhibitor p21,
presumably because p53 is mutated (Chen et al, 1995), and thus may not have the same
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In DLD-1 cells both mutant active and dominant

negative Racl reduced the percentage of cells undergoing DNA synthesis in the
presence of serum, while in the absence of serum active Cdc42 increased numbers. As
mentioned above, inhibition of Rac activity inhibits cell cycle progression in fibroblasts
(Olson et al, 1995), possibly through effects on cyclin D1 expression (Gjoerup et al,
1998).

In the presence of serum, overstimulation of Racl activity may activate

SAPK/JNK pathways, resulting in cell cycle arrest (see Chapter 1.6.2). In contrast, in
the absence of serum activation of Cdc42 may enhance DNA synthesis through effects
on the cell cycle (Gjoerup et al, 1998). Previous work has shown that in cases where
Cdc42 is unable to activate p38, such as in suspended cells, it induces transcription of
cyclin A, leading to cell cycle progression (Philips et al, 2000). Although it was not
possible to determine statistical significance of these results because proteins were only
generally injected on two separate occasions, the results indicate that Rho proteins play
significant roles in mitogenicity in DLD-1 and breast epithelial cells, and provide a
basis for further investigation.

3.6.3

: Cell motility in breast and colon epithelial cells

Focal adhesions, stress fibres and adherens junctions are generally absent or
much reduced in highly migratory cells and prominent in the least motile cells (Ridley
et al, 1995, for reviews see Huttenlocher et al, 1995, Christofori and Semb, 1999).
Therefore it was no surprise that the R4.2 cells, which lack stress fibres and adherens
junctions, migrated faster than other cell lines that possessed both.

However, the

observation that Ha-Ras induces cell migration in breast epithelial cells, while Ki-Ras
fails to induce migration in colon cells, contrast with previous research performed in
COS-7 cells demonstrating that Ki-Ras induces a migratory phenotype (Voice et al,
1999). It is clear that the degree of intercellular adhesion in DLD-1 cells is stronger
than in either COS-7 or HB4a cells.

In addition previous researchers have found

invasion of colon carcinomas in vitro to be exceptional, indicating that factors required
for invasion in vivo are often absent in vitro (Vermeulen et al, 1995).

They

demonstrated that it was possible to induce an invasive phenotype in DLD-1 cells upon
deletion of a-catenin, implying that intercellular adhesion is somehow downregulated in
vivo (Vermeulen et al, 1995). It is also possible that the cells may need a different
matrix on which to migrate; serum in growth medium generally contains fibronectin and
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vitronectin, but these cells may require other extracellular matrix proteins such as
collagen or laminin on which to migrate.
The most interesting result was that obtained following injection of R4.2 cells
with dominant negative Cdc42, which significantly inhibited migration. A role for
Cdc42 in cell migration is well established, although Cdc42 seems primarily to affect
polarisation and chemotaxis, rather than migration speed directly (Allen et al, 1998,
Nobes and Hall, 1999). Here, locomotion in any direction was assayed, and thus these
results only demonstrate a role for Cdc42 in regulating the speed of migration. It would
be interesting to test the effects on cell polarisation in these cells as well. Previous work
in R4.2 cells, showed that RhoE enhances migration, which has been suggested to
involve downregulation of RhoA signalling (Guasch et al, 1998). However, the results
presented here indicate that factors other than simple inhibition of RhoA are likely to be
involved, since treatment of R4.2 cells with C3 transferase did not enhance motility. It
is also likely that the effects of C3 transferase are much stronger than those of RhoE,
which does not inhibit all RhoA-induced effects (Guasch et al, 1998), suggesting that
some RhoA activity is required for optimal migration (Nobes and Hall, 1999).
NlVRacl might be expected to inhibit motility, as seen for N17Cdc42. It is possible
that this protein was not concentrated enough to inhibit Racl sufficiently and thus
motility (for review see Feig, 1999). The fact that none of the active forms of Rho
proteins enhanced motility was not surprising because motility requires correct spatial
localisation of protein activity, and similar results have been reported in macrophage
chemotaxis (Allen et al, 1998). In microinjected cells, active proteins are likely to be
localised throughout the cell, producing structures such as lamellipodia and filopodia all
around the cell, while in a motile cell such structures are restricted to the leading edge.
Polarised extension of lamellipodia and filopodia, combined with retraction of the cell
at the rear, leads to cell migration (see Figure 1.10). If lamellipodia and filopodia are
induced all around the cell as is probably occurring in V12Racl and V12Cdc42 injected
cells, then migration is disrupted. Since active Racl reduces cell migration in R4.2
cells, it would be interesting to study the activity of endogenous Racl in these cells,
since other work has demonstrated downregulation of Rac activity in response to
oncogenic Ras (Zondag et al, 2000). In this work, active Rac was able to revert Rastransformed MDCK cells from a fibroblastic to an epithelial morphology (Sander et al,
1998, Zondag et al, 2000), and thus it would also be interesting to study intercellular
adhesion in R4.2 cells expressing V12Racl, although this effect may require longerterm Rac activity.
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: Conclusions

This work illustrates that expression of oncogenic Ha-Ras leads to disruption of
intercellular adhesion, induces cell migration and enhances DNA synthesis in breast
epithelial cells.

DLD-1 cells had a very different phenotype to R4.2 cells, despite

possessing a Ki-Rfl5 mutation. These results emphasize the fact that the same protein
can induce different responses depending on the cell type and therefore it is not possible
to extrapolate results from one cell type to others.
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Chapter 4
Generation of tetracycline-regulated Rho protein-expressing DLD-1
cell lines
4.1 : Introduction

The responses of DLD-1 cells to microinjection of RhoA, Racl and Cdc42
proteins were studied as described in Chapter 3. This technique is useful for looking at
the effects of particular proteins on individual cells, in short-time course studies. It can
thus be used most effectively to study morphological changes in cells, such as changes
in cell shape, adherence, membrane organisation and cell motility. However the long
term effects of Rho proteins on cell properties, including morphology, monolayer
growth rate and anchorage-independent growth, were also of interest. Microinjection
studies could only be used to study short-term effects because the injected proteins
would eventually by broken down within the cell. It was also technically very difficult
to inject a large number of cells and so study the effects of these proteins in larger cell
populations. Therefore cell lines were generated to study the effects of the same panel
of Rho GTPases that had been used for the microinjection studies, including mutant
active and dominant negative forms of RhoA, Racl and Cdc42, over extended periods
of time. As constitutive expression of any of these proteins could prove detrimental to
cell growth and survival, and in order to control levels of protein expression, a
tetracycline-regulated system in which gene transcription is inhibited in the presence of
tetracycline was chosen (Figure 4.1). Such a system can generate a reversible on/off
switch for a given gene activity and allow the level of expression of a particular gene to
be quantitatively controlled (Gossen et al, 1993). It should be noted that several other
options for inducible expression exist. These include the reverse tet-on system that only
requires the presence of antibiotic to induce expression, a system using the Drosophila
steroid ecdysone and others based on the progesterone receptor and rapamycin or
cyclosporine (for review see Clackson, 1997).
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a. Regulator
Unit

pUHG15-l

(tetR/VP16)

3 ’ beta globin

multiple
cloning
site

b. Response
Unit

tet
operator
sequences

^
CMV
minimal
promoter

Intron/3’ tail

plJHGlO-3

Figure 4.1
The two-plasmid tetracycline-regulated expression system
a. CM V pr/Enh - the human cytom egalovirus (CM V) enhanced promoter ensures
constitutive expression o f the tTA
tTA - the hybrid tetracy cline tranactivator (tTA) protein consists o f the tetracycline
repressor (tetR) that binds tetracycline preferentially over binding to tet operator
sequences, fused with the activating domain o f vinon protein 16 (VP 16) o f the
herpes sim plex virus, which recruits positively acting transcription factors
b. Multiple cloning site - allow s D NA o f interest to be easily inserted into the
expression vector
CMV minimal promoter - dnves expression o f the gene o f interest and shows only
very low levels o f basal transcription
Tet operator sequences - are bound by the tetR domain o f the tTA
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The system used here is based on regulatory elements of the TnlO-specified
tetracycline resistance operon of Escherichia coli in which transcription of resistancemediating genes is negatively regulated by the tetracycline repressor (tetR).

In the

presence of tetracycline, tetR fails to bind to its operators, which are located within the
promoter region of the operon, and hence transcription ensues (Gossen and Bujard,
1992). The first plasmid of the two-plasmid expression system termed the Regulator
unit (pUGH15-l), encodes a hybrid tetracycline transactivator (tTA) protein. The tTA
protein is composed of the tetR fused to the herpes simplex virus (HSV) transactivator
protein, virion protein 16 (VP16), and is constitutively expressed following transfection.
The second plasmid termed the Response unit (pUHGlO-3), is composed of the E. coliderived tetracycline resistance operon regulatory elements (tetO) embedded within a
minimal promoter sequence derived from the human cytomegalovirus (CMV) promoter
IE. Expression of a gene inserted downstream of the tetO-minimal CMV promoter in
the Response unit is highly dependent upon tTA, which binds to the tetO sequences
through its tetR domain and recruits positively acting cellular transcription factors
through its VP16 domain. Gene expression is inhibited by the addition of tetracycline,
which binds to the tTA protein at the tetR domain, causing it to dissociate from the
tetO-minimal CMV promoter and leading to cessation of gene transcription (Gossen and
Bujard, 1992, Paulus et a f 1996).
The tetracycline-repressible expression system has a number of advantages over
both microinjection and stable transfection. With microinjection it is very difficult to
adjust and control the amount of protein expressed, either following injection of a DNA
expression plasmid or protein. In addition, the number of cells that can be analysed is
limited to the number injected and thus large-scale growth assays or biochemical assays
are difficult. Stable transfection generates cells expressing fixed levels of proteins and
if long-term toxicity is a problem, can prove ineffectual, with cell phenotype often
altered during long-term selection.

The tetracycline-repressible expression system

enables the short- and long-term effects of proteins to be studied in large cell
populations.

It was also hoped that this system would allow the level of protein

expression to be adjusted as required. This system has benefits over other inducible
expression systems, largely because of the high affinity of tetracycline for tetR and the
low toxicity of tetracycline for mammalian cells. The system has no effect on host
genes, because the critical regulatory elements are prokaryotic.

Also, there are

tetracycline derivatives such as doxycycline, which are reported to have an increased
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affinity for tetR and a reduced antibiotic activity, and thus may allow for even better
control of expression. Tetracyclines also have excellent pharmacokinetic properties,
including rapid uptake into cells and as such have the potential to be used in transgenic
animals (Gossen et al, 1993). The long history of safe tetracycline use in humans also
makes it an excellent candidate for gene therapy (for review see Blau and Rossi, 1999).
This system has been used successfully by many groups, including work with RhoA,
Racl (Jou and Nelson, 1998) and Cdc42 (Dutartre et al, 1996), and expression of
inducible p21™ in DLD-1 cells (Chen et al, 1995).
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4.2 : Sub-cloning of mutant active and dominant negative Rho constructs into the
Response vector (pUHGlO-3) of the two-plasmid tetracvcline-regulated
expression system.

4.2.1

: Sub-cloning of mutant active and dominant negative forms of RhoA and

Racl

Mutant active and dominant negative forms of Racl and the mutant active form
of RhoA were available as amino-terminus 9E10 c-myc epitope-tagged cDNAs in the
pEXV-3 expression vector (Ridley et al, 1992). The dominant negative form of RhoA
was also sub-cloned from the pEXV-3 vector but was later shown by DNA sequencing
to lack an epitope-tag (data not shown). The sub-cloning process was undertaken as
illustrated in Figure 4.2. EcoRI digestion of the pUHGlO-3 vector revealed multiple
restriction sites and therefore a partial digestion was undertaken to produce the
fragments required. The conditions of EcoRI digestion of the pUHGlO-3 vector were
optimised for time and enzyme concentration and an incubation time of 10 minutes with
1 unit of enzyme to every 5 pig of vector DNA was chosen. Inserts and vectors were
ligated overnight at a molar ratio of 4:1 and XL-1 blue competent cells transformed with
the DNA. Plasmid DNA was extracted from successfully transformed bacteria using the
Plasmid DNA ‘mini-prep’ protocol (Chapter 2.2.1.1).
Recombinant vectors were identified by restriction digestion with the S ad
restriction enzyme. EcoRI digestion could not be used because the pUGHlO-3 vector
contained multiple EcoRI restriction sites, which resulted in vector fragments of the
same size as the inserts and thus would have led to confusion on a gel. Digestion with
StuI was used to determine the orientation of Racl constructs since the enzyme cut once
within both Racl and pUGHlO-3.

PvuII, which cut once in RhoA, was used in

combination with Xbal, which cut once in pUHGlO-3, to establish the orientation of
RhoA constructs. Once positive clones had been identified, large quantities of DNA
were generated using the QIAGEN ‘Maxi-prep’ kit (Chapter 2.2.1.2).
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D N A insert;
V 1 2 R a c l (5 7 7 bp), V 1 2 N 1 7 R a c l (5 7 7 bp)

E coR I

V H R h o A (7 8 2 bp), N 1 9 R h o A (5 8 2 bp)

E coR I

1. E coR I d ig est p E X V -3 v ector

Sad

Sad

E coR I

E coR I
3 . L ig a te fragm ents to E co R I-

pUHGlO-3

lin earised p U H G lO -3

e n c o d in g D N A
o f interest

E coR I

m u ltip le
c lo n in g

tet

site

operators
CM V

E coR I

m inim al
prom oter
2. E coR I partial d igest

Intron /3’ tail

p U H G lO -3 v ecto r —>

pUHGlO-3

3701 bp linear fragm ent

(3 7 0 1 b p )

F igure 4.2
Sub-cloning o f mutant active and dominant negative forms o f RhoA
and R acl from the pEXV-3 vector into the pUHGlO-3 vector
EcoRI indicates restnction sites used for the sub-clonm g process
S a d indicates sites used for initial diagnostic digests to confirm presence o f fragment
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: Sub-cloning of mutant active and dominant negative forms of Cdc42

Both mutant active and dominant negative Cdc42 constructs were available as
amino terminus 9E10 c-myc epitope-tagged cDNAs in the pGEX-2T vector, where they
were also fused in-frame to glutathione S-transferase (GST) at the amino terminus
(Nobes and Hall, 1995). The process of sub-cloning was undertaken as illustrated in
Figure 4.3.

Both Cdc42 constructs required PGR amplification from the pGEX-2T

vector in order to remove the GST and replace it with a Kozak consensus sequence and
start codon for efficient expression of each cDNA in mammalian cells (Chapter 2.2.6).
BamHI restriction sites were also included in the design of PGR primers used for
amplification of Gdc42 constructs from Pgex-2t (Figure 4.4), to facilitate ligation into
the pUHGlO-3 vector. Recombinant vectors were identified by restriction digestion
with the BamHI restriction enzyme to yield complete Gdc42 and pUGHlO-3 fragments.
To confirm that fragments were inserted in the correct orientation, further digestions
were performed using PstI, which cut once in both vector and insert. Once a number of
positive clones had been identified, DNA sequencing reactions were performed to
determine whether any mutations had occurred during the process of PGR amplification
(Ghapter 2.2.9).
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G S T -ta g g ed D N A inserts:
V 1 2 C d c 4 2 (5 7 5 bp) & N 1 7 C d c 4 2 (5 7 5 bp)

1. P C R C d c4 2 in p G E X -2 T

2. B am H I d ig e st P C R fragm en ts
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4. L ig a te fragm en ts to lin earised

pUHGlO-3
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o f interest
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B am H I

m inim al
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3. B am H I d ig est vector
3701 bp linear
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fragm ent

pUHGlO-3
(3 7 0 1 b p )

Figure 4.3
Sub-cloning o f mutant active and dominant negative forms o f Cdc42
form pG EX -2T into pUHGlO-3 by PCR
BamHI indicates restriction sites used for sub-cloning Cdc42 constm cts into the
pUHGlO-3 vector
S a d indicates sites used for initial diagnostic digests to confirm presence o f fragment
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a. Primer annel4 (29 bases)
Tm = 73.9 °C

BamHI site

CG GGATCC ACC ATG G AA CAA AAG CTA ATA

5’

_V

overhang

Kozak

V

3’

J

Start

first 5 aa of 9E10 c-myc epitope

b. Primer annel3 (24 bases)
Tm = 63.4 °C

BamHI site

3’

CG GGATCC TTA GAA TAT ACA GCA C

5’

overhang

Figure 4.4
PCR primers designed for amplification of amino terminus 9E10 c-myc
epitope-tagged mutant active and dominant negative Cdc42 constmcts from the pGEX2T vector
a. the forward primer (annel4) contained a BamHI restriction site, a Kozak consensus
sequence , a start ATG codon and part of the coding region for the 9E10 c-myc epitope
b. the reverse primer (annel3) was designed to bind to the end of the Cdc42 sequence
and also contained a BamHI restriction site
CG overhangs were included on each primer to enhance the binding of primer to DNA
Tm shows the melting temperature for each primer
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4.3 : Generation of DLD-1 cells expressing Rho proteins

4.3.1

: Transfection, selection and cloning

pUHGlO-3 expression vectors containing each Rho construct were transfected
into DT-1 cells using lipofectAMINE (GibcoBRL) (Chapter 2.4.6). DT-1 cells had
been previously cloned from DLD-1 cells transfected with the Regulator unit pUHG151 of the two-plasmid tetracycline-regulated expression system, and had subsequently
been shown to express the tTA protein (Thomas Eichholtz, GlaxoWellcome). Since the
Response unit pUHGlO-3 did not contain a resistance-encoding gene, co-transfection
with the pSVj-HYG vector, which expressed the gene encoding resistance to
hygromycin B, was required. To control for the processes of transfection, selection and
cloning, experiments in which DT-1 cells were transfected with the pSVj-HYG vector
alone were performed in parallel (Figure 4.5).
Hygromycin B-resistant clones were observed after three weeks of selection
following lipofection of DT-1 cells with the appropriate expression vectors. Twelve
clones were picked from each of the transfected cell pools by ring cloning, and the
remaining cells combined as a pooled population for each transfection. Each clone was
expanded for analysis of expression by western blotting and aliquots of these cells also
frozen and stored in liquid nitrogen.
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F igure 4.5
Generation o f cell lines
tetracycline-regulated expression system

expressing

components o f the tvvo-plasmid

DLD-1 cells were first co-transfected with the regulator unit pU H G 15-l and a vector
encoding the neom ycin resistance gene. Clones were selected using G 418 and tested for
expression o f tTA (Thomas Eichholtz, G laxoW ellcom e) The clone chosen was named DT-1
DT-1 cells were then transfected with the response unit pUHGlO-3 and the resistance
encoding pSV^-HYG vector to generate cells expressing mutant active or dominant negative
forms o fR h o proteins. DT-1 cells were also transfected with the resistance encoding vector
pSV^-HYG alone to generate pSV^ cells, which acted as controls for this second round o f
transfection, selection and cloning
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4.4 : Analysis of tetracvcline-regulated Rho protein expression

4.4.1

: Western blot analysis of Rho protein expression levels in the presence and

absence of tetracycline

Each of the clones picked was tested for expression of the relevant protein by
western blot analysis. From the twelve clones selected, the aim was to identify cell lines
showing complete repression of Rho protein expression in the presence of tetracycline.
In addition, cell lines expressing different levels of Rho protein in the absence of
tetracycline were desired. Of these, one would ideally be a high expresser and the other
a low expresser, to allow the effects of different levels of protein expression to be
studied.
Levels of Rho protein expression were compared in cells grown in the presence
of tetracycline to cells grown in the absence of tetracycline for 3 days. Where possible
expression of transfected protein was visualised using antibodies to the 9E10 c-myc
epitope, with antibodies to Rho A used to identify expression of N19RhoA. In addition,
antibodies to ERKl were used to control for protein loading between lanes, since ERKl
expression would be expected to be constant across the different cells that were all
cloned from a single cell line.

4.4.1.1 : RhoA-transfected DLD-1 cell clones.

Of the twelve V14RhoA-transfected clones that were assayed, four were found
to show no detectable V14RhoA expression at all (Figure 4.6 a). Such complete lack of
expression indicated that they had probably only taken up the pSVj-HYG expression
vector, which encoded the hygromycin B resistance gene and thus would have enabled
them to survive the selection process. All of the remaining clones showed high levels of
V14RhoA expression in the absence of tetracycline. Staining with antibodies to ERKl
demonstrated that lysates were equally loaded and thus direct comparisons could be
made between lanes.

The two bands generally observed following staining with

antibodies to ERKl probably represent the related p42 and p44 MAPKs. Three clones
were identified and chosen for further analysis, primarily because they showed the
lowest levels of RhoA expression in the presence of tetracycline (Figure 4.6 a). The 1:3
clone showed the lowest level of expression in the presence of tetracycline and very
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high expression of V14RhoA in the absence of antibiotic. The 2:6 and 2:5 clones both
showed low levels of expression in the presence of tetracycline and V14RhoA levels
slightly lower than that of 1:3 when tetracycline was removed. Since levels of RhoA
expression in the presence and absence of tetracycline in the 2:5 and 2:6 clones were
very similar, it was hoped that they would act as internal controls for each other and for
the effects of V14RhoA.
Since antibodies to RhoA were used to determine N19RhoA expression, a
positive control for expression of exogenous RhoA protein, and untransfected cells to
identify endogenous RhoA alone, were included (Figure 4.6 b). It was observed that
endogenous and exogenous RhoA proteins migrated differently on SDS-PA gels. In
addition N19RhoA was expressed in two or even three forms when cells were cultured
in the absence of tetracycline, where only one form was detected in the presence of
tetracycline. In contrast, endogenous RhoA was always detected as two forms. It is
possible that N19RhoA is somewhat unstable and hence subject to degradation,
resulting in a number of smaller forms detected by SDS-PAGE. Previous work has
shown that it is not possible to purify N19RhoA from E. Coli (Self and Hall, 1995).
Originally the 9E10 c-myc epitope was added to the N-terminus of N17Cdc42 in pGEX2T because it was found to stabilise the protein. The same epitope has since been added
to N19RhoA and when this protein is expressed in MDCK cells only a single form is
detected by western blot analysis (Jou and Nelson, 1998). The occurrence of multiple
forms of endogenous RhoA appears to be peculiar to DLD-1 cells, since only single
forms are detected in MDCK epithelial cells (Jou and Nelson, 1998) and MCF-7 breast
cancer cells (data not shown). Two clones were chosen to show a range of N19RhoA
expression levels in the presence and absence of tetracycline. Clone 3:3 was chosen as a
high expresser with good regulation of expression and clone 2:1 as a lower expresser
(Figure 4.6 b).
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Figure 4.6
RhoA protein expression levels in DLD-1 cells transfected with V14RhoA
and N 19R hoA expression vectors
Cells were grown in tlie absence (-) or presence (+) o f tetracy cline (5 pg/m l) for 3 days
prior to lysis, with media changed every day Cell lysates were assayed for total protein
concentration and 25 pg total eel! lysate was loaded in each w ell o f a 12% SDS-PAGE gel
V 14R hoA western blots were probed with antibodies to the 9E10 c-m yc epitope present at
tlie amino terminus o f this protein (a, upper blot). The blots were stripped and re-probed
with antibodies to ERKl to demonstrate equal protein loading (a, lower blot) .
N 19R lioA western blots were first probed with antibodies to RlioA (b, upper blot) The
blots were stripped and re-probed with antibodies to E R X l to illustrate equal protein
loading (b, lower blot). Lysate o f the V14RlioA 1:3 clone grown in the absence o f
tetracycline w as included as a positive control for expression o f exogenous RhoA and
DLD-1 included as a negative control to show only endogenous RlioA
All antibodies were visualised using horseradish peroxidase-linked secondary antibodies.
M = molecular weight marker lane.
Clones highlighted in red are tliose chosen for use in future assay s.
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4.4.1.2 : Racl-transfected DLD-1 cell clones.

Only 10 of the 12 selected VI2Racl-transfected clones and 11 NlTRacltransfected clones survived the expansion process and these were assayed as described
with pooled populations of Racl-transfected cells also included (Figure 4.7). Only a
single V12Racl clone of the 10 tested, failed to express detectable levels of protein with
the remaining clones demonstrating a wide range of expression levels (Figure 4.7 a).
Staining with antibodies to ERKl demonstrated that lysates were equally loaded and
thus direct comparisons could be made between lanes.

Complete repression of

V12Racl expression in the presence of tetracycline was observed in two clones, 1:1 and
2:1. As these clones had different levels of V12Racl expression in the absence of
tetracycline (Figure 4.7 a), both were chosen for further analysis. In addition clone 2:2
was chosen because it expressed considerable levels of V12Racl even in the presence of
tetracycline and could thus be used to study the effects of continuous expression of
V12Racl. Of the 11 N17Racl clones assayed, 4 failed to demonstrate detectable levels
of N17Racl expression (Figure 4.7 b). Clone 2:1 had the lowest level of N17Racl
expression in the presence of tetracycline, and was hence chosen for further analysis.
As 2:1 only expressed low levels of N17Racl in the absence of tetracycline, clone 1:3
was also chosen because it expressed the highest level of N17Racl in the absence of
tetracycline. Once again analysis of ERKl levels demonstrated that all cell lysates had
been equally loaded.
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Figure 4.7
R acl protein expression levels in DLD-1 cells transfected with V 12R acl
and N 17R acl expression vectors
Cells were grown in the absence (-) or presence (+) o f tetracycline (5 pg/m l) for 3 days
prior to lysis, with media changed every day. Cell Usâtes were assayed for total protein
concentration and 25 pg total cell lysate was loaded in each well o f a 12% SDS-PAGE gel
Western blots were first probed with antibodies to the 9E10 c-m yc epitope present at the
amino terminus o f both R acl proteins (a, b, upper blots). The blots were stripped and re
probed with antibodies to ERK l to demonstrate equal protein loading (a. b, lower blots).
All antibodies were visualised using horseradish peroxidase-linked secondary antibodies.
Pool = pooled cell populations from each transfection. The number refers to the original
dish from yvhich clones were pooled and relates to the initial number o f each clone, i.e.
clone 1:2 w as taken from dish 1 and all remaining clones were pooled in Pool 1.
M = molecular weight marker lane
Clones highlighted in red are those chosen for use in future assays.
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4.4.1.3 : Cdc42-transfected DLD-1 cell clones.

V12Cdc42 expression was analysed in the 10 clones that survived expansion and
in two pooled populations (Figure 4.8, a). Clone 1:4 expressed the lowest levels of
V12Cdc42 in the presence of tetracycline, although expression was not completely
repressed.

Of the remaining nine clones, one showed no detectable V12Cdc42

expression and the others all showed poor regulation of expression by tetracycline
(Figure 4.8, a). Clones 1:1 and 2:4 were chosen because they expressed high levels of
protein in the absence of tetracycline, that were similar in each clone and thus they
could act as internal controls for clonal variation. Although staining with antibodies to
ERKl revealed some variation in the amount of protein loaded from each cell lysate,
this appeared to be due to problems associated with ECL of ERKl antibodies. This was
concluded because differences in protein levels were not consistent, with fluctuations in
the number of bands detected while band intensity remained constant (Figure 4.8, a).
Each of the pooled populations showed reduced expression in the presence of
tetracycline, although the very low levels of expression in pool 2 were unusual. It is
possible that the majority of the clones within this population had only taken up the
PSV2 -HYG vector, resulting in the low level of expression detected.

All of the 8

N17Cdc42-transfected clones that survived expansion were analysed and expressed
detectable levels of N17Cdc42 protein (Figure 4.8, b). Only clone 3:3 showed complete
repression of N17Cdc42 expression in the presence of tetracycline but was also
observed to express only very low levels of protein in the absence of tetracycline that
may be too low to inhibit endogenous Cdc42 activity (for review see Feig, 1999). Clone
3:2 was chosen because it had the highest level of N17Cdc42 expression, although this
was accompanied by an almost complete lack of tetracycline regulation.
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Figure 4.8
Cdc42 protein expression levels in DLD-1 cells transfected with V12C dc42
and N 17C dc42 expression vectors
Cells were grown in the absence (-) or presence (+) o f tetracycline (5 pg/m l) for 3 days
prior to lysis, with media changed every day. Cell lysates were assayed for total protein
concentration and 25 pg total cell lysate was loaded in each w ell on a 12% SDS-PAGE gel.
Western blots were first probed with antibodies to the 9E10 c-m yc epitope present at the
amino terminus o f both Cdc42 proteins (a, b, upper blots). The blots were stripped and re
probed with antibodies to E R X l to demonstrate equal protein loading (a. b, lower blots).
Pool = pooled cell populations from each transfection. The number refers to the onginal
dish from w hich clones were pooled and relates to the initial number o f each clone, i.e.
clone 1:2 w as taken from dish 1 and all remaining clones were pooled in Pool 1.
All antibodies were visualised using horseradish peroxidase-linked secondary antibodies.
M = molecular weight marker lane.
Clones highlighted in red are those chosen for use in future assays.
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Comparison of expression levels of exogenous and endogenous Rho

proteins in DLD-1 cells

To determine the significance of mutant active and dominant negative Rho
protein expression levels, antibodies to RhoA, Racl and Cdc42 were used to compare
levels of expression of exogenous Rho proteins with their endogenous counterparts in
each clone. In addition, to determine whether the level of tTA protein expressed in cells
was responsible for the different levels of Rho protein expression observed across
clones, tTA protein expression was studied using antibodies to the tetR domain (Chapter
2.1.6.1). As had been observed for N19RhoA (Figure 4.6), each exogenous Rho protein
migrated more slowly than its’ endogenous counterpart on SDS-PAGE gels and thus the
proteins could be easily distinguished.

Only a selection of clones including those

chosen by previous western blot analysis of protein expression, were analysed (Figures
4.6, 4.7 and 4.8).

4.4.2.1 : RhoA protein expression

Antibody staining for ERKl illustrated that not all wells were loaded equally,
with significantly more lysate loaded for the N19RhoA 3:3 clone (Figure 4.9 a).
Subsequently levels of endogenous RhoA did not appear to be constant across the
clones, although this was most likely due to unequal loading and ideally the gel should
have been run again (Figure 4.9 a). The apparent difference in RhoA levels shown for
DLD-1 cells again reflects unequal loading of cell lysate, rather than a significant effect
of tetracycline on RhoA expression.
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Figure 4.9
Expression levels o f tTA, exogenous and endogenous RhoA proteins
in DLD-1 cells transfected with V M R hoA and N 19R lioA expression vectors
Cells were grown in the absence (-) or presence (+) o f tetracycline (5 pg/m l) for 3
days prior to lysis, with media changed daily Cell lysates were assayed for total
protein concentration and 25 pg o f each total cell lysate was resolved by SDS-PAGE.
Western blots in (a) were first probed with antibodies to RhoA to compare the levels
o f expression o f mutant active or dominant negative RhoA with endogenous RhoA.
The blots were then stripped and re-probed with antibodies to the tetR domain o f the
tTA to evaluate levels o f tTA expression in the different cell lines. DLD-1 cells were
included as a negative control for tTA. Blots were finaly stripped and re-probed with
antibodies to ERKl to demonstrate equal loading.
Western Blots in b) were first probed with antibodies to the tetR domain o f the tTA to
evaluate levels o f tTA expression in the different cell lines. The blots were then
stnpped and re-probed with antibodies to ERKl to demonstrate equal loading. pSV^
cells were included to show tTA expression.
All antibodies were
antibodies

visualised

using horseradish
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Interestingly, the V14RhoA protein migrated as a single entity, while
endogenous protein was detected as two bands, which made it somewhat difficult to
compare relative expression levels directly. In the absence of tetracycline, levels of
V14RhoA were considerably higher than endogenous protein, while in the presence of
antibiotic levels were similar to endogenous (Figure 4.9 a). As had been observed
previously, N19RhoA migrated as a single band in the presence of tetracycline and as
three bands upon removal of antibiotic. Each of these bands was observed to be weaker
than endogenous and thus expression of N19RhoA may have been insufficient to inhibit
endogenous RhoA function completely. As the activity of these different forms of both
endogenous RhoA and N19RhoA is unknown however, only further assays using these
cells would reveal whether levels were sufficient to affect endogenous RhoA activity.
Western blotting with the tetR antibody confirmed that DLD-1 control cells did
not express the tTA protein, while pSVj control cells expressed similar levels of tTA to
all other clones (Figure 4.9), when differences in protein loading were taken into
account. This data demonstrated that levels of tTA expression were not responsible for
the different levels of Rho protein expression observed in the different clones.
Interestingly, the tetR antibody clearly only bound tTA protein when cells were cultured
in the absence of tetracycline. It is possible that in the presence of tetracycline when the
tetR domain of the tTA would be bound by the antibiotic, it is not available to the
antibody.

4.4.2.2 : Racl protein expression

The level of endogenous Racl remained constant across clones whether cells
were grown in the presence or absence of tetracycline and thus irrespective of V12Racl
or NlTRacl expression (Figure 4.10). Very low expression of V12Racl in clones 1:1
and 2:1 was detected with the Racl antibody, even though expression had not been
detected with the 9E10 c-myc antibody (Figure 4.7 a). This suggests that the 9E10 cmyc antibody was less sensitive than the Racl antibody. Expression levels of V12Racl
in each clone grown in the absence of tetracycline were above endogenous Racl levels,
while levels in the presence of tetracycline in most clones were below endogenous
Racl. Only clone 1:6, in the presence of tetracycline, had almost equal levels of Racl
expression to those of endogenous Racl. ERKl staining demonstrated approximately
equal loading of protein from the V12Racl clones. In addition, tTA levels were similar
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in all three clones and therefore as with RhoA clones, differences in Racl expression
were not due to variations in tTA expression.
The comparison of NlTRacl expression with endogenous Racl was of most
interest because high levels of dominant negative protein are expected to be required to
inhibit endogenous Racl function (for review see Feig, 1999), and thus levels above
those of endogenous were desired. ERKl expression levels revealed approximately
equal loading between lanes (Figure 4.10).

Relative levels of NlTRacl expression

between clones detected by antibodies to Racl reflected those observed with antibodies
to the 9E10 c-myc epitope (Figure 4.T b).

Levels of NlTRacl were higher than

endogenous Racl in clones 3:1 and 1:3 and equal to endogenous in clone 2:1 grown in
the absence of tetracycline, with clone 1:3 expressing the highest levels. Expression of
NlTRacl in all clones in the presence of tetracycline, was below that of endogenous and
therefore was unlikely to be sufficient to inhibit endogenous Racl activity completely.

4.4.2.3 : Cdc42 protein expression

Levels of NlTCdc42 were significantly higher than those of endogenous Cdc42
in both clones tested and thus effects of this protein were expected to be easily
detectable. The most interesting result for V12Cdc42 cells was observed for clone 1:1
which showed no V12Cdc42 expression in the presence of tetracycline and yet on the
previous gel had shown high levels of expression (Figure 4.10 compared with Figure
4.8). In contrast, levels of V12Cdc42 expression in clones 1:4 and 2:4 were similar to
those observed in Figure 4.8. Levels of V12Cdc42 when compared with endogenous
were only increased in clone 2:4 grown in the absence of tetracycline, with clones 1:1
and 1:4 showing far lower levels than endogenous. Interestingly levels of endogenous
Cdc42 varied amongst the cells, with V12Cdc42 1:1 cells having higher levels that may
confirm that an increased amount of total cell lysate had been loaded in these wells.
DT-1 cells were included to show that they expressed tTA protein, as did pSV2 cells,
unlike DLD-1 cells (Figures 4.11 and 4.9).
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Figure 4.10
Expression levels o f tTA, exogenous and endogenous Racl
proteins in DLD-1 cells transfected with V 12R acl and N lT R acl expression
vectors
Cells were grown in the absence (-) or presenee (+) o f tetracycline (5
pg/m l) for 3 days pnor to lysis, with media ehanged eveiy day Cell lysates
were assayed for total protein concentration and 25 pg o f each total cell
lysate was resolved by SDS-PAGE
Western Blots were first probed with antibodies to the tetR domain o f the
tTA to evaluate levels o f tTA expression in the different Rac 1-expressing
cell lines The blots were then stnpped and re-probed with antibodies to
R acl to compare levels o f expression o f mutant active or dominant negative
R acl with endogenous R acl Finally the blots were once again stripped
and re-probed with antibodies to ERKl to demonstrate equal loading
A ll antibodies were
secondary antibodies.
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Figure 4.11
Expression levels o f tTA, exogenous and endogenous Cdc42 proteins in
DLD-1 cells transfected with V 12Cdc42 and N l7C dc42 expression vectors.
Cells were grown in the absence (-) or presence (+) o f tetracycline (5 pg/m l) for 3 days
prior to lysis, with media changed eveiy day. Cell lysates were assayed for total protein
concentration and 25 pg o f each total cell lysate was resolved by SDS-PAGE.
Western Blots were first probed with antibodies to Cdc42 to compare levels o f expression
o f mutant active or dominant negative Cdc42 with endogenous Cdc42. The blots were then
stnpped and re-probed with antibodies to the tetR domain o f the tTA to evaluate levels o f
tTA expression in the different Cdc42-expressing cell lines. The blots were once again
stnpped and re-probed with antibodies to the 9E10 c-m yc epitope present on each Cdc42
construct and finally re-probed with antibodies to ERKl to demonstrate equal loading.
DT-1 cells were included to demonstrate expression o f the tTA in these cells, to illustrate
levels o f endogenous Cdc42 in control cells and to act as a negative control for the 9E10 cmyc antibody.
All antibodies were visualised using horseradish peroxidase-linked secondai} antibodies.

167

Chapter 4

Generation ofRho protein-expressing DLD-1 cell lines

Probing with antibodies to ERKl revealed approximately equal loading of this
gel (Figure 4.11). Despite the tTA data showing correct loading of N17Cdc42 2:2 cell
lysate under different antibiotic situations, higher levels of expression were detected in
the presence of tetracycline than in the absence.

These results appeared directly

reversed when compared with previous data (Figure 4.8) and may have been explained
by a loss of N17Cdc42 2:2 (-) cell lysate from the well, since this lysate was very dilute
and the well was overloaded. As for RhoA and Racl clones, levels of tTA did not
directly correspond to levels of expressed protein (Figure 4.11). However for the first
time tTA expression was observed to differ between cells. Firstly, unusually high levels
of tTA were observed in the V12Cdc42 1:1 lysate but did not correlate with the highest
levels of V12Cdc42 expression. Secondly, almost no tTA was detected in V12Cdc42
1:4 lysate yet V12Cdc42 protein was expressed, albeit at very low levels.

tTA

expression across the four remaining cell lines reflected that seen for other cells on
previous western blots (Figures 4.9 and 4.10).
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4.5 : Manipulation of the tetracvcline-regulated expression system

4.5.1

: Titration of tetracycline conditions for optimal repression and induction

of expression

V12Racl 2:1 cells were used to study the effects of reduced concentrations of
tetracycline on regulation of expression (Figure 4.12 a) because these cells had
previously been observed to express undetectable levels of V12Racl protein in the
presence of 5 pg/ml of antibiotic (Figure 4.7 a). It was observed that expression of
V12Racl in the absence of tetracycline rose over the first two days after removal of
antibiotic and then reached a plateau. The concentration of tetracycline did not affect
expression in these cells, with no V12Racl protein detected in lysates prepared from
cells under any conditions where tetracycline was present (Figure 4.7 a).
V12Racl 2:2 cells were also tested because expression in these cells had
previously been observed to be very poorly regulated by 5 pg/ml tetracycline (Figure
4.7 a). In these cells expression of V12Racl increased over the three days after removal
of tetracycline (Figure 4.12 b). The only difference in these two experiments was that
the media were not changed on the V12Racl 2:2 cells where it had been replaced daily
on the V12Racl 2:1 cells. V12Racl expression was also shown to rise over time in the
presence of tetracycline, when the antibiotic was not renewed on a daily basis (Figure
4.12 b). However, the original concentration of tetracycline, at least over this range, did
not appear to affect this regulation.
Finally, as continual increasing levels of expression had been observed for
V12Racl 2:2 cells under conditions where media were not changed, V12Racl 2:1 cells
were tested once again without constant medium changes (Figure 4.12 c). Under these
conditions the level of V12Racl protein also demonstrated a continual increase, at least
over the six-day period tested here. It may be that removal and replacement of the
media on a daily basis was not optimal for gene expression.
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a) V 12R acl 2:1 cells were incubated in the absence (-) or presence o f tetracycline
(1, 2 or 5 p-g/ml) for 1 - 3 days as indicated, with media changed daily.
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Regulation o f expression by tetracycline in V 12Rac 1 cell lines.

Cells were cultured w ith or without tetracycline as indicated. Cell lysates were assayed
for total protein concentration and 25 pg total cell lysate w as loaded in each w ell for
analysis by SDS-PAG E
Western Blots were probed with antibodies to the 9E10 c-m yc epitope present on the
V 12R acl protein to compare levels o f expression o f V 12R acl under the different
conditions. Where shown, the blots were then stripped and re-probed with antibodies to
ERKl to demonstrate equal loading.
All antibodies were visualised using horseradish peroxidase-linked secondary antibodies.
M = molecular weight marker lane
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Comparison of doxycycline with tetracycline as an inhibitor of Rho

protein expression

Doxycycline is a more potent analogue of tetracycline but has been reported to
remain active in cells for longer than tetracycline, with periods of up to nine days after
removal of 1 \igjm\ doxycycline required before resumption of near normal promoter
activity was achieved (A-Mohammadi et al, 1997). The most desirable situation would
be a fast on/off switching of protein expression and complete abolition of tTA activity
in the presence of antibiotic.

Experiments were therefore undertaken to study the

differences in control of the tetracycline-regulated expression system by tetracycline and
doxycycline.
V12Cdc42 1:4 cells were used to study the relative merits of doxycycline
compared with tetracycline in the control of expression of V12Cdc42 protein. These
cells had previously been shown to express only very low levels of protein in the
presence of 5 pig/ml tetracycline and high levels in the absence of antibiotic (Figure 4.8
a) and thus should allow even small changes in expression to be detected.

ERKl

staining revealed approximately equal loading of total cell lysate (Figure 4.13 a and b).
V12Cdc42 1:4 expression levels rose over the first two days after removal of antibiotic
and then reached a plateau as had been observed with V12Racl 2:1 cells (Figure 4.13
and 4.12 a). When antibiotic was included in the media and not replenished, V12Cdc42
expression consistently increased over the three days although never reached levels
equivalent to those of cells grown in the absence of antibiotic (Figure 4.13). These
results illustrated that although the activity of both tetracycline and doxycycline
decreased with time, significant activity remained after three days. A longer timecourse could have been carried out to determine the length of time taken for each
antibiotic to degrade completely, leading to maximum expression of the transfected
protein.
When V12Cdc42 expression under the control of either tetracycline or
doxycycline was compared, the pattern of degradation of each compound was observed
to be similar, with increased amounts of V12Cdc42 detected over the three-day period.
Therefore since both compounds degraded over time and as yet no detrimental effects of
tetracycline had been noted, it was decided to continue with the conditions of 5 |ig/ml
tetracycline to repress protein expression.
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da\
0.1

2 da\ s

-

0. 1

3 days
1

0 1

1

30 kD a

a-cm yc
2 1 .5 kD a >

a-E R K l

4 0 kD a

Figure 4.13
1:4 cells.

Regulation o f expression by tetracycline and doxycycline m V12Cdc42

Cells were grown in the absence (-) or presence o f tetracycline (0.1, 1 or 10 pg/ml) or
doxycycline (0.1 or 1 pg/m l) as indicated, for 1 to 3 days prior to lysis Media were
changed daily on cells incubated in the absence o f antibiotic, but not changed on those
incubated in the presence o f tetracycline Cell lysates were assayed for total protein
concentration and 25 pg o f total cell lysate loaded in each w ell for SD S-PAG E analysis.
Western Blots were first probed with antibodies to the 9E10 c-m yc epitope present on the
V12C dc42 protein to compare leyels o f expression o f V 12C dc42 under the different
conditions. The blots were then stnpped and re-probed with antibodies to ERKl to
demonstrate equal loading
All antibodies were yisualised using horseradish peroxidase-linked secondary antibodies.
M = molecular weight marker lane
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An interesting conclusion from these assays was the finding that protein
expression levels could be manipulated by altering the concentration of tetracycline
present in the growth media. Such controlled expression might prove useful for future
assays to determine effects of minor alterations in Rho protein expression.

4.5.3

: Continued regulation of expression with time

Final experiments were undertaken to determine whether the tetracyclineregulated expression system remained active after long-term expression of exogenous
protein. Thus western blot analysis of Rho protein expression was conducted on cells
that had been continually grown in the absence of antibiotic for extended periods of
time. Even after three weeks growth in the absence of tetracycline, just three days re
incubation with the antibiotic was sufficient to reduce expression levels of Racl and
Cdc42 proteins to basal levels (Figure 4.14). Levels of exogenous protein expression
were similar to those observed previously (Figures 4.6, 4.7 and 4.8). The pattern of
expression therefore did not change with time and expression of neither the tTA protein
nor the exogenous protein was switched off or downregulated in the cells tested.
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Figure 4.14

Regulation o f expression by tetracycline over a three w eek period.

A) Cells were grown in the absence o f tetracycline for 3 w eeks Cells were then
incubated in the absence (-) or presence (+) o f tetracycline (5 pg/m l) for a further 3
days prior to cell lysis, w ith media changed daily.
B) Cells cultured as indicated in Figures 4 7 and 4.8.
Cell lysates were assayed for total protein concentration and 25 pg total cell lysate
was loaded in each well for SDS-PAG E analysis.
Blots were probed with antibodies to the 9E10 c-m yc epitope present on each
protein.
All antibodies were visualised using horseradish peroxidase-linked secondai}
antibodies.
Cell lysate taken from V M R hoA 1:3 cells incubated in the absence o f tetracycline
for 3 days pnor to lysis was used as a positive control for expression o f the 9E10
c-m yc epitope.
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4.6 : Discussion

This work generated a panel of cell lines showing inducible expression of
dominant negative and mutant active Rho proteins. However no clones were isolated
that showed complete inhibition of exogenous protein expression in the presence of
tetracycline. This is a known drawback of the tetracycline system, where the isolation
of cells displaying low background and significant activation of the gene of interest
often requires screening of a large number of individual clones (for review see Blau and
Rossi, 1998). It may have been possible to generate clones with complete inhibition of
expression by screening more clones. An important consideration here is that if a low
level of protein expression enhances growth, clones picked earlier are more likely to be
low expressers in the presence of tetracycline.

Although a range of different sized

clones was chosen in an attempt to avoid this situation, in hindsight it may have been
better to pick a second round of clones some weeks after the first.
Several potential reasons for this high level of background expression have been
suggested. Poor regulation could be due to the repressive chromatin environment that
has been proposed to result from the integration of multimerised plasmids in the genome
of target cells. In addition, basal expression levels derived from the chimeric tetOminimal CMV promoter are highly variable in different cell types, leading to differences
of several orders of magnitude in the relative levels of gene induction (Rossi and Blau,
1998). This is illustrated in MDCK cells which express mutant active and dominant
negative RhoA and Racl using this expression system, and which show complete
inhibition of expression of exogenous protein in the presence of tetracycline (Jou and
Nelson, 1998). The level of background expression may also depend on the site of
integration. The plasmid carrying the gene of interest may integrate into a site where
expression is enhanced by surrounding promoter regions, and cancer cell lines are more
likely to have an increased number of upregulated promoters that could cause continued
gene expression.

However, when p21^^" was expressed in DLD-1 cells, protein

expression was completely repressed in the presence of 2 pg/ml tetracycline as assayed
by western blotting, although some mRNA was detected (Chen et al, 1995).
The data obtained from cells grown in the absence of tetracycline for a period of
3 weeks was encouraging. It demonstrated that expression levels could be returned to
basal following just 3 days incubation with tetracycline. In addition, no changes in the
level of expression within a clone were detected, when compared with data produced
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soon after the clones were first isolated. This indicated that whatever effects long-term
Rho protein expression had on cells, the level of expression across the cell population
was maintained, demonstrating that there was no selective pressure for cells not
expressing in this system.
All clones tested showed a significant increase in protein expression upon
removal of tetracycline, with large variations observed across clones. The reason for
this variation is unknown and has been demonstrated not to be due to different levels of
tTA expression. Instead it may result from the number of copies of each plasmid that
integrate into the host genome. Interestingly clones with inducible expression levels
above those of endogenous Rho proteins were isolated for each construct, except
N19RhoA. This suggests that DLD-1 cells do not tolerate high levels of N19RhoA
protein. Therefore the multiple forms of N19RhoA protein detected by western blot
analysis in the absence of tetracycline may represent degraded forms of the protein. It
would be of interest to study mRNA expression in these cells in an attempt to determine
at what point downregulation of N19RhoA begins.

There is a history of problems

associated with expression of N19RhoA in mammalian cells and bacteria, hence the
general use of C3 transferase to inhibit Rho activity, rather than the dominant negative
construct.

For further experiments a significantly enhanced level of Rho protein

expression over endogenous is required, especially for dominant negative proteins (for
review see Feig, 1999).

Therefore the N19RhoA clones isolated may not express

sufficient protein to inhibit endogenous RhoA activity. This could be tested by using a
‘pull-down’ assay to determine the level of RhoA activity in cells expressing N19RhoA
compared with control cells (Zondag et al, 2000).
It is interesting to note that other researchers have tended to use tetracycline
analogues rather than tetracycline itself, including doxycyline (Jou and Nelson, 1998)
and anhydrotetracycline (Dutartre et al, 1996), although previous work with DLD-1
cells effectively utilised tetracycline (Chen et al, 1995). In the assays described here, no
difference between the effects of doxycycline and tetracycline were observed on
expression levels of exogenous protein and thus further work continued with
tetracycline. In contrast, different effects were noted with different medium change
protocols. It appeared that cells on which the medium had not been changed, expressed
higher levels of protein. This may be due to the presence of factors in this ‘conditioned’
medium, which enhanced expression of the gene of interest. Comparing expression
levels of cells grown in normal and conditioned media could test this hypothesis.
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However for experiments in which comparisons were to be made between cells grown
in the presence and absence of tetracycline, medium changes would be required to
replenish tetracycline and thus medium would also have to be changed on cells grown in
the absence of tetracycline. Therefore it was decided to change medium every two to
three days, since this gave cells time to express high levels of protein, but hopefully not
to exhibit too much basal expression in the presence of tetracycline.
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Chapter 5
RhoA expression in DLD-1 ceils
5.1 : Introduction

The first biological function for RhoA was established in fibroblasts, where it
regulates the formation of actin stress fibres and focal adhesions (Ridley and Hall,
1992).

Subsequently RhoA has been shown to regulate a diverse set of cellular

responses including cell morphology, adhesion, gene transcription, cell cycle
progression and cytokinesis (see Chapter 1). RhoA is also required for Ras-induced
transformation of fibroblasts (Qiu et al, 1995b), although the precise role of RhoA in
transformation is unknown with some work demonstrating a requirement for RhoA in
Ras-induced cell cycle progression (Olson et al, 1998), while others have used ROCK
mutants to implicate RhoA in anchorage-independent growth and focus formation of
Ras- and Dbl-transformed fibroblasts (Sahai et al, 1999). Although RhoA has been
shown to have some transforming ability alone (Perona et al, 1993, Khosravi-Far et al,
1995), this is relatively weak and has been shown to be cell-type specific (Qiu et al,
1995b). Other research suggests a role for RhoA as a tumour suppressor (Moscow et al,
1994, Cleverley et al, 2000). Together this work suggests that a precise level of RhoA
protein activity is required for both normal and transformed growth and thus in different
cell types and situations Rho may act as a tumour suppressor or as an oncogene. In this
project, the effects of activating and inhibiting RhoA were studied in the colon
carcinoma-derived DLD-1 cell line to further analyse the role of RhoA in
transformation. As a carcinoma cell line, DLD-1 cells were expected to show a number
of transformed characteristics, including an enhanced rate of growth and loss of contact
inhibition, the ability to grow under reduced serum conditions, acquisition of anchorage
independent growth (AIG), and growth as large, disorganised structures on Matrigel.
Therefore each of these was studied in turn and comparisons made between RhoA
protein-transfected and control-transfected parental cells.

To characterise the effects of altered RhoA protein activity on the behaviour of
DLD-1 cells, clones were chosen where the level of RhoA protein expression was
tightly regulated by tetracycline. In addition, clones expressing different levels of RhoA
protein in the absence of tetracycline were chosen to determine the effects of differing
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levels of protein expression. Five clones expressing either dominant negative RhoA
(N19RhoA) or mutant active RhoA (V14RhoA) were chosen on the basis of western
blot analysis of relative expression levels (Figures 4.6 and 4.9). N19RhoA 2:1 cells
expressed low levels of N19RhoA protein in the absence of tetracycline and showed
good repression of expression by tetracycline. Cells of the N19RhoA 3:3 line expressed
much higher levels of N19RhoA protein in the absence of tetracycline, although levels
were still below those of endogenous RhoA (Figure 4.9).

Although all V14RhoA-

expressing cells showed expression of V14RhoA in the presence of tetracycline, they
also showed a large increase in the level of V14RhoA upon removal of tetracycline, to
levels above those of endogenous RhoA (Figure 4.9). V14RhoA 1:3 cells were chosen
as a high expressing cell line, while two further lines, V14RhoA 2:5 and 2:6, which
expressed lower levels of V14RhoA protein were chosen to act as internal controls for
the effects of V14RhoA expression.
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5,2 : Morphological characterisation

The morphology of RhoA-expressing DLD-1 cells was examined using phasecontrast microscopy of growing cells and confocal microscopy of fluorescently-labelled
cells. The main purpose was first to determine whether manipulation of RhoA activity
resulted in alterations in cell morphology and to correlate this with actin cytoskeletal
organisation. The second aim was to investigate the localisation of exogenous RhoA
protein within cells.

5.2.1

: Morphology of control cell lines

To determine whether any morphological changes had resulted from expression
of either of the two plasmids of the tetracycline-regulated system, or through successive
rounds of cloning and selection, the morphology of control cell lines derived from each
stage of the cloning procedure was compared. DLD-1 cells were from the original
DLD-1 line derived from a human colon carcinoma (Dexter et al, 1981). DT-1 cells
were sub-cloned from DLD-1 cells and contained the Regulator vector pUHG15-l of
the two-plasmid tetracycline-regulated system. Finally, cells of the pSVz line expressed
the hygromycin resistance gene, and were generated from the DT-1 line, as were all
other clones expressing Rho proteins (see Chapter 4).
The parental DLD-1 cells consisted of a homogenous cell population that grew
as tightly packed colonies and showed a regular pattern of colony expansion (Figure
5.1). Individual cells within a colony did not spread and the cellular space consisted
primarily of the cell nucleus, although a number of cells at colony edges extended
lamellipodia (Figure 5.1 b, arrows).

DT-1 cells grew with a similar organisation,

although cells were observed to be less tightly packed together (Figure 5.1 c, d). In
addition, the majority of cells at the edge of DT-1 colonies possessed lamellipodia and
were more spread than cells within colonies (Figure 5.1 d, arrows). Cells of the pSVz
line resembled those of their parental DT-1 line, with no discernible morphological
differences (Figure 5.1 e, f). During routine cell culture of the control cell lines it was
observed that cells failed to show contact inhibition of growth at confluence, a
characteristic common to transformed cells.

Instead, cells grew over each other as

visualised by growing DT-1 cells on a collagen-coated filter and examining histological
sections (Figure 5.2). These cells also failed to form a polarised monolayer when grown
on filters, indicating a loss of normal epithelial organisation in DLD-1 cells (Figure 5.2).
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M orphology o f control DLD -1-denved cell lines

Phase contrast microscopy images are shown o f DLD-1 cells (a, b), DT-1 cells (c, d)
and pSV^ cells (e, f) growing on tissue culture plastic.
Images in (b), (d) and (f) show parts o f (a), (c) and (e) at 2 x higher magnification.
Scale bars = 50 pm.
Arrow s indicate lamellipodia extending from cells at colony edges.
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Figure 5.2
Histological section o f DT-1 cells grown
on collagen-coated transwell filters (kindly provided by
Gillian Brown, G laxoW ellcom e)
Cells were glutaraldehyde fixed and toluidine blue stained
as detailed in 2.4.13.
Scale bar = 20 pm
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The organisation of the actin cytoskeleton in control cells was examined and
demonstrated that all control cells, as represented by DT-ls, showed a similar actin
organisation (Figure 5.3). Cells within colonies contained many F-actin bundles that
resembled stress fibres (red arrows), in addition to lamellipodia (green arrows) and
filopodia (yellow arrows). All DLD-1 cells including cells at the colony edge, showed
this pattern of actin organisation (Figure 3.6). Cells at the edge of colonies of DT-1 and
pSVz cells had fewer actin bundles and exhibited lamellipodia and membrane ruffles
(blue arrows). These outer cells all had peripheral actin filaments which appeared as a
ring of F-actin bundles running around the colony periphery (Figure 5.3, white arrows).

5.2.2

: Morphology of N19RhoA-expressing cells

Phase contrast images of live cells on tissue culture plastic demonstrated that
induction of N19RhoA expression had little effect on cell morphology (Figure 5.4
compared with Figure 5.1). Cells grew with a similar organisation to that observed for
DT-1 and pSV 2 control cell lines, showing a regular pattern of colony expansion with
cells only spreading when located at the edge of a colony. It should be mentioned that
for all Rho protein-transfected cell lines, phase contrast images were taken of
representative cells since no staining was performed to determine whether cells
expressed exogenous protein.
When N19RhoA-expressing cells were stained to visualise actin organisation,
gaps were observed between many neighbouring cells (Figure 5.5). Cells appeared to
be retracting from one another, although a network of finger-like extensions could be
seen maintaining intercellular adhesion (Figure 5.5, white arrows).

Cells within

colonies also showed a decrease in stress fibres when compared to control DT-1 cells
(Figure 5.3), with a faint, punctate F-actin staining pattern present in the centre of these
cells (Figure 5.5, red arrows). Cells also possessed membrane ruffles and showed an
increased number of structures resembling filopodia (Figure 5.5, blue and green
arrows), although these may have been retraction fibres. As the N19RhoA constructs
did not possess an epitope tag, it was not possible to determine definitively which cells
expressed N19RhoA protein. However, since the phenotype of these cells differed from
that of control cells and was consistent with decreased RhoA activity, it is likely that the
majority of these cells were positive for N19RhoA.
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Figure 5.3

Localisation o f actin filaments in D T -1 cells

Cells were fixed in 4% formaldehyde and stained with TRITC-conjugated
phalloidin to visualise F-actin. Red arrows indicate F-actin bundles, green
arrows indicate lamellipodia on cells within the colony, yellow arrows
indicate filopodia. blue arrows indicate lamellipodia and membrane ruffles on
cells at the colony edge and white arrow s indicate peripheral F-actin bundles
Scale bar = 10 pm
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Figure 5.4
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Morphology o f N 19RhoA-expressing D L D -1cells

Phase contrast microscopy images are shown o f N19R hoA 2:1 cells (a. b) and N 19R hoA
3:3 cells (c, d) growing on tissue culture plastic. Tetracycline was removed from the
growth media 2 days prior to seeding and cells grow n for a further 7 days m the absence o f
tetracycline
Images m (b) and (d) show parts o f (a) and (c) at 2 x higher magnification.
Scale bars - 50 pm
Western blots are included to illustrate the relative levels o f N 19RhoA expression (Figure
4.6). Cells were grown in the presence (+) or absence (-) o f tetrac\ cline for 3 days prior to
lysis and N 19RhoA expression was detected using an antibody to RiioA (26C4).
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F igure 5.5

Actin organisation in N l9R hoA -expressing cells

N 19R hoA 2:1 (a) and 3:3 (b) cells were grown in the absence o f tetracycline
for 4 days, fixed in 4% formaldehyde and then stained with TRITCconjugated phalloidin to visualise polymerised actin Scale bar = 20 pm
W hite arrows indicate networks o f inter-cellular finger-like extensions, red
arrows indicate punctate actin staining within cells, blue arrows show
membrane ruffles and green arrows show long filopodial extensions.
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: Morphological changes induced by expression of V14RhoA

Expression of V14RhoA clearly altered the morphology of DLD-1 cells (Figure
5.6).

VI4RhoA-expressing cells grew in less tightly packed, more disorganised

colonies, when compared with control DT-1 cells (Figure 5.1). Cells were generally
larger in area, even within a colony, although few possessed lamellipodia. A number of
cells had multiple nuclei (Figure 5.6, white arrows), that were not observed in control
cells. Small, rounded up cells were observed in images of each of the V14RhoA cell
lines (Figure 5.6, black arrows) and a single cell was observed to have retracted and
rounded up in the image of V14RhoA 1:3 cells, and was concluded to have died (Figure
5.6, red arrow).
V14RhoA-expressing cells possessed a dense network of F-actin cables
resembling stress fibres (Figures 5.7 and 5.8), as had been observed upon injection of
V14RhoA protein into DLD-1 cells (Figure 3.7).

Many cells expressing V14RhoA

were larger than controls, although occasional highly expressing cells were smaller and
contracted, appearing even more densely packed with actin filaments (Figures 5.7 and
5.8, red arrows).

V14RhoA was diffusely localised throughout the cytoplasm, but

absent from cell nuclei (Figures 5.7 and 5.8). Vacuoles were also present and were
generally more apparent in the larger cells (Figure 5.7, blue arrows). As had been
observed by phase contrast microscopy multiple nuclei were visible in some cells
(Figures 5.7 and 5.8). However, nuclei appeared to be septated into multiple smaller
nuclear compartments, rather than completely separate whole nuclei.

Each nuclear

compartment was smaller than a single nucleus and new septa were also visible (Figure
5.7, white arrows). This phenomenon was observed in both V14RhoA cell lines tested,
but only very rarely in control cells.
From the confocal images showing V14RhoA protein localisation it was clear
that not all cells expressed detectable levels of V14RhoA and there was variation
between cells in the level of expression. The two cell lines tested also showed different
numbers of cells staining positively for V14RhoA expression. Therefore it is likely that
expression levels detected by western blotting reflected the percentage of cells
expressing rather than the level of expression in all cells.

This heterogeneity of

expression occurred to varying degrees in all cell lines examined and will be discussed
later.
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VMRhoA
2:6

Figure 5.6

VMRhoA
2:5

VMRhoA
1:3

Morphology o f D L D -1 cells expressing V 14RhoA

Phase contrast microscopy images o f V M R hoA 2:6 (a. b), V M R hoA 2:5 (c, d) and
V M R hoA 1:3 (e, f) cells growing on tissue culture plastic. Cells were grown for a total o f
9 days in the absence o f tetracycline. Images in (b), (d) and (f) show (a), (c) and (e) at 2 x
higher magnification. White arrows indicate multmucleate cells, black arrows indicate
rounded up cells and the red arrow show s a dying cell Scale bars = 50 p.m.
Western blots are included to illustrate the relative levels o f V M R hoA expression (Figure
4 .6). Cells were grown in the presence (+) or absence (-) o f tetracycline for 3 days prior to
lysis and V MRhoA expression detected using an antibody to the 9E10 c -m \c epitope.
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Figure 5.7

Actin organisation and V M R hoA protein localisation in V M R hoA 1:3 cells

Cells were grown in the absence o f tetracycline for 4 days and stained with antibodies to the
9E10 c-m yc epitope to locate V M R hoA protein (b, d, f). Cells were counterstained with
TRITC-conjugated phalloidin to visualise F-actin (a. c, e). Basal (a, b), mid (c, d) and apical (e,
f) sections were collected by confocal m icroscopy to illustrate protein localisation throughout
the cell. The red arrow indicates a retracted cell, blue arrows indicate vacuoles and white
arrows indicate possible new septum formation in nuclei. Scale bar = 20 pm
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Figure 5.8
cells

Actin organisation and V M R hoA protein localisation in V M R hoA 2:6

Cells were grown in the absence o f tetracycline for 4 days and stained with antibodies
to the 9E10 c-m yc epitope to locate exogenous protein (b, d). Cells were counterstained
with TRITC-conjugated phalloidin to visualise F-actin (a, c)
Basal (a, b) and mid (c, d) sections were taken by confocal m icroscopy to illustrate
protein localisation throughout the cell.
The red arrow indicates a retracted cell with a dense network o f actin filament bundles.
Scale bar = 20 pm
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5.2.3.1 : Analysis of cell size bv flow cytometry

To investigate whether the increase in cell area observed for some V14RhoAexpressing cells reflected a change in cell size, the scattering of light by cells from
different cell lines was investigated by flow cytometry. Light scattering by cells can
indicate a number of things, in particular changes in forward light scatter correlate with
changes in cell size, and a larger cell will scatter more light than a smaller cell. In this
assay, the percentage of cells falling within a designated range of light scattered,
determined by taking the main population of control DT-1 cells as a reference (Figure
5.9), was calculated.

This figure gave an indication of how alike the two cell

populations were, although it failed to indicate whether cells differed because of an
increase or a decrease in cell size. Therefore changes in forward light scatter were also
compared to determine cell size. Overall the V14RhoA cells scattered significantly
more light in a forward direction than the control DT-1 cells, indicating that there is an
increase in the average size of VI4RhoA-expressing cells. The fact that there was no
significant decrease in cells falling within the designated range, was most likely due to a
large percentage of small DT-1 cells falling outside of the designated area, while a
similar percentage of large V14RhoA cells also fell outside the area.
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□ V14R ho 1:3

forward scatter

Figure 5.9

Analysis o f cell size by flow c\tom etr\

Control DT-1 cells and V M R hoA 1:3 cells were compared for differences in
cell size using light scatter (Chapter 2.4,11,1). A box was drawn around the
main population o f control DT-1 cells and the percentage o f DT-1 or
V M R hoA 1:3 cells falling within this range calculated (area). The percentage
o f cells scattering light above a defined threshold level was also calculated to
further study cell size (forward scatter). Samples o f raw data for each cell line
are show n below and the average o f two sets o f data show n above.

V U R lio A 1:3

Forward scatter

Forward scatter
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5.3 ; Cell proliferation

To establish whether expression of constitutively active or dominant negative
RhoA altered the growth rate of DLD-1 cells, a number of complimentary approaches
were used to analyse their growth properties.

5.3.1

: Measurement of cell growth by optical density

Multi-well growth assays were initially chosen to analyse cell proliferation
because they provided a rapid method for screening a large number of different cell
populations (Chapter 2.4.9). The relative growth rates of control cells were measured to
determine whether any changes affecting growth regulation had occurred as a result of
multiple rounds of cloning and selection (Figure 5.10).

Cells were grown in the

presence and absence of tetracycline to establish whether the antibiotic was inhibitory to
cell growth. The relative growth rates of each control cell population were also studied
under different serum conditions to compare transformed growth properties, since
growth factor-independent growth is characteristic of a transformed phenotype.
From the combined data, it was observed that although tetracycline had a small
inhibitory effect on the growth of each cell line, under all conditions, this was not
significant (Figure 5.10). Most striking was that in the absence of tetracycline and
under each set of growth conditions, DLD-1 cells increased in cell density more rapidly
than either DT-1 or pSVz cells. In the absence of tetracycline and again under each set
of growth conditions, both DT-1 and pSVz cells showed similar patterns of growth and
reached similar final cell density readings.

Since no significant difference between

growth and morphology of DT-1 and pSVz cells was detected, the DT-1 cells, which
represented the parental control for all Rho-expressing clones, were used as the control
for all further assays. The data also indicated that each control cell line was able to
grow in the absence of serum and thus showed one of the characteristics of transformed
growth.

However the results for cells grown in the complete absence of serum

illustrated a problem of this assay system (Figure 5.10). The data showed a sudden
increase in the growth of DLD-1 cells between days 9 and 12, when the DT-1 and pSVz
cells continued to increase in cell density at a rate similar to that shown over the
previous 9 days.

The DLD-1

data is somewhat misleading because

the

spectrophotometer was observed to measure readings from 0 to 3 and then jump to
readings of 9 and above, indicating intensity saturation, with no readings falling
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between 3 or 9. Thus the assay was less sensitive to changes in cell number at high
density.
Similar multi-well cell density assays were carried out with V14RhoA and
N19RhoA cell lines (Figure 5.11). The most striking result was the greatly inhibited
growth exhibited by the V14RhoA 1:3 line. These cells already showed a reduced
density when compared to control DT-1 cells at the beginning of the assay and by the
end of the assay had failed to reach even one tenth of the final density of DT-1 cells.
The observation that V14RhoA 1:3 cells showed an increased rate of expansion at nine
days indicated that these cells had probably attained a density at which they could
successfully grow. Such a pattern of growth had been observed during routine cell
culture of this cell lines, where cells could only be successfully cultured if maintained at
a density of at least 50% confluence. The two lower expressing clones 2:5 and 2:6,
grew significantly more than the 1:3 cells and attained final densities in the same range
as those of control DT-1 cells (Figure 5.11). When cells were grown in the absence of
serum, growth of V14RhoA 1:3 cells was almost completely inhibited (Figure 5.11).
These results further indicate an inability of VI4RhoA-expressing cells to grow in the
absence of stimuli, either from other cells or from the growth medium. Clones 2:5 and
2:6, which expressed similar levels of protein, showed similar patterns of growth in the
presence of serum, indicating that effects were due to V14RhoA expression rather than
to clonal variation, although the small increase in expression observed in the 2:5 clone
resulted in reduced growth in the absence of serum.

Despite western blot analysis

having indicated that all three V14RhoA cell lines expressed similar levels of V14RhoA
in the presence of tetracycline, they did not all grow at the same rate when the antibiotic
was included in the growth medium. One possible explanation is that the V14RhoA 1:3
cells have a more leaky expression system where levels of V14RhoA expression very
quickly increase with degradation of tetracycline.

It is possible that the long-term

expression of differing levels of VMRhoA resulted in cells with different phenotypes
that were not reverted in the presence of tetracycline.
In contrast to the effects of V14RhoA, expression of N19RhoA had little effect
on cell growth rates (Figure 5.11). All cells reached a similar final density to control
DT-1 cells by the end of the two week period, and the presence or absence of
tetracycline had no affect on this.

194

RhoA expression in DLD-1 cells

Chapter 5

G ro w th in m edia co n ta in in g 10% PCS

100

—

DLD-1

D L D -1
*

- DT-1

DT-1

pSV 2

pSV 2
0.01
0

2

12

4
6
8
10
D a y s p o s t r e m o v a l o f t e t r a c y c l in e

14

G row th in m edia co ntainin g 1% PCS

100
E
C

10

§ 1
DLD-1

"5
O

0 1

■O' ■ DT-1
pSV 2

0 01

0

2

6
4
8
10
D a y s a fte r r e m o v a l of te tr a c y c lin e

12

14

G rowth in m edia co n ta in in g 0% PCS

100

DLD-1

DLD-1
—

-DT-1
pSV 2

-

- DT-1
pSV 2

0 01
D a y s p o s t re m o v a l o f te tr a c y c l in e

F igure 5.10
Proliferation o f control DLD-1, DT-1 and pSV^ cells, assayed by
spectrophotometric analysis o f cell density changes overtim e.
Cells were seeded in growth media containing 10% PCS and tetracycline. Two days
later the cells were washed once and fresh media added, with varv ing amounts o f PCS
as indicated, and w ith or without tetracycline Pollowing this, the m edia were changed
ever} 2-3 days and plates stained with methylene blue on the same days for
spectrophotometric analysis (Chapter 2.4.9 1). Dotted lines indicate growth in the
presence o f tetracycline and continuous lines show growth in the absence o f antibiotic.
Error bars indicate standard deviation over 3 or more expenm ents
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Figure 5.11
Proliferation o f control and RhoA-expressing DLD-1
spectrophotometnc analysis o f cell densit> changes overtim e.

A

cells, assayed by

Cells were seeded in the presence o f tetracycline Two days later w ells were washed and re-fed
w ith media w ith or w ithout tetracycline (day 0). Following this the media were changed every
2-3 days and plates stained with m ethylene blue on the same days for spectrophotometric
analysis (Chapter 2.4.9.1). Dotted lines indicate growth in the presence o f tetracycline and
continuous lines show grow th in the absence o f antibiotic. DT-1 cells grown in the absence o f
tetracycline were used as a control. Error bars indicate standard deviation over a minimum o f
three independent assays. Western blots are as show n previously (Figures 5.4 and 5 6).
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: Proliferation rates of RhoA-expressing DLD-1 cells

Since the data above measured changes in optical density of cells over time and
not actual cell numbers, it was decided that the growth changes observed should be
confirmed using another assay. Changes in cell numbers over the same time-course and
cultured in the same 96-well plate format, were therefore determined by cell counting.
The growth rate of DT-1 cells slowed during the second week of the assay suggesting
that the cells showed some growth regulation in the form of contact inhibition (Figure
5.12). However, as shown previously, cells continued to overgrow each other (Figure
5.2), but at a reduced rate of growth compared to sub-confluent cells. The rate of
growth may also appear slower than it really is, if cells growing on top of other cells are
less adherent than when growing on plastic and thus are dislodged more easily during
medium changes. As had been seen in the optical density assay, VMRhoA 1:3 cells
showed a significantly slower rate of growth compared to DT-1 cells (Figure 5.12). The
lower expressing V14RhoA 2:6 cells showed a similar rate of growth to DT-1 cells,
with the only difference observed towards the end of the assay when the V14RhoAexpressing cells continued to proliferate (Figure 5.12). Although VMRhoA 1:3 cells
grew consistently slower than 2:6 cells the greatest difference was seen over the first
two days after tetracycline withdrawal and may once again be the result of more leaky
regulation in the 1:3 cells combined with higher levels of expression. Such high levels
of VMRhoA expression inhibited the growth of DLD-1 cells at low density, as had been
seen previously (Figure 5.11). Interestingly, the final density of V14RhoA 1:3 cells was
observed to be equal to that of V14RhoA 2:6 cells around day six, indicating that the
rate of proliferation of the 1:3 cell population was around half that of the 2:6 cell
population. This correlates with the observation that approximately twice as many cells
of the 1:3 clone expressed detectable levels of V14RhoA protein than of the 2:6 clone
(Figures 5.7 and 5.8).
As had been observed by cell density analysis of cell growth, both N19RhoA
cell lines showed a similar rate of proliferation to DT-1 cells (Figure 5.12). N19RhoA
2:1 cells showed an almost identical pattern of growth to control DT-1 cells, also
slowing their rate of growth as cells became confluent. NMRhoA 3:3 cells began to
slow down after the first few days, with cell numbers remaining constant between days
7 and 9. Cell numbers then increased after day 9, a phenomenon that had also been
observed in the optical density assay (Figure 5.11).
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Western blots are as shown previously (Figures 5 4 and 5.6).
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; Flow cytometric analysis of cell cycle distribution

To study the effects of RhoA activity on the growth of DLD-1 cells further, the
distribution of the total cell population across the cell cycle was investigated by flow
cytometric analysis of propidium iodide-stained cells.

This method was chosen

primarily to determine whether there was a block in the cell cycle of V14RhoA 1:3
cells, leading to a build-up of cells in one phase of the cycle and hence the reduction in
growth rate observed. It was also hoped that the assay could be used to detect a sub-Gi
hypodiploid apoptotic cell population, if present, as has been shown previously (Esteve
et al, 1998).
A significantly larger percentage of the total VMRhoA 1:3 cell population was
found to be in Gz/M-phase of the cell cycle than control DT-1 cells (Figure 5.13) and
occurred at the expense of cells in Gi-phase. Although none of the results for V14RhoA
2:6 cells differed significantly from that of DT-1 cells, there was a very small increase
in the percentage of cells in Gz/M-phase. Ideally the high-expressing cells would be
sorted with an anti 9E10 c-myc antibody first and then these cells assayed for DNA
content. However, it was not possible to use the same fixation protocol to detect both
the 9E10 c-myc epitope and DNA content simultaneously. In contrast to VMRhoA
cells, it was observed that there was generally a greater percentage of N19RhoA 3:3
cells in Gi with a corresponding decrease in cells in S-phase (Figure 5.13), although
there was some variation between assays.

199

RhoA expression in DLD-1 cells

Chapter 5

7 0 .0 0

□ DT- 1
=

6 0 .0 0

□ V 1 4 R h o A 1:3
□ V 1 4 R h o A 2:6

5 0 .0 0

■ N 1 9 R h o A 3: 3
Q.

4 0 .0 0

3 0 .0 0

20.00

m

10.00

0.00
G2 + M

G1

Figure 5.13

Cell cycle distnbution in control and RhoA cells

Control DT-1 cells and RhoA-expressing cells were compared for differences in
population distribution across the cell cycle using flow c\tom etric analysis o f
propidium iodide stained cells. The peaks o f G ,- and GVM-phases were determined
and the percentage o f cells in each phase calculated Error bars indicate standard
deviation from mean over 2 or more independent experiments and samples o f raw
data for each cell line are shown in the DNA histograms below. Cells were cultured
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DNA histograms showed significant amounts of propidium iodide-stained
particles with less than diploid DNA content in both V14RhoA cell lines. This peak
was larger for the V14RhoA 1:3 cells and was entirely absent from control DT-1 and
N19RhoA 3:3 cells. It should be noted that in order to remove large cell clumps and so
gain a single cell population, cells were passed through 35 pm filters, and as such a
specific population of cells was selected. The initial method used to ensure a single cell
population was to pass cells through a fine gauge needle. However when this was
attempted, a very large population of cells was detected to the far left of the DNA
histograms, indicating that cells had been fragmented.

For V14RhoA cells this

amounted to almost half of the whole cell population (data not shown). Since a small
sub-Gi population of V14RhoA cells was even seen when cells were passed through
filters it seemed to be a phenomenon common to V14RhoA cells and may be indicative
of the fragility of the cells containing septated nuclei. The particles falling in this peak
were probably small fragments of nuclei since the peak did not resemble that observed
previously for apoptotic cells (Esteve et al, 1998). A further reason for concluding that
this peak did not represent an apoptotic cell population was that staining of V14RhoA
1:3 cells with Annexin-V-Biotin proved negative (data not shown), indicating that
V14RhoA expression did not induce apoptosis in these cells.

As mentioned, flow

cytometric data were taken from a sub-population of cells and any large cells were most
likely removed by filtration.

Therefore, although V14RhoA cells with a DNA

complement greater than tetraploid might have been expected, these cells could have
been lost in the filtration method used here.

5.3.4

: Analysis of DNA synthesis in cells expressing RhoA constructs

To complement the flow cytometry data and to study more closely the effects of
RhoA on the proportion of cells in S-phase of the cell cycle, incorporation of the
thymidine analogue bromodeoxyuridine (BrdU) was used as a marker of DNA synthesis
(Chapter 2.4.4.2). No differences in BrdU incorporation between cells were observed
under the conditions tested here, when cells were grown in the absence of tetracycline
for 3 days and to sub-confluent cell density (Figure 5.14). However, because some
V14RhoA-expressing cells had septated nuclei, it was also of interest to determine
whether these nuclei were capable of DNA synthesis. The experimental protocol was
designed to mirror the conditions of previous growth assays and hence cells were grown
over a 12-day period in the absence of tetracycline with staining and medium change
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procedures following those described in Figure 5.12.

It was clear that V14RhoA-

expressing clones showed progressively larger and more septated nuclei during the
time-course (Figure 5.15).

Interestingly a number of these septated nuclei stained

positively for BrdU. This was even true of some of the most septated nuclei visible at
day 12 and was observed for both V14RhoA cell lines. The images of V14RhoA cells
were also used to study changes in V14RhoA expression over time. Unlike the western
blot analysis where a basal level of expression in the presence of tetracycline was
detected, myc-tagged RhoA protein expression was not detectable in any V14RhoA 1:3
cells. This may reflect differences in the sensitivity of different antibodies, since the
polyclonal anti-myc antibody (A-4) used for immunofluorescence here, was different to
the monoclonal antibody (9E10) used for western blot analysis (Chapter 2.1.6.1). This
appears to be the case since a number of cells were observed to have septated nuclei but
to be negative for V14RhoA (Figure 5.15, purple arrows). When images of V14RhoA
2:6 cells were examined some very brightly fluorescing material was observed (Figure
5.15, 2:6 f, arrow). This material resembled a cell, although no nucleus was visible and
the staining pattern was non-uniform, unlike normal V14RhoA cells. This may have
been a dying cell and resembled a cell in a previous image of V14RhoA 1:3 cells
(Figure 5.6, red arrow).
As discussed previously, these images demonstrated that only a small percentage
of the total cell population expressed detectable levels of V14RhoA protein at any time.
The images of V14RhoA 2:6 cells were selected to include the maximum number of
V14RhoA-positive cells and as such, did not represent the population as a whole.
Although these images suggest that a larger percentage of V14RhoA 2:6 cells expressed
detectable levels of V14RhoA protein than the V14RhoA 1:3 cells, the opposite was
observed for the total population (data not shown). In the V14RhoA 1:3 line it was rare
that a group of cells did not contain at least one member that stained positively for
V14RhoA protein. Expression in the V14RhoA 2:6 line was more heterogeneous and
often limited to cells at the edge of colonies.
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Figure 5.14

D N A synthesis in control and RhoA cells

Control and RhoA-cxprcssing cells were cultured for three days in the absence o f
tetrac\ cline prior to incubation with 10 pM BrdU for two hours Cells were then
fixed and stained with antibodies to BrdU and compared for differences in DNA
synthesis. Approximately 500 cells were counted in each assay and the number o f
cells staining positively for BrdU was expressed as a percentage o f total cells.
Error bars indicate standard deviation over 3 or more independent assays
Sample immunofluorescence confocal images o f DT-1 (a) and N 19RhoA 3:3 (b)
cells are shown below. Scale bars = 20 pm.
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Figure 5.15
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Immunofluorescence images showing incorporation o f BrdU in V 14RhoA cells

Confocal images show BrdU uptake (red) in V M R hoA 1:3 (above) and 2:6 (below ) cells, on days
0 (a), 2 (b), 5 (c), 7 (d), 9 (e) and 12 (f) after removal o f tetracycline Cells were counter-stained
with e-m ye antibodies (A -4) (green). Purple arrows indicate septated nuclei m eells negative for
V M R hoA and the white arrow indieates a brightly fluorescing cell Scale bars = 20 pm.
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: Characterisation of nuclear septation in V14RhoA cells

To quantify the proportion of cells with septated nuclei, cells were stained with
propidium iodide to visualise all nuclei. Cells were grown without tetracycline and the
percentage of septated nuclei determined for control DT-1 and RhoA-expressing cells
over a 12-day timecourse (Figure 5.16).

Nuclear septation occurred very rarely in

control DT-1 cells and N19RhoA-expressing cells and did not increase with time after
removal of tetracycline.

In the presence of tetracycline, at day 0, less than 2% of

V14RhoA cells had septated nuclei. The proportion of VMRhoA cells with septated
nuclei rose over the first 2 days and remained constant for the next 10 days, except for a
peak at day 7, although the large error bars indicate high variation at this time between
assays. Therefore the occurrence of septated nuclei directly correlated with expression
levels of VMRhoA, which greatly increased over the first two days after removal of
tetracycline and then appear to remain constant. In contrast, the percentage of cells
having multi-septated nuclei and staining positively for BrdU, did not remain constant
(Figure 5.16). Results at day 0 can be ignored because the numbers of cells from which
they were derived were too few to be statistically significant. However at day 2, 4050% of cells having septated nuclei stained positively for BrdU, similar to the
percentage for DT-1 and VMRhoA total cell populations at this point (Figure 5.14). At
day 5 the percentage of septated nuclei staining positively for BrdU dropped
considerably to only 10%. This number then steadily rose again until by day 12 30-40%
of cells having septated nuclei stained positively for BrdU. This data indicates that
DNA synthesis is inhibited in the septated nuclei of V14RhoA cells after 5 days
incubation in the absence of tetracycline, but that with time cells either recover this
ability or are replaced by cells able to synthesise DNA.
In addition to nuclear septation, aberrant alignment of chromosomes during
mitosis was observed in some V14RhoA-expressing cells.

In DT-1 control cells

chromosomes in mitotic cells aligned as expected, along a single axis (Figure 5.17 a),
while in V14RhoA-expressing cells, chromosomes appeared to be aligned along
multiple axes (Figure 5.17 b).
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Figure 5.16
Quantification o f septated nuclei and D NA synthesis within these nuclei
Numbers o f septated nuclei were counted in propidium iodide-labelled cells fixed and
stained on days 0, 2, 6, 7, 9 and 12 after removal o f tetracycline Approximately 1000
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F igure 5.17

Propidium iodide staining o f control DT-1 and V M R hoA cells

Sample confocal images o f a mitotic DT-1 cell (a) and mitotic V M R hoA 2:6 (b) cells
arc shown above. Arrows indicate segregating chromosomes. Scale bars = 20 pm
Confocal im ages below show propidium iodide-stained VM R hoA 1:3 cells, fixed in
4 % paraformaldehyde and stained on days 0 (c), 2 (d), 5 (e), 7 (f), 9 (g) and 12 (h)
after removal o f tetracycline Arrows indicate septated nuclei. Scale bar = 20 pm
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: Analysis of microtubule organisation in mitotic V14RhoA cells

The observation that chromosomes aligned upon multiple axes in V14RhoAexpressing cells suggested that aberrant numbers of microtubule organising centres
(MTOCs)/centrosomes may be present in these cells.

V14RhoA 1:3 cells were

therefore labelled with antibodies to p-tubulin (Figure 5.18). In the majority of cells,
two centrosomes were observed in cells at mitosis, as expected for cells that have
synthesised a new pair of centrioles in preparation for chromosome alignment and
nuclear division (Figure 5.18, a, c, e).

However in some cells, more than two

centrosomes were observed (Figure 5.18 b, d, f). Generally 3 or 4 centrosomes were
present, although up to 7 were observed in some cells (Figure 5.18 f). It was assumed
that these cells were those expressing high levels of V14RhoA. Unfortunately it was
not possible to co-stain with antibodies to c-myc and P-tubulin, because the fixation
procedures were incompatible. Since centrosomes did not always occur in multiples of
two, the increased numbers did not simply reflect inhibition of cytokinesis. Therefore
these results demonstrate that cells of the V14RhoA 1:3 line have increased numbers of
centrosomes, which may be responsible for the large, septated nuclei frequently
observed in these cells.
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f

Figure 5.18

\

Microtubule organisation in mitotic V M R hoA 1;3 cells

Sample confocal images o f mitotic V M R hoA 1:3 cells grown in the absence o f
tetracycline for 1 week, are shown above. Arrows indicate microtubule organising
centres, visualised with antibodies to p-tubulm. Scale bars = 10 pm.
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: Time-lapse video microscopy of V14RhoA-expressing cells

Although proliferation assays

indicated

that VI 4RhoA-expressing cells

increased in number more slowly than control DT-1 cells, it was not possible to
determine from cell counts whether this reflected a decrease in cell division or an
increase in cell death. Time-lapse video microscopy was therefore used to observe the
behaviour of VMRhoA cells more closely. Initially, control DT-1 cells and V14RhoA
1:3 cells grown in the presence and absence of tetracycline were each filmed for 72
hours (Figure 5.19). DT-1 cells almost doubled in number within the first 24 hours and
by the end of 48 hours cell numbers had increased by 3.5 fold, indicating that the cell
cycle of DT-1 cells lasted approximately 27 hours. Within the final 24 hours of the
assay there were too many DT-1 cells on the screen to calculate cell division accurately
and hence no data is shown. VMRhoA 1:3 cells divided significantly less often than
controls, even in the presence of tetracycline. The number of V14RhoA 1:3 cells grown
in the absence of tetracycline had doubled within 72 hours, but this was due to a small
percentage of cells, which divided two or three times within 72 hours while the
remaining cells never divided. It is likely that cells that divided were those expressing
none or only very low levels of V14RhoA, although this was not confirmed.

In

addition, no cell death was observed in V14RhoA 1:3 cells within the 72-hour period.
Subsequently, VMRhoA 1:3 cells were studied at later time-points after removal
of tetracycline, since BrdU data had indicated a reduction in DNA synthesis at 5 days
and an increased number of septated nuclei at 7 days (Figure 5.16). Cells were analysed
between 4 and 8 days after removal of tetracycline and the fate of individual cells
recorded over this period (Figure 5.20). At 4 days, one third of cells in the field of view
were abnormal, possessing multi-septated nuclei. This figure is much higher than that
shown in Figure 5.16, because the field of view was chosen to contain as many
abnormal cells as possible so that their fate could be followed. Over the 93 hours of the
video, a third of these cells died. It was noted that prior to death these cells were very
large and flat and often contained many vacuoles. The remainder of these abnormal
cells survived but failed to undergo cell division, and also contained many vacuoles. In
addition lots of internal activity was associated with these cells, often involving
‘spiraling’ of the nucleus. Of the cells that appeared normal at 4 days, just one seventh
underwent 3 successful rounds of division. The average cell cycle of these cells was
around 30 hours, although large variations were observed. Together with a number of
other cells that achieved 1 or 2 divisions, the number of cells in the field of view grew
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considerably. Therefore, it is these cells that are responsible for any growth associated
with this cell line, since once multi-septated nuclei were observed in cells, no further
cell division occurred. The appearance of multi-septated nuclei often coincided with
attempted cell division. A cell was observed to round up and detach, and to stick back
down as a single cell again, but with an enlarged nucleus, often comprising multiple
compartments.

In addition, cell fusion was observed, which again led to large

multinucleate cells that often subsequently attempted cell division, but flattened as a
single cell with multi-septated nuclei. Cell fusion has been alluded to previously in
DLD-1 cells (Chapter 3), following microinjection with a range of proteins.

This

suggests that the composition of the plasma membrane in DLD-1 cells makes them
particularly susceptible to cell fusion.
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F igure 5.19

Time-lapse video microscopy analysis o f cell division

The number o f cells undergoing division was determined by counting
cells which rounded up and split into daughter cells.
Cells were counted over the penods o f time indicated and the total
number o f divisions expressed as a percentage o f the starting number o f
cells. All cells within the field o f view were counted
Cells grown in the presence o f tetracycline had fresh antibiotic added to
the media just pnor to filming. Cells assayed in the absence o f
tetracycline had antibiotic removed 24 hours before filming.
Error bars indicate standard deviation over 3 or more assavs.
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Time-lapse video microscopy analysis o f V U R h o A 1:3 cells

The number o f cells undergoing successful division w as detennined by counting
cells which rounded up and split into 2 daughter cells.
Cells were grown in the absence o f tetracycline for 4 days prior to video analysis
Cells were evaluated over a penod o f 93 hours and their final outcome recorded
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5.4 ; RhoA effects on the transformed growth properties of DLD-1 cells

The transformed phenotype of cancer cells is characterised by a loss of growth
regulation and contact inhibition, as well as the ability to grow in the absence of
external stimuli. Anchorage-independent growth is commonly used as an indicator of
transformation and is assayed by studying cell growth in soft agar (Shin et al, 1975).
Basement membranes promote the polarisation of epithelial cells and allow tissue-like
morphogenesis. Transformed cells show reduced morphogenesis on Matrigel, apparent
as a loss of organisation and the failure to produce any recognisable structure (Shearer
et al, 1992). In addition, many transformed cells have the ability to invade into the
extracellular matrix. These growth characteristics can be assessed by growing cells on
the basement membrane preparation, Matrigel (Kleinman et al, 1982, Taub et al, 1990).

5.4.1

: Anchorage-independent growth

The ability of cells to form colonies in soft agar is indicative of their growth in
the absence of interactions with a substratum. For this assay, single cell suspensions
were prepared and seeded in soft agar. Cells were incubated for two weeks and then
stained, and both the number and size of colonies determined, giving two measures of
transformed growth (Chapter 2.4.10). All control cells were able to form colonies in
soft agar with no significant differences observed between cell lines (Figure 5.21 and
5.22). Combined data from a number of independent experiments clearly illustrated that
expression of VMRhoA significantly reduced the colony-forming ability of DLD-1
cells. However, only V14RhoA 1:3 cells produced colonies of significantly reduced
area. N19RhoA cell lines also showed a reduced ability to form colonies in soft agar,
with inhibition correlating with expression level. As increased expression of V14RhoA
inhibited growth rate on plastic (Sections 5.3.1 and 5.3.2) and colony size in soft agar,
the size of colonies in soft agar probably reflects cell growth rate.
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Figure 5.21

Anchorage-independent growth o f control and RhoA ceils

Cells w ere pre-incubated in the absence o f tetracycline for 2 days prior to seeding. They w ere
tlien seeded in 0.4% (w /v) agar, onto 0,8% (w /v) agar bases and fed with growth medium.
Medium was changed after 1 week and the cells stained with p-iodotetrazolium violet after 2
weeks. The numbers o f colonies above a threshold diameter o f 80 pm were counted and their
area measured Error bars indicate standard deviation over 3 or more experiments. Sample
images for each cell line are shown in Figure 5,22. * p < 0,05, ** p < 0,01 (Students t-Test)
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Figure 5.22

1 .

Colonies o f control and RhoA cells grown in soft agar

Control cells DLD-1 (a), DT-1 (b) and pSV , (c), V M R hoA 2:6 (d),
2:5 (e) and 1:3 (f) colonies and N 19R hoA 2:1 (g) and 3:3 (h) colonies
Western blots are as shown previously (Figures 5.4 and 5.6)
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It is important to mention that although 10"^ cells were seeded, the maximum
number of colonies counted was approximately 10^ for control cells, leaving a 10-fold
shortfall of colonies. As only colonies above a threshold diameter of 80 pm were
counted, it is likely that most cells did not proliferate sufficiently to reach this size or
did not survive. Others have also reported that only a fraction of cells seeded in soft
agar, form colonies (Chen et al, 1995).

5.4.2

: Morphology of RhoA-expressing cells on Matrigel

Control cell lines were cultured on the basement membrane preparation
Matrigel, to determine the morphology of these cells on this matrix and whether it could
be used for the study of invasion since the cells were not motile on either glass or plastic
(Chapter 3). The growth of RhoA-expressing cells on Matrigel was then studied to
further examine how disruption of RhoA activity altered the morphology of DLD-1
cells.
The size of colonies 1 week after seeding cells on Matrigel decreased slightly
with increased rounds of cloning and selection (Figure 5.23).

DT-1 colonies were

generally smaller than DLD-ls and pSV 2 colonies somewhat smaller still (Figure 5.23).
However the appearance of the colonies was similar for each control line, with cells
producing structures of uniform shape. Colonies were analysed 1 week after seeding,
because at this point control cell colonies were not overgrown, and were also large
enough to be identified easily. At later time-points individual colonies had merged with
their neighbours and thus could not be distinguished. Attempts were made to study
DLD-1 cell invasion through Matrigel coated filters, as this had been reported
previously (Takaoka et al, 1998). However no invasion was observed under a range of
conditions including differing cell densities and serum conditions in inner and outer
wells (data not shown).
It was observed that as with anchorage-independent growth, expression of either
mutant active or dominant negative RhoA inhibited the growth of DLD-1 cells on
Matrigel, as colonies were significantly smaller (Figure 5.24). N19RhoA cells grew in a
uniform manner, producing spherical colonies resembling control cells. In contrast,
colonies produced by cells expressing V14RhoA were no longer spherical and appeared
disorganised, with individual groups of cells visible at the edges of colonies. Both the
size and organisation of colonies was reduced in VMRhoA 1:3 cells compared to
VMRhoA 2:6 cells.
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F igure 5.23

Morphology o f control cells growing on M atngel.

DLD-1 (a. b), DT-1 (c, d) and pSV^ (e, f) cells were seeded into w ells coated witli
a layer o f Matrigel and fed with growth medium lacking tetracycline. Phase
contrast m icroscopy images show colonies after 1 week. Images in (b), (d) and (f)
show parts o f (a), (c) and (e) at 5 x higher magnification. Scale bars = 50 pm.
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Morphology o f RhoA cells growing on Matrigel

VM R lioA 2:6 (a. b) and 1:3 (c, d) cells and N19RhoA 2:1 (e, f) and 3:3 (g, h) cells were
seeded onto Matngel and fed with growth medium, in the absence o f tetracycline. Phase
contrast microscopy images are shown o f colonies after 1 week. Images in (b), (d), (f) and
(h) show parts o f (a), (c), (e) and (g) at 5 x higher magnification. Scale bars = 50 pm
Western blots are as shown previously (Figures 5.4 and 5.6).
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5 ,5 : Discussion

5.5.1

: Differences between DLD-1 cells and DT-1 cells

All control DLD-1-derived cell lines grew as tightly packed colonies and
exhibited a regular pattern of colony expansion, although they failed to form polarised
epithelial monolayers. Disruption of basolateral polarity is common to colon epithelial
cells containing mutations in Ki-Ras , and has been linked to abnormal glycosylation of
the integrin |31 chain of the collagen receptor. Cells expressing mutant Ki-Ras protein
also have upregulated but unrestricted expression of the intercellular adhesion protein
carcinoembryonic antigen (CEA), resulting in unpolarised cells where CEA mediates
random, multilayered associations of tumor cells (Yan et al, 1997).

Control cells

generally showed actin cytoskeleton structures characteristic of each of the three Rho
GTPases being tested in this project, including stress fibres, lamellipodia and filopodia.
The differences in morphology between the parental DLD-1 cells and the tTAexpressing DT-1 and pSV 2 cells, resembled those observed within the original DLD-1
cell population (Dexter et al, 1981). The majority DLD-1 population grew as very
tightly packed cells, with individual cell boundaries difficult to recognise, and were
moderately differentiated (Dexter et al, 1981), which describes the appearance of the
DLD-1 cells used here. The second population of cells were larger, with individual
cells easily identified and were less well differentiated than the first (Dexter et al, 1981).
These resemble the DT-1 cells, which were almost twice the size of DLD-1 cells, as
assayed by flow cytometry (data not shown). It is therefore likely that in selecting for
DT-1 cells one of these populations had been sub-cloned.
Proliferation assays indicated that DLD-1 cells grew more rapidly than either
DT-1 or pSVz cells, although all cells continued to proliferate in the absence of serum.
Soft agar assays demonstrated that there were no major differences in the transformed
properties of control cell lines, since all cells produced large numbers of colonies of
similar sizes, indicating that they were able to grow in the absence of signals derived
from attachment to a substratum. The ability of cells to grow in low serum and soft agar
is consistent with growth factor production by these cells, enabling them to grow in the
absence of other stimuli (Anzano et al, 1989).

Although the structures formed by

control cells on Matrigel were not analysed further, the uniform spheres of cells
suggested some degree of differentiation in these cell lines. In contrast, primary breast
tumour cells and breast cancer-derived cell lines have been reported to lose all structure
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formation on Matrigel and to remain as single cells or to proliferate as monolayers
(Shearer et al, 1992). The reduced rate of proliferation of DT-1 and pSV 2 cells is
probably a characteristic of this sub-population of DLD-1 cells. However it may also be
due to effects of the VP16 domain of the tTA. It has been reported that a modification
to the two-plasmid tetracycline-regulated system used here, where the constitutive
expression of the tTA transactivator is lower, eliminates the inhibitory effects of the
VP16 domain on host cell growth (Xu et al, 1997).

5.5.2

: Effects of N19RhoA expression

The decrease in actin filament bundles observed following N19RhoA expression
indicated that this protein was active in these cells, despite the low levels of expression
detected by Western blot analysis. Expression of N19RhoA caused cells to retract,
although this was not discernable in phase contrast images of cells on plastic, where the
resolution may have been too low to observe intercellular retraction. It is also possible
that N19RhoA cells grow differently on glass than on plastic, since each surface favours
adhesion of a different extracellular matrix protein, with vitronectin preferentially laid
down on glass, while fibronectin adheres better to plastic (Clark, 1994). Coating either
surface with the opposing ECM protein and observing the morphology of N19RhoA
cells could be used to test this hypothesis. Cell retraction in response to inhibition of
RhoA has been observed previously by other researchers and indicates a role for RhoA
in the maintenance of intercellular adhesion (Braga et al, 1997, Takaishi et al, 1997,
Zhong et al, 1997). The expression of (3-catenin or E-cadherin could be studied to
determine whether expression of N19RhoA caused downregulation of adherens
junctions in DLD-1 cells. However since no large gaps were observed between cells
and cells remained as adherent colonies, it is probable that some form of adhesion is
maintained. This may be due to residual RhoA activity that results from the low levels
of N19RhoA expressed.
Although no overall changes in growth rate were observed for sub-confluent
N19RhoA-expressing cells, the pattern of proliferation of N19RhoA 3:3 cells as they
reached confluence was unusual. In both growth assays, these cells showed a reduced
growth rate towards the end of the assay. Flow cytometry was conducted on cells near
confluence and showed an increase in N19RhoA 3:3 cells in Gi-phase, at the expense of
those in S-phase. These results therefore suggest reduced growth rates as N19RhoAexpressing cells reach confluence. In contrast, BrdU staining was carried out on sub
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confluent cells explaining why no difference was observed here between N19RhoA 3:3
cells and controls.

5.5.3

: Expression of V14RhoA alters DLD-1 cell morphology and reduces a

number of transformed growth characteristics

Expression of VMRhoA resulted in larger DLD-1 cells that contained a very
dense network of actin fibres. VMRhoA also induced the formation of cells with highly
altered nuclei, and both the increased area of cells and their larger nuclei probably
contributed to the increase in cell volume determined by flow cytometry.

The

disorganised colony structure of V14RhoA cells on plastic and on Matrigel may indicate
reduced intercellular adhesion in these cells, since disruption of tight junction
morphology has been reported previously following expression of mutant active RhoA
in MDCK cells (Jou et al, 1998). However, this pattern of growth may also indicate a
reduction in the degree of differentiation in these cells, which could result in enhanced
tumorigenesis. It would therefore be interesting to test the tumour-forming ability of
these cells in athymic nude mice.
Not all cells in a single clone expressed detectable levels of exogenous protein,
as observed by immunofluorescence, and therefore overall levels of expression, as
detected by western blot analysis, probably reflected the percentage of cells expressing
exogenous protein rather than the level of expression in all cells of the population.
Indeed it was observed that the V14RhoA 1:3 clone contained approximately twice as
many positive cells as either the 2:5 or 2:6 clone, reflecting levels observed by western
blot analysis. In addition, when individual myc-positive cells were compared there was
often little difference in either protein levels or effects between clones, further
supporting the idea that expression levels reflected the percentage of positive cells in
each clone. Ideally the percentage of cells expressing exogenous protein should have
been quantified in each cell line tested, to allow better analysis of results with whole cell
populations. However, this would have needed to be assayed continuously post removal
of tetracycline, since it is likely that expression levels would vary over time.
Proliferation assays indicated that high expression of V14RhoA greatly inhibited
DLD-1 cell growth at low cell densities, suggesting that these cells have a greater
requirement for signals from neighbouring cells than control cells.

The greatest

inhibition of growth was observed for V14RhoA cells grown in the absence of serum,
suggesting that these cells also had a greater requirement for growth factors than control
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The inhibition of anchorage-independent growth induced by expression of

V14RhoA further indicates a requirement for external stimuli. This may be due to
impaired interaction between VI4RhoA-expressing cells, resulting in cells that respond
less well to signals from their neighbours.

VI4RhoA-expressing cells may also

synthesise less growth factors than control cells and hence have a greater requirement
for external stimuli.

Therefore, expression of V14RhoA appeared to inhibit the

transformed characteristics of anchorage- and serum-independent growth in DLD-1
cells, although it is possible that expression of VMRhoA inhibited the colony-forming
ability of DLD-1 cells in principle, rather than specifically in soft agar, which could be
assayed by quantifying the ability of these cells to form colonies on plastic. In addition
the continued proliferation of cells expressing lower levels of VMRhoA, at high
densities, indicated that expression of V14RhoA reduced contact inhibition of cell
growth at confluence, as has been observed previously in fibroblasts (Perona et al, 1993,
Khosravi-Far et al, 1995), and therefore the effects of VMRhoA are more complex than
a simple inhibition of the transformed phenotype of DLD-1 cells.
Previous research has demonstrated that RhoA plays a critical role in regulation
of the CKI

(Adnane et al, 1998, Olson et al, 1998). Therefore the level

p 2 iWafi/cipi

also assayed by western blot analysis, with no detectable protein

expression found in either control or RhoA-expressing cells (data not shown). This may
be due to expression of mutated p53 in DLD-1 cells, since previous researchers have
described these cells as ‘p21 functionally null’ (Shirasawa et al, 1993, Chen et al,
1995). The level of cyclin D1 expression was also anlaysed to assay for changes in this
key cell cycle regulator. However no change in the level of cyclin D1 expression was
found following stimulation or inhibition of RhoA activity, as assayed by western blot
analysis (data not shown). Cyclin D1 is often highly expressed in many colon cancer
cell lines (for review see McCormick, 1999), and other researchers have found no
changes in cyclin D1 expression when Rho activity was inhibited in a range of tumour
cell lines, with levels remaining high (Udagawa and McIntyre, 1996).

Although

increased numbers of V14RhoA cells in G2 /M phase of the cell cycle indicated a block
in cell cycle progression, this was subsequently shown to reflect effects of V14RhoA on
mitosis.
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: V14RhoA interferes with chromosome segregation in DLD-1 cells

The nuclei of some V14RhoA cells became progressively larger and more
septated after removal of tetracycline. When cells first exhibited septated nuclei, they
continued to synthesise DNA. In addition they often attempted to divide, but failed.
Although some form of nuclear division took place, as observed by multiple nuclear
compartments, complete cell division did not occur.

In VI4RhoA-expressing cells,

multiple centrosomes, were often observed at mitosis. This suggests that the appearance
of septated nuclei is a result of aberrant formation of multiple mitotic spindles and
consequent segregation of chromosomes to several poles.

As a result, a less than

diploid complement of chromosomes would be pulled into each new nuclear
compartment, which could be confirmed by karyotyping cells. This may be tolerated in
these cells without the induction of apoptosis because p53 is mutated in the DLD-1 cell
line (Shirasawa et al, 1993). These results suggest that cell cycle checkpoints regulating
centrosome duplication are aberrant in VI4RhoA-expressing DLD-1 cells. Such results
have not been reported for RhoA in other cells and may be unique to certain classes of
tumour cells. Although the precise mechanism underlying the accumulation of septated
nuclei is unknown, septated nuclei have been seen occasionally in other cell types and
have been shown to correlate with p53 mutations (Carroll et al, 1999). Since DLD-1
cells express mutated p53, it may be that expression of V14RhoA stabilises a normally
unstable phenotype present within the these cells.
Centrosomes play vital roles during mitosis and are involved in establishing
spindle polarity, assembling spindle microtubules and determining the cleavage furrow
plane, all of which are essential for balanced chromosome segregation (for review see
Karsenti, 1999). Therefore the presence of multiple centrosomes probably disrupted
cleavage furrow formation and thus cell division failed to take place in these cells. The
ability of these cells to then enter further rounds of DNA synthesis is unexpected and
suggests further disruption of mitotic checkpoints. Researchers have used hydroxyurea
to block cells in S-phase of the cell-cycle, and observed kinase activities dependent on
cyclin A and cyclin E to be high and centrioles to duplicate repeatedly (for review see
Karsenti, 1999). Centrosome duplication has now been shown to specifically require
the activation of E2F transcription factors and Cdk2-cyclin A activity, while cyclin E
has been shown to be more effective than cyclin A at inducing DNA replication
(Meraldi et al, 1999).

Since RhoA activity has been shown to be required for

expression of cyclin A (Udagawa and McIntyre, 1996), overexpression of cyclin A by
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enhanced RhoA activity may result in centrosome hyperamplification.

It would be

interesting to ascertain the relative amounts of DNA within septated nuclei to determine
whether V14RhoA cells undergo multiple rounds of DNA replication, indicating further
mitotic checkpoint aberrations. It is possible to stain cells with low levels of propidium
iodide and assay the pixel intensity within individual nuclear compartments, which
could then be compared with that of control nuclei, to give an indication of relative
DNA content.

Cells could also be labelled with Hoescht dye and chromosomes

followed in individual cells by time-lapse video fluorescence microscopy. Although no
effect of RhoA expression on the levels of cyclin D1 in cells was observed, the
expression of both cyclin A and cyclin E should also be tested in these cells.
Centrosome hyperamplification correlates with chromosome instability, which is
believed to play an important role in tumour progression (Carroll et al, 1999) and
therefore the mechanism by which V14RhoA affects centrosome duplication warrants
further investigation.
Eventually many cells containing highly septated nuclei died, generally more
than 4 days from the time septated nuclei were first observed. The reduced numbers of
cells with septated nuclei observed 7 days after removal of tetracycline, may indicate
that this is the point at which the first round of septated cells die and begin to be
replaced by other cells. One of the most interesting observations is that these cells are
constantly being generated, from seemingly normal cells, suggesting that there is a
threshold level of V14RhoA required for inducing this response.
5.5.5

: Conclusions

In conclusion, increased RhoA activity reduces the transformed growth
characteristics of DLD-1 cells, and alters cell and colony morphology.

In addition,

enhanced RhoA activity disrupted mitosis in DLD-1 cells, leading eventually to cell
death. N19RhoA cells also showed a reduced ability to form colonies in soft agar and
on Matrigel.

Levels of RhoA activity are therefore important for the transformed

properties of DLD-1 cells, and may explain why RhoA can act as both a tumour
suppressor and as an oncogene under different conditions.
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6.1 : Introduction

Racl has been shown to play a role in transformation, both alone and
downstream of Ras (Chapter 1.5). Expression of mutant active Racl in fibroblasts
induces a growth factor- and anchorage-independent phenotype, suggesting that Racl
induces transformation through effects on mitogenicity (Qui et al, 1995a). However, in
Ras-transformed MDCK epithelial cells Racl activity is downregulated and expression
of active Racl inhibits invasion, suggesting that the role of Racl in transformation is
cell-type specific (Sander et al, 1998).

The effects of mutant active and dominant

negative forms of Racl were therefore studied in DLD-1 cells.
Five cell lines expressing either dominant negative Racl (N17Racl) or mutant
active Racl (V12Racl) under the control of a tetracycline-repressible promoter, were
studied Chapter 4). N17Racl 2:1 cells expressed very low levels of protein in the
presence of tetracycline and showed upregulation of protein expression when grown in
the absence of tetracycline, although to levels below those of endogenous Racl (Figure
4.10). N17Racl 1:3 cells were chosen because upon removal of tetracycline these cells
showed a large upregulation of expression to levels approximately three times those of
endogenous Racl (Figure 4.10). V12Racl 2:1 cells were chosen because they showed
almost no expression of V12Racl protein in the presence of tetracycline and much
increased levels that were approximately four times higher than endogenous, upon
removal of antibiotic (Figure 4.10). V12Racl 1:1 and 2:2 cells were chosen because
they expressed much lower levels of active Racl in the absence of tetracycline
compared to 2:1 cells, and thus could be used if high levels proved toxic. Expression in
the 1:1 cells was also tightly regulated in the presence of tetracycline.

However

expression in the 2:2 cells was unaffected by tetracycline, with cells expressing similar
levels even in the presence of antibiotic, and would allow investigation of the effects of
continued V12Racl expression.
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6.2 : Morphological characterisation of Racl-expressing cells

The morphology of DLD-1 cells expressing Racl constructs was studied by phase
contrast microscopy of growing cells and by confocal microscopy of fixed,
fluorescently labelled cells. To study actin cytoskeletal organisation, cells were stained
with fluorescently labelled phalloidin, which binds polymerised actin. Antibodies to the
c-myc 9E10 epitope present on each Racl protein were also used to observe the
localisation of exogenous Racl within cells.

6.2.1

: Morphology of cells expressing NlTRacl

Phase contrast images of NlTRacl cells growing on tissue culture plastic
showed that NlTRacl expression had little discernible effect on the colony organisation
of DLD-1 cells and that cells maintained a uniform colony structure (compare Figure
6.2 with Figure 6.1). It was observed however, that NlTRacl cells were sometimes
flatter and more spread than controls (Figures 6.2 b and 6.1 b).
Phalloidin staining was used to investigate changes in actin organisation
associated with NlTRacl expression (Figure 6.3).

These cells showed increased

filopodium formation (Figure 6.3 a, c, white arrows), with a concurrent loss of
lamellipodia and membrane ruffles (Figure 6.3 c, e, blue arrows). NlTRacl protein
localised to cell membranes where it was observed at intercellular boundaries (Figure
6.3, red arrows).
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Figure 6.1

Morphology and actin organisation o f control DT-1 cells

Phase contrast microscopy images were used to visualise the m orphology o f cells growing
on tissue culture plastic. Image (b) shows part o f (a) at 2 x higher magnification.
Scale bars = 50 pm.
Confocal im ages o f fixed cells stained with TRITC-conjugated phalloidin were used to
visualise F-actin (c) Red arrows indicate actin filament bundles, blue arrows indicate
lamellipodia and membrane ruffles, and yellow arrow s indicate filopodia.
Scale bar = 10 pm
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Morphology o f N 1TRac 1-expressing cells

Phase contrast m icroscopy images o f N 1TRac 1-expressing DLD-1 cells growing
on tissue culture plastic. Cells were cultured in the absence o f tetracy cline for a
total o f 9 days. N lT R acl 2:1 cells (a. b) and 1:3 cells (c, d). Images in (b) and
(d) show parts o f (a) and (c) at 2 x higher magnification
Scale bars = 50 f^m.
Western blots show N 1TRacl detected using an antibody to the 9E10 c-m yc
epitope present at the amino terminus o f the protein Cells were grown in the
presence (+) or absence (-) o f tetracycline for 3 days prior to lysis.
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Figure 6.3

Actin organisation and N 17Rac 1 protein localisation in N 17Rac 1 cells

Confocal m icroscopy images show fixed N 17R acl 1:3 cells grown m the absence o f
tetracycline for 3 days. Confocal sections were taken at basal (a, b, c, d) and mid (e, f) levels
through the cells. Cells were stained with TRITC-conjugated phalloidin to visualise F-actin
( a c, e) and with antibodies to the 9E10 c-m yc epitope to locate N 17R acl protein (b, d, f).
White arrows indicate cell extensions, blue arrows indicate lamellipodia and membrane ruffles
and red arrows show N 17Racl localised to intercellular membranes Scale bar = 20 pm.
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: Morphological changes induced by expression of V12Racl

From phase contrast microscopy images of growing V12Racl cells it was
observed that the morphologies of the chosen clones were quite different (Figure 6.4).
V12Racl 2:2 cells were more spread than control cells and many had detached from
their neighbours (Figure 6.4, white arrows).

In contrast, V12Racl 2:1 cells, which

expressed approximately four times the level of protein as assayed by western blotting
(Figures 4.7), were smaller and appeared to be unhealthy, being surrounded by cell
debris (Figure 6.4, black arrows). However, some cells were observed to have detached
from their neighbours (Figure 6.4, d, b, white arrows), suggesting that Racl may be
involved in regulating intercellular adhesion in DLD-1 cells.
When the VI 2Racl-expressing cells were stained to investigate actin
cytoskeletal organisation and V12Racl protein localisation, a range of morphologies
was observed (Figures 6.5, 6.6 and 6.7). The most prevalent change was observed most
frequently in V12Racl 2:1 cells but also in V12Racl 2:2 cells, where vesicles could be
seen at the apical surface of cells (Figures 6.5 d, e, 6.6 f and 6.7). These vesicles stained
faintly for F-actin and strongly for V12Racl and in some cases appeared to have
detached from cells (red arrows). These vesicles were often most prevalent towards cell
edges, although vesicles were also observed within the cell body (Figure 6.6 b, green
arrows). Confocal images of V12Racl 2:1 cells illustrated that although a number of
cells were larger and more spread (Figure 6.5, yellow arrow), most were small with
extensions that resembled filopodia (Figure 6.5, white arrows). However since gaps
were present between many cells, such extensions may also have been retraction fibres.
Another change frequently observed was the presence of dense, punctate actin staining
in an area adjacent to the cell nucleus (Figure 6.5, blue arrows). A similar organisation
of F-actin was observed in V12Racl 2:2 cells (Figure 6.6, blue arrows). A further
phenotype was most apparent in V12Racl 2:2 cells (Figure 6.6 c, d).

These cells

showed a similar actin organisation to those described above, but were less spread and
possessed dendritic-like protrusions (white arrows in Figure 6.6 d).
When cells were counterstained with 9E10 c-myc antibodies, V12Racl protein
showed a diffuse cytoplasmic localisation with very dense staining at points within the
cell, often co-localising with the punctate F-actin (Figures 6.5, 6.6 and 6.7). Where
cells remained completely attached to their neighbours, V12Racl protein was often
observed at these intercellular junctions (purple arrows Figures 6.5 and 6.6).
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Figure 6.4

M orphology o f V 12Rac 1-expressing cells

Phase contrast microscopy images are shown o f V 12R acl 2:2 (a, b) and 2:1 (c, d) cells
growing on tissue culture plastic. Cells were cultured in the absence o f tetracycline for a
total o f 9 days. Images in (b) and (d) show parts o f (a) and (c) at 2 x higher magnification
White arrows indicate cells detaching from their neighbours and black arrows indicate cell
debns. Scale bars = 50 p,m.
Western blots show V 12R acl protein detected using antibodies to the 9E10 c-m yc epitope
Cells were grown in the presence (+) or absence (-) o f tetracycline for 3 days prior to lysis.
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F igure 6.5

Actin organisation and V 12R acl protein localisation in V 12R acl 2:1 cells

TRITC- eoniugated phalloidin was used to visualise F-aetin (a, c, e) and antibodies to the
9E10 c-m yc epitope were used to detect V 12Rac 1 localisation (b, d, f) Confocal sections are
shown at basal (a. b), mid (c, d) and apical (e, f) levels through eells Cells were cultured in
tlie absence o f tetracycline for 2 days. Scale bar = 20 pm.
White arrows indicate cellular extension, blue arrows show punctate actin staining, red arrows
illustrate vesicles detaehing from the apical surface o f cell, the yellow arrow indicates a large,
spread cell and the purple arrows indieate V 12R ael staining at intercellularjunetions
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Actin organisation and V 12R acl protein localisation in V 12Racl 2:2 cells

Confocal images show V 12R acl 2:2 cells stained with TRITC-conjugated phalloidin (a, c, e)
and antibodies to the 9E10 c-m yc epitope (b, d, f). Confocal sections were taken at basal (c,
d), mid (a, b) and apical (e, f) levels. Cells were grown in the absence o f tetracycline for 2 (c,
d, e, f) or 3 days (a. b). Scale bars = 20 pm.
White arrow s indicate cellular extensions, blue arrow s show punctate actin staining, red
arrow s illustrate vesicles detaching from the apical surface o f cells, green arrow s indicate
vesicles within cell and tlie purple arrows indicate V 12R acl staining at intercellular junctions.
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Figure 6.7

V esicle formation in V12Rac 12: 1 cells

Confocal microscopy im ages illustrate vesicle formation in
V 12R acl 2:1 cells
Cells were grown in the absence o f
tetracycline for 2 days, fixed, and stained with TRITC-conj ugated
phalloidin to visualise F-actin (a) and with antibodies to the 9E10
c-m yc epitope to detect V 12R acl protein (b). The red arrow
indicates vesicle formation at the apical surface o f the cell shown.
Scale bar = 20 pm.
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: Analysis of p-catenin localisation in V12Racl cells

The gaps observed frequently between VI2Racl-expressing cells suggested that
V12Racl could affect junctional organisation.

Therefore the localisation of the

intercellular adhesion associated protein p-catenin was studied.
Control DT-1 cells stained positively for p-catenin at intercellular contacts
(Figure 6.8 a, white arrows), as expected since E-cadherin localised to intercellular
junctions in the parental DLD-1 cells (Figure 3.14). In V12Racl 2:1 cells p-catenin was
also present at cell-cell contacts where cells remained adherent to their neighbours
(Figure 6.8 b, white arrows). However, in VI2Racl-positive cells p-catenin was also
localised within the cytoplasm and this staining was punctate, suggesting localisation to
intracellular vesicles (Figure 6.8 b, red arrows).

6.2.4

: Characterisation of pinocytosis in Racl cells

The presence of vesicles on the apical surface of cells indicated that V12Racl
might play a role in membrane trafficking, as has been suggested by previous research
(for reviews see Van Aelst and D’Souza-Schorey, 1997, Ellis and Mellor, 2000).
Activated Racl stimulates pinocytosis in fibroblasts (Ridley et al, 1992), and
pinocytosis was therefore measured in VI2Racl-expressing cells by incubating cells
with FITC-labelled dextran and using confocal microscopy to compare the levels of
dextran within cells (Chapter 2.4.4.S).
Control DT-1 cells showed a significant uptake of dextran within one hour, and
there was no discernible difference in the amount of dextran taken up by NlTRacl 1:3
cells (Figure 6.9). Both V12Racl 2:1 and 2:2 cells had much higher levels of dextran
within cells after a one-hour incubation period and by three hours, dextran was observed
to be predominantly localised to an area just outside the cell nucleus (Figure 6.9, white
arrows). In contrast, even after three hours of incubation with dextran, control cells
maintained the dextran distribution pattern seen at one hour (data not shown). High
dextran uptake was also observed in cells that did not stain positively for V12Racl
(Figure 6.9 e).

It is probable therefore that the c-myc antibodies used here (A-4,

Chapter 2.1.6.1), did not detect cells expressing low levels of V12Racl, as mentioned
previously for V14RhoA-expressing cells (Chapter 5.3.4).
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p-catenin localisation in V 12R acl 2:1 and DT-1 cells

Confocal images show DT-1 (a) and V 12R acl 2:1 (b, c) cells stained with
antibodies to p-catenin (a. b) and with antibodies to the c-m yc epitope (A -4)
to show V 12R acl localisation (c).
White arrows indicate P-catenin at intercellular junctions and red arrows
indicate punctate P-catenin staining within cells.
Scale bars = 20 pm.
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Figure 6.9

Pinoc>tosis in control and R acl-expressing cells

Confocal images show uptake o f FITC-labelled dextran in DT-1 (a), N 17R acl 1:3 (b), V 12Rac 1
2:1 (c, e) and 2:2 cells (d, f), counterstained with antibodies to c-m yc (A-4). Cells were cultured
in the absence o f tetracycline for 3 days and incubated with FITC-labelled dextran for 1 (a. b, c,
d) or 3 (e, f) hours. Arrows indicate areas o f dense dextran accumulation. Scale bar = 20 pm.
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6.3 : Ceil proliferation

6.3.1

: Measurement of cell growth by optical density

The growth rate of Racl-expressing cells was initially determined using
spectrophotometric analysis of methylene blue-stained cells (Chapter 2.4.9.1). Growth
was measured over two weeks to investigate the short and longer-term effects of Racl
protein expression. Of all the Racl-expressing cell lines, only V12Racl 2:2 cells had a
significantly reduced rate of proliferation (Figure 6.10). The presence or absence of
tetracycline had little effect on the growth rate of any line. Each of the NlTRacl lines
grew to the assay saturation point by the end of the time-course, as did control DT-1
cells. However, the NlTRacl 2:1 line demonstrated a faster rate of growth over the first
T days after removal of tetracycline and then slowed down, while the rate of
proliferation of NlTRacl 1:3 cells remained almost constant. The results for V12Raclexpressing cells were unexpected because the V12Racl 2:2 line, which expressed less
V12Racl protein, showed significantly inhibited growth, especially over the first T
days. The V12Racl 2:1 cells showed an almost identical pattern of growth to that of the
control DT-1 cells. The complete lack of regulation of V12Racl expression in the
V12Racl 2:2 cells may be responsible for their reduced rate of growth at low cell
density.
Results for Racl-expressing cells grown under reduced serum conditions of 0
and 1% PCS, were similar to those described above, when compared with control DT-1
cells: cells showed the same patterns of growth, but at a reduced rate.
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Figure 6.10
Proliferation o f control and Rac 1-expressing DLD-1 cells, assayed
by spectrophotometric analysis o f cell density changes over time
Cells were plated in the presence o f tetracycline. Tw o days later w ells were washed
and cells re-fed with medium either with (dotted lines) or without (solid lines)
tetracycline (day 0). Media were changed on days 2, 5, T and 9 and cells stained on
each day and at the end o f the assay (day 12). Error bars indicate standard deviation
over a minimum o f three independent assays. DT-1 cells were used as a control.
Western blots are as shown previously (Figures 6.2 and 6.4).
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: Proliferation rates of Racl-expressing DLD-1 cells

Proliferation was also measured by counting cells. Cell count results confirmed
cell density data, illustrating that only V12Racl 2:2 cells grew to significantly reduced
numbers, compared with control DT-1 cells (Figure 6.11). The main difference in cell
number between the two VI2Racl-expressing cell lines occurred during the two days
prior to removal of tetracycline and continued for the first 3 days of the assay. It is
likely that the reduced initial growth rate of the V12Racl 2:2 cells was due to V12Raclexpression in the presence of tetracycline, exerting effects on growth prior to day 0 of
the assay. It is interesting to note that at day 3 the number of V12Racl 2:2 cells was
similar to that of V12Racl 2:1 cells at day 0 and that after this point, the proliferation
rates of the two lines were similar. Therefore this point may represent a cell density at
which expression of V12Racl is less inhibitory to growth. These observations indicate
that expression of V12Racl is most detrimental to growth at very low cell densities. As
had been shown previously for NlTRacl 2:1 cells (Figure 6.10), cells of the NlTRacl
1:3 line showed a reduction in their rate of growth at around seven days, after which cell
numbers did not increase further. This may indicate that NlTRacl enhances contact
inhibition of growth.
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Proliferation rates o f Racl-expressing DLD-1 cells

The assay was performed as in Figure 6.10, with all cells cultured in the absence o f
tetracycline and cell counts made on the days indicated
Error bars indicate standard deviation over a minimum o f three independent assays.
Western blots are as shown previously (Figures 6.2 and 6.4).
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6.4 : Racl effects on the transformed growth properties of DLD-1 cells

6.4.1

: Anchorage-independent growth

The growth of Racl-expressing cells was studied in soft agar to determine
effects on anchorage-independent growth.

Both V12Racl clones showed almost

complete loss of anchorage-independent growth, with mean colony number significantly
reduced by around 10-fold compared to control cells. However mean colony area of
any colonies formed did not differ significantly from that of control colonies, although
the very large error bars obtained for V12Racl 2:1 cells indicated a large variation in
size between colonies (Figure 6.12). Expression of NlTRacl also significantly reduced
the number of colonies formed in soft agar, although not to the same degree as observed
for VI2Racl-expressing cells. Interestingly the greatest inhibition of colony formation
was observed for cells of the lower expressing NlTRacl 2:1 cell line, which reduced
mean colony number by around T-fold, compared to only 2-fold for NlTRacl 1:3.
However, in both NlTRacl cell lines, mean size of colonies was also significantly
reduced, with mean colony area around half that of control DT-1 cells.

6.4.2

: Morphology of Racl-expressing cells on Matrigel

Growth on Matrigel of Racl-expressing cells was compared to that of control
DT-1 cells to identify any alterations in morphology attributable to Racl protein
expression. V12Racl-expressing cells generally grew as sparse, very small colonies,
with almost no structures of a similar size to DT-1 colonies observed (Figure 6.14 c and
a). In addition, V12Racl structures were not uniform in shape and individual clusters of
cells could be seen, indicating an altered cellular organisation (Figure 6.14 d).
NlTRacl-expressing cells also formed smaller structures on Matrigel compared to DT-1
cells (Figure 6.14 e and g). However these structures had the same uniform shape and
organisation as control DT-1 cells (Figure 6.14 f, h and b).

NlTRacl expression

therefore did not appear to alter cellular organisation, but possibly enhanced cell growth
regulation, resulting in the smaller structures observed.
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Figure 6.12

Anchorage-independent growth o f control and Racl cells

Cells were pre-incubated in the absence o f tetracycline for 2 days poor to
seeding in 0 4% (w /v) agar. Colonies were stained with p-iodotetrazolium violet
after 2 weeks and the number o f colonies above a threshold diameter o f 80 pm
counted and area calculated (Chapter 2.4.10). Error bars indicate standard
deviation over 3 or more experiments * p< 0.05, ** p < 0.01 (Students t-Test)

0.12
□ DLD-1

<ü

0.1

□ DT-1

Q.
CM

0 08

pSV2

E

E
i V1 2 Ra c 1 1:1

ro 0 . 06

0I—)
CD

>»

o

o

l V1 2 Ra c 1 2:1
0. 04

o
N l T R a c l 1:3

0.02
□ N l T R a c l 2:1

j
Cell lines

244

Racl expression in DLD-1 cells

Chapter 6

pSV,

DT-1

DLD-1

V 12R acl

V 12R acl

1:1

2:1

+

+

N lT R a c l
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Figure 6.13

Colonies o f control and R acl cells in soft agar

Images arc samples o f data produced by the image analysis system and used for
the graphs in Figure 6 12. Control cells DLD-1 (a), DT-1 (b) and pSV^ (c),
V 12R acl 1:1 (d) and 2:1 (e) and N 1TRac 2:1 (f) and 1:3 (g) cells.
Western blots are as shown previously (Figures 6.2 and 6.4).
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F igure 6.14

Morphology o f R acl-expressing cells on M atngel.

Phase contrast microscopy images show DT-1 (a. b), V 12R acl 2:1 (c, d),
N lT R a cl 2:1 (e, f) and 1:3 (g, h) cells growing on a layer o f Matrigel, in the
absence o f tetracy cline, 1 w eek after seeding Images in (b), (d), (f) and (h) show
parts o f (a), (c), (e) and (g) at 5 x higher magnification. Scale bars = 50 pm.
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6.5 ; Discussion

6.5.1

: Expression of V12Racl induces cell dissociation and enhances pinocytosis

in DLD-1 cells

The variety of morphologies observed in cells expressing V12Racl may be due
to the relative position of cells within a colony. The protrusions observed in some
VI 2Racl-expressing cells indicate that cells are attempting to spread. Only cells at
colony edges have room to spread and therefore these had a larger surface area.
Vesicles at the apical cell surface were generally observed in cells within a colony,
which cannot spread over neighbouring cells and may therefore be forced to extend
their membrane upwards. The ‘cell debris’ observed in phase contrast images of the
same cells, was most likely caused by the vesicles observed at the apical surface of
V12Racl cells by confocal microscopy.
The stimulatory role observed here for V12Racl in pinocytosis, correlates with
data from fibroblasts where vesicles observed within cells were concluded to be formed
predominantly by pinocytosis (Ridley et al, 1992, Michiels et al, 1995, Qiu et al,
1995a). Membrane ruffling and pinocytosis are closely linked processes (Bar-Sagi and
Feramisco, 1986, Ridley et al, 1992), and actin rearrangement seems to be required for
the generation of pinocytic vesicles and for their intracellular movement (for review see
Ellis and Mellor, 2000). There is increasing evidence to support a role for Rac in the
regulation of endocytic traffic (for review see Ellis and Mellor, 2000).

V12Racl

expression in MDCK cells resulted in the accumulation of a large central aggregate of
membranes beneath the apical cell surface, containing F-actin and V12Racl (Jou and
Nelson, 1998). Further analysis showed that V12Racl specifically altered membrane
trafficking directed to the apical membrane in polarised MDCK epithelial cells (Jou et
al, 2000). Research also describes a role for Rac in stimulating exocytosis of recycling
membrane (Bretscher and Aguado-Velasco, 1998).

This research determined that

membrane for new ruffles was taken from an intracellular pool of endocytosed
membrane rather than from neighbouring membrane and that the specific re-direction of
this membrane was dependent upon active Racl (Bretscher and Aguado-Velasco, 1998).
These data support the hypothesis that Racl increases membrane activity, which could
result in vesicle formation at the apical surface where cells have limited room to spread.
It is also possible that these vesicles were the result of VI 2Racl-regulated exocytosis,
since local remodelling of the actin cytoskeleton is known to stimulate vesicle budding
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(for review see Ellis and Mellor, 2000). It would be interesting to test for exocytosis
and secretion of enzymes associated with normal colon epithelial cells, in control and
VI2Racl-expressing cells, as well as to follow the uptake of FITC-labelled dextran into
cells using time-lapse video fluorescence microscopy.
The punctate localisation of p-catenin within the cytoplasm of V12Raclexpressing cells may be due to increased recycling of the cadherin complex. The gaps
observed between these cells may therefore have been due to disruption of junctions by
V12Racl. It is possible that the increased cell dissociation observed in V12Racl 2:2
cells is a result of long-term V12Racl expression, and may involve changes in
expression of genes associated with intercellular adhesion. These results are in contrast
to most research in epithelial cells, which indicates a positive role for Racl in the
formation of adherens junctions (Takaishi et al, 1997, Hordijk et al, 1997). In Rastransformed Rat BRK epithelial cells however, a decrease in intercellular adhesion
following expression of V12Racl, and an increase in adhesion together with increased
stability of adherens junctions upon expression of N17Racl was observed (Quinlan,
1999). It would be of interest to compare the stability and composition of cadherin
complexes at intercellular junctions

in V12Racl

and control cells, through

immunoprécipitation assays.

6.5.2

: Expression of N17Racl results in microspike formation in DLD-1 cells

As expected from previous research (Ridley et al, 1992), expression of N17Racl
inhibited the formation of Racl-regulated structures such as lamellipodia and membrane
ruffles. N17Racl-expressing cells also had increased levels of microspikes resembling
filopodia.

Although filopodia are observed in control DT-1 and DLD-1 cells,

lamellipodia and membrane ruffles are more prevalent. This suggests that inhibition of
Racl allows the visualisation of Cdc42-induced filopodia by removing lamellipodia,
indicating the presence of a hierarchical pathway leading from Cdc42 to Racl in DLD-1
cells, as observed in a number of other cell types (Nobes and Hall, 1995, Allen et al,
1998). In addition, N17Racl was localised to intercellular junctions, which further
suggests a role for Racl in the regulation of intercellular adhesion.

In contrast to

VI2Racl-expressing cells, no downregulation of intercellular adhesion was observed,
suggesting that in DLD-1 cells inhibition of Racl enhances the stability of cell-cell
adhesion, as observed in Ras-transformed epithelial cells (Quinlan, 1999).
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: V12Racl inhibits DLD-1 ceil growth at low cell densities and alters the

transformed phenotype of DLD-1 cells

The results presented here suggest that V12Racl is inhibitory to the growth of
cells at low density. These effects may be due to long-term expression of V12Racl
resulting in altered gene expression, since V12Racl 2:2 cells express high levels of
protein in the presence of tetracycline. Further tests of growth of the two cell lines at
reduced cell densities would need to be undertaken to confirm this and could include
time-lapse video analysis. Expression of V12Racl also greatly inhibited the ability of
DLD-1 cells to form colonies in soft agar, although no significant change in colony size
was observed. However, to determine whether this effect was directly due to inhibition
of a transformed characteristic of DLD-1 cells, or to inhibition of colony formation in
principle, the ability of VI2Racl-expressing cells to form colonies on plastic should be
quantified. On Matrigel, V12Racl cells had a markedly altered cellular organisation
that may have been due to a decrease in intercellular adhesion, as observed on plastic.
If cells readily detached from the main colony, the inhibitory effects of V12Racl
expression at low cell density may explain their decreased ability to form colonies on
Matrigel, or within soft agar.
These results indicate that cells expressing V12Racl have a greater requirement
for signals from other cells than DLD-1 cells. This may be the result of the reduced
contact between cells caused by downregulation of intercellular junctions, leading to
reduced signaling between cells. Although Racl stimulates cell cycle progression in
fibroblasts (Olson et al, 1995) and is required for proliferation in Ras-transformed
fibroblasts (Qiu et al, 1995a), little is known of how Racl might regulate mitogenicity.
Activated Racl is known to stimulate the SAPK/JNK pathway, which is generally
activated in response to stress stimuli, leading to growth arrest and/or cytokine
production (for review see Kyriakis and Avruch, 1996). It is possible that long-term
overexpression of mutant active Racl activates the SAPK/JNK pathway in addition to
possible activation of cell cycle progression, and thus only when cells are exposed to
other mitogenic stimuli does cell cycle progression overide growth arrest induced by
these stress-activated pathways. This could be tested by studying the relative activation
of both of these pathways in V12Racl cells under different conditions including low
and high cell density and in the absence of substratum adhesion.
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: Effects of N17Racl on cell growth

Expression of NlTRacl may restore contact inhibition in DLD-1 cells, as
observed in fibroblasts (Qiu et al, 1995a), since cell numbers reached a plateau at
around 50,000 cells per well, whereas control cells continued to grow above this
density. A similar effect was observed for NlTRacl 2:1 cells in the optical density
assay, but not for NlTRacl 1:3 cells possibly because these cells failed to reach
confluence due to their slower rate of growth. In addition, the observation that the
optical density assay was less sensitive to changes in cell number at high density than
cell count data, may have masked the induction of contact inhibition in the slower
growing NlTRacl 1:3 cells in this assay. To further investigate the role of N lTRacl in
contact inhibition of growth at confluence, saturation density experiments could be
undertaken.
In soft agar, cells of the low expressing NlTRacl 2:1 line showed reduced
colony forming ability, while only minimal inhibition was seen in cells of the high
expressing NlTRacl 1:3 line, and yet both lines showed a reduced mean colony size.
The differences observed between the two cell lines in the ability to form colonies in
soft agar may be related to intercellular adhesion.

If increased levels of NlTRacl

indeed enhanced intercellular adhesion, as suggested by the effects of V12Racl in these
cells, this would make it more difficult to detach cells to form a single cell suspension
prior to plating in soft agar.

Cells that are plated in groups may have a growth

advantage over those single cells which receive no signals from the surrounding
environment and thus the groups of cells are more likely to form colonies. The higher
expression of NlTRacl protein in the NlTRacl 1:3 line probably reflects a greater
proportion of positively-expressing cells, as described previously (Chapter 5.1.3) and
thus a large percentage of these cells may have been plated in groups. The reduced
colony size in soft agar and on Matrigel may reflect an increase in cell growth
regulation and contact inhibition of growth, as observed in growth assays on plastic.

6.5.5

: Conclusions

The most profound effect of V12Racl expression in DLD-1 cells was an
enhanced membrane activity, probably leading to delivery of vesicles to the plasma
membrane, together with enhanced pinocytosis. V12Racl also reduced intercellular
adhesion, which may reflect an increased internalisation of cadherin complexes. These
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effects may lead to the altered growth properties observed, including reduced growth in
soft agar, on Matrigel and at low cell density on plastic. Recent work demonstrating
downregulation of Racl activity in Ras-transformed MDCK epithelial cells (Sander et
al, 1998, Zondag et al, 2000) suggests a requirement for reduced levels of Racl in these
cells.

Together these results indicate that effects of Racl on proliferation and

intercellular junctions are cell-type dependent, with different results obtained in cells of
different tissue origins such as fibroblasts and epithelial cells, and in epithelial cells with
different genetic backgrounds.
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7.1 : Introduction

Cdc42 is known to regulate filopodium formation, and also plays a role in
cytokinesis, cell motility, cell cycle progression and transformation of both Rastransformed and normal fibroblasts (Chapter 1). Cdc42 regulates the morphology of
Ras- and Dbl-transformed cells and is also required for anchorage -independent growth,
suggesting that Cdc42 may transmit an adhesion-induced signal required for normal cell
growth (Qiu et al, 1997, Lin et al, 1999). However there is less research on Cdc42 in
epithelial cells than either RhoA or Racl, primarily because the protein was identified
more recently.

Research in epithelial cells has focussed on intercellular adhesion

(Kodama et al, 1999) and invasion and metastasis (Keely et al, 1997), with no work
directly investigating a role for Cdc42 in the transformation of epithelial cells. The
effects of activation and inhibition of Cdc42 on the transformed characteristics of DLD1 cells were therefore investigated.
Five clones expressing differing levels of dominant negative Cdc42 (N17Cdc42)
and mutant active Cdc42 (V12Cdc42) protein were chosen on the basis of expression
levels (Chapter 4). N17Cdc42 3:3 cells were chosen primarily because they showed
very good regulation of protein expression and upon removal of tetracycline expression
was upregulated, although only to low levels (Figure 4.8). N17Cdc42 3:2 cells were
also chosen because although they expressed high levels of protein in the presence of
tetracycline, in the absence expression levels more than doubled to levels above those of
endogenous protein (Figure 4.11).

Cells of the V12Cdc42 1:4 clone showed good

regulation of expression, with levels greatly enhanced upon removal of antibiotic, but
still below those of endogenous Cdc42 (Figure 4.11). V12Cdc42 1:1 and 2:4 cells
expressed protein in the presence of tetracycline, although levels were still below
endogenous, and in the absence of antibiotic expression levels were above those of 1:4
cells, with the 2:4 line showing higher expression than the 1:1 line (Figures 4.8 and
4.11). These cell lines therefore showed a range of expression levels. In the 1:1 and 2:4
lines, levels were similar and could thus act as a form of internal control for V12Cdc42
protein effects and clonal variation.
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7.2 : Morphological characterisation of Cdc42-expressing cells

Morphological changes associated with expression of Cdc42 constructs in DLD1 cells were first studied using phase contrast microscopy of growing cells. Confocal
microscopy of fixed, fluorescently-labelled cells was then used to study in more detail
the changes in actin cytoskeletal organisation and to determine the localisation of Cdc42
protein.

7.2.1

: Morphology of N17Cdc42-expressmg cells

Cells of the very low expressing N17Cdc42 3:3 clone had a similar morphology
to control DT-1 cells (Figures 7.1 and 7.2). N17Cdc42 3:2 cells, which expressed very
high levels of protein even in the presence of tetracycline, had a significantly altered
morphology, with cells more densely packed even than control DLD-1 cells (Figure 7.2
and 5.1). These cells were so small and tightly packed, that at these magnifications
individual cells could not be distinguished within colonies (Figure 7.2 d). However
cells at the colony edges still extended lamellipodia and were considerably more spread
than their counterparts within colonies, and colonies maintained a regular morphology
as they grew.
Confocal analysis of phalloidin-stained cells revealed that expression of
N17Cdc42 induced the formation of F-actin bundles resembling stress fibres (Figure
7.3, red arrows), as observed in V14RhoA-expressing cells (Figure 5.7). Cells within
colonies appeared more contracted and smaller, possibly as a result of this dense
network of stress fibres (Figures 7.2 and 7.3). Interestingly, cells growing in small
groups and at colony edges exhibited long protrusions in addition to the presence of
strong actin bundles (Figure 7.3, white arrows). Protrusions were also observed on cells
located within colonies, but these were considerably shorter (Figure 7.3, blue arrows).
The morphological phenotype of N17Cdc42-expressing cells therefore reflected the
position of cells within colonies, with edge cells exhibiting protrusions, while groups of
cells within colonies had a more contracted morphology (Figure 7.2).
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Figure 7.1

M orphology and actin organisation o f control DT-1 cells

Phase contrast m icroscopy im ages o f cells growing on tissue culture plastic (a, b)
Image (b) shows part o f (a) at 2 x higher magnification.
Scale bars = 50 pm
A confocal image o f fixed cells stained with TRJTC-conjugated phalloidin to
visualise F-actin (c). Red arrows indicate F-actin bundles, blue arrows indicate
lamellipodia and membrane ruffles and yellow arrows indicate filopodia.
Scale bar = 10 pm
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Phase contrast m icroscopy images o f N 17Cdc42 cells

Images show N 17C dc42 3:3 (a. b) and 3:2 (c, d) cells growing on tissue culture
plastic. Cells were cultured in the absence o f tetraeyeline for a total o f 9 days.
Images in (b) and (d) show parts o f (a) and (c) at 2 x higher magnification.
Scale bars = 50 pm.
Western blots show relative levels o f N17C dc42 protein detected using an
antibody to the 9E10 c-m yc epitope Cells were grown in tlie presence (+) or
absence (-) o f tetracycline for 3 days prior to lysis.
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Figure 7.3

Actin organisation and N 17Cdc42 protein localisation in N 17Cdc42 3:2 cells

Phalloidin was used to visualise F-actin (a. c) and antibodies to the 9E10 c-m yc epitope used
to detect N 17C dc42 (b, d). Confocal sections are shown o f two separate experiments (a, b)
and (c, d). All cells were cultured in the absence o f tetracycline for 3 days.
Red arrows indicate strongly stained F-actin bundles, blue arrows indicate protrusions on
cells within colonies and the white arrows show long protrusions on cells at colony edges.
Scale bars = 20 pm.
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: Morphological changes induced by expression of V12Cdc42

Cells expressing V12Cdc42 exhibited a completely altered morphology when
compared to control cells, being flatter and more spread (Figures 7.4 and 7.1). This
phenotype was not dependent upon cell location within a colony. Individual cells of the
high expressing V12Cdc42 2:4 line located within a colony were so spread that they
covered an area of approximately four control DT-1 cells in a similar position (Figures
7.4 d and 7.1 b). The area of cells reflected a spreading of both the cell nucleus and
cytoplasm, suggesting that cells were more flattened than controls. In addition ruffling
of cell edges was observed in cells of the V12Cdc42 2:4 line (Figure 7.4, arrows).
Although at low density V12Cdc42 cells maintained a similar pattern of growth
to control cells, growing as organised colonies, upon reaching confluence V12Cdc42
cells over-grew one another in a pattern not observed in any other DLD-1-derived cell
line (Figure 7.5). At confluence control cells became tightly packed in a confluent
monolayer before they gradually grew over each other in layers (Figure 7.5 a, b and
Figure 5.2). N17Cdc42-expressing cells grew similarly when confluent (Figure 7.5 d).
However, cells expressing V12Cdc42 piled up upon one another before a tightly packed
base layer had been established, with larger, spread cells sometimes visible on the base
layer. Cells did not form orderly layers, but instead formed disordered ridges of cells
that collapsed when subjected to stresses such as washing (Figure 7.5 c, white arrows).
In confocal sections of V12Cdc42-expressing cells stained with phalloidin
lamellipodia were visible at cell edges at the basal level (Figures 7.6 and 7.7, blue
arrows), and in medial and apical sections through the cells membrane ruffles were
observed (Figures 7.6 and 7.7, white arrows). Cells had a reduced level of stress fibres
compared to control DT-1 cells (Figure 7.1) and instead possessed mostly fine F-actin
bundles. V12Cdc42 cells also had a punctate F-actin staining on their apical surface,
indicating the presence of microvilli (Figures 7.6 and 7.7, purple arrows). V12Cdc42
protein was diffusely localised throughout cells, but was most concentrated in
membrane ruffles and in the perinuclear region (Figures 7.6 and 7.7, red arrows). In
addition, vacuoles were observed in cells of the V12Cdc42 2:4 clone (Figure 7.7, green
arrows).
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Figure 7.4

Phase contrast m icroscopy images o f V 12Cdc42 cells

im ages show V 12C dc42 1:4 (a. b) and 2:4 (c, d) cells growing on tissue culture
plastic Cells were cultured in the absence o f tetracycline for a total o f 9 days.
Images m (b) and (d) show parts o f (a) and (c) at 2 x higher magnification.
Arrow s indicate membrane ruffles
Scale bars = 50 pm.
Western blots show V 12C dc42 protein detected using an antibody to the 9E10
c-m yc epitope
Cells were grown in the presence (+) or absence (-) o f
tetrac> cline for 3 days prior to lysis.
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Figure 7.5
Morphology o f confluent control and
Cdc42-expressing DLD-1 cells
Phase contrast microscopy images show DT-1 (a),
pSV , (b), V 12C dc42 1:4 (c) and N 17C dc42 3:2 (d)
cells growing on tissue culture plastic. Cells were
cultured in the absence o f tetracycline for 16 days
Arrows indicate cells piled up in ridges
Scale bar = 20 pm
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Figure 7.6
Actin organisation and localisation o f V 12Cdc42 protein in
V 12C dc42 1:4 cells
Phalloidin was used to visualise F-actin (a, c, e) and antibodies to the 9E10 c-m yc
epitope used to detect V 12C dc42 localisation (b, d. f) Confocal sections were
taken at basal (a. b), medial (c, d) and apical (e, f) levels. Cells were cultured in
the absence o f tetracycline for 2 days. Blue arrows show lamellipodia. white
arrows indicate membrane ruffles, the purple arrow shows punctate actin staining
and the red arrow indicates perinuclear V I2C dc42 staining. Scale bar = 10pm
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Figure 7.7
Actin organisation and localisation o f V 12C dc42 protein in
V 12C dc42 2:4 cells
Images show V 12C dc42 2:4 cells stained with TRJTC-conjugated phalloidin
(a. c) and antibodies to the 9E10 c-m yc epitope (b, d). Confocal sections
were taken at basal (a. b) and medial (c, d) levels. Cells were grown in the
absence o f tetracycline for 2 days.
Blue arrows show lamellipodia, white arrows indicate membrane ruffles,
purple arrows indicate punctate actin staining, red arrows indicate pennuclear
V 12C dc42 staining and green arrows show vacuole. Scale bar = 20 pm
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: Comparison of Cdc42 and Golgi complex localisation in DLD-1 cells

expressing Cdc42 constructs

The perinuclear localisation of V12Cdc42 suggested that the protein might be
localised to the Golgi complex, as has been previously reported (Erickson et al, 1996,
McCallum et al, 1998, Kroschewski et al, 2000). The localisation of the Golgi complex
and Cdc42 proteins was therefore determined within control and Cdc42-expressing
cells.
The distribution of the Golgi complex was observed to differ in cells growing
within and at the edge of colonies. In control DT-1 cells the strongest staining for the
cis-Golgi marker giantin (Chapter 2.1.6.1), was observed at a single perinuclear location
in the more spread cells located at the edges of colonies (Figure 7.8, blue arrows), with
weaker staining surrounding the rest of the nucleus (Figure 7.8 a). Cells within colonies
show a more uniform distribution of giantin around the nucleus (Figure 7.8 b). In cells
expressing N17Cdc42, the distribution of the Golgi complex was indistinguishable from
that in control DT-1 cells (Figures 7.9 and 7.8); cells at the colony edges showed a
concentration of giantin at a single perinuclear site (Figure 7.9, blue arrows).
N17Cdc42 protein was localised quite diffusely throughout the cell and although it was
somewhat concentrated in a ring surrounding the cell nucleus in some cells, this did not
co-localise with the Golgi complex (Figure 7.9 c, f).

Cells expressing V12Cdc42

showed the same pattern of protein localisation that had been seen previously (Figures
7.6 and 7.7), with a proportion of V12Cdc42 protein localised to one region adjacent to
the nucleus (Figures 7.10 and 7.11, red arrows). The localisation of the Golgi complex
was altered in cells expressing V12Cdc42, where a denser staining for giantin was
observed at a single perinuclear location, as observed in control DT-1 cells at colony
edges (Figures 7.10, 7.11 and 7.8, blue arrows). Since both control cells at colony
edges, and V12Cdc42-expressing cells showed a spread morphology it is possible that
cell spreading caused the altered Golgi complex localisation.

When the images of

V12Cdc42 and giantin staining were overlaid, the Golgi complex appeared to surround
the site of perinuclear V12Cdc42 localisation (Figures 7.10 and 7.11, white arrows)
rather than co-localising with it.

262

Cdc42 expression in DLD-1 cells

Chapter 7

V»

.is

_

Figure 7.8

G olgi com plex localisation in control DT-1 cells

Two sets o f confocal images show DT-1 cells stained with the
giantin antibody, a marker for the cis-G olgi compartment.
Cells were grown in the absence o f tetracycline for 3 days.
Blue arrows indicate perinuclear staining in cells at the edge o f a
colony
Scale bar = 10 pm.
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Figure 7.9
Localisation o f the Golgi com plex and N 17C dc42 protein in
N 17C dc42 3:2 cells
Two sets o f confocal im ages show cells stained
and the giantin antibody (b, e), overlaid images
grown m the absence o f tetracycline for 3 days.
staining o f the Golgi com plex in cells at colony
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with the 9 E 10 c-m yc antibody (a. d)
are included (c, f) Cells were
Blue arrows indicate pennuclear
edges Scale bar = 20 pm.
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Figure 7.10

Localisation o f V 12C dc42 and the Golgi com plex in V12C dc42 1;4 cells

Tw o sets o f confocal im ages show cells stained with the 9E10 c-m yc antibody (a, d) or
the giantin antibody (b, e), overlaid im ages are included (c, f) Cells were grown in the
absence o f tetracycline for 3 days
Red arrows indicate perinuclear V12C dc42
localisation, blue arrows show perinuclear staining o f the Golgi com plex and white
arrows indicate that giantin and V 12C dc42 do not co-localise Scale bar = 20 pm.
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Figure 7.11

Localisation o f V 12C dc42 and the G olgi com plex in V12C dc42 2:4 cells

Two sets o f confocal images show cells stained with the 9E10 c-m yc antibody (a. d) or
the giantin antibody (b, e), overlaid im ages are included (c, f) Cells were grown in the
absence o f tetracycline for 3 days. Red arrows indicate perinuclear VI 2Cdc42
localisation, blue arrows show perinuclear staining o f the G olgi com plex and white arrows
indicate that giantin and V 12Cdc42 do not co-localise. Scale bar = 20 pm.

266

Chapter 7
7.2.4

Cdc42 expression in DLD-1 cells

: Analysis of |3-catenin localisation in V12Cdc42 cells

The spreading induced by expression of V12Cdc42 suggested that V12Cdc42,
like V12Racl (Chapter 6.2.3), might have effects on junctional organisation.

The

localisation of the intercellular adhesion-associated protein p-catenin was therefore
studied.
Control DT-1 cells stained positively for p-catenin at intercellular junctions
(Figure 7.12 a, white arrows). In V12Cdc42-expressing cells P-catenin was also present
at intercellular contacts, although this staining was generally weaker than that observed
in control DT-1 cells (Figure 7.12 b, c, white arrows). Lamellipodia were also visible at
intercellular contacts, protruding beneath neighbouring cells, and p-catenin was
localised throughout these, along the very edge of the membrane and in all the small
protrusions from this edge (Figure 7.12 b, c, yellow arrows). A high concentration of pcatenin was also observed in some cells at a single perinuclear site (Figure 7.12 b, c, red
arrows). Interestingly, this perinuclear localisation strongly resembled that observed
previously for V12Cdc42 protein (Figure 7.7, 7.10 and 7.11), and it would be
interesting to determine whether they co-localised.
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Figure 7.12

p-catenin localisation in control DT-1 and V 12Cdc42 cells

Confocal images show DT-1 (a) and V12Cdc42 1:1 (b) and 1:4 (c) cells stained
with antibodies to P-catenin.
White arrows indicate p-catenin localised to
intercellular junctions, yellow arrows indicate p-catenin within lamellipodia and red
arrows indicate strong pennuclear localisation o f p-catenin. Scale bars = 20 pm.
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7.3 : Cell proliferation

7.3.1

: Measurement of cell growth by optical density

Multi-well growth assays were carried out as for other cell lines (Chapters 5 and
6), using changes in cell density as a measure of increasing cell number (Chapter 2.4.9).
The growth patterns observed for the two N17Cdc42-expressing cells were
interesting because they appeared different, although at equivalent densities the growth
rate was similar, and the presence of tetracycline had no effect on the growth of either
line. At a density of approximately 1, the growth rate of all lines decreased until a
density of approximately 2 when the rate increased again. Therefore the rates of growth
of the two cell lines compared with their cell density were the same and did not
significantly differ from that of the control DT-1 line. The slight differences between
the two clones occurred prior to the start of the assay when cells of the lower expressing
N17Cdc42 3:3 line grew to a lower density. Previous morphological data had shown
cells of the N17Cdc42 3:2 line to be smaller than control DT-1 cells and to grow as
tightly packed colonies of highly retracted cells (Figure 7.2) and this phenotype may
have allowed the cells to grow more quickly at low density.
Both of the high-expressing V12Cdc42 cell lines had a somewhat reduced rate
of growth compared to DT-1 cells (Figure 7.13). In contrast, the V12Cdc42 1:4 cell line
expressing low levels of V12Cdc42 increased in cell density more quickly than control
DT-1 cells (Figure 7.13). Although this may have been due to clonal variation, the
similarity in growth rates between clones 2:4 and 1:1, which expressed similar levels of
V12Cdc42, suggested that there was little variation in the behaviour of different clones.
The presence of tetracycline slightly slowed the growth of each V12Cdc42 line,
including the low expressing V12Cdc42 1:4 line.

This may indicate that constant

fluctuations in the levels of active Cdc42 due to the instability of tetracycline over the
2-3 days between medium changes, are inhibitory to cell growth. If this is the case, it
suggests that the level of Cdc42 activity that is required for optimal DLD-1 cell growth
is critical.
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Figure 7.13
Proliferation o f control and Cdc42-expressing DLD-1 cells,
assayed by spectrophotometric analysis o f cell density changes overtim e.
Cells were seeded in the presence o f tetracycline and two days later w ells were
washed and re-fed with media plus or minus tetracy cline (day 0). Media were
changed on days 2, 5, 7 and 9 and cells stained on each day and at the end o f the
assay (day 12). Error bars indicate standard deviation across a minimum o f
three independent assays.
Solid lines indicate growth in the absence o f
tetracy cline and dotted lines in the presence DT-1 cells were used as a control
Western blots are as shown previously (Figures 7.2 and 7.4)
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: Proliferation rates of Cdc42-expressing DLD-1 cells

As an alternative method to measure cell proliferation, the number of cells in
each well was counted over a 12-day time-course. Expression of N17Cdc42 had almost
no effect on cell proliferation compared to DT-1 cells, similar to the results obtained by
analysis of cell density (Figures 7.14 and 7.13). The growth rate of the high expressing
V12Cdc42 2:4 cell line likewise did not differ significantly from that of DT-1 cells,
except that the growth rate slowed from day 5 (Figure 7.14).
showed an increased number of cells throughout the assay.

V12Cdc42 1:4 cells

This difference in cell

number was already present at day 0 and therefore occurred while cells were grown in
the presence of tetracycline, during the two days prior to removal of antibiotic. As such
this may have reflected an enhanced rate of growth in cells expressing only very low
levels of V12Cdc42. However, these cells also grew to higher cell densities than any
other cell line tested, reflecting their ability to grow over each other (Figure 7.5).
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Figure 7.14

Proliferation rates o f Cdc42-expressing DLD-1 cells

Cells were seeded in tlie presence o f tetrac\ cline and tw o days later w ells were
washed and re-fed with medium in the absence o f tetracycline (day 0). Medium
was changed on days 2, 5, 7 and 9 and cell counts made on the days indicated
Error bars indicate standard deviation across a minimum o f three independent
assa\ s Western blots are as shown previously (Figures 7.2 and 7.4).
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: Flow cytometric analysis of cell cycle distribution

To study the effects of Cdc42 protein expression on the growth of DLD-1 cells
further, the distribution of the total population across the cell cycle was investigated by
flow cytometric analysis of propidium idodide-stained cells. This method was chosen
primarily to determine whether there were any clear changes in cells of the V12Cdc42
1:4 line that might explain their enhanced cell growth.

Such changes might have

included an increased percentage of cells in S-phase or a reduced number in Gi-phase,
indicative of a reduced cell cycle length.
At the point in time studied, three days after removal of tetracycline, there were
no significant changes in the cell cycle distribution of cells expressing mutant active
Cdc42 (Figure 7.15).

However there was a slight increase in the percentage of

N17Cdc42 3:2 cells in Gi-phase at the expense of cells in both S- and Gz/M-phases,
with the percentage of cells in Gz/M-phase significantly reduced (Figure 7.15), and is
indicative of an inhibitory effect of N17Cdc42 on cell growth.

7.3.4

: Analysis of DNA synthesis in cells expressing Cdc42 constructs

Growth was further studied in Cdc42-expressing cells by determining the
percentage of cells undergoing DNA synthesis. High levels of Cdc42 protein were
induced by pre-incubating the cells for three days in the absence of tetracycline, before
a two-hour pulse labelling with bromodeoxyuridine (BrdU) (Chapter 2.4.4.2).
Although differences in DNA synthesis between clones were small, there was a
slight increase in DNA synthesis in cells expressing V12Cdc42, while N17Cdc42expressing cells showed a reduced number of cells staining positively for BrdU
incorporation, although this was not significantly different from control DT-1 cells
(Figure 7.16). However in combination with the flow cytometry data (Figure 7.15),
these results suggested that expression of N17Cdc42 inhibited DNA synthesis in DLD-1
cells. It should be remembered that expression levels of exogenous Cdc42 protein were
not determined in the cells counted.

273

Cdc42 expression in DLD-1 cells

Chapter 7

6 0 .0 0

□ DT-1
5 0 .0 0

□ V 1 2 C d c 4 2 1:4
w

ro

4 0 .0 0

El N 1 7 C d c 4 2 3:2

Q.

3 0 .0 0

u

2000

o

0O))
ro

1 0 .0 0

0.00

G2 + M

GI

Figure 7.15

Cell cycle distnbution in DT-1 and Cdc42-expressing cells

Distnbution across the cell c \c le was compared by flow c\tom etn c analysis o f
propidium iodide-stained cells incubated in the absence o f tetracycline for 3 days.
The peaks o f Gj- and G^/M-phases were determined and the percentage o f cells in
each phase calculated. Error bars indicate standard deviation from the mean over
a minimum o f two individual experiments. Samples o f raw data for each cell line
are shown m the DNA histograms below * p < 0.05 (Students t-Test)
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Figure 7.16

D N A synthesis in control and Cdc42-expressing cells

D N A synthesis was detennined by m easunng incorporation o f
bromodeoxyuridine (BrdU) over a 2-hour period. Approximately 500 cells
were counted in each assay and tlie number o f cells staining positively for
BrdU was expressed as a percentage o f the total cells.
Error bars indicate standard deviation over 3 or more independent assays.
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7.4 : Cdc42 effects on the transformed growth properties of DLD-1 cells

7.4.1

: Anchorage-independent growth

Cells expressing either mutant active or dominant negative forms of Cdc42 had a
significantly reduced ability to form colonies in soft agar compared to DT-1 cells
(Figures 7.17 and 7.18). The high expressing V12Cdc42 2:4 cell line showed almost
complete inhibition of anchorage-independent growth, in combination with a reduction
in mean colony size of any colonies that successfully grew (Figures 7.17 and 7.18). The
low expressing V12Cdc42 1:4 line also showed a significant reduction in colony
formation, although in contrast to clone 2:4 a significant increase in mean colony size
was observed. Inhibition of anchorage-independent growth therefore correlated with
increased V12Cdc42 expression. The different growth rates of V12Cdc42-expressing
clones on plastic (Figure 7.13 and 7.14) may explain the differences in mean colony size
observed here. N17Cdc42 expression also significantly reduced colony-forming ability
in DLD-1 cells (Figures 7.17 and 7.18), but did not significantly alter the mean size of
colonies.

7.4.2

: Morphology of Cdc42-expressing cells on Matrigel

The morphology of Cdc42-expressing cells grown on the basement membrane
preparation Matrigel was analysed to characterise the effects of Cdc42 expression on
DLD-1 cell growth and organisation further.
N17Cdc42 3:2 cell structures had a reduced size on Matrigel compared to DT-1
cells, although the shape of these structures remained uniform and spherical (Figure
7.19 a, b, c and d).

Expression of active Cdc42 reduced the size of structures on

Matrigel compared to control DT-1 cells (Figure 7.19 a, e and g). In addition very small
balls of cells were frequently seen, which were often located close to larger structures,
as if they had ‘budded off’ from these (Figure 7.19 g). The V12Cdc42 structures were
not as uniform as those of control cells and individual groups of cells were visible
(Figure 7.19 f and h).

In addition, denser patches of Matrigel were observed

surrounding V12Cdc42 colonies (Figure 7.19 f, arrows).

These patches resembled

‘trails’, which may indicate that cells had migrated into the Matrigel matrix.
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Anchorage-independent growth o f control and Cdc42 cells

Cells were pre-incubated in the absence o f tetracycline for 2 days pnor to seeding. They
were then seeded in 0.4% (w/v) agar, onto 0.8% (w/v) agar bases and fed with growth
media Medium was changed after 1 w eek and the cells stained with p-iodotetrazolium
violet after 2 weeks. Colonies above a threshold diameter o f 80 pm were counted and their
area calculated Error bars indicate standard deviation over 3 or more experiments. Where
error bars are absent, only 2 assays were completed * p < 0.05, ** p< 0.01 (Students t-Test)
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Colonies o f control and Cdc42 cells grown in soft agar

Images are samples o f data produced by the image analysis system and used for the
graphs in figure 7.17. Control cells DLD-1 (a), DT-1 (b) and pSV^ (c) colonies,
V12 Cdc42 1:4 (d), 2:4 (e) colonies and N 17Cdc42 3:3 (f) and 3:2 (g) colonies
Western blots are as shown previously (Figures 7.2 and 7.4).
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M orphogenesis o f control and Cdc42-expressing cells on Matrigel.

DT-1 (a. b), N 17Cdc42 3:2 (c, d), V 12C dc42 1:4 (e, f) and 2:4 (g, h) cells were seeded onto
Matrigel and fed w ith growth media, in the absence o f tetracycline. Phase contrast m icroscopy
images show growth at 1 w eek Images in (b), (d), (f) and (h) show parts o f (a), (c), (e) and (g)
at 5 X higher magnification Arrow s indicate ‘trails' in matrix. Scale bars = 50 jam.
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7.5 : Discussion

7.5.1

: Expression of either mutant active or dominant negative Cdc42 alters the

morphology of DLD-1 cells.

Expression of N17Cdc42 induced the formation of F-actin bundles resembling
stress fibres and resulted in smaller cells within colonies and protrusions in cells at
colony edges. As a consequence cells consistently expressing high levels of N17Cdc42
protein formed very tightly packed colonies of small cells. The increased formation of
stress fibres reflects changes normally associated with RhoA activity (Ridley and Hall,
1992). In DLD-1 cells inhibition of Cdc42 activity thus appears to increase RhoA
activity, suggesting antagonism between the two proteins, as has been observed
previously in both fibroblasts and epithelial cells (Kozma et al, 1995, Manser et al,
1997, Qiu et al, 1997).
In contrast, expression of V12Cdc42 in DLD-1 cells resulted in cell spreading,
lamellipodium formation and membrane ruffling. Such effects are usually associated
with Racl activity (Ridley et al, 1992), and as such may represent the activation of
Racl by Cdc42. A pathway leading from Cdc42 to Racl in DLD-1 cells has already
been suggested by work with N17Racl (Chapter 6.5.2). This may also explain the
absence of filopodia on V12Cdc42-expressing cells, which are typically induced by
Cdc42. Indeed in fibroblasts, N17Racl had to be injected with V12Cdc42 to clearly
observe Cdc42-induced filopodia (Nobes and Hall, 1995, Kozma et al, 1995).
However, the V12Cdc42 cells do not resemble those expressing V12Racl (Figures 6.5,
6.6 and 6.7). It is possible that Cdc42 redirects Racl activity away from junctions and
the apical surface, to the basal surface or the cell, leading to extension of lamellipodia.
This would be consistent with the observed role for Cdc42 in intracellular trafficking to
the basolateral membrane in MDCK cells (Kroschewski et al, 1999).
Although V12Cdc42-expressing cells showed a more spread phenotype they
were not physically larger as assayed by flow cytometry (data not shown).

This

indicated that cells were most likely flatter as opposed to increased in total cell volume.
To determine whether Cdc42 alters morphology in DLD-1 cells through effects on
Racl, N17Racl protein could be microinjected into V12Cdc42-expressing cells.
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: Re-localisation of the Golgi complex and p-catenin in V12Cdc42 cells

While studying the localisation of V12Cdc42 it was observed that it often
localised to a single perinuclear site, as well as to membrane ruffles. Co-labelling of
giantin and V12Cdc42 demonstrated that although both showed a perinuclear
localisation, the two proteins did not co-localise. Indeed Cdc42 appeared to be located
within a ring of giantin. This is in contrast to reports that Cdc42 co-localises with Golgi
proteins in a range of cell types, as shown using markers of the trans- and medial-Golgi,
electron microscopy and cell fractionation assays (Kroschewski et al, 1999, McCallum
et al, 1998, Erickson et al, 1996). In addition the Golgi complex organisation was
frequently altered in V12Cdc42 cells.

This distinctive Golgi organisation was also

present in both control DT-1 and N17Cdc42 cells located at colony edges. These edge
cells and cells expressing V12Cdc42 had a more spread morphology, and thus cell
spreading may be linked to the altered Golgi complex localisation. A role for Cdc42 in
reorientation of the Golgi apparatus has been reported, where microinjection of
N17Cdc42 reduced the reorientation of the Golgi apparatus to the wound-facing sector
of cells in response to wounding (Nobes and Hall, 1999).
In V12Cdc42-expressing cells, a decrease in p-catenin at intercellular junctions
was observed, together with increased localisation in the perinuclear region.

This

suggests a role for Cdc42 in regulating adherens junction assembly or turnover.

In

contrast, active Cdc42 has been shown to increase the accumulation of E-cadherin and
p-catenin at intercellular adhesion sites in MDCK cells (Kodama et al, 1999). It would
be useful to investigate in more detail the perinuclear staining and whether p-catenin
and V12Cdc42 show co-localisation at this site.

7.5.3

: Levels of Cdc42 activity are critical for optimal cell growth

Although the data from multi-well growth assays failed to demonstrate a
significant effect of N17Cdc42 expression on cell growth, a significant reduction in the
percentage of N17Cdc42-expressing cells in Gz/M-phase of the cell cycle was observed
by flow cytometry. These results suggest that expression of N17Cdc42 may alter cell
cycle progression in DLD-1 cells, but have no overall effect on the rate of cell division.
In fibroblasts, N7Cdc42 inhibits growth factor-induced DNA synthesis (Olson et al,
1995), but effects on cell cycle distribution have not been reported. Further work would
be needed to confirm this hypothesis, which may include studying the effects of
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V12Cdc42 expression might enhance cell growth, prolonged high expression caused a
small degree of growth inhibition. The high levels of V12Cdc42 expressed in the 2:4
cell line even in the presence of tetracycline, may have stimulated pathways that inhibit
cell growth, such as those leading to activation of SAPK and p38 kinases. Cdc42 has
previously been shown to inhibit cell cycle progression in NIH 3T3 fibroblasts, through
a mechanism requiring p38 activation (Molnar et al, 1997).
The V12Cdc42 1:4 cell line, which expressed only very low levels of protein in
the presence of tetracycline, showed an increased rate of growth over the two days when
cells were grown in the presence of tetracycline, which may have reflected proliferative
effects of very low levels of V12Cdc42. V12Cdc42 1:4 cells also grew to a higher
density than DT-1 cells, which exhibited a degree of contact inhibition at confluence. In
fact, as V12Cdc42 cells grew on top of one another in ridges from which cells were
easily lost if subjected to stresses such as washing, the effect of V12Cdc42 in enhancing
proliferation may actually have been larger than that suggested from cell counting.
These results suggest that a small increase in Cdc42 activity enhances growth in DLD-1
cells, consistent with the mitogenic effect of Cdc42 in fibroblasts (Olson et al, 1995).

7.5.4

: Active Cdc42 expression inhibits DLD-1 colony forming ability in soft

agar and alters DLD-1 cell morphology on Matrigel

Expression of V12Cdc42 inhibited anchorage-independent growth of DLD-1
cells.

The reduction in colony size in cells expressing prolonged high levels of

V12Cdc42, and the increased size of those expressing low levels, may reflect the
relative growth rates of these clones. N17Cdc42-expressing cells also had a reduced
colony-forming ability compared to DT-1 cells, supporting previous data showing that
Cdc42 activity is required for the anchorage-independent growth of both Ras- and Dbltransformed fibroblasts (Qiu et al, 1997, Lin et al, 1999). However, as mentioned in
previous chapters, the colony forming ability of each cell line on plastic should be
quantified to determine whether the effects observed in soft agar are due to the
disruption of colony formation often observed for DLD-1 cells transfected with mutant
active forms of Rho proteins, rather than direct effects on anchorage-independent
growth. This may explain why both mutant active and dominant negative proteins
appear to inhibit this transformed characteristic of DLD-1 cells.
The cellular organisation of V12Cdc42-expressing cells grown on Matrigel was
also altered, with individual groups of cells visible that appeared to have detached from
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larger colonies. V12Cdc42 1:4 cells appeared to migrate through Matrigel, visualised as
‘trails’ in the matrix. If cells could easily detach from one another, as a result of a
downregulation of adherens junction proteins, and as lamellipodia and membrane
ruffles were increased on these cells, expression of V12Cdc42 may induce a migratory
phenotype in DLD-1 cells.

Cdc42 enhanced motility and invasion in mammary

epithelial cells by disrupting normal polarisation (Keely et al, 1997), and has been
proposed to play a role in tumour cell invasion and metastasis in melanoma cells
(Eisenmann et al, 1999).

However further experiments to investigate effects of

V12Cdc42 on migration through Matrigel-coated filters were unsuccessful, with no cell
migration detected. In addition, the V12Cdc42 cells did not migrate on tissue culture
plastic as shown by time-lapse video microscopy (data not shown).

7.5.5

: Conclusions

Expression of active Cdc42 led to increased cell spreading and extension of
lamellipodia and membrane ruffles in DLD-1 cells. Active protein was localised to
ruffles and caused relocalisation of both the Golgi complex and P-catenin, to
perinuclear sites.

These observations may reflect those observed in migrating

fibroblasts, where Cdc42 generates a polarising signal within cells (Allen et al, 1998,
Nobes and Hall, 1999). Cells expressing a low level of active protein had an enhanced
rate of cell growth and showed no contact inhibition at confluence. Expression of active
Cdc42 inhibited the ability of DLD-1 cells to form colonies in soft agar and disrupted
cellular organisation on Matrigel. Therefore although enhanced Cdc42 activity was
shown to reduce a number of the transformed characteristics of DLD-1 cells, most
significantly that of anchorage-independent growth, expression also altered cellular
organisation and as such may actually enhance tumorigenesis in vivo, possibly through
effects on metastasis. This could be tested by analysing the tumour-forming ability of
these cells in athymic nude mice.
Inhibition of endogenous Cdc42 also altered DLD-1 cell morphology although
by a lesser degree. N17Cdc42 enhanced the numbers of stress fibres in cells, resulting
in tightly packed colonies of small, highly contracted cells. Expression was also shown
to alter cell cycle progression and inhibit anchorage-independent growth of DLD-1 cells
in soft agar. Inhibition of Cdc42 could therefore play a significant role in inhibiting
tumorigenesis in vivo.
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The main aim of this work was to investigate the roles of RhoA, Racl and
Cdc42 in regulating the transformed phenotype of epithelial cells.

Two separate

approaches were used, microinjection and inducible gene expression, with each
observed to elicit quite different results.

8.1

: Comparison of microinjection with inducible long-term expression

This work illustrates major differences between results obtained through short
term protein expression by micro injection, and through longer-term protein expression
using inducible expression. A problem with the microinjection approach was that DLD1 cells are particularly susceptible to cell fusion, as was frequently observed following
microinjection. In these cells transfection was therefore preferable to microinjection. In
addition, longer-term expression was found to be necessary to detect some of the most
interesting phenotypes induced by Rho proteins.

The effects of V14RhoA on

centrosome duplication and regulation of the mitotic spindle were only apparent in cells
expressing protein for at least 3 days (Chapter 5). The effects of V12Cdc42 on cell
morphology including cell spreading and relocalisation of the Golgi complex, were
masked in microinjected cells by the phenomenon of cell fusion. Microinjection of
V12Racl induced no significant change in DLD-1 morphology. In contrast, data from
inducible expression indicated that expression of V12Racl reduced intercellular
adhesion and enhanced membrane activity in these cells.

This suggests that these

morphological effects require longer-term expression of Rho proteins than is possible
using microinjection, and illustrate how different such effects can be. Recent research
has investigated the pathways downstream of Ras leading to regulation of Rac activity
and similarly found quite different effects dependent on the mode of Ras activation.
When Ras was transiently activated by growth factors, Rac was activated through PI 3kinase. In contrast oncogenic Ras was shown to downregulate Rac activity through
sustained activation of Rafl leading to inhibition of transcription of the Rac GEF Tiaml
(Zondag et al, 2000). This illustrates that the way in which proteins are manipulated
must also be taken into account when interpreting results and is particularly relevant for

284

Chapter 8

Discussion

the study of transformation, where proteins may be activated by multiple pathways
within a cell.
Differences between microinjection and inducible expression were also observed
when DNA synthesis data was compared. While both V12Racl and NlTRacl reduced
the percentage of cells staining positively for BrdU following microinjection, almost no
change in DNA synthesis was observed following inducible expression of either protein.
However, it should be remembered that although the DT-1 cells were sub-cloned from
the DLD-1 cell line a number of differences were observed including a somewhat
reduced rate of growth and therefore care should be taken when directly comparing
results. In addition, the true extent of effects is likely to be masked in experiments on
whole populations of inducible cells, since only a proportion of the population was
observed to express significant levels of protein.
A further possible explanation for differences between effects seem in
microinjected and inducible cells may have been due to levels of expression.
Microinjection allows the effects of high protein concentrations to be observed in cells.
It is possible that under the inducible expression system, cells expressing very high
levels of protein may die or downregulate expression. This is more likely to occur in
cancer cells such as DLD-1 cells than in more normal cells, because of their capacity to
tolerate genetic alterations (Branch et al, 1995). Expression of Rho proteins in DLD-1
cells demonstrated that mutant active proteins generally inhibited the transformed
phenotype of these cells to a greater degree than their dominant negative counterparts.
This may have been because dominant negative proteins were not expressed to
sufficiently high levels to inhibit the activity of their endogenous counterparts
completely. To repress endogenous Ras activity, for example, dominant negative Ras
must be expressed at levels at least two to three times those of endogenous Ras (for
review see Feig, 1999). Individual protein activity within cells could be tested using
activity pull-down assays (see Zondag et al, 2000), although because of the variable
expression levels within clones, ideally single cells should be tested, which so far has
not been achieved. However the use of pull-down assays would give an indication of
activity levels within whole cell populations, which could then be used to better analyse
results from growth and soft agar assays that used whole cell populations. This may
have provided a better way than western blot analysis, to quantify activity and
subsequently compare results obtained with different cell lines.
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: The importance of studying Rho protein function in cancer cells

There are benefits to studying the effects of proteins in a true carcinoma cell
background, as demonstrated by the differences in results obtained in these cells when
compared to those in non-transformed fibroblasts. Significant differences were also
observed between Ha-V12-Rfl5 transformed breast epithelial cells and DLD-1 colon
carcinoma cells known to express mutant YA-Ras (Chapter 3). The greatest difference
between these cells was observed with intercellular adhesion, which led to differences
in the migratory phenotype of each cell line. Ha-V12-Ras induced a dispersed fibro
épithélial phenotype in breast epithelial cells together with greatly enhanced cell
motility. In contrast, DLD-1 colon carcinoma cells maintained E-cadherin expression at
intercellular contacts and grew as compact colonies, exhibiting no cell migration. These
differences may be attributed to the different tissue location of each cell type,
expression of different Ras isoforms, or to further genetic changes within the DLD-1
cell line. While studying protein effects in cells with a known background is useful for
determining specific interactions, the effects of these proteins in a more physiologically
relevant environment are likely to be quite different, largely because of as yet unknown
variables.
Longer-term expression also enabled the effects of proteins on specific
transformation characteristics such as anchorage-independent growth to be studied.
These effects should however be interpreted with consideration for the fact that DLD-1
cells have mismatch binding defects and a mutator phenotype, resulting in cells that
continue to evolve and tolerate DNA damage and genetic alterations (Branch et al,
1995). As a result, direct comparisons between Rho protein effects in DLD-1 cells and
in more normal cells such as MDCK cells, should be treated with caution because of the
unknown activation pathways present in carcinoma cells, together with activities
acquired through exogenous protein expression. Ideally the more interesting results
obtained here, including effects of V14RhoA on cell cycle progression, V12Cdc42 on
morphology and V12Racl on membrane traffic, together with the inhibitory effects of
NlTRacl and N17Cdc42 on cell cycle progression and anchorage-independent growth,
should be analysed in other colon carcinoma cell lines to determine their relevance to
this form of cancer.
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: Variation in expression levels between cells

Further analysis of the inducible cell lines revealed that differences in expression
levels within cell lines generally reflected differences in the percentage of cells within
the total population that expressed the protein of interest.

Therefore in addition to

variable expression across clones, variable expression within clones was observed. The
reason for the variation in expression across cells within a clone is unclear. It could
reflect loss of the tTA gene, since this has been previously shown to impose a growth
disadvantage on cells.

Selection against cells expressing tetracycline-dependent

transactivators has also been suggested to take place during extended culture (Rossi and
Blau, 1998).

However, western blot analysis of inducible cell lines grown in the

absence of tetracycline for 3 weeks revealed no change in expression levels of the tTA
protein in the total population of any cell line tested (Chapter 4). This suggests that in
DLD-1 cells there is no selective pressure to downregulate expression of the tTA
protein over time. Recombination or random shutdown of the promoter for either the
tTA gene or the gene of interest may also occur. As mentioned above, DLD-1 cells are
defective for DNA mismatch repair and thus tolerate DNA changes, resulting in altered
genetic make-up. It would therefore be interesting to study expression of both the tTA
gene and the gene encoding Rho proteins. In situ hybridisation could be used to study
mRNA, and immunofluorescence to study protein expression, both in the presence and
absence of tetracycline. This would indicate the basal level of transcription occurring
from the minimal CMV promoter, together with the suitability of CMV promoters in
general for expression in the DLD-1 cell line. Although western blot analysis indicated
that the level of tTA protein expression did not correlate with RhoA, Racl or Cdc42
expression levels within a clone, the evidence that over time tTA expression can drift
(for review see Blau and Rossi, 1999), suggests that this should be studied again,
preferably at the individual cell level where it could be directly compared to levels of
exogenous protein expression.
In addition, although from western blot analysis some clones showed complete
repression of expression in the presence of tetracycline, the lack of difference in growth
rate observed when cells were grown in the presence or absence of tetracycline
suggested that protein effects were continual. If expression has been completely shutoff in the presence of tetracycline, growth and morphology of cells should have
reflected that of control cells, but instead was only slightly altered from that of cells
grown in the absence of tetracycline.

Therefore the differences observed between
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control and RhoA/Racl/Cdc42 cells may indeed reflect changes caused by long-term
low-level protein expression, including changes in gene expression.

The fact that

striking differences were observed when the morphology of V14RhoA-expressing cells
was studied in the presence and absence of tetracycline suggests that a threshold level of
V14RhoA is required to induce deregulated centrosome duplication. In general greater
differences were observed in assays where individual cells were studied, such as cell
morphology. In assays requiring use of the whole population differences were most
likely dampened by the presence of non-expressing cells in the absence of tetracycline,
together with some cells showing basal levels of expression in the presence of
tetracycline. Indeed the marginal effects of Rho protein expression on growth may
reflect the fact that not all cells expressed significant levels of protein, and as such these
small effects indicate that further research would be worthwhile. However in general,
the results of assays using whole cell populations should be interpreted with caution
since the presence of non-expressing cells within these heterogenous populations may
provide both false-negative and false-positive data.
Although an initial aim of this project had been to regulate Rho protein
expression levels with different concentrations of tetracycline, this was not carried out
because of the variation in expression levels observed within each population.
Unfortunately there is no way to separate high expressing cells from the low expressers
since Rho family proteins are expressed inside cells and thus cannot be detected without
fixing cells. It is also quite likely that even if a positive population could be isolated,
not all of the daughter cells would continue to express the gene of interest, once cells
had been cultured in the presence of tetracycline. This is suggested by observations
with V14RhoA 1:3 cells, where in the absence of tetracycline, one daughter exhibited a
multinucleate phenotype, while the other went on to divide several times as a normal
cell. This problem with variable expression levels using the tetracycline system has not
been reported in other cell types, and in MDCK cells expression levels of induced RhoA
and Racl proteins appeared homogenous (Jou and Nelson, 1998). It could be useful to
try GFP-tagged Rho proteins in this system.

Positive cells could then be easily

visualised and these sub-populations sorted and used where possible. This would have
been particularly useful for RhoA-expressing cells, where the expression of GFP-RhoA
could have been followed over time by time-lapse video microscopy and directly related
to the appearance of multiple centrosomes (see Chapter 5).
A method for regulating gene expression levels in mammalian cells has long
been sought and is important for gene therapy.
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important mode of treatment for cancer, with many systems currently in clinical trials.
Together with selective gene targeting to tumour sites, the expression of the therapeutic
gene needs to be tightly controlled to increase the specificity and safety of gene therapy
(for review see Dachs et al, 1997). Two criteria are necessary for use of an inducible
expression system in gene therapy. Firstly the regulators must not be toxic to mammals
and tetracycline has been used for many years in humans and animals, with deleterious
effects only detected at very high doses of antibiotic. Secondly the regulators must be
non-immunogenic, and no immune response upon delivery of the tTA to mice has been
observed. In addition, other tetracycline analogues appear to act at doses up to 100
orders of magnitude lower than tetracycline, suggesting that the tetracycline-regulated
expression system meets the requirements of gene therapy (for review see Blau and
Rossi, 1999).
The two-plasmid tetracycline system has been described as an approach that
“definitely involves a labour of love” (Blau and Rossi, 1999), since two rounds of
cloning and selection are required. The isolation of cells displaying low background
and significant activation of the gene of interest often requires screening of a large
number of individual clones. In addition regulation of this system was shown to drift
over time, a feature that proved to be cell-type dependent, with HeLa cells providing the
most stable tetracycline responders among a variety of cell types tested (for review see
Blau and Rossi, 1999).

One strategy employed to address these problems was to

combine the elements of the system in a single vector in order to obtain regulated
transcription within a single transfection step. Retroviral vectors have the advantage of
being able to transfer genes with higher efficiency and without integrating as
concatenamers, and have been employed with varying degrees of success (for review
see Rossi and Blau, 1998). However this system has its own problems with background
levels of gene expression often high or viral titres low.

The tetracycline-regulated

retroviral system (Paulus et al, 1996) was tested here, but was unsuccessful. This was
primarily due to multiple DNA mutations within the SV40 promoter sequence that
controls expression of the tetracycline transactivator protein, and resulted in the
selection of clones that failed to induce exogenous protein expression (data not shown).
More recently, the tetracycline system has been upgraded and the basal level of
expression of genes under tetracycline control can now be reduced by co-expressing a
repressor and an activator that respond oppositely to tetracycline, so removing basal
expression from the minimal promoter. In addition, the system can now be used to
express two different genes independently by co-expressing two tetR-based activators
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that contain DNA-binding domains with distinct specificity, that respond oppositely to
tetracycline (for review see Blau and Rossi, 1999).

8.4

: Conclusions

In general the effects of Rho proteins are due to a balance of activity of RhoA,
Racl, Cdc42 and probably other Rho family members, and thus studies using different
ways of activating the proteins may elicit different responses. Now that it is possible to
measure the level of active RhoA/Racl/Cdc42 in cells, it will be important to determine
the effect of altering the activity of one, on the activation state of the others. In addition
the spatial and temporal activation of the different proteins is important for the final
cellular response. In migrating cells for example, it is presumed that Rac activity is
restricted to the front of the cell where protrusion and adhesion is co-ordinated with
retraction of the cell at the rear, to induce forward movement. It is also important to
consider that overexpression of a Rho protein may artificially induce a response
normally mediated in vivo by a related family member. This may occur through nonphysiological interactions with downstream targets and thus the effects of Rac and
Cdc42 on stress-activated pathways mediated by JNK and p38 may simply be a
consequence of their overexpression in transfection studies and may not reflect normal
activity (Ridley, 1996).
The work in this thesis indicates that the short- and long-term effects of cultured
RhoA, Racl and Cdc42 activity differ, and that it is therefore important to study
signalling under both conditions.

This is especially relevant to the study of cancer

where an understanding of both short- and longer-term effects of proteins is important
for the design of effective therapeutic inhibitors. The analysis of long-term effects of
activating proteins within cancer cell lines is also important for studying the process of
tumorigenesis. In addition, the effects of RhoA, Racl and Cdc42 clearly differ between
cell lines and it will therefore be essential to study responses to these proteins in a panel
of cells of different tissue origin and genetic background to investigate their potential
contributions to cancer development.
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Abbreviations

ACK

activated Cdc42-associated kinase

APC

adenomatous polyposis coli

APS

ammonium persulphate

BrdU

bromodeoxyuridine

BSA

bovine serum albumin

Cdk

cyclin-dependent kinase

CIP

calf intestinal phosphatase

CKI

cyclin-dependent kinase inhibitor

CMV

cytomegalovirus

CRIB

Cdc42/Rac-interactive binding

DH

Dbl homology

Dia

Diaphanous

DMEM

Dulbecco’s modified Eagle’s medium

DMSO

dimethyl sulphoxide

DTP

dithiothreitol

ECL

enhanced chemiluminescence

ECM

extracellular matrix

EGF

epidermal growth factor

ERK

extracellular signal-regulated kinase

ERM

ezrin/radixin/moesin

F-actin

polymerised actin

FAK

focal adhesion kinase

FCS

fetal calf serum

FITC

fluorescein isothiocyanate

G-actin

monomeric actin

GAP

GTPase activating protein

GDI

guanine nucleotide dissociation inhibitor
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Abbreviations
GDP

guanosine diphosphate

CDS

guanine nucleotide dissociation stimulator

GEF

guanine nucleotide exchange factor

GFAP

glial fibrillary acidic protein

GST

glutathione-S-transferase

GTP

guanosine 5 ’-triphosphate

HGF/SF

hepatocyte growth factor/scatter factor

HRP

horseradish peroxidase

HSV

herpes simplex virus

IPTG

isopropyl p-D-thiogalaactopyranoside

JNK

c-Jun N-terminal kinase

MAPK

mitogen-activated protein kinase

MBS

myosin binding subunit

MDCK

Madin-Darby canine kidney

MEKK

MAPK/ERK kinase kinase

MLC

myosin light chain

MLK

mixed lineage kinase

MRCK

myotonic dystrophy kinase-related Cdc42-binding protein kinase

MW

molecular weight

pl40Sral

140 kDa specifically Racl-associated protein

PAK

p21-activated kinase

PBS

phosphate buffered saline

PGR

polymerase chain reaction

PDGF

platelet-derived growth factor

PH

pleckstrin homology

PI

phosphatidylinositol

PI 3-kinase

phosphatidylinositide 3-kinase

PI(4)P 5-kinase

phosphatidylinositol 4-phosphate 5-kinase

PIX

PAK interacting exchange factor
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PKC

protein kinase C

PKN

protein kinase N

PLD

phospholipase D

PMSF

phenylmethylsulphonyl fluoride

PORI

partner of Racl

POSH

plenty of SH3 domains

pRb

retinoblastoma protein

ROCK

Rho kinase

ROS

reactive oxygen species

SAPK

stress-activated protein kinase

SH3

Src homology 3

SDS-PAGE

sodium dodecyl sulphate-polyacrylanide g<el electrophoresis

SRE

serum response element

SRF

serum response factor

SV40

simian virus 40

TBS

tris-buffered saline

TEMED

N,N,N ’,N ’-tetramethylethylenediamne

tet

tetracycline

tetO

tetracycline resistance operon

tetR

tetracycline repressor

Tiam-1

T-lymphoma invasion and metastasi:-l

TRITC

tetramethylrhodamine isothiocyanate

tTA

tetracycline transactivator

UV

ultraviolet

VASP

vasodilator-stimulated phosphoproten

VP16

virion protein 16

WASP

Wiskott-Aldrich immunodeficiency yndrroime protein

ZO

zonula occludens
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