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Abstract
The cellular mechanisms that control endothelial responses to leukocyte adhesion, such 

as signaling from leukocyte receptors and cytoskeletal rearrangements, are poorly 

understood. The aim of this project was to investigate further the roles of ICAM-1 and 

ICAM-2 during leukocyte adhesion, and their interactions with components of the actin 

cytoskeleton.

TNF-a primes endothelial cells for leukocyte adhesion. ICAMs were found to colocalize 

with ERM (ezrin, radixin, and moesin) proteins, which act as cytoskeleton/plasma 

membrane linkers, and F-actin in the microvilli of resting and TNF-a-stimulated cells. 

ERM activation has been previously linked to the RhoA GTPase, which regulates actin 

stress fibre assembly in endothelial cells. TNF-a caused ERM activation but failed to 

activate total cellular RhoA. TNF-a also induced transient increases in ICAM-2, RhoA, 

RhoE, and c-fos mRNA and protein levels.

To mimic leukocyte binding, monoclonal antibodies were used to cross-link ICAMs. 

Cross-linking of ICAM-1 induced co-clustering of moesin, whereas ICAM-2 cross- 

linking caused no rearrangements of these proteins. ICAM-1, but not ICAM-2, cross- 

linking activated RhoA and induced stress fibre formation. ICAM-1 clustering also 

induced the upregulation of c-fos mRNA and protein levels. Interestingly, ICAM-1 

clusters aligned with newly-induced stress fibres. Physiological flow induced stress fibre 

alignment along the direction of flow, with monocytes preferentially migrating in the 

same direction.

ICAM-1 has been reported to interact with ERMs and a-actinin in vitro, and Shp-2 in 

vivo. However, none of these proteins were detected in ICAM-1 immunoprecipitates, but 

instead a novel binding partner called Major Vault Protein (MVP) was identified. Both 

MVP and ERM proteins interacted with ICAM-1 cytosolic tails in vitro, and MVP co

clustered with ICAM-1. Mutational analysis of the juxtamembrane lysine residue cluster 

within the cytosolic tail revealed that different amino acids were important 

for MVP and ERM binding.

This work demonstrates that ICAM-1 controls transmigration by both initiating signaling 

events and relocalizing to align with actin stress fibres at the apical membrane.



Chapter 1 -  Introduction

1.1 Endothelium function and regulation

1.1.1 The Endothelium is a selectively permeable barrier

The endothelium is a continuous monolayer of specialized cells that line the entire 

vascular network, providing the interface between the blood system and the surrounding 

interstitium. A crucial function of the endothelium is to regulate the passage of solutes, 

macromolecules, and leukocytes from the blood into tissues. Both mechanical and 

chemical stimuli combine to regulate the barrier function of the endothelium in vivo. 

Endothelial cells (ECs) are equipped to respond in a variety of different ways to affect 

changes in endothelial permeability. For example, pro-inflammatory cytokines such as 

tumor necrosis factor (TNF)-a induce specific expression patterns of cell-surface proteins 

that are crucial for leukocyte adhesion and transmigration (Murakami et al., 2000). 

Alternatively, mechanical signals such as hemodynamic stress exerted by blood flow can 

induce intracellular signalling leading to cell shape change and realignment. Tight control 

and co-ordination of the EC response to these different types of stimuli are required for 

normal barrier function.

Normal endothelial function is compromised during atherosclerosis, which, together with 

complications of the disease, is the most common cause of death in developed countries 

(Glass and Witztum, 2001; Ross, 1993; Ross, 1999). Specific sites in the vascular system, 

such as branches, bifurications and curvatures are susceptible to the development of 

atherosclerotic lesions due to the changes in blood flow forces which are enforced by the 

different vascular architectures. Typically, these shear stresses upregulate leukocyte 

adhesion molecules and induce nitric oxide production which causes increased 

permeability. Endothelial damage at such sites initiates the formation of atherosclerotic 

lesions (Ross, 1999). The first sign of these lesions is the accumulation of low density 

lipoprotein (LDL)-filled macrophages and smooth muscle cells (SMCs) in focal areas of 

the intima, giving rise to fatty streaks. Minimally modified-LDL (mmLDL) caused by 

high LDL levels and reactive oxygen species, and inflammatory cytokines produced by 

macrophages induce chronic endothelial activation, which results in expression of 

leukocyte adhesion molecules and chemokines, promoting leukocyte adhesion and



transmigration into the intima. A chronic inflammatory response is initiated and over

recruitment of monocytes and lymphocytes into the intima, along with SMC infiltration 

and their subsequent secretion of extracellular matrix proteins, is fundamental to fibrous 

cap formation and thus disease progression. Therefore a thorough understanding of the 

mechanisms involved in leukocyte recruitment and subsequent transmigration between 

endothelial cell junctions is essential for further advance in the development of treatments 

for endothelial dysfunction.

Endothelial cells are critical for vasculogenesis (the formation of new vascular networks) 

during development and angiogenesis (sprouting and formation of new vessels from pre

existing networks). A series of complex signalling events converge to control endothelial 

cell migration and adhesion during new blood vessel formation. However, the growth of 

solid tumours during cancer progression is believed to require angiogenesis (Ross et al., 

2001). Therefore angiogenesis is a highly studied facet of EC biology and antiangiogenic 

therapies are attractive candidates for the treatment of many types of cancer (Tosetti et 

al., 2002).

1.1.2 Endothelial cells have a contractile cytoskeleton

Endothelial cells must change shape and tension to perform many of their essential 

functions, including responding to changes in blood pressure and pulsatile blood flow, 

junction disassembly for leukocyte transmigration, and angiogenesis/vasculogenesis. It is 

now clear that the actin cytoskeleton is required for changes in cell shape, tension and 

polarity in most cell types (Hall, 1998; Ridley, 2001). Actin and myosin are highly 

abundant in endothelial cells, accounting for 16% of total cellular protein from porcine 

pulmonary artery ECs. The ratio of actin monomers to myosin 11 dimers in ECs is closer 

to skeletal muscle than to smooth muscle cells (16.3 to 6 to 30 respectively), indicating 

the contractile potential of ECs (Drenckhahn and Ness, 1997). Three different sets of 

actin filaments have been described in ECs: a cortical web of actin filaments, junction- 

associated actin filaments, and stress fibres (Fig. 1.01)(Drenckhahn and Ness, 1997).



Figure 1.01. Schematic representation of the endothelial cell actin cytoskeleton
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A layer of actin filaments positioned below the plasma membrane makes up the cortical 

web (CW). Actin filaments have been observed at membrane invaginations known as 

caveolae and also CW actin filaments form endothelial cell microvilli. The function of 

CW actin filaments has not been extensively investigated. However, observations from 

other cell types suggest CW involvement in anchoring of transmembrane proteins 

(Yoshida et al., 1996), plasma membrane remodelling, and control of exo- and 

endocytosis (Gottlieb et al., 1993).

Junctional actin filaments (JAFs) form a continuous layer around the circumference of 

endothelial cells. JAFs attach to the plasma membrane via interaction with the adherens 

junctions through binding to members of the catenin family of proteins, a , p, and y- 

catenin act as bridges between actin filaments and VE-cadherin, the major 

transmembrane protein of the adherens junction. JAFs are therefore ideally positioned to 

regulate the disruption of intercellular junctions required for leukocyte transmigration. 

There is now an abundance of evidence that the actin filament system is critically 

involved in the maintenance of endothelial barrier properties. Cytochalasin D, which 

inhibits actin polymerization by binding to barbed (growing) ends of actin filaments, 

increases EC permeability in cultured cells (Eaton et al., 1991), whereas phallotoxins, 

which stabilize actin filaments, maintain barrier function (Alexander et al., 1988).

Stress fibres (SFs) are straight filament bundles composed of actin filaments interspersed 

with short myosin filaments. In ECs stress fibres are mainly localized to the basal surface, 

anchored to the extracellular matrix via large protein complexes known as focal 

adhesions. In vivo varying amounts of SFs are found in arteries, capillaries, and small 

veins, whereas large veins, such as the vena cava, lack significant numbers of SFs. 

Endothelial SFs are more abundant at areas of blood vessels that are particularly exposed 

to high levels of fluid shear stress, such as branch points. More elongated ECs, which are 

prevalent in arteries and capillaries, contain SFs that are oriented in the direction of the 

cellular long axis and positioned both above and below the nucleus (Drenckhahn and 

Ness, 1997). It is not clear whether SFs are cytoskeletal adaptations which enable ECs to 

counteract the mechanical forces of blood flow, or whether they perform an alternative 

function (Satcher et al., 1997).
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1.1.3 Rho GTPases control the actin cytoskeleton

It is now well established that Rho family GTPases mediate the formation of specific 

actin-containing structures that control several cellular processes such as cell migration, 

cell-substrate adhesion, cell-cell adhesion, protein secretion, and vesicle trafficking (Hall, 

1998; Ridley, 2001). Rho A/B, Rac 1/2 and Cdc42 have been most widely studied for 

their effects upon the actin cytoskeleton. At least 20 Rho family members have been 

identified in humans, 7 members are present in Drosophila melanogaster, and 5 members 

are present in Caenorhabditis elegans, most of which have been shown to have some 

effect on actin cytoskeletal rearrangements.

Nearly all Rho proteins cycle between an active, GTP-bound form and an inactive GDP- 

bound form (Hall, 1998). Exceptions to this rule are RhoE/Rnd3, RhoH and Rnd 1/2, 

which constitutively bind GTP without any nucleotide cycling (Chardin, 1999). GTP- 

bound Rho proteins adopt an active conformation and can interact with downstream 

targets, thereby inducing cellular responses. Although Rho proteins themselves contain 

an intrinsic GTP hydrolysis activity, nucleotide cycling is vastly facilitated by guanine- 

nucleotide exchange factors (GEFs) and GTP-ase activating proteins (GAPs). Rho 

proteins become prenylated at a conserved cysteine within their C-terminus, targeting the 

protein to the plasma membrane (Seabra, 1998). This membrane-targeting can be 

prevented by additional Rho-regulatory proteins known as guanine-nucleotide 

dissociation inhibitors (GDIs), which sequester some Rho family proteins in the cytosol. 

The function of Rho proteins has been elucidated with the aid of specific mutant forms of 

the protein and naturally occurring bacterial toxins. Constitutively active and dominant 

negative forms of Rho proteins were created by single amino acid mutations. GTPase 

activity is inhibited by substitution of a conserved glycine residue at position 14 (G14>V) 

in Rho (G12 in Cdc42 and Racl), or a conserved glutamate residue at position 63 

(E63>L) in Rho (E61 in Cdc42 and Racl), to form constitutively active mutants. The 

mode of dominant negative action is less well understood although it is believed to titrate 

out GEFs (Feig, 1999). Also, C3 transferase from Clostridium botulinum is a specific 

inhibitor for RhoA, B, and C, whereas Clostridium difficile toxin B inhibits several Rho 

proteins including Rho, Rac and Cdc42 (Wilde et al., 2001).
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Figure 1.02. Rho GTPase family proteins induce distinct actin structures. Cells 

stained for F-actin show cytoskeletal structures formed after activation of (a) Rho in 

fibroblasts, (b) Rac in macrophages, and (c) Cdc42 in macrophages. Arrows in (a) 

indicate stress fibres, in (b) indicate lamellipodia, and in (c) indicate filopodia. Figure 

provided by A. Ridley.

Activation of Cdc42 and Rac causes the formation of filopodia and lamellipodia 

respectively in several cell types, including fibroblasts (Nobes and Hall, 1995; Ridley et 

al., 1992) and macrophages (Allen et al., 1997). Examples of these structures are shown 

in Figure 1.02. Filopodia are fine protrusions containing bundles of actin filaments which 

extend from the leading edge of migrating cells, sensing the environment in order to 

make new adhesions to the substratum or other cells. Lamellipodia are plasma membrane 

protrusions that contain a mesh-like arrangement of actin filaments, with a similar 

function to filopodia. Both structures are formed by active actin polymerization at the 

plasma membrane. However, it seems that lamellipodia are the most important structures
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at the leading edge for cell migration. Many recent advances in understanding the 

mechanisms involved in Rac- and Cdc42- induced actin polymerization have been greatly 

facilitated by the discovery of the involvement of the Arp2/3 complex (Machesky and 

Insall, 1999). It was previously known that members of the Wiskott-Aldrich Syndrome 

protein family (N-WASp and WASp) are critical mediators of Cdc42-induced actin 

polymerization (Higgs and Pollard, 2001). The Arp2/3 complex binds to the C-terminal 

acidic region of WASp and stimulates polymerization of new actin filaments, branching 

from pre-existing actin filaments at an angle of 70°. Other targets of Cdc42 and Rac 

activation include p21-activated protein kinases (PAKs) and phosphatidylinositol 

phosphate (PEP) 5-kinase. Rac affects the phosphorylation of both myosin II heavy chain 

and myosin light chain via PAK, although it is not clear how this phosphorylation 

contributes to lamellipodium formation. However PAKs have more direct effects on the 

formation of focal complexes and adhesions (Daniels and Bokoch, 1999). Rac also 

activates PIP 5-kinase which stimulates the production of PI(4,5)Pz (Hartwig et al., 1995). 

Several actin-capping proteins, such as profilin, are sequestered by PIP2  at the plasma 

membrane, abrogating their ability to cap barbed ends of actin filaments and to inhibit 

actin polymerization. Other Rac/Cdc42 targets also have the potential to affect the actin 

cytoskeleton, such as IQGAP, which appears to have multiple roles in the assembly and 

contraction of actomyosin rings (Shannon and Li, 2000).

Three highly homologous isoforms of Rho are present in mammalian cells, known as 

RhoA, RhoB, and RhoC. RhoB may have a distinct function in cells to RhoA and RhoC 

as it is predominantly localized to endosomal/lysosomal compartments (Michaelson et 

al., 2001), whereas RhoA/RhoC are mainly cytosolic. Microinjection of constitutively 

active RhoA into many mammalian cell types induces the formation of actomyosin 

contractile filaments known as stress fibres (Fig. 1.02)(Ridley and Hall, 1992). Rho 

activity is also required for the formation of focal adhesions which anchor stress fibres to 

the plasma membrane (Schoenwaelder and Burridge, 1999). Interactions between stress 

fibres and Pi-integrins of focal adhesions are mediated by a complex of proteins 

including talin, a-actinin, and filamin. Integrins themselves have been shown to signal to 

the actin cytoskeleton via activation of Cdc42 and Rac (Schwartz and Shattil, 2000). 

Recent evidence shows that integrin engagement after plating Swiss 3T3 fibroblasts on
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fibronectin induced a transient decrease in Rho activity, as assayed by a newly-developed 

Rho activity assay (Ren et al., 1999). Further investigation into the effects of integrin 

ligation on Rho activation demonstrated that the transient decrease in Rho activity is 

dependent on Src family tyrosine kinases (Arthur et al., 2000). However, this regulation 

is most relevant to the turnover of focal adhesions at the leading edge of motile cells, 

rather than F-actin in monolayers of ECs. Prolonged integrin engagement caused an 

increase in Rho activity, consistent with increased stress fibre/focal adhesion formation 

and resultant increased cell-substrate adhesion.

Many proteins have been implicated in the mechanism of Rho-induced stress fibre 

formation. Among the cellular Rho-targets identified, Rho-kinase is a good candidate for 

mediating stress fibre assembly. It was shown that Rho-kinase directly phosphorylates the 

myosin binding subunit of myosin phosphatase, inhibiting phosphatase activity (Kawano 

et al., 1999; Kimura et al., 1996). Phosphorylation of myosin II promotes the formation 

of myosin filaments and their subsequent interaction with actin filaments. Thus, 

inhibition of myosin phosphatase activity increases stress fibre formation. Rho-kinase 

was also shown to phosphorylate myosin II light chain directly in vitro (Amano et al., 

1996). Indeed, a constitutively active form of Rho-kinase induced stress fibres and focal 

adhesions (Amano et al., 1997). Myosin light chain kinase (MLCK) is Ca^VCalmodulin 

regulated and is a major kinase of both smooth muscle and non-muscle cells (Gallagher et 

al., 1997). A recent study showed that MLCK and Rho-kinase both induce stress fibres 

and focal adhesions in Balb/c fibroblasts. Interestingly it appeared that spatial regulation 

of these two proteins exist as Rho-kinase was shown to induce stress fibres in the centre 

of cells whereas MLCK induced peripheral stress fibres (Totsukawa et al., 2000).

Another Rho target likely to be involved in stress fibre assembly is mDial. This protein 

binds the actin monomer-binding protein profilin, and transfection of HeLa cells with a 

constitutively active mDia mutant caused the formation of thin actin stress fibres 

(Watanabe et al., 1997). Rho binding to mDia releases an auto-inhibitory intramolecular 

interaction. It is thought that the Rho-mDia pathway and the Rho-Rho-kinase pathway 

complement each other during stress fibre formation. Thin actin filaments are organized 

by mDial, whilst in parallel Rho-kinase is activated by Rho to induce the formation of
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thick stress fibres (Watanabe et al., 1999). However, the different balance of Rho-kinase 

and mDia activities will determine the nature of actin filament formed.

1.1.4 RhoA activity contributes to endothelial morphology and barrier regulation

As previously discussed, endothelial cell barrier function is regulated by the actin 

cytoskeleton (Dudek and Garcia, 2001). The effects of vasoactive agents, such as 

histamine and thrombin, on vascular permeability provide an excellent model for 

studying the central role of contractility in barrier function (Hinsbergh et al., 1997). 

Myosin II light chain phosphorylation state controls the ability of myosin to assemble 

into filaments. Thrombin induces MLC phosphorylation and prolonged barrier 

dysfunction, which was shown to be only partially dependent upon Câ "̂  and calmodulin, 

whereas transient barrier dysfunction induced by histamine was completely blocked by 

Ca^  ̂ chelation and calmodulin inhibition (Amerongen et al., 1998). The same study 

showed a major role for Rho GTPases in the regulation of thrombin-induced permeability 

(Amerongen et al., 1998; Carbajal and Schaeffer, 1999). PAKs have also been shown to 

regulate myosin II light chain phosphorylation. PAKl phosphorylates MLCK in vitro and 

reduces its kinase activity (Sanders et al., 1999), which may explain the antagonism often 

observed between Rac and Rho (Sander et al., 1999). In HeLa cells, PAK overexpression 

inhibited cell spreading by reducing MLCK activity (Sanders et al., 1999). In contrast, 

PAK2 was shown to increase myosin II RLC (regulatory light chain) 

monophosphorylation in endothelial cells and induce cell retraction independently of 

MLCK (Zeng et al., 2000).

Endothelial cells in situ are exposed to shear stress, which activates signaling pathways 

leading to upregulation of transcription factors with subsequent expression of vasoactive 

agents, adhesion proteins, and growth factors (Davies et al., 1997). Cytoskeletal 

rearrangements are initiated to allow re-orientation of cells, reducing the effect of peak 

shear stresses and shear gradients (Satcher et al., 1997). Cells aligned due to shear flow 

exhibit ridges that extend along the direction of flow. These ridges are caused by stress 

fibres that are coupled to the apical membrane, and are especially prominent at the cell 

periphery (Barbee et al., 1994). Stress fibres are also formed at basal membranes, 

contributing via focal adhesions to substratum interaction. The roles of Rho GTPases in
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shear stress-induced cytoskeletal rearrangements and signal transduction have been 

investigated in bovine aortic endothelial cells (BAECs)(Li et al., 1999). It was found that 

shear stress induced translocation of both Cdc42 and RhoA (Racl was not tested) to the 

plasma membrane. Both GTPases contributed towards shear stress-induced transcription 

factor AP-1 activation. However, shear stress-induced endothelial cell alignment and 

stress fibre formation was inhibited by dominant-negative RhoA and pl60ROCK but not 

by dominant-negative Cdc42. More recently, the integrin oCvPa has been implicated in the 

signaling mechanisms that initiate endothelial cell responses to shear flow (Tzima et al., 

2001). Shear stress caused a conformational activation of oCvPs and subsequent increased 

adhesion to the extracellular matrix. Increased integrin ligation inactivated Rho 

transiently to allow a cytoskeletal alignment in the direction of flow. Therefore, both 

initial inactivation and subsequent activation of Rho are likely to be required for 

endothelial responses to shear stress.

1.1,5 TNF-g is a potent endothelial cell agonist

TNF-a is a proinflammatory cytokine produced primarily by activated lymphocytes and 

macrophages. TNF-a acts through binding to one of two cell surface receptors, TNFR-1 

and TNFR-2, to initiate critical responses required for the body to fight infection, such as 

inflammation and immune responses (Wallach et al., 1999). Endothelial cells are a major 

target for TNF-a action. TNF-a has been shown to cause changes in endothelial shape 

and junctional integrity, via the Rho family of small GTPases (Wojciak-Stothard et al., 

1998). In addition TNF-a induces expression of proteins essential for vasoregulation 

(Cyclooxygenase-2, GTP cyclohydrolase I), adhesion and transmigration of leukocytes 

(E-selectin, ICAM-1 VCAM-1), and activation of leukocytes (EL-8, MCP-1, GRO- 

a)(Madge and Pober, 2001; Murakami et al., 2000). TNF-a also downregulates the 

expression of proteins such as ICAM-2 (McLaughlin et al., 1998), coagulation proteins 

TM and protein S, and the VEGF receptor 2 (Madge and Pober, 2001).

Signals downstream of TNF receptors are initiated by phospholipases, protein kinases, 

and proteases of the caspase family (Wallach et al., 1999). Caspases, a family of cysteine
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proteases that cleave proteins at specific substrate sites downstream of aspartate residues, 

are crucial mediators of apoptosis not relevant to EC responses to TNF-a, and will not be 

discussed further. The phospholipases sphingomyelinase (Smase), phosphatidylcholine- 

specific phospholipase C (PC-PLC), and phospholipase A% (PLA2 ) are all activated by 

TNF-a. SMases breakdown sphingomyelin to produce ceramide, which is known to act 

as a secondary mediator that enhances the cellular response to stress. Most interestingly, 

ceramide was recently shown to mediate TNF-a-induced stress fibre formation in Rat2 

fibroblasts (Hanna et al., 2001). Present knowledge of protein kinase involvement in TNF 

signaling pathways is mainly limited to evidence showing MAP kinase activation. There 

are three main MAPK pathways in endothelial cells: the p42/p44 MAPK pathway, the 

SAPK (stress-activated protein kinase)/JNK (c-jun N-terminal kinase) pathway, and the 

SAPK2/p38 pathway. Upon activation, all three pathways converge to induce gene 

expression through phosphorylation of various transcription factors such as c-Jun, c-Fos, 

ATF2, Elk-1 and CREB (Wallach et al., 1999). TNF-a appears to primarily activate the 

two SAPK pathways.

Another important kinase cascade involved in changes in endothelial gene expression is 

the NF-kB activation cascade: TNF-a treatment causes activation of the Ik-B kinases that 

are crucial for release of inhibition of NF-KB (DiDonato et al., 1997). Recent evidence 

shows that the Ets family of transcription factors is responsible for the down-regulation 

of ICAM-2 in response to TNF-a (McLaughlin et al., 1999). In summary, TNF-a 

activates a variety of different transcription factors in endothelial cells to attain a specific 

protein expression profile.
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1.2 Leukocyte adhesion to the Endothelium
1.2.1 Endothelial cells express adhesion molecules

Activation of endothelial cells by mechanical and chemical stimuli causes dramatic 

changes to their gene expression profiles (McCormick et al., 2001; Murakami et al., 

2000). In particular, both types of stimuli induce the expression of proteins required for 

leukocyte adhesion, such as intercellular adhesion molecule-1 (ICAM-1) and vascular 

cell adhesion molecule-1 (VCAM-1). Pathways regulating expression of ICAM-1 have 

been studied extensively. Studies revealed that deletion of a variant NF-kB site in the 

promoter region of ICAM-1 completely abolished activation of transcription by TNF-a, 

IL-ip and lipopoiysaccharide (LPS)(Ledebur and Parks, 1995). It has since been shown 

that NF-kB also mediates transcription of ICAM-1, VCAM-1 and E-selectin induced by 

the endothelial mitogen vascular endothelial growth factor (VEGF)(Kim et al., 2001). 

Further dissection of TNF-a-induced ICAM-1 expression showed that activation of PKC 

is necessary to cause production of reactive oxygen species (ROS), which then signal to 

NF-kB (Rahman et al., 1999). The requirements for endogenously produced oxidants in 

ICAM-1 gene expression draws parallels with the role of oxidants in atherosclerotic 

lesion formation. Physiological concentrations of highly oxidized LDL are able to induce 

ICAM-1 gene expression in ECs, which may then result in over-accumulation of 

leukocytes (Takei et al., 2001). It is interesting that LPS-induced ICAM-1 expression is 

inhibited by the 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitor cerivastatin 

by inhibiting the membrane targeting of RhoA (Takeuchi et al., 2000). Dominant- 

negative RhoA decreased ICAM-1 expression by 60%.

Cytokines regulate the expression of intercellular adhesion molecule-2 (ICAM-2) in a 

reciprocal manner to their regulation of ICAM-1. ICAM-2 is constitutively expressed at 

high levels on endothelial cells in vitro and in vivo. Both TNF-a and IL-1|3 down- 

regulate ICAM-2 at the promoter level to 40% of control expression (McLaughlin et al., 

1998). Analysis of the ICAM-2 promoter showed the presence of 4 Ets transcription 

factor binding domains, an Spl binding site, and an NF-kB binding site (Cowan et al., 

1998; McLaughlin et al., 1999). Mutation of three of the four Ets consensus sites and the
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NF-kB site affected basal transcription, and it appears that TNF-a-induced 

downregulation of Ergl may result in decreased ICAM-2 promoter activity (McLaughlin 

et al., 2001).

1.2.2 ICAM-1 and ICAM-2 bind B^-integrins

ICAM-1 was originally identified as a cell surface ligand for the lymphocyte function- 

associated antigen 1 (LFA-1) adhesion receptor (Springer, 1994; Staunton et al., 1988). It 

is a member of the immunoglobulin superfamily (IgSF) of receptors, containing 5 

extracellular immunoglobulin-like domains, a hydrophobic transmembrane domain, and a 

short cytoplasmic domain. The 55-kDa lCAM-1 polypeptide is heavily glycosylated, and 

is found on the surface of leukocytes, epithelial cells and other cell types as well as on 

endothelial cells. lCAM-2 was cloned on the basis that it binds the same ligand, LFA-1, 

as lCAM-1 (Staunton et al., 1989). lCAM-2 has only 2 extracellular Ig-like domains, 

which share 34% sequence identity with domains 1 and 11 of lCAM-1. This identity is 

also shared with lCAM-3 (de Fougerolles and Springer, 1992), lCAM-4 (Bailly et al., 

1995), and lCAM-5 (Yoshihara et al., 1994), which also function as LFA-1 ligands. 

lCAM-2 is expressed constitutively on endothelial cells and various leukocytes. lCAM-3 

is constitutively expressed at high levels on resting lymphocytes, monocytes, and 

granulocytes. lCAM-4 is only expressed on erythrocytes, whilst lCAM-5 appears to be 

brain-specific.

LFA-1 is a member of the integrin family of surface receptors, which consist of a- 

chain/P-chain heterodimers (Harris et al., 2000). The p 2 -integrins are leukocyte specific 

and consist of heterodimeric proteins composed of a specific a-chain (CD 11 a, b, c, and d; 

ocl, ocm, ax and ao respectively) and a common P-chain (CD 18; P2 ). Each a-chain 

contains a distal N-terminal extracellular “1 domain” (signifying “inserted”) of 

approximately 200 amino acids that is critical for ligand binding. The extracellular 

portion of P2  contains a 241 amino acid “1-like” domain near the N terminus that is also 

critical for ligand recognition. LFA-1 (CD 11 a, CD 18; aL P2 ) interacts with domain 1 of 

lCAM-1, -2 and -3, whereas Mac-1 (CD 11b, CD 18; aM P2 ) interacts with domains 1 and
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Ill of ICAM-1 and domain I of ICAM-2. Integrins involved in leukocyte transmigration 

are summarized in the table below.

Table 1.1. Leukocyte integrins involved in adhesion to endothelial cells

Adhesion Molecule Alternative Designation Leukocyte Expression

CDIla/CDI8 LFA-1
« l32

All leukocytes

CDIIb/CDI8 Mac-1 Granulocytes +
otMpz monocytes

CD1IC/CD18 pl50,95 Granulocytes +
« x32 monocytes

CDIId/CDI8 OdP2 Myelomonocytic cell lines 
+ macrophages

CD49d/CD29 VLA-4 Lymphocytes,
(X4 P 1 monocytes, 

eosinophils 4- 
basophils

CD49d/P7 (X4 P7 Lymphocytes

ICAM-1 is reported to exist as a dimer and dimeric ICAM-1 binds more LFA-I than 

monomeric ICAM-1 (Reilly et al., 1995). However, it was recently shown that optimal 

binding of LFA-I to ICAM-1 is not dependent upon dimerization and that a single 

monomeric ICAM-1 contains a fully functional LFA-I-binding surface (Jun et al., 

2001b). Sites of ICAM-1 dimerization are proposed to be situated in the transmembrane 

domain and in the most N-terminal domain (domain I). The transmembrane domain of 

ICAM-1 contains glycine residues which are positioned on the same side of the predicted 

a-helix, forming a hydrophobic patch which could mediate dimerization (Jun et al., 

2001a).
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1.2.3 The mechanism of leukocyte transmigration

As one of the major functions of endothelial barriers, leukocyte transmigration out of 

blood to surrounding tissues is critical for an effective immune system and inflammatory 

responses (Johnson-Leger et aL, 2000). Some leukocytes, such as mature lymphocytes, 

continuously recirculate between blood and tissue to perform immune surveillance in 

lymphoid organs. This transmigration occurs at highly specialized sites of postcapillary 

venules known as high endothelial venules (HEV). It is worth noting that this is the 

primary constitutive extravasation route in vivo. Other leukocytes transmigrate into 

tissues only at sites of inflammation, marked on endothelial cells by specific adhesion 

molecules. However, both types of transmigration are mediated by the same basic process 

which consists of four main steps: leukocyte rolling and tethering, leukocyte integrin 

activation, leukocyte firm adhesion, and diapedesis through interendothelial junctions, 

summarized in Figure 1.03.
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Figure 1.03. Schematic representation of the 4 stages in leukocyte transmigration.
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1.2.3.1 Rolling and tethering

The initial interaction between circulating leukocytes and endothelial cells is generally 

mediated by interaction between selectins and glycosylated ligands (Ley and Tedder, 

1995). There are three members of the selectin superfamily: E-selectin (endothelial), L- 

selectin (leukocytic), and P-selectin (platelet). L-selectin is expressed on leukocytes, 

whereas E- and P-selectin are expressed on endothelial cells. E-selectin is specifically 

upregulated on endothelial cell surfaces after stimulation with cytokines such as TNF-a. 

In contrast, P-selectin is constitutively found in secretory granules which are translocated 

to the plasma membrane rapidly after stimulation with thrombin or histamine. It is 

thought that the L-selectin and the ligands for E- and P-selectin are localized to leukocyte 

microvilli, to facilitate contact with the endothelium. E-selectin and P-selectin both bind 

to P-selectin glycoprotein ligand (PSGL)(Norman et al., 2000). There is evidence that 

binding of leukocytes to E-selectin causes activation of integrins required for firm 

adhesion. Neutrophils tethered to E-selectin undergo activation of P2 -integrins mediated 

by an ERK-dependent pathway. P2 -integrin activation subsequently enhanced firm 

adhesion to ICAM-1 (Simon et al., 2000).

L-selectin binds to several different endothelial adhesion molecules such as glycosylation 

dependent cell adhesion molecule 1 (GlyCAM-1), CD34, podocalyxin and MAdCAM-1 

(Rosen, 1999). As well as its contribution to leukocyte rolling, L-selectin ligation induces 

activation of leukocytes. Cross-linking of L-selectin causes Ras activation via Src-family 

tyrosine kinases and Rac (Brenner et al., 1996). However, the ultimate fate of L-selectin 

after signal initiation is to be shed from the leukocyte surface. It has been shown that L- 

selectin shedding modulates physiological leukocyte rolling velocity (Hafezi-Moghadam 

and Ley, 1999). More recently it was shown that inhibition of L-selectin shedding 

significantly increased firm adhesion and transmigration by reducing the variability of 

rolling velocity (Hafezi-Moghadam et al., 2001). Also, inhibition of L-selectin shedding 

enhances signaling to the rolling leukocyte as Mac-1 expression is upregulated and Mac- 

1 itself becomes activated. It therefore appears that L-selectin shedding contributes to a 

negative regulation mechanism of leukocyte recruitment.

There is increasing evidence for the involvement of proteins other than selectins in the 

process of leukocyte tethering and rolling. VLA-4 (OtPi integrin) can mediate rolling on
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VCAM-1 (Ulfman et al., 1999), and is expressed on monocytes, eosinophils, and 

lymphocytes but not on neutrophils. More recently it has been shown that LFA-1 can 

fully support rolling-like adhesions on ICAM-1 under flow conditions (Sigal et al., 2000). 

It was hypothesized that LFA-l/ICAM-1-mediated rolling adhesions may act as auxiliary 

adhesions for the specialized rolling receptors (e.g. selectins).

1.2.3.2 Leukocyte integrin activity

The ability of a leukocyte to adhere firmly to ICAMs and VCAM-1 is dependent upon 

the activity state of the integrins which bind them (i.e. P2 - and Pi-integrins respectively). 

P2 -integrin ligand binding activity is regulated both by affinity for their ligands and 

dynamic reorganization of itself into microclusters which regulates its binding capacity 

(avidity)(Harris et al., 2000; van Kooyk and Figdor, 2000). Integrins can respond to 

specific intracellular signals by rapidly changing their conformational state from a low- 

affinity structure to a high-affinity structure. This conformational change allows firm 

adhesion of leukocytes. A major group of molecules that can mediate integrin activation 

in leukocytes are known as chemokines. Chemokines are a class of chemoattractant 

cytokines which bind to a large family of G-protein-coupled receptors on leukocytes 

(Baggiolini, 1998; Mackay, 2001). The first well-characterized chemokine was IL-8, and 

a common feature of all 40 chemokines known to date is the conservation of four 

cysteine residues required for the formation of disulphide bonds. Chemokines were first 

implicated in integrin activation when it was discovered that inhibition of G-protein 

signaling by pertussis toxin abrogated lymphocyte binding to high endothelial venules 

(HEV). Since then, several chemokines have been shown to induce adhesion of human 

lymphocytes to endothelial cells or their ligands including RANTES (regulated on 

activation, normal T expressed and secreted), macrophage inflammatory protein-la 

(MIP-la), MIP-ip, and interferon-a-inducible protein 10 (IP10)(Baggiolini, 1998). 

However, the time taken for these responses to occur is not physiological and in some 

cases required an overnight pre-stimulation. More rapid lymphocyte adhesion is 

stimulated by stromal cell-derived factor l a  (SDF-la), SDF-ip, 6-C-kine, and MIP-
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3P (Campbell et al., 1998). These chemokines are able to cause firm adhesion to ICAM-1 

under physiological flow conditions within seconds. Although these experiments were 

performed in peripheral node addressin-coated capillary tubes, and L-selectin-induced 

signaling may have contributed to lymphocyte activation, they show the potency of 

chemokines to initiate leukocyte arrest on endothelial ligands. A more detailed 

investigation into the mechanism of chemokine-mediated integrin activity changes 

revealed that chemokines such as SD F-la induce changes in the lateral mobility of P2 - 

integrins, more typical of avidity regulation (Constantin et al., 2000). Large polar patches 

of integrins were formed after a 2-minute treatment with SDF. Clustering was shown to 

be regulated by phosphatidylinositol 3-kinase (PI3-K) and was also shown to be critical 

to chemokine-triggered lymphocyte arrest on ICAM-1 under flow conditions. In addition, 

chemokines can trigger a rapid and transient alteration of Pz-integrins to their high- 

affinity state, although the mechanism is unknown. Moreover, firm adhesion of 

monocytes to an endothelial monolayer expressing predominantly E-selectin was shown 

to be triggered by MCP-1 (monocyte chemoattractant protein) and EL-8 under flow 

conditions (Gerszten et al., 1999). This study also implicated P2 -integrin activation in the 

EL-8 triggered arrest of monocytes in preference to Ot-integrins.

Chemokines are produced at the site of inflammation but it is not clear how chemokines 

come into contact with circulating leukocytes. Tissue-produced chemokines could diffuse 

through endothelial cell junctions and act as soluble factors. EC-produced chemokines 

could also act in a similar manner, as inflammatory cytokines upregulate the expression 

of EL-8, MCP-1, and Gro-P (Murakami et al., 2000). Soluble factors however would be 

rapidly washed away by blood flow downstream from the inflammation site. However, 

the amount of chemokine that is required for leukocyte arrest is very low and it has been 

suggested that in fact there may be sufficient soluble factor in the fluid phase to trigger 

leukocyte arrest. An attractive model for the method of chemokine presentation to 

leukocytes involves cell-surface presentation of chemokines by endothelial cells. Tissue- 

produced chemokines could be internalized by endothelial cells abluminally and then 

transported to the luminal surface and remain membrane-bound. Endogenously produced 

chemokines could remain membrane-bound in the same way. This model has the major 

advantage of avoiding any dilutionary effects of blood flow, maintaining a regional
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selectivity in leukocyte recruitment. A crucial study by Middleton et al. showed that EL-8 

produced in tissues was internalized by venular ECs in rabbit skin at its abluminal 

membrane and transcytosed to the luminal surface (Middleton et al., 1997). Once at the 

luminal surface, EL-8 remains membrane-associated, predominantly at microvillar 

projections. Binding is thought to be mediated by IL-8 interaction with 

glycosaminoglycans. It must be mentioned that all data was generated in situ and that all 

attempts to repeat these observations in in v/fro-propagated ECs failed. ECs of umbilical 

veins also failed to bind EL-8 in situ, demonstrating the large degree of heterogeneity 

between EC’s of different blood vessels in different organs. A more recent study 

supporting the hypothesis of EC-bound chemokines showed that thymus-derived 

chemotactic agent-4 is constitutively expressed on the luminal surface of high endothelial 

venule ECs. T-cell activation of LFA-1 was dependent upon the luminal expression of 

chemokines. Further investigation into immobilization of EL-8 and its effect on neutrophil 

adhesion demonstrated an enhancement of adhesion after sufficient IL-8 is presented 

(DiVietro et al., 2001). Chemokines, under some circumstances, can select for a specific 

type of leukocyte to adhere. This is mainly controlled by specific chemokine receptor 

expression patterns on subpopulations of leukocytes. For example, stimulation of 

endothelial cells with IFN-y induced transmigration of Thl-type T cells in preference to 

Th2-type cells (Kawai et al., 1999). This selection was dependent upon RANTES 

secreted specifically by the endothelial monolayer, recognized by CCR5 on Thl-type T 

cells.

Other proteins can induce integrin avidity changes. For example, a peptide derived from 

the first Ig domain of ICAM-2 has been shown to bind to LFA-1 and subsequently 

increase the binding of human T lymphocytes to immobilized ICAM-1, ICAM-2, and 

ICAM-3 (Kotovuori et al., 1999). Further studies on T cell adhesion show that low 

affinity binding of LFA-1 to ICAM-3 and ICAM-1 causes dramatic changes to the cell 

surface distribution of I^FA-l (Bleijs et al., 2000). Large clusters of LPA-1 were formed 

which facilitated ICAM-1 binding after LFA-1 activation. A model has been proposed 

where cytoskeletal constraints keep LFA-1 in an inactive, non-clustered state (van Kooyk 

and Figdor, 2000). Activation of LFA-1 is induced by intracellular signals initiated from 

alternative cell-surface receptors (e.g. T cell receptor). Signals such as PKC activity and
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calpain activation release LFA-1 from the cytoskeleton, allowing the formation of high 

avidity clusters. Ligand binding induces signaling complex association with the 

cytoplasmic tail of LFA-1, leading to assembly of actin stress fibres, which in turn cause 

further integrin clustering.

1.2.3.3 Firm adhesion of leukocvtes

After leukocyte integrins have become activated they are able to bind to their cognate 

endothelial ligands ICAM-1, -2, and VCAM-1. The integrins VLA-4, LFA-1, Mac-1 

(cxMp2 ) and ouP? all play critical roles in firm adhesion of leukocytes. ICAM-1 and 

VCAM-1 have been shown to participate, although to differing degrees of importance, in 

the adhesion of all leukocyte cell types to the endothelium.

1.2.3.3.1 ICAMs in granulocvte transmigration

Neutrophils are the first leukocytes to arrive at sites of inflammation. Use of blocking 

monoclonal antibodies showed that neutrophil transmigration across IL-lp-activated 

endothelial monolayers was inhibited by >90% when either E-selectin or ICAM-1 

function was impaired (Luscinskas et al., 1991). Blocking antibodies directed to either 

LFA-1 or Mac-1 also inhibited neutrophil transmigration to the same degree. This 

indicated that neutrophil adhesion and transmigration is almost completely dependent 

upon P2 -integrins. Only recently was it found that neutrophils express a small amount of 

CC4 P 1 . However, the current model for neutrophil transmigration is consistent with a 

dominant role for p2 -integrins. Mice lacking ICAM-1 are impaired in inflammatory and 

immune responses (Kelly et al., 1996; Sligh et al., 1993). For example, mutant mice 

showed a significant reduction in neutrophil accumulation in the peritoneal cavity 

following thioglycollate (TG) administration as compared to the wild-type mice (Sligh et 

al., 1993). Neutrophils from LFA-1-deficient mice were recently used to determine the 

role of ICAM/P2 -integrin interaction in inflammatory responses. A dominant role for 

ICAM/p2 -integrin was confirmed but it was also shown that blocking antibodies to (X4-
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integrins inhibited neutrophil migration to the peritoneal cavity after thioglycollate 

administration (Henderson et al., 2001).

Eosinophils are key players in allergic inflammations and responses to parasitic infection 

(Dombrowicz and Capron, 2001). To induce inflammation in airways, eosinophils have 

to transmigrate across the pulmonary microvascular endothelium and migrate to the lung. 

Eosinophils, in contrast to neutrophils, express constitutive high levels of VLA-4 and 

OC4 P7  which enables them to utilize VCAM-1 as an endothelial ligand. Hence the role of 

ICAMs in eosinophils transmigration was thought to be less important than for most 

other leukocytes. However, recent evidence suggests that VCAM-1 is critical for the 

initial adhesion of eosinophils to pulmonary microvascular endothelial cells, whereas 

ICAM-1 is required for cell migration but not initial adhesion (Yamamoto et al., 1998). 

Interestingly, ICAM-2-deficient mice exhibit prolonged accumulation of eosinophils in 

the lung interstitium during the development of allergic lung inflammation, more 

indicative of a role for ICAM-2 in eosinophils transport across epithelial barriers (Gerwin 

et al., 1999). However, a role for ICAM-2 in the transmigration of eosinophils across 

endothelial monolayers was demonstrated as ICAM-2 deficiency reduces eosinophil 

transmigration across ECs in vitro (Gerwin et al., 1999).

1.2.3.3.2 ICAMs in monocvte transmigration

Monocytes use the same machinery for firm adhesion and transmigration as other 

leukocytes. An initial comparative study of the contribution of ICAM-1 and VCAM-1 to 

monocyte migration suggested a combined action of the two endothelial ligands 

(Meerschaert and Furie, 1995). Adhesion of monocytes to resting endothelial cells was 

dependent upon LFA-1, whereas when adhesion to or transmigration across stimulated 

endothelial cells was tested, both LFA-1 and Mac-1 were important. Interestingly, the 

authors suggested that there was an alternative LFA-1/Mac-1 binding activity on 

endothelial cells, other than ICAM-1, that contributes to monocyte transmigration. 

Further investigation of the relative contributions of ICAM-1 and ICAM-2 to monocyte 

transmigration across resting HUVEC monolayers suggested that both are important for 

LFA-1-mediated transmigration (Shang and Issekutz, 1998). Hence the LFA-1 binding
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activity referred to in the previous study is likely to be ICAM-2. More recently, using 

mouse aortic endothelial cells (MAECs) from ICAM-1'^' mice, monocyte adhesion was 

shown to be reduced dramatically on ICAM-1-deficient MAECs as compared to wild- 

type MAECs, even after oxLDL or TNF-a treatment (Kevil et al., 2001). A more 

physiologically relevant study described the mechanisms of monocyte adhesion to 

HUVECs under physiological flow conditions (Kukreti et al., 1997). Firm adhesion of 

peripheral blood monocytes was blocked by 75% after treatment with specific p 2  and 0 C4  

antibodies together. Transmigration times of monocytes were significantly increased after 

the same antibody treatments, suggesting that multiple receptors are used to facilitate 

adhesion and transmigration of monocytes. VCAM-l/VLA-4 is now thought to be 

equally important as lCAM-l/LFA-1 for monocyte adhesion and transmigration. An 

interesting study showed that both P2  and ou-integrins are required for transendothelial 

chemotaxis (Weber and Springer, 1998). lL-4 activation of HUVECs, which selectively 

upregulates VCAM-1 but not lCAM-1, was found to promote lateral migration of 

monocytes but only in the presence of a chemokine. More recently, monocyte adhesion to 

HUVECs was shown to be dependent upon Rho-regulated lCAM-1 clustering (Wojciak- 

Stothard et al., 1999).

1.2.3.3.3 ICAMs in Ivmphocvte transmigration

Interactions between T lymphocytes and lCAM-1 are crucial for the initiation of humoral 

immune responses (Bromley et al., 2001). lCAM-1 is present on antigen presenting cells 

(APCs) and, in conjunction with MHC class 1/11 molecules, it forms the antigen 

presenting side of the immunological synapse formed between T cells and APCs. LFA- 

1/lCAM-l interaction is also implicated in the continuous recirculation of lymphocytes 

through the body in order to ensure immunosurveillance. Naive lymphocytes 

preferentially migrate from the blood into secondary lymphoid tissues through migration 

across HEV. Memory and effector T cells have an enhanced capacity to migrate across 

inflamed and non-lymphoid endothelia. Interestingly, dependent upon their activation and 

maturation stage, T lymphocytes express different levels of integrins and cell adhesion 

molecules (Reiss and Englehardt, 1999). Adhesion phenotypes also differ between T
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lymphocytes present in different tissues. For example, T cells from inflamed central 

nervous system (CNS) are OC4 P1 integrin-positive and OC4 P7  integrin-negative, whereas 

most T cells from the gut express low levels of Pi-integrin (Engelhardt et al., 1998).

Both ICAM-1 and VCAM-1 are involved in adhesion of T lymphocytes to resting and 

inflamed endothelial cells (Oppenheimer-Marks et al., 1991). A recent study suggests that 

VCAM-1 does not have a role in subsequent transmigration across monolayers. These 

experiments were carried out on a brain endothelial cell line derived from ICAM-1- 

deficient mice (Reiss and Englehardt, 1999). A subsequent study using cells from HEV 

suggests, in contrast, that ICAM-1 and VCAM-1 work in synergy to effect T lymphocyte 

adhesion and transmigration (Faveeuw et al., 2000).

1.2.3.4 ICAM-2 regulates dendritic cell transmigration

ICAM-2 had previously been shown to have a minor role in the transmigration of 

leukocytes across endothelial monolayers in vitro (Shang and Issekutz, 1998). A first clue 

for the involvement of ICAM-2 in the transmigration of dendritic cells (DCs) was 

provided by investigations in p2 - and ICAM-1-deficient mice. Results suggested that 

although ICAM-I/P2  interactions played a role in DC transmigration, it was clear that 

there were extra interactions requiring p 2 ligands (Schneeberger et al., 2000).

Another study identified a new receptor expressed by DCs, which interacted with ICAM- 

3 expressed by T cells (Geijtenbeek et al., 2000b). The new receptor was called DC- 

specific ICAM-3 grabbing nonintegrin (DC-SIGN). DC-SIGN is a C-type lectin which is 

expressed by DCs both in vitro and in vivo. DC/T cell interaction appears to be stabilized 

by DC-SIGN/ICAM-3 interaction. Further investigations into DC-SIGN ligand 

interactions revealed that ICAM-2 binds to DC-SIGN with a much greater affinity than 

ICAM-3 (ICAM-1 does not bind DC-SIGN)(Geijtenbeek et al., 2000a). It was also 

shown that the affinity of ICAM-2 binding to DC-SIGN was greater than for binding to 

LFA-1, which until this point had been thought to be the natural receptor for ICAM-2. 

Moreover, the interaction between ICAM-2 and DC-SIGN was shown to be resistant to 

shear stress, whereas the ICAM-3/DC-SIGN interaction was less stable under shear 

stress. DC-SIGN was then shown to be critical for DC transmigration across endothelial
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monolayers. The novel interaction between ICAM-2 and DC-SIGN is therefore crucial 

for dendritic cell trafficking.

1.2.3.5 Diapedesis through endothelial junctions

After firm adhesion, the leukocyte must crawl between endothelial cells to complete its 

extravasation. The leukocyte must somehow induce a local disassembly of the cell-cell 

junctions to form a transient gap between neighbouring cells. There are three main types 

of interendothelial junction described: gap junctions, tight junctions, and adherens 

junctions. Adherens junctions, the components of which have been previously described 

(section 1 .1 .2 ), appear to be the main complex involved in regulating cell-cell adhesion 

and therefore are most important with respect to leukocyte diapedesis. Although the 

correlation between transmigration and vascular permeability is still controversial, it has 

been shown that VE-cadherin is an important regulator of vascular permeability (Corada 

et al., 1999). Blocking VE-cadherin with antibodies induced actin reorganization, 

enhanced neutrophil transmigration and a concomitant increase in monolayer 

permeability. VEGF stimulation of HUVECs increased permeability, which correlated 

with an increase in tyrosine phosphorylation of many components of the adherens 

junction including VE-cadherin, plakoglobin, pl20^“ , and P-catenin (Esser et al., 1998). 

This was accompanied by a dramatic change in VE-cadherin staining, from continuous 

staining at junctions to interrupted staining. Moreover, neutrophil adherence to 

endothelial cells has been shown to disrupt the VE-cadherin/catenin complex (Del 

Maschio et al., 1996). This was thought to be partly due to a local activation of both 

endothelial and neutrophilic proteases induced by endothelium/neutrophil interaction. 

However it is still not clear whether junctional components are degraded, to a certain 

extent, after cell lysis or, in the case of immunofluorescence studies, fixation. Also other 

studies suggest that neutrophils prefer to transmigrate at tricellular comers without 

dismpting the VE-cadherin/catenin complex (Bums et al., 2000). To clarify these 

discrepancies, real-time imaging of a GFP-tagged VE-cadherin protein has been 

performed during leukocyte transmigration under flow conditions (Shaw et al., 2001b).
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Transmigration was observed through de novo gaps as well as preexisting gaps and both 

types of gaps resealed after leukocytes had passed through. In these experiments it 

appeared that leukocytes pushed GFP-VE-cadherin aside from junctions, and that the 

GFP-VE-cadherin diffused back to refill the junction. These data argue for a protease- 

independent mechanism for disruption of endothelial junctions and leukocyte diapedesis. 

Other proteins, such as PEC AM-1 (CD31) and JAM, have been implicated in the 

transendothelial migration of leukocytes. PEC AM-1 is a member of the IgSF ( 6  

extracellular Ig domains) and is concentrated at endothelial cell junctions, although it 

does not appear to be associated with either adherens or tight junctions (Ayalon et al., 

1994). Moreover, although PEC AM-1 has been shown to be a critical mediator of 

transmigration, PEC AM-1 knockout mice show normal levels of transmigrating 

monocytes and lymphocytes after various challenges (Duncan et al., 1999). However 

PEC AM-1 may be important for neutrophil transmigration across the transbasement 

membrane.

JAM-1 has very recently been shown to be a natural ligand for LFA-1 and involved in the 

process of diapedesis of T cells and neutrophils under static and physiological flow 

conditions (Ostermann et al., 2002).

1.2.3.6 Endothelial signalling in leukocvte transmigration

Firm adhesion and spreading of leukocytes on ECs causes the clustering of adhesion 

molecules. It thus became an increasingly attractive model that proteins such as lCAM-1, 

which had previously only been studied in the context of leukocyte adhesion, could 

function as initiators of signaling events that would facilitate diapedesis of leukocytes 

through endothelial junctions. lCAM-1 was first shown to have a signalling function in 

endothelial cells after lCAM-1 expressed in a brain micro vessel endothelial cell line 

(RBE4) was cross-linked using antibodies (Durieu-Trautmann et al., 1994). Cross-linking 

of lCAM-1 for 30 minutes induced an increase in tyrosine phosphorylation of several 

proteins, including the actin-binding protein cortactin. An increase in the kinase activity 

of p60̂ "̂  ̂ was also observed during the same time-course. Further evidence for lCAM-1 

signalling function was provided by the finding that lCAM-1 cross-linking with 

antibodies on the same cell line induced activation of the small GTPase Rho (Etienne et
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al., 1998). ICAM-1 cross-linking also caused tyrosine phosphorylation of the three 

cytoskeletally-associated proteins focal adhesion kinase (FAK), paxillin and p i30̂ ^®. 

ICAM-1 cross-linking consequently induced stress fibre formation and this has been 

shown to be dependent upon intracellular calcium signaling. Most importantly, the 

signalling events triggered by ICAM-1 are crucial for the transmigration of lymphocytes 

across monolayers of the brain microvascular endothelial cell line (Adamson et al., 

1999). Furthermore it has been shown that monocyte binding to primary endothelial cells 

requires Rho-regulated leukocyte adhesion molecule clustering (Wojciak-Stothard et al.,

1999). Support for the theory that leukocyte binding and transmigration both induce and 

require Rho activity was provided by studies on neutrophil transmigration across 

HUVEC monolayers. Neutrophils express low levels of OC4 P 1 so LFA-l/ICAM-1 

interaction is expected to be the dominant interaction. Neutrophil binding induced stress 

fibre formation in HUVECs, accompanied by myosin filament formation and by MLC 

phosphorylation (Saito et al., 1998). Treatment of the myosin light chain kinase inhibitor, 

ML-9, decreased neutrophil transmigration, stress fibre formation and MLC 

phosphorylation. The same inhibitory effects were observed after treatment with the 

intracellular calcium chelator BAPTA/AM. Further investigation into the mechanism of 

neutrophil transmigration revealed that neutrophil adhesion induces a stiffening response 

in human pulmonary microvascular cells, which is specifically mediated by ICAM-1 

binding (Wang and Doerschuk, 2000). ICAM-1-mediated signalling events during 

neutrophil adherence were also shown to activate the production of reactive oxygen 

species (ROS), which were essential for the EC stiffening response (Wang et al., 2001). 

Cytoskeletal remodeling was responsible for stiffening responses in both neutrophils and 

endothelial cells. Interestingly a cell-permeant phosphoinositide-binding peptide blocked 

the stiffening response, implicating a requirement for phosphoinositi des (Wang et al., 

2001). More recently, ICAM-1 cross-linking was shown to activate the p38 mitogen- 

activated protein kinase. Inhibition of this kinase with SB203580 blocked the stiffening 

response induced by neutrophil adherence or ICAM-1 cross-linking (Wang and 

Doerschuk, 2001). ICAM-1 cross-linking also induces changes in transcription. Lawson 

et al showed that ICAM-1 cross-linking induced VCAM-1 expression and activation of 

the AP-1 transcription factor in HUVECs (Lawson et al., 1999).
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It is presumed that the ICAM-1 cytoplasmic domain is most likely to be responsible for 

transducing signalling events. Indeed, by using a reconstituted mammalian cell 

expression model, it was shown that the ICAM-1 cytoplasmic domain and a rho- 

dependent signalling pathway are required for neutrophil transmigration (Sans et al., 

2001). Proteins have been shown to interact with the cytoplasmic domain but most of 

these interactions have only been demonstrated in vitro. Using the ICAM-1 cytoplasmic 

peptide coupled to sepharose beads, ICAM-I has been shown to interact with a-actinin 

(Carpen et al., 1992), glyceraldehyde-3-phosphate dehydrogenase (Federici et al., 1996), 

p-tubulin (Federici et al., 1996), and ezrin (Heiska et al., 1998). Incidentally, the 

cytoplasmic tail of lCAM-2 has also been shown to interact with both a-actinin (Heiska 

et al., 1996) and ezrin (Heiska et al., 1998). Most of these interactions appear to be 

dependent upon the presence of a cluster of positively charged residues close to the 

transmembrane domain. It appears to be very difficult to co-immunoprecipitate any of 

these proteins with lCAM-1 or 1C AM-2, although moesin has been co-precipitated with 

lCAM-3 from T cells (Serrador et al., 1997). Ezrin, a-actinin, and P-tubulin all bind to 

the cytoskeleton and therefore these interactions are consistent with a link between 

lCAM-1 and actin cytoskeleton rearrangements.

Recently, a new intracellular binding partner for lCAM-1 has been identified, known as 

Src homology domain 2 (SH2)-containing phosphatase-2 (SHP-2). It was shown that the 

cytoplasmic domain of lCAM-1 contains a sequence that conforms poorly to the 

consensus sequence of immunoreceptor tyrosine-based inhibition (ITIM), but that this 

sequence when tyrosine phosphorylated, binds to SHP-2 (Pluskota et

al., 2000). Moreover, tyrosine phosphorylation of the lCAM-1 cytoplasmic domain was 

induced by adhesion to fibrinogen. Leukocyte transmigration has been shown to depend 

upon the presence of fibrinogen, which may play a role in bridging the interaction 

between lCAM-1 and integrins (Languino et al., 1993). SHP-2 interaction with lCAM-1 

appears to signal cell survival in this study. Independently, SHP-2 has been shown to 

negatively regulate RhoA activity in fibroblasts (Schoenwaelder et al., 2000). Therefore, 

signalling from lCAM-1 clustering to RhoA activity may involve SHP-2, but how SHP-2 

may contribute to stress fibre formation is less clear.
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1.3 ERM proteins
1.3.1 ERM family proteins are plasma membrane/cvtoskeleton linkers

Transmembrane proteins are often organized and configured by cortical actin filaments 

that lie just beneath the plasma membrane. Over the last decade, various proteins have 

been characterized whose roles are to link cortical actin filaments to the plasma 

membrane and transmembrane proteins. The ERM family of proteins consists of three 

highly homologous proteins, ezrin, radixin and moesin (Bretscher, 1999; Mangeat et al., 

1999; Tsukita and Yonemura, 1997). The neurofibromatosis II (NF2) gene product, 

known as merlin, belongs to the same family although it shares less sequence homology 

with ERM proteins (Bretscher et al., 2000). There are two ERM homologues in C. 

elegans, whereas only one moesin homologue. Coracle, is present in D. melanogaster. 

These proteins belong to the band 4,1 protein superfamily, along with other proteins such 

as talin, PTPHl and PTBMEG. Band 4.1 protein associates via its N-terminal domain to 

the cytoplasmic tail of glycophorin C in erythrocytes, linking the transmembrane protein 

to spectrin (Mangeat et al., 1999).

Ezrin was first described as a substrate for EGER kinase activity after EGF stimulation of 

A431 cells (Hunter and Cooper, 1981a). It was then isolated from chicken intestinal 

brush borders as a major constituent of the brush border microvilli (Bretscher, 1983). 

Radixin was isolated from rat liver as a component of adherens junctions (Tsukita and 

Hieda, 1989). Moesin was identified by its ability to bind heparin in smooth muscle cells 

(Lankes and Furthmayr, 1991). All of these proteins have a high degree of sequence 

identity, as shown in Figure 1.04. A clear difference in the sequences of ERM proteins is 

that moesin does not contain a polyproline motif, which is present in both ezrin and 

radixin. Cultured cells tend to express all three ERM family members, although this is not 

the case in tissues. Ezrin is the predominant family member in epithelial cells, whereas 

moesin expression is predominant in endothelial and hematopoietic cells (Berryman et 

al., 1993).

The initial clue to ERM function was provided by expression of N-terminal (N-ERM 

association domain; N-ERMAD) domains and C-terminal (C-ERMAD) domains in Sf9 

insect cells. Baculovirus infection of insect cells with ezrina 1 0 - 5 8 6  caused the formation of 

thin hair-like actin-containing protrusions, and this was blocked by the introduction of
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Figure 1.04. ERM protein domain organization and homology between Band 4.1 

superfamily members. Percentage values represent percentage identity to ezrin. 

Figure modified from Brestcher, 1999.
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ezrin 1 -2 3 3  (Gary and Bretscher, 1995; Martin et al., 1995). Thus ERM proteins were 

shown to interact with actin and hypothesized to be plasma membrane/cytoskeleton 

linkers. Immunofluorescence studies have shown ERM proteins to be localized to areas 

of plasma membrane/cytoskeleton contact such as cell-cell junctions, filopodia, 

lamellipodia, cleavage furrows and microvilli (Bretscher, 1999).

Other studies provide further evidence for a role for ERM proteins in actin cytoskeleton- 

dependent processes. Micro-CALI (chromatophore-assisted laser irradiation) induced 

ablation of ezrin function in Rat-1 fibroblasts inhibits membrane ruffling and 

lamellipodial extension (Lamb et al., 1997). Moesin has been shown to be important for 

the formation of focal adhesions and stress fibres in a permeabilized-cell system (Mackay 

et al., 1997). Suppression of moesin and radixin expression in neuronal cells, using 

anti sense phosporothioate oligonucleotides (PONs), causes defects in cell motility and 

growth cone formation (Paglini et al., 1998).

As ERM proteins are extremely similar, it is possible that these proteins could perform 

one function. Many studies have been carried out to elucidate the possibility of functional 

redundancy amongst ERM proteins. Expression levels of ERM proteins were reduced 

using antisense PONs on cultured epithelial and thymoma cells (Takeuchi et al., 1994). A 

mixture of ezrin/radixin/moesin anti sense PONs induced the loss of cell-cell and cell- 

substrate adhesion, and also microvilli. However, single antisense PON exposure to each 

gene alone had little effect, the only exception being that the moesin antisense PON 

partially affected microvillus formation. Moreover, moesin-deficient mice show no 

abnormalities in cell-cell adhesion or microvillus formation. Moesin depletion was not 

accompanied by any compensatory upregulation of ezrin or radixin, which suggests that 

these proteins are functionally redundant at the whole organism level (Doi et al., 1999).

1.3.2 ERM protein domain structure and interaction partners

The structure of ERM proteins is divided into 3 domains: N-ERMAD, C-ERMAD and 

the a-helical domain (Fig. 3.04). The N-ERMAD is defined as the first 296 amino acids 

and is joined to the C-ERMAD by an a-helical domain of approximately 170 amino acids 

(Bretscher, 1999). It is now well accepted that ERM proteins form closed monomers or
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oligomerize when dormant, by association of N-ERMADs with C-ERMADs, and that 

activation of ERM proteins causes monomerization and stabilization of the open 

conformation. Phosphorylation of a site in the C-ERMAD causes transition of oligomers 

to active monomers (Gautreau et al., 2000). Furthermore, the crystal structure of the N- 

ERMAD and C-ERMAD of moesin shows that the two domains associate and this masks 

the F-actin binding site in C-ERMAD (Pearson et al., 2000). Another plasma 

membrane/cytoskeleton linker protein, vinculin, adopts a head-to-tail conformation when 

dormant, masking its F-actin binding ability (Johnson and Craig, 1995).

ERM proteins can interact with transmembrane proteins by both direct and indirect 

mechanisms. The majority of transmembrane ligands of ERM proteins are type I 

transmembrane proteins which contain only a single membrane spanning region. 

Interaction between ezrin and CD44, a type I transmembrane protein, was shown by co- 

immunoprecipitation in BHK cells (Hirao et al., 1996; Tsukita et al., 1994). The complex 

was only stable at low ionic strength and the interaction was enhanced in the presence of 

phospatidylinositol-4,5-bisphosphate (PIP2 )(Hirao et al., 1996). Since then, ERM proteins 

have been shown to interact directly with the type I transmembrane proteins CD43 

(Serrador et al., 1998; Yonemura et al., 1998), ICAM-1 (Heiska et al., 1998), ICAM-2 

(Heiska et al., 1998; Yonemura et al., 1998), and ICAM-3 (Serrador et al., 1997). ICAM- 

2  was shown to be relocalized to uropods of thymoma cells after transfection of an ezrin 

cDNA construct. This elegant study showed that ezrin-induced polarization of ICAM-2 

conferred susceptibility to natural killer (NK) cell cytotoxicity (Helander et al., 1996). 

Ezrin was shown to interact directly with the cytoplasmic tails of both ICAM-2 and 

ICAM-1 in vitro (Heiska et al., 1998). ICAM-3 interacts with moesin in T lymphocytes 

and the complex is redistributed to uropods during cell polarization (Serrador et al.,

1997). More recently, P-selectin glycoprotein ligand 1 (PSGL-1) has been shown to 

interact with moesin in human neutrophil uropods (Alonso-Lebrero et al., 2000).

Mutation of a cluster of positive amino acids proximal to the transmembrane domain of 

these proteins blocks interaction with ERMs in vitro. A  positive amino acid cluster was 

shown to be essential for the ICAM-2/ezrin interaction (Yonemura et al., 1998), although 

this has not been published for ICAM-1. Two studies independently mapped the ezrin 

binding site in the CD44 cytoplasmic domain to a cluster of lysine residues (Legg and
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Isacke, 1998; Yonemura et al,, 1998), although one study showed that a second positive 

amino acid cluster was required for interaction (Legg and Isacke, 1998). Both reports 

addressed the relevance of this interaction in cells by observing the effects of mutating 

the positive amino acid cluster on CD44 microvillar localization, although different 

results were obtained. Legg et al. found that mutation of the lysine cluster did not alter 

the microvillar localization of CD44. In contrast Yonemura et al. used the same mutation, 

but contained in a N-cadherin extracellular domain/CD44 transmembrane and cytosolic 

domain chimera, and reported opposite results. Also, in a separate study, mutated N- 

cadherin/CD44 chimeras inhibited the elongation of microvilli, having lost their ability to 

bind activated ezrin (Yonemura et al., 1999). The structure of the N-terminal domain of 

radixin shows that an acidic groove situated between 2 subdomains B and C of the PERM 

domain is an attractive candidate for interaction with positive amino acid clusters in 

transmembrane protein cytosolic domains (Hamada et al., 2000). This groove contains 

many negatively charged glutamate/aspartate residues. The groove spans approximately 

40 angstroms, which is able to accommodate a peptide 10 amino acids in length, and it 

appears to be accessible to transmembrane proteins. This will be discussed in more detail 

later.

Ezrin can interact indirectly with a transmembrane Na^/lT" exchanger (NHE) through 

binding to EBP50 (ERM-binding phosphoprotein 50). Human EBP50 is a 358-residue 

protein that contains 2 PDZ domains and has 84% sequence identity with the rabbit NHE- 

RF (Na^/H^ exchange regulatory factor)(Reczek and Bretscher, 1998). It is currently 

thought that the EBP50/ezrin complex provides functional regulation of NHE3 by linking 

it to protein kinase A (PKA), which interacts with the a-helical domain of ezrin 

(Bretscher et al., 2000). Additional membrane proteins that interact with EBP50 via its 

PDZ domains include the cystic fibrosis transmembrane conductance regulator 

(CFTR)(Sun et al., 2000a; Sun et al., 2000b)and the p 2 -adrenergic receptor (Hall et al., 

1998).

1.3.3 Activation of ERM proteins

ERM proteins must transform from their inactive (closed) conformation to an active 

(open) conformation in order to link transmembrane proteins to actin filaments. At
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present there are 2 molecular mechanisms known to regulate ERM activation: 

phosphorylation at a C-terminal threonine residue and PIP2  binding to the N-ERMAD.

1.3.3.1 C-terminal phosphorylation

Ezrin was originally discovered as a tyrosine phosphorylation substrate of EGER activity 

(Hunter and Cooper, 1981b). Ezrin was also described to be a phosphoprotein isolated 

from rabbit gastric glands that were stimulated with histamine plus

isobutylmethylxanthine (Urushidani et al., 1989). Phosphorylation in this case was shown 

to be exclusively on serine residues. Threonine-558 was identified as a phosphorylation 

site in moesin after platelets were treated with thrombin to induce aggregation and cell 

shape changes (Nakamura et al., 1995). Although the increase in moesin phosphorylation 

induced by thrombin was relatively minor, this study led to the synthesis of a 

phosphospecific antibody which recognizes pThr-558 and equivalent phosphothreonine 

residues in ezrin and radixin. This antibody has become an important tool for monitoring 

ERM activation. Phosphorylation of the C-terminal half of radixin precludes interaction 

with the N-ERMAD (Matsui et al., 1998), thus it was proposed that phosphorylation 

maintains ERM proteins in an open conformation, able to bind F-actin. Support for this 

hypothesis has been provided by evidence from structural studies of the moesin “closed” 

conformation (Pearson et al., 2000). Phosphorylation at Thr-558 would introduce a 

negative charge opposite to the heart of a negatively charged surface of the N-ERMAD, 

having a strong detrimental effect on the interaction.

Two different kinases are implicated in C-terminal phosphorylation of ERM proteins: 

Rho-kinase and PKCs. Rho activity appears to play a role in translocation of ERM 

proteins from the soluble to insoluble cell fractions. Treatment of BHK cells with C3 

transferase caused a shift of ERM proteins from the insoluble fraction to the soluble, 

cytoplasmic fraction (Hirao et al., 1996). It was subsequently shown that Rho-kinase 

could phosphorylate full-length and the C-terminal half of radixin in vitro (Matsui et al., 

1998). Rho-kinase induced phosphorylation of moesin was shown to play a crucial role in 

the formation of microvillus-like structures in C0S7 cells (Oshiro et al., 1998). However, 

subsequent studies showed that activation of ERM proteins by Rho does not involve Rho- 

kinase as the Rho-kinase specific inhibitor Y-27632 did not block ERM phosphorylation
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in microvilli induced by V14 RhoA (Matsui et al., 1999). The same study suggested that 

Rho acted via PI(4)P5-kinase to induce ERM activation and phosphorylation. This 

enzyme catalyzes the formation of PIP2 , the membrane lipid that has been shown to 

enhance interaction between ERM proteins and membrane ligands (see section 1.3.3.2). 

Furthermore, in contrast to previous findings, it has more recently been shown that ERM 

proteins are not phosphorylated at the cleavage furrow by Rho-kinase (Kosako et al.,

2000). Independently, moesin phosphorylation at the same threonine residue was shown 

to be carried out by the atypical protein kinase PKC0 (Pietromonaco et al., 1998). The 

sequence C-terminal to Thr-558 in moesin has 75% homology to the pseudosubstrate 

sequence of PKC-0, although the classical PKCs (a, P, y) have pseudosubstrates with 

50% homology. Indeed, PKC-a can co-immunoprecipitate ezrin and cause its 

hyperphosphorylation during PKC driven wound closure in 2C4 fibrosarcoma cells (Ng 

et al., 2001). Treatment of these cells with Y-27632 did not decrease ERM 

phosphorylation. Interestingly the PI3-kinase inhibitor, LY294002, inhibited ERM 

phosphorylation and cell migration during wound closure. A combination of both 

phosphorylation at Thr-558 and phosphoinositide presence has been shown to be required 

for F-actin binding to platelet moesin (Nakamura et al., 1999).

Phosphorylation of proteins is critically regulated by the balance between kinase and 

phosphatase activity. Protein phosphatase 2C has been shown to dephosphorylate moesin 

and abrogate its F-actin binding ability in vitro (Hishiya et al., 1999). Recently exclusion 

of CD43 from the immunological synapse has been shown to be mediated by 

phosphorylation-regulated relocalization of moesin (Delon et al., 2001). Dé

phosphorylation of moesin occurred immediately upon TCR engagement, inhibiting 

interaction with CD43 and allowing exclusion of CD43 from the newly-formed synapse.

1.3.3.2 PIP2  and ERM activation

A role for PIP2 in ERM activation was first demonstrated by Hirao et al, who showed that 

PIP2  promoted association of ERM proteins with the cytoplasmic domain of CD44. In 

this study, PIP2  did not bind to the CD44 cytoplasmic domain alone (Hirao et al., 1996). 

PIP2  potentiates the interaction between the ezrin and the cytoplasmic domains of both
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ICAM-1 and ICAM-2 (Heiska et al., 1998). As previously mentioned, PI(4)P5-kinase, the 

kinase which catalyses PIP2  formation, induced ERM activation.

The crystal structure of radixin N-ERMAD bound to IP3 (inositol triphosphate), the 

moiety of PIP2  exposed to cytosolic proteins, was recently solved to 2.8Â resolution 

(Hamada et al., 2000). The structure is shown in Figure 1.05, along with close-up stereo 

views of important interaction regions. IP3 bound to radixin at the centre of the basic cleft 

between subdomains A and C. Positive charges are due to seven lysines and four 

arginines in this region. Lys-60 and Lys-63 from subdomain A and Lys-278 from 

subdomain C, along with Asn-62 from subdomain A, contact the three phosphate groups 

of IP3 . Relatively small but interesting structural changes at the N-terminal region of 

helix a lC  and strand P5C of subdomain C have been found to be induced by IP3  binding. 

These structural changes appear to be important for unmasking the N-ERMAD and F- 

actin binding activity. The crystal structure of the moesin N-ERMAD masked by the C- 

terminal tail shows that the negatively charged surface of the putative-binding site to 

transmembrane proteins is completely masked by the C-terminal tail. A brief description 

of the IP3 -induced structural changes follows, with particular reference to how these may 

contribute to unmasking, (Figure 1.05). IP3 binding induces a widening of the basic cleft 

which forms the IP3 -binding site. Movement of the N-terminal region of helix a lC  

towards the P-sheet P5C/p6C/p7C pushes up one edge of the sheet, causing a tilt with the 

greatest displacement ( 6  Â) seen at Asp-261. This tilting results in narrowing of the 

groove between 2  Psheets of subdomain C, with the effect of pushing out the C-terminal 

helix D of the tail domain. As helix D contains residues Phe-574 and Met-577 which bind 

in a hydrophobic pocket formed by residues in the P-sheet sandwich, release of these 

interactions may cause a complete dissociation of the C-terminal tail from the N- 

ERMAD. This would enable interaction between the putative negatively-charged binding 

site for transmembrane proteins such as ICAMs and CD44/43. An excellent study by 

Barret et al used a mutagenesis approach to modulate the hypothesized PIP2  binding site 

in ezrin (Barret et al., 2000). When lysine residues 253, 254, 262, and 263 were mutated 

in full-length ezrin, CD44 tail interaction was not impaired although it did become PIP2 - 

independent. However, when the mutated construct was transfected into COSl and A431
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Figure 1.05. Structural changes induced in ERM proteins by IPs-binding to the 

PERM domain (from Hamada et al, 2000). In (A), the radixin PERM domain is shown 

in terms of electrostatic potentials. Positive (blue) and negative (red) potentials are 

shown. The cytoplasmic tail of an adhesion protein such as ICAM-2 is shown with its 

basic juxtamembrane region in blue. A yellow arrow indicates a possible binding of the 

cytoplasmic tail to the radixin PERM domain. In (B), the radixin PERM domain (light
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blue) on the moesin PERM domain (pale yellow) complexed with the C-terminal tail 

domain (brown). Large displacements induced by IP3 binding are highlighted in blue 

(radixin) and yellow (moesin). In (C), a histogram shows the distances of corresponding 

Ca atoms between the IPs-bound radixin PERM domain and the moesin PERM domain 

complexed with the C-terminal domain. Large displacements shown in blue.

44



cells, unlike membrane-localized wild-type ezrin, the mutated version is distributed 

within the cytoplasm. A role for Lys-63 and Lys-64 in PIP2  binding was also shown. 

Interestingly, according to the structural data described above, it appears that mutations 

carried out by Barret et al at lysines 262 and 263 may interfere with the PIPa-induced 

binding changes rather than PIP2  binding itself.

All of these studies show that the regulation of ERM protein activation is a very complex 

process which is becoming clearer as more structural data is produced, verifying 

previously published biochemical data. It is also possible that there are more levels of 

regulation of ERM activity.

1.3.4 ERM proteins and Rho activation

The ability of ERM proteins to act upstream of Rho activity has also been investigated. 

Moesin was reported to be necessary for the formation of stress fibres in permeabilized 

fibroblasts. A CD44/ERM/RhoGDI complex can be co-immunoprecipitated from BHK 

cell lysates (Hirao et al., 1996). Rho GDI was shown to interact with the N-terminal half 

of radixin in vitro (Takahashi et al., 1997). Moreover, this interaction decreases the 

activity of RhoGDI as assayed by inhibition of GEF-independent GDP/GTP exchange 

reaction of RhoA. Injection of COST cells with the N-terminal fragment of radixin 

induced the formation of stress fibres that could be inhibited by treatment with C3 

transferase. Importantly, RhoGDI did not interact with the C-terminal fragment of radixin 

nor the full-length radixin protein, indicating that ERM conformational activation is a 

pre-requisite for RhoGDI binding. Radixin can also interact with the Rho family GEE 

Dbl, although this interaction does not affect the Dbl activity to stimulate GDP/GTP 

exchange reaction of RhoA. Dbl and Rho GDI compete for interaction with radixin 

(Takahashi et al., 1998). A model was proposed for Rho activation involving sequential 

release of Dbl followed by Rho-GDP, with Dbl activity catalyzing GDP/GTP exchange 

and resultant Rho activity. More support for a model where ERMs activate Rho was 

provided by the finding that the tumour suppressor protein hamartin interacts with ERM 

proteins, and that when hamartin is overexpressed, this interaction causes Rho activation 

and stress fibre formation (Lamb et al., 2000). It was also shown that by introducing
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truncated forms of hamartin, ERM binding domains or control domains, into Swiss 3T3 

fibroblasts, LPA- or serum-induced stress fibre formation could be blocked.

1,3.5 Other ERM signalling functions

As ezrin was originally identified as a tyrosine phosphorylated protein, it is likely that 

ERM proteins may function as signaling pathway intermediates. Tyrosine 

phosphorylation of ezrin occurs at Tyr-145 and Tyr-353 and mutation of these residues to 

phenylalanine blocks tubule formation by LLC-PKl cells in a three-dimensional collagen 

type I culture upon HGF stimulation (Gautreau et al., 1999). It was revealed in a 

subsequent study that the reason for inhibition of tubule formation was that the Y353>F 

mutation blocked interaction with the p85 regulatory subunit of PI3-kinase. Tyrosine 

phosphorylated ezrin was therefore shown to act as an activator of the PI3-kinase/Akt 

pathway which protects the cells against apoptosis. More studies using the N-ERMAD of 

ezrin as bait showed that the tyrosine kinase FAK associates at cryptic sites within the 

ERM molecule. Overproduction of ezrin led to tyrosine phosphorylation of FAK, 

creating docking sites for FAK signaling partners (Poullet et al., 2001). However, these 

effects were observed in unattached epithelial cells with overexpressed ezrin. Ezrin was 

also shown to bind to cyclic-AMP-dependent protein kinase and thus can act as an A- 

kinase anchoring protein (AKAP)(Dransfield et al., 1997). Therefore it appears that ezrin 

in particular may function as a scaffold protein, co-ordinating signaling pathways, as well 

as functioning as a classical ERM plasma membrane/actin cytoskeleton linker.

1.3.6 Merlin and neurofibromatosis type II

Neurofibromatosis type II (NF2) is a dominantly inherited disorder which is 

characterized by the predisposition to develop benign tumours in the central nervous 

system (Gutmann, 2001). This is in contrast to most other inherited cancer predisposition 

syndromes (eg. Li Fraumeni syndrome, retinoblastoma) where malignant tumours 

dominate. This suggests that abnormalities of the NF2 gene in humans could influence 

cell growth through mechanisms distinct to other tumour suppressor genes. Loss of
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heterozygosity studies and positional cloning identified the NF2 gene (Rouleau et al., 

1993; Trofatter et al., 1993), which encodes a member of the band 4.1 superfamily of 

proteins. The protein product of the NF2 gene bears most homology with ERM proteins, 

sharing 62% amino acid identity in the N-ERMAD with ezrin and 35% identity with the 

C-ERMAD. The protein was named Merlin (moesin, ezrin, radixin like-protein) and 

exists as two alternatively-spliced isoforms. Isoform I lacks exon 16 and encodes a 595- 

residue protein with a predicted molecular mass of 6 6  kDa, whilst isoform II lacks exon 

17, and has a unique carboxy-terminal sequence (Bretscher et al., 2000).

The subcellular localization of merlin is strikingly similar to ERM proteins in fibroblasts. 

Consistent with other ERM family members, merlin shows both homotypic interactions 

and heterotypic interactions with ezrin (Gronholm et al,, 1999). However, merlin lacks 

the conserved actin-binding domain and only weakly binds to F-actin through alternative 

actin-binding sites (Xu and Gutmann, 1998). Moreover, only when merlin adopts a 

“closed” conformation can it function as a negative growth regulator in vitro and in vivo. 

Mutations in NF2 genes that prevent intramolecular folding of merlin produce a protein 

that cannot suppress cell growth (Gutmann et al., 1998).

Merlin has recently been functionally linked to the Rho GTPases in suppression of 

tumour growth. Lamellipodium formation and motility are severely inhibited by merlin 

overexpression. In addition, schwannoma cells from NF2 patients show aberrant 

cytoskeletal structures when compared to normal human Schwann cells (Pelton et al.,

1998). Transfection of constitutively active forms of Racl (RacV12) or Cdc42 

(Cdc42V12), but not RhoA (RhoAV14) into NIH 3T3 fibroblasts caused an increase in 

merlin phosphorylation at Ser-518 (Shaw et al., 2001a). These results are extremely 

interesting as ERM proteins are phosphorylated after Rho activation and it is known that 

in certain cell types RhoA and Racl act antagonistically. This idea is further developed 

by observations of CD44-mediated merlin activation in rat schwannoma cell lines 

(Morrison et al., 2001). Several studies have suggested that the phosphorylated, open 

form of merlin represents an inactive form, whilst the dephosphorylated, closed form is 

active. CD44 has previously been implicated in cell-cell contact inhibition. In this study, 

merlin activity was shown to be increased by high cell density and this correlated with 

decreased phosphorylation. More specifically, hypophosphorylated merlin binds the
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cytoplasmic tail of CD44 in the growth-inhibitory mode, whilst phosphorylated forms of 

ezrin, moesin and merlin associate with CD44 in the growth-promoting mode.

Merlin regulation and functions show differences from those exhibited by the three ERM 

proteins, ezrin, radixin, and moesin. The interplay between merlin and ERMs during 

normal cell function is of great interest.

1.3.7 ERMs in endothelial cells

Moesin is the predominantly expressed ERM family member in endothelial cells. It is 

presumed that moesin will act as a plasma membrane/cytoskeleton linker in endothelial 

cells, although no functional studies of ERM proteins have been carried out in this cell 

type. Moesin co-localized with clusters of ICAM-1 in HUVECs (Wojciak-Stothard et al.,

1999). Also ezrin co-localized with RhoA at the leading edge of sparsely cultured 

endothelial cells when grown on collagen but not fibronectin (Menager et al., 1999).

48



1.4 AIMS OF PROJECT
It is tempting to speculate that ERM proteins and ICAMs could interact in endothelial 

cells. ICAM-1 has been shown to activate RhoA in rat brain endothelial cells and ERM 

proteins have been implicated upstream of Rho activation. Moreover, ICAM-2 also 

interacts with ezrin in vitro but little is known about ICAM-2-activated signalling events 

in any cell type. Signalling pathways downstream of ICAM-I and ICAM-2 are of interest 

with respect to mechanisms involved in leukocyte adhesion and transmigration across 

endothelial monolayers

The main aim of this project was to investigate the possible functional significance of 

interactions between endothelial ICAMs (-1 and -2) and the predominantly expressed 

ERM protein moesin. In particular, the effect of ICAM cross-linking on the actin 

cytoskeleton and gene expression in endothelial cells was to be investigated. Also, 

signalling events activated by either ICAM-1 or ICAM-2 were to be investigated. As 

ICAM-1 was previously known to induce signalling events, any binding partners of 

ICAM-1 were to be investigated
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Chapter 2 -  Materials and Methods
2.1 Materials
2.1.1 Reagents and kits

- General chemicals were obtained from Sigma Aldrich Company Ltd., Poole, Dorset

- ABI PRISM™ dRhodamine Terminator Cycle Sequencing Ready Reaction Kit was 

purchased from PE Applies Biosystems, Warrington, Cheshire

- Bacteria for transformation and protein expression wer purchased from Invitrogen

- Bio-rad Protein Assay reagent was purchased from Bio-Rad Laboratories Ltd., Hemel 

Hempstead, Hertfordshire

- DNA markers II and VI were purchased from Roche Molecular Biochemicals, 

Mannheim, Germany

- ECL (enhanced chemiluminescence) kit was purchased from Amersham Pharmacia, 

Bucks.

- Effectene transfection kit was purchased from QIAGEN Inc., Chats worth, California, 

U.S.A.

- Eugene transfection reagent was purchased from Boehringer Mannheim

- GeneClean II kit was purchased from

- HUYECs and HUVEC culture media EGM-2 was purchased from Clonetics and M l99 

was purchased from GibcoBRL. HeLa cell culture media was purchased from GibcoBRL

- Oligodeoxynucleotides were purchased from either Genosys, Sigma Aldrich Company 

Ltd., or GibcoBRL, Life Technologies Ltd., Paisley, Scotland

-Plasmid DNA preparation kits and RNA isolation kits were purchased from QIAGEN 

Inc.

- Protein marker RPN 756 was purchased from Amersham Pharmacia, Bucks.

- Restriction enzymes. Tag DNA polymerase, T4 DNA ligase. Calf intestinal phosphatase 

and buffers were purchased from either Promega Corporation, Madison, Wisconsin, 

U.S.A., or New England Biolabs, Beverly, Massachusetts, U.S.A

- Super RX Fuji medical X-ray film was purchased from Fuji Photofilm (Europe) GmbH, 

Düsseldorf, Germany

- ^^S-labelled methionine was purchased from Amersham Pharmacia
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- LightCycler DNA Master SYBR Green I kit was purchased from Roche Molecular 

Biochemicals, Mannheim, Germany

- Superscript™ First-Strand Synthesis System for RT-PCR kit was purchased from 

GibcoBRL

- Advantage 2 PGR kit was purchased from CLONTECH laboratories. Inc.

2.1.2 Buffers and Solutions

Buffers and solutions for DNA, protein and cell work were made up in sterile de-ionised 

water. Autoclaved water was used for buffers used during DNA preparation/use.

Ampicillin:

5% BSA (immunoblotting): 

Coomassie Blue gel stain:

Destain

Developing buffer (silver stain): 

6 X DNA loading buffer:

DNA markers:

DTT (dithiothreitoH:

Fixing buffer:

rPTG lisopropvl p-D-thiogalacto-

pvranosidek

L-Broth:

1 0 0  mg/ml stock in ddH2 0 , aliquots stored at 

-20°C

5% (w/v) BSA in TBS-T

50% methanol, 10% acetic acid, 0.025%

Coomassie Blue

30% methanol, 10% acetic acid

0.04% (w/v) formaldehyde, 2% Na2 C0 3

0.025g bromophenol blue, 0.025g xylene cyanol

in a 25% (w/v) Ficoll 400 solution

In 200 pi, 20 pi DNA marker (11 or VI), 20 pi

6 X loading buffer, 160 pi ddH2 0

1 M stock in ddH2 0 , stored at -20°C

50% methanol, 5% acetic acid

0.5 M stock in ddH2 0 , stored at -20°C 

1.5% (w/v) Bacto Tryptone, 1% (w/v) Bacto 

yeast, 1% (w/v) NaCl in ddH2 0
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LB-Agar

Paraformaldehyde:

PBS (phosphate buffered saline): 

2X SDS-PAGE Gel loading buffer:

Sensitization buffer (silver): 

Staining buffer (silver):

4 X Main gel buffer:

4 X Stack gel buffer:

50X TAB:

TE:

Transfer buffer (Immunoblotting):

TBS (Tris buffered saline):

TBS-T

TBS-BSA

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

8 % paraformaldehyde dissolved in PBS with 

Ca^^ and at <80°C, and stored at -20°C 

137 mM NaCl, 3 mM KCl, 8  mM Na2 HP0 4 ,

2  mM K2 HPO4  pH 7.4

4% (w/v) SDS, 20% (v/v) Glycerol, 100 mM

Tris (pH 6 .8 ), 2% P-mercaptoethanol (v/v),

0.2% (w/v) Bromophenol blue

0 .0 2 % (w/v) Na2 S2 0 3

0.15% (w/v) AgNOs

1.5 M Tris-HCl pH 8 .8 , 0.4% SDS

0.5 M Tris-HCl pH 6 .8 , 0.4% SDS

2 M Tris-HCl, pH 8.0, 50 mM EDTA, pH 8.0,

5.7% (v/v) acetic acid

10 mM Tris-HCl, pH 8.0, ImM EDTA, pH 8.0 

20% (v/v) methanol, 1.44% (w/v) glycine, 

0.3025% (w/v) Tris

20 mM Tris-HCl (pH 7.5), 137 mM NaCl in 

ddH20

0.1% (v/v) Tween 20 in TBS 

0.25% (w/v) BSA in TBS

2.1.3 Plasmids and constructs

pcDNA 3 

pGEX-2T

pCDM8 -hIC-l

Mammalian expression vector obtained from Invitrogen 

Glutathione S-transferase prokaryotic gene fusion vector used 

for high-level expression of genes as GST fusion proteins in 

bacteria, obtained from Amersham Pharmacia 

Mammalian expression vector containing full human ICAM-1 

coding sequence; a gift from Dr. D. Simmons
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pcDNA3-hIC-2

NCAM-Fc

pGEX-TRBD

Mammalian expression vector containing full human ICAM-2 

coding sequence; a gift from Dr. A. Randi 

Expression vector containing coding sequence of the extracell

ular domain of human NCAM; a gift from Dr. J. Saffell 

Prokaryotic expression vector containing sequence for the Rho 

binding domain of Rhotekin fused to GST sequence. Used for 

Rho pull-down assay; a gift from Dr. M. Schwartz

2.1.4 Antibodies

2.1.4.1 Primarv antibodies

c-Myc (9E10):

CPERM (297S):

Erg 1/2 (C-20):

ICAM-1 (BBIG-I1)(BBA4): 

ICAM-1 (H-108):

ICAM-1 (G-5):

ICAM-1 (DGT02):

ICAM-2 (CBR-IC2/2)(BMS 

109):

ICAM-2 (H-159):

Moesin:

Moesin (C-15):

MVP (George):

MVP/LRP (L44820): 

Myosin II :

Phospho-tyr (4G10):

mouse moloclonal antibody raised against amino acids 

408-439 of human c-Myc (Santa Cruz) 

rat monoclonal antibody raised against phosphorylated 

C-terminal ERM peptide, donated by Dr. S. Tsukita 

rabbit polyclonal antibody (Santa Cruz) 

mouse monoclonal antibody (R and D systems) 

rabbit polyclonal antibody (Santa Cruz) 

mouse monoclonal antibody (Santa Cruz) 

sheep polyclonal antibody (R and D systems)

mouse monoclonal antibody (Alexis Biochemicals) 

rabbit polyclonal antibody (Santa Cruz) 

affinity-purified rabbit polyclonal antibody, donated by 

Dr. P. Mangeat

goat polyclonal antibody (Santa Cruz)

rabbit polyclonal antibody, donated by Dr. L. Rome

mouse monoclonal antibody (Transduction Labs)

rabbit polyclonal antibody (Biogenesis)

mouse monoclonal antibody (Upstate Biotechnology)
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RhoA (26C4): 

RhoE:

SHP-2 (B-1): 

a-tubulin : 

VCAM-1 (C-19): 

VE-cadherin :

mouse monoclonal antibody raised against amino acids 

120-150 of human RhoA (Santa Cruz) 

affinity-purified rabbit polyclonal antibody, donated by 

Dr. K. Riento

mouse monoclonal antibody (Santa Cruz) 

mouse monoclonal antibody (Sigma) 

goat polyclonal antibody (Santa Cruz) 

mouse monoclonal antibody (R and D systems)

2.1.4.2 Secondary antibodies 

Alexa 488 GAM/GAR

Alexa 546 GAM/GAR

Cy5 GAR/GARat

HRP-mouse, rabbit, rat:

HRP-goat:

HRP-goat:

Alexa 488-conjugated goat anti-mouse/goat anti-rabbit 

antibody (Molecular Probes)

Alexa 546-conjugated goat anti-mouse/goat anti-rabbit 

antibody, (Molecular Probes)

Cy5-conjugated goat anti-rabbit/goat anti-rat antibody, 

(Jackson Laboratories)

Horseradish peroxidase (HRP)-conjugated sheep anti

mouse (NA931) antibody, donkey anti-rabbit (NA934) 

antibody (Amersham Pharmacia)

HRP-conjugated anti-goat antibody (Sigma)

HRP-conjugated anti-goat antibody (Santa Cruz)

2.2 Methods
2.2.1 DNA Methods

2.2.1.1 DNA preparation from E. coli

For small scale production of DNA up to 25 |xg (minipreparation), the Quantum Prep 

Plasmid Miniprep Kit was used. Briefly, 1-2 ml of overnight culture of E. coli containing 

plasmid DNA was transferred into an eppendorf tube and the E. coli were pelleted by 

centrifugation. Bacteria were resuspended in 200 |il of cell resuspension buffer (50 mM 

Tris-HCl pH 7.5, 10 mM EDTA, 100 mg/ml RNase A), lysed in 250 pi cell lysis buffer 

(0.2 M NaOH, 1% SDS) and then the lysate was neutralized by 250 pi neutralization
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buffer (1.32 M potassium acetate pH4.8). Cell debris and proteins were then removed by 

pelleting for 5 minutes at 10 GOOg. The cleared lysate was added to a spin column and 

supplemented with 200 pi of fully mixed Quantum Prep matrix. The column was 

centrifuged for 30 seconds at 10 OOOg and the filtrate was discarded. The column 

containing the DNA-bound matrix was then washed twice in wash buffer containing 50% 

ethanol. DNA was eluted from the matrix by 50-100 pi TE.

For large scale DNA preparation, the QIAGEN Plasmid Maxi kit was used. 5 ml cultures 

were grown for 6  hours at 37°C and then diluted 1:20 or 1:50 in L Broth and grown 

overnight at 37°C. 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; 10 ml). Buffer P2 (NaOH, SDS; 10 

ml) was added, mixed by inversion and incubated at room temperature for 5 minutes. 

Chilled buffer P3 (potassium acetate; 10 ml) was then added, 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. A QIAGEN-tip 

500 was equilibrated by applying buffer QBT (10 ml) and the column allowed to empty 

by gravity flow. The resin column was washed with solution QC (1 M NaCl; 2 x 3 0  ml) 

to remove RNA and contaminants, and the DNA was eluted from the resin with elution 

buffer QF (1.25 M NaCl, pH 8.5; 15 ml). The DNA was precipitated with propanol, 

washed in 70 % ethanol, air-dried and then resuspended in TE (200 pi). DNA 

concentration was determined using a UV spectrophotometer where an optical density of 

1 at 260 nm was taken to be equivalent to 50 pg/ml.

2.2.1.2 Restriction enzvme digestion of DNA

Plasmid DNA was digested using 10 units enzyme/pg DNA for 1-2 hours. The restriction 

enzymes Eco RI, Bam HI, Kpn I, Hind III were all purchased from New England 

Biolabs. All digestions were carried out in the appropriate buffer as recommended by the 

supplier. To determine if complete digestion had occurred during double digests, part of 

the double digested DNA was separated on a 1% agarose gel and compared to single 

digested DNA.
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2.2.1.3 Ligation of DNA

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 between a 1:3 or 1:5 molar ratio. All ligations carried out 

were double “sticky” end ligations. 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 overnight at 18°C.

2.2.1.4 Removal of phosphate groups from DNA

When a digested vector possessed compatible sticky ends (NCAM-IC-1 chimaera 

construction. Chapter 5), it was treated with calf intestinal alkaline phosphatase (Cip) 

after restriction digestion. This treatment removed the 5’ terminal phosphate groups and 

thus prevented self-ligation. The reaction was carried out at 37°C for 30 minutes 

immediately following digestion and then loaded directly onto an agarose gel to isolate 

the vector fragment and to remove any enzymes.

2.2.1.5 Phenol/chloroform extraction of DNA

Phenol/chloroform extraction was performed to remove any residual traces of protein 

from DNA manipulation reactions. The solution containing DNA was mixed vigorously 

with an equal volume of phenol/HzO-saturated chloroform (1:1). The aqueous and 

organic phases were then separated by centrifugation for 2 minutes at 13,000 rpm in a 

micro-centrifuge. The upper aqueous phase was removed and placed in a fresh tube and 

then mixed with an equal volume of HiO-saturated chloroform. After centrifugation, the 

upper aqueous phase was removed and placed in a fresh tube. DNA was precipitated 

from this aqueous phase by ethanol precipitation.

2.2.1.6 Ethanol precipitation of DNA

Sodium acetate was added to the DNA solution to a final concentration of 0.3 M, 

followed by 2.5 volumes of cold 99% ethanol. The solution was mixed vigorously and 

the DNA allowed to precipitate by incubation at -20°C for 1 hour or at -70°C for 15

56



minutes. The DNA was recovered by centrifugation in a cold microcentrifuge at 13,000 

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 .

2.2.1.7 Amplification of DNA bv the polvmerase chain reaction (PCR)

Template DNA (10 ng) was incubated with Vent polymerase buffer (10 mM KCl, 20 mM 

Tris-HCl (pH 8 . 8  at 25°C), 10 mM (NH4 )2 S0 4 , 2 mM MgS0 4 , 0.1% Triton X-100), 200 

p.M dNTPs, 100 nmoles of each primer nucleotide, to a volume of 95 |xl and overlaid in 

mineral oil. A Hot start (1 minute at 94°C then 5 minutes at 80°C) was performed on the 

PCR reaction mix to enable full dénaturation of DNA before the addition of Vent 

polymerase. 5 p,l of a 1/10 dilution of Vent polymerase in ddH2 0  was then added to the 

PCR reaction mix. The thermal cycler conditions used were 30 cycles of denaturing 

(94°C for 30 seconds), annealing (55°C for 30 seconds), and extension (72°C for 1 

minute). Amplified DNA was then analysed by agarose gel electrophoresis.

2.2.1. 8  Agarose gel electrophoresis of DNA

1% agarose gels were 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 p-g/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. Once solidified, the gel was 

immersed in 1 X TAE. Samples were supplemented with 6  X DNA loading buffer and 

then loaded into the wells. 10 p.1 of both markers II and VI were loaded onto every gel. 

Electrophoresis was carried out at between 8-10 V/cm for as long as required to get 

adequate separation of DNA fragments (0.5 to 2 hours). DNA was visualized by 

illumination with short wave (254 nm) ultraviolet light.

2.2.1. 8  Extraction of DNA from agarose

Restriction fragments separated by agarose gel electrophoresis were recoverd from the 

gel by affinity purification using the Gene Clean kit. DNA was excised from agarose gels 

and then the agarose/DNA was dissolved in 3 volumes of Nal (sodium iodide) at 45- 

55°C. For isolation of small DNA fragments (<200 bp), TBE modifier was added to the
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mix to lower the pH. DNA was then isolated by incubation with and binding to Glassmilk 

for 5 minutes at room temperature. The Glassmilk/DNA was pelleted by centrifugation 

and then washed in wash buffer 3 times and left to air-dry. DNA was eluted from the 

Glassmilk by resuspension in ddHzO followed by centrifugation.

2.2.1.9 Site-directed mutagenesis

Site-directed mutagenesis was carried out using the Quikchange Site-Directed 

Mutagenesis kit. Mutagenesis primers were carefully designed to have melting 

temperatures ( T m )  of greater than or equal to 78°C using the following formula 

Tm = 81.5 + 0.41(%GC) -  675/N - % mismatch 

where N is the primer length in bases and 

values for %GC and % mismatch

5 ng of template DNA was incubated with Thermopol reaction buffer (10 mM KCl, 10 

mM (NH2 )4 SÜ4 , 20 mM Tris-HCl (pH 8.8), 2 mM MgS0 4 , 0.1% Triton X-100), dNTPs 

(250 jiM each), 2.5 Units of Pfu Turbo DNA polymerase, 62.5 ng of each mutagenesis 

primer, and ddH20 up to a volume at 25 jLil. The thermal cycler conditions used were 1 

cycle of 30 seconds at 95°C, followed by between 12-18 cycles of dénaturation (30 

seconds at 95°C), annealing (1 minute at 55°C) and extension (2 minutes/kb plasmid 

length at 68°C). After amplification, methylated parental DNA was digested with 10 units 

of the restriction enzyme Dpn I for 1 hour at 37°C. DNA containing the mutation(s) was 

then transformed into supercompetent E. coli.

2.2.1.10 Transformation of E. coli

2 pi of ligation mix or mutagenesis mix or 10 ng of plasmid DNA was added to 100 pi of 

INVocF’ supercompetent E. coli (Invitrogen) and left on ice for 30 minutes. The bacteria 

were then heat-shocked at 42°C for 45 seconds and then put on ice for 2 minutes. 900 pi 

of Lbroth was then added to the bacteria which were then incubated at 37°C for 1 hour . 

Bacteria were pelleted by centrifugation at 4,000 rpm for 1 minute, resuspended in 100 pi 

and then plated onto LB plates containing 0.1 mg/ml ampicillin. The plates were 

incubated overnight at 37°C. Positive control transformations were always performed in
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parallel. Colonies were screened by preparing plasmid DNA which was then either 

subjected to restriction digest analysis or sequencing to determine the presence of 

mutations/inserts and insert orientation.

2.2.1.11 Preparation of DNA for sequencing -  ABI PRISM™ dRhodamine Terminator 

Cycle Sequencing Ready Reaction Kit

Sequencing primers which anneal to specific sequences in the pcDNA3 and pGEX-2T 

yectors were used (Sp6 and T7 for pcDNA3, GST5’ and 3’ for pGEX-2T). Reactions 

were set up in thin-walled PCR tubes, containing 8.0 |xl terminator ready reaction mix, 

0.5 |xg double-stranded DNA, 3.2 pmol primer and ddHzO up to 20 \i\ total yolume. 25 

cycles of 96°C for 30 seconds, 50°C for 30 seconds, and 60°C for 4 minutes were 

performed in the thermal cycler. After amplification, DNA was ethanol precipitated and 

then loaded and run on an automated sequencer (Athena Nikitopolou, Ludwig Institute 

for Cancer Research). DNA sequences were analysed using the ‘Sequed’ computer 

package, and alignments were carried out using both DNA Strider and BioEdit analysis 

programs.

2.2.1.12 Primers used for PCR

The following primers were used for sub-cloning and site-drected mutagenesis: 

Sub-cloning hICAM-1 tail into pGEX-2T 

GST-IC-1 WT

Forward primer 5’ CGGGATCCCGCCAGCGGAAGATCAAG 3’ (underlined sequence 

is Bam HI restriction site).

Reyerse primer 5’ CGGAATTÇGGATAGGTTCAGGGAGGC 3’ (underlined sequence 

is Eco RI restriction site).

GST-IC-1 K>L

Forward primer 5’ CGGAATTCCGCCAGCGGCTGATCC 3’ (underlined sequence is 

Bam HI restriction site).

Reyerse primer as for GST-IC-1 WT.
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NCAM-IC-1 chimaera construction

Forward primer 5’ GGGGTACCGGTATGAGATTGTCATCATC 3’ (underlined 

sequence is Kpn I restriction site).

Reverse primer 5’ GGGGT A CCGG AT AGGTTC AGGG AGGC 3’ (underlined sequence 

is Kpn I restriction site).

Mutagenesis of ICAM-1 tail (in full ICAM-1 sequence)

ForK^^'lKK^SUGI
5’ CTATAACCGCCAGCGGCTGATCGGGATATACAGACTACAACAGGC 3’ 

and complementary primer.

For Y^^^F

5’ G A AG ATC A AG A A ATTC AG ACT AC A AC AGGC 3’ and complementary primer.

Mutagenesis of ICAM-1 tail (in GST-IC-1 WT)

For GST-IC-1 L

5’ GGGATCCGGCCAGCGGCTGATCAAGAAATACAGACTA 3’ and the 

complementary primer 

For GST-IC-1 G

5’ GGCCAGCGGAAGGGGAAATACAGACTACAACAG 3’ and the complementary 

primer

For GST-IC-1 I

5’ GGCCAGCGG A AG ATC A AG AT AT AC AG ACT AC A AC AG 3’ and the 

complementary primer
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2.2.2 RNA/LightCvcler methods

2.2.2.1 Isolation of Total RNA from HUVECs

The isolation of Total RNA from HUVECs was performed using the QIAGEN RNeasy 

mini preparation kit. All steps were performed at room temperature and also performed 

quickly. ddH20 used in the protocol was treated with 0.1% DEPC which is a strong, but 

not absolute, inhibitor of RNases. 10cm dishes of cells were lysed in 600 p.1 of Buffer 

RLT supplemented with 1% P-mercaptoethanol and cell lysates were collected with a 

rubber policeman. The lysate was pipetted directly onto a QlAshredder column sitting in 

a 2 ml collection, and centrifuged for 2 minutes at 13,000 rpm to homogenize the sample. 

One volume of 70% ethanol was added to the homogenized lysate and mixed well. 700 pi 

of sample was added to an RNeasy spin column sitting in a collection tube and 

centrifuged at 13,000 rpm for 15 seconds. As the sample volume exceeded 700 pi, the 

further 500 pi of sample was added to the RNeasy spin column after the first spin. The 

RNeasy column was washed with Buffer RW l, Buffer RPE (twice) and then the Total 

RNA was eluted with RNase-free water (DEPC-treated). Yield was determined by 

ultraviolet spectrophotometry where an absorbance of 1 unit at 260 nm is equal to 40 

pg/ml RNA. The purity of the RNA preparation was assessed by measuring the A2 6 o:A2 go 

ratio. This ratio is dependent upon pH and therefore all quantitation and purity 

measurements were performed with the RNA diluted in 10 mM Tris-HCl (pH 7.5). The 

ratio always measured between 1.9 and 2.1, indicating pure RNA preparations.

2.2.2.2 First-Strand cDNA svnthesis

For real-time quantitative PCR analysis using the LightCycler system. Total RNA was 

subjected to First-strand cDNA synthesis so that the PCR template would be DNA, rather 

than RNA. 4.68 pg of Total RNA was used as a template for first-strand cDNA synthesis 

using the Superscript™ First-Strand Synthesis System for RT-PCR. RNA/primer 

mixtures were prepared with 4.68 pg Total RNA (5 pi), lOmM dNTP mix (1 pi), oligo 

(dT)i2 -i8 (1 pi of 0.5 pg/pl) and 3 pi of DEPC-treated H2 O. Each sample was incubated at 

65°C for 5 minutes and then placed on ice for at least one minute. Reaction mixtures were 

prepared, adding the following components in the following specific order; 10 X RT 

buffer (2 pi), 25 mM MgCh (4 pi), 0.1 M DTT (2 pi), RNase OUT Recombinant RNase
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inhibitor (1 jiil). 9 of reaction mixture was added to each RN A/primer mixture, mixed 

gently and then incubated at 42°C for 2 minutes. 50 units of Superscript II RT was added 

to each tube and mixed gently, followed by incubation at 42°C for 50 minutes. Reactions 

were terminated by incubation at 70°C for 15 minutes, followed by chilling on ice. RNA 

was removed by addition of 1 pi of RNase H to each reaction tube and incubation at 37°C 

for 20 minutes.

2.2.2.3 Plasmids and primers for quantitative PCR

2.2.2.3.1 Standard curve templates

pGEX-2T containing cDNAs of human RhoA and RhoC were used as templates for PCR 

amplification of the RhoA and RhoC cDNA sequences using the pGEX-2T 5’ and 3’ 

sequencing primers.

pcDNA3-hIC-l was used as a template for PCR amplification of the ICAM-1 cDNA 

using Sp6 and T7 sequencing primers.

2.2.2.3.2 Primers for real-time PCR in LightCvcler 

RhoA (583 bp)

Forward primer 5’ ATGTGCCCACAGTGTTTGAGAAC 3’

Reverse primer 5’ CGTTGGGACAGAAATGCTTGACT 3’

Forward primer (23 bases in length) starts at base 102 in RhoA sequence 

Reverse primer (23 bases in length) starts at base 307 

Product has 228 basepairs with theoretical melting temperature of 85.1°C 

Optimal annealing temperature of primers is 56.2°C

RhoC (582 bp)

Forward primer 5’ ACACAGCAGGGCAGGAAAGA 3’

Reverse primer 5’ CTGAGCACTCAAGGTAGCCAAAG 3’

Forward primer (19 bases) starts at base 176 in RhoC sequence 

Reverse primer (23 bases) starts at base 459
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Product has 306 basepairs with theoretical melting temperature of 89.3°C 

Optimal annealing temperature of primers is 58.7°C

RhoE (833 bp)

Forward primer 5’ CCGAGAATTACGTTCCTACAGTG 3’

Reverse primer 5’ GACTGTAAAGCTGAGCATTCGAT 3’

Forward primer (23 bases) starts at base 125 in RhoE sequence 

Reverse primer (23 bases) starts at base 502 

Product has 399 basepairs

Optimal annealing temperature of primers is 60.0°C 

Moesin (3879 bp)

Forward primer 5’ CAACTAGGGAGTGAGTGCAAAA 3’

Reverse primer 5’ AGTAATGAGGCCAAAATCATCC 3’

Forward primer (23 bases) starts at base 2909 in Moesin sequence 

Reverse primer (23 bases) starts at base 3302 

Product has 416 base pairs

Optimal annealing temperature of primers is 60.5°C 

c-Fos (650 bp)

Forward primer 5’ TCACCCTGCCTCTCCTCAAT 3’

Reverse primer 5’ GCTGCATAGAAGGACCCAGATAG 3’

Forward primer (20 bases) starts at base 222 in c-Fos sequence 

Reverse primer (23 bases) starts at base 386

Product has 187 base pairs and a theoretical melting temperature of 88.6°C 

Optimal annealing temperature of primers is 57.9°C

2.2.2.4 PCR reactions in the LightCvcler

PCR reactions were carried out in small glass capillary tubes that were housed in a cold 

block to keep all reagents at 4°C.
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Each PCR reaction had a total volume of 10 p,l which consisted of the following 

components:

2 p-1 of Standard/sample DNA (61.5-5000 copies/p,l in standard; cDNA dilution in 

sample). Dilutions of standard DNA were made in 150 ng/ml salmon sperm DNA in TE

1 p,l of each primer (10 |xM stock)

2 |il of MgClz (5-25 mM)

1 p,l DNA SYBR Green I Master Mix + Anti-Taq antibody (for hot start)

3 |Lil PCR grade H2 O

Primers, MgCb, and H2 O were made up as a pool and then added together. 15 p,l of DNA 

SYBR Green I Master Mix was supplemented with 0.7 p,l anti-Taq polymerase antibody, 

mixed vigorously and incubated at room temperature for at least 5 minutes prior to PCR. 

Standards/samples were added to the capillaries first, taking care to pipette exactly 2 |xl. 

Standards/samples were loaded in duplicate. PCR negative controls using 2 p-1 H2 O and 2 

|il of salmon sperm in TE as templates were always performed. Master Mix was then 

added to the primer mix and then 8 p,l of this final mix was added to each capillary. Once 

all capillaries had been loaded, caps were placed onto the tops of the capillaries which 

were centrifuged to get the PCR mix to the bottom of the tubes.

The PCR program was as follows:

95°C for 1 minute (includes hot start)

95°C for 1 second

66°C for 7 seconds 40 CYCLES

72°C for 20 seconds

(Fluorescence measurements were taken at the end of each cycle)
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Followed immediately by melting

Ramp from 65°C to 95°C at a transition rate of 0.2°C/second 

(Fluorescence measurements were taken continuously throughout the melt)

If further analysis was required, PCR products could be separated by agarose gel 

electrophoresis.

2.2.3 Cell culture methods

2.2.3.1 Isolation of HUVECs

HUVECs were isolated directly from umbilical cord veins using collagenase treatment. 

Briefly, the umbilical cord was freshly cut at both ends to obtain clean vein ends. The 

umbilical cord contains 2 main arteries and a single vein, larger in diameter than the 

arteries. The vein was washed with warm RPMI containing 10% FCS, streptomycin and 

ampicillin, and then filled with 0.1% collagenase in RPMI. The cord was left in the 

incubator at 37°C for no longer than 20 minutes. The HUVECs were collected and then 

the vein was washed again in RPMI plus 10% FCS to collect any more HUVECs. The 

HUVECs were then centrifuged for 7 minutes at 1200 rpm . The supernatant was poured 

away and the HUVECs were then resupended in growth medium and placed in 25 cm^ 

tissue culture flasks. Very often the HUVEC preparation was contaminated with blood 

cells and therefore the HUVECs were washed 4 hours after plating.

2.2.3.2 HUVEC culture and seeding

The HUVECs isolated directly from umbilical cords were cultured in TC Nunclon flasks 

in medium 199 modified Earle’s salt solution containing 1.25 g/litre NaHCOa and 

Glutamax and supplemented with 20% FCS, 100 /tg/ml endothelial cell growth 

supplement, 1% Nutridoma NS, 100 /ig/ml heparin, penicillin (10,000 lU/ml) and 

streptomycin (10,000 pg/ml). Cells were cultured at 37°C in humidified air containing 

5% CO2 . For experiments cells were used between 1 and 3 passages. Cells were generally 

passaged once every week. Old medium was removed by aspiration and the cells washed 

briefly in PBS (without Câ "̂  and Mĝ "̂ ). An appropriate amount of trypsin/EDTA was 

then added to the cells (ie. 3 mis for 75 cm^ flask). After 3-5 minutes, the cells were
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easily detached from the flask by gentle agitation. Trypsin/EDTA was inactivated by 

fresh growth medium. Alternatively, pooled HUVECs were purchased from Clonetics 

and grown in EGM-2 supplemented with 2% FCS.

For immunofluorescence experiments cells were grown on glass coverslips coated with 

10 /xg/ml human fibronectin until confluent. For biochemical experiments cells were 

grown on 6 and 10 cm dishes coated with human fibronectin until confluent. To obtain 

quiescent starved cells, the culture medium was replaced by medium containing 10% 

FCS but no heparin or other growth factors. Cells were incubated in this medium for no 

longer than 24 hours. Cells grown in EGM-2 were starved in 1% FCS. No differences 

between HUVEC responses were observed between cells grown in different media.

2.2.3.3 Other cell culture

HeLa and Swiss 3T3 cells were cultured in tissue flasks and grown at 37°C in a 

humidified atmosphere containing 5% CO2 . Cells were generally passaged every 3-5 days 

and split before reaching confluence by dilution at a ratio of 1:10 in fresh growth medium 

(DMEM, 10% FCS, penicillin and streptomycin). For biochemistry experiments cells 

were seeded directly onto tissue culture dishes and grown until confluent. For 

immunofluorescence experiments cells were grown on glass coverslips until confluent. 

Human monocytes were purified by allutriation and used in EGM-2.

2.2.3.4 HUVEC stimulation, receptor clustering and immunofluorescence 

HUVECs were stimulated with TNF-a (10 ng/ml) by placing the TNF-a directly into the 

starvation medium in which the cells were maintained. ICAM-1, lCAM-2, NCAM- 

ICAM-1 and VCAM-1 cross-linking was performed using antibodies. To induce receptor 

clustering, either mouse monoclonal anti-ICAM-2/NCAM antibodies was added to 

starved cells at a final concentration of 10 /xg/ml for 60 mins, or mouse monoclonal anti- 

ICAM-1/ ICAM-2 antibodies were added to cells that had been stimulated for 24 hours 

with 10 ng/ml TNF-a. After incubation with primary antibodies, TNF-a and the primary 

antibodies were removed from the cell medium and 10 /xg/ml of Alexa 488-labelled goat
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anti-mouse (GAM) antibody was added to the cells for between 15 and 60 minutes. Cells 

were then washed three times in TBS (10 mM Tris pH7.5, 150 mM Na Cl) containing 

0.25% BSA, fixed in 4% paraformaldehyde for 20 mins at room temperature, 

permeabilized for 6 mins with 0.2% Triton X-100, and then incubated with 1 /xg/ml 

TRITC-phalloidin for 45 minutes to stain actin filaments, or for 45 mins with rabbit 

polyclonal anti-moesin antibody diluted 1:200, or rabbit polyclonal anti-myosin II 

antibody diluted 1:25, followed by the appropriate TRITC-labeled secondary antibody. 

The specimens were mounted in moviol. To observe responses in cells without receptor 

clustering, cells were incubated with primary antibodies as before for 60 mins. These 

cells were then washed, fixed, and stained with the secondary antibody for 45 mins. 

Staining for intracellular epitopes was then carried out as described above. All 

incubations were carried out in TBS containing 0.25% BSA.

In order to use the phosphospecific anti-CPERM antibody a different fixation procedure 

was used as previously described (Hayashi et a/., 1999). In brief, after receptor clustering 

cells were fixed in 10% trichloroacetic acid (TCA) in distilled water at 4“C for 20 mins. 

All further staining was carried out in TBS containing 0.25% BSA. Cells were incubated 

with rat monoclonal anti-CPERM antibody (297S) for 45 mins, followed by Cy5- 

conjugated goat anti-rat antibody for 45 mins.

In order to use the anti-MVP (rabbit polyclonal) antibody a different fixation protocol 

was used as previously described. In brief, cells were fixed in methanol for 7 minutes at -  

20°C. No permeabilization was necessary and subsequent staining was all carried out in 

TBS containing 0.25% BSA. However, fixation with 4% paraformaldehyde was also used 

where indicated in figure legends.

Confocal laser scanning microscopy was carried out with an LSM 510 (Zeiss, Welwyn 

Garden City, UK) mounted over an affinity corrected Axioplan microscope (Zeiss) fitted 

with a X 10 eyepiece, using either a x 40 NA 1.3 or a x 63 NA 1.4 oil immersion 

objective. Image files were collected as a matrix of 1024 x 1024 pixels describing the 

average of 8 frames scanned at 0.062 Hz where FITC, TRITC, and Cy5 were excited at 

488 nm, 543 nm, and 633 nm and visualized with a 540 +/- 25, 608+/- 32, and 690+/- 

30nm bandpass filters, respectively, where the levels of interchannel crosstalk were 

insignificant.
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2.2.3.5 Transfection of cells

HUVEC transfections were performed when cells were between 50 and 70% confluent. 

HUVECs were transfected using a mixture of P6 integrin peptide and Lipofectin (Gibco) 

as previously described (Hart et a l, 1998). Briefly, P6 integrin-targeting peptide, 

Lipofectin, and plasmid DNA were allowed to form a complex, which was incubated 

with sub-confluent cells in Optimem for 4 hours. Cells were then washed in Optimem 

and grown to confluence in their normal growth medium (medium 199 with 

supplements). Also, for NCAM ICAM-1 chimera studies, HUVECS were transfected 

using Effectene according to the manufacturers protocol (QIAGEN). Transfection 

complexes containing enhancer plus a DNA/effectene ratio of 1:25 were placed into fresh 

growth medium on HUVECs for 3 hours. 0.2 pg of DNA was used for each coverslip. 

Transfection complexes were removed and the cells were washed to removed any 

remaining lipids/DNA. Cells were allowed to express NCAM-ICAM-1 chimaeras for 48 

hours

HeLa cells were transfected using Eugene 6 transfection reagent (Boehringer Mannheim). 

Transfection complexes were made using serum-free media and DNA/Fugene6 at a ratio 

of 1:3. 0.5 pg of DNA was used for each coverslip. Complexes were then placed onto 

cells in fresh growth medium drop by drop with swirling. Cells were left to express for 48 

hours.

2.2.3.Ô Metabolic labelling of cells

HUVECs were labelled overnight, during TNF-a stimulation, with 20 pCi/ml [^^S]- 

methionine/cysteine labelling mix. The cells were incubated in DMEM with serum that 

had been dialysed for 3 hours at 4°C to remove any free amino acids. FCS was dialysed 

in PBS (100 X volume of FCS) using Spectr/Por dialysis tubing with a Mw cut-off of 8 

kDa.
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2.2.3.7 Time-Lapse Microscopy

Time-lapse experiments were performed using an LSM 510 confocal microscope as 

described above. TNF-a-stimulated HUVECs were incubated with anti-ICAM-1 or anti- 

ICAM-2 antibody for 60 mins as described above. TNF-a and primary antibody were 

removed from the medium and cells were incubated with a TRITC-conjugated secondary 

antibody for two minutes in normal starvation medium. This was removed and replaced 

with a HEPES/Hanks’ balanced salts based medium to allow air buffering during the time 

series. This medium contained Ix Hanks’ balanced salt solution (Gibco), 10% FCS, and 

20 mM HEPES pH 7.4. Cells were visualized with a x 40 water immersion objective and 

a frame was grabbed every 62 seconds for 50 frames. A heated stage was utilized to 

stabilize the temperature of the cells between 30“C and 37°C. The image series was 

converted from a series of TIFF files to an AVI file using Video Manager, and from an 

AVI file to an MPEG file using an AVI to MPEG conversion program. Control cells were 

loaded with 5-carboxyfluorescein diacetate, acetoxymethyl ester (5-CFDA, AM; 

Molecular Probes) to show that monolayer integrity was unaffected by the experimental 

conditions.

2.2.3.8 Flow assavs and migration of monocvtes

HUVECs were grown on fibronectin-coated slides until confluent and then placed in a 

flow chamber and exposed to post-capillary physiological shear stress of 1.5 dynes/cm^ 

for 24 hours. Circulating medium was then supplemented with TNF-a at 20 ng/ml for 4 

hours to induce expression of ICAM-I. Flow was then stopped and cells, still positioned 

in the flow chamber, were transferred to a time-lapse microscope stage supplemented 

with CO2  and kept at 37°C. Medium was removed and replaced with new starvation 

medium containing IxIO^ primary human monocytes. Migration of monocytes over the 

endothelium was then filmed for a period of one hour, one frame taken every 60 seconds. 

HUVEC alignment and monocyte migration were tracked using Kinetic Imaging Tempus 

Video Software. For inclusion in statistical analysis, monocytes were required to migrate 

at least 75% of the length of an elongated endothelial cell. The angles of the cell tracks
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were normalized against the angle of endothelial cell orientation. This gave angles of 

monocyte migration relative to an imaginary axis of endothelial cell alignment.

2.2.4. Preparation, expression and analysis of proteins

2.2.4.1 Expression and purification of recombinant proteins

Two alternative methods were used to express and purify recombinant proteins in this 

thesis.

2.2.4.1.1 GST-TRBD

BL 21 competent cells were transformed with the pGEX-2T-TRBD construct for protein 

expression. 400 ml L-Broth containing 100 pg/ml ampicilin was inoculated with the BL 

21 cells and cultured overnight with shaking at 37°C. The overnight culture was diluted 

1:10 into 3600 ml L-Broth containing ampicilin. Incubation was continued at 37°C until 

the ODôoo reached 0.8 (approximately 2 further hours). Protein expression was induced 

by the addition of 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG; 0.5 M stock in 

H2 O) for 2 hours. Expression at 37°C was required for optimal Rho-binding activity of 

the soluble material.

Bacteria were collected by centrifugation at 4000g for 15 mins and resuspended in 40 mis 

of cold lysis buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 150 mM NaCl, 5 mM MgCl], 

1 mM DTT, 10 pg/ml aprotinin, 10 pg/ml leupeptin and 1 mM PMSF). Lysates were 

sonicated on ice for 6-8 times at 14-16 microns, 15 seconds each time with 1 minute 

intervals. The lysate was clarified by centrifugation in a pre-chilled SS-34 rotor at 14000 

rpm (27,OOOg) for 30 mins at 4°C. The supernatant was mixed with 0.6 ml (wet volume) 

glutathione beads and rotated at 4°C for 60 mins. Beads were collected by centrifugation 

(2000 rpm, 5 secs in Beckman centrifuge) and washed six times in 12 ml wash buffer (50 

mM Tris, pH 7.5, 0.5% Triton X-100, 150 mM NaCl, 5 mM MgCb, 1 mM DTT, 1 pg/ml 

aprotinin, 1 pg/ml leupeptin and 0.1 mM PMSF) and once with the same buffer 

supplemented with 10% glycerol. After the last wash, beads were resuspended in 8 mis 

wash buffer with 10% glycerol. Aliquots of 0.4 ml were kept at -70°C. Levels of protein 

were quantified against BSA standards using SDS-PAGE analysis.
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2.2.4.1.2 GST-ICAM-1 tail constructs

An overnight 100 ml culture of BL 21 cells expressing pGEX-2T-ICAM-lTwr was 

diluted 1:10 into 900 mis L-Broth containing ampicilin. Protein expression was again 

induced by 0.5 mM IPTG for 2 hours at 37°C. Bacteria were collected by centrifugation 

at 4000g for 15 mins at 4°C, resuspended in ice-cold PBS to wash, and collected again by 

centrifugation. The pellet was resuspended in 10 mis of ice-cold STE buffer (10 mM Tris, 

pH 8.0, 1 mM EDTA, 150 mM NaCl). Freshly prepared lysozyme solution (100 p.1 of 10 

mg/ml in H2 O) was added to the suspension and left on ice for 15 mins. Just prior to 

sonication, 100 pi of 1 M DTT and 1.4 ml of 10% Sarkosyl (in STE) was added to the 

suspension. Sonication was performed for a total of 1 minute on ice. The lysate was 

clarified by centrifugation at 16000 rpm for 20 mins on the SS-34 rotor at 4°C. The 

supemantant was transferred to a 50 ml Falcon and made up to 20 mis final volume with 

4 ml 10% Triton X-100 and 4 mis STE. The supernatant was mixed with 0.6 ml (wet 

volume) glutathione beads for 45 mins at room temperature. Beads were collected by 

brief centrifugation and then washed three times in ice-cold PBS. Beads were washed 

finally in 15 mis storage buffer (20 mM Tris, pH 8, 130 mM NaCl, 1 mM DTT, 10% 

glycerol). After the final wash, beads were resuspended in 2 mis storage buffer, 

aliquotted, and stored at -70°C. Protein levels were again quantified against BSA 

standards using SDS-PAGE.

2.2.4.2 Size fractionation bv SDS-PAGE

Discontinuous gel electrophoresis was performed in a minigel apparatus (Mini-Protean II 

Cell, Bio-Rad). The concentration of acrylamide was varied by using different volumes 

of the 40% acrylamide stock (Bio-Rad, 37.5:1 acrylamide: bisacrylamide). The resolving 

gel contained either 7.5, 10.5, or 12.5% acrylamide, 375 mM Tris-HCl pH 8.8, 0.1% SDS 

and water to a final volume of 10 ml. For polymerisation, 5 pi N, N, N’, N’- 

tetramethylethylenediamine (TEMED) and 50 pi of freshly prepared 10% ammonium 

persulphate (APS) were added. The stacking gel contained 4% acrylamide, 190 mM Tris- 

HCl pH 6.8, 0.1% SDS and water in a volume of 5 ml. To start polymerisation, 5 pi
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TEMED and 25 |xl APS were used. The stacking gel was layerd on top of the resolving 

gel and a comb inserted to form wells into which protein samples would be loaded. 

Reducing SDS-PAGE gel loading buffer was added to the protein samples which were 

then heated for 5 minutes at 95°C and loaded into the wells. Coloured protein molecular 

weight markers (RPN 756, Amersham Pharmacia) were used as a standard to determine 

the molecular weight of proteins. Gels were run in a protein electrophoresis tank (Biorad) 

filled with running buffer at 150 V.

2.2.4.3 Immunoblotting (general procedure)

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

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

buffer, sandwiched between 2 sheets of Whatman 3MM paper and two sponges (both 

equibrilated in transfer buffer). The case was then placed in a blotting tank (Mini-Protean 

II Cell) which was filled with transfer buffer and proteins were transferred for 1 hour at 

100 V.

Following transfer, the membrane was blocked either in 5% non-fat dried milk in TBS-T, 

or 5% BSA in TBS-T (only when immunoblotting for phospho-tyrosine using 4G10), for 

1 hour at room temperature with gentle agitation. Blocking solution was then replaced 

with the primary antibody at a given dilution in the blocking solution and left for 1 hour. 

Membranes were then washed three times for 10 minutes in TBS-T. The membrane was 

then incubated with the corresponding secondary antibody conjugated to horseradish 

peroxidae (HRP) diluted in blocking solution and left for 1 hour. Finally, the membrane 

was washed four times for 10 minutes in TBS-T plus a final rinse in water. The 

membrane was incubated in enhanced chemiluminescence (ECL) substrate for 1 minute 

and exposed to Fuji medical X-Ray film.

To re-probe membranes using different antibodies, membranes were stripped in 50 mis of 

stripping buffer for 1 hour at 60°C. Afterwards, membranes were thoroughly washed in
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TBS-T to remove any trace of P-mercaptoethanol, before being re-blocked and 

immunoblotted.

2.2.4A  Preparation of cell Ivsates and isolation of proteins

Cell lysates were produced using four buffers, which although essentially the same, have 

minor differences to optimise lysate conditions for the subsequent experiment.

2.2.4.4.1 Whole cell Ivsates

To analyse protein levels in HUVECs or Swiss 3T3 fibroblasts, cells were briefly washed 

in PBS, drained, and then lysed directly in 2 X SDS-PAGE loading buffer.

2.2.4.4.2 Rho pull-down assavs

Cells were stimulated, washed briefly in PBS, drained and then lysed on ice in a RIPA 

lysis buffer containing 50 mM Tris pH 7.3,1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% SDS, 500 mM NaCl, 10 mM MgClz, 10 pg/ml each of leupeptin and aprotinin, and 

1 mM PMSF. Cells were rapidly scraped off the dish and the lysates were centrifuged at 

13,OOOg for 3 minutes at 4°C. Then the cleared lysates were quickly transferred into tubes 

containing GST-TRBD (20-30 pg) beads and rotated at 4°C for 60 minutes. The beads 

were washed four times (in a microfuge at 5000 rpm for 15-20 seconds), each with 600 pi 

cold buffer containing 1% Triton X-100, 150 mM NaCl, 10 mM MgCh, 10 pg/ml each of 

leupeptin and aprotinin, and 0.1 mM PMSF. After the last wash, beads were boiled in 2 X 

SDS sample buffer at 95°C for 5 minutes. Samples were run on 13% SDS-PAGE, 

transferred to PVDF membranes and immunoblotted for RhoA (26C4). A portion of the 

cleared lysate was retained and run on 13% SDS-PAGE in parallel to the GST-TRBD- 

bound proteins and immunoblotted for RhoA to determine the level of RhoA in the 

lysate.

There are some important points about the nature of the lysis buffer used for Rho pull- 

downs which should be noted. Firstly, it is important to use buffers without phosphate, as 

phosphate is able to form precipitates with magnesium, this cation being essential for 

stabilization of GTP-bound Rho. Secondly, use of SDS, deoxycholate and 500 mM NaCl 

in the lysis buffer helps to minimize the interaction of GTP-Rho with GAPs and other 

Rho effectors without affecting the interaction of GTP-Rho with GST-TRBD (Ren et al., 

1999).
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2.2AA.3 GST-IC-1 pull-downs

Cells were left untreated, stimulated or stimulated in the presence of inhibitors and then 

lysed in a lysis buffer containing 10 mM HEPES pH 7.5,1% Triton X -100,1 mM MgClz, 

either 40 or 150 mM KCl, 1 mM PMSF, 1 mM DTT, and 10 fig/ml each of leupeptin and 

aprotinin. Lysates were cleared by centrifugation and then incubated with equal amounts 

of GST or GST-IC-1 tail proteins at 4°C for 1 hour. Beads were washed four times in 

lysis buffer by centrifugation at 4000 rpm for 15-20 seconds. Bound proteins were 

resolved by SDS-PAGE and ERM proteins or MVP were detected by immunoblotting 

with C-15 or 42 antibodies respectively.

2.2.4.4.4 ICAM-1 and MVP IPs

Cells were stimulated with TNF-a (10 ng/ml) for 24 hours and then lysed in buffer 

containing 20 mM Tris-HCl pH 8.0, 1% Triton X-100, 130 mM NaCl, 10 mM NaF, 1 

mM Sodium orthovanadate, 1 mM PMSF, 10 pg/ml each of leupeptin and aprotinin (For 

MVP IPs the buffer contained 50 mM NaCl). Lysates were cleared by centrifugation at 

13,000 rpm for 10 minutes at 4°C. Pellets were boiled in a fixed volume of 2 X SDS 

loading buffer and these were taken as the Triton X-100 insoluble fractions. Cleared 

lysates were incubated with 10 pg of the immunoprecipitating antibody and rotated for 1 

hour at 4°C and then supplemented with equal volumes of Protein A (for rabbit IP 

antibodies) or Protein G (mouse IP antibodies) on sepharose beads and rotated for a 

further hour at 4°C. Beads and bound proteins were washed three times in lysis buffer and 

then 2 X SDS loading buffer was added and samples were boiled. Proteins were resolved 

by SDS-PAGE and immunblotted for desired proteins. Control immunoprécipitations 

were always performed in parallel using anti-Myc antibody for mouse IPs and pre- 

immune rabbit serum for rabbit IPs.

To analyse IPs from ^^S-labelled cells, proteins were separated by SDS-PAGE, follwed 

by gel fixing in 10% acetic acid. Gels were then incubated in Amplify solution 

(Amersham) for 30 minutes and then dried. Labelled protsins were visualized by 

autoradiography of dried gels.
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2.2A.5 Silver staining proteins

Silver staining of proteins was used to identify proteins that immunoprecipitated with 

ICAM-1. When proteins were to be submitted for mass spectrometric analysis, all silver 

staining procedures were carried out in a clean room to avoid contamination of samples. 

After proteins had been separated by SDS-PAGE, the gel was fixed for 1 hour in fixing 

buffer. After two rinses in dH20 (15 minutes each), the proteins were sensitised using 

sodium thiosulphate for 1 minute. After two washes (H2 O for 1 minute each), the proteins 

were stained using cold 0.15% AgNOs for no longer than 20 minutes. The proteins were 

then washed twice and then the gel was developed using developing buffer (see section 

2.1.2). Once proteins were visible, the staining was stopped using 5% acetic acid. For 

mass spectrometric analysis, proteins were excised from the gel using a sterile razor 

blade, and then placed in sterile eppendorf tubes and stored at -70°C.
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Chapter 3 -  Responses of endothelial cells to TNF-a

3.1 Introduction
As discussed in chapter 1, TNF-a primes endothelial cells for their roles in immune and 

inflammatory responses. The effects of TNF-a on proteins known to be involved in 

leukocyte transmigration and their interaction partners were investigated by 

immunofluorescence, biochemical and molecular biology approaches.

3.2 ICAM, ERM and F-actin localization in resting and TNF-a 

stimulated endothelial cells
The cytosolic domains of ICAM-1 and ICAM-2 have been shown to interact with ezrin in 

vitro. It has also been demonstrated that exogenously expressed ICAM-2 co-localizes 

with moesin and F-actin in microvilli of mouse L-cell fibroblasts. The subcellular 

localization of ICAMs, ERM proteins and F-actin was determined in primary endothelial 

cells (human umbilical vein endothelial cells: HUVECs). HUVECs expressed higher 

levels of moesin than ezrin or radixin and therefore moesin was analysed in all 

subsequent experiments on endothelial cells. Starvation of endothelial cells in 10% ECS 

was carried out for 24 hours prior to stimulation. Starved HUVECs without stimulation 

had a high level of ICAM-2 cell-surface expression (Fig. 3.01). ICAM-2 was 

predominantly localized to the apical surface and to interendothelial junctions. Moesin 

was also localized to the plasma membrane and the interendothelial junctions, co- 

localizating with ICAM-2 (Fig. 3.01c). Interestingly, ICAM-2 and moesin co-localized 

specifically in small structures at the apical surface which resembled endothelial cell 

microvilli (arrows; fig 3.01c). When resting HUVECs were stained for F-actin, these 

microvillus-like structures were shown to contain actin filaments (Fig. 3.01d-f). HUVECs 

therefore displayed apical microvilli that contained ICAM-2, moesin, and F-actin. The 

integrity of the endothelial cell monolayer was investigated by staining resting HUVECs 

for the endothelial cell adherens junction marker VE-cadherin (cadherin-5). These cells 

displayed continuous VE-Cadherin staining at junctions (Fig. 3.02a), indicating that 

junctions were properly formed and intact. F-actin staining at the basal plane showed that
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few stress fibres were present and that the majority of F-actin was associated with the cell 

periphery, arranged as a cortical ring (Fig. 3.02b). This is consistent with previous 

descriptions of F-actin arrangements in endothelial cells.

Stimulation of endothelial cells with the pro-inflammatory cytokine TNF-a is known to 

induce expression of many proteins that are required to mount a response to 

inflammatory and/or immunological challenge. Among the proteins induced by TNF-a 

stimulation is the leukocyte adhesion receptor ICAM-1. As ICAM-1 has been shown to 

interact with ERM proteins in vitro, the localization of ICAM-1 and moesin was 

investigated after TNF-a stimulation (24 hours: 10 ng/ml). ICAM-1 displayed a similar 

localization in activated HUVECs as ICAM-2 displayed in resting HUVECs. ICAM-1 

was apical and junctional, again localized to specific structures at the apical surface (Fig 

3.03a-c). Moesin was also present in these microvillus-like apical structures. TNF-a 

stimulation reduced the level of ICAM-2 staining at the endothelial cell surface, 

consistent with previously published data. F-actin staining showed that TNF-a increased 

the stress fibre content of HUVECs and the cells showed some elongation (Fig 3.03d-f). 

This is in slight contradiction to previously published work showing that TNF-a has a 

more potent effect on the endothelial cell actin cytoskeleton (Wojciak-Stothard et al., 

1998).
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Figure 3.01. ICAM-2, moesin and F-actin co-locaiize in endothelial microvilli. In a-c, 

resting HUVECs (in M l99 supplemented with 10% PCS) were fixed in 4% 

paraformaldehyde (PF) and immunostained for lCAM-2 (a) using a mouse monoclonal 

anti-lCAM-2 antibody (BMS109), and moesin (b) using a rabbit polyclonal antibody (P. 

Mangeat). Secondary antibodies used were FlTC-conjugated goat anti-mouse antibody 

and TRlTC-conjugated goat anti-rabbit antibodies. The merged image is shown in c. 

Arrows indicate endothelial microvilli. In d-f, resting HUVFCs were immunostained for 

lCAM-2 (BMS109; d) and F-actin (e) using TRlTC-phalloidin. The merged image is 

shown in f. Bars 10 p.m.
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Figure 3.02. HUVEC adherens junctions and F-actin. In a, resting HUVECs were 

immunostained for VE-cadherin using a mouse monoclonal anti-VE-cadherin antibody. 

In b, resting HUVECs were immunostained for F-actin using TRITC-phalloidin. Bar 20 

pm.
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Figure 3.03. ICAM-1 co-localizes with moesin and F-actin at apical surface. In a-c, 

HUVECs were stimulated with TNF-a (10 ng/ml) for 24 hours and then immunostained 

for ICAM-1 (a) using a mouse monoclonal anti-ICAM-I antibody (BBA4), and moesin 

(b). The merged image is shown in c. In d-f, HUVECs were stimulated with TNF-a (10 

ng/ml) for 24 hours and then immunostained for ICAM-I (d) and F-actin (e). The merged 

image is shown in f. Bar 10 pm.
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3.3 TNF-g does not increase total RhoA activity in HUVECs

TNF-a has been shown to induce the formation of stress fibres in endothelial cells. Stress 

fibres are induced by activation of RhoA in many cell types. To determine whether TNF- 

a  activates RhoA, a novel Rho GTPase activity assay, the Rho pull-down assay, was 

used.

3.3.1 Rho pull-down assay

Nearly all Rho GTPase family proteins cycle between an inactive GDP-bound form and 

an active GTP-bound form (see section 1.1.3 of chapter 1). RhoA can only bind to its 

downstream effectors, such as Rho-kinase, mDia, or PKN, in its active GTP-bound form. 

GTP binding causes a conformational change in RhoA, allowing association with a 

defined Rho-binding domain (RED), which is present in directly interacting targets of 

RhoA. GST-fusion proteins containing the Rho-binding domain of a Rho target can 

therefore be used to interact specifically with active GTP-bound RhoA. Proteins bound to 

the fusion proteins can be resolved by SDS-PAGE and levels of bound RhoA protein can 

then be quantitated by western blotting. Total levels of RhoA in lysates can be 

determined by loading a fraction of each lysate and western blotting for RhoA. A 

schematic representation of the assay is shown in Figure 3.04a. The GST-TRBD 

expression plasmid was a gift from Xiang-Dong Ren (Rho-binding domain of Rhotekin 

subcloned 3’ to the GST sequence in the pGEX-2T expression vector). GST-TRBD 

protein was produced using the published protocol (Methods -  Chapter 2). GST-TRBD 

was affinity-purified at room temperature for 1 hour using glutathione-coated sepharose 

beads. The purity of GST-TRBD protein preparations was checked by resolving the 

proteins bound to beads by SDS-PAGE and staining the gel with Coomassie Blue dye. 

The level of GST-TRBD protein in the preparation was quantified by loading known 

quantities of bovine serum albumin (1, 2, 5, and 10 |xg) on the same gel and comparing 

the intensities of the Coomassie-stained bands. An analytical gel from one typical GST- 

TRBD protein preparation is shown in Figure 3.04b. The GST-TRBD preparation 

contained no other detectable proteins apart from the GST-TRBD. This protein migrated

81



with an approximate molecular weight of 30 kDa and the amount of protein in this band 

was estimated to be approximately 1 jxg. This is below the predicted yield of protein that 

was previously reported (ref) although the level in Figure 3.04b was obtained consistently 

throughout this study.

3.3.2 Characterization of the Rho pull-down assay

To confirm that GST-TRBD binds specifically active RhoA a control experiment was 

performed. Lysates of A431 cells were either treated with GDP or treated with the non- 

hydrolysable GTP analogue GTPyS and then incubated with GST-TRBD. In this case 

more RhoA was pulled-down by GST-TRBD from the lysate treated with GTPyS (Fig 

3.05) than the control lysate. Therefore this experiment showed that the Rho pull-down 

assay was able to differentiate between active and inactive RhoA under the conditions 

employed. It is interesting that the immunoblotting anti-RhoA antibody detected two 

bands for RhoA. It is likely that these two bands represent the lipid-modified and lipid- 

unmodified froms of the protein. However there is the possibility that RhoA proteins may 

be phosphorylated and that this may cause a shift in gel mobility of RhoA.

3.3.3 TNF-g does not alter ‘‘total” RhoA activity but affects RhoA expression

The Rho pull-down assay was used to assess the levels of RhoA activity in HUVECs 

after TNF-a stimulation (10 ng/ml). RhoA activity was determined at 0 hour, 2 hour, 4 

hour and 24 hour timepoints by western blotting. No increase in the level of RhoA 

activity at any timepoint after TNF-a treatment was observed (Fig. 3.06a). Interestingly, 

however, the levels of RhoA in the lysates were decreased dramatically at 24 hours of 

TNF-a treatment (Fig. 3.06b). It was necessary to determine whether equal amounts of 

protein were loaded onto each lane of the gel. The blot was therefore stripped of 

previously applied antibodies, re-blocked, and re-probed with an antibody against a- 

tubulin. Levels of a-tubulin were equal in each lysate (Fig. 3.06c). This indicates that the 

proportion of active RhoA after 24 hours TNF-a treatment is greater than in resting cells.
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although levels of RhoA are greatly decreased. This is the first example of RhoA protein 

levels being decreased by an extracellular stimulus. Also, the TNF-o/RhoA activity data 

presented here agrees with the immunfluorescence data presented in section 3.1.
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for RhoA

Figure 3.04. Schematic representation of the Rho pull-down assay, (a) The rhotekin 

rho-binding domain (TRBD) only binds to GTP-bound RhoA. Lysates are incubated with 

GST-TRBD to specifically isolate GTP-bound RhoA. Bound proteins are resolved by 

SDS-PAGE and immunoblotted for RhoA using a mouse monoclonal anti-RhoA 

antibody.
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Figure 3.04. Schematic representation of the Rho pull-down assay, (b) The pGEX- 

2T-GST-TRBD construct was transfected into the BL21 E. coli strain, which is optimised 

for high levels of protein production. The bacteria were grown and then protein 

expression was induced with isopropyl (IPTG). GST-TRBD proteins were purified with 

glutathione-coated sepharose beads and the purity checked by SDS-PAGE analysis.

85



GTPyS-loaded 
A431 lystaes

GDP-loaded 
A431 lysates

Total T, GST-
RhoA TRBD

Total GST-
RhoA ^  TRBD

Blot: Anti- 
RhoA

Figure 3.05. Characterization of the Rho pull-down assay, (a) Lysates of A431 cells 

were loaded with either GDP or the non-hydrolysable GTP analogue GTPyS for 30 

minutes. Lysates were then incubated with GST-TRBD and bound proteins were resolved 

by SDS-PAGE and immunoblotting for RhoA. Total RhoA represents the total amount of 

RhoA present in the lysate. U represents the amount of RhoA which remains unbound to 

the GST-TRBD protein. GST represents the amount of protein bound to GST. GST- 

TRBD represents the amount of GTP/GDP-bound RhoA.
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Figure 3.06. TNF-a does not increase “total” RhoA activity but decreases RhoA 

protein levels. HUVECs were stimulated for 0, 2, 4, or 24 hours with TNF-a (10 ng/ml). 

Lysates were incubated with GST-TRBD and bound RhoA was analysed by 

immunoblotting (26C4). The levels of active RhoA after the various TNF-a treatments 

are shown in (a), the levels of total RhoA in the lysates are shown in (b), and the levels of 

a-tubulin in the lysates, using a mouse monoclonal anti-a-tubulin antibody , are shown in 

(c). These blots are representative of two separate experiments.
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3.4 TNF-g increases ERM phosphorylation and association with TX- 

100-insoluble fraction
3.4.1 ERM phosphorylation is increased by TNF-g

ERM proteins function as plasma membrane/cytoskeleton linkers (Bretscher et al., 2000). 

In their dormant inactive form, ERM proteins adopt a head-to-tail conformation, 

precluding the interaction of their N-ERMAD with the plasma membrane ligand and the 

C-ERMAD with F-actin. Activation of ERM proteins, which releases the head-to-tail 

conformation, requires interaction with phosphatidylinositides and ERM C-terminal 

threonine phosphorylation. Using antibodies generated against the C-terminal 

phosphorylation site (anti-CPERM pAb), the effect of TNF-a stimulation on ERM 

activity in HUVECs was investigated. A timecourse of TNF-a stimulation showed that 

ERM phosphorylation increased after 1 hour of stimulation, and these increased 

phosphorylation levels were maintained up to 24 hours after TNF-a (Fig. 3.07a). 

Ezrin/radixin phosphorylation (upper band) showed a greater increase than moesin 

phosphorylation (lower band), although resting ERM phosphorylation appeared to be 

high, even after overnight starvation. As a positive control for the phospho-specific 

antibody, starved Swiss 3T3 fibroblasts were stimulated with 10% ECS for 10 minutes to 

induce ERM phosphorylation (Fig. 3.07a). The results agree with a previously published 

report which demonstrated that serum stimulation of Swiss 3T3 fibroblasts increased 

ERM phosphorylation levels (Matsui et al., 1998). TNF-a treatment for 24 hours did not 

induce any major changes in ERM protein levels (Fig. 3.07.b)

Activated Rho has been reported to increase phosphorylation of ERM proteins in C0S7 

cells via Rho-kinase (Matsui et al., 1998; Matsui et al., 1999). More recently, PKC-Ô has 

been shown to phosphorylate moesin in vitro (Pietromonaco et al., 1998). The Rho- 

kinase inhibitor, Y-27632, was used to determine whether Rho-kinase is responsible for 

the TNF-a-induced increase ERM phosphorylation. Treatment with 10 pM Y-27632 had 

no effect on ERM phosphorylation in either resting or short-term TNF-a-stimulated 

HUVECs (Fig. 3.07c). This level of inhibitor was able to block thrombin-induced stress 

fibre formation (data not shown). These results suggest that Rho-kinase is not involved in 

phosphorylating ERM proteins in HUVECs.
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3.4.2 TNF-g increases TX-lOO insoluble ERM levels

Serum stimulation of Swiss 3T3 cells has been shown to increase the level of ERM 

proteins associated with the TX-100-insoluble fraction, through a Rho-dependent 

mechanism (Hirao et al., 1996). Although the results in this chapter have demonstrated 

that RhoA is not activated by TNF-a and that ERM phosphorylation is not affected by 

Rho-kinase, it was interesting to determine the effects of TNF-a upon ERM insolubility. 

Stimulation of HUVECs with TNF-a for 24 hours increased the levels of ERM proteins 

in the TX-100-insoluble fraction (Fig. 3.07d). This is consistent with the observed 

increase in C-terminal ERM phosphorylation after TNF-a treatment. This increase in 

insoluble ERM levels was not dependent on the actin cytoskeleton as treatment of TNF- 

a-stimulated HUVECs with cytochalasin D did not affect insoluble ERM levels (Fig. 

3.07d). Cytochalasin D was known to be active as it dramatically depleted F-actin content 

of HUVECs as assayed by immunofluorescence (data not shown).

89



a)
0

Hours after
TNF-a stimulation

(10 ng/ml)

1

Blot: Anti- 
P-ERM

18 24

Mins after 
10% serum 
stimulation 

of Swiss 3T3

0 10

P-ez/rad

P-moe

b)
Blot: Anti- 

ERM

18 24

Y-27632 (10 pm)

Blot: Anti- 
c )  P-ERM

+

Hours after 
TNF-a stimulation 

(10 ng/ml)

1
+ - t - - t -

Cyto D (0.05 |ig/ml)

Hours after 
TNF-a stimulation 

(10 ng/ml)

0 24 24

+

d )

Blot: Anti- 
ERM

Blot: Anti-a-tubulin

90



Figure 3.07. TNF-a effects upon ERM phosphorylation and insolubility, (a)

HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2, 4, 18, or 24 hours and then 

lysed in 2X Laemmli sample buffer. Lysates were immunoblotted for C-terminally 

phosphorylated ERM proteins using the rat monoclonal anti-CPERM antibody (297S). 

As a positive control, lysates of unstimulated and serum-stimulated Swiss 3T3 fibroblasts 

were also immunoblotted for CPERMs. (b) HUVECs were treated as in (a) and lysates 

were immunoblotted for ERM proteins using the goat polyclonal anti-Moesin antibody 

(C-15). (c) HUVECs were stimulated with TNF-a in the absence or presence (for 1 hour) 

of the Rho-kinase inhibitor Y-27632 (10 pM). Lysates were immunoblotted for CPERMs 

using 297S. (d) HUVECs were stimulated with TNF-a for 0 or 24 hours in the absence or 

presence (for 1 hour prior to lysis) of the actin polymerisation inhibitor cytochalasin D 

(0.05 pg/ml). Cells were lysed in TX-lOO lysis buffer and the insoluble pellet was boiled 

in 2X Laemmli sample buffer. TX-lOO insoluble proteins were resolved by SDS-PAGE 

and immunoblotted for ERM proteins using the goat polyclonal anti-moesin antibody and 

a-tubulin. Blots shown in (a-c) are representative of three separate experiments, whereas 

the blot shown in (d) is representative of two separate experiments
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3.5 TNF-g regulates expression of proteins involved in leukocyte 

adhesion and cvtoskeletal rearrangements
3.5.1 TNF-g transiently increases ICAM-2 protein levels in endothelial cells

Prolonged TNF-a or IL-ip treatment of HUVECs down-regulates ICAM-2 mRNA and 

protein levels (McLaughlin et al., 1998). As ICAM-2 expression decreases upon 

inflammatory stimulation, it has been proposed that ICAM-2 may play a role in leukocyte 

recirculation. However, early effects of TNF-a on ICAM-2 levels have not been 

investigated. As ERM phosphorylation increased after 1 hour of TNF-a stimulation, the 

effects of TNF-a stimulation on ICAM-2 protein levels were also investigated. TNF-a 

treatment of HUVECs for 2 hours appeared to induce an increase in the levels of 

immunofluorescence staining for ICAM-2 as compared to untreated cells (data not 

shown). Western blotting of TNF-a stimulated cell lysates confirmed that TNF-a 

treatment transiently increases ICAM-2 proteins levels, reaching a maximum at 2 hours, 

before decreasing to lower levels consistent with previously published data (Fig. 3.08a).

3.5.2 Levels of other proteins involved in cvtoskeletal regulation are changed after 

TNF-a stimulation

The results presented so far show that TNF-a treatment of HUVECs regulates the 

expression of RhoA and ICAM-2 at the protein level, and so the effect of TNF-a on other 

proteins involved in cytoskeletal regulation was tested. Starved HUVECs were stimulated 

for 0, 1,2, 4, 8, and 24 hours and lysed in 2x Laemmli sample buffer. Protein levels were 

analysed by western blotting, again using a-tubulin as a control for equal loading. All 

blots shown are representative of at least two separate experiments.

ICAM-1 is almost absent from starved HUVECs (Fig. 3.09a). However, stimulation with 

TNF-a for only 2 hours induced a dramatic upregulation of ICAM-1 protein levels. This 

continued to increase up to 24 hours after TNF-a stimulation, consistent with previously 

published data. It is interesting that two different protein species were recognized by the 

rabbit polyclonal anti-ICAM-1 antibody: a minor protein migrating at approximately 70 

kDa, and a major protein migrating at approximately 95 kDa. The lower protein band
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disappeared after 8 hours of TNF-a treatment, indicating that this could represent a form 

of ICAM-1 that is not fully glycosylated. The core polypeptide of ICAM-1 has a 

predicted molecular weight of 60 kDa.

Activation of RhoA causes the formation of actin stress fibres that lead to endothelial cell 

contraction. RhoE is highly homologous to RhoA but has antagonistic effects upon stress 

fibres. RhoE is, along with Rnd 1/2 and probably TTF/RhoH, is different among Rho 

family protein members as it is constitutively GTP-bound and unable to hydrolyse GTP. 

RhoE was expressed in resting HUVECs and 24 hours of TNF-a treatment decreased 

RhoE protein levels (Fig. 3.09b). This decrease was similar to that displayed by RhoA 

(Fig. 3.06b). It is interesting that two proteins which have antagonistic effects are both 

down-regulated by TNF-a in endothelial cells. Equal loading was confirmed by blotting 

for a-tubulin (Fig. 3.09c).

The Ets family transcription factor member Ergl regulates the expression of lCAM-2 and 

RhoA in endothelial cells (McLaughlin et al., 2001). A transient increase in Erg 1/2 

protein levels was induced after 2 hours of TNF-a stimulation. Erg 1/2 protein levels then 

decreased after longer periods of TNF-a stimulation (Fig. 3.10). This pattern of protein 

expression was strikingly similar to that displayed by lCAM-2 after TNF-a stimulation 

(Fig. 3.08a).
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Figure 3.08. TNF-a decreases ICAM-2 protein levels, (a) HUVECs were stimulated 

with TNF-a for 0, 1,2, 4, 18, or 24 hours and then lysed in 2X Laemmli sample buffer. 

Proteins were resolved by SDS-PAGE and immunoblotted for ICAM-2 using a rabbit 

polyclonal anti-ICAM-2 antibody (H-159). (b) Levels of a-tubulin in lysates were 

checked by immunoblotting. These blots are representative of three separate experiments.

94



a)

0

Blot: Anti- 
ICAM-1

Hours after
TNF-a stimulation

(10 ng/ml)

8 24

m- c#

b)
Blot: Anti- 

RhoE

c ) Blot: Anti- 
a-tubulin

Figure 3.09. TNF-a alters protein expression levels in HUVECs. HUVECs were 

stimulated with TNF-a for 0, 1,2, 4, 8, or 24 hours and then lysed in 2X Laemmli sample 

buffer. Proteins were resolved by SDS-PAGE and immunoblotted for (a) ICAM-1, using 

a rabbit polyclonal anti-ICAM-1 antibody (H-I08), (b) RhoE, using a rabbit polyclonal 

anti-RhoE antibody (K. Riento - unpublished), and (c) a-tubulin. These blots are 

representative of two separate experiments.
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Figure 3.10. TNF-a alters Erg 1/2 protein levels. HUVECs were stimulated with TNF- 

a  for 0, 1, 2, 4, 8, or 24 hours and then lysed in 2X Laemmli sample buffer. Proteins were 

resolved by SDS-PAGE and immunoblotted for Erg 1/2 using a rabbit polyclonal anti- 

Erg 1/2 antibody (C-20). This blot is representative of two separate experiments.
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3.6 Effects of TNF-a on mRNA expression levels

TNF-a is known to induce a wide spectrum of gene expression changes. To determine 

whether the changes in protein levels observed in the previous section were due to 

changes in mRNA levels, quantitative and qualitative real-time PCR was performed on 

total RNA isolated from HUVECs stimulated with TNF-a for 0, 1, 2, or 4 hours.

The quantitative PCR system used was called Lightcycler™.

3.6.1 Theory of Liehtcvcler^

Quantitative PCR is the most accurate and sensitive method for quantification of nucleic 

acids. Problems arise, however, as only a limited number of PCR cycles contain the 

information necessary for quantification. The first PCR cycles contain extremely small 

quantities of DNA, whereas the later PCR cycles tend to show high degrees of variation 

in DNA amounts. Useful information is obtained during a few cycles when the amount of 

DNA increases logarithmically from low background levels to the high “plateau” levels. 

The PCR cycle numbers which contain these logarithmic increases in DNA levels form 

the basis of quantification. One way to elucidate these cycle numbers is by taking 

aliquots of DNA after each cycle of the PCR reaction. Aliquots are then run out onto 

agarose gels and DNA is visualized by staining with a double-stranded DNA dye such as 

ethidium bromide or SYBR I Green Dye. Brightness of fluorescence is measured and 

fluorescence is plotted against cycle number.

Quantification using the Lightcycler™ system is simplified as the PCR reactions are 

monitored while they are taking place. Only one reaction is needed as fluorescence data 

is displayed on the computer screen in real-time. SYBR I Green Dye is included in the 

PCR reaction mix and is thought to bind to the minor groove of dsDNA. Fluorescence 

emitted from SYBR I Green Dye is greatly enhanced by binding to dsDNA, therefore as 

the levels of dsDNA increase the fluorescence levels increase proportionally. A graph of 

amplication from zero to one million copies of a fragment of the human P-globin gene is 

shown in figure 3.11. As the amount of template increases, the cycle number in which the 

log phase of DNA increase commences becomes lower.
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As the SYBR I Green dye has no sequence specificity, it is able to bind to any dsDNA in 

the PCR reaction mix, whether it is the specific PCR product or a non-specific product, 

such as a primer dimer. High levels of fluorescence from primer dimers could mask 

fluorescence from low levels of PCR product. The Lightcycler system can identify the 

presence of primer dimers in the PCR reaction by melting all PCR products and 

monitoring fluorescence changes. Non-specific dsDNA products have lower melting 

temperatures than specific dsDNA products generated during quantitative PCR reactions. 

As the dsDNA species are melted, SYBR Green I is no longer able to bind, typically 

producing the melting curves shown in Figure 3.11.

Quantitative PCR can only be performed when a standard curve of the number of copies 

of the gene of interest can be made. Therefore, the amount of quantitative data is limited 

by the availability of cDNA clones of genes of interest. Where no clone is available, the 

gene of interest can only be measured qualitatively against a standard curve of another 

gene. A general scheme for quantitative/qualitative PCR is shown below.
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Figure 3.11. Theoretical amplification and melting curves produced during 

quantitative PCR in the Lightcycler. (a) A graph of fluorescence against PCR cycle 

number for a theoretical PCR amplification of a known number of copies of a DNA 

amplicon. The reactions from one million to one hundred copies are easily distinguished. 

Below 100 copies, the reactions begin to overlap due to the predominance of primer 

dimers, (b) A graph of fluorescence against temperature for a theoretical melt of typical 

PCR reaction products such as those that would be produced in (a).
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Table 3.1 GENERATION OF STANDARD CURVES 

(for rhoA, rhoC, rhoE and icam-1 only)

PCR amplify cDNAs of Gene Of Interest (GOI) from mammalian
expression vectors

Quantitate number of copies synthesized by spectrophotometnc
analysis

i

Make serial dilutions to give aliquots of GOI cDNAs containing 
61.5, 186.5, 555.5, 1666.5, or 5000 copies/p,l

Titrate [Mĝ "̂ ] and annealing temperatures for primer sets of GOI 
in the Lightcycler (LC) machine

I
Try real-time PCR in LC of standard curve samples to check for 

accuracy of serial dilutions, pipetting technique and curves
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Table 3.2 SAMPLE ANALYSIS

Isolate Total RNA (TRNA) from stimulated HUVECs

Perform first strand (FS) cDNA synthesis on fixed amount of
TRNA

Dilute FS cDNA and aliquot

INTO LIGHTCYCLER (LC)

For quantitative analysis
Run real-time PCR in LC using 
primers for GOI (e.g. rhoA, rhoC, 
rhoE, icam-1)

For qualitative analysis
Run real-time PCR in LC using 
primers for GOI (e.g. moesin, shp- 
2, c-fos)

A) Standard curve cDNAs for GOI 
(e.g. rhoA)

A) Standard curve cDNAs, NOT 
GOI (e.g. rhoA)

B) Samples (FS cDNA) B) Samples (FS cDNA)

1
Normalize results against

1
Normalize results against

GAPDH GAPDH
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3.6.2 Primer Design

Primers for use in the Lightcycler system required careful design. Primers were designed 

to amplify a sequence at the 3’ end of the cDNA as first-strand cDNA synthesis was 

initiated by oligo-d(T)-primers at the 3’ poly-(A)-tail. Primers were also designed to give 

PCR products of between 250 and 400 bp in length. 2 sets of different primers were 

obtained from GIB CO and Sigma Genosys for the following set of genes: 

rhoA, rhoB, rhoC, rhoE, moesin, cox-2, egr-1, fos, jun, shp-2 (details of the primer 

sequences are provided in Appendix A)

One-step RT-PCR was performed for all primer pairs using HUVEC total RNA as a 

template. PCR products were separated out on agarose gels and stained with SYBR I 

Green. The table below shows the primer sets that produced a single PCR product of the 

predicted size.

Table 3.3 PCR products obtained from GIBCO or Genosvs primer sets

Gene GIBCO Genosys

rhoA - +

rhoB + +

rhoC - +

rhoE + -

moesin + -

cox-2 - -

egr-1 - -

c-fos - +

jun - -

shp-2 + +

The template RNA was isolated from HUVECs that had not been stimulated and 

therefore some specific mRNAs may not have been present (eg. jun). It was also 

important that only one PCR product was produced. Primers could bind non-specifically 

to the template at other complementary regions separate to those for which the primers
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were designed. Two products would create two fluorescent moieties and therefore alter 

intensities of fluorescence readings as compared to a single, pure PCR product.

3.6.3 Optimization of PCR conditions

There are two variable conditions that contribute to the efficiency of PCR reactions: 

the annealing temperatures of the specific primer set and the Mĝ "̂  concentration required 

by Tag polymerase for each primer set. The templates that were used were cDNAs that 

were amplified by PCR from expression vectors in order to be used for standard curve 

formation (see section 3.5.4).

To determine which annealing temperature was optimal for a particular primer set, 

gradient PCR was performed using a range of annealing temperatures from 55°C to 72°C. 

PCR products were then separated on agarose gels and stained with SYBR I Green to 

determine levels of each product. Alternatively, gradient PCR reactions were carried out 

in the Lightcycler machine followed by melting curve analysis to check the sharpness of 

peaks. Peak sharpness is an excellent indicator of the purity of the PCR product as a high 

change in fluorescence over a short period of time demonstrates that all of the PCR 

product melts simultaneously, and that there are no different PCR product species 

present.

Titrations of Mg '̂  ̂concentration were performed in the Lightcycler machine. An example 

of a [Mĝ "̂ ] titration is shown in Figure 3.12. A RhoC cDNA template was synthesized by 

amplification of the RhoC cDNA sequence contained within pGEX-2T-RhoC vector 

supplied by Dr. Ridley. RhoC primers from Genosys were used to carry out PCR from a 

RhoC cDNA template. Supplementation of the PCR reaction mix with MgCh to increase 

[Mĝ "̂ ] to 2 mM gave the optimal yield of RhoC PCR product and tallest peaks in the 

melting point analysis. The duplicates of this reaction showed the smallest degree of 

variability as compared to the reactions supplemented with higher concentrations of 

Mĝ "̂ . 2 mM Mĝ "̂  concentration was therefore used for rhoC gene expression analysis. 

Another example of a [Mĝ "̂ ] titration is shown in Figure 3.13. Titration of Mĝ "̂  

concentration for RhoA primers again showed that supplementation of the PCR reaction 

mix with MgCL to a final concentration of 2 mM gave optimal product yield and less 

melting peak variability.
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Primer sets for genes that would not be analysed quantitatively due to the absence of a 

template for standard curve generation (as shown in Tables 3.1 and 3.2), were tested at a 

final Mĝ "̂  concentration of 4 mM. The results are shown in figure 3.14. The template 

used in this experiment was human endothelial first strand cDNA synthesized from total 

RNA (TRNA). All primer sets gave good yields of PCR product with a low degree of 

variability in melting peaks.
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Figure 3.12. titration for the rhoC prim er set. PCR reactions were carried out in 

the Lightcycler using the rhoC primer set and RhoC cDNA as a template. The reactions 

were supplemented with different amounts of Mĝ "̂  to achieve final [Mg^^] of 2, 3, 4, 5, 

and 6 mM.
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Figure 3.13. Mĝ "̂  titration for the rhoA prim er set. PCR reactions were carried out in 

the Lightcycler using the rhoA primer set and RhoA cDNA as a template. The reactions 

were supplemented with different amounts of Mĝ "̂  to achieve final [Mg^^] of 2, 3, 4, 5, 

and 6 mM.
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Figure 3.14, Test of shp-2, rhoE, moesin, and c-fos prim er sets. PCR reactions were 

carried out in the Lightcycler using the shp-2, rhoE, moesin and c-fos primer sets. 

Different dilutions of first-strand cDNA synthesized from total RNA (TRNA) from 

HUVECs were used as the template for the PCR reactions.
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3.6.4 Generation of standard curves to enable quantitation

To enable quantitative analysis of the expression of a particular gene of interest (GOI), a 

standard curve was generated for the gene itself (it was only possible to quantitatively 

analyse rhoA, rhoC, rhoE and icam-1 as cDNA was only available for these genes: 

Tables 3.1 and 3.2). For example, if the number of mRNA transcripts of RhoA is to be 

quantified, a standard curve for the number of copies of the RhoA transcript itself is 

required. RhoA cDNA was synthesized from RhoA cDNA contained within the pGEX- 

2T vector by PCR using the 5’ and 3’ pGEX sequencing primers (sequences in Chapter 

2). The amount of DNA was then quantified by measuring absorbance at 260 nm. 

Calculation of the actual mass of DNA produced by PCR is possible by using the 

following calculations:

Avogadro’s number/Calculated mass of PCR product = No. of copies per gram of DNA

Spectrophotometric readings quantify PCR products to fig/fil. Knowing the sequence of 

the DNA (or base length) it is therefore possible to work out the number of copies of 

PCR product/pl. Serial dilutions were made to produce aliquots of PCR product with 

copy numbers from 5000 to 61.5 copies/pl.

3.6.5 Worked example

An example of a standard curve for RhoA is given in Figure 3.15. The Lightcycler 

software calculates the extrapolated x-axis (cycle number) crossing-point of each 

fluorescence plot. These are plotted against the log copy number of the RhoA template to 

give the standard curve in the lower panel of the figure. The accuracy of the standard 

curve is assessed by the regression correlation (r) and the error of the standard curve. In 

this instance, the regression is -1.00, indicating a complete negative correlation between 

cycle number and log concentration (correlation between predicted and actual standard 

curve is perfect where cycle number decreases as the log concentration value increases).

In the same experiment, 1/5000 dilutions of first-strand cDNA from unstimulated and 

TNF-a-stimulated (1, 2, and 4 hours) HUVECs were analysed. Figure 3.16 shows the
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fluorescence plots for both the standard curve and the unknown samples. The Lightcycler 

software uses the standard curve to generate quantitative data for the TNF-a-stimulated 

samples according to the following equation:

Y = mx 4- c where y = cycle no.

m = slope

X = log concentration

c = intercept

Melting curve analysis of the standard curve and the samples was carried out (Fig. 3.17). 

This shows that non-specific PCR products were not produced during the PCR and did 

not contribute to fluorescence readings.

Total RNA (TRNA) yields from differently treated HUVECs can be variable and 

therefore it is necessary to control for this variability. First-strand cDNA synthesis can 

also occur at variable rates. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

transcription levels are assumed not to change during cell stimulation. This gene is the 

most frequently used as a control for quantitative gene analysis. A GAPDH standard 

curve (Fig. 3.18) was used for normalization of the results shown in Figure 3.16. A 

standard curve of GAPDH was made using serial dilutions of the 0-hour TNF-a-treated 

first-strand cDNA as a template. The relative amounts of GAPDH in each of the samples 

can then be calculated from the standard curve. Averages of the calculated values were 

taken and the levels of GAPDH in the 1, 2, and 4 hour TNF-a-stimulated samples were 

compared to the unstimulated levels. This produced normalization factors which were 

then applied to results such as those for RhoA (Fig. 3.16). GAPDH standards were run at 

the start of every Lightcycler session using a fresh aliquot of first-strand cDNA. As the 

TRNA isolated from the unstimulated HUVECs was quantified using spectrophotometry, 

quantitative results could be calculated to give copy numbers/pg of TRNA.
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Figure 3.15. Standard curve for RhoA. Serial dilutions of RhoA cDNA were made to 

obtain aliquots of cDNA containing 5000, 1666, 555.5, 186.5 and 61.5 copies of 

RhoA/pl. PCR reactions were carried out in the Lightcycler using 2 |xl of each aliquot as 

the template. Lightcycler software calculates the standard curve for these aliquots and 

this is used for quantitation of mRNA copy numbers from unknown samples.

115



y  LighICyclei Data Analysis (Paul) - (Quantification 29-05 la. FI. cycle seg 3|
Q  FHe Quantification 
Analysis

r  Fit Points

Beport

Second Denvative Maximum

Window Help
Basdine Adjustment 
C  None

r  Propoctional 
r  Normaïzed

_  J.Position Name Stan. Calc... Cros
1 ralOk 10,000 11.230 23.80
2 Repli of ra 10k 10.000 10.940 23.84
3 ra 3.33k 3.333 3.035 25.74

Repli. of ra 3.33k 3.333 3.104 25.70
5 ral 11k 1.111 911.9 27 52

ra 0.37k 373.0 371.4 28.85
------  8 Repl. of ta 0.37k 373.0 400.1 28.74

9 ra 0 .12k 123.0 1123 30.62
10 Repli of ra 0.12k 123.0 147.5 30.22
11 water
12 Repli. of water
13 ss
14 Repli of ss
15 Oh 1/5000 2.822 25.85
16 Repli. of Oh 1/5000 3.127 25.69
17 Repli of Oh 1/5000 3.029 25.74

------- 18 1h 1/5000 1.423 26 86

-------19 Repli. of 1h 1/5000 1.390 26.89
-------  20 Repl. of 1h 1/5000 1.432 26 85

21 2 h 1/5000 2.478 26.04
22 Repl. of 2h 1/5000 2.437 26 06
23 Rept of 2h 1/5000 2.461 26.05
24 4h 1/5000 1,871 26.45
25 Rept of 4h 1/5000 1.795 26.52
26 Rept. of 4h 1/5000 1.875 26.45
1.2 Grouped Means 10.000 11.080 23 82

Grouped S D 2061 0 0276
3.4 Grouped Means 3.333 3.070 25.72

Grouped S D 48 41 0.0234
7.8 Grouped Means 373 0 385 8 28 80

Grouped S D. 20 30 0 0780
9.10 Grouped Means 123.0 129 9 30 42

Grouped S D 24 91 0 286
11.12 Grouped Means

Q Z Q
-igi>i

Step1:Baselme Step Z AnalysB 

fei45-
 I -

4 0 -

3 5 -

3 0 -

£ 2 5 -

2̂0-
| l 5 -

10 -

5 -

0 —  ---------

■5-, I
10

I
15

■ I ■ 
20

Cycle Number

I
25

I
30

I
35

  Linear R egress ion

• Crossing Ponts

Slope = •3.413 
Intercept = 37.62 
Error = 0 265 
r = -1.00

30-

| 2 8 -

I 2 6-
<y .

2 4 -

■|
2

II I I I I
2.2 2 4 2.6 2.8 3 3.2

Log Concentration
3.4 3.6 3.8



Figure 3.16. Quantitation of RhoA in TNF-a stimulated samples. HUVECs were 

stimulated with TNF-a for 0, 1, 2, or 4 hours and TRNA was purified from the cells. 

After first-strand cDNA synthesis, cDNA was diluted to 1/5000 and 2 \i\ was used for 

PCR. Samples were run in the Lightcycler at the same time as the aliquots for the 

standard curve of RhoA. Lightcycler software calculates the number of RhoA copies in 

the samples by comparison with the standard curve.
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Figure 3.17. Melting curves of RhoA standard curve and TNF-a-stimulated 

samples. Melting curves shown are those of the PCRs of the samples and standard curve 

aliquots shown in figure 3.16. The change in fluorescence induced by melting of the PCR 

products is plotted on a graph of change in fluorescence against temperature.
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Figure 3.18. GAPDH standard curve and samples. Copies of GAPDH gene per sample 

were used to normalize the results for the gene of interest. A standard curve was 

generated using serial dilutions of the 0 hour-treated sample. GAPDH content in the 

samples was then calculated using the standard curve.
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3.6.6 Quantification of mRNA levels

HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1, 2, and 4 hours in 2 

independent experiments. TRNA was isolated and the concentration determined by UV 

absorbance at 260 nm. First-strand cDNA synthesis was then performed and samples 

were analysed for gene expression using Lightcycler. As 4.68 |ig of TRNA from each 

sample in both experiments was used for first-strand cDNA synthesis, transcript copy 

number can be expressed as a function of TRNA quantities.

ICAM-1 mRNA transcript copy number increased dramatically after TNF-a stimulation 

(Fig. 3.19). This result is consistent with previously published data and correlates with 

the protein level data (Fig. 3.09a). In effect these data served as a positive control, 

indicating that TNF-a had stimulated the cells as expected.

RhoA mRNA transcript copy number increased from 37,000 copies/ng TRNA to over 

60,000 copies/ng TRNA after 2 hours of TNF-a treatment (Fig. 3.20). This increase was 

not significant according to the student T test. It is clear from the raw data that there was 

a difference of approximately 9,000 in unstimulated HUVEC transcript copy number 

between the duplicate experiments. Despite this, the results from both experiments show 

the same trend and qualitative presentation of the same data would show a statistically 

significant increase in RhoA transcript copy number between unstimulated and 4 hour- 

stimulated HUVECs.

RhoE mRNA transcript copy number increased during 4 hours of TNF-a stimulation of 

HUVECs (Fig. 3.21). The increase from 6910 copies/ng TRNA in unstimulated cells to 

9210 copies/ng TRNA after 2 hours of TNF-a was statistically significant according to 

the student T test (p<0.05). This is the only statistically significant quantitative change 

shown by this method. The increase in copy number was further increased at 4 hours of 

TNF-a stimulation. RhoE protein levels also appeared to increase transiently after 2 

hours of TNF-a treatment (Fig. 3.09c).

ICAM-2 mRNA transcript levels showed a 1.6-fold increase after 1 hour of TNF-a 

stimulation (Fig. 3.22). This increase was not statistically significant according to the 

student T test. ICAM-2 mRNA levels then decreased after 4 hours of TNF-a stimulation
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to resting levels. These results correlated precisely with the small and transient increase 

in ICAM-2 protein levels observed (Fig. 3.08a).

RhoC mRNA transcript copy number did not significantly change during 4 hours of 

TNF-a stimulation (Fig. 3.23).

Moesin mRNA transcript level showed a gradual increase over 4 hours of TNF-a 

stimulation, to a maximum 2.5-fold increase after 4 hours (Fig. 3.24). None of these 

increases were shown to be statistically significant. Moesin protein levels were not 

detectably increased by TNF-a stimulation (Fig. 3.07b).

Fos mRNA transcript levels were dramatically increased after 1 hour of TNF-a 

stimulation (Fig. 3.25). This increase was transient as Fos mRNA levels decreased after 2 

and 4 hours of TNF-a stimulation. However, the transient increase after 1 hour was 

statistically significant (p<0.01) and typical of the induction of an immediate early gene. 

It was not possible to analyse c-Fos protein levels by immunoblotting due to the lack of a 

reliable anti-c-Fos antibody.
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Figure 3.19. Quantitative analysis of ICAM-1 mRNA levels in HUVECs during 

TNF-a treatment. HUVECs were stimulated with TNF-a for 0, 1, 2, or 4 hours and 

ICAM-1 mRNA was quantitated using the icam-1 primer set. This result is from one 

experiment only and mRNA is quantified as copy number/ng of TRNA.
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a)

TNF (Hr) exp. 1 exp. 2 ave std ave* 10.66 std*10.66 std/1.414
0 3894.324 2992.667 3443.496 637.5678 36707.66 6796.473 4806.558
1 6506.363 4471.4 5488.882 1438.936 58511.48 15339.06Î 10847.99
2 7087.842 4253.493 5670.668 2004.187 60449.32 21364.64j_ 15109.36
4 6397.22 4913.02 5655.12 1049.488 60283.58 11187.54 7911.981
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Figure 3.20. Quantitative analysis of RhoA mRNA levels in HUVECs during TNF-a 

treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1 ,2 , or 4 hours and 

RhoA mRNA was quantitated using the rhoA primer set. These results are from 2 

separate experiments. The raw data is shown in (a). Data is shown for both experiments 

(exp. 1 and exp. 2). The average for both experiments is shown in the column headed ave, 

and the standard deviation of the two experiments is shown in the column headed std. 

The multiplication factors in the table are required to quantitate copy numbers/ng of 

TRNA and take into account template dilution. The graph in (b) shows the results given 

in (a). Error bars represent the variance of the two separate experiments.
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a)

TNF (hr) exp. 1 exp. 2 ave std std/1.414 ave*2.136 std*2.136
0 3428.287 3040.802 3234.545 273.993 193.7716 6908.987 413.8961
1 5760.033 4022.559 4891.296 1228.58 868.86851 10447.81 1855.903
2 4455.293 4171.629 4313.461 200.5807 141.8534 9213.553 302.9989
4 6536.133 4731.073 5633.603 1276.37 902.6665j_12033.38 1928.096

ttest Ohrs vs Ihr, 2hr, 4hr
Ihr 0.2463
2hr 0.030606 11
4hr 0.182883 1
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Figure 3.21. Quantitative analysis of RhoE mRNA levels in HUVECs during TNF-a 

treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2,  or 4 hours and 

RhoE mRNA was quantitated using the rhoE primer set. These results are from 2
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separate experiments. The raw data is shown in (a). Multiplication factors to account for 

template dilution are included in this table. Also included are the results of a student T 

test to determine the statistical significance of the changes in RhoE gene expression. The 

graph in (b) shows the results given in (a).
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a)

exp. 1 exp. 2 ave std std/1.414
0 1 1 1 0 0
1 1.428 1.7529 1.59045 0.229739 0.162475
2 1.31 1.16 1.235| 0.106066 0.075011
4 0.769 1.12 0.9445 0.248194 0.175527

ttest Ohr vdl,2 
0.1709241 
0.196671

b)
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Figure 3.22. Qualitative analysis of ICAM-2 mRNA levels in HUVECs during TNF- 

a  treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2,  or 4 hours 

and lCAM-2 mRNA was quantitated using the ICAM-2 primer set. These results are from 

2 separate experiments. The raw data is shown in (a). Student T test results are also 

shown in (a). The graph in (b) shows the results given in (a).
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a)

INF (hr) exp. 1 exp. 2 a\^ std std/1.414
0 16678.72 21424.08 19051.4 3355.477 2373.039
1 12410.93 28742.44 20576.69 11548.13 8166.991
2 17358.85 25627.84 21493.34 5847.064 4135.123
4 12898.74 24786.68 18842.71J 8406.043 5944.868

b)
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Figure 3.23. Quantitative analysis of RhoC mRNA levels in HUVECs during TNF-a 

treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2,  or 4 hours and 

RhoC mRNA was quantitated using the rhoC primer set. These results are from 2 

separate experiments. The raw data is shown in (a). The graph in (b) shows the results 

given in (a). Error bars represent the variance of the two experiments.
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a)

b)

TNF (hr) exp. 1 exp. 2 ave std std/1.414
0 1 1 1 0 0
1 1.5397 1.372 1.45585 0.118582 0.083863
2 1.837 2.69 2.2635 0.60316^1 0.426564
4 1.999 2.964 2.4815} 0.6823581 0.482573

ttest Ohr vs 1,2,4 
Ihr 0.115807
2hr 0.207248
4hr 0.20044

Time (hours)

Figure 3.24. Qualitative analysis of Moesin mRNA levels in HUVECs during TNF-a 

treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2,  or 4 hours and 

Moesin mRNA was quantitated using the moesin primer set. These results are from 2 

separate experiments. The raw data is shown in (a). Student T test results are also shown 

in (a). The graph in (b) shows the results given in (a).
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a)

b)

TNF (hr) exp. 1 exp. 2 a\a std std/1.414
0 1 1 1 0 0
1 3.0988 3.066 3.0824 0.023193 0.016402
2 1.94 1.44 1.69 0.353553 0.250038
4 1.587 1.838 1.7125 0.177484 0.125519

ttest Ohrs vs 1,2,4 
Ihr 0.005014
2hr 0.221293
4hr 0.110996

Time (hours)

Figure 3.25. Qualitative analysis of c-Fos mRNA levels in HUVECs during TNF-a 

treatment. HUVECs were stimulated with TNF-a (10 ng/ml) for 0, 1,2,  or 4 hours and 

c-Fos mRNA was quantitated using the c-fos primer set. These results are from 2 separate 

experiments. The raw data is shown in (a). Student T test results are also shown in (a). 

The graph in (b) shows the results given in (a).
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3.7 Discussion

Tumor necrosis factor (TNF) and Fas ligand/receptor systems regulate two contrasting 

cellular responses dependent upon the cell-type stimulated and the required outcome -  

cell death and cell activation. Endothelial cells are stimulated by TNF-a during 

inflammatory responses. The effect of TNF-a stimulation is to prime the endothelial cell 

for their roles in the inflammatory response. Dramatic changes in endothelial gene and 

protein expression profiles are induced by TNF-a, such as the upregulation of proteins 

involved in leukocyte transmigration (ICAM-1, VCAM-1), vasoregulation (COX-2), and 

leukocyte activation (IL-8, MCP-1).

This chapter focused on the relationship between TNF-a and proteins involved in 

leukocyte transmigration and endothelial cell cytoskeletal regulation. In particular the 

effects of TNF-a on ICAMs, ERM proteins and Rho family GTPases were investigated 

with respect to their localization, activation and expression profiles.

3.7.1 Endothelial microvilli

Results from immunofluorescence experiments showed that resting HUVECs displayed 

microvilli on their apical surface that contained ICAM-2, moesin and F-actin. Stimulation 

with TNF-a induced expression of high levels of ICAM-1, which again co-localized at 

microvilli with moesin and F-actin. This co-localization is consistent with observations in 

other cell types (Berryman et al., 1993) but is the first description of endogenous ICAMs 

co-localizing with endogenous moesin and actin in endothelial cell microvilli. A major 

question yet to be properly addressed is what is the functional role of ICAM/ERM 

interaction? In a previous study, ICAM-2 was shown to be redistributed in mouse 

thymoma cells after transfection with cDNA encoding murine moesin (Helander et al., 

1996). This redistribution allowed NK cell cytotoxicity to occur as ICAM-2 was 

redistributed to thymoma cell uropods. Heiska et al. suggested that ERM proteins could 

anchor ICAMs to the cytoskeleton, causing increased accessibility and avidity of 

adhesion molecules through clustering. The positioning of ICAM-1 and ICAM-2 at 

endothelial cell microvilli together with moesin suggests an exciting model for enhancing 

leukocyte adhesion. Interstingly, TNF-a-stimulated HUVECs had more microvilli than
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resting HUVECs (Fig. 3.03). ERM phosphorylation (C-terminal) and association with the 

TX-100-insoluble fraction also increased after TNF-a stimulation. C-terminal ERM 

phosphorylation is thought to be a hallmark of activation, allowing ERMs to link proteins 

to the plasma membrane/actin cytoskeleton. In fact, C-terminally phosphorylated ERM 

proteins have been shown to collaborate with CD43, CD44 and ICAM-2 in the 

organization of microvilli in cultured fibroblasts. It could therefore be hypothesized that 

ICAM/moesin co-localization in microvilli is part of a mechanism designed to enhance 

leukocyte capture for subsequent transmigration. Microvilli would extend from the apical 

surface of the endothelial cell into the blood vessel lumen, facilitating interaction with 

leukocytes in the blood. During inflammation, TNF-a stimulation would cause ERM 

phosphorylation and increased microvillus formation in collaboration with newly- 

expressed ICAM-1, greatly increasing the probability of leukocyte/endothelium 

interaction. It has previously been shown that L-selectin is localized to the tips of micro

folds on the neutrophil surface and that this is required for effective attachment in a flow 

chamber (Ley and Tedder, 1995). It is therefore quite possible that endothelial cells may 

utilize a similar mechanism for capturing circulating leukocytes.

3,7.2 TNF-a signaling to Rho in endothelial cells

Previous data has shown that TNF-a stimulation was previously reported to cause 

reorganization of the actin cytoskeleton in HUVECs by a mechanism involving Cdc42, 

Rac, and Rho (Wojciak-Stothard et al., 1998). TNF-a stimulation (100 ng/ml) of 

HUVECs induced the formation of stress fibres which could be blocked by micro

injection of either C3 transferase or N19-RhoA. It was also shown that micro-injection of 

N17-Cdc42 could block the TNF-a-induced stress fibre response, indicating that the Rho 

GTPases were activated in a hierarchical cascade from Cdc42 to Rac to Rho activation. 

In this study TNF-a (10 ng/ml) only induced a small increase in the number of stress 

fibres in endothelial cells, but the TNF-a dose of 100 ng/ml over a shorter time period 

(Wojciak-Stothard et al., 1998) almost certainly would have produced a more vigorous 

cellular response. Also, in Wojciak-Stothard et al, the period of HUVEC starvation prior 

to TNF-a stimulation was 48 hours longer than any starvation period attempted in this
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study, and the growth medium used was different. These variables would also affect the 

HUVEC response to TNF-a.

To assay the effect of TNF-a stimulation biochemically on RhoA activity in HUVECs, 

Rho pull-down assays were performed. Although the total amount of active Rho in 

HUVECs did not change after 24 hours of TNF-a stimulation, the proportion of active 

RhoA approximately doubled. This result is extremely interesting as stress fibres are 

induced after TNF-a stimulation even though the levels of RhoA are decreased. It is 

possible that localized pools of RhoA are activated upon TNF-a stimulation which may 

be unaffected by the decrease in whole cell RhoA levels. This highlights one of the few 

problems with using the Rho pull-down experiment to assay Rho activity. Localized Rho 

family GTPase signals are crucial to some biological processes, such as cell migration. A 

moving cell requires co-ordination of Cdc42 and Rac activity at the leading edge of the 

cell, to probe the ECM/tissue infront of the cell and make new focal contacts. It also 

requires activation of Rho at the rear of the cell, to allow tail retraction and therefore 

forward cell body movement. The Rho pull-down assay is not able to distinguish the 

subcellular localization of active pools of RhoA, which in the case of cell migration, is 

clearly important. Recently, localized Rac activation in Swiss 3T3 fibroblasts has been 

visualised using a fluorescence energy transfer (FRET)-based technique, known as 

FLAIR (Fluorescence activation indicator of Rho proteins)(Kraynov et al., 2000). In the 

same way that the Rho pull-down assay relies upon specific interaction between GTP- 

bound Rho and the Rho-binding domain (RED) of a target, the FLAIR approach relies 

upon the interaction between active GFP-Rac and an Alexa 546-labelled p21-binding 

domain (PHD). When the two fluorophores are in very close proximity to each other (ie. 

when the proteins are interacting) excitation of GFP results in “sensitised” emission of 

Alexa 546, due to a transfer of the energy absorbed by GFP to Alexa 546. In this study, 

active Rac was observed in ruffles specifically through the FRET signal. Quantification 

of Rac activity was also performed, showing gradients of Rac activity from the cell 

periphery to the nucleus. If this technique was applied to TNF-a stimulated HUVECs, 

specific localization of active Rho pools might be observed despite the down-regulation 

of total RhoA levels. However, the target RED would have to be carefully selected for 

specificity towards a specific Rho isoform.
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3.7.3 TNF-g signalling to gene expression

Much is known about the mechanisms which regulate TNF-a-induced expression of 

inflammatory response marker proteins such as ICAM-1, VCAM-1, and lL-8. 

Transcription of these proteins downstream of TNF-a signalling is dependent on NF-kB 

activation (Wallach et al., 1999). Briefly, TNF-a treatment causes activation of the 1k-B 

kinases which phosphorylate 1k-B, causing rapid 1k-B degradation which releases its 

inhibition of NF-kB. NF-kB is then able to translocate to the nucleus to induce 

transcription by binding to consensus promoter sequences. lCAM-2 is constitutively 

expressed in endothelial cells and protein levels are decreased by TNF-a stimulation 

(McLaughlin et al., 1998), conversely to lCAM-1. This result was confirmed here, but a 

transient increase in lCAM-2 protein levels was observed 2 hours after TNF-a 

stimulation. Interestingly, the same protein expression pattern was shown by RhoA. 

Analysis of mRNA levels showed that a transient increase in lCAM-2 mRNA levels 

occurred after 1 hour of TNF-a stimulation. Also RhoA mRNA levels increased during 4 

hours of TNF-a stimulation, indicating that lCAM-2 and RhoA transcription may be 

regulated by similar mechanisms. Indeed, it was recently published that both lCAM-2 

and RhoA are transcriptionally controlled by the transcription factor Erg in endothelial 

cells (McLaughlin et al., 2001). Erg was previously shown to regulate the transcription of 

lCAM-2 downstream of TNF-a stimulation of HUVECs. RhoA was identified as an Erg 

target gene by a combined approach of antisense oligonucleotides and differential gene 

expression. In fact, the protein expression data for RhoA presented here was used as a 

personal communication in the article by McLaughlin et al (2001).

Erg is a member of the Ets family of transcription factors which are involved in 

embryonic development, cellular transformation and inflammation. A role for lCAM-2 

in inflammation has yet to be identified and as a result down-regulation of lCAM-2 by 

TNF-a stimulation is not unexpected. However, RhoA down-regulation by TNF-a 

cannot be explained quite so simplistically. TNF-a stimulation induces stress fibre 

formation and subsequent formation of intercellular gaps which could be important for 

leukocyte transmigration. Moreover, monocyte binding to HUVECs requires Rho- 

regulated receptor clustering and lymphocyte transmigration across brain endothelial cell
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monolayers requires endothelial cell Rho activation (Adamson et al., 1999; Wojciak- 

Stothard et al., 1999). In light of this evidence, it is possible that down-regulation of 

RhoA is required to decrease the magnitude of the endothelial cytoskeletal response to 

TNF-o/leukocyte transmigration. Higher levels of total RhoA activity may cause 

irreparable damage to the endothelial monolayer.

However, TNF-a stimulation did not appear to induce any changes in RhoC mRNA 

levels. RhoC has been shown to have a critical role in metastasis of tumour cells (Clark et 

al., 2000). RhoC was found to be upregulated in métastasés derived from 2 tumour cell 

lines. Metastasis was inhibited by N19RhoA, which is likely to inhibit all Rho isoforms 

by titration of RhoGEFs, showing that Rho activity may be necessary, and RhoC 

sufficient, for métastasés in these tumour cell lines. Introduction of RhoC into cells 

induced a motile cytoskeletal phenotype, not typical of that induced by RhoA. Therefore 

it is likely that RhoC induces different cytoskeletal structures from the stress fibres 

induced by RhoA.

RhoE mRNA levels and protein levels appeared to follow the same trend as RhoA after 

TNF-a stimulation. RhoE expression in MDCK cells decreases stress fibre levels and 

increases cell migration speed (Guasch et al., 1998). It is reasonable to expect that when 

endothelial cells need to make stress fibres they would down-regulate levels of proteins, 

such as RhoE, which would inhibit their formation. RhoE has previously been shown to 

be upregulated in activated Rafl-transformed MDCK cells (Hansen et al., 2000). This up

regulation appears to be crucial for multilayering of MDCK cells as introduction of 

activated RhoA reversed the transformed phenotype. RhoE has also been shown to be 

upregulated by UVB irradiation in kératinocytes (Murakami et al., 2001). As RhoE is 

only found in its GTP-bound form, it is possible that an important regulatory control of 

RhoE is expression level. However, there is also a need to test the expression levels of 

Rndl/2 as Rndl is known to decrease stress fibre levels.

As the results shown for mRNA levels of Rho family proteins are presented in their 

quantitative form, only the increase of RhoE after TNF-a stimulation was statistically 

significant. The Lightcycler technology is designed to be extremely sensitive to small 

changes in mRNA levels. However, the system is dependent upon the investigators’ 

ability to pipette 2.0 pi accurately for many repetitions. Moreover the investigator relies
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upon the accuracy of spectrophotometry and serial dilutions to obtain aliquots with 62 

copies/|xl (fmol of DNA) from PCR preparations. Variation between experiments means 

that it is important to generate 3 independent sets of mRNA. As there was only time to 

generate 2 sets of mRNA, the results show definite trends but many of these are not 

statistically significant.

In conclusion, TNF-a induces transcriptional changes in Rho proteins of HUVECs. It is 

likely that RhoA and ICAM-2 are co-regulated and it is also possible that RhoE may be 

controlled by similar mechanisms. As Erg I has been shown to regulate expression of 

RhoA and ICAM-2, using antisense to ablate Ergl expression could be used to 

investigate RhoE expression at the promoter level (McLaughlin et al., 2001).
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CHAPTER 4 - ICAM-1 and ICAM-2 cross-linking
4.1 Introduction
Previous studies have shown that antibody-induced cross-linking of ICAM-1 activates 

intracellular signalling events. In the rat brain-derived microvascular endothelial cell 

lines RBE4 and GP8.3, antibody-induced ICAM-1 cross-linking causes tyrosine 

phosphorylation of cytoskeletal regulatory proteins such as paxillin, focal adhesion 

kinase (FAK), and p i30^^^, as well as the activation of RhoA and formation of stress 

fibres. Cytoskeletal rearrangements induced by ICAM-1 cross-linking in these cells 

require both intracellular calcium release and activation of p38 MAPK.

4.2 ICAM-1 co-clusters moesin and induces stress fibre formation in 

endothelial ceils
To determine whether ICAM-1 cross-linking induced similar effects in primary 

endothelial cells, a similar strategy using antibodies to cross-link ICAM-1 was employed. 

The effects on ERM protein localization and the actin cytoskeleton were observed by 

confocal microscopy. As previously shown, cells stimulated with TNF-a, to upregulate 

ICAM-1 expression, contained a low number of stress fibres and a decreased amount of 

cortical F-actin as compared to unstimulated cells (Fig. 4.01a-c). When ICAM-1 was 

cross-linked for 60 minutes using monoclonal ICAM-1 antibodies followed by 

fluorophore-conjugated goat anti-mouse antibodies a dramatic increase in the number of 

stress fibres was observed (Fig. 4.01 d-f). This was accompanied by elongation of cells 

and also the formation of intercellular gaps (Fig. 4.01 f; arrows). ICAM-1 itself formed 

large clusters that were localized predominantly to the cell periphery. Stress fibres were 

arranged both below and above the nucleus (data not shown) and smaller ICAM-1 

clusters were often localized with F-actin.

Contractile actin filaments are characterized by the incorporation of myosin heavy and 

light chains. In TNF-a-activated cells that were not treated with cross-linking antibodies, 

myosin II light chain showed a diffuse localization throughout the cytoplasm (Fig. 4.02a- 

c). ICAM-1 cross-linking caused incorporation of myosin II into actomyosin stress fibres
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(Fig. 4.02d-f). Interestingly some ICAM-1 clusters also aligned with the actomyosin 

stress fibres.

The ability of ICAM-1 to induce stress fibre formation was further investigated by 

introducing exogenous ICAM-1 into resting HUVECs that had not been stimulated with 

TNF-a (Fig. 4.03). Only low levels of ICAM-1 were observed after transfection, 

although it appeared that the transfection procedure itself may have contributed to the 

low levels of ICAM-1 expressed, as control transfections induced low levels of ICAM-1 

expression (data not shown). However, when low levels of exogenous ICAM-1 were 

cross-linked, thin stress fibres were observed near the apical surface of the HUVECs 

(Fig. 4.03d-f), indicating that ICAM-1 cross-linking can induce stress fibres in the 

absence of TNF-a. The stress fibres are not as substantial as those formed after ICAM-1 

cross-linking in the presence of TNF-a, but ICAM-1 levels are much higher in TNF-a 

stimulated cells.

The localization of moesin after ICAM-1 cross-linking was also investigated by 

immunostaining. Figure 4.04a-c shows that ICAM-1 cross-linking induced dramatic co

clustering of moesin, consistent with previous studies (Wojciak-Stothard et al., 1999). To 

determine whether the moesin that co-clustered with ICAM-1 was C-terminally 

phosphorylated, and therefore activated, an antibody that specifically recognizes C- 

terminally phosphorylated ERM proteins was used. For immunostaining with the rat 

polyclonal anti-CPERM antibody, it was necessary to fix cells in 10% trichloroacetic acid 

(Fig. 4.04d-l). As a result, F-actin microstructures such as microvilli were compromised 

(Fig. 4.04d-f). Staining of HUVECs treated with ICAM-1 cross-linking antibodies for 60 

minutes with the anti-CPERM antibody revealed that C-terminally phosphorylated ERM 

proteins co-clustered with ICAM-1 (Fig. 4.04J-1). Co-clustering of phosphorylated ERM 

proteins with ICAM-1 occurred at both small and large ICAM-1 clusters. The specificity 

of the anti-CPERM antibody in immunofluorescence protocols was checked by 

comparing staining of untreated HUVECs with HUVECs that had been pre-treated with 

the general kinase inhibitor staurosporine. Staurosporine decreased staining of HUVECs 

with the anti-CPERM antibody (Fig. 4.05).

It is possible that the cross-linking of ICAM-1 could induce co-clustering of other 

transmembrane proteins involved in leukocyte transmigration. VCAM-1 protein levels
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are increased dramatically by treatment of endothelial cells with TNF-a, and VCAM-1 

has been shown to have important roles in transmigration of leukocytes. Cross-linking of 

ICAM-1 for 60 minutes on TNF-a-stimulated HUVECs did not cause co-clustering of 

VCAM-1 (Fig. 4.06). Infact, the pattern of staining for VCAM-1 appeared to be the 

reverse of ICAM-1 at this time-point. VCAM-1 did not form organized clusters, but was 

present at all areas of the plasma membrane where ICAM-1 was absent. Merged images 

show this phenomenon particularly clearly (Fig. 4.06c). This indicates that the effects of 

ICAM-1 cross-linking can be ascribed specifically to ICAM-1 and not VCAM-1 and 

ICAM-1 together.

Taken together, these results clearly demonstrate that ICAM-1 cross-linking induces the 

formation of stress fibres in primary endothelial cells, consistent with previously 

published data. ICAM-1 cross-linking causes co-clustering of phosphorylated ERM 

proteins and VCAM-1 is absent from clusters of ICAM-1.
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Figure 4.01. ICAM-1 cross-linking causes stress fibre formation. HUVECs were 

stimulated with TNF-a (10 ng/ml) for 24 hours. In a-c, cells were treated with anti- 

ICAM-1 mouse monoclonal antibody (BBA4) and then fixed in 4% PP. In d-f, cells were 

treated with anti-ICAM-I antibody for I hour, washed, and then treated with Alexa 488- 

conjugated goat anti-mouse (GAM) antibody for I hour to cross-link ICAM-1.Cells were 

then fixed in 4% paraformaldehyde. In a-c, cells were immunostained with Alexa 488- 

GAM, then re-fixed, permeabilized in 0.2% TX-IOO for 6 minutes, and then blocked and 

immunostained for F-actin. In d-f, cells were permeabilized, blocked and immunostained 

for F-actin. ICAM-I is shown in a and d, F-actin in b and e, and the merged image is 

shown in c and f. In merged images ICAM-I is shown in green and F-actin is shown in 

red. Arrow indicates intercellular gaps. Bars 10 p,m.
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Figure 4.02. ICAM-1 induced stress fibres are contractile. TNF-a-stimulated 

HUVECs were either left untreated (a-c) or subjected to ICAM-1 cross-linking for 30 

minutes prior to fixation (d-f). After fixation, cells were immunostained for Myosin II 

using a rabbit polyclonal anti-Myosin II antibody. ICAM-I is shown in a and d, Myosin 

II in b and e, merged images in c and f. In merged images ICAM-I is shown in green and 

Myosin II is shown in red. Bar 10 |im.
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Figure 4.03. Exogenous ICAM-1 induces stress fibres in resting HUVECs. Resting 

HUVECs were transfected with pcDNA3-ICAM-l and left to express for 48 hours 

(including starvation period). As previously, HUVECs were either left untreated (a-c) or 

subjected to ICAM-1 cross-linking for 60 minutes prior to fixation (d-f). Cells were 

immunostained with Alexa 488-GAM and TRITC-phalloidin (a-c), or TRITC-phalloidin 

(d-f). ICAM-1 is shown in a and d, F-actin in b and e, merged images in c and f. In 

merged images, ICAM-I is shown in green and F-actin is shown in red. Bar 10 pm.
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Figure 4.04. C-terminally phosphorylated ERMs co-cluster with ICAM-1. HUVECs 

were stimulated with TNF-a for 24 hours and then either left untreated (d-f), or subjected 

to ICAM-1 cross-linking for 30 (g-i) or 60 minutes (a-c, j-1). In a-c, cells were fixed in 

4% PF and immunostained for moesin. In d-1, cells were fixed in 10% trichloroacetic acid 

(TCA) and immunostained for CPERMs using the rat monoclonal antibody 297S. ICAM- 

1 is shown in a, d, g, and j, moesin is shown in b, CPERMs are shown in e, h, and k, and 

merged images are shown in c, f, i, and 1. In merged images ICAM-1 is shown in green, 

moesin and CPERM are shown in red. Bars 10 pm.
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Figure 4.05. Staurosporine decreases CPERM staining. HUVECs were grown in the 

absence (b and c) or presence (a) of the general kinase inhibitor staurosporine (1 pM: 45 

minutes). In a-c, cells were fixed in 10% TCA and immunostained for CPERMs. The 

apical surface of cells in (b) is shown in (c).
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Figure 4.06. VCAM-1 does not co-cluster with ICAM-1. HUVECs were stimulated 

with TNF-a for 24 hours. Cells were subjected to ICAM-1 cross-linking treatment for 60 

minutes and fixed in 4% PF. Cells were stained for VCAM-1 using a goat polyclonal 

anti-VCAM-1 antibody. lCAM-1 is shown in a, VCAM-1 is shown in b, merged image is 

shown in c. In the merged image, lCAM-1 is shown in red and VCAM-1 is shown in 

green.
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4.3 ICAM-2 cross-linking does not induce stress fibres or co-cluster 

moesin
ICAM-2 was identified on the basis that it binds to the same extracellular ligand as 

ICAM-1, namely LFA-1 (Staunton et al., 1989). The extracellular domains of ICAM-2 

share 35% sequence homology with domains I and II of ICAM-1. Moreover, the 

cytosolic tails of ICAM-I and ICAM-2 both interact with ERM proteins in vitro (Heiska 

et al., 1998). It is thus possible that ICAM-2 cross-linking would induce similar effects 

on primary endothelial cells as ICAM-1 cross-linking. The effects of ICAM-2 cross- 

linking on cytoskeletal rearrangements and ERM protein localization were therefore 

determined.

In contrast to ICAM-1, antibody cross-linking of ICAM-2 for 60 minutes on resting 

HUVECs only induced the formation of small clusters of ICAM-2 and had no effect on 

the arrangement of F-actin (Fig. 4.07a-d). The size of ICAM-2 clusters formed were not 

dependent upon the source of the mouse monoclonal antibody used as two different 

monoclonals were tested (data not shown). As TNF-a stimulation of HUVECs for 2 

hours transiently increased ICAM-2 protein levels (Ch. 3.5.1), ICAM-2 was cross-linked 

after a 2-hour TNF-a stimulation. Again, ICAM-2 cross-linking had no effect on the 

actin cytoskeleton (data not shown). The experiment was repeated after 24 hours of TNF- 

a  stimulation, but no effects on the actin cytoskeleton were observed (Fig. 4.07e-h). This 

was confirmed by staining ICAM-2-cross-linked cells for myosin II. No notable increase 

in myosin Il-containing stress fibres was observed (Fig. 4.07i-l).

ERM proteins did not co-cluster with ICAM-2 after antibody-induced ICAM-2 cross- 

linking on resting endothelial cells (Fig. 4.08a-c). As well as transiently increasing 

ICAM-2 levels, TNF-a stimulation was also shown to increase ERM phosphorylation 

levels (Fig. 3.07a). It was therefore possible that more ERM proteins would be able to 

interact with ICAM-2 after a 2-hour TNF-a stimulation than in resting cells. However, 

repeating the cross-linking experiment after TNF-a stimulation did not alter the 

localization of ERM proteins (data not shown).
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Figure 4.07. ICAM-2 cross-linking does not affect the actin cytoskeleton. HUVECs 

were either untreated (a-d) or stimulated with TNF-a (10 ng/ml) for 24 hours (e-1). In a, 

b, e, f, i, and j, cells were incubated with mouse monoclonal anti-ICAM-2 antibody for 60 

minutes and then fixed with 4% PF. In c, d, g, h, k, and 1, cells were incubated with anti-
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ICAM-2 for 60 minutes followed by Alexa 488-GAM for 60 minutes and then fixed in 

4% PF. Cells were then immunostained for either F-actin (a-h) or Myosin II (i-1). ICAM- 

2 is shown in a, c, e, and g, F-actin is shown in b, d, f, and h, Myosin II is shown in i and 

k, and merged images are shown in j and 1. In merged images ICAM-2 is shown in green 

and Myosin II is shown in red. Bar 10 |xm.
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Figure 4.08. Moesin does not co-cluster with ICAM-2. Resting HUVECs were 

subjected to ICAM-2 cross-linking treatment for 60 minutes, fixed in 4% PF and 

immunostained for moesin. ICAM-2 is shown in a, moesin is shown in b, and the merged 

image is shown in c. In the merged image, ICAM-2 is shown in green and moesin is 

shown in red. Bar 10 |im.
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4.4 Rho activity after ICAM cross-linking
The results from sections 2 and 3 in this chapter suggest that ICAM-1 cross-linking 

causes activation of Rho (stress fibre formation) whereas ICAM-2 cross-linking does not. 

To prove definitively that Rho is activated, a method to measure the levels of GTP-bound 

Rho is required. For some time the only method for assaying Rho activity was to 

immunoprecipitate the specific Rho family member and measure the bound levels of 

radioactive GTP. Briefly, cells would be radioactively labelled with [^^P] orthophosphate. 

After addition of stimuli, cells were lysed and Rho proteins were immunoprecipitated. 

Radioactive guanine nucleotides that were bound to Rho were captured by competition 

with cold GTP and GDP. Subsequently, nucleotides would be separated by thin layer 

chromatography (TLC) and areas that co-mi grate with GTP and GDP standards were 

scraped and measured for radioactivity by scintillation counting. Although accurate, this 

method is laborious and hazardous and has since been replaced by the Rho pull-down 

method described in chapter 3.

The Rho pull-down assay was employed to determine the activity of RhoA after 

treatment of HUVECs with ICAM cross-linking antibodies. All experiments were 

performed after a 24-hour treatment of HUVECs with TNF-a to ensure maximal ICAM- 

1 expression and consistency of background RhoA activity levels. RhoA activity was 

increased after 30 minutes of ICAM-1 cross-linking whereas RhoA activity was not 

altered after ICAM-2 cross-linking (Fig. 4.09a). The increase in RhoA activity after 

ICAM-1 cross-linking was initiated between 15 and 30 minutes after antibody treatment. 

Levels of total RhoA in cell lysates were determined by western blotting and are also 

shown in Figure 4.09a. Quantitation of RhoA activity levels was carried out by taking 

photodensitometry readings of “active RhoA” bands and normalizing against 

photodensitometry readings of “total RhoA” bands. ICAM-1 cross-linking for 60 minutes 

induced a 2.6-fold increase in RhoA activity as compared to resting levels (Fig. 4.09b). It 

is therefore clear that ICAM-1 activates RhoA in primary endothelial cells whereas 

ICAM-2 does not significantly affect RhoA activity. In this instance, the Rho pull-down 

assay was also shown to be an excellent tool for biochemical confirmation of results 

obtained by cell biological analysis.
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Interestingly, the RhoA antibody used for immunoblotting always recognized two bands 

when assaying the levels of active RhoA after the pull-down assay. This pattern was not 

always seen when immunoblotting for RhoA from HUVEC lysates. It is possible that one 

of these 2 bands represents a different Rho family member which is recognized by the 

RhoA antibody, such as RhoB or RhoC. Alternatively, it has been shown that Rho family 

proteins become lipid modified when they are targeted to the membrane, and that this 

lipid-modification causes RhoA to migrate faster on SDS-PAGE. Therefore the 2 bands 

observed in Figure 4.09a could represent the lipid-unmodified and modified forms of 

RhoA.
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Figure 4.09. ICAM-1 but not ICAM-2 cross-linking activates RhoA.

(a) Rho activity was assayed using GST-TRBD to pull-down GTP-bound Rho only. 

Confluent 10-cm dishes of starved HUVECs were treated with TNF-a (10 ng/ml) for 24
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h. Following ICAM-1/ICAM-2 clustering, cells were lysed at the indicated timepoints. 

Lysates were then incubated with GST-TRBD on glutathione beads for 60 minutes and 

bound proteins were resolved by 13% SDS-PAGE (upper panel). Proteins were 

transferred to PVDF membranes and immunoblotted for RhoA using mouse monoclonal 

anti-RhoA antibody. A fraction of each lysate was retained to determine the relative level 

of Rho (Total Rho) in each lysate by immunoblot analysis (lower panel). Blots shown are 

representative of three separate experiments, (b) Relative RhoA activation was quantified 

using photodensitometry. The data represent means +/- S.D. of three independent 

experiments. Densitometry readings for activation were normalized to ‘Total Rho” 

densitometry readings for each individual treatment. RhoA activation induced by ICAM- 

1 clustering was significantly different from that produced by ICAM-2 clustering 

(p<0.005) as determined by the paired Student’s t test.
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4.5 ICAM-1 and ICAM-2 cross-linking induce changes in gene 

expression
A major endothelial cell response to extracellular stimuli is to change their gene 

expression profile. As shown in chapter 3, TNF-a stimulation of HUVECs causes a wide 

variety of transcriptional changes. Rho activity can also affect gene expression. In 

particular, Rho has been shown to enhance transcriptional activation of c-fos (Bar-Sagi 

and Hall, 2000), egr-1 and cox-2. As ICAM-1 cross-linking induced the activation of 

RhoA, it would be interesting to determine whether ICAM cross-linking could induce 

changes in transcription levels of specific genes. Real-time PCR was used to monitor 

changes in mRNA levels of rhoA, rhoE, and the early response gene c-fos after both 

ICAM-1 and ICAM-2 cross-linking on HUVECs. ICAM-1 cross-linking induced an 

increase in RhoA mRNA levels (Fig. 4.10a). 90 minutes of ICAM-1 cross-linking 

induced a 1.6-fold increase in RhoA mRNA levels. In contrast, ICAM-2 appeared to 

induce a gradual decrease in RhoA mRNA levels over the 90 minute timecourse of cross- 

linking. Western blotting was used to determine whether the changes in RhoA mRNA 

levels resulted in changes in protein levels (Fig. 4.10b). Consistent with the mRNA data, 

ICAM-1 cross-linking increased the levels of RhoA in HUVEC whole cell lysates to 1.6- 

fold higher than control levels 135 minutes after cross-linking. Interestingly, the mouse 

monoclonal anti-RhoA antibody used for western blotting detected 2 additional protein 

bands after ICAM-1 cross-linking that were not the cross-linking antibodies themselves 

(Fig. 4.10b;arrowheads). The molecular weights of these protein species were between 40 

and 45 kDa, an approximate molecular weight for a theoretical RhoA dimer. Also, it is 

possible that RhoA could become modified by the covalent addition of a sumo moiety. 

Sumoylation is known to protect proteins from ubiquitination and subsequent 

degradation, and addition of the sumo moiety increases the molecular weight of the 

acceptor protein by approximately 20 kDa. In contrast, ICAM-2 cross-linking did not 

cause any significant change in RhoA protein levels. Although this does not concur with 

the decrease in mRNA levels shown above, it is possible that ICAM-2 cross-linking 

could induce signals which protect RhoA protein from degradation.
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RhoE is a member of the Rho GTPase family which is only found in a constitutively 

GTP-bound state. Overexpression of RhoE has been shown to induce a decrease in stress 

fibres and focal adhesions and increase the speed of cell migration. As RhoE is always 

GTP-bound, it is possible that RhoE activity is controlled by changes in protein level. 

Indeed, oncogenic Raf-transformed cell lines contain elevated levels of RhoE (Hansen et 

al., 2000). In this study, 90 minutes of ICAM-1 cross-linking on HUVECs induced a 2.5- 

fold increase in RhoE mRNA levels as assayed by real-time PCR (Fig. 4.11a). Even after 

60 minutes of ICAM-1 cross-linking RhoE mRNA levels were increased above resting 

levels. ICAM-2 cross-linking was also able to induce a small increase in RhoE mRNA 

levels. Western blotting using a rabbit polyclonal anti-RhoE antibody showed that RhoE 

protein levels were increased by both ICAM-1 and ICAM-2 cross-linking, although more 

potently by ICAM-1 cross-linking (Fig. 4.11b). RhoE protein levels were increased by 

after 60 minutes of ICAM-1 cross-linking whereas RhoE levels were increased only after 

135 minutes of ICAM-2 cross-linking. These results are consistent with the mRNA data 

shown in figure 4.11a.

The immediate early response gene c-fos has been shown to be regulated by many 

promoter elements, among which the serum response element (SRE) is believed to play a 

major role. A transcription factor known as the serum response factor (SRF) binds to the 

SRE to facilitate c-fos gene transcription (Bar-Sagi and Hall, 2000). Rho has been shown 

to stimulate c-fos transcription through activation of SRF. The precise mechanism of SRF 

activation by Rho is not clear although the concentration of G-actin present is thought to 

be important. More recently it was reported that Rho-regulated gene expression is 

mediated by the ERK6 (p38y) MAP kinase pathway (Marinissen et al., 2001). ICAM-1 

cross-linking on HUVECs for 60 minutes induced a 7-fold increase in c-fos mRNA levels 

(Fig. 4.12a). This increase was transient, as after 90 minutes of ICAM-1 cross-linking c- 

fos  mRNA levels had returned to resting levels. This transient and potent response is 

typical of c-fos gene induction. ICAM-2 cross-linking induced a minor increase in c-fos 

mRNA levels. This could reflect a transcriptional response to the addition of antibodies to 

the cells, rather than a specific effect of ICAM-2 cross-linking. Western blotting for c-
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Fos protein levels after ICAM cross-linking was attempted with a commercial anti-Fos 

antibody, but none recognized a protein of the size of c-Fos (data not shown)
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Figure 4.10. ICAM-1, but not ICAM-2, cross-linking induces RhoA transcription

(a) TNF-a-stimulated HUVECs were treated with ICAM-1 or ICAM-2 cross-linking 

antibodies for 60 and 90 minutes. Total RNA was isolated and analysed for rhoA mRNA 

expression using 5’ and 3’ rhoA primers in the Lightcycler. Results are from two separate 

treatments. Results are shown as a qualitative measure of fold increase from RhoA 

mRNA levels in cells untreated with antibodies. The results are from two separate cross- 

linking treatments, (b) HUVECs were treated with cross-linking antibodies for either 60 

or 135 minutes and then lysed in 2x Laemmli sample buffer. RhoA was analysed by 

western blotting. The upper blot shows proteins of 40-45 kDa Mw recognized by the 

RhoA immunoblotting antibody, the middle blot shows RhoA, whereas the lower blot 

shows a-tubulin.
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Figure 4.11. ICAM-1 and ICAM-2 cross-linking induce RhoE transcription.

a) TNF-a-stimulated HUVECs were treated with ICAM-1 or ICAM-2 cross-linking 

antibodies for 60 and 90 minutes. Total RNA was isolated and analysed for rhoE mRNA 

expression using 5’ and 3’ rhoE primers in the Lightcycler. Results are from two separate 

treatments. Results are shown as a qualitative measure of fold increase from RhoE 

mRNA levels in cells untreated with antibodies. The results are from two separate cross- 

linking treatments, (b) HUVECs were treated with cross-linking antibodies for either 60 

or 135 minutes and then lysed in 2x Laemmli sample buffer. RhoE was analysed by 

western blotting.
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Figure 4.12. ICAM-1, but not ICAM-2, cross-linking induces c-Fos transcription.

HUVECs were treated with ICAM-1 or ICAM-2 cross-linking antibodies for 60 and 90 

minutes. Total RNA was isolated and analysed for expression of c-fos using real-time 

PCR and specifically designed 5’ and 3’ c-fos primers. Results are shown as a 

quantitative measure of fold increase from c-fos mRNA levels in untreated cells. The 

results are from two separate cross-linking treatments.
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4.6 ICAM-1 clusters align with stress fibres and moesin
ICAM-1 cross-linking on primary endothelial cells activates RhoA, activates gene 

expression and causes co-clustering of the active form of the ERM family member 

moesin. To investigate the kinetics of ICAM-1 clustering we used timelapse video

microscopy was used to observe ICAM-1 cluster movements. This experiment by its 

nature also limits the amount of antibodies that are incubated with the cells, as all excess 

cross-linking antibodies must be removed to reduce background fluorescence. Timelapse 

microscopy was performed using a confocal microscope fitted with a heated stage. 

HUVECs were incubated in a Hanks Balanced Salt Solution/HEPES-based medium. This 

specialized medium is air-buffered, retaining physiological pH without the need for a 

CO2  chamber. Control HUVECs were loaded with the cell-permeant dye 5- 

carboxyfluorescein diacetate, acetoxymethyl ester (5-CFDA) and filmed for 2 hours to 

show that monolayer integrity was not compromised by the experimental conditions.

The principal reason for using the confocal microscope for this experiment was that 

images could be collected at high magnification. This was necessary to visualize the 

small ICAM-1 clusters that are formed during cross-linking. The only minor problem 

encountered when using the confocal microscope was that the heated stage tended to drift 

out of focus during the ICAM cross-linking. This could be adjusted manually during the 

filming, the effects of which can be seen during the videos. Although this situation was 

not ideal, the benefits of higher resolution far outweighed the inconvenience of manual 

stage adjustment.

ICAM-1 cross-linking induced considerable endothelial cell movement and formation of 

large peripheral ICAM-1 clusters often occurred following cell contraction, leading to 

concentration of existing smaller clusters (ICAM-1 video; Fig. 4.13a-d; arrowhead). 

Interestingly, after approximately 30 minutes of ICAM-1 cross-linking, small ICAM-1 

clusters were often arranged in lines during contraction (Fig. 4.13d; arrows). In videos of 

cells treated with ICAM-2-cross-linking antibodies, small ICAM-2 clusters formed 

rapidly (in < 10 minutes) but subsequently clusters did not move appreciably or arrange 

in lines (ICAM-2 Video; Fig. 4.13e-g). In comparison to ICAM-1 cross-linking very little 

cell movement and no cell contraction or retraction was observed.
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It was possible that ICAM-1 alignment was linked to stress fibres formed during the 

ICAM-1 cross-linking response. Triple immunofluorescence staining was used to 

investigate the localization of ICAM-1, F-actin and moesin after 15 and 30 minutes of 

ICAM-1 cross-linking. The images in figure 4,I4a-h show that ICAM-1 co-aligned with 

apical and peripheral stress fibres after 15 and 30 minutes of ICAM-1 cross-linking. 

Moreover, moesin co-localized with the aligned ICAM-1 clusters, indicating that moesin 

may form a molecular bridge between ICAM-1 clusters and stress fibres.

In order to investigate whether ICAM-1 clustering would have similar effects on 

cytoskeletal arrangements in another cell type, ICAM-1 was transfected into HeLa cells 

and then cross-linked using the same antibodies. HeLa cells are of human epithelial 

origin and contain numerous microvilli at their apical membranes. Transfected HeLa cells 

left untreated with antibodies expressed exogenous ICAM-1, which was predominantly 

localized to F-actin-containing microvilli (Fig. 4.15a-d; arrows). When ICAM-1 was 

cross-linked using monoclonal antibodies, ICAM-1 remained localized to the apical 

membrane microvilli, with no discernable change in localization (Fig. 4.15e-h; arrows). 

Also, no increase in stress fibre levels was detected, indicating that epithelial cells do not 

respond to ICAM-1 cross-linking in the same way as endothelial cells.

ICAM-2 was also transfected into HeLa cells and cross-linked to determine whether 

ICAM-2 could initiate intracellular signaling to the actin cytoskeleton in epithelial cells. 

Exogenous ICAM-2 localized to microvilli in a similar fashion to ICAM-1 (Fig. 4.16a-d; 

arrows). However, ICAM-2 cross-linking pulled ICAM-2 away from the microvilli to 

form small clusters reminiscent of those observed upon ICAM-2 cross-linking in 

HUVECs (Fig. 4.16e-h; arrowheads). No increase in stress fibre number was observed. 

Moesin was always localized to the microvilli, irrespective of the transfected ICAM 

present or whether the cells were antibody treated or not (Fig. 4.16 g-i). These results 

indicate that endothelial cells are specifically programmed to respond to ICAM-1 cross- 

linking in a different manner as epithelial cells did not appear to respond at all. 

Interestingly, release of ICAM-2 from microvilli after cross-linking suggested that the 

molecular links between ICAM-2 and the actin cytoskeleton in epithelial cells were 

weaker than those which exist between ICAM-1 and the actin cytoskeleton.
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Figure 4.13. Movement of clustered ICAM-1 and ICAM-2 analysed by time-lapse 

video microscopy

TNF-a-activated HUVECs were incubated with either anti-ICAM-1 antibody (a-d) or 

anti-ICAM-2 antibody (e-g). Cells were then washed in conditioned media and incubated 

with Alexa 546-conjugated goat anti-mouse antibody for 2 minutes. Excess antibody was 

washed off and cells were incubated in an air-buffered Hanks/HEPES-based media. 

Images of ICAM clusters were grabbed every 62 seconds over a 50-minute time period 

using a Zeiss confocal microscope. Pictures represent still frames from videos produced 

after image animations. The accompanying videos show changes in ICAM-1 (ICAM-1 

video) and ICAM-2 (ICAM-2 video) localization over the 50-minute time period. 

Arrows in d show ICAM-1 clusters aligning alongside intercellular gaps, arrowheads 

show large ICAM-1 clusters formed. Arrows in g show ICAM-2 clusters that have not 

moved. ICAM-1 localization is shown at 5 minutes (a), 17 minutes (b), 33 minutes (c), 

50 minutes (d) after addition of secondary goat anti-mouse antibody. ICAM-2 

localization is shown at 10 minutes (e), 30 minutes (f), 50 minutes (g) after addition of 

secondary goat anti-mouse antibody. Bar 10 fim.
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Figure 4.14. ICAM-1 clusters co-align with stress fibres. HUVECs were stimulated 

with TNF-a for 24 hours and then subjected to ICAM-1 cross-linking treatment for 30 

minutes. After fixing and permeabilization, cells were stained for F-actin using TRITC- 

phalloidin and moesin using a rabbit polyclonal anti-moesin antibody and Cy5- 

conjugated goat anti-rabbit antibody. Cells in e-h are shown at higher magnification to 

show co-alignment of clusters and stress fibres (h; arrows). In merged images (d and h) 

ICAM-1 is shown in green, moesin in red, and F-actin in blue. Bars 10 /xm.
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Figure 4.15. ICAM-1 cross-linking in HeLa ceils. HeLa cells were transfected with 

pcDNA3-ICAM-l and left to express protein for 48 hours. In a-d, cells were treated with 

anti-ICAM-1 mouse monoclonal antibody and then fixed in 4% PF. In e-h, cells were 

treated with anti-ICAM-1 antibody for 1 hour, washed, and then treated with Alexa 488- 

conjugated goat anti-mouse (GAM) antibody for 1 hour to cross-link ICAM-1.Cells were 

then fixed in 4% paraformaldehyde. In a-d, cells were immunostained with Alexa 488- 

GAM, then re-fixed, permeabilized in 0.2% TX-lOO for 6 minutes, and then blocked and 

immunostained for F-actin and moesin. In e-h, cells were permeabilized, blocked and 

immunostained for F-actin and moesin. ICAM-1 is shown in a and e, moesin is shown in 

b and f, F-actin is shown in c and g, and the merged images are shown in d and h. In 

merged images ICAM-1 is shown in green, moesin is shown in red and F-actin is shown 

in blue. Arrows indicate microvilli. Bar 10 |xm.
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Figure 4.16. ICAM-2 cross-linking in HeLa cells. HeLa cells were transfected with 

pcDNA3-ICAM-2 and left to express protein for 48 hours. In a-d, cells were treated with 

anti-ICAM-2 mouse monoclonal antibody and then fixed in 4% PF. In e-h, cells were 

treated with anti-ICAM-2 antibody for I hour, washed, and then treated with Alexa 488- 

conjugated goat anti-mouse (GAM) antibody for 1 hour to cross-link ICAM-2.Cells were 

then fixed in 4% paraformaldehyde. In a-d, cells were immunostained with Alexa 488- 

GAM, then re-fixed, permeabilized in 0.2% TX-IOO for 6 minutes, and then blocked and 

immunostained for F-actin and moesin. In e-h, cells were permeabilized, blocked and 

immunostained for F-actin and moesin. ICAM-2 is shown in a and e, moesin is shown in 

b and f, F-actin is shown in c and g, and the merged images are shown in d and h. In 

merged images ICAM-2 is shown in green, moesin is shown in red and F-actin is shown 

in blue. Arrows indicate microvilli whereas arrowheads show areas of ICAM-2 

localization alone. Bar 10 pm.
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4.7 Monocytes cause clustering of ICAM-1 and flow induces EC 

alignment and subsequent directed monocyte migration
All of the ICAM-1 cross-linking experiments carried out so far were performed under 

static conditions where endothelial cells were not subjected to the physiological blood 

flow forces that they would encounter in vivo. Shear stress itself induces the formation of 

apical stress fibres in endothelial cells (Franke et aL, 1984). Shear stress can be simulated 

in the laboratory by using flow chambers where media is passed over HUVECs with 

parameters set to mimic blood flow. To investigate the effects of shear stress on ICAM-1 

alignment, HUVECs were grown on fibronectin-coated flaskettes until confluent and then 

placed into the flow chambers. HUVECs were subjected to physiological post-capillary 

shear stress of 1.5 dynes cm'^ for 24 hours to induce EC alignment. To increase ICAM-1 

expression, aligned HUVECs were stimulated with TNF-a (20 ng/ml) for 4 hours, after 

which shear stress was stopped. Cells were fixed or treated with ICAM-1 cross-linking 

antibodies and then stained for F-actin (Fig. 4.17a-c). HUVECs displayed apical stress 

fibres in response to shear stress (Fig. 4.17b). ICAM-1 was localized on the apical 

surface and on microvilli, which had a tendency to align their shape in the direction of 

endothelial cell alignment and some localized along stress fibres (Fig. 4.17a). Cross- 

linking of ICAM-1 for 15 minutes after shear stress had been stopped caused alignment 

of ICAM-1 clusters with apical stress fibres (Fig. 4.17d-f), similar to the results obtained 

after ICAM-1 cross-linking under static conditions (compare to Fig. 4.14). 

Antibody-induced cross-linking of ICAM-1 is used as a model to mimic leukocyte 

binding to endothelial cells. It was previously shown that monocyte binding to HUVECs 

induced ICAM-1 clustering around the periphery of the monocyte (Wojciak-Stothard et 

al., 1999). To confirm that this occured under the experimental conditions employed here, 

monocytes were allowed to adhere to TNF-a-activated HUVECs for 15 minutes. Cells 

were washed and then stained for ICAM-1 and F-actin. Figure 4.18 shows that monocyte 

adherence to HUVECs caused ICAM-1 clustering underneath the whole area of the 

monocyte. It is interesting to note that small stress fibres were present at the endothelial 

cell apical surface where monocytes adhered (Fig. 4.18d).

It is tempting to speculate that the alignment of ICAM-1 with apical stress fibres in 

HUVECs, whether induced by ICAM-1 cross-linking alone or by a combination of shear
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stress and ICAM-1 cross-linking, could affect the lateral migration of leukocytes on the 

apical surface of endothelial cells. The direction of lateral migration of monocytes on the 

apical surface of HUVECs that had been pre-aligned by shear flow was investigated. 

Monocytes were allowed to adhere to and migrate for 45 minutes over HUVEC 

monolayers that had been exposed to physiological shear flow for 24 hours. Afterwards, 

cells were fixed and stained for F-actin. The majority of monocytes migrating across the 

apical surface of endothelial cells polarized in the direction of HUVEC and stress fibre 

alignment (Fig. 4.19a; arrows and Fig. 4.19b). However, at this time, the majority of 

monocytes had already transmigrated through the monolayer (Fig. 4.19; arrowheads). 

The direction of monocyte migration was determined by individual cell tracking as 

previously described (Ch. 2.2.3.7). Although monocytes were allowed to migrate under 

static conditions, so that flow itself did not influence their direction of migration, 84% of 

moving monocytes migrated within 45° + or - the direction of HUVEC alignment prior to 

transmigration (Fig. 4.20b). A possible control for this experiment would be to assess the 

direction of monocyte migration on HUVECs that had not been pre-aligned by shear 

stress. However, as there would be no endothelial cell alignment, there would not be a 

reference direction from which to track the directional migration of monocytes.
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Figure 4.17. ICAM-1 localization after during physiological shear stress.

HUVECs were grown on fibronectin-coated slides until confluent and then placed in a 

flow chamber and exposed to post-capillary physiological shear stress of 1.5 dynes/cm^ 

for 24 hours. Circulating medium was then supplemented with TNF-a at 20 ng/ml for 4 

hours to induce expression of ICAM-1. In a-c, cells were fixed in 4% PF and 

immunostained for ICAM-1 and F-actin. In d-f, cells were subjected to ICAM-I cross- 

linking treatment for 15 minutes whilst in the flow chamber and then fixed and 

immunostained for F-actin. Bar 10 pm.
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Figure 4.18. Monocyte binding to HUVECs causes ICAM-1 clustering. Primary 

human monocytes were allowed to adhere to TNF-a-stimulated HUVECs for 10 minutes. 

In a-c, cells were fixed and immunostained for ICAM-1 and F-actin. ICAM-1 is shown in 

a, F-actin is shown in b, and the merged image is shown in c. In the merged image 

ICAM-I is shown in blue and F-actin is shown in red. Bar 10 p,m. A zoomed image of an 

F-actin immunostain of a monocyte bound to the apical surface of a HUVEC is shown in 

d. Bar 5 pm.
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Figure 4.19. Monocytes can polarize in the direction of HUVEC alignment

HUVECs were exposed to shear stress and TNF-a as previously described. Flow was 

then stopped and cells, still positioned in the flow chamber, were transferred to a time- 

lapse microscope stage supplemented with CO2 and kept at 37°C. Media was removed 

and replaced with new starvation media containing 1x10^ primary human monocytes. 

After 1 hour of migration, cells were fixed and immunostained for F-actin. (a) A low 

magnification image of monocytes in different stages of transmigration through the 

HUVEC monolayer. Monocytes at interendothelial junctions are indicated by 

arrowheads, whereas arrows indicate monocytes on the apical surface of endothelial cells, 

(b) A higher magification image of the monocyte indicated by the lower arrow in (a). 

Bars 10 pm.
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Figure 4.20. Monocytes preferentially migrate in the direction of HUVEC 

alignment.

HUVECs were grown on fibronectin-coated slides until confluent and then placed in a 

flow chamber and exposed to post-capillary physiological shear stress of 1.5 dynes/cm^ 

for 24 hours. Circulating medium was then supplemented with TN F-a at 20 ng/ml for 4 

hours to induce expression of ICAM-1. Flow was then stopped and cells, still positioned
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in the flow chamber, were transferred to a time-lapse microscope stage supplemented 

with CO2  and kept at 37°C. Media was removed and replaced with new starvation media 

containing 1x10^ primary human monocytes. Migration of monocytes over the 

endothelium was then filmed for a period of one hour, one frame taken every 60 seconds. 

A phase-contrast image of the monocytes migrating over HUVEC apical surface is shown 

in a. (b) HUVEC alignment and monocyte migration were tracked using Kinetic Imaging 

Tempus Video Software, For inclusion in statistical analysis, monocytes were required to 

migrate at least 75% of the length of an elongated endothelial cell.
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4.8 Discussion
Leukocyte transmigration is thought to occur in four stages; leukocyte tethering and 

rolling, activation of leukocyte integrins, firm adhesion of leukocytes, and diapedesis. 

The attachment of leukocytes to endothelial cells requires interaction between leukocyte 

integrins and endothelial adhesion molecules such as ICAM-1 and VCAM-1. ICAM-1 is 

critical for leukocyte transmigration, and ICAM-1 has previously been shown to signal to 

the actin cytoskeleton in brain endothelial cell lines. Interestingly ICAM-2, which does 

not appear to have a role in inflammation, has similar properties to ICAM-1 in that it 

binds ezrin in vitro and co-localizes with moesin and F-actin in endothelial microvilli. 

This chapter investigated the ability of ICAMs to induce intracellular signaling in 

primary vascular endothelial cells.

4.7.1 ICAM-1 cross-linking

Firm attachment of leukocytes occurs after leukocyte integrins, such as LFA-1 and VLA- 

4, become activated to a high-affinity conformational state and then become clustered. 

Leukocyte binding therefore causes ICAM-1 clustering (Fig. 4.18). Antibody-induced 

ICAM-1 cross-linking is thus a suitable mimic of leukocyte binding, allowing 

investigation of endothelial signaling to the actin cytoskeleton.

Consistent with previous reports (Etienne et al., 1998), ICAM-1 cross-linking on 

HUVECs induced activation of RhoA and formation of stress fibres and intercellular 

gaps. Cross-linking of exogenous ICAM-1 in resting HUVECs was still able to induce 

stress fibre formation, implying that TNF-a signalling is not important for ICAM-1- 

induced stress fibre formation. Exclusion of VCAM-1 from clusters of ICAM-1 indicates 

that these responses do not involve VCAM-1. Furthermore, ICAM-1 cross-linking caused 

co-clustering of activated (C-terminally phosphorylated) ERM proteins. Antibody- 

induced ICAM-1 cross-linking is likely to activate the majority of ICAM-1 molecules 

that are present at the apical surface, whereas leukocyte binding to endothelial cells will 

only engage a proportion of ICAM-1. By transfecting ICAM-1 into endothelial cells it 

was shown that only a small amount of ICAM-1 is necessary to induce stress fibre 

formation.
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ICAM-1 cross-linking has been shown to induce activation of transcriptional regulators. 

ICAM-1 stimulation of brain endothelial cells induced activation of the c-Jun N-terminal 

kinase (JNK) (Etienne-Manneville et al., 1999), which is responsible for phosphorylation 

of c-Jun and activation of the AP-1 transcription factor. In addition ICAM-1 induced 

phosphorylation of the transcription factor cAMP response element-binding protein 

(Etienne-Manneville et al., 1999). ICAM-1 cross-linking on HUVECs also induced 

changes in gene expression in this study. 60 minutes of ICAM-1 cross-linking induced a 

7-fold increase in c-fos mRNA levels from resting levels, c-fos is an immediate early 

response gene that is induced by many mitogenic stimuli. The protein product of c-fos (c- 

Fos) forms one half of the AP-1 transcription factor which controls transcription of many 

genes involved in cell growth and proliferation, c-fos transcription itself is controlled by 

the serum response element (SRE) which is a conserved promoter element. SRE activity, 

in the context of c-fos, is dependent upon the binding of the ubiquitous transcription 

factor SRE in a ternary complex with a member of the TCP family of transcription 

factors. The SRF-TCF complex is regulated by converging and parallel signals from Ras 

and Rho GTPases (Bar-Sagi and Hall, 2000). The induction of c-fos mRNA observed 

after ICAM-1 cross-linking correlates well with the induction of RhoA activity after 15- 

30 minutes of ICAM-1 cross-linking. It would be interesting to observe the effects of C3 

transferase on ICAM-I-induced c-fos expression. Although analysis of the effects of 

ICAM-1 cross-linking on other early response genes {c-jun, egr-1, cox-2) was also 

attempted, problems were experienced with the primer sets and no PCR products were 

detected. However, Rho has also been implicated in activation of the early growth 

response genes egr-1 and cox-2.

RhoA and RhoE mRNA and protein levels were increased after ICAM-1 cross-linking. 

RhoA and RhoE protein levels were increased after 60 minutes of ICAM-1 cross-linking 

and further increased after 135 minutes of ICAM-1 cross-linking. It is interesting that 

TNF-a and ICAM-I stimulation of HUVECs have opposing effects upon RhoA and 

RhoE expression (see Ch. 3.5 and 3.6). Even more interesting is the fact that RhoA and 

RhoE expression levels appear to be coupled after these stimuli, even though they have
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antagonistic effects upon the actin cytoskeleton. As monocyte binding to endothelial 

monolayers requires endothelial Rho activity (Wojciak-Stothard et al., 1999), the 

upregulation of RhoA protein levels after ICAM-1 cross-linking could potentiate further 

monocyte binding through a positive feedback mechanism.

Although cross-linking of specific leukocyte receptor molecules for 135 minutes is 

probably not physiological, it is possible to envisage a situation where continual 

leukocyte binding and transmigration would cause ICAM-1 cross-linking at different 

areas of the apical membrane for as long as the ICAM-1 remains on the cell surface.

ICAM-1 cross-linking also appeared to induce the appearance of proteins of approximate 

molecular weights of between 40 and 45 kDa on western blots that were recognized by 

the mouse monoclonal anti-RhoA antibody. The size of these proteins indicate that they 

could be RhoA dimmers or sumoylated RhoA protein. It is also interesting that the 

appearance of these proteins occurs after the activation of RhoA. This could be 

investigated further by either expressing 2 RhoA constructs with different tags (e.g. 

RhoA-HA and RhoA-Myc) or by immunoblotting with anti-sumoyl antibodies.

4.7.2 ICAM-2 cross-linking

The localization of ICAM-2 in microvilli (Ch. 3.2) indicates it may interact with ERM 

proteins at microvilli in HUVECs, in a similar way to ICAM-1. However, in contrast to 

ICAM-1, ICAM-2 cross-linking did not induce RhoA activation or stress fibre formation. 

Cross-linked ICAM-2 formed small ICAM-2 clusters but moesin was not co-clustered. 

More support for a difference between the cytoskeletal linkage of ICAM-1 and ICAM-2 

was provided by the exogenous expression experiments in HeLa cells. ICAM-2 was freed 

from microvilli by antibody-induced cross-linking, whereas ICAM-1 remained anchored 

after antibody treatment. It is possible that the ICAM-2 tail is modified by cross-linking 

so that it no longer interacts with ERM proteins, or that it is not physically linked to ERM 

proteins in microvilli.
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A role for ICAM-2 during inflammation has yet to be identified. Pro-inflammatory 

cytokine stimulation of HUVECs transiently upregulates but then down-regulates ICAM- 

2 protein levels. ICAM-2 has been shown to play a role in monocyte transmigration 

through unstimulated endothelial cell monolayers (Shang and Issekutz, 1998), and to 

mediate transmigration of different T cell populations across ICAM-1-deficient 

endothelium (Reiss and Englehardt, 1999). In the light of this evidence, and because 

ICAM-2 binds to leukocytes, it had been proposed that ICAM-2 is involved in leukocyte 

recirculation. However, lymphocyte homing to lymph nodes in ICAM-2-deficient mice 

was unaffected as compared to wild-type mice (Gerwin et al., 1999). Indeed, the only 

observed phenotype of ICAM-2-deficient mice was increased and prolonged 

accumulation of eosinophils in the lung interstitium after ovalbumin-induced lung 

allergic inflammation.

After the studies on ICAM-2 in this thesis were concluded, ICAM-2 was shown to 

mediate dendritic cell (DC) trafficking through its interaction with the DC-specific C- 

type lectin, DC-SIGN (Geijtenbeek et al., 2000a). Dendritic cells are professional antigen 

presenting cells which exert a continuous surveillance for incoming foreign antigens. 

Immature DCs migrate from the blood into the periphery and this is not dependent upon 

inflammatory signals. Thus, the constitutive ICAM-2 expression on endothelial cells is 

suited to the transmigration of immature DCs. It is still not clear how DCs pass through 

interendothelial cell junctions. As ICAM-2 cross-linking on HUVECs does not induce 

RhoA activation or endothelial cell contraction, DCs may supply an alternative stimulus, 

other than ICAM-2 clustering, if its passage through monolayers requires endothelial Rho 

activation. It may also be that endotheial cell Rho is not required for DC transmigration 

involving ICAM-2.

4.7.3 ICAM-1, stress fibres and leukocyte transmigration/euidance

The physiological role of stress fibre formation after ICAM-1 activation is unclear. 

During ICAM-1 cross-linking, some ICAM-1 clusters aligned with apical stress fibres 

which ran over the top of the endothelial cell nucleus, just below the plasma membrane.
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The ICAM-1 clusters also co-localized with moesin, which could form a molecular 

bridge between the ICAM-1 clusters and the F-actin stress fibres.

There are two possible explanations for how stress fibres contribute to leukocyte 

transmigration. Firstly, Rho activation and stress fibre formation may contribute to 

leukocyte transmigration by causing EC contraction and the physical pulling apart of 

junctions. Studies on the effects of vasoactive agents, such as thrombin, on endothelial 

cell permeability show that Rho activity correlates with increased permeability 

(Amerongen et al., 1998). Indeed C3 transferase inhibited thrombin-induced barrier 

dysfunction and MLC phosphorylation in HUVECs (Essler et al., 1999). Also, Rho 

proteins have been shown to regulate the formation of adherens junctions between 

epithelial cells (Braga et al., 1999). However, the same results do not apply to endothelial 

adherens junction formation. Braga et al. showed that VE-cadherin localization was 

insensitive to inhibition of endogenous Rho or Rac, indicating that these proteins are not 

solely responsible for regulating endothelial junctions. It was also shown that Rho- 

dependent TNF-a-induced stress fibre formation was accompanied by a degree of Rho- 

independent VE-cadherin dispersion from junctions (Wojciak-Stothard et al., 1998). 

Much evidence supports a major role for VE-cadherin in vascular permeability and 

leukocyte transmigration. Monocytes, but not lymphocytes, have been shown to induce 

focal changes in the VE-cadherin/catenin complex during transmigration under 

conditions of vascular flow (Allport et al., 2000). A recent study using GFP-tagged VE- 

cadherin showed that transmigration of monocytes occurred exclusively at cell-cell 

junctions (Shaw et al., 2001b). Diapedesis took place at sites of de novo gap formation 

and pre-existing gaps. Monocytes were able to push VE-Cad-GFP aside from junctions, 

supporting the idea of a focal loss of VE-Cadherin complex integrity. This study would 

suggest that transmigration is supported by both endothelial contraction (transmigration 

through pre-existing gaps) and local changes in VE-Cadherin arrangements. However, it 

is most likely that this is due to physical contraction of ECs rather than disassembly of 

the VE-Cadheiin complex directly. Amerongen and Hinsbergh (1998) suggest that Rho- 

induced endothelial contraction is probably used by leukocytes to transmigrate through 

endothelial cells. Neutrophil adherence to ECs induces stress fibre formation, myosin
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light chain phosphorylation, and endothelial cell stiffening (Saito et al., 1998). This is 

dependent upon ICAM-1 and a Rho-dependent pathway (Sans et al., 2001). Interestingly 

neutrophils appeared to accumulate at endothelial cell borders and after 15 minutes of 

adherence the percentage of the area of EC monolayer that was composed of intercellular 

gaps had tripled, indicating the ability of neutrophil adherence, ICAM-1 activation and 

stress fibre formation to induce intercellular gaps. Lymphocyte transmigration through 

brain endothelial cell monolayers was blocked by treatment of endothelial cells with C3 

transferase, without reducing levels of adherent lymphocytes (Adamson et al., 1999). 

Also, monocyte adhesion to and spreading on HUVECs was shown to be regulated by 

Rho-mediated receptor clustering (Wojciak-Stothard et al., 1999). Therefore there is a 

good deal of evidence that endothelial Rho activity downstream of ICAM-1 ligation is 

necessary for efficient leukocyte transmigration. A more detailed discussion of the 

mechanism involved in ICAM-1 signaling to RhoA will take place in Chapter 5.

A second and alternative reason for the presence of stress fibres is provided by the results 

in this chapter. Shear stress induces the formation of apical stress fibres and thus effects 

of ICAM-1 cross-linking on the actin cytoskeleton of flow-stimulated endothelial cells 

were not observed. However, some clusters of non-cross-linked ICAM-1 were oriented in 

the direction of HUVEC alignment. Furthermore, after only 15 minutes of ICAM-1 cross- 

linking under flow, ICAM-1 clusters aligned with apical stress fibres.

In vivo, endothelial cells of arteries and capillaries are continuously exposed to pulsatile 

blood flow. The F-actin distribution changes from cortical F-actin at the cell periphery to 

a series of long stress fibres aligned in the direction of flow. At these sites, leukocyte 

binding would not be expected to have any effects on stress fibre formation. However, 

the venous system is less exposed to shear stress and therefore constitutively displays low 

numbers of stress fibres. At such sites, the binding of leukocytes, through interaction 

between ICAM-1 and LFA-1/Mac-1, would be expected to induce stress fibre formation. 

This has been shown for the transmigration of lymphocytes across brain endothelial cells 

and for neutrophil transmigration across vascular endothelial cells. In either case, stress 

fibres are present at the apical surface of endothelial cells when leukocytes are 

transmigrating. Leukocyte transmigration assays performed under static conditions do not 

allow for the possible effects of endothelial stress fibres and cell alignment on
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transmigration rates. It is known that endothelial cells that have been exposed to laminar 

shear stress for 24 hours become aligned and exhibit ridges that extend in the direction of 

flow (Barbee et al., 1994). These ridges represent imprints of stress fibres positioned 

underneath the plasma membrane. Interestingly, it was also noted that the surface ridges 

were particularly prominent at the periphery of aligned cells. It was originally thought 

that cytoskeletal rearrangements were necessary to counteract the mechanical forces 

exerted on endothelial cells by laminar shear stress. However, Satcher et al. dispute this 

argument, suggesting that although stress fibres increase the mechanical strength of the 

endothelial actin network, this increase would not be necessary to withstand forces 

incurred by blood flow in vivo (Satcher et al., 1997). In this chapter it was demonstrated 

that ICAM-1 clusters co-aligned with apical stress fibres. Furthermore, monocytes 

polarized and migrated preferentially in the direction of EC alignment. It is therefore 

proposed that ICAM-I/ERM/F-actin alignment at the apical endothelial cell surface 

provides a leukocyte guidance mechanism to junctions. Migrating cells respond to 

substrate topology. For example, endothelial cells grown on grooved substrata align with 

the grooves and form oriented stress fibres. Leukocyte receptors in combination with 

surface topology could form “tracks” which leukocytes can use to guide them to 

junctions. This mechanism could act in concert with chemokine-induced leukocyte 

activation and migration.

It was also observed that cross-linked VCAM-1 was able to co-align with stress fibres 

that were induced by TNF-a treatment (data not shown). Therefore it is possible that 

alignment with stress fibres is a mechanism common to leukocyte receptors expressed on 

the apical surface of endothelial cells. There is no evidence as yet for VCAM-1 

interaction with ERM proteins so it is possible that another cytoskeletal component is 

required for linking VCAM-1 to stress fibres. However it has been suggested that 

VC AM-1 facilitates transendothelial chemotaxis by supporting lateral migration of 

attached monocytes (Weber and Springer, 1998). Further investigation using inhibitory 

antibodies is required to determine which leukocyte receptors are more important in the 

directed monocyte migration that was observed here on pre-aligned HUVEC monolayers. 

Other studies also indicate that flow can affect leukocyte migration on endothelial cells. 

A recent study showed that both shear stress and apical chemokines were essential for
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lymphocyte transmigration across HUVEC monolayers (Cinamon et al., 2001). When T 

cells were left in the presence of chemokine but the absence of shear stress, no 

transendothelial migration was observed. Resumption of shear flow at the lowest 

physiological rates induced maximal transendothelial migration. Pre-exposure of the 

HUVECs to flow did not induce lymphocyte transmigration when flow was halted. 

However, the flow treatments used in these experiments were 40 seconds of flow (0.75 

dynes/cm^) whilst lymphocytes accumulated on the endothelial cells followed by 20 

minutes of flow (5 dynes/cm^) during transmigration. Clearly the HUVEC monolayers 

would not have been able to adapt fully to shear flow in such a short period of time and 

no endothelial alignment would have occurred prior to transmigration. Although the 

reasons for experimentation under flow conditions were given (more representative of in 

vivo situation), flow was applied for a non-physiological time period. This appears to be a 

common trait in many published studies on leukocyte transmigration under flow 

conditions. The pre-exposure of HUVECs to physiological flow for 24 hours used here 

gave the monolayers time to adapt fully, enabling re-alignment to decrease shear forces 

and allowing the production of stress fibres. Another study showed that transmigration of 

neutrophils across TNF-a-stimulated HUVECs occurs more rapidly under flow than 

under static conditions (Kitayama et al., 2000). Plots of neutrophil movement on the 

apical surface of endothelial cells revealed that migration occurred in the direction of 

flow. Movement of monocytes across IL-4-treated HUVECs has also been monitored, 

although this time under static conditions. No apparent patterns of movement were 

detected although neither orientation of HUVECs nor F-actin arrangements were 

documented (Weber and Springer, 1998). However, all of these recent studies, coupled 

with the evidence from this thesis, suggest that flow and EC alignment play an important 

role in maximizing leukocyte transmigration efficiency.
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Chapter 5 - ERM binding site of ICAM-1 and effects of ERM- 

binding site mutations on Rho activity in HUVECs
5.1 Introduction
ICAM-1, -2, and -3 have all been shown to bind to ERM proteins in vitro. Moreover, 

ICAM-3 immunoprecipitated from T lymphocytes specifically co-precipitated moesin 

(Serrador et al., 1997). However, this is the only example of an interaction between 

ICAMs and ERM proteins that is strong enough to be maintained during 

immunoprécipitation experiments. Only one other transmembrane protein, CD44, has 

been shown to co-precipitate members of the ERM family (Hirao et al., 1996). Ezrin, 

overexpressed in yeast cells, has been shown to bind the cytosolic tails of both ICAM-1 

and ICAM-2 (Heiska et al., 1998). This interaction was enhanced by the presence of PIP2 . 

Results from the previous two chapters suggest that ICAM-1 might interact with moesin 

in HUVECs to control leukocyte migration across HUVEC apical surfaces. To 

investigate the interaction between ICAM-1 and ERMs in endothelial cells, GST-fusion 

proteins of the ICAM-1 cytosolic tail were produced by subcloning and PCR techniques.

5.2 ICAM-1 cytosolic tail binds ERM proteins
5.2.1 Sub-cloning of hICAM-1 into pcDNA3

For improved expression levels of ICAM-1 in mammalian cells, ICAM-1 was removed 

from the pCDMS vector and subcloned into the pcDNA3 vector using the scheme 

outlined in figure 5.01. Briefly, human ICAM-1 was excised from pCDM8-IC-l using 

the restriction enzymes Hind III and Not I. The multiple cloning site of pcDNA3 was cut 

using the same restriction enzymes and human ICAM-1 was inserted into pcDNA3 using 

T4 DNA ligase.

5.2.2 Construction of GST ICAM-1 tail

GST-fusion proteins are constructed using the pGEX series of vectors which contain a 

multiple cloning site positioned 3’ to the coding sequence of glutathione-S-transferase 

(GST). The theory of using GST-fusion proteins for isolating proteins from cell lysates
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has already been explained in chapter 3 (Rho pull-down assay). In this instance, PCR was 

used to generate the ICAM-1 cytosolic tail portion of human ICAM-I gene. PCR primers 

were designed to incorporate specific restriction sites at the 5’ and 3’ ends of the PCR 

fragment. The pGEX-2T vector contains a multiple cloning site with restriction sites for 

Bam HI, Sma I and Eco RI restriction enzymes. Therefore the 5’ PCR primer designed 

for ICAM-1 tail amplification contained a Bam HI restriction site at its 5’ end whilst the 

3’ PCR primer contained an Eco RI restriction site at its 5’ end. This created an ICAM-1 

tail PCR fragment that was inserted into the pGEX-2T vector after both DNA species had 

been digested with Bam HI and Eco RI (Fig. 5.02). The insert was designed to be in

frame with the GST coding region. INVocF’ supercompetent E. coli were transformed 

with ligated DNA and colonies were picked and sequenced for the correct insert.

5.2.3 Production of GST-ICAM-1 tail protein

GST-ICAM-1 tail proteins were produced after pGEX-2T-ICAM-1 tail construct was 

transformed into BL21* E. coli. These strains of E. coli are deficient in the Lon protease 

and the OmpT outer membrane protease, optimizing expression levels of full-length 

GST-fusion proteins. Bacteria were grown to log phase and then diluted 1/10 in LB, 

induced with IPTG and lysed after 2 hours of protein production. GST-IC-1 tail proteins 

were affinity purified by incubating bacterial lysates with glutathione-coated sepharose 

beads. The purity of GST-IC-1 tail preparations were checked by resolving the proteins 

bound to beads by SDS-PAGE and staining the gel with Coomassie Blue dye. The levels 

of GST-IC-1 tail protein in the preparation was quantified by loading known quantities of 

bovine serum albumin (1, 2, 5, and 10 |xg) on the same gel and comparing the intensities 

of the Coomassie-stained bands. An example of a gel produced after GST-IC-1 tail 

preparation is shown in figure 5.03.

5.2.4 GST-IC-1 tail binds ERM proteins from HUVEC lysates

Growing HUVECs were lysed in Buffer A (Section 2.3) at either low ionic strength (40 

mM KCl) or physiological ionic strength (150 mM KCl). Lysates were then incubated
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with either GST alone or with GST-IC-1 tail. Bound proteins were resolved by SDS- 

PAGE and transferred to PVDF membrane for immunoblotting with an anti-moesin 

antibody. GST-IC-1 tail interacted with ERM proteins from human primary endothelial 

cells (Fig. 5.04). This interaction was dependent upon the ionic strength of Buffer A used 

as low ionic strength allowed higher levels of ERM proteins to interact with the ICAM-1 

cytosolic tail. This result is consistent with previous results obtained with the cytosolic 

tails of CD43, CD44, and ICAM-2. However, the lysates in this study were not pre

treated with PIP2 , showing that the interaction between the ICAM-1 tail and moesin from 

HUVEC lysates did not depend on phosphoinositides. It is interesting that moesin is the 

most abundant ERM protein present in the soluble fraction, although ezrin/radixin bind 

preferentially to the ICAM-1 cytosolic tail.
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Figure 5.01. Sub-cloning of human ICAM-1 cDNA into pcDNA3. A schematic 

representation of the sub-cloning of human ICAM-1 cDNA into pcDNA3 is shown. 

Briefly, the ICAM-1 sequence was excised from the pCDMS vector by restriction 

enzymes Hind III and Not I. Ligation of the ICAM-I sequence into pcDNA3 was 

achieved using T4 DNA Ligase. Colonies were screened for the correct insert by 

restriction digests.
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Figure 5.02. Construction of pGEX-2T-ICAM-l tail clones. A schematic 

representation of the synthesis of the ICAM-1 cytosolic tail sequence and sub-cloning 

into pGEX-2T vector is shown. Briefly, the ICAM-1 cytosolic tail was amplified by PCR 

and subcloned into pGEX-2T using the Bam HI and Eco RI restriction sites.
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Figure 5.03. Production and quantitation of GST-IC-1 tail. Recombinant GST-IC-1 

was purified by glutathione-coated sepharose beads. 20 p,l of bead suspension was 

quantified against a standard curve of BSA. A Coomassie-stained gel shows the 

intensities of the BSA and GST-IC-1 protein bands.
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Figure 5.04. The ICAM-1 cytosolic tail interacts with ERM proteins from growing 

HUVECs. Growing HUVECs were lysed in TX-lOO lysis buffer containing either 40 

mM or 150 mM KCl. GST-beads or GST-IC-1 WT-beads were incubated with the lysates 

at 4°C for 1 hour. Bound proteins were resolved by SDS-PAGE and ERM proteins were 

detected by western blotting. Portions of the soluble fraction were included as an 

immunoblotting control.
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5,3 Identification of the ERM binding site in ICAM-1
5.3.1 Production of GST-IC-1 tail mutants

Previous studies have shown that a positively charged juxtamembrane cluster of amino 

acids in the cytosolic tails of CD43, CD44 and ICAM-2 are essential for interaction with 

ERM proteins (Legg and Isacke, 1998; Yonemura et al., 1998). An extra cluster of 

positively charged amino acids in the cytoplasmic domain of CD44 was also implicated 

in ERM binding (Legg and Isacke, 1998). The cytosolic tail of lCAM-1 also contains a 

cluster of positively charged amino acids which could be candidate residues for 

mediating the interaction between GST-lC-1 tail and ERM proteins. Table 5.1 shows the 

first 10 cytosolic amino acids of human type 1 TM proteins that have been shown to 

interact with ERM proteins (positively charged residues in red.

Table 5.1 Type I TM proteins known to interact with ERM proteins

Protein First 10 cytosolic amino acids

CD44 N—S—R—R—R—C—G—Q—K—K
CD43 W —R—R—R—Q—K—R—R—T—G
ICAM-1 R-Q-R-K-I-K-K-Y-R-L
ICAM-2 Q—H—L—R—Q—Q—R—M —G—T
ICAM-3 R-E-H-Q-R-S-G-S-Y-H
L-selectin R-R-L-K-K-G-K-K-S-Q

CD44, CD43 and lCAM-2 contain juxtamembrane positive amino acid clusters which are 

necessary for ERM protein interaction. Site-directed mutagenesis was performed to 

generate single amino acid substitutions in the triple lysine cluster contained within the 

lCAM-1 tail. GST-lC-1 tail was used as the template for mutagenesis reactions and the 

mutations were as follows (substitute residues in green):

N-term 8 residues of lC-1 tail 

Lys481 substituted to Leu 

Lys483 substituted to Gly

GST-IC-1 WT 

GST-IC-1 L 

GST-IC-1 G

R-Q-R-L-I-K-K-Y 
R—Q—R—K—I—G—K—Y
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Lys484 substitutes to He GST-IC-1 I R-Q-R-K-l-K-i-Y

Details of the primers used and reaction conditions are given in Chapter 2 (section). All 

colonies were sequenced to ensure the correct mutations were made. GST-IC-1 L, GST- 

IC-1 G and GST-IC-I I were produced using the same method as used for GST IC-I WT 

protein production. Figure 5.05 shows the purity of the protein preparations.

It was also decided that a GST-IC-1 tail construct should be made that included mutation 

of all three lysine residues together, as shown below:

GST-IC-1 K>L R-Q-R-L-I-G-I-Y

It was not possible to make this construct using a single mutagenesis primer 

incorporating all three amino acid substitutions when the ICAM-I tail was contained 

within the pGEX-2T sequence. Therefore the triple mutation was introduced into the full 

length ICAM-1 in pcDNA3. Colonies were screened for sequences with the correct 

mutations. PCR was again used to generate the ICAM-I cytosolic tail with the K>L 

mutation. This fragment was inserted into pGEX-2T using the same restriction sites as 

used for GST-IC-I WT.

Also, as ICAM-I becomes tyrosine phosphorylated at Tyr485 when ICAM-I interacts 

with fibrinogen (Pluskota et al., 2000), it was decided that a Tyr>Phe mutation should be 

made for future studies.

GST IC-1 Y>F R-Q-R-K-I-K-K-F

The purity of a GST-IC-I K>L and a GST-IC-I Y>F protein preparations are shown in 

Figure 5.05. The amount of protein produced for all GST-fusion protein preparations was 

quantitated by comparison against BSA standards. Equal amounts of GST-fusion protein 

were used for all subsequent experiments.

Growing HUVECs were lysed in Buffer A (150 mM KCl) and GST-ICAM-I tail pull

down experiments were performed using the wild-type and all mutated forms produced
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above. More ezrin/radixin was bound to GST-IC-1 WT than moesin (Fig. 5.06a), 

consistent with the result shown in Figure 5.04. These results suggest a weaker 

interaction between moesin and ICAM-1 than ezrin/radixin. The single lysine residue 

mutations in GST-IC-1 L and GST-IC-1-I appeared to enhance the interaction between 

lCAM-1 and all three ERM proteins, whereas the mutation in GST-IC-1-G had no effect 

on ERM binding. Interestingly, mutation of all three lysine residues together totally 

blocked interaction between ICAM-1 and ERM proteins. This is consistent with previous 

reports implicating a requirement for a positive amino acid cluster in transmembrane 

protein interaction with ERM proteins. As ERM proteins are able to interact with F-actin, 

it was possible that ERM proteins were interacting with the ICAM-1 cytosolic tail 

indirectly, and that interaction was mediated by actin. To check whether the GST-IC-1 

tail proteins were able to bind actin, the same membrane was stripped and re-probed for 

P-actin. Figure 5.06b shows that p-actin was unable to interact with any of the GST-IC-1 

tail fusion proteins. A non-specific band in the GST IC-1 K>L pull-downs was often 

found to be detected by the anti-moesin antibody used for immunoblotting. However, this 

was found to be contained in the GST-IC-1 K>L preparation prior to incubation with 

HUVEC lysates (data not shown).

5.3.2 TNF-g induces moesin association with ICAM-1

Results in the previous chapters suggest that ICAM-1, directly or indirectly, interacts 

with moesin in HUVECs and that this interaction is possibly important for either 

activation of Rho or ICAM-1 alignment with stress fibres after ICAM-1 cross-linking. 

TNF-a stimulation of HUVECs caused an increase in ERM phosphorylation (Fig. 3.07) 

and induced ICAM-1 expression (Fig. 3.09). The ability of ICAM-1 to bind ERM 

proteins was therefore assessed before and after TNF-a stimulation. HUVECs were 

starved for 24 hours and then either lysed directly in Buffer A (150 mM KCl) or 

stimulated for 24 hours with TNF-a (10 ng/ml) and then lysed in Buffer A. Half of each 

lysate was then incubated with GST-IC-1 WT and the other half incubated with GST-IC- 

1 K>L. Bound proteins were resolved by SDS-PAGE and immunoblotted for ERM 

proteins. As with growing HUVECs, ICAM-1 bound high levels of ezrin/radixin and 

much lower levels of moesin from starved unstimulated HUVECs (Fig. 5.07a).
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Stimulation of HUVECs with TNF-a induced a dramatic increase in the amount of 

moesin that interacted with ICAM-1, to such a degree that after TNF-a treatment, moesin 

was the predominant ERM family member bound to ICAM-1. The increase in moesin 

binding to ICAM-1 observed here is more than the increase in moesin C-terminal 

phosphorylation seen in Figure 3.07a. The effect of staurosporine on the TNF-a-induced 

increase in moesin/ICAM-1 interaction was also assessed. Although staurosporine 

decreased the levels of C-terminally phosphorylated moesin in stimulated cells (Fig. 

3.07c), the interaction between moesin and the ICAM-1 tail was only marginally 

decreased. The interaction between ezrin/radixin and ICAM-1 appeared to be affected 

more vigorously by staurosporine treatment. In addition, the effects of a specific PKC 

inhibitor, GF 109203X, upon the ICAM-1/ERM interaction was assessed. Figure 5.07a 

shows that pre-treatment with GF 109203X inhibited the increase in moesin interaction 

with the ICAM-1 tail after TNF-a treatment. Furthermore, GF 109203X inhibited the 

interaction of ezrin with the ICAM-1 tail. Most interestingly, this PKC inhibitor did not 

decrease C-terminal ERM phosphorylation (Fig. 5.07c). However, this experiment was 

only performed once and needs repeating to confirm these differences.
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Figure 5.05. Purity of the GST-IC-1 tail mutant preparations. Recombinant GST-IC- 

I L, G, I, K>L, and Y>F mutant proteins were purified using glutathione-coated 

sepharose beads. The Coomassie-stained protein gel shows the purity of the GST, GST- 

IC-1 K>L, GST-IC-1 Y>F, GST-IC-1 G and GST-IC-I I proteins.
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Figure 5.06. Interaction between ICAM-1 tail mutants and ERM proteins. Growing 

HUVECs were lysed in TX-lOO lysis buffer containing 150 mM KCl. GST-beads, GST- 

IC-1-beads or GST-IC-1 mutant beads were incubated with the lysates at 4°C for 1 hour. 

Bound proteins were resolved by SDS-PAGE and ERM proteins (a) and (3-actin (b) were 

detected by immunoblotting. The soluble fraction was included as an immunoblotting 

control.
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T N F-a (10 ng/ml) ^  ^
24 hours

Inhibitors - - St. GF109203X
(IhM)

WT K>L WT K>L WT K>L WT K>L

e/r

Blot: Anti- 
ERM

m

b)
TN F-a - + + +

Inhibitors - - St. GFX

Blot: Anti- 
ERM

Blot: Anti- 
CPERM

Figure 5.07. TNF-a induces moesin association with the ICAM-1 tail. HUVECs were 

starved and either left untreated or stimulated with TNF-a (10 ng/ml) for 24 hours in the 

absence of inhibitors or the presence of the general kinase inhibitor staurosporine (1 pM) 

or the PKC inhibitor GF 109203X (1 pM). (a) GST-lC-1 WT-beads or GST-lC-1 K>L- 

beads were incubated with the lysates and bound proteins were resolved by SDS-PAGE
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and ERM proteins were detected by immunoblotting. (b) Levels of ERM proteins in 

lysates were determined by immunoblotting equal portions of the lysates for ERM 

proteins, and C-terminal ERM phosphorylation in the lysates were determined by 

immunoblotting with the 297S antibody.
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5.4 The role of ICAM-l/moesin interaction in Rho activity

The identification of the ERM binding site within the ICAM-1 cytosolic tail made it 

possible to disrupt the interaction between ICAM-1 and ERM proteins in cells. A simple 

approach to achieve this would be to mutate the triple lysine motif within full-length 

human ICAM-1 and introduce ICAM-1 K>L into endothelial cells by transfection. After 

sufficient ICAM-1 K>L expression, cross-linking antibodies could be used to determine 

the effects of disrupting the ICAM-l/ERM interaction upon stress fibre formation and 

ICAM-1/stress fibre co-alignment. However, previous results suggest that transfection of 

HUVECs caused a low level induction of ICAM-1 expression. Also, even starved, 

unstimulated HUVECs express a small amount of ICAM-1. It would therefore be 

impossible to distinguish between the effects of endogenous ICAM-1 and exogenous 

ICAM-1 K>L after ICAM-1 cross-linking. It was therefore necessary to employ a 

different approach to disrupt ICAM-l/ERM interaction in HUVECs. Generation of 

NCAM extracellular domain/ICAM-1 transmembrane and cytosolic tail domain 

chimaeras was chosen to allow investigation into ICAM-l/ERM interaction by cross- 

linking the NCAM extracellular domain. NCAM is not expressed by endothelial cells and 

transfection of HUVECs with NCAM-IC-1 would allow specific cross-linking of 

exogenous NCAM.

5.4.1 Generation of NCAM-IC-1 WT and K>L chimaeras

The NCAM extracellular domain (NCAM-ECD) was excised from the NCAM-Pig vector 

(provided by Dr. J. Saffel) by a double sequential restriction digest using Bam HI and 

Hind III. The mammalian expression vector pcDNA3 was digested with the same 

restriction enzymes and NCAM-ECD was inserted into pcDNA3. PCR was used to 

generate ICAM-1 transmembrane and tail domain fragments (ICAM-1 TMT), using 

ICAM-1 WT and ICAM-1 K>L as templates. PCR primers contained Kpn I restriction 

sites such that ICAM-1 TMTs contained Kpn I sites at each end. The ICAM-1 TMTs 

(WT and K>L) and pcDN A3 -NCAM-ECD were digested with Kpn I. ICAM-1 TMT’s 

were inserted into pcDN A3-NCAM-ECD as shown in figure 5.08, 3’of the NCAM-ECD.
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After transformation of ligated DNA into bacteria, colonies were picked and siequenced 

to determine the orientation of the ICAM-1 TMT inserts.

5.4,2 Expression of ICAM-1 and NCAM-ICAM-1 chimaeras in HeLa cells

Although the pcDNA3 vectors containing ICAM-1 WT, ICAM-I K>L, NCAM-IC-I 

WT, and NCAM-IC-I K>L were sequenced to verify that each construct was correct, all 

constructs were transfected into HeLa cells to check expression. All of the above 

constructs produced protein that was localized to the plasma membrane and recognized 

by the correct antibodies (Fig. 5.09). All proteins were localized to microvilli on the 

apical surfaces of HeLa cells and there appeared to be no difference in localization 

between proteins containing the wild-type ICAM-I tail and the K>L mutant ICAM-1 tail. 

Moesin was always localized to microvilli, even when ICAM-1 or NCAM-IC-1 

chimaeras were absent, suggesting that other ERM transmembrane ligands, such as 

CD44, are present at epithelial microvilli. Interestingly, NCAM-IC-I WT induced much 

longer microvilli than NCAM-IC-I K>L (Fig. 5.09c: arrows). This is consistent with 

previous literature showing that disruption of CD44/ERM interaction inhibits microvillus 

elongation in L cell fibroblasts. This can therefore be interpreted as indicating that the 

NCAM-IC-I K>L mutant did not functionally interact with ERM proteins.

Disruption of the interaction between the ICAM-1 tail and ERM proteins could allow less 

restricted movement of ICAM-1 within the plasma membrane as ICAM-I would mot be 

anchored to the actin cytoskeleton through ERM proteins. ICAM-1 K>L expresised in 

cells was cross-linked using the mouse monoclonal antibody previously used for IC AM-1 

cross-linking studies in HUVECs (data not shown). However, as previously described for 

ICAM-I WT cross-linking in HeLa cells, cross-linking of ICAM-1 K>L did not cause 

this ICAM-1 mutant to leave the microvilli (data not shown), unlike ICAM-2.. It is 

expected that ICAM-I K>L was tethered in microvilli but not by ERM proteinis. An 

alternative candidate for ICAM-I tethering in microvilli could be a-actinin, although this 

has been reported to interact with ICAM-1 and ICAM-2 in vitro (Heiska et al., 199b).
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5,4.3 ERM binding site mutation blocks ICAM-l-induced stress fibre formation

To determine whether the interaction between ICAM-1 and moesin was necessary for 

ICAM-1 to induce stress fibre formation in HUVECs, NCAM-IC-1 WT and NCAM-IC-1 

K>L chimaeras were transfected into HUVECs and NCAM was cross-linked using 

mouse monoclonal anti-NCAM antibodies. HUVECs were left to express NCAM-IC-1 

chimaeras for at least 48 hours, as it appeared that NCAM-IC-1 chimaeras were first 

targeted to the basal membrane of HUVECs and afterwards re-distributed to the apical 

membrane. HUVECs were starved for 24 hours prior to NCAM cross-linking to ensure 

that the F-actin content of HUVECs was predominantly cortical (Fig. 5.10). When 

HUVECs expressing NCAM-lC-1 WT were treated with NCAM cross-linking antibodies 

for 60 minutes, apical stress fibres were formed and both NCAM and moesin clusters co

aligned with the newly-formed stress fibres (Fig. 5.10a). These results are consistent with 

those obtained after cross-linking endogenous ICAM-1 in HUVECs (Fig. 4.13). In 

contrast, cross-linking NCAM-IC-1 K>L in HUVECs for 60 minutes did not induce 

stress fibre formation (Fig. 5.10b). Interestingly, moesin still co-clustered with NCAM 

after cross-linking, although this does not imply that a direct interaction is still 

maintained. F-actin did not underlie the NCAM/moesin clusters, indicating that both 

NCAM-IC-1 K>L and moesin had left the microvilli. Confocal Z-sections of these cells 

were taken and this revealed that the cell expressing NCAM-IC-1 WT was much flatter 

than the cell expressing NCAM-IC-1 K>L. These results indicate that interaction between 

the ICAM-1 cytosolic tail and moesin in HUVECs may be necessary for stress fibre 

formation induced by ICAM-1 cross-linking.
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Figure 5.08. Construction of NCAM-ICAM-1 chimaeras. (a) A schematic 

representation of the construction of NCAM-extracellular domain (ECD)/ICAM-1 

transmembrane-and-tail domain chimaeras. Briefly, the NCAM-ECD was sub-cloned into 

pcDNA3 using the Bam HI and Hind III sites in the NCAM-Pig and pcDNA3 vectors. 

The ICAM-I transmembrane and tail (TMT) of ICAM-I WT and K>L domain was 

amplified by PCR, incorporating Kpn I sites at both ends of the amplicon. The TMT 

domain was then inserted into NCAM-ECD sequence at the Kpn I restriction site. After 

ligation, colonies were screened for the correct insert orientation. The sequence of the 

junction between the NCAM ECD and the ICAM-1 TMT is shown in the part (b).
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J
Figure 5.09. Localization of NCAM-lCAM-1 chimaeras in HeLa cells. HeLa cells 

were transfected with either NCAM-ICAM-1 WT (a-c) and NCAM-ICAM-1 K>L (d-f) 

and left to express proteins for 24 hours. Cells were fixed and stained for NCAM using a 

mouse monoclonal anti-NCAM antibody (ERIC-1) and FITC-GAM. After 

permeabilization cells were immunostained for F-actin. NCAM is shown in a and d, F- 

actin is shown in b and e, and merged images are shown in c and f. In merged images 

NCAM is shown in green and F-actin is shown in red. Bars IO|xm.
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Figure 5.10. NCAM-IC-1 K>L cross-linking does not induce stress fibres

Chimaeras of the NCAM extracellular domain and the ICAM-1 transmembrane and 

cytosolic tail domain from wild-type and K>L mutated ICAM-1 were made. HUVECs 

were transfected using Effectene transfection reagent and left to express NCAM-IC-1 for 

48 hours. Cells were starved for 24 hours prior to 60 minutes of NCAM cross-linking 

using ERIC-1 and Alexa 488-GAM. Cells were then fixed, permeabilized and stained for 

moesin and F-actin. NCAM-IC-I WT cross-linking is shown in a-d, whilst NCAM-IC-1 

K>L cross-linking is shown in e-h. NCAM is shown in a and e, moesin is shown in b and 

f, F-actin is shown in c and g, and merged images are shown in d and h. In merged 

images NCAM is shown in green, moesin is shown in blue and F-actin is shown in red. 

The focal plane of the image in g is lower in the cell than that of e, f, and h. Bars 10 |xm.
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5.5 Discussion
5.5.1 ERM/transmembrane protein interaction

ERM proteins are known to function as plasma membrane/cytoskeleton linkers. ERM 

proteins therefore have essential functions at sites of plasma membrane cytoskeleton 

contact such as cell-cell junctions, lamellipodia, filopodia, microvilli and cell-substrate 

contacts. ERM protein interaction with transmembrane proteins was first described by 

Tsukita et al (1994), where an interaction between moesin and the hyaluronic acid 

receptor CD44 was detected by co-immunoprecipitation. Since then many 

transmembrane protein ligands for ERM proteins have been identified including CD43, 

ICAM-1, ICAM-2, ICAM-3, L-selectin (Ivetic et al., 2002), P-selectin glycoprotein 

ligand-1 (PSGL-1) (Alonso-Lebrero et al., 2000) and P-glycoprotein (Luciani et al., 

2002). However, not all of these interactions have been confirmed by co- 

immunoprecipitation and it appears that interactions between ERM proteins and their 

transmembrane ligands are difficult to preserve during cell lysis. This could be due to the 

possible involvement of PIP2 in ERM activation. Previous studies have demonstrated a 

necessity for the presence of PIP2 in CD44, ICAM-1 and ICAM-2 interaction with ERM 

proteins in vitro and by co-immunoprecipitation (Hirao et al., 1996;Heiska et al., 1998).

ICAM-1 immunoprécipitations from TNF-a-stimulated HUVECs did not contain any 

detectable ERM protein under the conditions employed. An alternative method was 

therefore required to investigate the possible interaction. A GST-ICAM-1 cytosolic tail 

recombinant protein was used to show that endogenous ERM proteins from growing 

HUVECs interact with the ICAM-1 tail without a requirement for exogenous PIP2 . The 

strength of the interaction was decreased by increasing ionic strength, although the 

interaction was clearly maintained at physiological ionic strength, whereas other studies 

generally used low ionic strength (40 mM). It is interesting that the ICAM-1 cytosolic tail 

shows a preference for interaction with ezrin/radixin, although moesin is clearly the 

predominant ERM protein in HUVECs. This is in contrast with previous studies using 

overexpressed proteins in yeast cell lysates, where ICAM-l/ezrin interaction was found 

to be extremely weak in the absence of exogenous PIP2  (Heiska et al., 1998). As ICAM-2

214



did not activate RhoA or co-cluster moesin following cross-linking (Chapter 4), its 

interaction with ERM proteins was not investigated further.

The nature of the interaction between ERM proteins and some of their transmembrane 

ligands has been described. The presence of a juxtamembrane positive amino acid cluster 

in the cytosolic domains of CD44, CD43 and ICAM-2 is required for interaction with 

ERM proteins (Yonemura et al., 1998). A second positive amino acid cluster in the CD44 

cytosolic tail has also been shown to be required for ezrin interaction (Legg and Isacke, 

1998). Arg357 of L-selectin was found to be a crucial determinant for both ezrin and 

moesin interaction (Ivetic et al., 2002). It is most likely therefore that ERM proteins 

interact with transmembrane proteins through positively charged residues in cells. Indeed, 

mutation of the positive amino acid clusters of CD44 caused mis-localization of CD44 

from microvilli in rat L fibroblasts (Yonemura et al., 1998), although this result was not 

reproduced in a similar study (Legg and Isacke, 1998). However, there is a possibility 

that the CD44 cytosolic tail contains an autoinhibitory ERM binding function. The native 

tail was not able to interact with ERM proteins at physiological ionic strength whereas 

truncation of the C-terminal portion of the tail enabled ERM interaction (Yonemura et al., 

1998).

The cytoplasmic tail of human lCAM-1 contains a juxtamembrane positively charged 

amino acid cluster as shown in Table 5.1. This was mutated via site-directed mutagenesis 

and the results indicated that individual lysines in the K-l-K-K cluster were not necessary 

for binding ERM proteins, although mutation of all three lysine residues completely 

blocked ERM binding. This is consistent with the previously described literature for other 

transmembrane proteins, such as CD44. A point which is frequently raised in reviews on 

ERM proteins is that many transmembrane proteins contain positive amino acid clusters 

close to the membrane. It is therefore questioned how ERM proteins are able to 

distinguish between each transmembrane protein. A list of the first 10 amino acids of the 

cytoplasmic tails of some human type 1  transmembrane proteins are listed below 

(residues with basic side chains are shown in red)
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Table 5,2 Other selected type I proteins

PECAM-1 - K-C-Y-F-L-R-K-A-K-A
VE-Cadherin - R-R-R-L-R-K-Q-A-R-A (ezrin interaction shown)

VCAM-1 - R-K-A-N-M-K-G-S-Y-S
E—selectin — R-K-C-L-R-K-A-K—K-F
ICAM-4 — C-K-C—L-A-M-K-S—Q-A
ICAM-5 - K-S-T-A-C-K-K-G-E-Y

IGFR—1 — R—K—R—N—N—S—R—L—G—N
EGFR-1 - Y-I-C-R-Q-K-Q-K-A-K
FGFR-1 - R-M-K-N-T-T-K-K-P-D

Semaphorin 4d — Y-K-G-Y-L-P-R-Q-C-L 
Semaphorin 5a — Y-T-Y-C-Q-R-Y-Q-Q-Q

B@ta(l)—intagrin — K—L—L—M-I—I—H—D—R—R 
Beta(2)-inbegrin — K-A-L-I-H-L-S-D-L-R

CD45 - I-Y-D-L-H-K-K-R-S-C
TNFR - R-Y-Q-R-W-K-S-K-L-Y

It is clear that most type I transmembrane proteins have a high proportion of positively 

charged residues close to the membrane. There may also be modifications of the cytosolic 

tails such as phosphorylation of serine, threonine or tyrosine residues which may affect 

ERM binding. Recently, a serine-rich motif was implicated in the redistribution of 

ICAM-3 by moesin in NSl myeloma cells (Serrador et al., 2002). However, the authors 

do not report phosphorylation at these sites and they also found that a positive amino acid 

cluster ablates ICAM-3/moesin interaction and uropod targeting. It is interesting that 

mutation of other residues in the ICAM-3 tail apart from positively charged residues
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interferes with the ICAM-3/moesin interaction. The human ICAM-1 cytosolic tail does 

not contain any serine residues, although three threonine residues and a tyrosine residue 

are present. In this study, tyr485>phe in the ICAM-1 cytosolic tail had no effect upon the 

ICAM-l/ERM interaction. However, single amino acid substitutions in the K-I-K-K 

cluster of ICAM-1 had variable effects upon the ICAM-l/ERM interaction. This could 

reflect a release of ERM interaction inhibition resulting from mutating residues at the 

sides of the positive cluster. This could involve minor alterations of the secondary 

structure at the site of the mutations. The mutations have different sized side chains from 

the lysine residues in the wild-type tail. Leucine and isoleucine have bulky and 

hydrophobic side-chains and may have non-specific effects upon ERM binding. 

However, they partially mimic the large size of the lysine side-chain. The synthesis of an 

ICAM-1 tail containing a triple mutation containing three leucine residues was attempted 

but was unsuccessful.

Recent structural data suggests that a negatively charged groove between subdomains B 

and C of the radixin N-ERMAD is accessible to the positively charged clusters of 

transmembrane tails of ERM ligands (Fig. 1.6, Chapter 1). Subdomain C itself folds in a 

similar way to a PH domain (subdomain C in Hamada et al) and was previously thought 

be the possible interaction site with PIP2 . However the crystal structure of the radixin N- 

ERMAD bound to IP3 revealed that IP3 polar head groups of PIP2  interact via a basic cleft 

formed by subdomains A and C. Interaction of IP3 with the N-ERMAD domain causes a 

series of small structural changes which enable unmasking of the N-ERMAD and release 

of the F-actin binding C-ERMAD. It is not completely clear whether N-ERMAD 

masking by the C-ERMAD would preclude transmembrane protein binding. However the 

putative transmembrane interaction site and the C-ERMAD interaction site are positioned 

on the same face of the N-ERMAD.

5,5.2 Moesin/ICAM-1 interaction in TNF-a-stimulated HUVECs

Although there is a great deal of evidence for ERM interaction with transmembrane 

proteins, the effects of signalling pathways on the associations have not been widely 

studied. Various reviews on ERM proteins have suggested that interaction between
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ERMs and type I transmembrane proteins are not dependent upon ERM protein 

activation. There is little evidence supporting this statement as PIP2 , which is thought to 

conformationally activate ERM proteins, appeared to control the interactions between 

ezrin and CD44, ICAM-1, ICAM-2, and ICAM-3 in vitro. However, the dependence of 

ERM/transmembrane protein interaction upon extracellular stimuli has not been 

extensively studied. Rho activation stimulated C-terminal phosphorylation of ERMs and 

association with the cytoskeleton (Hirao et al., 1996). EGF stimulation of A431 cells also 

induces C-terminal phosphorylation of ERM proteins and microvillus elongation in 

collaboration with CD43 and CD44 (Yonemura et al., 1999). However, neither of these 

studies showed an increase in ERM association with the transmembrane proteins. 

Recently it was shown that PMA activation of lymphocytes induced specific association 

of moesin with the L-selectin cytoplasmic tail (Ivetic et al., 2002). Interestingly, the 

association did not correlate with an increase in C-terminal moesin phosphorylation. It 

was suggested that there could be other phosphorylations or alternative post-translational 

modifications that induce L-selectin/moesin association that cannot be detected using the 

anti-CPERM antibody. Results from this chapter suggest that the ICAM-l/moesin 

interaction induced by TNF-a treatment of HUVECs is not exclusively regulated by C- 

terminal ERM phosphorylation. Chapter 3 showed that TNF-a stimulation increases 

ERM phosphorylation but this increase is less than the increase in ICAM-l/moesin 

association. The protein kinase C inhibitor GF 109203X appeared to inhibit the 

association of moesin with the ICAM-1 cytosolic tail, although this did not inhibit moesin 

C-terminal phosphorylation. It must therefore be considered that C-terminal 

phosphorylation may not be an exclusive marker for ERM protein activation. Other 

modification sites may be present on ERM proteins that regulate membrane protein 

binding responses to specific extracellular stimuli.

The biological significance of TNF-a-activated ICAM-l/moesin association could be 

extremely important. Moesin is the most abundant member of the ERM family in 

endothelial cells. Activation of ICAM-1 protein expression by TNF-a may be 

coordinated with the increase in affinity of moesin for the ICAM-1 tail. This would create 

a stable interaction between ICAM-1 and moesin which may contribute to ICAM-1-
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mediated leukocyte transmigration, either through stabilization of the interaction between 

ICAM-1 and the actin cytoskeleton and/or through possible ERM signalling to Rho 

activation. In the case of ICAM-l/F-actin stabilization, moesin activation by TNF-a 

could stabilize the alignment of ICAM-1 clusters with apical stress fibres in endothelial 

cells as demonstrated in Chapter 4. It was suggested that the alignment of receptors with 

stress fibres may direct leukocyte lateral migration across the endothelial cell surface. For 

further investigation into the role of TNF-a-induced ICAM-l/moesin interaction in 

leukocyte transmigration, extensive investigations into the nature of moesin activation by 

TNF-a is required.

5.5,3 Involvement of the ERM binding site of ICAM-1 in Rho activation

ICAM-1 activation of Rho has been described in rat brain endothelial cells and also in 

HUVECs in this thesis. Rho-GDI binds to the N-ERMAD of ERM proteins, which 

decreases its inhibition of Rho activity (Takahashi et al., 1997). ICAM-1 binds ERM 

proteins in HUVECs and disruption of this interaction using NCAM-ICAM-1 K>L 

mutant chimaeras inhibited the formation of stress fibres by ICAM-1 cross-linking. 

However, mutation of the ERM binding site within the ICAM-1 tail did not prevent co

clustering of moesin with the NCAM-ICAM-1 K>L chimaeras. This suggests that ERM 

proteins were able to associate with another component of the ICAM-1 clusters. Results 

from figure 5.09 showed that microvilli length in HeLa cells was decreased by the 

mutation of the ERM binding site within the ICAM-1 tail, which indicates that the K>L 

mutation did destroy functional interaction between ICAM-1 and ERM proteins. Neither 

ICAM-2 nor VCAM-1 were ever found to be present at the ICAM-1 “superclusters”. As 

the clusters are large, although not as large as those produced upon ICAM-1 cross-linking 

(Fig. 4.01), it is quite feasible that other cytoplasmic and transmembrane proteins are 

present which can interact with ERM proteins. Indeed it is possible that membrane lipids 

such as PIP2 , which interacts with ERM proteins, are concentrated at the ICAM-1 

supraclusters. The possiblity that the NCAM-IC-1 K>L chimaeras formed dimers with 

low levels of endogenous ICAM-1 was disproved by dual immunofluorescence for 

ICAM-1 and NCAM (data not shown). However, the data does show that mutation of the
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ERM binding site in ICAM-1 inhibits ICAM-1 signalling to stress fibre formation. It 

cannot be ruled out that the K>L mutation of the ICAM-I tail does not disrupt binding of 

ICAM-I to other cytosolic proteins which may play a role in the signalling mechanism 

from ICAM-1 to RhoA.

Little is known about the signalling molecules involved in transmitting signals from 

ICAM-I to downstream targets. It is most likely that the ICAM-I cytosolic tail is 

responsible for initiating ICAM-l-induced signals. Indeed, using a reconstituted 

mammalian cell expression model, Sans et al (2001) were able to demonstrate that 

neutrophil transmigration was dependent upon the ICAM-I cytoplasmic domain and a 

Rho-dependent pathway. The ICAM-I cytoplasmic domain interacts with many proteins 

such as GAPDH, a-actinin, P-tubulin, ezrin and SHP-2. Of these proteins, only SHP-2 

has a catalytic activity that affects signalling pathways, whilst ERM proteins have been 

implicated in controlling signalling pathways. The possibilities of these two proteins 

being involved in ICAM-I signalling to Rho will now be discussed.

The N-ERMAD of radixin is able to bind Rho-GDI, which causes the dissociation of 

Rho-GDP from Rho-GDI and allows guanine nucleotide exchange on Rho (Takahashi et 

al., 1997). Indeed, introduction of the radixin N-ERMAD into fibroblasts induced stress 

fibre formation. An essential role for ERM proteins in the formation of stress fibres was 

also shown in permeabilized fibroblasts (Mackay et al., 1997). However, activation of 

Rho by ERM proteins in cells has only been shown on one occasion. The tumour 

suppressor protein hamartin was shown to bind ERM proteins in a yeast-two hybrid 

screen and the interaction was demonstrated between the endogenous proteins in 

HUVECs (Lamb et al., 2000). Disruption of the interaction between hamartin and ERM 

proteins blocked LPA- and serum-activated stress fibre formation. However, this was 

achieved by introducing the 125-amino acid ERM binding domain of hamartin into cells. 

This is a large polypeptide moiety which has the capability to bind to other cytosolic 

proteins. Although a control peptide was used, this was taken from another part of 

hamartin which did not bind ezrin.

In this example, Rho activity was controlled by simple association of ERM proteins with 

another ligand (hamartin). If this is a common theme of Rho activation by ERM proteins.
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association of ERM proteins with transmembrane ligands could also induce Rho 

activation. However this has not yet been shown for any transmembrane ligand. 

Moreover, Rho has been shown to activate ERM proteins by inducing C-terminal 

phosphorylation and in theory this would enable ligand interaction. If a simple 

association of ERMs with CD44 were responsible for Rho activation, stress fibres would 

be formed constitutively where CD44 and ezrin/moesin interact. It is still debatable 

whether ERM proteins are conformationally active when they interact with 

transmembrane ligands. This is of crucial importance as Rho-GDI can only interact with 

the N-ERMAD of radixin and not the full-length protein. However, results in this chapter 

would suggest that ICAM-1 interaction with moesin is not exclusively controlled by C- 

terminal phosphorylation. An alternative mechanism for Rho activation by ERMs is 

through interaction with PIP2  alone, independently of transmembrane ligands. 

Overexpression of PI4-P5-kinase in CVl fibroblasts caused increased PIP2 levels and 

stress fibre formation (Yamamoto et al., 2001). Interactions between F-actin and the actin 

filament severing protein gelsolin were dramatically reduced, implicating PIP2/gelsolin 

interaction in stress fibre formation. Ezrin interaction with F-actin was dramatically 

increased by PIP2 overproduction. It was concluded that PIP2  activation of ezrin could 

induce Rho activation in a positive feedback loop.

The results in this chapter show that mutation of the ERM binding site of ICAM-1 blocks 

signalling to Rho. It cannot be discounted that clustering of moesin which interacts with 

ICAM-1 may enhance Rho-GDI binding to moesin. It must be noted that mutation of the 

ERM binding site in ICAM-1 may not have an exclusive effect upon ERM proteins 

alone. However, it is believed that ERM proteins could be responsible for signalling to 

the actin cytoskeleton downstream of ICAM-1 cross-linking, and that disruption of the 

ICAM-l/moesin complex may disrupt signalling mechanisms and interaction of ICAM-1 

with the actin cytoskeleton.

SHP-2 was shown to bind to ICAM-1 after ECs were allowed to bind to fibrinogen 

(Pluskota et al., 2000). This was dependent upon tyrosine phosphorylation of Tyr-485 in 

the ICAM-1 cytosolic tail, although this was shown in HEK-293 cells. Tyr-485 is part of 

a poorly conserved immune receptor tyrosine-binding inhibition motif (TTIM). Normally
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two rriM s are positioned next to each other and phosphorylation of the tyrosine residues 

allows the docking of tandem SH2 domains of signalling proteins such as Syk, Slp-76 or 

ZAP-70 (Ravetch and Lanier, 2000). ICAM-1 is exceptional as only one ITIM is present 

in the ICAM-1 cytosolic tail. However, mutation of tyr485>phe in exogenous ICAM-1 

failed to protect 293 fibroblast cells from apoptosing after adherence to fibrinogen, 

suggesting ICAM-I tyrosine phosphorylation is essential for cell survival. A link between 

SHP-2 and RhoA has already been established, but SHP-2 was shown to negatively 

regulate RhoA activity in fibroblasts (Schoenwaelder et al., 2000). Despite this, SHP-2 is 

an attractive candidate signalling molecule for mediating the signal from ICAM-I to Rho 

in HUVECs. SHP-2 is not only a tyrosine phosphatase, but can also act as a scaffolding 

protein, recruiting Grb2/S0S and thereby activating the Raf-l/Mekl/ERK pathway 

(Tonks and Neel, 2001). SHP-2 has also been shown to activate Src in PDGF-stimulated 

NIH-3T3 cells (Walter et al., 1999), and could therefore be responsible for the ICAM-l- 

induced Src activation reported previously.

The ICAM-1 tyrosine residue phosphorylated after ligation with fibrinogen (tyr485) is 

positioned immediately C-terminal to the triple lysine amino acid cluster. Indeed, if the 

binding of SHP-2 to ICAM-I is regulated by the poorly conserved ITIM motif 

I'^^^KKYRLQ'^^ ,̂ then mutation of the two lysine residues may affect SHP-2 binding. The 

NCAM-IC-1 K>L mutation may therefore affect the ability of SHP-2 to interact with 

ICAM-1 in endothelial cells. SHP-2 has also been shown to interact with other cell 

adhesion molecules such as VE-Cadherin (Ukropec et al., 2000). Possible interactions 

between ICAM-1 and SHP-2 in HUVECs after ICAM-1 cross-linking are investigated in 

chapter 6 .

Tyrosine phosphorylation has been implicated in the control of Rho activation. For 

example, LPA-induced stress fibre formation was inhibited by tyrosine kinase inhibitors. 

Could this be due to focal adhesion formation rather than Rho activation itself? Recent 

papers have described tyrosine phosphorylation of RhoGAPs and GEFs which controls 

their activities. Tyrosine phosphorylation is reported to enhance pI15RhoGEF exchange 

activity, which increases RhoA activity levels . However, tyrosine phosphorylation of 

pl90RhoGAP increases its GAP activity, which in turn decreases Rho activity (Arthur et
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al., 2000). Therefore a balance between tyrosine phosphorylation of GEFs and GAPs is 

likely to exist in vivo, which would contribute to regulation of Rho activity.

In summary the results of this chapter implicate a positively-charged amino acid motif 

within the ICAM-1 cytosolic tail as being responsible for RhoA activation by ICAM-1 

cross-linking. It is believed that during ICAM-1 cross-linking the ICAM-l/moesin 

interaction may be necessary for RhoA activation. It is also likely that monocyte binding 

to cytokine-stimulated HUVECs requires a stable ICAM-l/moesin interaction. This could 

be addressed by introducing “dominant-negative” moesin (T558>A) into HUVECs, 

although ezrin may be able to compensate for the loss of moesin function. Microinjection 

of the GST-IC-1 tail proteins into cells may provide further evidence for the role of 

ICAM-l/moesin interaction in leukocyte transmigration. Also mutation of the two 

arginine residues N-terminal to the lysine cluster in the ICAM-1 tail may provide further 

insight into the mechanism of ICAM-l/moesin interaction.
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Chapter 6 - ICAM-1 binds Major Vault Protein

6.1 Introduction

The previous chapter showed that the ICAM-1 cytosolic tail interacts with ERM proteins 

and that mutation of the triple lysine motif K-I-K-K in the ICAM-I tail blocks this 

interaction. However, this interaction is not maintained during immunoprécipitation of 

ICAM-I from endothelial cell lysates. Co-immunoprecipitation of proteins is thought to 

be conclusive proof of an association between two or more proteins in cells, and therefore 

identification of proteins that co-immunoprecipitated with ICAM-1 was attempted.

6.2 ICAM-1 co-immunoprecipitates a tyrosine phosphorylated protein 

called Major Vault Protein

ICAM-1 was immunoprecipitated from TNF-a-stimulated cells and proteins bound to 

anti-ICAM-1 antibodies were resolved by SDS-PAGE. To control for non-specific 

binding of proteins to mouse monoclonal antibodies, HUVEC lysates were also incubated 

with the mouse monoclonal anti-Myc antibody. Proteins bound to the anti-Myc antibody 

were resolved by SDS-PAGE. Figure 6.01 shows a 12.5% acrylamide gel loaded with 

ICAM-1 and Myc immunoprecipitates which has been stained for proteins using silver 

nitrate. Many bands present in the ICAM-1 IP were also present in the Myc IP, indicating 

that these proteins non-specifically bound to either protein A sepharose or mouse 

monoclonal antibodies and therefore were not specific ICAM-1 binding partners. ICAM- 

1 itself migrated as a diffuse band, consistent with the high levels of glycosylation that 

have previously been reported (arrow). A protein of approximately 105 kDa molecular 

weight was present in the ICAM-1 immunoprecipitate (Fig. 6.01: arrow), but not in the 

control Myc immunoprecipitate or the ICAM-1 antibody alone.

To provide further evidence that this protein was a specific ICAM-1 binding partner, 

HUVECs were metabolically labelled with ^^[S]-methionine and then stimulated with 

TNF-a to induce ICAM-1 expression. Cells were then lysed in TX-lOO lysis buffer and 

ICAM-1 was immunoprecipitated. Anti-Myc antibody was again used to control for non-
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specific binding to ICAM-1. ICAM-1 co-immunoprecipitated two metabolically labelled 

proteins of molecular weights 50 kDa and 105 kDa, both of which were not present in the 

control anti-myc immunoprécipitation (Fig. 6.02).

A highly accurate method for protein identification is mass spectrometry. Prior to mass 

spectrometry, unknown proteins are digested with trypsin to produce polypetide chains. 

Mass spectrometry then uses ionizing radiation to fragment polypeptide chains to 

produce small peptide ions that can be identified on the basis of their mass to charge 

ratio. The peptides are matched against peptides produced by theoretical trypsin digests 

of all known proteins of the subject organism. The 105-kDa protein that specifically co- 

immunoprecipitated with ICAM-1 was identified by this technique. An ICAM-1 

immunoprécipitation was performed and bound proteins were resolved by SDS-PAGE. 

The gel was silver stained and the 105-kDa protein was excised from the gel and given to 

the mass spectrometry department of the Ludwig Institute for Cancer Research. Mass 

spectrometry analysis identified this protein as the human Lung Resistance-Related 

Protein (LRP), otherwise known as Major Vault Protein (MVP).
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Figure 6.01. Silver stain of ICAM-1 IPs. HUVECs were stimulated with TNF-a (10 

ng/ml) for 24 hours. Cells were lysed in NP-40 lysis buffer and lysates were precleared 

with protein A and incubated with either mouse monoclonal anti-ICAM-I antibody or 

mouse monoclonal anti-Myc antibody. Immune complexes were isolated with protein A 

sepharose beads and washed thoroughly. Proteins were resolved by SDS-PAGE (12.5% 

acrylamide) and the gel was silver stained according to the protocol given in chapter 2. 

IC-I Ab refers to boiled anti-ICAM-I antibody not incubated with the lysates.
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Figure 6.02. ICAM-1 IPs from metabolically-labeiled HUVECs. HUVECs were 

metabolically labelled with ^^S-methionine for 16 hours and stimulated with TNF-a (10 

ng/ml) for 16 hours simultaneously. Cells were lysed in NP-40 lysis buffer and lysates 

were precleared with protein A and incubated with either mouse monoclonal anti-ICAM- 

1 antibody or mouse monoclonal anti-Myc antibody. Immune complexes were resolved 

by SDS-PAGE and an autoradiograph was produced. The arrow points to a protein of 

approximately 105 kDa.
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6.3 Major Vault Protein

Multidrug resistance (MDR) is a major cause of chemotherapy failure during treatment of 

cancers (Scheffer et al., 2000). The ATP-binding cassette (ABC) transmembrane 

transporters such as P-glycoprotein (P-gp) and multidrug resistance-associated protein 

(MRP) both decrease intracellular drug concentrations by acting as transmembrane drug 

efflux pumps. However, P-gp or MRP overexpression does not exclusively characterize 

MDR cell lines, indicating that there may be alternative mechanisms functioning to 

mediate MDR. A protein originally termed Lung Resistance-Related Protein (LRP) was 

found to be overexpressed in MDR cell lines that did not overexpress P-gp (Kickhoefer et 

al., 1998). Other studies indicated that LRP could be used as a candidate marker in vitro 

and in vivo for prediction of chemotheraputic success. Sequencing of the LRP cDNA 

revealed that it was in fact the human homologue of the major vault protein (MVP) 

(Scheffer et al., 1995).

MVP is the major protein constituent of vaults (Kedersha et al., 1991; Kedersha et al., 

1990; Kedersha and Rome, 1990), multi-subunit cellular organelles which have been 

implicated in transmembrane transport processes. Vaults are 13-MDa ribonucleoprotein 

complexes found in the cytoplasm of eukaryotic cells. The vault morphology is highly 

conserved and consists of a barrel shape of 2 halves, each half capable of opening into a 

flower-like structure (Fig. 6.03) (Kedersha et al., 1991). It was subsequently hypothesized 

that the vault could open and close in vivo. Interestingly, the vault particle mass and 

symmetry bear striking resemblance to those displayed by the putative central plug of the 

nuclear pore complex. This observation, coupled with evidence from 3-D reconstruction 

models showing that vaults have hollow interiors, further supported the hypothesis that 

vaults may function as transport/sequestration complexes for large substrates. MVP 

represents approximately 70% of the vault particle mass (Kickhoefer et al., 1998). There 

are 2 other protein components of vaults: the 193-kDa vault poly (ADP-ribose) 

polymerase (VPARP) provides poly (ADP) ribosylation activity to the vault particle 

(Kickhoefer et al., 1999), whereas the function of the 240-kDa telomerase-associated 

component (TEPl) in the vault has yet to be determined. Untranslated vault RNA 

(vRNA) is also present and accounts for less than 5% of the vault particle mass. vRNA is
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highly conserved among species and appears to perform a functional role as its 

degradation does not affect vault morphology (van Zon et al., 2001).

Most evidence supporting a role for MVP and vaults in the development of an MDR 

phenotype is based on elevated expression levels of MVP in MDR cell lines that do not 

express P-gp or MRP (Kickhoefer et al., 1998). However, recent studies have provided 

more conclusive evidence as apposed to the mostly correlative evidence above. Kitazono 

et al. (1999) induced an MDR-phenotype in human colon carcinoma SW-620 cells by 

treatment with sodium butyrate (Kitazono et al., 1999). This treatment was shown to 

induce MVP and conferred resistance to doxorubicin, taxol and other chemotheraputic 

agents. The MDR phenotype could be reversed by transfection of cells with an expression 

vector carrying an MVP-specific ribozyme. Moreover, doxorubicin was predominantly 

present in the nuclei of untreated SW-620 cells whereas sodium butyrate treatment 

induced the movement of doxorubicin into the cytoplasm. This study clearly 

demonstrated that MVP was responsible for the induced MDR phenotype in these cells. 

Evidence for the transport hypothesis of vault function was provided by a study detailing 

the interaction between vault particles and the estrogen receptor in MCF-7 cells 

(Abbondanza et al., 1998). Estradiol treatment of MCF-7 cells increased the amount of 

vaults associating with estrogen receptors in nuclear extracts. However, a recent study 

showed that vault upregulation may not be sufficient for MDR in non-P-gp cell lines 

(Siva et al., 2001). Crucially, the MVP-transfected stable line AC16 showed increased 

number of vault particles, increased expression of VP ARP and TEPl, but remained drug 

(doxorubicin)-sensitive. This study casts doubt over the role of MVP function in MDR.

Other studies have investigated MVP alone, rather than in the context of vaults, and have 

provided useful information on other aspects of MVP. Recombinant MVP was shown to 

co-localize with cytoskeletal elements in Chinese Hamster Ovary (CHO) cells and nerve 

growth factor-treated PC 12 cells (Herrmann et al., 1999). MVP co-localized with F-actin 

in neuritic tips of PC 12 cells. MVP also localized along microtubules, leading the authors 

to suggest that vault particles could be transported along cytoskeletal-based cellular 

tracks. MVP is a phosphoprotein in the electric ray (Herrmann et al., 1998). 

Phosphorylation takes place on serine, threonine and tyrosine residues, suggesting that
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MVP is post-translationally modified by intracellular signalling events. More recently it 

was shown that, in contrast to CHO cells, addition of recombinant casein kinase II 

enhances the phosphorylation of MVP in PC12 cells (Ehmsperger and Volknandt, 2001).
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Figure 6.03. EM and hypothesized vault structure, (a) an electron micrograph of open 
and closed vaults obtained from www.vaults.com. (b) A cartoon representation of the 
symmetry of vault structure. Note the eight petals in each half of the vault structure, 
linked to a central ring (also obtained from www.vaults.com).
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6.4 MVP/ICAM-1 interaction characterization

To verify that the 105-kDa protein in ICAM-1 immunoprecipitates is MVP, an antibody 

recognizing MVP on western blots was obtained. ICAM-1 and myc 

immunoprécipitations were performed and resolved by SDS-PAGE. Proteins were 

transferred onto PVDF membrane and immunoblotted for MVP. ICAM-1 IPs contained 

MVP, confirming the previous results in this chapter (Fig. 6.04). The same 

immunoprécipitations were immunoblotted for phosphotyrosine using a mouse 

monoclonal anti-phosphotyrosine antibody. This antibody recognized a protein in the 

ICAM-I IP that migrated at the same molecular weight as MVP (Fig. 6.05; arrow). This 

protein was not present in the Myc IP. MVP has previously been shown to be a 

phosphoprotein in the electric ray, phosphorylated at serine, threonine and tyrosine 

residues (Herrmann et al., 1998). It is therefore likely that the tyrosine phosphorylated 

protein present in ICAM-I IPs is MVP. These results showed that ICAM-1 interacted 

with tyrosine phosphorylated MVP in HUVECs.

To determine the relative levels of MVP in endothelial cells as compared to other cell 

types, soluble fractions of C0S7 cell lysates (monkey stomach epithelial cell line), mouse 

bone marrow macrophage lysates, and TNF-a-stimulated HUVEC lysates were 

immunoblotted for MVP. To ensure that equal amounts of protein were loaded for each 

cell-type lysate. Bio-rad protein assays were performed and volumes of lysates adjusted 

accordingly. TNF-a-stimulated HUVECs express much higher levels of MVP than C0S7 

cells and mouse bone marrow macrophages (Fig. 6.06). The apparent differences in 

molecular weights between MVP from C0S7 cells and the HUVECs and macrophages 

was due to differences between human/monkey and mouse MVP genes. The mouse MVP 

gene produces a smaller protein than the human MVP gene (861 amino acids against 896 

amino acids). Mouse bone marrow macrophages expressed more MVP than C0S7 cells. 

MVP expression in these three cell-types is likely to correlate with ICAM-1 expression 

levels.

MVP is predominantly a cytosolic protein and therefore the only domain of ICAM-1 that 

could mediate interaction between the two proteins in vivo is the cytosolic tail. GST-
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ICAM-1 tail pull-downs were therefore performed from HUVEC lysates to determine 

whether the ICAM-1 tail is responsible for the ICAM-1/MVP interaction. All mutant 

forms of the GST-lC-1 protein generated in chapter 5 were used. MVP from HUVEC 

lysates interacted with the lCAM-1 cytosolic tail at physiological ionic strength (Fig. 

6.07). Mutation of lys481 in the lCAM-1 cytosolic tail significantly inhibited the binding 

of MVP to lCAM-1, whereas mutation of lys483 and lys484 had no effect on the ICAM- 

1/MVP interaction. Mutation of all three lysine residues together completely blocked the 

1C AM-1/MVP interaction. GST alone did not bind MVP, showing the specificity of the 

interaction between lCAM-1 and MVP. The tyr485>phe mutation had no effect on 

MVP/lCAM-1 interaction.

As further confirmation of the interaction between lCAM-1 and MVP, 

immunoprécipitations of MVP from TNF-a-stimulated HUVECs were performed. As the 

anti-MVP antibody was a rabbit polyclonal antibody, pre-immune rabbit serum was used 

as a control for MVP IPs. Figure 6.08a shows that lCAM-1 co-immunoprecipitated with 

MVP in the MVP IP. However, a low level of lCAM-1 was also immunoprecipitated by 

the pre-immune rabbit serum. Immunoblotting the MVP IP and the control IP revealed 

that the control IP contained low levels of MVP. This indicated that MVP interacted non- 

specifically with the pre-immune rabbit serum. This would explain the low levels of 

lCAM-1 present in the control IP. VCAM-1, another leukocyte-binding protein 

upregulated by TNF-a treatment, was not present in either IP (Fig. 6.08b).
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Figure 6.04. ICAM-1 IPs contain MVP. An ICAM-1 IP, as obtained in figure 6.01, 

along with a HUVEC lysate and a control endothelial cell lysate (supplied by the 

manufacturer of the anti-LRP antibody) were immunoblotted for MVP using a mouse 

monoclonal anti-LRP antibody.
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Figure 6.05. ICAM-1 IPs contain a tyrosine phosphorylated protein of Mw 105 kDa.

ICAM-1 and Myc IPs were immunoblotted for phosphotyrosine-containing proteins 

using the mouse monoclonal anti-phosphotyrosine antibody (4G10). The aiTOw indicates 

the protein of Mw 105 kDa. This blot is representative of two separate experiments
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Figure 6.06. MVP expression in different cell lines. HUVECs, murine bone marrow 

macrophages (BMM), and C0S7 epithelial cells were cultured and lysed in XX-100 lysis 

buffer. Equal amounts of protein from soluble and insoluble fractions were resolved by 

SDS-PAGE and immunoblotted for MVP. Biorad protein assays ensured equal protein 

concentrations.
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Figure 6.07. ICAM-1 tail interacts with MVP in vitro. Growing HUVECs were lysed 

in TX-lOO lysis buffer containing 150 mM KCl. GST-beads and all GST-IC-1 tail 

proteins were incubated with the lysate for 1 hour at 4°C. Bound proteins were resolved 

by SDS-PAGE and MVP was detected by immunoblotting. Soluble fraction was included 

as an immunoblotting control. This blot is representative of three separate experiments.
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Figure 6.08. MVP IPs contain ICAM-1. HUVECs were stimulated with TNF-a (10 

ng/ml) for 24 hours. Cells were lysed in TX-lOO lysis buffer and lysates were precleared 

with protein A and incubated either a rabbi It polyclonal anti-MVP antibody or pre- 

immune rabbit serum. Immune complexes were resolved by SDS-PAGE and 

immunoblotted for (a) MVP, (b) lCAM-1, and (c) VCAM-1. These results are 

representative of two separate experiments.
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6.5 ICAM-1 clustering causes MVP co-clustering and tyrosine 

phosphorylation of a 70 kDa protein

The previous section described a novel interaction between ICAM-1 and MVP. Previous 

chapters have shown that ICAM-1 interacts with moesin, and that ICAM-1 tail mutants 

that do not bind to ERM proteins cannot induce stress fibres in primary endothelial cells. 

To further investigate the interaction between ICAM-1 and MVP in HUVECs, ICAM-1 

and MVP localization was determined before and after ICAM-1 cross-linking. The rabbit 

polyclonal anti-MVP antibody used for immunfluorescence. In previous publications 

using this antibody cells were fixed in methanol (Herrmann et al., 1999). Staining for 

MVP was therefore carried out after fixation in 4% paraformaldehyde, as for all previous 

immunofluorescence work in this thesis, or after fixation in methanol. Figure 6.09 shows 

a typical staining pattern for MVP in HUVECs that were fixed in methanol. MVP 

showed a punctate cytoplasmic staining and a proportion of MVP was localized to the 

nucleus, consistent with previous literature. Figure 6.10a-c shows TNF-a-stimulated cells 

fixed in methanol and then stained for ICAM-1 and MVP. A consequence of methanol 

fixing of endothelial cells was that the most apical part of the endothelial cell plasma 

membrane appeared to be destroyed, thus it was not possible to determine whether 

ICAM-1 co-localized with MVP at the apical membrane. Fixation of TNF-a-stimulated 

HUVECs with paraformaldehyde preserved microvilli and some MVP did localize along 

with ICAM-1 at endothelial microvilli (Fig. 6.10d-f). ICAM-1 cross-linking for 60 

minutes induced co-clustering of MVP (Fig. 6.11), similarly to the moesin co-clustering 

observed in chapter 4. ICAM-1/MVP co-clustering was observed in cells fixed with 

either methanol (Fig. 6.11a-c) or paraformaldehyde (Fig. 6.11d-f). These results provide 

further evidence that ICAM-1 and MVP interact in HUVECs.

The NCAM-IC-1 chimaeras used in the previous chapter to investigate ICAM-l/ERM 

interaction were used here to investigate the IC AM-1/MVP interaction. It must be noted 

that the expression levels of the chimaeras in these experiments were very low. Cross- 

linking of NCAM-IC-1 WT caused co-clustering of MVP into small clusters, probably 

limited in size by the low levels of NCAM expression (Fig. 6.12a; arrow). In contrast, 

although similar levels of NCAM-IC-1 K>L were expressed, MVP did not co-cluster
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(Fig. 6.13d-f)- However, these experiments must be repeated with higher levels of 

NCAM-IC-1 expression.

To investigate further the effects of ICAM-1 cross-linking upon the interaction between 

ICAM-1 and MVP, immunoprécipitations of MVP were performed after ICAM-1 cross- 

linking for different time periods on HUVECs. It was initially thought that incubating 

ICAM-1-stimulated HUVEC lysates with anti-MVP antibodies would result in specific 

immunoprécipitation of MVP and its binding partners. However, it became clear during 

the course of these experiments that the mouse monoclonal ICAM-1 antibodies used for 

cross-linking were also binding to the protein G sepharose beads used to isolate the rabbit 

polyclonal anti-MVP antibody. Consequently, the following results were obtained from 

“double IPs”, both ICAM-1 and MVP being immunoprecipitated independently of each 

other. It is also presumed that a fraction of ICAM-1 present in the double IP was co- 

immunoprecipitated with MVP, and that the same occurred for MVP, co- 

immunoprecipitated with ICAM-1. An anti-phosphotyrosine blot of an IC AM-1/MVP 

double IP from HUVECs treated with ICAM-1 cross-linking antibodies is shown in 

Figure 6.13. MVP was present as a tyrosine phosphorylated protein as previously 

demonstrated in (Fig. 6.05). No significant increase in tyrosine phosphorylation of MVP 

was observed following ICAM-1 cross-linking. However, two bands appeared after 

cross-linking treatment for 15 minutes and the intensities of these bands increased with 

longer periods of ICAM-1 cross-linking. These bands did not represent any antibody 

species that could have been associated with the immunoprécipitation complex. The 

molecular weights of these two proteins were between 68-74 kDa. This result was 

reproduced in three separate experiments. Silver staining of protein gels loaded with the 

same samples did not provide conclusive evidence for an increase in the levels of the two 

unknown proteins becoming associated with the immunoprecipitated complex during 

ICAM-1 cross-linking (data not shown). VCAM-1 cross-linking for 30 minutes was 

included as a control in this experiment. Two major differences between the 

phosphotyrosine blotting pattern for the double IP after ICAM-1 cross-linking for 30 

minutes and after VCAM-1 cross-linking for 30 minutes can be observed. Firstly, after 

VCAM-1 cross-linking, the phosphotyrosine band representing MVP is much weaker 

than after ICAM-1 cross-linking. This could reflect a dramatic decrease in MVP tyrosine
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phosphorylation induced specifically by VCAM-1 cross-linking. However, the most 

likely explanation is that the levels of MVP in the immunoprecipitated complex were 

much lower, providing further evidence for a specific interaction between ICAM-1 and 

MVP. Secondly, no increase in phosphotyrosine levels of the two unknown proteins was 

observed, confirming the specificity of the increase observed after ICAM-1 cross-linking. 

VCAM-1 did not detectably co-immunoprecipitate with either the ICAM-1 or MVP after 

ICAM-1 cross-linking (Fig. 6.14).

241



Figure 6.09. MVP localization in HUVECs. Starved HUVECs were fixed in methanol 

for 7 minutes at -20°C and then immunostained for MVP with the rabbit polyclonal anti- 

MVP antibody and TRITC-conjugated goat anti-rabbit antibody. Bar 10 pm.
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Figure 6.10. ICAM-1 and MVP co-localize at the HUVEC apical surface after 

paraformaldehyde fixation. HUVECs were stimulated with TNF-a for 24 hours. In a-c 

cells were fixed in methanol and immunostained for ICAM-1 and MVP. In d-f, cells were 

fixed in 4% paraformaldehyde, permeabilized and immunostained for ICAM-1 and MVP. 

ICAM-1 is shown in a and d, MVP is shown in b and e, and merged images are shown in 

c and f. In merged images ICAM-1 is shown in green and MVP is shown in red. Bars 10 

pm.
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Figure 6.11. MVP co-clusters with lCAM-1. HUVECs were stimulated with TNF-a for 

24 hours and subjected to ICAM-1 cross-linking treatment for 60 minutes. In a-c, cells 

were fixed in methanol and immunostained for MVP. In d-i, cells were fixed in 4% 

paraformaldehyde, permeabilized and immunostained for MVP. ICAM-I is shown in a, 

d, and g, MVP is shown in b, e, and h, and merged images are shown in c, f, and i. In 

merged images, ICAM-I is shown in green and MVP is shown in red. Bars 10 (xm.
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Figure 6.12. NCAM-ICAM-1 chimaeras and MVP localization. Chimaeras of the 

NCAM extracellular domain and the ICAM-1 transmembrane and cytosolic tail domain 

from wild-type and K>L mutated ICAM-1 were made. HUVECs were transfected using 

Effectene transfection reagent and left to express NCAM-IC-1 for 48 hours. Cells were 

starved for 24 hours prior to 60 minutes of NCAM cross-linking using ERIC-1 and Alexa 

488-GAM. Cells were then fixed in 4% paraformaldehyde, permeabilized and 

immunostained for MVP. NCAM is shown in a and d, MVP is shown in b and e, and 

merged images are shown in c and f. In merged images, NCAM is shown in green and 

MVP is shown in red. Bars 10 pm.
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Figure 6.13. ICAM-1 cross-linking induces an increase in tyrosine phosphorylated 

proteins associating with the ICAM-1/MVP complex.

HUVECs were stimulated with TNF-a for 24 hours and then subjected to ICAM-1 cross- 

linking for either 0, 15, 30 or 60 minutes or VCAM-1 cross-linking for 30 minutes. Cells 

were lysed in TX-lOO lysis buffer and MVP was immunoprecipitated. Immune 

complexes were resolved by SDS-PAGE and immunoblotted for (a) phosphotyrosine- 

containing proteins and (b) MVP. Arrows indicate MVP and tyrosine phosphorylated 

proteins of Mw 68-74 kDa. These results represent three separate experiments.
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Figure 6.14. VCAM-1 is not present in ICAM-l/MVP complexes. MVP IPs were 

carried out after 0, 5, 15, 30, and 60 minutes of ICAM-I cross-linking. Immune 

complexes and corresponding soluble fractions were resolved by SDS-PAGE and 

immunoblotted for (a) ICAM-1 and (b) VCAM-I. This result is representative of three 

separate experiments.
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6.6 ICAM-1 IPs do not contain SHP-2

ICAM-1 has been shown to bind to the SH2-containing protein tyrosine phosphatase 

SHP-2 after ligation of ICAM-1 with fibrinogen (Pluskota et al., 2000). This is dependent 

upon tyrosine phosphorylation of ICAM-1 at Tyr485, the amino acid residue immediately 

C-terminal to the triple lysine motif in the ICAM-1 cytosolic tail shown to be responsible 

for interaction with ERM proteins. The interaction between ICAM-1 and SHP-2 during 

antibody-induced ICAM-1 cross-linking was investigated. ICAM-1 was cross-linked for 

5, 15, 30, and 60 minutes and cells were lysed in TX-lOO lysis buffer. ICAM-1 was 

immunoprecipitated by incubating the TX-lOO soluble fraction with Protein A Sepharose 

beads for 1 hour. ICAM-1 immunoprecipitates after all cross-linking treatments did not 

contain SHP-2, although SHP-2 is expressed in HUVECs (Fig. 6.15).
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Figure 6.15. ICAM-1 IPs do not contain SHP-2. HUVECs were stimulated in TNF-a 

and subjected to ICAM-1 cross-linking treatments for 0, 15 and 60 minutes. ICAM-I was 

immunoprecipitated using protein A sepharose beads and bound proteins were resolved 

by SDS-PAGE and immunoblotted for SHP-2 (B-I).
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6.7 Discussion
The previous chapter concentrated on the interaction between ICAM-1 and ERM family 

proteins, and the possible consequences of this interaction in ICAM-1 signalling to the 

actin cytoskeleton. This chapter describes a novel interaction between ICAM-1 and 

MVP. The interaction was discovered through immunoprécipitation studies followed by 

mass spectrometry. Although the interaction was unexpected, MVP binding to ICAM-1 

was verified by GST-IC-1 pull downs and ICAM-1 cross-linking.

Most ICAM-1 interacting proteins have been identified by using in vitro methods, such as 

ICAM-1 cytosolic tail affinity columns. The only interaction partner that has been 

described by immunoprécipitation is SHP-2, as discussed in the previous chapter. ICAM- 

1 from HUVECs did not co-immunoprecipitate moesin or Shp-2 as confirmed by western 

blotting. However, ICAM-1 co-immunoprecipitated the major protein component of 

vaults, MVP. It should be remembered that the ICAM-1 cytosolic tail is extremely short 

and that cell lysis could interfere with MVP binding and subsequently the amount of 

MVP that co-immunoprecipitates with ICAM-1. The reverse immunoprécipitation 

confirmed that MVP interacts with ICAM-1 in HUVECs. The interaction was dependent 

upon a single lysine residue in the ICAM-1 cytosolic tail, lys481, mutation of which 

significantly inhibited binding of MVP to the ICAM-1 cytosolic tail in vitro. MVP was 

also constitutively tyrosine phosphorylated which was increased by ICAM-1 cross- 

linking, indicating that MVP could be involved in the signalling pathway activated by 

ICAM-1 cross-linking. MVP was present at endothelial cell microvilli in TNF-a 

activated endothelial cells and ICAM-1 cross-linking induced co-clustering of MVP. 

Immunoprécipitations of ICAM-1 after cross-linking suggested that more MVP became 

associated with ICAM-1, although conclusive evidence of this was precluded by the 

tendency for MVP to interact non-specifically with cross-linking antibodies (data not 

shown).

MVP is the major protein component of the large ribonucleoprotein complexes known as 

vaults which are thought to play a role in the maintenance of a multidrug resistance 

phenotype in cancer cells. It was interesting to observe that HUVECs expressed far
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higher levels of MVP than the monkey stomach epithelial cell line C0S7 cells or human 

bone marrow-derived macrophages (BMMs). Although the chemotheraputic drug 

resistance capacity of these three cell types was not checked, it would be expected that 

neither HUVECs, C0S7 cells nor BMMs display a MDR phenotype. Indeed, it was 

recently that reported that HUVECs are not responsive to Pluronic P85 treatment, which 

results in a substantial decrease in ATP levels selectively in MDR cells (Batrakova et al.,

2001). Although vaults have been hypothesized to transport drugs out of the nucleus, 

only 5% of MVP is associated with the nucleus, suggesting that most MVP is cytosolic. 

Moreover, the results from Siva et al (2001) would suggest that vaults and MVP are not 

sufficient for induction of an MDR phenotype. MVP does not contain any domains which 

are associated with tyrosine phosphorylation signalling pathways such as SH2, SH3 or 

phosphotyrosine binding (PTB) domains. The most abundant domain structure present in 

MVP is known as the vault domain, a large domain of approximately 70 amino acids. 

MVP contains 6 consecutive vault domains in the N-terminal half of the protein. 

Prediction programs suggest that consensus phosphorylation sites are contained within 

the MVP amino acid sequence, although this is not surprising when considering the large 

size of the protein. A possible reason for the paucity of information on MVP domain 

structure and interactions is that MVP non-specifically binds to some antibodies. Only 

once previously has MVP been shown to interact with proteins other than those contained 

in vaults by immunoprécipitation. In that particular study, MVP interacted with the 

estrogen receptor and this interaction was altered by estradiol levels (Abbondanza et al., 

1998). Using GST-lCAM-1 cytosolic tail proteins would therefore appear to be the best 

way to assess the interaction with MVP. Furthermore the evidence for specificity of the 

interaction is enhanced by the loss of interaction induced by a single amino acid 

substitution in the lCAM-1 cytosolic tail. However, MVP would need to be expressed as 

a recombinant protein to determine whether the interaction between lCAM-1 and MVP is 

direct.

Results from the double immunoprécipitations of lCAM-1 and MVP revealed that 

lCAM-1 cross-linking induced tyrosine phosphorylation of two proteins of molecular
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weights between 70 and 74 kDa. As these results were not obtained until the end of the 

thesis, identification of these proteins was not possible. However, the observed increase 

in tyrosine phosphorylation after ICAM-1 cross-linking is consistent with previous 

literature showing tyrosine phosphorylation of paxillin, FAK and p i30̂ ^® after cross- 

linking in brain endothelial cell lines (Etienne et al., 1998). The possibility that the 

tyrosine-phosphorylated bands observed in this chapter were paxillin phosphorylation 

variants was investigated without conclusive results as the paxillin antibody used for 

western blotting interacted with proteins of the correct molecular weight (66-70 kDa) in 

control anti-Myc immunoprécipitations (data not shown). There are many other candidate 

proteins of a similar molecular weight which could be involved in transducing tyrosine 

phosphorylation signals downstream of lCAM-1 clustering. However, the fact that only 

the proteins of 70-74 kDa co-immunoprecipitated without other tyrosine-phosphorylated 

bands suggested that a complex such as that formed between paxillin, FAK and p i30^^ 

was not interacting with ICAM-1/MVP.

The results of this chapter may significantly alter the interpretation of results obtained in 

the previous two chapters. It was observed that lCAM-1 and NCAM-lC-1 WT cross- 

linking induced the formation of stress fibres in HUVECs. However mutation of the 

“ERM binding site” in the lCAM-1 tail inhibited the formation of stress fibres. In this 

chapter it was shown that the same “ERM binding site” mutation completely blocked the 

interaction of MVP with the lCAM-1 cytosolic tail. Presumably the NCAM-lC-1 K>L 

chimaeras would no longer interact with MVP in transfected HUVECs. It is possible that 

the inhibition of stress fibre formation observed by mutation of the ERM binding site 

could be due to inhibition of the interaction between lCAM-1 and MVP. As the 

interaction between lCAM-1 and MVP, but not lCAM-1 and ERMs, was significantly 

inhibited by lys481>leu, NCAM-lCAM-1 chimaeras incorporating this single amino acid 

mutation would be an excellent tool which could be used to discern the different 

consequences brought about by inhibition of moesin or MVP binding to lCAM-1.

As vaults are hypothesized to be involved in intracellular transport mechanisms, it is 

possible that lCAM-1 interacts with MVP during processing, presentation at or
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internalization from the plasma membrane. The intracellular localization of ICAM-1 was 

never investigated during this thesis and it has been assumed that ICAM-1 exclusively 

associates at the plasma membrane with MVP. Subcellular fractionation studies could be 

used to determine whether the association between ICAM-1 and MVP takes place 

specifically at the plasma membrane or at other membranes on the endocytic and/or 

exocytic pathways.

In summary, the novel interaction described here between ICAM-1 and MVP is of 

potential importance to the mechanism of ICAM-1-induced RhoA activation in 

HUVECs. MVP may play a role during leukocyte transmigration, separate from its 

hypothesized role in multidrug resistance. The nature of the interaction between ICAM-1 

and MVP needs further investigation. Specifically, an MVP cDNA construct should be 

obtained, followed by synthesis of deletion mutants to investigate the particular regions 

of MVP that are important in the interaction with the ICAM-1 cytosolic tail.
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Chapter 7 -  Discussion

7.1 Investigating endothelial biology

The endothelium is central to many biological processes such as leukocyte 

transmigration, angiogenesis and vasculogenesis. In vivo models for investigating the 

endothelium are available, such as intravital microscopy and mouse disease models (e.g. 

atherosclerosis models). Many factors must be considered when choosing how to 

investigate endothelial cells in the laboratory. The origin of the endothelial cells to be 

investigated must be considered carefully. This study investigated the properties of 

HUVECs which are human primary endothelial cells isolated from the umbilical cord 

vein. There are many other endothelial cells of different origins which could have been 

used to investigate the roles of ICAMs and ERMs in leukocyte transmigration. At the 

start of this study there were no immortalized human endothelial cell lines available for 

investigation. There are other human endothelial cells which are now investigated such as 

human micro vascular endothelial cells (HMECs) and human pulmonary artery ECs 

(HPAECs). Obviously, for studies on immune responses with a research goal of 

contributing towards knowledge on mechanisms of leukocyte transmigration in order to 

facilitate treatment of vascular disease, it is preferential to use endothelial cells of human 

origin. However, much excellent work on endothelial cell control of lymphocyte 

transmigration has been carried out using rat brain microvascular cell lines (Adamson et 

al., 1999). As HUVECs are more easily available than cells from other vessels, and as 

they are well accepted to be physiologically more relevant than many established cell 

lines, it was decided that HUVECs would used.

Compared to many cell lines, use of primary HUVECs limited the research possibilities 

during this study.

1) Primary ECs can only be grown for a limited number of passages in vitro, which 

creates a small “passage window” during which reproducible results can be 

obtained. Furthermore, ECs isolated from one cord can differ from ECs isolated 

from a different cord, and therefore the “passage window” moves from one cord 

to the next. Therefore, it takes a long time to familiarise oneself with patterns of 

HUVEC growth and their morphology, which essentially tell the investigator how
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well the cells will grow and whether they are capable of forming tight 

monolayers. This function is essential for all studies on inflammation, leukocyte 

transmigration and EC signalling during this process.

2) Investigating the biochemistry of HUVEC responses to TNF-a and ICAM-1 

cross-linking could be difficult as ECs need to be maintained in high levels of 

serum, even during starvation. This probably contributes to high levels of basal 

phosphorylation as shown by ERM phosphorylation or tyrosine phosphorylation 

levels before TNF-a treatment. Subsequent changes in phosphorylation levels are 

therefore small and often difficult to quantify. It is interesting that immortalized 

EC lines were used when ICAM-1 cross-linking was shown to increase tyrosine 

phosphorylation, probably because these cells could be starved of serum for 48 

hours prior to cross-linking treatment (Etienne et al., 1998).

3) Transient transfection of HUVECs was very difficult. This problem may well 

have been exacerbated by the fact that constructs encoding transmembrane 

vectors were transfected. Also cells were required to be confluent and starved 

before investigation as unstarved cells contain stress fibres. This created 

difficulties with the timing of transfection with respect to the confluency of the 

endothelial cells. Very often, after transient transfection, cells were not able to 

reach confluency. Transient transfections of HUVECs can also be carried out 

using adenovirus-mediated infection. These transfections can be carried out on 

confluent cells and the transfection efficiency is very high (>70%). A future 

possibility could be to create vectors containing the NCAM-IC-I chimaeras for 

use in the adenovirus transfection system.

Creation of reliable human EC lines would enable investigators to make stable 

cell lines expressing a mutated form of a protein of particular interest. With 

respect to this study, EC lines expressing mutated forms of ICAM-1 would allow 

excellent experiments such as investigating the effects of ICAM-1 tail mutations 

on leukocyte transmigration. Immortalized human pulmonary microvessel EC 

(HPMEC) and human saphenous vein EC (HSVEC) cell lines have now been 

created and characterized. These could become valuable tools for research into 

endothelial cell function, provided that they can quiesce and show contact
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inhibition of growth. In the case of investigating ICAM-1 tail mutants, stable cell 

lines would need to be created in an ICAM-1-null background to allow TNF-a 

stimulation without induction of endogenous ICAM-1.

This study modelled leukocyte transmigration in vitro using ECs plated on fibronectin- 

coated flow chambers that are subjected to physiological shear stress. In vivo, however, 

endothelial cells that control leukocyte transmigration are arranged in tubular monolayers 

lining the vascular network. Also, the basal surfaces of endothelial cells are surrounded 

by the basement membrane and smooth muscle cells (SMCs), both of which will affect 

the behaviour of the ECs. Re-creation of all of these parameters in vitro is extremely 

challenging, although getting as close as possible to the in vivo situation will make our 

observations more relevant for human vascular disease.

7.2 The Molecular Machinery of Leukocyte Transmigration

Many of the key components involved in regulating leukocyte transmigration have been 

identified over the last fifteen years. These include the leukocyte pi/2 -integrins (LFA-1, 

Mac-1, VLA-4) endothelial and leukocyte selectins (L-, P-, and E-selectin), leukocyte 

and endothelial expressed chemokines (IL-8, MCP-1), and members of the Ig-supergene 

family of proteins expressed by endothelial cells (ICAM-1, -2, VC AM-1, PEC AM-1, and 

MAdCAM). Models of leukocyte transmigration have, until now, concentrated on cell

cell adhesion and signalling in the leukocyte but have generally not included the role of 

the endothelial cell. Recent evidence indicates that endothelial cell responses are 

important for leukocyte transmigration. In particular, ligation of ICAM-1, with cross- 

linking antibodies, lymphocytes or monocytes, induces endothelial cell contraction 

through activation of RhoA and the induction of stress fibres. This thesis provides 

support for the hypothesis that endothelial cell contraction plays a role in leukocyte 

transmigration. Furthermore, this thesis suggests a mechanism for guiding the lateral 

migration of leukocytes across the apical surface of endothelial cells, governed by the 

alignment of leukocyte binding receptors with stress fibres under static and flow 

conditions.

256



Control of endothelial intercellular junctions is essential for barrier function and 

leukocyte transmigration. The regulation of the VE-cadherin complex during 

transmigration has been investigated extensively. However little is known about the role 

of tight junctions during transmigration, mainly because the presence of endothelial tight 

junctions has only recently been clarified. It can be expected that investigation into the 

mechanisms controlling tight junction assembly/disassembly during leukocyte 

transmigration will reveal a key role for tight junctions in diapedesis.

A clear concept defined by the work in this thesis is that the endothelium is not a passive 

barrier during leukocyte transmigration. ECs reorganize their morphology, their actin 

cytoskeleton, and their leukocyte binding receptors upon leukocyte binding. Furthermore, 

sustained periods of leukocyte transmigration will lead to activation of transcription 

mechanisms. A dynamic endothelium is a requirement for normal immune and 

inflammatory responses.

Components of the leukocyte transmigration machinery are being identified at a faster 

rate now than ever before. In the last year alone investigators have uncovered major roles 

for the transmembrane receptors CD99, JAM-1 and DC-SIGN in leukocyte 

transmigration. Until recently it had been thought that PEC AM-1 selectively controlled 

the diapedesis step during transmigration. However, PEC AM-1 -deficient mice do not 

show any major defects in their inflammatory responses and anti-PEC AM-1 antibodies 

do not completely block transmigration. CD99 was shown to be required for diapedesis 

by antibody-blocking studies, and appeared to be more important than PEC AM-1 

(Schenkel et al., 2002). CD99 is a heavily glycosylated transmembrane protein expressed 

at endothelial junctions and on leukocytes. Homophilic interactions between CD99 on 

endothelial cells and leukocytes control diapedesis. Interestingly, CD99-blocking 

antibodies halted diapedesis with part of the transmigrating monocyte underneath the 

endothelial cell monolayer. JAM-1 has been identified as a natural ligand for LFA-I 

through a yeast-two hybrid screen for JAM-1-interacting proteins (Ostermann et al.,

2002). Under static and physiological flow conditions, JAM-1 contributed to LFA-1- 

dependent T cell and neutrophil transmigration and LFA-1 mediated arrest. The role of 

DC-SIGN was discussed in section 3.3. As there are likely to be additional as yet
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unidentified transmembrane proteins which contribute to leukocyte transmigration, it is 

clear that the mechanism for transmigration will become more complicated. It is apparent 

that groups of proteins, rather than single moieties, mediate each separate stage of 

leukocyte transmigration and that the groups of proteins expressed by the endothelium 

and the leukocytes will depend upon the tissue, cell type and surrounding stimulatory 

factors. A goal for the future is to study the relative contribution to signalling in 

endothelial cells and leukocytes of each transmembrane receptor. This approach has 

already been undertaken for the dissection of signalling pathways contributing to T cell 

activation by APCs (Bromley et al., 2001).

An integral, but often overlooked, part of leukocyte transmigration is the lateral migration 

of leukocytes across the apical surface of ECs. After firm arrest, leukocytes migrate 

towards junctions to engage with PECAM-1, CD99 and JAM-1. Previous work has 

suggested that ECs secrete chemokines after activation by cytokines, and it has been 

hypothsized that secreted chemokine forms a gradient to which leukocytes chemotax 

across the endothelial cell surface towards Junctions. This study suggests an extra 

mechanism for leukocyte guidance to junctions dependent upon the actin cytoskeleton 

and alignment of leukocyte receptors under flow conditions. It is likely that a 

combination of chemokines and leukocyte receptor alignment determine the direction of 

lateral leukocyte migration. However, many glycosylated proteins are expressed on the 

apical surface of ECs and one might expect that they play a role in lateral migration, 

possibly by simple steric hindrance of leukocyte binding. Chemokines are able to adhere 

to glycosylated proteins and therefore a gradient of chemokine could be established, 

increasing against the direction of flow, by adhering to the EC surface through interaction 

with glycosylation moieties.

7.3 Adhesion molecules in vascular disease

Understanding of the molecular basis of leukocyte transmigration is important because 

overexpression of adhesion molecules that mediate leukocyte adhesion to endothelial 

cells is typical of many vascular diseases as well as chronic inflammatory and 

autoimmune diseases. It could then be possible to inhibit leukocyte
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adhesion/transmigration by either (a) blocking ligand-receptor binding, (b) inhibiting 

intracellular signalling pathways, or (c) blocking the effects of cytokines, such as TNF-a, 

thereby supplying treatments for conditions such as atherosclerosis. The key role of 

endothelial adhesion molecules in the formation of atherosclerotic lesions was mentioned 

in chapter 3. Expression of E-selectin, ICAM-1 and VCAM-1 at sites of lesion 

development is induced by oxidized low-density lipoprotein (oxLDL) (Takei et al., 

2001). LDL functions to transport cholesterol to peripheral tissues, although high LDL 

cholesterol levels are associated with increased risk of cardiovascular disease. Evidence 

suggests that oxidative modifications of LDL drive the initial formation of fatty streaks. 

There are many oxidant-generating systems which could directly or indirectly target LDL 

lipids, such as nitric oxide synthase and 15-lipoxygenase (15-LO) (Glass and Witztum, 

2001). Targets for therapy are numerous, but attacking the disease at its earliest point, 

such as lowering LDL cholesterol levels and inhibiting LDL oxidation, appear to be the 

best routes towards achieving limited pathogenesis. For example, inhibitors of 

microsomal triglyceride transfer protein (MTP), which is required for the assembly of 

apo B-containing lipoproteins, has been shown to reduce plasma LDL cholesterol levels 

in rabbits. Inhibitors of LO-15 have also been shown to reduce the development of 

atherosclerosis in rabbits.

Many other pathologies involve a role for adhesion molecules, summarized in the table 

below.
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Table 7.1 Adhesion molecules in chronic inflammation and autoimmunitv

Vascular Condition Adhesion molecules

Allograft rejection C D lla  and CDllb/CD18, VLA-4 
lCAM-lA^CAM-1

Glomerulitis E- and P-selectin 
lCAM-l/VCAM-1

Ischemia/reperfusion CD11/CD18 
E-and P-selectin, ICAM- 1/VCAM-1 

MAdCAM-1
Systemic lupus erythematous C D lla, CD l ib  and CDllc/CD18 

VLA-4 
lCAM-l/VCAM-1

In a similar way to atherosclerosis, adhesion molecules contribute to the above conditions 

by increasing leukocyte recruitment. Leukocyte-endothelial cell adhesion has been 

implicated in the pathogenesis of ischemia/reperfusion injury, particularly the 

microvascular dysfunction associated with this vascular disorder. Inflammatory renal 

disorders such as glomerulonephritis, tubulointerstitial nephritis and renal 

ischemia/reperfusion injury are associated with increased levels of ICAM-1 and VCAM- 

1 expression (Krieglstein and Granger, 2001).

As well as signalling in endothelial cells, ICAM-1 is important in T cell/APC 

interactions. T cell activation requires prolonged T cell receptor (TCR) interaction with 

MHC-peptide complexes at the immunological synapse (IS) formed between T cells and 

antigen presenting cells (APCs) (Bromley et al., 2001). Additional interactions of 

receptors on T cells and ligands on APCs are required to provide co-stimulatory signals 

for complete activation. T cell expressed LFA-1 interaction with APC-expressed ICAM- 

1, as well as being important for initial formation of the IS, helps to provide a “second 

signal” in the T cell which results in production of IL-2, an autocrine growth factor. T 

cell activation plays a major role in allograft rejection mechanisms and therefore, ICAM- 

1 has become a potential theraputic targets for induction of tolerance and prevention of 

rejection (Krieglstein and Granger, 2001). Clinical studies using monoclonal antibodies 

against LFA-1 or lCAM-1 during renal and cardiac transplantation have been successful.
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However, clinical use of antibodies has been limited due to their antigenicity and the 

need for intravenous administration.

A recent discovery has the potential to revolutionise the treatment of the inflammatory 

and vascular diseases and conditions covered above. Statins are commonly prescribed to 

treat high blood cholesterol levels and inhibit the progression of cardiovascular disease 

(Lablanche, 2001). Statins inhibit HMG-CoA reductase, a key enzyme in the metabolic 

pathway of cholesterol synthesis, and thereby decrease intracellular cholesterol levels. 

This induces expression of LDL receptors and therefore increases LDL cholesterol 

clearance of circulating blood. However, Weitz-Schmidt et al have shown that lovastatin 

binds to a previously unknown site of the LFA-1 I-domain known as the lovastatin site 

(L-site), and that this binding inhibits LFA-1-mediated adhesion to ICAM-1 (Weitz- 

Schmidt et al., 2001). Other statins can also bind the L-site and a statin-derived 

compound optimised for LFA-1 binding, LFA703, potently inhibited ICAM-1-mediated 

T cell co-stimulation. Furthermore, oral administration of LFA703 almost completely 

inhibited thioglycollate-induced peritonitis in mice. The authors acknowledge that 

although there is evidence for anti-inflammatory properties of statins in transplant 

patients, mevalonate addition can reverse the effects of statins. It is not yet clear the 

extent to which statin interaction with LFA-1 contributes to the successful treatment of 

transplant patients and patients with cardiovascular disease. However, this important 

discovery allows further targeting of the LFA-1 ACAM-1 interaction by orally 

administered LFA-1 inhibitors.

As HMG-CoA reductase inhibitors, statins also block prénylation, and therefore 

membrane targeting, of Rho proteins. Membrane targeting of Rho is essential for its 

activation and therefore statin treatment inhibits Rho-induced signalling (Martin et al., 

2001). This study has emphasized the role of Rho in inflammatory responses of 

endothelial cells, concurrent with previous studies showing that Rho activation increases 

endothelial cell monolayer permeability and that Rho is required for leukocyte binding to 

endothelial cells. Therefore, Rho is also a good target for inhibition of endothelial 

responses.
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7.4 ERM protein biology and role in disease

A main aim of this thesis was to determine whether ERM proteins, in conjunction with 

ICAM-1, play a role in endothelial control of leukocyte adhesion and transmigration. 

Results in this study suggest that there is functional co-operation between ICAM-1 and 

moesin in endothelial cells during intracellular signalling induced by ICAM-1 and in 

leukocyte guidance.

ERM proteins are organizers of the cortical actin cytoskeleton in many cell types. 

Micro villar organization and elongation in fibroblasts require C-terminally 

phosphorylated ERM proteins in conjunction with transmembrane ligands. Exclusion of 

CD43 from the T cell pSMAC (peripheral SupraMolecular Activation Center) at the 

immunological synapse requires ERM proteins (Delon et al., 2001). ERM proteins are 

ideally localized to affect cell motility mechanisms. Indeed, localized ablation of ezrin 

function caused retraction of fibroblast membrane ruffles (Lamb et al., 1997). At this 

time it was thought that this was primarily due to an uncoupling of ezrin from the actin 

cytoskeleton. Ezrin has since been shown to bind many signalling proteins such as PI 3- 

K, FAK, and PKA, and therefore many signalling pathways may have been affected by 

such treatment.

The specific functions of individual ERM proteins are not clear. Although ERM proteins 

have been implicated in many cellular processes, in mice deficient in moesin no 

alterations in the actin cytoskeleton and no defects in cell adhesion and microvilli 

formation have so far been observed. However, moesin deficiency has not yet been 

studied in disease models, such as inflammation or cancer. Generation of mice deficient 

in combinations of ERM proteins may tell us how important these proteins are in 

biological processes. It is difficult to imagine that there are no functions that specifically 

require activity of one family member given the reported differences between these 

proteins, such as expression patterns, phosphorylation patterns and proteolytic cleavage 

potential. In vitro investigations of specific functions are complicated as culturing cells 

induces expression ezrin, radixin and moesin, even though expression of one member 

may be dominant in vivo. Ambiguity about specificity of ERM proteins is further 

emphasized by the recent work investigating CD43 exclusion from the immunological 

synapse (IS). Of the three studies one examined moesin (Delon et al., 2001), one ezrin
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(Roumier et al., 2001), and the other ezrin and moesin (Allenspach et al., 2001). T 

lymphocytes predominantly express moesin, which has been shown to interact 

specifically (not ezrin or radixin) with ICAM-3 at the uropod (Serrador et al., 1998). 

Furthermore, reported moesin/ezrin localizations during IS formation are as contrasting 

as they could possibly be ie. peripheral to IS vs. antipodal to IS localization. L-selectin 

(Ivetic et al., 2002) and ICAM-1, in this thesis, have now been shown to associate 

preferentially with moesin after lymphocytes and endothelial cells respectively were 

stimulated. Further investigation of post-translational modifications on ERM proteins 

after such stimulations, such as the modifications induced by TNF-a on moesin in 

HUVECs, is likely to reveal significant differences between the family members and 

provide more clues towards specific ERM protein function in biological processes.

ERM proteins are not implicated in human disease and no ERM mutations have yet been 

identified in cancer of any type. The fourth ERM-family “member” merlin is clearly 

significantly different, both in terms of biochemical properties and contribution towards 

human disease. Indeed, merlin is the protein product of the tumour suppressor gene NF2 

and inactivation of the NF2 gene predisposes individuals to development of benign 

tumours of the nervous system such as schwannomas (Gutmann, 2001). The current 

theory of merlin action as a tumour suppressor gene is described in detail in chapter 3. It 

is interesting that the merlin:ERM protein expression ratio in epithelial and non-epithelial 

cells is 0.14 and 0.05 respectively, indicating a low level of merlin expression compared 

to other ERM family members. However, mice targeted with NF2 mutations can develop 

a number of malignancies (McClatchey et al., 1998), therefore potential for malignancy is 

probably present in NF2 patients but is somehow controlled or negated. Indeed, this 

discrepancy highlights the differences in cancer development between rodents and 

humans. Further investigation is required to clarify the relative contributions of merlin 

and ERM proteins to cell growth control and cell motility.
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