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Abstract

Cell-to-cell cadherin adhesions play an important role in regulating the behaviour of neural pro-

genitor cells as well as providing the structural framework of the niche in which they reside. Cad-

herin de-adhesion can occur aberrantly and has significant consequences on the regulation of

neural progenitor cells and disease progression. This work specifically investigated what are the

consequences of cadherin de-adhesion on neural progenitor cell positioning and how changes

in positioning affect neural progenitor cell maintenance. Cadherin de-adhesion was induced in

the hindbrains of chick embryos through the expression of dominant negative N-cadherin and

γ-catenin, two important components of cadherin adhesion. Cadherin de-adhesion caused the

mispositioning of neural progenitor cells outside of the niche, this change in positioning resulted

in diminished proliferation and activation of cell death. The results suggest cadherin adhesions

control the positioning of neural progenitor cells and are a fundamental component of the neural

progenitor cell niche. Cadherin de-adhesion also inhibited the induction of homeodomain expres-

sion in ventral neural progenitor cells, which is likely due to a reduction of notch signalling in the

niche and subsequent de-sensitisation of neural progenitor cells to Shh. A model for cadherin

adhesions as spatial regulators of neural progenitor cell maintenance is proposed.

The mechanisms of how cadherin de-adhesion occurs remain poorly described and this work

explored the significance of changes in calcium-cadherin binding in cadherin de-adhesion. This

work demonstrated that an extracellular acidic pH alters calcium-cadherin binding interactions,

which negatively affects cadherin-mediated cell adhesion. Additionally, cadherin calcium-binding

sites are shown to be promiscuous to other metal ions but cadherin function is not. Cell aggrega-

tion, trypsin protection, and FRET binding assays demonstrated that the close calcium analogue,

the trivalent ion of the lanthanide element terbium, can bind to cadherin calcium-binding sites but

cannot induce rigid and adhesive cadherin molecules. Trivalent terbium, which has been previ-

ously proposed as an anti-cancer agent, therefore inhibits cadherin-mediated cell adhesion by

competitive binding with calcium at cadherin calcium-binding sites. Together, the results reveal

how changes to calcium-cadherin binding interactions affect cadherin adhesion and the possible

significance of such changes to cadherin de-adhesion in cancer is described.
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1 Introduction

1.1 Introduction

Cell-cell adhesion is the very basis of multi-cellularity and facilitates physical attachment as well as

communication between cells. Cell-cell adhesions are required to maintain tissue integrity but are

also downregulated or lost in order for tissue reorganisation to occur. During development of the

central nervous system, this balance between the assembly and disassembly of cell-cell adhesions

is regulated in order to form developmental structures or organs such as the eye. Defects in cell-cell

adhesions are thus implicated in disease and a greater knowledge of adhesion mechanisms will

enhance understanding of pathological processes. Cadherins are one type of cell-cell adhesion

proteins and have fundamental roles in both central nervous system development and cancer

progression.

Cadherin de-adhesion describes the separation of cells following loss of cadherin-mediated cell-

cell adhesion. Cadherin de-adhesion can be mediated as part of developmental programmes, for

example during neural crest cell migration, or occur aberrantly as in cancer metastasis. Whilst our

understanding of cadherin adhesion biochemistry and its roles in vivo are expanding, how cadherin

de-adhesion occurs and its consequences remain relatively understudied. This study focused on

the consequences of cadherin de-adhesion with regard to the positioning and maintenance of

neural progenitor cells in the developing brain. The mechanisms by which cadherin de-adhesion

occur were also investigated, in particular how changes in Ca2+-cadherin binding affect cadherin

function and cell adhesion.

1.2 The cadherin superfamily

The cadherin superfamily is a group of calcium dependent cell-cell adhesion molecules consist-

ing of over 100 members classified in several subfamilies [1][2]. These cadherin subfamilies in-

clude classical, desmosomal, protocadherins and atypical cadherins [3]. All cadherin proteins are

defined by cadherin motifs in their ectodomain, the extracellullar region of the protein. Each cad-

herin motif makes up a extracellular domain (EC domain), which is approximately 110aa in size

and consists of a immunoglobin-like fold of 7 β-strands that make 2 β-sheets [4][5][6]. Cadherins

contain at least 2 consecutively-bound EC domains and as many as 34 EC domains are found in
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Fat2, an atypical cadherin [7]. Cadherins mediate cell-cell adhesion by the binding of ectodomains

from cadherins on opposing cell surfaces. Ca2+ binding occurs at the linker regions between EC do-

mains, which contain the highly conserved Ca2+-binding motifs DXD, DXNDN and LDRE, and are

fundamental for cadherin structure and function [4][8]. All cadherins also contain a transmembrane

region and intracellular region, but these are less conserved within the cadherin superfamily.

One subfamily is the classical cadherins and these cadherins are the focus of the work in this

study. Vertebrate classical cadherins are divided into two types: I and II. Type I cadherins (such

as E-cadherin and N-cadherin) contain a conserved HAV motif in their EC1 domain, the most

N-terminal domain [9][10]. Type II cadherins do not contain this motif but have close structural

similarity to Type I cadherins. A schematic of the major structural components of Type I classical

cadherins is shown in Figure 1.1. The cytoplasmic domains of classical cadherins bind to catenins:

p120 catenin binds at the juxtamembrane region and γ or β catenin binds at the catenin binding

domain [2]. γ or β catenin in turn bind to α-catenin which couples the cadherin cytoplasmic domain

to the actin cytoskeleton. Binding of catenins and connection with the actin cytoskeleton is vital

for both adhesive and signalling activities of cadherins. Classical cadherins mediate cell-cell adhe-

sion by accumulation in cell junctions such as adherens junctions and desmosomes. Cell junctions

are concentrated with cadherins which bind with cadherins on opposing cells. Whilst cadherin cell

junctions remain stable, individual cadherin proteins are constantly removed and re-delivered to

the cell junction. Microscopy with fluorescenctly-tagged cadherin proteins recently revealed that

the residence of cadherins in adherens junctions is 2 min whilst adherens junctions are estimated

to have a life-time of 60 min to 120 min [11][12]. How extracellular and intracellular interactions me-

diate cadherin binding, cell junction stability and cell-cell adhesion will be described in the section

below.

1.2.1 Mechanism of cadherin binding and adhesion

Cadherins mediate cell adhesion via binding of their ectodomains, but the mechanism of both

ectodomain binding and functional cell adhesion is complex and has been the subject of much

research since the discovery of cadherins. The link between cadherin structure and function is

inextricable. Therefore, a considerable amount of research has focused on the structural determ-

ination of cadherin proteins. X-ray crystallography, electron microscopy and NMR studies have

provided invaluable information on specific binding interactions of between cadherin ectodomains

[5][13]. Cell aggregation assays were one of the first methods to assess cadherin function, and

are still accepted today as a direct measurement of cadherin-mediated cell adhesion [14][15]. In

these assays, cells expressing cadherins are dissociated into single cells and then shaken in the

presence of Ca2+ in order to form cell aggregates. Use of this method led to discovery of cad-

herins as Ca2+-dependent cell adhesion molecules and that Ca2+-binding has an important role

in cadherin structure, as Ca2+-binding imparts resistance of cadherins to trypsin protease degrad-

ation [16]. In order to measure the strength of cadherin binding, methods such as atomic force
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Figure 1.1 Schematic of Type I classical cadherin structure. Ectodomain is composed of EC1-5

domains. Green circles indicate Ca2+ ions; note that 3 Ca2+ ions bind at each linker region.

microscopy (AFM), surface plasmon resonance (SPR) and magnetic bead assays have been used

[17][18]. As well as testing the ability of cadherin and cells to bind, these methods also test the

force required to break cadherin-cadherin bonds and separate cells, which is also called cadherin

de-adhesion. Overall, there are many ways to study cadherins, from whole-cell populations to

fragments of recombinant proteins, and the integration of all this information is crucial to under-

standing the biochemical and physiological function of this family of proteins. This section will

describe how the application of these different methods have led to the current understanding of

cadherin function and cadherin-mediated cell adhesion.

The EC domain furthest away from the plasma membrane, EC1, is believed to be the most

important for both adhesion and specificity. Mutations within this domain disrupt cell adhesion in

aggregation and flow assays, and abrogate cadherin-binding specificity in sorting assays [19][20].

The EC1 domain is the site responsible for primary adhesive activity in trans dimers, adhesive

pairs of cadherins on opposing cell membranes. Crystal structures have identified the exchange

and insertion of a tryptophan residue (Trp2) from one EC1 domain into the hydrophobic pocket of

the EC1 domain of the opposing cadherin in trans dimers [19][20]. This process is called strand

exchange and the flexible A-β-strand of EC1 mediates the transfer of Trp2 residues to form the

’strand dimer’. Hydrogen bonding from Asp1 and Glu89 have been shown to play critical roles in

stabilising the exchanged Trp2 residues [21]. Strand dimer formation is essential to cadherin func-

tion and mutation of the Trp2 residue almost completely abrogates cadherin-mediated adhesion

[22]. Interestingly, early structures using incorrectly processed cadherin proteins led to confusion

by reporting the insertion of Trp2 into adjacent molecules, within the same molecule or not inser-
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ted at all [8]. The function of cadherins is incredibly linked to its structure and this highlights that

manipulations made to aid structural determination may result in the structure of a non-functional

cadherin. This theme is touched upon in Chapter 6, where the function of cadherin when bound

to a useful spectroscopic agent is assessed.

Whilst the importance of EC1 is undeniable, the other EC domains also have important con-

tributions to the complex mechanisms of both cadherin adhesion and binding-specificity. This is

clearly suggested by the fact that cells expressing C-cadherin mutants with EC1 deletions can still

form aggregates with cells expressing full-length C-cadherin [23]. Single molecular fluorescence

resonance energy transfer also demonstrated that cadherin unable to facilitate strand exchange

(W2A mutation) were able to interact and form dimers [24]. Surface force apparatus (SFA) meas-

urements in Xenopus C-cadherins reveal that trans dimers can exist in three conformations, each

involving different EC1-5 interactions and yielding different membrane distances between two ad-

hering cells [8][25]. The conformation with the longest distance between membranes (39nm) is

also weakest and is believed to correspond to strand dimers, pairs of cadherins with only binding

via strand exchange at the EC1 domain. The shortest and strongest interaction involves the total

overlap of anti-parallel ectodomains and confers a membrane distance of 25nm [26]. The inter-

mediate confirmation results in a distance of 32nm, involves the interactions of EC1-3 domains

and is referred to as the X-dimer [27]. The X-dimer is believed to be an important intermediate

in the formation of stable trans dimers, and is responsible for lowering activation energy for the

dimerisation pathway [28]. Interestingly, studies using mutant cadherins unable to form each di-

mer conformation indicate that the X-dimer is stronger but has lower dimerization affinity than the

strand dimer ( 521µM vs. 97µM) [29]. AFM demonstrates that this is due to the differing mechan-

ical properties of the two dimers, with the X-dimer being a catch bond and the strand dimer being

a slip bond. As a catch bond, the lifetime of X-dimers increases with increased applied force. How-

ever, this is only up until a point at which it then behaves like a slip bond, a bonds that becomes

weaker with increased applied force. Interestingly, the transition between strand exchange and

X-dimer conformations is also believed to play a central role in the disengagement of cadherin

binding and removal from cell junctions [30]. Cadherin mutants unable to form the X dimer exhibit

very slow turnover at cell junctions: retained in cell junctions for longer than 3 minutes while strand

dimer mutants are turned over in less than a minute. These cadherin are presumably locked in

the strand exchange conformation and require transition to the X dimer in order to disengage from

interactions at clusters.

In addition to trans dimers, lateral cis dimers are believed to be formed between the ectodomains

of neighboring cadherins on the same cell (Figure 1.4). Exactly how cis dimerisation is mediated

and its impact on achieving functional cadherin cell adhesion is still under discussion [31]. Electron

microscopy and tomography imaging reveals dense clustering of cadherin molecules at junctional

complexes, with a lattice-like array of laterally-interacting cadherin molecules reported [32][33] (Fig-

ure 1.3). Recent molecular simulations provide further evidence of the organisation of cadherin

molecules in intricate arrays which are dependent on both trans and cis interactions [34]. There
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Figure 1.2 Schematic of cadherin binding conformations and clustering. Cadherin monomers

can form trans and cis dimers, which eventually result in clusters of cadherin dimers. The exact

hierarchy and order of dimer formation is still under debate. Note that just one type of trans-dimer

is shown.

are multiple lines of evidence to suggest that lateral cadherin dimers can associate via strand swap-

ping and binding of the Trp2 residue [35][36]. It is suggested that there is a dynamic equilibrium

between the strand swapping between trans dimers and cis dimers. However, this equilibrium is

heavily influenced by the extracellular Ca2+ concentration and cis strand swapping only occurs in

the absence of Ca2+. In the absence of Ca2+, cadherins exist in a flexible non-functional state

and thus cis strand swapping is generally considered to be not physiologically relevant [31]. Re-

cent structural evidence demonstrates that following trans interactions of opposing cadherins, cis

interactions form between the EC1 domain of one cadherin and the EC2 domain of an adjacent

cadherin [13].

The presence of cis interactions is accepted, but their significance in cadherin cell adhesion is still

being elucidated. Crystallography of cadherins with site mutations in the EC1 and EC2 domains

have no cis interactions, but this has no effect on the formation of trans dimers [13]. In agreement

with the structural information, loss of cis interaction does not affect the ability of cadherins to form

adhesions or assemble adherens junctions [37]. This was demonstrated by E-cadherin-Fc-coated

beads binding to WT and cis mutant cells, and by the formation of cis mutant aggregates. Cis

interactions are important for the stability of adherens junctions and in generating robust physiolo-
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Figure 1.3 E-cadherin and N-cadherin crystal lattice arrays. Cadherins form highly-ordered

lattice arrays. The dimensions of lattice arrays differ between cadherin subtypes. Orange and

purple molecules correspond to cadherins on opposing cell surfaces. Adapted from Harrison

et al. [13].

gical cell adhesions. Mutations in cis interactions significantly affect the ability of cells to form

spheroids as they are important for modulating trans dimers and facilitating tissue integrity [38].

Cadherin adhesive strength is also reduced when cis interactions were lost, demonstrated by the

difference in force required to displace E-cadherin-Fc coated beads from cell surfaces [37]. Loss

of cis interactions results in junction instability by impairing cadherin clustering. Cadherin clus-

tering is the local accumulation of cadherins in the plasma membrane in order to form adherens

junctions. Evidence shows that clustering is a fundamental feature of physiological cadherin cell

adhesion, as affinity and life-times of individual cadherin trans dimers are biologically negligible

[39][40]. Single cadherin trans dimers in cell-free systems exist within a range a seconds and ex-

hibit forces in the tens of picoNewtons [41][42]. Yet cell-cell adhesion mediated by E-cadherin and

N-cadherin have life times of ten minutes or more, and exhibit forces in the tens of nanoNewtons

when cell separation forces were measured [43][44][45]. Clustering, or oligmerisation, of cadherin

is believed to be vital in stabilising and enhancing the individual cadherin bonds in order to gen-

erate strong and stable cell-cell adhesion. Clustering concentrates the extracellular interactions,

in turn increasing the chance of individual cadherin re-binding events and increasing the overall

affinity of the cell-cell binding interaction [46]. Clustering also contributes to junction stability by

enhancing the coupling of cadherin to the intracellular actin cytoskeleton. Mutations abolishing

extracellular cis interactions, which in turn disrupt clustering, significantly reduce the binding of α-

catenin to cadherin complexes and mechanically weakens the association of cadherins to the actin

cytoskeleton [37]. It is believed that cis interactions enable the clustering of cadherins together in
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the membrane in order to from groups of less dynamic cadherin molecules [47]. The formation of

these groups cooperatively enhances the accumulation of actin and anchoring of cadherin-catenin

complexes to the actin cytoskeleton, stabilizing the adhesion between two cells [48][49]. Disrup-

tion of cis interactions thus directly results in more fluid contacts between cells and the ability of

cells to readily exchange cell partners.

Overall, the network of trans and cis interactions is important for clustering of cadherins and

building up avidity between cadherins in lattice-like arrays at cell junctions. The formation of these

arrays is highly dependent on the uniform structure of each cadherin molecule, and any slight

changes in cadherin structure are likely to have significant consequences on cell-cell adhesive

strength.

1.2.2 Cadherin-actin cytoskeleton coupling in cell-cell adhesion

A critical feature of cadherin cell adhesion is the interaction and coupling of cadherins with the intra-

cellular actin cytoskeleton. Initial cell contact formation involves the extension of the cell membrane

by protrusions (e.g. lamellipodia, filopodia) generated by actin polymerisation. Freely diffusing cad-

herins rapidly accumulate at these sites of contact by the process of cadherin clustering, which

enhances the contact area between cells [50]. Cadherin clustering is dependent on interactions

with the actin cytoskeleton as well as on extracellular cis interactions. Early studies showed that

loss of cadherin binding to p120-ctn abolished cadherin clustering, and binding to p120-catenin

could induce clustering of cadherin cytoplasmic domains even in the absence of extracellular cad-

herin interactions [51][52].

Cadherin binding at cell contacts initiates reorganisation of the actin cytoskeleton in order to

generate stable cell-cell junctions. Formation of cadherin trans dimers activates regulators of actin

polymerisation, such as Cdc42, Rac1 and Arp2/3, and recruits them to the contact sites [49]. Per-

turbations in the actin organisation have been shown to significantly disrupt junction formation

and establishment of junction stability [53][54]. Use of a centrifugal force-based adhesion assay

demonstrated that cadherin adhesion strengthening is also dependent on the actin cytoskeleton

[55]. More recently, measurement of the force required to separate doublets of cells expressing

cadherins found that Cdc42 and Rac1 in particular are required for enhancing adhesion strength

through actin cytoskeleton remodelling: a 35% and 44% reduction in separation force was ob-

served for cells with dominant negative Cdc42 and dominant negative Rac1 respectively [43]. The

actin cytoskeleton in combination with Myosin-II-mediated tension is also responsible for extend-

ing the cell-cell contact area [54]. Actin polymerisation and Myosin-II pulling-force at the edges of

cell contact drive further cell membranes together further, permitting cadherin binding at new sites

of contact between cells.

Once cadherin cell junctions are formed, both the actin cytoskeleton and its tensile-forces are

critical for the their integrity and maintenance. Long-lifetime actin filaments exist which are im-

portant in stabilising cadherin molecules in cadherin clusters [47]. Without coupling to the actin
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cytoskeleton, cadherin clusters exhibit significantly shorter life-times [40]. Tension on the actin

cytoskeleton generated by Myosin-II is important for the spatial positioning of clusters, preventing

their drift away from the cell contact site. Tension directly on the membrane by Myosin-II is also

believed to promote cadherin clustering independently of the actin cytoskeleton [56]. This occurs

by restricting cadherins to regions of cell-cell contact which are under Myosin-II-generated tension.

Connection of cadherin-catenin complexes to the actin cytoskeleton is also essential for the gen-

eration of cellular tension which is crucial for the transmission of force between cells [57]. Bead

twisting measurements show that strengthening of adhesions in response to force is mainly due to

α-catenin mediated enhancement of cadherin-actin cytoskeletal interactions [58]. α-catenin in turn

recruits vincuilin to cadherin junction, which is a crucial effector of cadherin mechanotransdution

[59]. As well as generating force, cadherin-catenin complexes can detect changes in cytoskeletal

tension to induce intracellular changes or modifications of cell-cell junctions. On more rigid sur-

faces, cells recruit more cadherins to junctions and exhibit larger traction forces [60]. Furthermore,

the pulling of beads coated with C-cadherin which were adhered to C-cadherin expressing mes-

endoderm cells in Xenopus embryos resulted in the induction of cell polarity and migration of the

cells away from point of tension [61]. These studies are progressing the view of cadherin-based

adhesions as more than physical glues and emphasise the fundamental role of cadherin-actin

cytoskeleton coupling for cadherin-mediated adhesion. This study examined whether uncoupling

of these interactions resulted cadherin de-adhesion in the developing hindbrain and what effect

this had on neural progenitor cell positioning and maintenance.

As well as establishing and forming cadherin cell adhesions, interactions with cytoplasmic part-

ners and the actin cytoskeleton are responsible for the regulation cell junctions. Cell-cell contacts

are incredibly dynamic and undergo constant assembly and disassembly in order to permit remod-

eling of tissues. One mechanism in which cell junctions are regulated is through the endocytosis

of cadherins at the cell membrane. Internalisation of cadherins by endocytosis has been shown to

be a fundamental mechanism by which cells dissassamble cell junctions and disengage cadherin

binding [62]. The internalisation of cadherins, or specific types of cadherins, is thus a central fea-

ture during development and disease, and in vivo examples of these are described in Section 1.4

and Section 1.7. Recent studies show, however, that endocytosis of cadherins is also a natural

feature of maintaining mature cell-cell junctions [63]. Cadherins are constantly internalised and

recycled to cell junctions, which is in line with the short life-times of cadherin dimers and the dy-

namic nature of cell junctions [11]. The actin cytoskeleton and myosin tension are both known to

heavily linked with this process, but a complete understanding of how various mechanisms work

together requires further work [64]. As explained in the section above, the actin cytoskeleton is

required for the stability of cadherin clusters, and experiments show that without association with

the actin cytoskeleton cadherins undergo endocytosis [65]. However, it is well accepted that actin

dynamics are central to endocytosis and several studies directly implicate actin polymerisation with

cadherin internalisation [66][67]. Myosin-mediated-tension is also required to generate membrane

deformation in order to form vesicles containing adherens junctions [68]. A better appreciation of
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the dynamic nature of cadherin adhesions and the actin cytoskeleton will enable a better under-

standing of the interactions between them.

1.2.3 Cadherin-catenin interactions- regulation of adhesion and signalling

The interaction of cadherins with catenins is crucial for the regulation of cadherin dynamics, cad-

herin adhesion, and cadherin intracellular signalling. β-catenin binds to the highly unstructured

cadherin cytoplasmic domain, which becomes ordered upon forming a complex with β-catenin [69].

Binding of β-catenin also blocks a ’PEST’ sequence motif (a sequence rich in proline, glutamic acid,

serine, and threonine) contained in the catenin-binding region of cadherins [70]. This sequence tar-

gets proteins to ubiquitin ligase and thus β-catenin binding prevents the proteasomal degradation

of cadherin molecules.

Whether β-catenin acts as more than just a physical linker in cadherin adhesion is debated.

Phosphorylation of the cadherin cytoplasmic domain enhances β-catenin binding by almost 1000

fold, and cell adhesion (measured by cell aggregation) is higher following phosphorylation [71][72].

However, the exact mechanism and whether this is mediated directly through changes in β-catenin-

cadherin binding is unknown. It is more likely that β-catenin’s main role in cadherin adhesion is

its linkage of cadherins to α-catenin. As the main transcriptional activator of the Wnt-signalling

pathway, β-catenin has a central role in cadherins intracellular signalling functions. The relation-

ship between cadherin adhesion and β-catenin signalling is extensive and is described in detail

with regard to tissue morphogenesis, neural progenitor cell maintenance and cancer later in this

chapter.

α-catenin is an essential component of cadherin adhesion, and without it cells cannot mediate

cell adhesion [73][74]. α-catenin couples cadherin-catenin complexes to the actin cytoskeleton,

however α-catenin has an active role in mediating actin dynamics rather than simply acting as

a link. α-catenin has a central role in recruiting appropriate factors, regulating and transmitting

actin cytoskeletal tension in order to mediate processes such as cadherin mechanotransduction

and cis interaction induced clustering [57][37]. α-catenin is able to bind and bundle actin, as well

as recruit formin-1, a modulator of actin dynamics [75][76]. Thus, it is suggested that α-catenin

mediates reorganisation of the actin cytoskeletal network, for example controlling the switch from

Arp2/3 branched polymerisation to formin-mediated linear actin cables as cell junctions mature [31].

However, exactly how α-catenin couples cadherin-catenin complexes to the actin cytoskeleton

remains an area of debate. Several studies suggest that the link between cadherins and the

actin cytoskeleton is far from a stable static interaction, and α-catenin is responsible for mediating

dynamic associations between actin and cadherin clusters at cell junctions [40][77][37].

γ-catenin (also known as plakoglobin) is a β-catenin homologue which associates with both

desmosomes and adherens junctions [78][79]. γ-catenin binds to cadherins at the same cytosolic

site as β-catenin in a mutually exclusive fashion [80]. Similarly to β-catenin, γ-catenin binds to α-

catenin in order to couple cadherin molecules to the actin cytoskeleton in adherens junctions and
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facilitate cell adhesion. Although adherens junctions can exist without γ-catenin, γ-catenin plays

an important role in facilitating cadherin-mediated cell adhesion [81]. One convincing piece of

evidence was demonstrated by the knockout of β-catenin in hepatocellular carcinoma cells [82]. It

was found that γ-catenin activity was increased via Protein Kinase A and effectively compensates

for β-catenin loss at adherens junctions in order to maintain cell-cell adhesion in scratch assays,

hanging drop aggregation assays and centrifugal assays for cell adhesion.

Current evidence also indicates roles for γ-catenin in cell signalling, specifically within the β-

catenin/Wnt signalling pathway. Like β-catenin, γ-catenin stability is regulated by upstream Wnt

signalling regulators APC and Axin, and γ-catenin overexpression in Xenopus also causes dorsal-

ised gastrulation and a duplicate axis phenotype [83][84][85]. Furthermore, γ-catenin also exists

in distinct cadherin-bound and cytosolic populations and results suggest γ-catenin can only reg-

ulate cell signalling when not sequestered by cadherins at the plasma membrane [86]. Despite

these similarities, γ-catenin expression cannot compensate for canonical Wnt signalling following

β-catenin knockdown in HCC cells, and γ-catenin does not rescue β-catenin(−/−) mice from em-

bryonic lethality [87][88][82]. In general, γ-catenin is believed to be secondary to β-catenin in its

role in β-catenin/Wnt signalling [79][89]. Furthermore, the actual signalling effects of γ-catenin is

also of debate as there is evidence to suggest both oncogenic and tumour suppressor functions

of γ-catenin, and the function of γ-catenin is believed to be context-dependent. In this study, a γ-

catenin species with dysfunctional α-catenin binding is used to determine what is the consequence

of cadherin-actin cytoskeleton uncoupling and γ-catenin overexpression has on neural progenitor

cell positioning and maintenance.

1.2.4 Role of Ca2+ in cadherin binding and adhesion

Binding of Ca2+ is fundamental to cadherin structure and function. There are four Ca2+ binding

pockets, with each located at the junctions between EC domains. Ca2+ ions are coordinated by

residues from two EC domains, the linker region between the two domains and by H2O. These

Ca2+ binding pockets are highly conserved between cadherins [3][25]. Three Ca2+ can bind at

each pocket and the cadherin protein gradually attains functional architecture as Ca2+ ions binds

to the 12 sites [16][13]. Successive Ca2+ binding results in placement of EC domains in precise

positions in relation to each other, eventually imparting strong curvature into the cadherin molecule

which is an essential feature of cadherin binding [25]. Electron microscopy has revealed that cad-

herins only have adhesive function at [Ca2+]>0.5mM when all Ca2+-binding sites are filled, with the

ectodomains existing as flexible and semi-rigid rods at lower [Ca2+] ( 100µM) [90][8]. Complete

Ca2+ binding results in a rigid cadherin structure which happens to be resistant to trypsin degrad-

ation; this unique feature is often utilised in order to assess the whether a cadherin species has

functional structure [16].

Electron microscopy data also showed that Ca2+ binding at each of the EC domain junction is

different, with Ca2+ binding at the N-terminal junction, between EC1-2, being the weakest [8]. At
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Figure 1.4 Schematic of cadherin structural conformations at different Ca2+ concentrations. At

very low calcium (<100µM) , cadherin are flexible and not adhesive. At low calcium ( 100µM),

cadherins are semi-flexible and non-adhesive with Ca2+ binding at EC2/3, EC3/4 and EC4/5 but

insufficient Ca2+ binding at EC1/2. At high calcium (>500µM), cadherins are fully bound by Ca2+,

rigid and can mediate adhesion. Green circles indicate Ca2+ ions; note that 3 Ca2+ ions bind at

each linker region.

low [Ca2+] ( 100µM), binding sites at the junctions between EC2-3, EC3-4 and EC4-5 were satur-

ated with Ca2+, but only minimal Ca2+ binding is found at EC1-2. Interestingly, equilibrium binding

studies revealed that it was one Ca2+ which had significantly lower binding affinity (2mM) to the

E-cad EC1/2 junction than the other two Ca2+ (330µM) and this correlated well with X-ray and

EM structures [5][90][8]. Two Ca2+, believed to have higher affinity, are coordinated by 7 oxygen

atoms provided by side chain and backbone carbonyl groups, whereas one Ca2+ is coordinated

by 6 oxygen atoms, including two from H2O molecules (Figure 1.5) [5][28]. This last Ca2+ has

less coordination partners and less binding to protein amino acids, which have inherently lower

atomic mobility than H2O, and this Ca2+ is thus believed to have weaker binding affinity [91]. The

precise binding of Ca2+ to Ca2+-binding pockets in cadherins is responsible for the necessary con-

formational changes in order to achieve cadherin functional binding. Even slight changes to the

binding interactions within the binding pocket have significant consequences on cadherin struc-

ture and function. Mutation of aspartate 134, a residue involved in bidentate binding to one Ca2+

between EC1/2 of E-cadherin, to alanine totally inactivates E-cadherin adhesion as measured by

cadherin-mediated cell aggregation [92][5]. Additionally, cadherins can only facilitate both trans

and cis interactions once all Ca2+-binding sites are filled. Thus, the weaker binding affinity of

Ca2+ at EC1/2 is believed to play a crucial extracellular Ca2+ concentration sensing role which is

described in depth later on.

Ca2+ binding is believed to induce large conformational changes in cadherin structure by rigid-

ifying the flexible loop region between EC domains [90]. This positions EC domains in relation

to each other and enhances their amount of stable interaction between them, which is minimal
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Figure 1.5 Ca2+ binding pocket at EC1-2 of E-cadherin crystal structure (PDB: 3Q2V). Green

circles indicate Ca2+ ions. Gray circles indicate H2O molecules. Adapted from Harrison et al.

[13].

in the absence of Ca2+. As well as Ca2+-based interaction between EC domains, direct hyrdogen

bonds, enabled by Ca2+ binding, also stabilse the interaction between EC domains [5]. Global Ca2+

binding has an additional effect on cadherin adhesion due to cadherin inter-domain co-operativity.

Inter-domain co-operativity describes the process of local changes in EC domains being transmit-

ted distally in order to affect structure and binding in other distal EC domains [93]. Some studies

have demonstrated EC domain co-operativity can exist over distances of 100 amino acids, and

disruption of the EC4 and EC5 domains negatively affects EC1-EC1 bond strength of adhesive

trans dimers [94][95][96]. Indeed, mutations in calcium binding sites away from the EC1 domain,

for example at the EC2/EC3 junction, can significantly disrupt cadherin-mediated cell adhesion:

E-cadherin D370A mutants had 12% of the aggregation potential observed for WT E-cadherin

[97][21]. This inter-domain co-operativity is also the basis for Ca2+-binding co-operativity. As Ca2+

is successively bound, the cadherin structure rigidifies to expose other Ca2+-binding pockets and

enhance Ca2+-binding affinity [90][98].

However, it should be noted that mutations at different calcium binding sites do not yield the same

effect on cadherin adhesion. Point mutations in Ca2+ binding pockets (specifically at the Asp-X-

X-Asp Ca2+ binding motifs) at EC1/2 and EC2/3 of E-cadherin nearly abolish cadherin-mediated

cell aggregation (12% of WT E-cadherin aggregation) and mutation at EC3/4 significantly reduces

aggregation (48% of WT E-cadherin aggregation) [97]. Interestingly, mutation D436A at the E4/5

Ca2+ binding pocket had no significant effect on cadherin-mediated cell aggregation. Quantitat-

ive surface force measurements also show that D436A mutation does not significantly affect the

bond strength or distance between cadherin trans dimers [93]. All of these mutations would cause

changes in cadherin structure, as evidence shows that even minor changes in a Ca2+-binding

pocket affect cadherin structure by altering the positioning of the two adjacent EC domains [21].
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These results suggest that changes in Ca2+-binding and thus cadherin structure can be tolerated

depending on which Ca2+-binding site is affected. EC4 and EC5 domains are essential for cadherin

adhesion and contribute to EC1-EC1 binding, but slight changes in their positioning do not abolish

cadherin adhesion [90][94]. Interestingly, this also suggests a possible robustness of cadherin

function to changes in cadherin structure. The extent of this robustness, specifically with regard to

changes in Ca2+-binding, is largely unknown. This is of particular interest given that mutations in

the Ca2+-binding sites of E-cadherin have been found in gastric cancer patients [99][100]. For ex-

ample, D370A mutation has been shown to affect Ca2+-binding at the EC2-3 junction and disables

cadherin cell aggregation as well as enhancing cell motility [99][97]. In this study, factors which

affect Ca2+-binding to cadherin are investigated to further probe how changes in the Ca2+-cadherin

binding pocket are tolerated by cadherin cell adhesion.

The sensitivity of cadherin adhesion to Ca2+-binding at EC1/2 is due to Ca2+ binding at this site

playing a fundamental role in facilitating strand exchange between cadherin trans dimers. It is

believed that Ca2+-binding at EC1/2 exposes the binding pocket for strand exchange by straight-

ening the cadherin and restricting the movement of EC1 and EC2 domains, thus explaining how

high [Ca2+] increases cadherin dimerisation kinetics [5][101][2]. The mutation D134A disrupts bind-

ing to Ca2+ at EC1/2 and results in the failure of cadherins to strand exchange [5][21]. Instead, the

Trp2 residue of cadherins binds within its own hydrophobic pocket. This demonstrates that small

changes to EC1-EC2 structure as a result of small changes to cadherin-Ca2+ binding are sufficient

abolish functional cadherin adhesion.

Given that the structure and function of cadherins are highly linked to Ca2+, it is believed that

cadherins can respond to changes in extracellular Ca2+, which may initiate remodelling of cell-cell

junctions or transduce information to intracellular binding partners. Fluctuations in extracellular

Ca2+ have been well reported in a number of physiological situations and are a result of Ca2+-

channels, pumps and dynamic gradient [102]. Measurements of extracellular Ca2+ changes at

neuronal synapses show that the Ca2+ concentration can reach as low as 0.3-0.8mM, which stud-

ies show is in a regulatory range of cadherin activity [103][90][104]. Atomic force microscopy and

laser tweezers measurements found that binding of N-cadherin decreased by 40% when the ex-

tracellular Ca2+ was dropped from 1.5mM to 0.8mM, and a decrease in 85% binding was observed

at 0.3mM Ca2+ [17]. These results suggest that Ca2+-cadherin binding may have central role in the

disengagement of cadherin dimers and subsequent de-adhesion of neighbouring cells. Another

intriguing piece of evidence is that cadherin X-dimers formation requires a significantly higher Ca2+

concentration (0.5mM-1mM) than strand-exchange dimers [30]. This may be important because

experiments show that the transition of cadherins from the strand-exchange to the X-dimer con-

formation is a necessary step for removal of cadherins from junctions. Evidence suggests that

catenins can distinguish between the two conformations of cadherins at cell junctions as mutant

cadherins only able to form the X-dimer have significantly reduced incorporation and enhanced

turn-over at cell junctions [30]. Given the two differing Ca2+ concentration requirements of each

conformation, it is possible that catenins regulate cadherin adhesions in response to extracellular
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Ca2+ by detecting changes in cadherin structure or binding conformation. This is further supported

by observations that upon the chelation of extracellular Ca2+, cadherins undergo internalisation

and β-catenin has been shown to translocate to N-cadherin cell junctions [105][106][107]. Exactly

how cadherin unbinding and subsequent cadherin de-adhesion between cells occurs still remains

a topic of debate. In this study, there will be further investigation into how Ca2+-cadherin binding

regulates cadherin structure and adhesion.

Recent work also demonstrates the fundamental role of Ca2+ in providing cadherins with their

elastic and mechanotransduction properties. Using single-molecular force microscopy and mo-

lecular dynamics simulations to stretch entire extracellular regions of C-cadherin, it was found that

Ca2+ binding conferred mechanical resistance to individual EC domains as well as acting as a

’mechanical clamp’ between EC domains [108]. Other simulation studies report similar findings,

with linker regions between EC domains acting as stiff hinges to allow the entire extracellular range

to act as a single species under tension [109]. Interestingly, there are a number of cadherin ec-

todomain mutations found in disease states which do not have an obvious effect on cadherin cell

adhesion when assayed [110][111][112]. These mutations may cause minor changes in cadherin

structure that might not affect cell adhesive strength but instead cadherin mechanotransduction,

which is why the effect of these mutations may only be observed in vivo [113][108].

The intra-molecular effects of Ca2+-binding to cadherins is complicated and still require further

elucidation. Assessing how cadheirn function and structure changes between the presence and

absence of Ca2+ is well-documented but limited in the information provided. Using alternative

metal ions to probe how minor changes to cadherin-Ca2+ binding affects cadherin structure and

function may provide new information on the hierarchy of intra-molecular changes following Ca2+-

cadherin binding. However, information and evidence of non-Ca2+ ions binding to the Ca2+-binding

site of cadherin is not extensively. Several works suggest Mg2+ is unable to bind cadherins, as it

has no change on the CD spectra of E-cadherin and has no effect on Ca2+-binding to E-cadherin

during equilibrium dialysis methods [90]. A recent study showed that Zn2+ can inhibit binding of N-

cadherin coated-beads to N-cadherin expressing cells and negatively affect Ca2+-cadherin binding.

However, whether Zn2+ actually binds the Ca2+-binding site is unknown. Cd2+ is the only example

in which there is sufficient evidence to suggest ion binding in the Ca2+-cadherin binding sites. Cd2+

competitively binds with Ca2+ for a fragment of E-cadherin made up of EC1 and part of EC2, with

only one Cd2+ ion able to bind [114]. Using circular dichorism with a polypeptide corresponding to

a Ca2+-binding of E-cadherin, Cd2+ binding was shown to induce a greater change in secondary

structure than Ca2+ [115]. This difference in structural change is likely to explain why Cd2+ inhibits E-

cadherin cell aggregation and negatively affects cadherin expression in vitro and in vivo [116][117].

In this study, we provide evidence for the binding of a group of metal ions, trivalent lanthanides, to

both E-cadherin and N-cadherin.
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1.2.5 Mechanism of cadherin binding specificity

The mechanism of cadherin binding and functional cell adhesion is well researched, but how this

links to cadherin binding specificity remains an intriguing question. Cadherin binding specificity is

believed to be responsible for cell sorting and the segregation of cells into tissues in vivo. The gen-

eral belief is that cadherins exhibit only homophilic binding, although there is significant evidence

to indicate functional heterophilic binding also occurs and highlights the complexity in determining

how cadherin expression translates to cell sorting in vivo. Cell aggregation assays have been a

useful method to explore binding selectivity and involve shaking mixtures of cadherin-expressing

cells in solution (cell-free assays using cadherin-coated beads have also been employed). In one

work, authors demonstrated that E-cadherin- and P-cadherin-expressing cells form exclusively ho-

mophilic aggregates and this specificity is determined by the EC1 domains, as swapping of EC1

domains inverted cadherin binding specificity [118]. Later, work by Patel and colleagues gener-

ated a number of cadherin chimeras with swapped EC1 domains and these were expressed in

CHO cells [119]. Using coaggregation assays, it was found that the EC1 domain determined the

specificity of cell aggregation. For example, cadherin 6b and cadherin 20 chimeras containing

E-cadherin EC1 domains were able to form aggregates with E-cadherin expressing cells but se-

gregated away from cadherin 6b and cadherin 20 expressing cells. homophilic binding specificity

is also supported by electro microscopy studies which revealed that E-cadherin and P-cadherin

were unable to form to either trans or cis dimers [120][8].

However, evidence of heterophilic binding in aggregation assays has also been demonstrated

and it is now understood that binding specificity in aggregation assays is highly dependent on the

experimental conditions. For example, the level of shear stress used in the assay, dictated by the

mixing rate selected, is known to affect cell aggregation partly due to the fact that bonds react

differently to shear stress [121][122]. This was demonstrated by the repeat of Nose et al. [118]

aggregation assays at various mixing rates [122]. When cells expressing different cadherins were

mixed at high rates ( 30rpm), independent homophilic aggregates were observed. However, at low

mixing rates ( 1-3rpm), coaggregates of cells expressing different cadherins were observed. It is

believed that high mixing rates may inhibit the establishment of an equilibrium binding state and it

is the kinetic differences in cadherin bonds that dictate cadherin-binding specificity in these assays.

homophilic binding is believed to occur more quickly than heterophilic binding, thus in high mixing

conditions cadherins on cells only have sufficient time to form homophilic bonds.

heterophilic cadherin binding has been confirmed by several other works [2]. One example

includes A-CAM (chick N-cadherin homologue) expressing chick lens cells mixing and forming

heterotypic adherens junctions with L-CAM (chick E-cadherin homologue) expressing chick liver

cells [123]. Additionally, cells expressing E-cadherin, N-cadherin or C-cadherin were able to bind

equally to immobilised E-cadherin and C-cadherin ectodomains [124]. Cell sorting and aggreg-

ation assays have demonstrated that cadherins can exhibit heterophilic interactions, but it was

not until recently that biophysical analysis confirmed and quantified heterophilic cadherin binding.
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Single-molecular surface plasmon resonance (SPR) was used to demonstrate that the heterophilic

E-cadherin-to-N-cadherin binding free energy is lower than homophilic N-to-N-cadherin but higher

than homophilic E-to-E-cadherin [18]. In the same publication, aggregation assays demonstrated

that E-cadherin and N-cadherin expressing cells form separate aggregates, but these aggregates

then adhere to each other in heterophilic interactions. Interestingly, this cellular behaviour is accur-

ately reflected by the order of molecular binding free energies obtained by SPR. It is known that

mixtures of cells segregate depending on levels of adhesive strength, thus it is understandable

that N-cadherin expressing cells form separate aggregates even in the presence of a higher affin-

ity, indicated by the lower binding free energy, heterophilic interaction because the binding affinity

for the formation of E-cadherin homophilic aggregates is greater than both N-N and E-N binding

[122][125]. The balance of homophilic and heterophilic cell affinities thus provides a mechanism for

how cells can segregate into tissue layers and allow the layers to remain adhered to one another

[18]. Work in this thesis further investigates potential differences in homophilic and heterophilic

cadherin interactions by assessing how each responds to changes in Ca2+-cadherin binding in cell

aggregation assays.

1.3 Lanthanides

Lanthanides, also known as rare earth metals, are a group of transition metals with a history of med-

ical and biological use (Figure 1.6). Trivalent lanthanide ions (Ln3+) have excellent spectroscopic

properties and, given their near absence in biology, are commonly used for protein structural stud-

ies. These properties arise from the electrons in their 4f orbitals, which are shielded by electrons

in filled 5s2 and 5p6 sub-shells [126]. This results in sharp emission bands during 4f-4f orbital

transitions as well as long excited states, often lasting into the millisecond range. Furthermore,

the emission wavelengths of certain Ln3+ ions are within distinct emission colours and correspond

to common fluorophores, making their detection straightforward (e.g Tb3+ –> fluorescein, Eu3+ –>

Texas red, Dy3+–> Alexa 546). A significant characteristic of Ln3+ ions is their chemical similarity

to Ca2+ ions. Several Ln3+ ions have similar ionic radii and coordination chemistry to Ca2+, and

due to their increased electro-positivity, often have higher binding affinity to Ca2+-binding proteins

than Ca2+ [127][128]. Ln3+ ions are thus often used to probe properties of Ca2+-binding sites in

proteins, providing information on the affinity of and the structural changes caused by Ca2+ binding

[128][129]. For example, trivalent Terbium (Tb3+) has previously been used to determine the bind-

ing affinity of Ca2+ to calretinin, a neuronal EF-hand protein [130]. Tb3+ has absorption in the range

of Tryptophan/Tyrosine emission, thus excitation of the aromatic residues results in fluorescence

resonance energy transfer to protein-bound Tb3+ ions and subsequent Tb3+ emission [131]. The

binding affinity of Ca2+ to calretinin is measured by titration of Ca2+ into Tb3+-saturated calretinin,

which displaces the Tb3+ from the protein. Displacement of Tb3+, and thus binding of Ca2+, can be

followed by the loss of Tb3+ emission which is reduced by loss of fluorescence resonance energy

transfer from aromatic residues. As the emission of Ln3+ ions is dependent on its surroundings,
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Ln3+ ions are particularly useful in the design and modification of Ca2+-binding proteins [132][133].

For example, the emission states of Ln3+ ions are quenched by coordination with water molecules,

but enhanced by binding with protein-based ligands [134][135]. Thus, a researcher can gain rel-

atively straightforward information on how modifications have changed the solvent exposure of a

Ca2+-binding site in protein through Ln3+ emission.

Figure 1.6 Periodic table with highlighted Lanthanide series. Adapted from Helmenstine 2016

Given the chemical similarity of Ln3+ ions to Ca2+, their binding in numerous Ca2+-binding pro-

teins has been reported [136][137][138]. However, what effect Ln3+ binding has on the function

of protein is hard to predict. For certain proteins, Ln3+ binding has been shown to effectively

substitute for Ca2+ in terms of protein function [139][140][129]. For example, Tb3+ binding to β1-

Bungarotoxin stimulates the protein’s phospholipase A2 activity [131]. For others, such as Gd3+ on

stretch activated Ca2+ channels, Ln3+ ions have a potent inhibitory effect [137][141][142]. Although

it is unwise to generalise, Ln3+-binding is typically tolerated in proteins where Ca2+ plays a predom-

inately structural role [143]. Proteins involving Ca2+ near their active site or proteins that undergo

complex conformational change following Ca2+ binding usually have loss in function following Ln3+

binding.

An early study demonstrated that trivalent lanthanum, La3+, may be able to bind cadherin mo-

lecules [144]. This was suggested by the fact that La3+ negatively affected the trypsin resistance

of an E-cadherin fragment in the presence of Ca2+. However, this interaction may require re-

evaluation because this experiment was carried out prior to full understanding of the Ca2+-cadherin

binding relationship. For example, 0.2mM Ca2+ was used in the experiments, which several works

later showed to be insufficient to confer E-cadherin resistance to trypsin[92][8]. Furthermore, basal

trypsin degradation of the E-cad fragment that occurs in the presence of Ca2+, regardless of Ca2+

concentration, was not controlled for and quantification was not carried out. Experiments in this
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thesis aimed to thoroughly evaluate the relationship between one trivalent lanthanide, Tb3+, and

cadherins. Quantitative trypsin resistance assays using full-length N-cadherin and E-cadherin pro-

teins expressed in cells were used. Cell aggregation and fluorescence resonance energy transfer-

binding assays were also be employed in order to determine if Tb3+ can bind to cadherins and how

does binding affect cadherin structure and function.

Given the range of biological functions of Ca2+, there is considerable interest in characterising

the effects of Ln3+ on Ca2+-binding proteins for their medical and experimental use. One particular

area of focus is the effect of Ln3+ ions on intracellular Ca2+-signalling. Ln3+ ions have been shown

to inhibit Ca2+-influx dependent processes such as muscle contraction and are believed to inhibit

signalling by the blocking of Ca2+ channels and pumps [145][136]. Gd3+ is known to selective

inhibit stretch-activated Ca2+-channels and are commonly used in pharmacology research for this

purpose, however the specific mechanism of action is still debatable [146][137][147]. The effect

of La3+ ions on Ca2+-signalling with regard to tight junction dynamics at epithelial cells is more

complicated, with Ca2+-agonist and -antagonist effects reported depending on the cells or tissues

used [148][149][150]. Overall, it is becoming evident that the effect of Ln3+ ions on Ca2+-influx is

complicated both in regard to target proteins and mechanism of action. For example, recent work

shows that Gd3+ ions can block the activity of mechanosensitive ion channels by binding to anionic

phospholipids and altering the lateral pressure in the cell membrane [151]. This emphasises the

caution that must be attached to the use of chemicals with such similar chemistry but unpredictable

effects to Ca2+ in both research and medical applications.

The most common and established medical application of Ln3+ ions is the use of Gd3+ as a

contrast agents in magnetic resonance imaging (MRI). Contrast in MRI is a result of a number

of factors including the relaxation times of water protons following exposure of biological tissue

to an external magnetic field [152]. Gd3+ has high paramagnetism as a result of 7 unpaired elec-

trons and enhances the contrast of MRI by shortening the relaxation times of water protons [153].

Gd3+ is contained in chelation complexes which prevent its release into the body, as Gd3+ ion has

high toxicity even at low doses ( 10µmol.kg-1)[152]. Whilst Gd3+-based contrast agents are used

today and generally agreed to be safe, a concerning link with nephrogenic systemic fibrosis has

prompted further investigation into their biological activity and toxicity [154]. Recent studies have

demonstrated that low dose (same as that used in clinics) administration of Gd3+-based contrast

agents promotes the development of nephrogenic systemic fibrosis [155][156]. It is believed that

less stable chelation compounds of Gd3+ can exchange Gd3+ for endogenous cations like Zn2+, and

release Gd3+ free ions (Figure 1.7) [157]. Gd3+ can combine with endgenous anions and deposit

into tissue, this process is known to be enhanced in patients with renal failure as Gd3+ clearance

time is extended [158]. Gd3+ ions in the body then result in the increase of chemokines which

attract factors contributing to systemic fibrosing conditions [159].

Another possible, and controversial, medical application for Ln3+ ions is their use as anti-cancer

agents. This is proposed predominantly due to the evidence of Ln3+ ion cytotoxicity, and research-

ers believe Ln3+ ions can be used as chemotherapy agents. Ln3+ containing complexes can induce
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Figure 1.7 Schematic of Gd3+-chelate metabolism. Endogenous cations such as Zn2+ can re-

place Gd3+ in chelates and these are eliminated as urine. Gd3+ can combine with endogenous

anions and be deposited in tissues. From Morcos [157]

apoptosis by intercalating into DNA, whereas free Ln3+ ions can inhibit Ca2+ transport in the mito-

chondria and cause cytotoxicity in cancer cells by other unknownmechanisms [160][161][162][163].

Another interesting biological effect of Ln3+ was the inhibition of cell motility and enhancement of

cell attachment in B16F10 melanoma cells using Gd3+ and Tb3+ [164]. This phenotype was also

shown to be linked to the Ln3+ effect on Ca2+-influx in cells, and provided further interest into the

development of Ln3+ as anti-cancer agents. However, there is disagreement as to the biological

effect of Ln3+ ions, with an increasing amount of evidence demonstrating that free Ln3+ ions ac-

tually enhance proliferation and survival in cancer cells. Exposure of HeLa cells to 100µM Gd3+

enhanced cell proliferation after 24h and 48h, and this was believed to be a result of increased

retinoblastoma protein phosphorylation and cyclin E expression [165]. In a recent study analysing

the metabolomics of HeLa cells exposed to Gd3+, 48 metabolites were found to be significantly

affected which provided evidence for both the inhibitory and promotional effect of Gd3+ on HeLa

cell growth [166]. As expected, many of the suggested mechanisms related to the effect of Gd3+ on

Ca2+-influx and Ca2+ intracellular signalling. One possible explanation for this discrepancy is that

reported Ln3+ cytotoxicity effects take place at a higher concentrations (typically in the millimolar

range) than reported Ln3+ effects on cell proliferation (within the micromolar range) [161][167]

[165][168][159]. However, further work on this hypothesis would be required in order to make a

conclusion. Whilst lanthanides have many attractive chemical and biological features, there is still

much to be understood about their activity and toxicity prior to their in vivo use against cancer. In

this study, the possible effect of Ln3+ ions on the function of E- and N-cadherin, proteins heavily

linked with cancer progression, was analysed.
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1.4 Cadherins in tissue morphogenesis

Tissue morphogenesis during neural development requires coordinated changes in cell shape,

adhesion and movement. As tissue morphogenesis involves the collective movement of cells to-

gether, cadherins have an obvious function in maintaining cell-cell adhesions throughout gross

changes in embryo structure. However, this function is far from trivial, as the expression of mul-

tiple cadherin subtypes must be tightly regulated in time and space, and the dynamic assembly and

disassembly of cadherin-mediated interaction accurately orchestrated in order to permit change

without loss of tissue integrity [169]. In this section, the involvement of cadherins in several pro-

cesses of early embryo and neural tissue morphogenesis will be outlined, and the role of cadherins

in processes beyond simply cell adhesion will be discussed. Understanding the regulation of cad-

herin adhesion in processes of tissue morphogenesis is important in bridging the gap between

cadherin biochemistry and actual cadherin functions in vivo.

1.4.1 Gastrulation

Cadherins play a central role in the earliest of morphogenetic processes in embryos, gastrulation.

Gastrulation involves large-scale cell movements to reorganize the embryo from the blastula, a

single-layered sphere of cells, into a tri-layered structure known as the gastrula [170]. The en-

doderm, mesoderm and ectoderm are the primary germ layers formed during gastrulation and

will give rise to the digestive system, muscles and nervous system respectively. Cadherins have

been shown to be crucial mediators of cell-cell adhesions during the morphogenetic movements

of gastrulation in vertebrates [171][172]. In zebrafish, E-cadherin facilitates adhesion between the

enveloping layer and deep cells, two cellular domains in the zebrafish blastula, and inhibition of

E-cadherin expression by injection of morpholino oligonucleotides significantly disrupts gastrula-

tion processes such as epiboly movement, the thinning and spreading of the ectoderm [173][174].

Similarly, in Xenopus embryos C-cadherin adhesions are crucial for gastrulation movements as

expression of dominant-negative C-cadherin results in failure to close the blastopore and impaired

involution [175]. Whilst cadherin-mediated adhesions are important for maintaining structural in-

tegrity of the tissue and facilitating collective cell migration, adhesions must also be downregulated

in order to permit movement and changes in the tissue by promoting epithelial-to-mesenchymal

transition (EMT). For example, C-cadherin must be downregulated by mesoderm-inducing factor

activin in order to permit convergent extension in Xenopus embryos, which is the anterior-posterior

extension of the embryo as cells move towards and intercalate at the dorsal midline [176]. In

zebrafish and mice, FGF signaling promotes EMT during gastrulation by Snail-mediated transcrip-

tional downregulation of E-cadherin, and themesoderm inmice deficient inSnail activity are unable

to lose epithelial morphology and apico-basal cell polarity [177][178]. Furthermore, disassembly

of cadherin adhesions must occur rapidly in order to correlate with the gross movements of gast-

rulation, therefore cadherins are also regulated at the protein level. For example, EPB4.1L5, p38
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interacting protein and p38-MAP kinase all downregulate E-cadherin during EMT in gastrulation

[179][180].

1.4.2 Neurulation

Cadherin subtypes display distinct spatiotemporal expression patterns throughout many morpho-

genetic processes in neural development. During neurulation which describes the formation of

the neural tube, E-cadherin expression is replaced with N-cadherin and as well as other classical

cadherin subtypes in the dorsal neural ectoderm [181]. However, the purpose of this cadherin

subtype switching and its correlation to the morphogenetic movements during neurulation is under

debate. In N-cadherin mutant zebrafish, key cellular rearrangements such as convergent exten-

sion and intercalation are impaired during neurulation [182]. However, in N-cadherin knockout

mice, neural tube formation and closure occur normally with only some slight malformations in

the tissue organization [183]. Furthermore, close analysis of cadherin expression patterns during

early morphogenesis in chick embryos revealed that the kinetics of E-to-N switching do not appear

to be synchronised with the movements of neurulation [184]. Instead, based on the fact that the

transcriptional regulators involved are distinct from those in epithelial-to-mesenchymal transition

(EMT), it is suggested that the switch from E-cadherin to N-cadherin during neurulation is more

a reflection of the segregation of the neuroectoderm into its three main populations: ectoderm,

neural crest and neural tube. This is an interesting example where the loss of E-cadherin and gain

of N-cadherin does not result in EMT, as is typically observed during tumourigenesis and cancer

metastasis [185].

1.4.3 Neural crest cell migration

Epithelial-to-mesenchymal transition (EMT) is a process in which cells undergo changes in cell

shape and adhesion to transform from an epithelial phenotype into a migratory one. EMT is re-

quired for multiple tissue morphogenic movements in neural development and cadherins play a

major role in facilitating EMT, as cadherin subtype switching is required for key changes in a cell’s

adhesive interactions and phenotype. Neural crest cells are a neural stem cell population located

at neural plate border that give rise to craniofacial structures, smooth muscles, cells of the car-

diac system and most of the neurons and glial of the peripheral nervous system [186][187]. In a

process called delamination, neural crest cells undergo EMT and detach from neighbouring neur-

oepithelial cells in the neural plate in order to migrate to various destinations in the embryo and

differentiate [188]. During EMT, neural crest cells typically undergo a switch in cadherin expression,

downregulating N-cadherin and upregulating Type II cadherins 6/7/11 [189][190]. At the initiation

of EMT, N-cadherin expression is downregulated post-translationally by the activation of metallo-

protease ADAM10 by BMP/Wnt signaling in neural crest cells [191]. Cleavage of N-cadherin aids

neural crest cell delamination firstly by loosening cell-cell adhesions, and secondly by the cytosolic
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Figure 1.8 Cadherin roles in neural tissue morphogenesis. Cadherin cell-cell adhesions are

important in maintaining tissue integrity of morphogenic structures, such as the gastrula (A). Dy-

namic regulation of cadherins is required for gross cellular rearrangements such as neurulation,

where E-cadherin is replaced by N-cadherin in the invaginating neural plate (B). Cadherin sub-

type switching facilitates EMT during neural crest cell migration by permitting key changes in a

cell’s adhesive interactions and phenotype (C).

cleavage-product of N-cadherin inducing transcription of cyclin-D1, which results in the activation

of β-catenin signalling, an important promoter of neural crest cell EMT [192]. Prior to delamina-

tion, premigratory neural crest cells express cadherin-6 (formally cadherin-6B in chick) and the

expression of this cadherin is believed to play a role in segregating this population from other cells

in the neuroepithelium, which do not expres cadherin-6 [193][188]. Following emigration from the

neural tube, all populations of neural crest cells lack cadherin-6 expression. However, differences

in the timing of downregulation suggest that cadherin-6 adhesions mediate different functions in

the delamination of cranial and trunk neural crest cell populations [194]. As cranial neural crest

cells undergo EMT their cadherin-6 levels are rapidly reduced, transcriptionally by Snail2 and post-

translationally via proteolytic cleavage by ADAM10, ADAM9 and γ-secretase [195][196]. Further-

more, evidence shows that this loss of cadherin-6 adhesion is critical for the transformation of

cranial neural crest cells to the migratory state. In ovo knockout of cadherin-6 in chick embyros

increases cranial neural crest cell emigration from the neural plate and in vitro results support the
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conclusion that loss of cadherin-6 adhesions play a critical role in regulating the timing of cranial

neural crest cell dissemination. Trunk neural crest cells, on the other hand, maintain cadherin-6

expression throughout EMT and downregulation is only observed in chick and zebrafish embryos

following dissemination [194][197]. Neural crest cell delamination represents one of the best ex-

amples of how programmed cadherin de-adhesion, an often over-simplified process, is mediated

and the importance of cadherin switching for this process. In this study, the significance of cad-

herin switching in another cadherin de-adhesion event was investigated, and in particular explored

how changes to Ca2+-cadherin binding may facilitate cadherin de-adhesion.

1.5 Cadherins in neural progenitor cell maintenance and

differentiation

During development, neural progenitor cells give rise to all of the neuronal cells in the adult nervous

system in the process of neurogenesis. For neurogenesis to occur, it is critical that the self-

renewing capacity of neural progenitor cells is maintained, but also that neural progenitor cells

undergo differentiation at the correct time and place in order to produce nascent neurons [198][199].

Cadherin molecules have an essential role in this balance of neural progenitor cell maintenance

and differentiation, as many processes depend on the appropriate assembly and disassembly of

cadherin-mediated adhesions [169]. For the maintenance of neural progenitor cells, cadherins

have roles in the organisation the neural progenitor cell niche, regulation of neural progenitor cell

proliferation and control of neural progenitor cell identity. As a consequence, controlled loss of

cadherin adhesion is required for neural progenitor cell differentiation and migration during neuro-

genesis. Here, a summary of cadherins functions in neural progenitor cell maintenance and dif-

ferentiation is provided with a focus on how dynamic regulation of adhesion, signalling and cell

polarity is essential in carrying out these functions.

1.5.1 Cadherins in organising neural progenitor cells and the neural

progenitor cell niche

The neural progenitor cell niche, known as the ventricular zone, is critical to both the maintenance

of neural progenitor cells and to the process of neurogenesis (Figure 1.9). Cadherins facilitate

many of the adhesions that are required for the positioning of neural progenitor cells and organ-

isation of the neural progenitor cell niche. Early in development, cadherin-mediated adherens

junctions link neuroepithelial progenitors to each other and to ventricular surfaces of the neuroep-

ithelium [200]. The neuroepithelium is made up entirely of precursors cells with no supporting

cells, unlike in adult stem cell niches, thus the cadherin-mediated cell-cell adhesions are essential

to maintaining the organisation of the neural progenitor cell niche [201]. Further in development
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as radial glial cells become the predominant neural progenitor cell, cadherin adhesions are also

critical in positioning radial glial cells and providing the architecture for neurogenesis. N-cadherin

anchors radial glial cells to the ventricular surface and genetic deletion of the N-cadherin gene in

the developing cortex of mice disrupts anchoring of radial glial and results in their random scatter-

ing away from the ventricular zone [202]. In addition, loss of N-cadherin also results in the failure

of radial glial cells to extend processes from the apical surface to the basal lamina of the cortical

layer, which provide the migrational track for nascent neuronal cells during neurogenesis [202]. N-

cadherin adhesions are also required for the attachment of neurons to these radial glial processes

during migration, as suppression of N-cadherin expression or inhibition of N-cadherin trafficking

to the membrane results in significant migrational defects [203]. Overall, deregulation of cadherin

molecules has significant consequences on neurogenesis and results in improper population and

layering of the cerebral cortex [202][204]. Disruption of cadherin adhesion is known to affect po-

sitioning of neural progenitor cells in brain, however the consequence of neural progenitor cells

mispositioning outside the neurogenic niche is not known. In this study, neural progenitor cell mis-

positioning as a result of cadherin dysfunction was demonstrated and the impact of mispositioning

on neural progenitor cell maintenance was investigated.

Figure 1.9 Neurogenesis and the organisation of the developing cortex. Radial glial neural

progenitor cells reside in the ventricular zone and extend processes to the basal lamina which

form the migrational track for nascent neurons. Cadherin adhesions are important in providing

the architecture for neurogenesis, attaching radial glial cells to each other and to the apical

surface as well as facilitating neuronal attachment to radial glial processes.
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1.5.2 Cadherins in neural progenitor cell proliferation

Even subtle changes to neural progenitor cell populations can result in significant developmental

consequences. Insufficient proliferation can result in microcephaly, abnormally reduced brain size,

whereas uncontrolled growth of neural progenitor cells has been linked to brain tumours such as

astrocytomas and medulloblastomas [205][206][207]. Cadherin adhesions within adherens junc-

tions have been demonstrated to play an important role in the regulation of neural progenitor cell

proliferation during development and evidence demonstrates this is most likely via β-catenin sig-

nalling.

β-catenin connects cadherin molecules to the cell’s actin cytoskeleton and is a central signalling

molecule in theWnt-pathway, which is responsible for neural progenitor cell growth and cell cycling

[208][209]. It is believed that cadherin adhesion sequesters β-catenin to the cell membrane, inhib-

iting its activity and thus cell proliferation pathways [210]. Some evidence for this mechanism in

neural progenitor cells has been found in vitro, however, there is a growing body of in vivo evidence

supporting a positive regulatory role of cadherin adhesion on β-catenin signaling and subsequent

proliferation in neural progenitor cells [211][212][213]. In vivo knockout of N-cadherin reduced pro-

liferation and increased cell cycle exit in the developing cortex by activating β-catenin signaling

in a Wnt-mediated manner, and this phenotype was rescued by β-catenin overexpression. Fur-

thermore, these findings also revealed N-cadherin positively regulates AKT activity, an inhibitor of

neural progenitor cell exit from the VZ and apoptosis, demonstrating an additional mechanism by

which cadherin regulates neural progenitor cell proliferation during development. This appears to

constrast results demonstrating that the conditional knockout of molecular motor KIF3, a trafficker

of N-cadherin, results in hyperpolarization of neural progenitor cells in the developing cortex and

spinal cord, which authors believed to be the result of N-cadherin mislocalisation [214]. However,

the enhancement in proliferation was unlikely to be a result of lost cadherin adhesion as only a

10% decrease in cadherin adhesion was observed in KIF3 knockout cells as measured by cell ag-

gregation. KIF3 knockout resulted in the increased cytosolic location of β-catenin, which is known

to enhance β-catenin signalling activity and is most likely the dominant cause for hyperproliferation

in this situation.

These examples demonstrate that further understanding of the complex relationship between

cadherins and β-catenin in the context of neural progenitor cell proliferation is required. Although,

what is generally accepted is that it is the cell autonomous changes in β-catenin signalling and not

changes in cadherin cell adhesion which primarily regulate neural progenitor cell proliferation [215].

There is some suggestion, however, for a possible non-cell autonomous role for cadherins in con-

trolling proliferation behaviour in neural development. Studies have demonstrated a N-cadherin

dependent increase in β-catenin transcriptional activation when neural precursors are cultured at

high density, suggesting a possible a cell-cell contact (‘outside-in’) regulation mechanism [212].

However, recent attempts to test this non-cell autonomous regulation of cadherin adhesion on

β-catenin and neural progenitor cell proliferation in vitro were inconclusive [213]. Additional invest-
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igation will be required to evaluate a role for cadherins in transducing extracellular signals and will

help to further understand the interplay of cadherin adhesion and signalling functions in regulating

the proliferation of neural progenitor cells during development. Experiments in this work further

explore the relationship between cadherin adhesion and proliferation, and suggest cadherin adhe-

sions may even have a spatiotemporal role in regulating neural progenitor cell proliferation.

1.5.3 Cadherins in the maintenance of neural progenitor cell identity

In order to give rise to the millions of cells in the nervous system, neural progenitor cells must be

maintained in the undifferentiated continuously dividing state during neural development. Prema-

ture differentiation of neural progenitor cells and loss of their stem cell-like identity will result in the

depletion of the progenitor pool and underdevelopment of the nervous system [216][217]. Central

to the identity of neural progenitor cells is the maintenance of their epithelial apico-basal cell polar-

ity. This was demonstrated by the disruption of cell polarity complexes in neural progenitor cells,

which leads to loss of neuroepithelial markers and premature differentiation [218][219]. Cadherins

in adherens junctions facilitate apico-basal polarity by positioning important determinants and ad-

hering processes of radial glial and neuroepithelial cells to the ventricular surface and basal lamina

[198][220]. Indeed, multiple groups have demonstrated that the disruption of cadherin adhesions

leads to the loss of apico-basal polarity in neural progenitor cells and subsequent premature dif-

ferentiation [221][202]. Cadherins also function to maintain the undifferentiated neural progenitor

cell population by influencing outcomes of individual mitotic divisions; promoting self-renewing divi-

sions and inhibiting terminally differentiating divisions which deplete the progenitor pool [198][211].

In vitro overexpression of a non-adhesive N-cadherin mutant in cortical precursors results in an

increase in terminally differentiating divisions and a decrease in self-renewing divisions [211]. Ad-

ditionally, cadherins have also been shown to maintain neural progenitor cell identity by facilitating

communication between neural progenitor cells and differentiating cells in an ‘outside-in’ regulation

mechanism [222]. ’Outside-in’ regulation is where extracellular cues (e.g. adhesion) result in intra-

cellular signalling changes. In vitro and in vivo evidence in chick and mice embryos demonstrates

that cadherin-mediated adhesions in adherens junctions of the apical end-feet of differentiating

cells keep notch signalling active in neighbouring neural progenitor cells, preventing premature dif-

ferentiation in a non-cell autonomous manner. It is often believed that adherens junctions simply

mediate physical contact between cells, but discoveries like the one above have led to a growing

appreciation for cadherin-mediated adherens junctions as sites for intercellular signalling, which

have important roles in regulating spatiotemporal maintenance and differentiation of neural pro-

genitor cells. In this study further evidence is presented to support this model: a role for cadherin

adhesions in defining the identity of neural progenitor cells in the neural tube is demonstrated.
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1.5.4 Cadherins in neural progenitor cell differentiation and migration of

differentiated cells

Cadherin adhesions are crucial in maintaining the self-renewing neural progenitor cell population,

and consequently dynamic disassembly of their adhesive contacts is important for the eventual

differentiation of neural progenitor cells and detachment from the ventricular zone [199]. How-

ever, the loss of cadherin adhesions must be tightly regulated in order to not disrupt the balance

between neural progenitor cell maintenance and differentiation, as aberrant disruption of cadherin

adhesions has dire consequences for the neural progenitor cell population. Although loss of cad-

herin adhesions does not appear to affect the ability of differentiated cells to arise in N-cadherin

deficient mice, it is becoming clear that the precise regulation of cadherin adhesions is important

for the successful formation of differentiated cells during neural development [202][223]. At the

end of the neurogenic period, radial glial cells undergo changes in cell polarity and adhesive con-

tacts in order to differentiate into required cell types [198]. Some radial glial cells downregulate

adherens junctions and lose apical contacts to differentiate into multipolar parenchymal astrocytes,

while others maintain adherens junctions and retract basal processes to form the ventricular lin-

ing [224][225]. Downregulation of N-cadherin is also required for apical abscission, the process

where differentiated neural progenitor cells detach and migrate away from the ventricular surface

during neurogenesis. High-resolution live-cell imaging in chick neural tubes reveals disassembly

of cadherin adhesions is essential for the retraction of apical processes during apical abscission,

likely by loosening cell-cell junctions and actin-myosin tension [226]. Recent work has focused

on understanding the signalling networks which regulate cadherin adhesions in order to control

the balance between neural progenitor cell self-renewal and differentiation. Numb and Numb-like,

regulators of notch signalling, are required for the maintenance of adherens junctions in cortical

progenitor cells in mice and consequently dictate neural progenitor cell cell fate and polarity in a

cadherin-dependent manner [227]. Additionally, a transcription factor network involving Sox2 and

two Forkhead proteins (Foxp2 and Foxp4) has been identified, which regulates the expression of

N-cadherin in order to control the balance of neural progenitor cell self-renewal and differentiation

in the developing neuroepithelium [228]. Foxp2 and Foxp4 are potent suppressors of N-cadherin

expression, and disruption of the Foxp proteins inhibits neural progenitor cell differentiation and

migration from the VZ in the spinal cords of chicks and mice. Sox2 acts in opposition to activ-

ate N-cadherin expression, and together with the Foxp proteins it helps to establish the level of

cadherin expression in the developing nervous system in order to regulate neural progenitor cell

self-renewal and differentiation. Elucidating roles of cadherin adhesions and the genetic circuits

which regulate them is important in understanding how neural progenitor cell behaviour is spati-

otemporally regulated in the embryo.
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1.6 Patterning and cell specification in the spinal cord and

hindbrain

Throughout the spinal cord and hindbrain, neural progenitor cells are typically retained in the ap-

ical region of the neural tube called the VZ and give rise to post-mitotic cells which migrate later-

ally away from the VZ. However, the specification and behaviour of cells produced varies greatly

throughout the neural tube in both the rostrocaudal and dorsal-ventral axes. The specification

of cells is controlled by the precise patterning of the neural tube, which results in the generation

of defined cell types at defined locations. This is true for many vertebrate organisms including

the chick embryo, which has been used extensively in order to understand the mechanisms and

functions of neural tube patterning in cell specification. In order to distinguish between the devel-

opmental stages in chick embryo, the staging system devised by Hamburger and Hamilton is used

[229].

1.6.1 Rostral-caudal patterning of the hindbrain

During early development (HH9 in chick embryos), the neural tube forms swellings in the rostral-

caudal axis which delineate the major compartments of the developing brain: Rhombencephalon

(Hindbrain), Mesenencephalon (Midbrain), and the Prosencephalon (Forebrain). The developing

hindbrain also undergoes segmentation along the rostral-caudal axis into rhombomeres. This

occurs after neural tube closure (HH10) and the rhombomeres persist until HH24 [230]. 8 distinct

rhombomeres exists, with rhombomere 8 being at the caudal boundary of the hindbrain adjacent

to the spinal cord and rhombomere 1 being the most rostral adjacent to the midbrain-hindbrain

boundary. Formation of the rhombomeres precedes the start of neurogenesis (HH11-12), and

different neuronal cell types are generated in each rhombomere [231]. The segmental expression

of proteins and transcription factors contributes to the function of rhomobomeres as compartments

which segregate cells of different properties and fates [232]. Fluorescence labelling of cells in the

chick hindbrain at HH11 demonstrated that cells are restricted to migration within their designated

rhombomeres and do not mix with cells from neighbouring rhombomeres, which is believed to be

a result of different adhesive properties between cells [233][234]. Later it was discovered that a

small number of cells canmigrate into adjacent rhombomeres at later stage in development (HH25)

[235].

1.6.2 Molecular specification of rhombomeres - Hox genes

Rostral-caudal patterning of the hindbrain and generation of rhombomeres is dictated by the ex-

pression Hox genes [236]. Hox genes encode a family of helix-turn-helix transcription factors and

vertebrates have 39 Hox genes clustered over 4 chromosomes [237]. Interestingly, the 3’ to 5’

location of Hox genes on chromosomes reflects their rostral-caudal expression in the neural tube



44

[238][239][240]. Loss of Hox gene expression significantly impairs rhombomere segmentation,

which was demonstrated by the absence of rhombomere swellings in embryonic mutant mice with

disrupted Hoxa1 expression [241]. Furthermore, each rhombomere expresses a unique set of

Hox genes which in turn dictates the specification of cells produced along the rostral-caudal axis

[236][242]. Hox gene expression precedes rhombomere formation and are induced by diffusible

morphogens (e.g. retinoic acid) expressed at the rostral and caudal boundaries of the hindbrain.

For example, retinoic acid is expressed in the spinal cord and paraxial mesoderm and a concentra-

tion gradient of retinoic acid exists in which the highest concentration is at the caudal boundary of

the hindbrain. Retinoic acid induces expression of Hox genes, and each Hox gene has a different

sensitivity to retinoic acid concentration which leads to a pattern of Hox gene expression along the

rostral-caudal axis [243]. Alteration of the retinoic acid gradient ultimately affects the identity of

cells in the hindbrain by changes in the Hox gene expression pattern at each rhombomere. For ex-

ample,Hoxb1which is normally restricted to rhombomere 4 has ectopic expression in rhombomere

2 following overexpression of retinoic acid [244]. Additionally, Somatic Motor neurons which are

typically restricted to rhombomeres 5-8 can be ectopically generated throughout rhombomeres 2-8

of an explant through exposure to retinoic acid [245]. At the rostral boundary of the hindbrain (the

hindbrain/midbrain boundary) FGF8 expression represses Hox gene expression [246]. The oppos-

ing action of diffusible factors therefore refines Hox gene expression boundaries in rhombomeres

(Figure 1.10).

Figure 1.10 Schematic of Hox gene expression in the rhombomeres. Hox gene expression

boundaries are dictated by gradients of diffusible factors which either induce or repress Hox

gene expression. Figure from Irving & Mason [246].
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1.6.3 Rostral-caudal patterning of cranial motor neuron specification

Motor neurons within the brainstem extend axons in cranial nerves which innervate muscles in

the head and neck [232]. Cranial motor neurons are divided into 3 subsets depending on type

of muscle they project axons to. Branchiomotor (BM) neurons innervate muscles in the branchial

arches and tongue; Visceral Motor (VM) neurons innervate muscles in the lower jaw and otic

ganglion; Somatic Motor (SM) neurons innervate muscles in the neck, face and mouth. Cranial

motor neurons are organised in clusters known as motor nuclei, and nuclei can contain neurons

from multiple subsets. Examples of motor nuceli are the abducens (Ab) and facial motor nucleus

(FM). The positioning of motor nuclei in the brainstem is highly conserved among vertebrate and

this positioning directs the specification of motor neurons. Figure 1.11 shows the positions of

cranial motor nuclei in the chick and mouse embryo.

Hox genes are required for segmentation of the rhombomeres, but also for the specification of

motor neurons in each rhombomere. For example, trigeminal neurons are found in rhombomere

2, which expresses Hoxa2. However, misexpression of Hoxa2 in rhombomere 1, which normally

has no Hox gene expression or trigeminal neurons, is sufficient to generate ectopic trigeminal

neurons in rhombomere 1 [247]. Another well studied example involves Hoxb1 expression and

its role in specifying BM facial motor neurons. Hoxb1 expression is restricted to rhombomere

4, and misexpression in rhombomere 2 results in trigeminal neurons gaining partial facial motor

neuron identity. This is suggested by the fact that trigeminal neurons incorrectly project axons

along the facial nerve. In mice, the facial motor nucleus is generated in rhombomere 4 but migrates

to rhombomere 6. This migration is prevented during loss of Hoxb1, which results in disrupted

axonal projections and eventual loss of the facial nerve [248]. Specification of motor neurons is

sometimes dictated by the combined expression of Hox genes. For example, SM neurons require

Hoxa3 and Hoxb3 expression, and rostral misexpression of Hoxa3 results in the ectopic generation

of SM neurons in rhombomeres 2-4 [249]. The expression of Hox genes is required for cranial

motor neuron specification along the rostrocaudal axis in hindbrain, even after eventual loss of

rhombomere segmentations [250].

1.6.4 Dorsal-ventral patterning of the neural tube - homeodomain

patterning

Progenitor cells in the neural tube give rise to a diverse array of neurons, with different groups of

progenitor cells responsible for the production of different neurons. One example is that progenitor

cells in the dorsal ventricular zone give rise to sensory neurons whereas progenitor cells in the

ventral ventricular zone give rise to motor neurons. There exists a developmental mechanism

which defines the identity of progenitor cells along the dorsal ventral axis, and it is centred around

Shh. Shh is a morphogen expressed by the neural tube floor plate and the notochord which sits

ventrally to the neural tube [251][252]. Shh diffuses dorsally through the neural tube, generating
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Figure 1.11 Cranial motor nerves in the developing Chick and Mouse brainstem. Cranial nerves

are represented as roman numerals. Rhombomeres are indicated by r1-r8. BM and VM neurons

are represented as red circles and SM neurons are represented as blue circles. Cranial ganglia

are shown and listed as (g). Cranial nerves: III- oculomotor, IV- trochlear, V- trigeminal, VI-

abducens, aVI- accessory abducens, VII- facial, VIII-vestibuloacoustic, IX- glossopharyngeal, X-

vagus, XI- cranial accessory, XII- hypoglossal. Figure from Guthrie [232].

a highly controlled dorsal-ventral gradient of Shh expression. The interpretation of this spatial

gradient is fundamental to the establishment of progenitor cell identity in the neural tube. Shh

controls the expression of three transcription factors, Gli1, Gli2, and Gli3 [253]. Gli1 is induced

by Shh and its expression in the ventral neural tube is responsible for the activation of factors,

such as Ptc, which specify ventral cell fate [254]. Gli2 is expressed in the entire neural tube and

is also activated by Shh and is required for Gli1 expression, suggesting that Gli1 is a secondary

transducer of Shh [255]. Gli3 is repressed by Shh and its expression becomes restricted to the

dorsal neural tube during development. The morphogen gradient of Shh results in a gradient of Gli

activity, which is the main mediator of dorsal-ventral patterning of progenitor cells in the neural tube.

This was demonstrated by the ability of Gli protein expression to induce neural tube patterning in

the absence of Shh [256].

The dorsal-ventral gradient of Shh induces the spatial expression of homeodomain proteins,

helix-turn-helix transcription factors, in neural progenitor cells. A pattern of homedomain expres-

sion is established in the neural tube by each homeodomain protein being induced or repressed by

Shh (Figure 1.12)[257]. Class I homeodomain proteins (Pax6 and Dbx2) are repressed by Shh and

Class II homeodomain proteins (Nkx2.2 and Nkx6.1) are induced by Shh [258]. This results in five
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distinct domains of progenitor cells which are defined by different combinations of homeodomain

expression and give rise to specific sets of neurons. The boundaries of these domain are sharp

as a result of repressive action between pairs of homeodomains, one from each class [257]. Each

repressive pair required a certain Shh concentration in order to be induced or repressed and loss

of expression in one homeodomain in the pair will result in the expansion of the other homeodo-

main. For example, loss of Pax6 expression in both the spinal cord and hindbrain resulted in an

increase in the number of progenitor cells expressing Nkx2.2 and thus dorsally expanded the p3

homeodomain [259]. However, Nkx2.2 can only be expressed up to a dorsal limit, as above this

limit the Shh concentration is too low to induce Nkx2.2 expression. Interestingly, Pax6 expression

does not extend ventrally in Nkx2.2 mutants and this has been attributed to Nkx2.9 [258]. Nkx2.9 is

expressed in the same cells as Nkx2.2 and represses Pax6 expression, therefore there is believed

to be redundancy between Nkx2.9 and Nkx2.2 proteins. It is also important to note that Class I

homeodomain proteins are expressed first in the neural tube, and then are spatially refined by the

repression of Class II homeodomains. For example, prior to HH12 Pax6 expression is observed

in the entire neural tube of the chick spinal cord [259]. When Nkx2.2 expression is induced after

HH12 in the ventral neural tube, Pax6 expression is restricted ventrally by Nkx2.2 repression. The

same is true for other homeodomains, such as Pax7 and Pax3 whose expression is restricted

from the entire neural tube to a dorsal region over time. The induction of Class II homeodomain

expression occurs during a distinct period of Shh signalling and this happens to be HH10-12 in

the chick neural tube [260]. After this phase, homeodomain expression becomes independent of

Shh signalling. However, if Shh signalling is blocked after HH12 the identity of neurons produced

from the homeodomains is affected. Studies show that Shh signalling blocked after HH12, ventral

progenitor cells produce Lim1/Lim2 interneurons, which are typically produced by the ventral v1

homeodomain.

Based on the mechanism outlined above, five distinct progenitor domains are formed in the

neural tube, each containing progenitor cells expressing a specific combination of homeodomain

proteins. The expression of homeodomain proteins in turn directs the expression of transcription

factors to dictate the identity of post-mitotic neurons generated at each homeodomain [257][260].

For example, progenitor cells in the pMN domain express Nkx6.1, Nkx6.1 and Pax6, and give

rise to motor neurons. Nkx6.1 expression is vital for controlling the fate of somatic motor neuron

and ventral interneurons in both the neural tube and hindbrain [257]. Olig2 is expressed in pMN

progenitor cells and is essential for specification of neurons generated at this domain [261]. Ectopic

expression of Olig2 is able to bypass requirement of Shh and induce somatic motor neuron marker

expression in dorsal cells or cells in the otic vesicle [262]. The repressive activity of Olig2 enables

expression of Lim3 and MNR2 which are crucial in dictating SM neuron identity. The v1 domain

gives rise to v1 interneurons and the v0 domain gives rise to v0 interneurons. Altering the identity

of progenitors in these domains in turn affects the identify of post-mitotic cells generated. For

example, ectopic expression of Dbx1 in the p1 domain results in the reduction of v1 interneuron

generation and ectopic v0 interneuron generation [263].



48

Figure 1.12 Shh from the notochord and floor plate induces the expression of Class II homeodo-

main proteins (NKx2.2 and Nkx6.1) and represses the expression of Class I homeodomain pro-

teins (Pax6 and Dbx2). Repression between Class I and Class II homeodomain proteins estab-

lishes distinct homeodomain boundaries. Five progenitor domains, each with a specific code

of homeodomain protein expression, give rise to distinct populations of neurons. Adapted from

Briscoe et al. [257].

Recent work has shown that Notch signalling in the neural tube ventricular zone plays a crucial

role in the Shh mediated induction of homeodomain expression [264][265]. Specifically, notch

signalling is required for sensitisation of ventral progenitor domains to Shh signalling. The inac-

tivation of Notch signalling in mouse spinal cord led to the reduction of the p3 domain and Notch

over-activation resulted in increase of the p3 domain. Their results show that notch signalling sens-

itises progenitor cells to Shh signalling by regulating the localisation of Shh receptor Ptch1 and Shh

downstream effector Smo to primary cilia of cells in the developing neural tube. As cadherin ad-

hesions have previously been linked with the maintenance of notch signalling in the developing

neural tube, this raises the possibility that cadherins play a role in homeodomain induction [222].

By disrupting cadherins in chick neural tube, this thesis investigated whether cadherin adhesions

meditate homeodomain patterning via the regulation of notch signalling.
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1.6.5 Cadherins and cranial motor nucleogenesis

Cranial motor nucleogenesis is the process by which cranial motor neurons form distinct nuclei in

highly defined locations in the hindbrain. Firstly, all motor neurons in the hindbrain are generated in

the ventral pMN and p3 domains of the ventricular zone and then migrate laterally into the mantel

[259]. BM and VM neurons migrate dorsally into the alar plate and their axons exit the hindbrain

dorsally via the same sites [232]. SM neuronsmigrate into the ventral basal plate and project axons

which exit the hindbrain ventrally. Two types of neuronal migration exist and both are utilised by

motor neurons [266]. In radial migration, neurons migrate along glial cell tracts which guide the

cells away from the ventricular zone. In tangential migration, motor neurons move in a parallel

direction to the ventricular zone. During migration, motor neurons often become transiently mixed

and must segregate in order to form separate nuclei [267].

Figure 1.13 Schematic of cranial motor nucleogenesis at rhombomere 5 in the chick hindbrain.

VZ- ventricular zone, Ab- abducens, AcAb- accessory abducens, FM- facial motor nucleus, dFM-

dorsal facial motor nucleus, vFM- ventral facial motor nucleus. Adapted from Astick et al. [267].

Recent research by Astick and colleagues has demonstrated that combinatorial Type II cad-

herin expression is involved in the segregation of cranial motor neurons at rhombomere 5 in chick

hindbrains (Figure 1.13)[267]. At rhombomere 5, motor neurons of the dFM (dorsal facial motor

nucleus) and accessory abducens become mixed prior to their final segregation into two distinct

nuclei. Following generation at the ventricular zone, 80% of all motor neurons at rhombomere

5 express cadherin-20. However, during migration and nucleogenesis, only neurons in the dFM

express cadherin-20. The authors demonstrated that the only difference in Type II cadherin ex-

pression between the dFM and accessory abducens was cadherin-20 expression. If the Type II

cadherin expression profile between dFM and accessory abducens was equalised by knockdown

or misexpression of cadherin-20, this resulted in terminal mixing of the neurons. The neurons of

the dFM and accessory abducens failed to segregate in a cell autonomous manner and the cranial

motor nuclei do not form. The authors also demonstrated that the electroporation of dominant-

negative N-cadherin NΔ390 perturbs motor nucleogensis. NΔ390 is an N-cadherin species with a

large deletion in its extracellular domain and NΔ390misexpression thus acts to disrupt cadherin ad-

hesion mechanisms in cells, supporting a role for cadherin function in cranial motor nucleogenesis.

Interestingly, NΔ390 misexpression was shown to disrupt nucleogenesis but not radial migration of

motor neurons in the hindbrain. This was believed to be a result of timing, as at the time of NΔ390
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electroporation (HH19), motor neurons would have most likely already completed migration away

from the ventricular zone.

1.6.6 Cadherins and spinal motor neuron pool sorting

Prior to the discover of cadherin roles in cranial motor nuclei segregation, Price and colleagues

demonstrated Type II cadherin expression patterns facilitate motor pool sorting in the spinal cord

[268]. The Lateral Motor Column (LMC) is found in the ventral horn of the spinal cord and motor

neurons in the LMC have roles in controlling limb movement. Within lumbosacral segments 1-3, it

was found that motor pools of the LMC expressed distinct patterns of Type II cadherin expression.

For example, two motor pools, the adductor and the external fermorotibialis, have identical Type II

cadherin expression apart from the adductor pool additionally expressing cadherin-20. This differ-

ence in cadherin expression is required to form the two separate motor pools, as misexpression

or knockdown of cadherin-20 results in the mixing and failure of their motor neurons to segregate.

Additionally, it was later shown that the EC1 domain of Type II cadherins is responsible for motor

pool sorting in the spinal cord [119]. By replacing the EC1 domain of cadherin 6b with the EC1

domain of cadherin 20 in a chimeric cadherin, Patel and colleagues demonstrated that cadherin-

20-like activity was conferred to the chimeric cadherin 6b protein. WT cadherin 6b mixespression

has no effect on motor pool segregation, but misexpression of the chimeric 6b protein significantly

disrupted normal segregation between adductor and femorotibialis motor neurons.

Work by Bello and colleagues also showed that cadherins have a role in the divisional segreg-

ation of spinal motor neurons [269]. Divisional segregation is separate and prior to motor pool

sorting, and the LMC, for example, undergoes segregation into lateral (LMCl) and medial (LMCm)

divisions. This involves the migration of LMCl neurons through the earlier-born LMCm neurons.

The authors demonstrated that the catenin-dependent coupling of cadherins to the actin cytoskel-

eton is required for divisional segregation as misexpression of γ(L127A), a dominant-negative

γ-catenin species with a mutation at Leucine 127 to Alanine and dysfunctional α-catenin binding,

disrupts this process. Disruption of cadherin-7 expression, which is expressed in motor neurons,

also results in aberrant migration and divisional segregation. Interestingly, the authors also ob-

served that γ(L127A) resulted in the loss of adherens junction components, such as ZO-1, as well

as β-catenin staining at the ventricular lining. Furthermore, the disruption of progenitor domains

was observed following γ(L127A) expression, in particular ventral regions of Pax6 domains under-

went buckling. The authors identified stalled motor neurons near to regions of buckled domains. It

is believed that failure of motor neurons tomigrate as a result of γ(L127A) expression resulted in the

ventral accumulation of motor neurons and thus buckling of the progenitor domain. Furthermore,

the expression of NΔ390, a well documented disruptor of cadherin adhesion, resulted in similar

phenotypes, including progenitor domain buckling, suggesting that γ(L127A) expression causes

cadherin dysfunction in the spinal cord. Whether γ(L127A) expression has the same phenotypes in

the hindbrain and its effect on motor neurons, structure and progenitor cells in the developing hind-
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brain is unknown. In this study, in ovo electroporation of developing chick hindbrains with γ(L127A)

was used to determine further roles of cadherin function and cadherin-actin cytoskeleton coupling

on progenitor cells and motor neurons in the hindbrain. Electroporation of NΔ390 was also used

to distinguish between possible effects caused by loss of cadherin adhesion and those caused by

cadherin-actin cytoskeleton uncoupling.
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1.7 Cadherins in cancer

In normal tissue and cancerous tissue, cadherin adhesions play key roles in regulating cell-cell

interactions and cell behaviour. It is thus no surprise that changes in cadherin activity have been

consistently linked with the progression of cancer. Cadherin-switching is an important step during

Epithelial-to-Mesenchymal transition and permits the loss of epithelial cell polarity, disengagement

of cell-cell contacts and the gain of a migratory phenotype [270]. Cadherin-switching is a fre-

quent feature of tissue morphogenesis during development, but evidence now demonstrates that

tumours cells undergo cadherin-switching in order to detach from the tumour site and metastasise

[271].

In many epithelial tumours, (e.g. in prostate and breast cancer) cancerous progression has

been heavily linked with the loss of E-cadherin and gain of N-cadherin. Cancer cells derived

from epithelium tissue are devoid of E-cadherin expression and clinical evidence confirms that E-

cadherin expression is also lost in tumours in situ [272][273]. One experiment in particular showed

that expression of a dominant negative E-cadherin mutant in mouse pancreatic β-tumour cells

enhanced transition of adenomas into invasive carcinomas [274]. Furthermore, over-expression

of E-cadherin halted tumour development past the adenoma stage, demonstrating the loss of E-

cadherin as a key determinant in cancerous progression. Although loss of E-cadherin alone is insuf-

ficient to cause tumourigenesis in mouse models, both somatic and germline E-cadherin mutations

have been identified inmultiple cancers and E-cadherin’s status as a tumour-suppressor gene is ac-

cepted [275][276]. The exact mechanisms for how loss of E-cadherin results in tumour progression

remains under discussion, but are believed to be linked to E-cadherin’s roles in maintaining epi-

thelial cell polarity, thresholding β-catenin/Wnt signalling and inhibiting signalling through growth

factor receptors. E-cadherin loss also results in the disengagement of tight adhesions between

epithelial cells and is predicted to permit migration of the metastatic cells [277].

N-cadherin has an opposing effect to E-cadherin in tumour progression, and switch to high N-

cadherin expression in tumour cells brings about more aggressive cell phenotypes. N-cadherin

expression in epithelial cells enhances migratory and invasive activity [272][278]. Furthermore, N-

cadherin appears to have a dominating influence on cell motility as high E-cadherin expression is

unable to suppress increases in migration caused by even low levels of N-cadherin expression. N-

cadherin is believed to induce invasive behavioural changes by regulating FGF signalling. Several

researchers have demonstrated interaction between N-cadherin and ligand-independent FGF sig-

nalling, and inhibitors of FGF signalling reduce N-cadherin’s ability to induce invasion [279][272].

In addition, increase in N-cadherin expression may promote tumour progression by enhancing

cell survival. In one example, N-cadherin was shown to inhibit apoptosis in melanoma cells by

activation of the Akt pathway and blocking of N-cadherin function results in cell death [280].

As in neural development, the loss of E-cadherin and gain of N-cadherin elicits significant be-

havioural changes and in tumour cells permits their progression into an invasive metastatic state.

However, there are still some unknowns as to how cadherin subtype switching promotes certain
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steps in tumour progression. Additionally, there is a lot of focus on the signalling changes but less

on the adhesive changes which are required for caner progression. This is true for tumour dis-

semination, the process where a metastatic cell detaches from neighbouring tumour cells in order

to migrate to a secondary site [281]. Following cadherin switching and prior to dissemination in

several cancer types, there is a mismatch in cadherin expression between a metastatic cell, which

expresses N-cadherin, and neighbouring tumour cells, which express E-cadherin (Figure 1.14).

Whilst metastatic cells have undergone significant behaviour changes and expresses a different

cadherin subtype to neighbour tumour cells, it is unknown how the metastatic cell can detach and

undergo cadherin de-adhesion [282]. This is predominantly because cells expressing different cad-

herins, in particular E- and N-cadherin, have been shown to exhibit functional cell-cell adhesion

[123][124][122]. Cell aggregation assays demonstrate that E-cadherin and N-cadherin expressing

cells form separate aggregates, but these aggregates adhere to each other in heterotypic interac-

tions [18]. Furthermore, E-to-N-cadherin cell adhesion is supported by surface plasmon resonance

experiments which demonstrate that heterophilic E-to-N dimers have binding free energies on a

similar level to homophilic N-to-N dimers and are actually stronger than homophilic E-to-E dimers

[18]. Thus it is unclear how a metastatic cell’s switch to potentially stronger adhesive interactions

(E-E to N-E) would facilitate detachment from neighbouring tumour cells.

Figure 1.14 Cadherin de-adhesion during tumour dissemination. In several cancers, amismatch

in cadherin subtype expression exists between a metastatic cell (red) and neighbouring tumour

cells (blue) prior to a metastatic cell is able to de-adhere from the tumour.

It is thus likely that the mechanism of metastatic cell detachment from tumours is more com-

plicated than commonly believed, and there is a push to understand the importance of cadherin
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switching in the process of tumour dissemination. One possible contributing factor is the aberrant

post-translational processing of N-cadherin molecules in metastatic cells [282]. It has been shown

that in the most invasive brain tumour and melanoma cells there is a high level of non-adhesive

precursor N-cadherin (Pro-NCAD) molecules on the cell surface. These invasive cell lines with

high Pro-NCAD expression were shown to be less adhesive in aggregation assays compared with

less invasive cell lines, despite having comparable levels of total N-cadherin expression. It is be-

lieved the reduction in adhesiveness is due to the lower number of adhesive N-cadherins at the

cell surface as well as the disruption of cadherin lattice formation by pro-NCAD molecules intercal-

ating between N-cadherin lateral dimers. Thus, the authors propose that cells actually switch from

E-cadherin molecules to amixture of adhesive and non-adhesive N-cadherin molecules, and the re-

lative ratio of N-cadherin molecules dictates metastatic cell adhesiveness. Whether accumulation

of pro-NCAD is sufficient to permit detachment of a metastatic cell from neighbouring E-cadherin

expressing tumour cells remains to be seen. Regardless, this work presents an interesting model

in which the weakening of specifically N-cadherin adhesions in the tumour promotes metastatic cell

detachment. Given that tumour progression is typically described by the accumulation of multiple

contributing elements, it will be interesting to discover what other factors might selectively affect

N-cadherin or E-to-N-cadherin adhesions to explain the process of tumour dissemination [281].

In this thesis, the potential importance of acidic extracellular pH in tumour dissemination will be

explored as well as the influence of changes in Ca2+-cadherin binding on cadherin de-adhesion.

1.8 Summary

The functions of cadherin adhesions in the organisation of the central nervous system and main-

tenance of neural progenitor cells have been previously characterised. Cadherin adhesions are

known to have a role in retaining neural progenitor cells in their niche. The effect of cadherin

de-adhesion, however, on the positioning of neural progenitor cells and how positioning, inside

or outside the niche, affects maintenance has not been explored. Additionally, a novel role for

cadherin adhesions in mediating homeodomain patterning via notch signalling in the neural tube

was explored. Overall, this thesis aimed to progress understanding of cadherin adhesions as a

fundamental component of the neural progenitor niche.

From structural determination to functional measurements, there are many ways to study cad-

herin adhesions. However, the integration of biochemical information on dynamics and kinetics

together with whole cell behavioural assays is important to provide a full picture of cadherin adhe-

sion and how factors affect it. This is particularly true for the cellular phenomenon of cadherin de-

adhesion, which is likely to be highly dependent on the microenvironment and the result of several

contributing factors. Here, influence of acidic extracellular pH on cadherin adhesion in whole cells

was analysed for the first time. The results complement recent single-molecular data to provide a

consolidated understanding of the significance of acidic extracellular pH on cadherin de-adhesion

and in particular during tumour dissemination. Trivalent lanthanides are known Ca2+ mimics and
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are a biologically important group of chemicals with proposed uses against cancer progression.

One early study has suggested interaction between trivalent lanthanides and cadherin molecules,

but further elucidation of their findings using an updated and improved method is required and

was provided here. Furthermore, a range of assays was used to provide a comprehensive un-

derstanding of the impact of two trivalent lanthanides, Tb3+ and Gd3+, on cadherin structure and

function. The aim of these studies was to identify factors which affect Ca2+-cadherin binding, and

to understand how changes in Ca2+-cadherin binding may result in cadherin de-adhesion.

Aims of this thesis:

• Investigate the effect of cadherin de-adhesion on the positioning of neural progenitor cells

and how positioning, inside or outside the niche, affects neural progenitor cell maintenance

• Investigate a novel role for cadherin adhesions in mediating homeodomain patterning in the

neural tube by the control of notch signalling

• Determine the influence of acidic extracellular pH on cadherin adhesion in whole cells

• Determine the effect of trivalent lanthanides on cadherin structure and function
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2 Materials and Methods

2.1 Materials

2.1.1 Solutions
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Table 2.1 Table of solutions
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2.1.2 Anti-bodies

Table 2.2 Table of primary anti-bodies used for immunofluorescence imaging

Table 2.3 Table of secondary anti-bodies used for immunofluorescence imaging
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Table 2.4 Table of primary anti-bodies used for western blotting

Table 2.5 Table of secondary anti-bodies for western blotting
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2.1.3 Plasmids

γ-catenin (L127A) cDNA was cloned into a pCAGGS vector, which contains an internal ribosome

entry sequence followed by a cDNA encoding nuclear localization sequence tagged β-galactosidase

[269]. The plasmid is under control of a CAG promoter and has ampilicin resistance.

pCIG-NΔ390-IRES-3xNLSS-GFP is under control of a CAG promoter and has ampillicin res-

istance. NΔ390 cDNA fragment was PCR amplified from pT2K-B1-mEGFP-cN390-myc using

primers Forward- ccatcgatatgtgccggatagcggg andReverse- ggaattctcagtcatcacctccaccgtac (Sigma).

The NΔ390 cDNA was isolated from the PCR reaction mixture by gel electrophoresis and then

cloned into pCR®II-TOPO ® plasmid (Invitrogen). The NΔ390 cDNA was subcloned from pCR®II-

TOPO ® using EcoRI (NEB) and ClaI (NEB) into pCIG-Ptch1-IRES-3xNLS-GFP (Gift from Ivo

Lieberam). The sequence of pCIG-NΔ390-IRES-3xNLSS-GFP was confirmed by was PCR amp-

lification and sequencing (Eurofins).

TOP-GFP was a gift from Ramesh Shivdasani (Addgene plasmid no. 35489). pCMX-N/RBP-J

(R218H) was kindly provided by the Riken DNA Bank. Hes5.1 pBS SK, Hes5.3 pBS SK and Axin2

pBS SK plasmids were kindly provided by Professor Claudio Stern (UCL). mCherry pCAGGS was

kindly provided by Professor Roberto Mayor (UCL). Mouse N-cadherin-GFP in pEGFP-N1 was

kindly provided by Professor Roberto Mayor (UCL).

2.1.4 Experimental animals

Fertilised White Leghorn chicken eggs (Henry Stuart and Company) were incubated in a humidi-

fied forced draft incubator (LYON Technologies Inc.) at 38-39oC until the required HH stage was

reached. All work was conducted in accordance with the Animals (Scientific Procedures) Act 1986.

2.1.5 Cell Lines

Hs578t and MCF-7 cells were obtained from ATCC. N-cadherin and E-cadherin expressing CHO

cells lines were previously made by Dr Rosanna Smith by transfection of mouse E-cadherin or

mouse N-cadherin pCDNA5 plasmids using Lipofectamine 2000 (Invitrogen).

2.2 Molecular biology techniques for cloning

Gel electrophoresis was used for the analysis and separation of DNA by charge and mass. A gel

was made by dissolving 1% agarose (Sigma) in TAE buffer (Sigma) and the addition of oligonuc-

leotide stain ethidium bromide (Sigma) to a final concentration of 0.5μg/mL. The gel was poured in

a casting tray with a comb to create wells and allowed to set for 20 minutes. 6X loading buffer (New

England Biolabs) was mixed with a DNA sample and loaded into a single well. 5μL of DNA ladder

(Hyperladder 1, Bioline) was loaded into a well in order to determine the size of DNA samples. The



61

gel was run at 100V, 70mA for 30 to 90 minutes (depending on the separation required) and DNA

visualized by ultraviolet illumination. If extraction of a DNA band was required, a clean razor was

used to cut out the DNA band and DNA isolated using QIAquick Gel Extraction Kit (Qiagen).

2.3 In Ovo electroporation

2.3.1 Plasmid preparation

Plasmid stocks were generated and prepared for In Ovo electroporation as follows:

100ng of plasmid was gently mixed with 50μL of XL-10 Gold® Ultracompetent cells (Stratagene)

and incubated on ice for 30 minutes. Cells were heat-shocked at 42oC for 30 seconds and placed

immediately on ice for a minimum of 2 minutes. Cells were allowed to recover by shaking (C25 in-

cubator shaker, New Brunswick Scientific Co. Inc.) at 37oCwith 0.25ml S.O.C Medium (Invitrogen)

for 1 hour without antibiotics. 100μl of the cell mixture was plated on to LB agar (Sigma) plates

containing 50μg/ml kanamycin (Sigma) or 100μg/ml of ampicillin (Sigma) and incubated at 37oC

for 14-16 hours. Following incubation, a single colony from the plate was inoculated into 10mL of

LB broth (Sigma) containing 100μg/ml of either kanamycin or ampicillin and shaken at 37oC for

2-6h. 150mL LB broth containing 500μg/ml of either kanamycin or ampicillin was then inoculated

with the entire mixture and shaken at 37oC overnight. The DNA from the bacterium was harves-

ted using QiafilterTM Plasmid Maxi Kit (Qiagen) according to the manufacturer’s instructions and

resuspended in 300μL molecular biology grade water. The concentration and purity of the DNA

was determined using a ND-1000 NanoDrop spectrophotometer (Thermo).

2.3.2 Electroporation

Prior to electroporation, the shells of incubated eggs were sterilised with 70% ethanol and 5mL of

albumin was removed using a sterile syringe and needle. A small window was cut out of the top

of the shell in order to expose the embryo. Plasmid DNA was diluted to 1μg/uL and mixed with

sterilised 1% fast green dye (Sigma) for visualisation purposes. The DNA-dye mixture was injected

into the ventricular space lining the hindbrain using a glassmicropipette (Harvard Apparatus) drawn

by a micropipette puller (PC-10 puller, NARISHIGE Group). For electroporation of HH19 embryos,

platinum electrodes were placed either side of the hindbrain without touching the embryo and 5

pulses of 30 volts were delivered for 50ms at 1 second intervals using an Electro Square Porator

ECM 830 (BTX). For electroporation of HH9 embryos, platinum electrodes were placed either side

of the hindbrain without touching the embryo and 5 pulses of 24 volts were delivered for 50ms

at 1 second intervals 5mL of albumin was removed and 3 drops of Penicillin Steptomycin (5000

Units/mL, Gibco) were placed on the embryo in order to prevent infection. The windows were
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covered with Parafilm® (Pechiney Plastic Packaging Company) and the eggs were placed back

in the incubator for the required incubation time.

2.4 Tissue preparation

Embryos were removed from eggs and decapitated in cold PBS. The hindbrain was isolated and

fixed on ice for 15-45 minutes (depending on HH stage) in 4% PFA (Fisher Scientific) in 0.1M PB.

The embryos were washed 3 times in PBS for 30 minutes and incubated in 30% sucrose (Sigma)

in 0.1M PB at 4oC. Once the embryos had equilibrated and sunk to the bottom of the dehydrating

sucrose solution, they were mounted in Tissue-Tek OCT (Sakura) and frozen on dry ice. Mounted

tissue was stored at -80oC.

15μm sections of the mounted tissue were cut using a cryostat (Bright) maintained at -26oC.

Sections were collected on positively charged slides (Superfrost® plus, VWR International), air

dried for 20 min to 1 hour, and then stored at -80oC.

2.5 Immunohistochemistry

Slides containing the 15μmhindbrain sections were allowed to reach room temperature andwashed

with PBS to remove the OCT. Slides were incubated with blocking solution for 30 minutes and then

incubated overnight at 4oC with primary antibodies diluted in blocking solution.

The following day, slides were washed 3 times with PBS for 5 minutes and then incubated for

30 min at room temperature with secondary antibodies diluted in blocking solution. Slides were

washed a further 3 times with PBS for 5 minutes and mounted with coverslips using Vectashield

mounting medium with DAPI (Vector Laboratories) for visualisation on a fluorescent microscope.

See Tables 2.2 and 2.3 for antibodies used and their working dilutions.

2.6 Bromodeoxyuridine (BrdU) labelling

BrdU is an analogue of deoxythymine and was used to label cells undergoing division by incorpor-

ating into DNA during the S-phase of mitosis. 200μL of 500μM BrdU in sterile PBS was applied to

the top of an embryo at either 1 hour or 12 hours prior to fixing the embryo.

To immunostain for the incorporated BrdU, sections on slides were first re-fixed in 4% PFA in

0.1M PB for 5 min at RT. After washing for 5 min in PBS, sections were immersed in 4N HCl, 0.1%

Triton X-1000 for 5 minutes in order to permeablise the nuclear membrane. Slides were washed

3 times with PBS for 5 minutes and then incubated in blocking solution for 30 minutes. Primary

and secondary immunostaining was carried out according to the protocol outlined above. Prior to

mounting, slides were fixed again and washed 3 times with PBS for 5 minutes.
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2.7 In situ hybridisation

In situ hybridisation permits the detection of mRNA expression in tissue sections by the use of

antisense cRNA probes labelled with dioxygenin (DIG).

2.7.1 Preparation of digoxygenin labelled antisense Probes

Plasmids containing cDNA sequences corresponding to target mRNA sequences are first linear-

ised by restriction enzyme digestion. 10μg of plasmid DNA was digested with 30 units of the

required restriction enzyme for linearisation at 37oC overnight in a total reaction volume of 100μL.

Successful linearisation was checked by gel electrophoresis and the linearised plasmid was isol-

ated by phenol extraction and ethanol precipitation.

DIG labelled cRNA was transcribed from the linearised plasmid in a RNA polymerase reaction

using DIG-labelled nucleotides. The reaction consists of 1μg linearised DNA, 2μL DIG-labelled

nucleotides (Roche), 0.5μL RNAsin (Promega), and 1.5μL of the appropriate RNA polymerase

(see table x for details) in a total volume of 20μL. The reaction mixture was incubated at 37oC

for 2 hours and then mixed with 30μL of water. The cRNA probe was isolated by passing the

reaction mixture through a G-50 spin column (Amersham Biosciences) and then checked by gel

electrophoresis. 200μL of hybridisation solution was added to create the final probe stock, which

was stored at -20oC. Details of plasmids used in this study to generate cRNA probes are listed in

Section 2.1.3.

2.7.2 In situ hybridisation

15μm hindbrain sections collected on positively charged slides were first fixed in 4% PFA in 0.1M

PB for 10 min at RT, and then washed 3 times for 5 minutes in PBS. The sections were then

premealised in a proteinase K solution for 5 minutes at RT and washed 3 times for 5 minutes in

PBS. The sections were fixed again in 4% PFA in 0.1M PB for 5 minutes at RT, and washes 3

times for 5 minutes in PBS. In order to reduce the level of non-specific cRNA probe binding, the

sections were placed in an acetylation solution for 10 minutes at room temperature under constant

stirring. Sections were again washed 3 times for 5 minutes in PBS. Sections were then equilibrated

in 500μL of hybridisation solution for 2 hours at room temperature. During this equilibration step,

cRNA probes were prepared by diluting the stock 1:50 in hybridisation solution and then denatured

at 99oC for 5 minutes. After the 2 hours, 75μL of probe was added to each slide and the slides

were covered with coverslips and placed in chambers containing filter paper soaked in humidifying

solution. The chambers were incubated at 72oC overnight to permit binding of cRNA probes to

their mRNA targets.

The next day, slides were submerged in 72oC 5X SSC in order to remove coverslips. Sections

were then washed twice in stringent-binding solution 0.2X SSC for 30 minutes at 72oC using a

water bath (Grant Sub, Grant Instruments) to maintain the correct temperature. Sections were
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subsequently washed in 0.2X SSC for 5 minutes at RT and then washed in buffer B1 for 5 minutes

at RT. Sections were incubated with 1mL of 10% heat inactivated goat serum (HINGS) in B1 for a

hour at RT and then covered with 500μL of B1 buffer containing 1% goat serum and sheep FAB

fragments anti-DIG-alkaline phosphatase (1:5000, Roche). The slides were incubated overnight

at 4oC.

The following morning, sections were washed 3 times for 5 minutes in B1 and then equilib-

rated in B3 for 10 minutes. To visualise bound anti-DIG antibody, sections were incubated with

NBT/BCIP reagent (Vector Laboratories) in B3 with 0.1% Tween-20 (Life Technologies) in a humid-

ified darkened chamber for 1 to 24 hours. Once the desired staining intensity is achieved, slides

were washed in water for 10 minutes and then allowed to air dry. To preserve the sections, slides

were mounted with coverslips using warmed Dako glycerol mounting medium (Invitrogen). Slides

were left to cool and allow the mounting medium to solidify, permitting the long term storage of

sections.

2.8 Cell culture

Cells lines were cultured in 10mL growth medium + 10% Fetal Bovine Serum (Gibco) + 1% Pen-

Strep (Gibco) on tissue culture dishes (Triple Red) and incubated at 37oC, 5% CO2. Chinese

hamster ovary (CHO) cells were grown in DMEM/F12 (Gibco), MCF-7 cells were grown in DMEM

(Gibco), and Hs578t cells were grown in DMEM + 10μg/mL Bovine Insulin (Sigma). For passaging

and seeding for assays, confluent cells were dissociated using 0.25% trypsin (Gibco) and resus-

pended in growth medium at the required concentration. 0.5mg/mL G418 (Sigma) was used for

culture and selection of E-cadherin expressing CHO cells and N-cadherin-GFP expressing CHO

cells. 0.5mg/mL Hygromycin B (Sigma) was used for culture and selection of N-cadherin express-

ing CHO cells.

2.9 Aggregation cloning of cadherin-expressing cells

160,000 CHO cells were seeded into wells of a 24-well plates (Triple Red) 24h prior to transfection.

0.5μg DNA plus 2μL Lipofectamine 2000 (Invitrogen) diluted in Opti-MEM (Gibco) was added to

each well and cells were incubated with the solution for 6h. Media was changed to DMEM/F12

(Gibco) + 0.5mg/mL selection antibiotics (G418 or Hygromycin B (Sigma)) after the incubation.

The following day, cells were dissociated into single cells using 0.01% trypsin + 1mM Ca2+ (Sigma)

in HBSS (Gibco) for 40 min. Cells were pelleted, washed several times with HBSS and finally

resuspended in DMEM/F12 + 10% FBS. 500,000 cells were seeded into wells of a 24-well ultra-

low attachment plate (Corning) with DMEM/F12 + 10% FBS + 1% PenStrep (Gibco). Plates were

shaken at 75rpm on an orbital shaker (Model 3500 WR) in a 37oC + 5% CO2 incubator (Triple

Red) for 2h. Aggregates were picked out and transferred to wells containing 0.25% trypsin + EDTA
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(Sigma) under sterile conditions. After 5 minutes when aggregates had dissociated into near single-

cell suspension, DMEM/F12 + 10% FBS was added to the cells and cells were pelleted. Cells were

then resuspended in DMEM/F12 + 10% FBS and seeded into wells of a 24-well plate containing

DMEM/F12 + 10% FBS + required selection antibiotic.

2.10 Immunostaining

Cells for immunostaining were grown on acid-washed coverslips in 24-well plates. Coverslips

(Sigma) were acid-washed by shaking in 1M HCl (Sigma) for 1 hour followed by 5 washes in water

and then shaking in 95% ethanol (Sigma) for 1 hour followed by another 5 washes in water. Finally,

coverslips were rinsed twice in 100% ethanol and left to dry, at which point they were ready to for

cell seeding.

Cell monolayers were fixed in 4% PFA (Sigma) in ultra pure water for 15 min at 4oC followed by 3

washes with PBS for 5 minutes at RT. Cells were then were incubated with blocking solution for 30

minutes and then incubated overnight at 4oC with primary antibodies diluted in blocking solution.

The next day, cells were washed 3 times with PBS for 5 minutes and then incubated for 30 min

at room temperature with secondary antibodies diluted in blocking solution. Cells were washed a

further 3 times with PBS for 5 minutes and the coverslips were mounted on slides using Vectashield

mounting medium with DAPI for visualisation on a fluorescence microscope as described below.

See Tables 2.2 and 2.3 for antibodies used and their working dilutions.

2.11 Cell counting

Cell counts were conducted on chick hindbrain following immunostaining and at least 3 sections

were counted per hindbrain. For proteins with nuclear expression (e.g. Pax6 and BrdU), positive

cells were identified by the staining of clear, round and intact nuclei. For proteins with cytosolic

expression (e.g. GFP), positive cells were identified by the staining of cell bodies. The ImageJ cell

counter plugin was used to count cells.

2.12 Cell aggregation assays

For all cell aggregation assays in this study, a low concentration of trypsin was used to dissoci-

ate monolayers of cells into single cells which the extracellular domains of cadherins still present.

Cultures were treated with 0.01% trypsin + 1mM CaCl2 in 7.4 HBSS for 30 minutes at 37oC. Cells

were then resuspended in pH 7.4 HBSS 1% BSA (Sigma) + 10% FBS to inhibit further trypsin

degradation and then resuspended in pH 7.4 HBSS 1% BSA to give a concentration of 150,000

cells per 50μL. When EDTA was used to strip cadherins of Ca2, cultures were resuspended in pH

7.4 HBSS 1% BSA + 10% FBS + 2mM EDTA for 30 minutes at 37oC following treatment in the
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low concentration trypsin solution. 150,000 cells were seeded into 24-well ultra-Low attachment

plates (Corning Costar) in 0.5mL HBSS 1% BSA of varying pH values. Plates were shaken at

75rpm on an orbital shaker Model 3500 (WR) for the desired time. Aggregation was quantified by

taking 50μL aliquots from wells and counting the number of single cells using a 0.2mm Improved

Neubauer haemacytometer counting chamber (Hawksley). The percentage of single cells was

calculated by the number of single cells at a certain timepoint divided by the number of single cells

at the beginning of aggregation, time = 0. Cells were only counted if they were clearly rounded

and intact.

2.13 Spreading assays

For spreading assays, 48-well plates were first coated with 10µg/mL fibronectin (Sigma). Wells

were incubated with fibronectin in PBS overnight at 4oC. Wells were then blocked for 1h with

2mg/mL BSA (Sigma) in PBS. Wells were rinsed twice with PBS and then allowed to dry.

Cell aggregates from monolayers were first produced as follows. Monolayers of N-CHO were

dissociated in single cells using 0.01% trypsin + 1mM CaCl2 in 7.4 HBSS for 30 minutes at 37oC.

Cells were resuspended in DMEM/F12 + 10% FBS, counted and 500 cells were seeded into each

well of 24-well ultra-low attachment plate (Corning) with DMEM/F12 + 10% FBS + 0.5mg/mL Hygro-

mycin B. Plates were shaken at 75rpm on an orbital shaker (Model 3500 WR) in a 37oC incubator

for 24h. Each aggregates was transferred to a fibronectin coated well in 48-well plate with pH 7.4

DMEM/F12 + 1% PenStrep alone (control) or with 40µM TbCl3 or 40µM GdCl3. Aggregates were

transferred through multiple wells containing DMEM/F12 with no FBS prior to final addition to a

well for assay, this was to dilute the residual FBS concentration a constant and negligible amount.

Aggregates were allowed to attach for 30 min and then imaged , this was counted as t=0. Aggreg-

ates were allowed to spread in 37oC incubator and imaged 24h later. Images were analysed using

ImageJ.

2.14 Trypsin protection assays

1.5x106 cells were seeded into 10cm culture plates (Triple Red) 24h prior to experiment. Cells

were washed twice with HBSS and then 10mL 5mM EDTA in HBSS was added to the cell for 8

min. Cells were then gently washed with HBSS. 5mL of HBSS solution containing required ions

for experiment (Ca2+, EGTA, Tb3+) was added to cells and incubated for 10 min. 5 more mL of

the solution (including ions for experimentation) was added to the cells along with trypsin to a final

concentration of 0.04%. Cells were incubated for 80min at 25oC. Cells were pelleted, resuspended

in HBSS + 50μL 10mg/mL trypsin inhibitor and placed on ice. Cells were then lysed and prepared

for western blot analysis as described in Section 2.15.
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2.15 Western blotting

Cells were lysed and protein collected using MEM-PER Plus membrane extraction kit (Thermo).

Soy bean trypsin inhibitor (10mg/mL)(Sigma) and Halt protease inhibitor cocktail (Thermo) was ad-

ded during steps suggested in manufacturer’s instructions. Protein concentration in samples was

quantified using Pierce™ BCA Protein Assay Kit (Thermo) in a 96-well plate and Bio-tek Absorb-

ance Platereader with Gen5 Data collection software. Protein samples were mixed with 6x lamelli

buffer (10mL total - 1.2g SDS (Sigma), 6mg bromophenol blue (Sigma), 4.7mL glycerol (Sigma),

1.2mL Tris 0.5M pH 6.8 (Sigma), 2.1mL UPH2O, 500μL ß-mercaptoethanol (Sigma)) and heated

at 95oC for 5 min. 25μL of protein samples were loaded in a 8% acrylamide gel with PageRuler

Prestatined Protein Ladder (Thermo). Acrylamide gels were cast using BioRad Mini-PROTEAN

Cell gel casting moulds and cassettes. Gel was run for 3h at 60V. Biorad semi-dry transfer system

was used to transfer the proteins from the gel to a nitrocellulose membrane, system fun for 45

min at 25V. Nitrocellulose membrane was blocked using 5% skimmed milk (Sigma) in TBS-0.1%

Tween (Sigma) for 1h at RT. Nitrocellulose membrane was incubated with primary antibody diluted

in 5% skimmed milk in TBS- 0.1% Tween overnight at 4oC on a rotary shaker (Gallenkamp). Nitro-

cellulose membranes were washed 4x10 min with TBS-0.1% Tween at RT. Membranes were then

incubated with HRP-conjugated secondary antibodies diluted in 5% skimmed milk in TBS- 0.1%

Tween for 1h at RT on a rotary shaker. Membranes were washed again for 4x10 min with TBS-

0.1% Tween at RT. Membranes were incubated with Luminata Western HRP substrate (Millipore)

for 1 min and then exposed using a ChemiDoc MP system (Biorad). Image collection and analysis

was performed with ImageLab software (Biorad). See Tables 2.4 and 2.5 for antibodies used and

their working dilutions.

2.16 In Ovo bead injection

AG 1-X2 Resin beads (Biorad) were extensively washed in PBS and then soaked in sterile PBS or

sterile PBS + 10µM TbCl3 for 24h. Eggs were prepared as previously described. An incision was

made in the ventricle at the hindbrain-midbrain boundary in HH19 embryos. A single bead was

inserted into the ventricle and pushed caudally towards to the spinal cord. Eggs were sealed as

described previously and incubated for 24h or 48h. Embryos were fixed, sectioned and immunos-

tained as described previously.

2.17 Tb3+-FRET measurements

Human E-cadherin recombinant protein aa155-710 with no tag or fusion (Sigma) was dialysed

with 2x5L 2mM MOPS.Na (Sigma) pH 7.4 at 4oC using Slide-A-Lyzer Dialysis cassettes (Thermo).

Protein sample was aliquoted and stored at -20oC.
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Fluorescence experiments were carried out on a Fluoromax-3 (Horiba Jobin Yvon) with slit

widths of 8nm and 12nm for excitation and emission. A 320nm cut off filter was used to remove

second-order diffraction of H2O. Hellma fluorescence quartz cuvette with maximum volume of

400μL was used (Sigma). Emission spectra collected from 530-560nm during excitation at 282nm,

and 1s acquisition time and 1nm acquisition steps used. For protein titration, protein was gradu-

ally added to 100µM TbCl3 in 10mM Tris-HCl, 100mM KCl, 120mM NaCl (all Sigma). Background

measurement of emission by 100µMTbCl3+with no protein was collected. For Tb3+ titration, 10mM

Tris-HCl, 100mM KCl, 120mM NaCl solutions with increasing concentrations of TbCl3 was meas-

ured for emission at 543nm to give Tb3+ alone fluorescence. For Tb3+ + protein fluorescence, a

constant concentration of 43.7nM protein was added to each TbCl3 concentration and emission at

543nm measured. All samples were mixed 20x by gentle pipetting and allowed to equilibrate for

15 minutes prior to data collection.

2.18 Microscopy

All cell based images were taken with Nikon ECLIPSE TS100-F microscope with Nikon Digital-

Sight camera and Epi-fluorescence Attachment (Nikon). Tissue sections were imaged on Nikon Ec-

lipse 80i microscope using light from mercury lamp (Nikon) or fluorescence from Epi-fluorescence

Illuminator (Nikon). Images were taken with gray-scale Hamamatsu ORCA-ER digital camera

(Hamamatsu) or colour Nikon Digital-Sight camera (Nikon).

2.19 Statistics

Prism 6 (Graphpad) was used for the statistical analysis of data. The type of statistical analysis

used depended on the specific experiment and data collected. When statistics was carried out, the

exact details of the test used is described in the corresponding figure legend. Statistical analysis

was only carried out on data sets with at least 3 independent biological repeats.
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3 Effect of cadherin de-adhesion on neural

progenitor cell positioning and maintenance

3.1 Introduction

As outlined in the introduction, cadherin adhesions and their subsequent signalling interactions

play numerous and significant roles in the maintenance and development of neural progenitor cells.

Cadherin adhesions are known to be important in the organisation of the neurogenic niche, the

VZ, however what role cadherin adhesions play in the positioning of NPCs has yet to be explored.

Several important questions which remain unanswered: What is the consequence of cadherin de-

adhesion on the positioning and maintenance of NPCs? What effect does mispositioning have

on NPC behaviour? Do cadherin adhesions mediate maintenance of NPCs by controlling NPC

spatial positioning?

3.2 Expression of dominant negative γ-catenin- γ(L127A)

A dominant-negative γ-catenin construct γ-catenin (L127A) was electroporated into the develop-

ing hindbrains (HH19) of chick embryos with the aim of disrupting cadherin adhesion. γ-catenin

(L127A) has a single point-mutation in the highly conserved α-catenin binding domain, and has

<2% binding to α-catenin compared to the wild-type γ-catenin [283]. Expression of γ-catenin

(L127A) in cells out-compete endogenous catenin for binding to cadherins, and specifically dis-

engage interaction between cadherins and the actin cytoskeleton. Evidence suggests γ-catenin

(L127A) expression disrupts cadherin adhesion, as the coupling of cadherins to the actin cytoskel-

eton via catenins is critical for functional cadherin-mediated cell adhesion [284][285]. γ-catenin

(L127A) expression disrupts cadherin adhesion in the developing spinal cord; whether the same

effect is observed in the developing hindbrain remains to be tested [269].

Electroporation of γ(L127A) will lead to the overexpression of a γ-catenin protein which is totally

functional apart from defective cadherin-actin cytoskeleton coupling. γ-catenin is a cell signalling

molecule with known roles in the β-catenin/Wnt signalling pathway, thus it is important to distinguish

between effects caused by cadherin-actin cytoskeleton uncoupling and those caused by γ-catenin

signalling [79]. Therefore, WT γ-catenin was also electroporated into the developing hindbrain and
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served as a control to γ(L127A) electroporation. γ-catenin was expressed using the same plasmid

backbone as γ(L127A), to control for possible effects specific to the plasmid used.

3.2.1 γ(L127A) expression results in ventricular lining rupture in the

developing hindbrain

The ventricular lining forms the interface between the ventricle and cells in the neural tube, and is

fundamental for the structural organisation of the hindbrain. The ventricular lining is made up of

the apical feet of NPCs and nascent neurons which are tightly packed together through cadherin-

mediated adherens junctions [222]. Adherens junctions are localised at the ventricular lining, thus

the ventricular lining can be identified by immunostaining of adherens junction components such as

N-cadherin or ZO-1. To determine what effect γ(L127A) expression had on hindbrain structure and

ventricular lining integrity, N-cadherin staining was monitored following γ(L127A) electroporation.

As a control, mCherry was first electroporated in HH19 chick hindbrains to determine any unex-

pected effect of gene electroporation on hindbrain structure. 24h after electroporation, hindbrain

structure appeared unperturbed and the ventricular lining was intact on both sides of the hind-

brain, as indicated by the localised N-cadherin staining at the interface between the hindbrain and

ventricle (Figure 3.1A-D). 48h after mCherry electroporation, no noticeable effects on hindbrain

structure were observed (Figure 3.1E-G). As a further control, WT γ-catenin was electroporated

in HH19 chick hindbrains, and no changes in hindbrain structure or in the ventricular lining were

observed compared with the internal control either 24h (Figure 3.2A-D) or 48h (Figure 3.2E-G)

after electroporation. Thus, the method of gene electroporation nor WT γ-catenin overexpression

appeared to have an obvious effect on hindbrain structure or ventricular lining.

24h after HH19 hindbrains were electroporated with γ(L127A), there was strong γ(L127A) ex-

pression but no notable effect on the ventricular lining. 0% of strongly electroporated embryos

collected at 24h (n=9) showed any disruption of the ventricular lining (Figure 3.3Q). 48h and on-

wards after γ(L127A) electroporation, the ventricular lining undergoes rupture. Lining rupture was

defined as the loss of localised expression of adherens junction components (e.g. N-cadherin) at

the interface between the ventricle and brain tissue, and the extension of cell mass out into the

ventricle (indicated by white arrows). This phenotype was present in 86% of embryos incubated

for 48h (n=7) and in 100% of embryos incubated for 72h (n=7) and 96h (n=7) after electroporation

(Figure 3.3). In each case, nuclear staining of DAPI revealed the presence of a cell mass in the

ventricular lumen at areas of lining rupture. Typically, the extent of lining disruption and size of cell

mass increased with time incubated after γ-catenin (L127A) electroporation. Interestingly, 100% of

embryos (n=21) with lining disruption had rupture in the ventral part of the VZ. This was determined

by estimating the dorsal-ventral midpoint of the VZ in each hindbrain and then counting whether

lining rupture occurred ventrally of this midpoint (Figure 3.3J, white dotted line). Furthermore, 48h

after γ(L127A) electroporation when ventricular lining rupture is first observed, rupture was only

occurred in the ventral region of the VZ (n=7). Lining rupture was observed dorsally in certain
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embryos 72h and 96h after γ(L127A) electroporation, but this occurred only when the extent of

lining rupture is so great that nearly the entire VZ is without ventricular lining.

The apical expression of β-catenin, another component of adherens junctions, was also lost in

hindbrains with ventricular lining rupture and this was consistently observed in γ(L127A) electro-

porated embryos (Figure 3.4).
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Figure 3.1 mCherry expression by electroporation does not affect hindbrain ventricular lining.

(A-D) Hindbrain 24h after electroporation of mCherry. (E-H) Hindbrain 48h after electroporation

of mCherry. (A, E) mCherry expression in one half of the hindbrain. (B,F) Intense N-cadherin

staining labels the ventricular lining. (C,G) DAPI labels nuclei in the hindbrain. (D,H) Merge of

mCherry and N-cad. Scale bar = 100µm.

Figure 3.2 γ-catenin expression by electroporation does not affect hindbrain ventricular lining.

(A-D) Hindbrain 24h after electroporation of γ-catenin. (E-H) Hindbrain 48h after electroporation

of γ-catenin. (A, E) γ-catenin expression in one half of the hindbrain is indicated by β-gal expres-

sion. (B,F) Intense N-cadherin staining labels the ventricular lining. (C,G) DAPI labels nuclei in

the hindbrain. The unusual staining of DAPI is likely to be a specific issue with the mounting of

these slides as DAPI staining is contained within the mounting medium. (D,H) Merge of β-gal

and N-cad. Scale bar = 100µm.
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Figure 3.3 γ-catenin (L127A) expression causes rupture of the hindbrain ventricular lining. (A-

D) Hindbrain 24h after electroporation of γ(L127A). (E-H) Hindbrain 48h after electroporation of

γ(L127A). (I-L) Hindbrain 72h after electroporation of γ(L127A). (M-P) Hindbrain 96h after electro-

poration of γ(L127A). (N’) and (O’) are higher magnification images of white dotted boxes in (N)

and (O) respectively. (A,E,I,M) γ(L127A) expression in one half of the hindbrain is indicated by

β-gal expression. (B,F,J,N) Intense N-cadherin staining labels the ventricular lining. (C,G,K,O)

Dapi labels nuclei in the hindbrain. (D,H,L,P) Merge of β-gal and N-cad. (F,J,N) White arrow

indicates site of lining rupture. (J) White dotted line indicates approximate dorsal-ventral midline

of VZ. (Q) Graph showing the frequency of lining rupture in embryos 24h, 48h, and 96h after

γ(L127A) electroporation. Scale bar = 200µm.
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3.2.2 γ(L127A) expression disrupts positioning of Pax6+ cells in the

hindbrain

The ventricular lining plays a major structural role in the hindbrain and is found along the apical

edge of the ventricular zone, which is where NPCs in the hindbrain reside. Therefore, the effect

of lining disruption following γ(L127A) electroporation on NPCs in the hindbrain was investigated

as well as the consequence of γ(L127A) expression prior to lining rupture and in individual NPCs.

Pax6 immunostaining was used to identify NPCs in the developing hindbrain. Pax6 is a homeodo-

main transcription factor expressed in NPCs in the developing neural tube and was selected be-

cause the Pax6 progenitor domain encompass the majority of chick hindbrain ventricular zone,

and thus Pax6 labels the majority of NPCs in the hindbrain [257][286][287]. The role of Pax6 ex-

pression in controlling the balance of NPC proliferation and neurogenesis is discussed in depth

in Osumi et al. [287], but for this study Pax6 expression was solely used to follow the position of

NPCs in the hindbrain.

As a control, mCherry was initially electroporated to determine any non-specific effects of gene

electroporation on Pax6+ cell positioning. Pax6+ cells are predominantly localised in the ventricular

zone where theymake up the Pax6 progenitor domain (Figure 3.5G). A small number of Pax6+ cells

are found outside the VZ, just off the lateral edge of the Pax6 progenitor domain (White arrows). For

the purpose of this study, these will be referred to as non-VZ Pax6+, as the Pax6 progenitor domain

will be used to defined the boundaries of the VZ. Importantly, there is no significant difference in

the number of non-VZ Pax6+ cells found 24h after mCherry electroporation compared with the

internal control (18.83 vs. 20.17) (p=0.830) (Figure 3.6G). Furthermore, there is no significant

trend in the % of non-VZ Pax6+ which expressed mCherry compared with VZ Pax6+ (40.74% vs.

64.65%)(p=0.218)(Figure 3.6H). This analysis was carried out to determine if there was any link

between mCherry expression in a Pax6+ cell and its positioning.
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Figure 3.5 Location of Pax6+ cells in the hindbrain. (A) Pax6+ cells in the internal control side of

hindbrain 24h after electroporation with mCherry. White arrow shows non-VZ Pax6+ cell. Red

arrow shows VZ Pax6+ cell. (B) Schematic showing areas of hindbrain which will designated as

ventricular zone (VZ) and non-ventricular zone (Non-VZ) in this study. Scale bar = 100µm.
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To control for possible effects of γ-catenin overexpression on Pax6+ positioning, WT γ-catenin

was electroporated into HH19 hindbrains and analysed 24h later (Figure 3.7). Overexpression of

WT γ-catenin had no significant effect on the number of non-VZ Pax6+ cells found in the hindbrain

(19.33 vs. internal control 17.33) (p=0.789) (Figure 3.7G). There was also no significant trend in the

% of non-VZ Pax6+ which expressed β-gal, and thus γ-catenin, compared with VZ Pax6+ (37.87%

vs. 60.01%)(p=0.263)(Figure 3.7H). Once again, this analysis was carried out to determine if there

was any link between WT γ-catenin overexpression in a Pax6+ cell and its positioning.

Having observed no significant effects on Pax6+ following the two control electroporations, dom-

inant negative γ-catenin, γ(L127A), was then electroporated into HH19 hindbrains. 24h after elec-

troporation of γ(L127A) into HH19 hindbrains, a number of Pax6+ cells were found outside the VZ

in both the dorsal and ventral regions of the hindbrain (Figure 3.8E). Indeed, there is a significantly

higher number of non-VZ Pax6+ cells found in the γ(L127A) expressing side than in the internal

control (67.78 vs 15.00)(p=0.018)(Figure 3.8G). Interestingly, the % of non-VZ Pax6+ cells that

expressed γ(L127A) is 62.67%, which is significantly higher than the 43.78% of VZ Pax6+ cells

which expressed γ(L127A)(p=0.026)(Figure 3.8H).

48h after electroporation, when the first signs of ventricular lining rupture were seen, there

was also a significantly higher amount of non-VZ Pax6+ cells found compared with the internal

control (96.33 vs. 15.50)(p<0.0001)(Figure 3.9A-F,G). Similarly to 24h after electroporation, ex-

pression of γ(L127A) in non-VZ Pax6 cells was more frequent than in VZ Pax6+ cells (79.70%

vs. 52.09%)(p=0.018)(Figure 3.9H). Disruption of the Pax6 progenitor domain was also observed,

with total loss of Pax6 expression within some portions of the VZ. These areas of VZ disruption

are likely to correspond to sites of ventricular lining rupture, as this is seen 96h after γ(L127A)

electroporation (Figure 3.10). However, regions of the Pax6 domain away from the lining rupture

site appear relatively unaffected.

72h after and 96h after γ(L127A) electroporation, non-VZ Pax6+ cells were also found. How-

ever, at the both timepoints unique rosette-like structures were also occasionally observed in the

mantel (Figure 3.10). These structures consist of groups of organised Pax6+ cells outside of the

VZ. As the non-VZ Pax6+ cells in these rosette-like structures appear to be exhibiting a differ-

ent phenotype, specifically their organised nature, to other non-VZ Pax6+ cells, they were not

included in the subsequent quantifications of non-VZ Pax6+ cells and will be analysed separately

as rosette-like Pax6+ cells in (Section 3.2.6). 72h after γ(L127A) electroporation, there was a

significantly higher number of non-VZ Pax6+ cells in the γ(L127A) electroporated side versus the

internal control (134.5 vs. 39.67)(p=0.001)(Figure 3.11A-F,G). Furthermore, 73.01% of non-VZ

Pax6+ cells expressed γ(L127A), which is significantly higher than the 58.60% of VZ Pax6+ cells

which expressed γ(L127A) (p=0.048)(Figure 3.11H). At this timepoint, ventricular lining disruption

was typically increased and this was reflected by the increase in the disruption of the Pax6 pro-

genitor domain. As seen 48h after electroporation, non-VZ Pax6+ cells are found both near the

site of lining disruption and in regions near intact progenitor domains. 96h after γ(L127A) electro-

poration, a large portion of the Pax6 progenitor domain is lost from the VZ as the extent of lining
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rupture increased further (Figure 3.12). Non-VZ Pax6+ cells were found in a significantly higher

amount in the γ(L127A) electroporated side of the hindbrain (178.7 γ(L127A) vs. 53.67 internal con-

trol)(p=0.0059)(Figure 3.12G). The% of non-VZ Pax6+ cells which expressed γ(L127A) was higher

than in VZ Pax6+ cells, but not significantly so (50.24% vs. 35.31%)(p=0.195)(Figure 3.12H).

In summary, γ(L127A) electroporation results in significantly higher numbers of non-VZ Pax6+

cells found at all timepoint assessed after electroporation. Furthermore, at all timepoints except

for 96h after electroporation, the % of non-VZ Pax6+ cells which expressed γ(L127A) was higher

than in VZ Pax6+ cells. These results appear to suggest that γ(L127A) electroporation affects pos-

itioning of Pax6+ in the hindbrain and γ(L127A) expression within a Pax6+ may influence whether

it is positioned outside the VZ. In order to analyse how Pax6+ positioning changes with time fol-

lowing γ(L127A) electroporation, the fold difference in the number of non-VZ Pax6+ cells found

on the electroporated side versus the internal control was compared at each timepoint. Although

the fold change in non-VZ Pax6+ is lower 72h and 96h after γ(L127A) electroporation than 24h

and 48h after γ(L127A) electroporation, no significant differences were found between any of the

timepoints (p=0.428)(Figure 3.13). Another observation was that the % of non-VZ Pax6+ cells

which expressed γ(L127A) did not significantly change with time (p=0.465)(Figure 3.14).

One interesting effect of γ(L127A) electroporation on Pax6+ cells was the buckling of Pax6 pro-

genitor domains, which was observed frequently in embryos with lining rupture. Figure 3.15 shows

an example of progenitor domain buckling next to a site of lining rupture and then the presence

of of non-VZ Pax6+ cells in sections further rostral. The buckling of progenitor domains following

γ(L127A) electroporation may be one mechanism that affects NPC positioning and the presence

of non-VZ Pax6+ cells.
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Figure 3.13 Graph of fold change in number of non-VZ Pax6+ cells found in the γ(L127A) electro-

porated side relative to the number found in the internal control at various times after γ(L127A)

electroporation (One-way ANOVA, n=3, p=0.428).

Figure 3.14 Graph of % of non-VZ Pax6+ cells which are Pax6+β-gal+ at various times after

γ(L127A) electroporation (One-way ANOVA, n=3, p=0.465). β-gal expression indicates γ(L127A)

expression.
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Figure 3.15 γ(L127A) electroporation results in progenitor domain buckling and internalisation.

(A-F) Sections of one hindbrain 96h after γ(L127A) electroporation. (A, C, E) Pax6+ cells. (B,D,F)

ZO-1 immunostaining. (C,D) Section is adjacent rostrally to (A,B). (E,F) Section is 4 sections

further (45µm) rostral to (C,D). Scale bar = 100µm.
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3.2.3 γ(L127A) expression results in caspase-3 expression in Pax6+ cells

γ(L127A) expression results in the positioning of Pax6+ cells outside of the VZ. What is the con-

sequence of mispositioning and how does the behaviour of non-VZ Pax6+ cells compare with VZ

Pax6+ cells was investigated. A common consequence of alterations in a cell’s expression profile

or surroundings is the activation of cell death pathways. Thus, caspase-3 immunostaining was

used to assess what effect γ(L127A) expression and changes in positioning had on cell death in

Pax6+ cells. Caspase-3 is one of multiple caspase proteases which are activated during apoptosis

(programmed cell death)[288]. Caspases are important mediators of cell death as they specifically

cleave many key proteins within the cell. Detection of activated caspase-3 in a cell by immunostain-

ing is therefore frequently used to identify whether the cell is undergoing cell death. Throughout

this section caspase-3 expression was analysed in four groups of cells for each electroporated

hindbrain: VZ Pax6+ cells in the internal control, non-VZ Pax6+ cells in the internal control, VZ

Pax6+ cells in the electroporated side and non-VZ Pax6+ cells in the electroporated side. The % of

these cells which expressed the electroporated plasmid was also analysed in order to determine

any possible links between expression of the constructs and caspase-3 expression.

As a control, mCherry electroporated hindbrains were analysed to determine what effect gene

electroporation had on cell death in Pax6+ cells (Figure 3.16). In the internal control, 0 Pax6+

cells were found positive for Caspase-3 in any of the three hindbrains analysed 24h after mCherry

electroporation. In the mCherry electroporated side there was no significant increase in the % of

VZ-Pax6+ cells which were positive for caspase-3 versus VZ-Pax6+ cells in the internal control

(Figure 3.16K). There was also no significant increase in the % of non-VZ Pax6+ cells positive for

caspase-3 versus non-VZ Pax6+ cells in the internal control (Figure 3.16K). The % of Pax6+Casp3+

cells expressing mCherry was 33% in non-VZ Pax6+ and 0% in VZ Pax6+ (p=0.374)(Figure 3.16L).

This difference was not significant as only non-VZ Pax6+Casp3+ cells were only observed in one

hindbrain out of three. Following the control electroporation of WT γ-catenin, there was also no

significant differences between any of the four Pax6+ cell groups in the % of Pax6+ cells which

were Pax6+Casp3+ (Figure 3.17A-J’,K). No significant difference was found between the % of

Pax6+Casp3+ which were expressing γ-catenin in non-VZ Pax6+ (33.33%) and VZ Pax6+ (88.89%)

cell populations (p=0.189)(Figure 3.17L). The % of Pax6+Casp3+ which expressed WT γ-catenin

appeared high, however because there was no significant difference in % of Pax6+ cells which

were Casp3+ γ-catenin electroporation, this was not significant and was an artefact of high elec-

troporation coverage in hindbrains with very few Casp3+ cells. Thus, mCherry nor WT γ-catenin

overexpression had a significant effect on caspase-3 expression in hindbrain Pax6+ cells.

24h after electroporation of γ(L127A), there was a significant increase in the % of non-VZ Pax6+

cells (6.51%) which expressed caspase-3 versus the % in electroporated side VZ Pax6+ cells

(2.07%), internal control non-VZ Pax6+ (0%) and VZ-Pax6+ cells (0.143%)(**)(Figure 3.18A-J’,K).

However, there was no significant difference in the expression of γ(L127A) in non-VZ Pax6+Casp3+

cells (86.67%) and VZ-Pax6+Casp3+ cells (84.62%) as both groups of cells had a high number
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which expressed γ(L127A) (p=0.925)(Figure 3.18L). 48h after γ(L127A) electroporation, the % of

non-VZ Pax6+ cells (8.02%) which expressed caspase-3 in the electroporated side was signific-

antly higher than in internal control non-VZ Pax6+ cells (1.17%), internal control VZ Pax6+ cells

(0.17%), and electroporated side VZ-Pax6+ cells (0.97)(*)(Figure 3.19A-J’,K). There was also no

significant difference in the % of Pax6+Casp3+ cells which express γ(L127A) in the non-VZ Pax6+

cells (100%) and VZ-Pax6+ cells (56.41%)(p=0.215)(Figure 3.19L). 72h after γ(L127A) electro-

poration, the situation was similar with significantly more electroporated side non-VZ Pax6+ cells

(7.06%) being positive for caspase-3 than any of the other three groups were positive for caspase-

3 (0.83% in electroporated side VZ Pax6+ cells, 0.08% in internal control VZ Pax6+ cells, 0% in

internal control non-VZ Pax6+ cells)(**)(Figure 3.20A-J’,K). A high number of Pax6+Casp3+ cells

expressed γ(L127A) in both non-VZ Pax6+ cells (97%) and VZ Pax6+ cells (66.67%), with no signi-

ficant difference between them (p=0.416)(Figure 3.20L). The same was seen 96h after γ(L127A)

electroporation, as the % of non-VZ Pax6+ cells (8.36%) which expressed caspase-3 in the elec-

troporated side was significantly higher than in internal control non-VZ Pax6+ cells (0%), internal

control VZ Pax6+ cells (0%), and electroporated side VZ-Pax6+ cells (0.62%)(****)(Figure 3.21A-

J’,K). There was no significant difference in the % which expressed γ(L127A) in non-VZ Pax6+

cells (88%) and VZ Pax6+ cells (66.67%)(p=0.558)(Figure 3.21L).

Together these results reveal that at all timepoints, caspase-3 expression is always more fre-

quent in non-VZ Pax6+ of the γ(L127A) electroporated side than in internal control non-VZ and

VZ Pax6+ cells. At 48h, 72h and 96h after electroporation, the % of cells expressing caspase-3 is

higher in non-VZ Pax6+ cells than in VZ Pax6+ cells on the γ(L127A) electroporated side. Further-

more, the frequency of caspase-3 expression in non-VZ Pax6+ cells was consistent and did not

significantly change over time (Figure 3.22). The % of non-VZ Pax6+ cells expressing caspase-3

was directly compared between timepoints without normalisation because there was nearly 0%

caspase-3 expression in the internal control VZ Pax6+ cells at all timepoints. Additionally, at all

timepoints, the % of Pax6+Casp3+ cells which also express γ(L127A) is always higher than 86%

in non-VZ Pax6+ cells, and does not significantly change with time following electroporation (Fig-

ure 3.23). The % of non-VZ Pax6+Casp3+ cells which also expressed γ(L127A) was never signific-

antly different from that of VZ-Pax6+ cells at any timepoint. These results appear to suggest that

mispositioning outside the VZ results in activation of cell death pathways and that expression of

γ(L127A) in a Pax6+ may also influence whether it undergoes cell death.
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Figure 3.22 Graph of % of non-VZ Pax6+ cells which are Pax6+Casp3+ at various times after

γ(L127A) electroporation (n=3, One-way ANOVA, p=0.853).

Figure 3.23 Graph of % of non-VZ Pax6+Casp3+ cells which are Pax6+Casp3+β-gal+ at vari-

ous times after γ(L127A) electroporation (n=3, One-way ANOVA, p=0.487). β-gal expression

indicates γ(L127A) expression.
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3.2.4 Pax6+ cells can proliferate outside of the ventricular zone

One key feature of NPC behaviour is the ability to actively proliferate. How mispositioning outside

the VZ affected the proliferation of Pax6+ cells was investigated. In order to determine whether

non-VZ Pax6+ cells were actively proliferating and how proliferation in these cells compared with

VZ Pax6+ cells, a BrdU assay was used. BrdU is a synthetic nucleoside which can be incorporated

into DNA during DNA synthesis in place of thymidine. DNA synthesis occurs during the S phase of

the cell cycle, thus BrdU will label the DNA of any cell actively undergoing replication. An antibody

against BrdU is then used to visualise cells positive for BrdU. A single dose of BrdU was applied

to γ(L127A) electroporated embryos 1h prior to fixation, thus BrdU labelling gives a snapshot of all

the cells that are actively undergoing cell replication.

24h after γ(L127A) electroporation, the % of non-VZ Pax6+ cells (22.28%) positive for BrdU on

the electroporated side was not significantly different from that of VZ-Pax6+ cells on the internal

control (36.48%) or electroporated side (41.94%)(Figure 3.24A-J’,K). Non-VZ Pax6+ cells in the

internal side (5%), however, had a significantly lower proportion of cells which were BrdU+ versus

VZ Pax6+ cells on the electroporated side (*). Interestingly, the % with γ(L127A) expression in non-

VZ Pax6+BrdU+ cells (24.15%) was less than in VZ Pax6+BrdU+ (41.74%), but not significantly

so (p=0.419)(Figure 3.24L). At 48h after γ(L127A) electroporation, the % of non-VZ Pax6+ cells

(15.95%) positive for BrdU on the electroporated side was also not significantly different from%s in

VZ Pax6+ cells in the internal control (26.35%) or in the electroporated side (25.83%)(Figure 3.25A-

J’,K). The % of non-VZ Pax6+ cells (1.79%) positive for BrdU on the internal control side was

significantly lower than all other Pax6+ cell groups (***,*). The % of non-VZ Pax6+BrdU+ cells

(31.31%) which expressed γ(L127A) was significantly lower than the % of VZ Pax6+BrdU+ cells

(59.74%) which expressed γ(L127A) (p=0.0042)(Figure 3.25L).

72h after γ(L127A) electroporation the situation was different, with both groups of non-VZ Pax6+

cells (3.41% in the electroporated side, 2.38% in the internal control) having a significantly lower

% of cells which were positive for BrdU compared with VZ Pax6+ cells of the internal control

(27.92%) and electroporated side (24.79%) (***,**)(Figure 3.26A-J’,K). 0% of non-VZ Pax6+BrdU+

cells expressed γ(L127A) at this timepoint, which was significantly less than in VZ Pax6+BrdU+

cells (43.57%)(p=0.031)(Figure 3.26L). The situation was similar 96h after electroporation, with

non-VZ Pax6+ cells in the electroporated side (3.04%) having a significantly lower % of cells which

were positive for BrdU compared with VZ Pax6+ cells of the internal control (17.82%) and electro-

porated side (11.72%) (**,*)(Figure 3.27A-J’,K). Non-VZ Pax6+ cells in the internal side (4.68%)

also had a significantly lower proportion of cells which were BrdU+ versus VZ Pax6+ cells on the

internal control side (**). γ(L127A) expression was also absent in non-VZ Pax6+BrdU+ cells at

this timepoint, which was significantly different from % of VZ Pax6+BrdU+ cells (36.67%) which

expressed γ(L127A) (p=0.014)(Figure 3.27L).

In summary, 24h and 48h after γ(L127A) electroporation, the % of non-VZ Pax6+ cells which

were positive for BrdU+ on the electroporated side was not significantly different from the % of VZ
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Pax6+ cells positive for BrdU on either the electroporated or internal control sides. However, 72h

and 96h after γ(L127A) electroporation the % of non-VZ Pax6+ cells which were positive for BrdU+

on the electroporated side was significantly lower than in VZ Pax6+ cells of both the electroporated

and internal control sides.

In order compare BrdU expression between non-VZ Pax6+ cells at different timepoints (as op-

posed to only with VZ Pax6+ cells at the same timepoint) and determine if there was a trend

between proliferation and time, normalisation was required. The % of electroporated side non-VZ

Pax6+ cells positive for BrdU was normalised to the % of internal control VZ Pax6+ cells positive

for BrdU at each timepoint (Figure 3.28A). The normalised % of non-VZ Pax6+ which were positive

for BrdU+ on the electroporated side significantly decreased with time after electroporation, with a

sharp drop after 72h. Interestingly, the % of non-VZ Pax6+BrdU+ cells which expressed γ(L127A)

mirrored this pattern, by significantly decreasing with time after electroporation and experiencing

a sharp drop after 72h (Figure 3.29). Although not statistically significant, it was interesting to find

that there was an overall negative trend for % of control VZ Pax6+ cells which were BrdU+ cells with

embryo time (Figure 3.28B). These results appear to suggest that proliferation in non-VZ Pax6+

cells is not significantly impaired up to 48h after electroporation (HH25), but after this point prolif-

eration in non-VZ Pax6+ cells is significantly inhibited. Furthermore, there may be a link between

γ(L127A) expression in a non-VZ Pax6+ cell and whether they are actively proliferating.
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Figure 3.28 (A) Graph of γ(L127A) Non-VZ (Pax6+BrdU+/Pax6+) relative to control VZ

(Pax6+BrdU+/Pax6+) at various times after γ(L127A) electroporation (One-way ANOVA, n=3,

p=0.002, Tukey’s multiple comparisons test, ** indicates p≤0.01, ** indicates p≤0.05). (B) Graph

of control VZ Pax6+ which are BrdU+ at various times after γ(L127A) electroporation (One-way

ANOVA, n=3, p=0.154).
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Figure 3.29 Graph of % of non-VZ Pax6+BrdU+ cells which are Pax6+BrdU+β-gal+ at various

times after γ(L127A) electroporation (One-way ANOVA, n=3, p=0.0005, Tukey’s multiple com-

parisons test, ** indicates p≤0.01, * indicates p≤0.05). β-gal expression indicates γ(L127A) ex-

pression.
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3.2.5 γ(L127A) expression disrupts expression of Notch signalling

effector Hes5.1

Signalling within the NPC niche has a key role in maintaining the identity of NPCs and controlling

the balance between proliferation and differentiation. In particular, Notch signalling is maintained at

a high level in the VZ via cross-talk between the apical feet of nascent neurons and neighbouring

NPCs to keep NPCs in the undifferentiated state [222]. Thus, it was of interest to observe the

effect of lining rupture on notch signalling within the VZ. In situ hybridisation was used to look at

the expression of Hes5.1, a transcriptional repressor which is activated by notch activity and inhibits

neural differentiation by repressing the transcription of multiple proneural genes [289]. β-catenin

signalling is another key component of the NPC niche and is deeply linked with maintenance of

NPC identity [209]. In situ hybridisation of Axin2 was used to determine if β-catenin signalling

was affected by γ(L127A) electroporation, as Axin2 expression is induced by activation of the Wnt

pathway [290].

24h after γ(L127A) electroporation, when no lining rupture had occurred, Hes5.1 and Axin2

expression were present in the VZ and appeared unaffected (Figure 3.30). However, patches of

ectopic Hes5.1 signal could be seen in the mantel of the electroporated side. The location of the

ectopic Hes5.1 appeared to be similar to that of non-VZ Pax6+ cells seen in the adjacent section.

48h after γ(L127A) electroporation, Hes5.1 expression was lost at areas of VZ with possible lining

rupture and appeared to occur at the same area as Pax6 expression loss in the adjacent section

(Figure 3.31). Ectopic Hes5.1 expression was also observed in the mantel and there were no

observed differences in Axin2 expression compared with the internal control. 72h after γ(L127A)

electroporation, the effects on Hes5.1 were similar with ectopic expression and loss of expression

at the ventricular zone in likely areas of lining rupture (Figure 3.32). No differences were observed

in the expression of Axin2 at this timepoint. 96h after γ(L127A) electroporation, an extensive

amount of Hes5.1 expression was lost along the VZ and some Axin2 expression was also lost

(Figure 3.33). The extent of Hes5.1 and Axin2 loss at the VZ appeared to mirror that of Pax6

loss in the adjacent section. Small patches of ectopic Hes5.1 expression was seen as in previous

timepoints, however ectopic Hes5.1 expression was also observed that appeared to correspond to

a group of non-VZ Pax6+ cells organised in a rosette-like structure. These results were consistently

observed in embryos, and suggest that ectopic Notch signalling is found in the mantel following

γ(L127A) electroporation, and these may correlate with non-VZ Pax6+ cells. The results also

suggest that ventricular lining rupture results in localised loss of Notch signalling andWnt signalling.
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3.2.6 Presence of non-VZ Pax6+ cells in rosette-like structures

An interesting observation 72h and 96h following γ(L127A) electroporation was the presence of

Pax6+ cells which appeared to be organised in groups within the mantel. These groups of Pax6+

appeared to be distinct from the non-VZ Pax6+ reported previously in this chapter due to their or-

ganised nature. For simplicity, these groups are referred to as rosettes-like structures, due to their

resemblance to neural rosettes which consist of cells in radial arrangements, and the Pax6+ cells

in these structures are referred to as Rosette Pax6+ cells. Rosette-like structures were observed

in 42.86% of hindbrains 72h after γ(L127A) electroporation (n=7) and in 62.50% of hindbrains 96h

after γ(L127A) electroporation (n=8). The rosette-like structures observed consisted of a circular

arrangement of Pax6+ cells around a central lumen. A localisation of adherens junctions compon-

ents were found at the interface of the Pax6+ cells and the lumen (Figure 3.34). The rosette-like

structures themselves were absent of TuJ1 staining, a marker for post-mitotic and differentiated

neurons, but were surrounded by TuJ1+ tissue (Figure 3.35G). The structures also correlated with

areas of ectopic Hes5.1 expression, which was used to identify areas of active Notch signalling

(Figure 3.35F). Interestingly, Rosette Pax6+ cells had a high proportion (71.94%) which expressed

γ(L127A), which was significantly higher than VZ Pax6+ cells (31.83%) but not significantly higher

than non-VZ Pax6+ cells (47.64%)(*)(Figure 3.35A,B,E,N). These results appear to suggest that

rosette-like structures have similar characteristics to the VZ.

In order to characterise the Rosette Pax+ and determine how their behaviour compared with VZ

Pax+ cells and non-VZ Pax+ cells, BrdU assays were carried out. When embryos were incubated

with BrdU for 24h prior to fixation, there was a high concentration of BrdU expression in Rosette-like

Pax6+ cells, indicating many of these cells have undergone cell replication in the 24h immediately

prior to analysis (Figure 3.35A-G). In order to assess the amount of Rosette-like Pax6+ cells which

were actively dividing and how the level of proliferation compared with other Pax6+ cell populations

within the same hindbrain, embryos were incubated with BrdU for 1h prior to fixation (Figure 3.35H-

M). Rosette-like Pax6+ cells (13.64%) were found to have a significantly higher % of cells positive

for brdU than non-VZ Pax6+ cells (4.14%) on the electroporated side (Figure 3.35O). Furthermore,

the % of Rosette-like Pax6+ cells positive for BrdU was not significantly different from the % of

VZ Pax6+ cells (17.82%) in the internal control or the % of VZ-Pax6+ cells (11.72%) in the electro-

porated side that were positive for BrdU. Interestingly, the % of Pax6+BrdU+ cells also expressing

γ(L127A) in Rosette-like Pax6+ cells (70.82%) was significantly higher than in non-VZ Pax6+ cells

(0%) but not significantly different from the % in VZ Pax6+ cells (36.67%)(**)(Figure 3.35P). These

results suggest that proliferation in rosette-like structures is similar to proliferation in the VZ.
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Figure 3.34 Rosettes-like structures have neural-like ventricles. (A-D) Rosette-like structure

from hindbrain 96h after γ(L127A) electroporation. (A) γ(L127A) expression is indicated by β-

gal expression. (B) Pax6+ cells. (C) ZO-1 immunostaining. (D) Merge of Pax6 and ZO-1. Scale

bar = 50µm.
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3.2.7 γ(L127A) expression results in aberrant expression of neuronal

markers

Signalling and organisation in the VZ is crucial in preventing the premature differentiation of NPCs

and spatially controlling the process of neurogenesis. Given γ(L127A) expression appears to alter

signalling and Pax6+ cells positioning in the VZ, what effect this had on post-mitotic cells was

analysed by the staining of neuronal markers in the hindbrain.

TuJ1 is a class III β-tubulin expressed in differentiated neurons, and its expression in unperturbed

hindbrains is restricted to the mantel with only TuJ1+ fibres of nascent neurons extending to the

ventricular lining. 24h after γ(L127A) electroporation, no lining rupture has occurred and TuJ1

expression does not appear different to expression in the internal control (Figure 3.36A-D). 48h

after γ(L127A) electroporation, ectopic TuJ1 expression was found in the VZ and within the cell

mass which extends into the ventricle (Figure 3.36E-H). This area of aberrant TuJ1 expression

correlated exactly with the site of ventricular lining rupture. 72h after γ(L127A) electroporation,

the situation was similar with aberrant VZ TuJ1 expression found at the areas of ventricular lining

rupture (Figure 3.36I-L). 96h after γ(L127A) electroporation, ectopic TuJ1 expression in the VZ was

extensive as ventricular lining rupture occurred in a large part of the hindbrain (Figure 3.36M-P).

NeuN, a splicing regulator and another marker for neuronal cell types, was also found to have ec-

topic expression in the VZ following γ(L127A) electoporation and appears dependent of ventricular

lining rupture (Figure 3.37). Pax2 is a marker for post-mitotic cells, which are normally restricted

to the mantel (Figure 3.38C). Following γ(L127A) electoporation, Pax2+ cells can be found in the

VZ and these cells do not always express γ(L127A) (Figure 3.38G). Transitin is an intermediate

filament protein and the chick homologue of nestin, it labels glial fibres in the hindbrain. At undisrup-

ted areas of the VZ in the internal control and γ(L127A) electroporated side, Transitin+ glial fibres

are in a well organised parallel fashion extending to the ventricular lining (Figure 3.38B). When the

VZ is disrupted at likely sites of ventricular lining rupture, the glial fibres are disorganised with no

uniform extension to the ventricular lining (Figure 3.38F).

These observations were repeatable, and results suggest that ventricular lining rupture leads

to the ectopic expression of neuronal markers in regions of the hindbrain adjacent to the vent-

ricle. Whether this is a result of aberrant neurogenesis, incorrect positioning of post-mitotic cell, or

another mechanism is discussed later on.
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Figure 3.37 γ-catenin (L127A) electroporation results in aberrant NeuN expression.(A-C) Hind-

brain 72h after γ(L127A) electroporation. (A) γ(L127A) expression is indicated by β-gal expres-

sion. (B) NeuN staining. (C) Merge of β-gal and NeuN. Scale bar = 200µm.
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3.2.8 γ(L127A) expression disrupts hindbrain motor neuron positioning

Previous work has demonstrated that γ(L127A) expression disrupts the migration and segregation

of motor neurons in the spinal cord by disabling cadherin adhesion and disorganising transitin glia

which provide the scaffold for motor neuron migration [269]. What effect γ(L127A) expression has

on MNs in the hindbrain is unknown and MNs were thus labelled using HB9 and Islet-1 following

γ(L127A) electroporation. 96h after γ(L127A) electroporation, scattering of MNs and alteration in

MN positioning was consistently observed compared with the internal control (Figure 3.39). For

example, at rhombomere 8 of the hindbrain, BM (HB9-Islet-1+) and SM (HB9+Islet-1+)neurons ap-

peared scattered in the γ(L127A) electroporated side and it appeared that the presumptive ventral

hypoglossal (vXII) nuclei failed to coalesce.
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3.2.9 γ(L127A) expression has no effect on β-catenin signalling

Alterations in cadherin function and γ-catenin have both been shown to affect β-catenin signalling

in certain situations. Thus, to determine any possible effect of mCherry, γ-catenin and γ(L127A)

expression on β-catenin siganalling in the developing hindbrain, co-electroporations of each con-

struct was carried out with a TOP-GFP plasmid. The TOP-GFP reporter plasmid contains TCF-

binding regions and a downstreamGFP which are activated during β-catenin signalling activity. No

noticeable reduction in TOP-GFP signal was observed following the electroporation of mCherry,

γ-catenin or γ(L127A) (Figure 3.40).
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Figure 3.40 γ-catenin (L127A) electropoation does not appear to affect β-catenin signalling. (A-

C) Hindbrain 24h after mCherry + TOP-GFP electroporation. (D-F) Hindbrain 24h after γ-catenin

+ mCherry + TOP-GFP electroporation. (G-I) Hindbrain 24h after γ(L127A) + mCherry + TOP-

GFP electroporation. (A,D,G) mCherry indicates extent of electroporation. (B,E,H) GFP indic-

ates activity of TOP-GFP reporter. (C,F,I) Merge of mCherry and GFP. Scale bar = 200µm.
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3.3 Expression of dominant negative N-cadherin- NΔ390

The above results demonstrate that γ(L127A) expression affects hindbrain structure and NPC mis-

positioning. In order to probe if the observed effects are specific to γ(L127A) or can be general-

ised to disruptors of cadherin adhesion, hindbrain electroporation of a well established dominant-

negative cadherin was used. NΔ390 is a dominant negative N-cadherin with a large truncation in

its extracellular domain and is thus unable to mediate cadherin binding [291]. The cytosolic portion

of NΔ390 is unaffected, so NΔ390 expression disrupts cell adhesion by sequestering catenins and

preventing endogenous cadherins from linking to the actin cytoskeleton and mediate adhesion.

Exogenous expression of NΔ390 also reduces the number of endogenous cadherin at the cell sur-

face. In vitro and in vivo evidence exists for NΔ390 disrupting cadherin-mediated cell adhesion,

however its potential effects on NPC positioning has not been explored [222][228].

3.3.1 NΔ390 expression results in ventricular lining rupture

Similarly to γ(L127A), 24h after electroporation of NΔ390 there was no obvious effect on hindbrain

structure and no ventricular lining rupture was observed (n=4) (Figure 3.41A-D). However, after just

48h following electroporation of NΔ390, no ZO-1 staining was detected at the interface of the vent-

ricle indicating total ventricular lining loss (n=3) (Figure 3.41E-H). It appeared that NΔ390 electro-

poration had a potent effect on the ventricular lining, thus it was decided to drop the concentration

of the NΔ390 plasmid from 2.2µg/µL, which is the same concentration used for all electropoations

mentioned in this body of work, to 0.5µg/µL. Interestingly, 48h after electroporation of 0.5µg/µL

NΔ390 plasmid, only small portions of ventral ventricular lining were lost (n=4) (Figure 3.41I-L).
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Figure 3.41 NΔ390 expression causes rupture of the hindbrain ventricular lining. (A-D) Hind-

brain 24h after electroporation of 2.2µg of NΔ390. (E-H) Hindbrain 48h after electroporation of

2.2µg of NΔ390. (I-L) Hindbrain 48h after electroporation of 0.5µg of NΔ390. (A,E,I) NΔ390

expression in one half of the hindbrain is indicated by GFP expression. (B,F,J) Intense ZO-1

staining labels the ventricular lining. (C,G,K) DAPI labels nuclei in the hindbrain. (D,H,L) Merge

of GFP and ZO-1. Scale bar = 100µm.
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3.3.2 NΔ390 expression disrupts positioning of Pax6+ cells in the

hindbrain

24h after electroporation of NΔ390 into hindbrains, no obvious effect on the Pax6 progenitor do-

main was observed but number of Pax6+ cells was found outside the VZ in both dorsal and ventral

regions of the hindbrain (Figure 3.42D-F). The number of non-VZ Pax6+ cells found in the NΔ390

electroporated side was significantly higher than in the number found in the internal control (119.30

vs 22.67)(p=0.0002)(Figure 3.42G). Interestingly, the % of non-VZ Pax6+ cells that expressed

NΔ390 is significantly higher than the% in VZPax6+ cells (46.41% vs. 21.30%)(p=0.047)(Figure 3.42H).

Electroporation of 2.2µg/µL NΔ390 resulted in severe disruption of Pax6+ cell positioning in the

hindbrain after 48h (Figure 3.43D-F). The Pax6 progenitor domain was unidentifiable with Pax6+

cells scattered throughout the hindbrain. Due to the high level of disruption, no quantification

was carried out 48h after electroporation with 2.2µg/µL NΔ390. However, 48h after electropor-

ation with 0.5µg/µL NΔ390 the Pax6 disruption is less (Figure 3.44D-F). The Pax6 progenitor

domain remained relatively intact except for loss at regions of ventricular lining rupture. Signi-

ficantly higher amounts of non-VZ Pax6+ cells were also found in the NΔ390 electroporated side

compared with the internal control (108.70 vs. 10.33)(p=0.009)(Figure 3.44G). Non-VZ Pax6+

(48.24%) also had a significantly higher proportion of cells expressing NΔ390 than VZ Pax6+ cells

(29.14%)(p=0.030)(Figure 3.44H).
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3.3.3 NΔ390 expression results in caspase-3 expression in Pax6+ cells

Possible cell death was also assessed in Pax6+ cells of NΔ390 electroporated hindbrains. As

with γ(L127A), caspase-3 expression was analysed in four groups of cells for each electroporated

hindbrain: VZ Pax6+ cells in the internal control, non-VZ Pax6+ cells in the internal control, VZ

Pax6+ cells in the electroporated side and non-VZ Pax6+ cells in the electroporated side. The %

of these cells which expressed NΔ390 was also be analysed in order to determine any possible

links between expression of NΔ390 and caspase-3 expression.

24h after electroporation of NΔ390, the % of non-VZ Pax6+ cells (11.42%) on the electropor-

ated side which expressed caspase-3 was significantly higher than the % in the electroporated

side VZ Pax6+ cells (1.37%), internal control non-VZ Pax6+ cells (0%), and internal control VZ-

Pax6+ cells (0%)(***,**)(Figure 3.45A-J’,K). However, there was no significant difference in the

% of expression of NΔ390 in non-VZ Pax6+Casp3+ cells (69.41%) and VZ-Pax6+Casp3+ cells

(92.59%)(p=0.109)(Figure 3.45L). 48h after electroporation with 2.2µg/µL NΔ390, there appeared

to be an increase in caspase-3 expression in the electroporated side however no quantification

was carried out due to the difficulty in identifying non-VZ and VZ Pax6+ cells following the gross

disorganisation of Pax6+ cells (Figure 3.46). 48h after electroporation with 0.5µg/µL NΔ390, the

% of non-VZ Pax6+ cells on the electroporated side which were positive for caspase-3 was signi-

ficantly higher (3.56%) than the % of control VZ Pax6+ cells (0%) positive for caspase-3 (*)(Fig-

ure 3.47A-J’,K). No significant difference was found between the% of NΔ390 expression in non-VZ

Pax6+Casp3+ cells (50.00%) and VZ-Pax6+Casp3+ cells (42.86%)(p=0.872)(Figure 3.47L). Inter-

estingly, the % of non-VZ Pax6+ cells on the electroporated side positive for caspase-3 was signi-

ficantly higher in hindbrains 24h after electroporation with 2.2µg/µL ND390 (11.42%) than in hind-

brains 48h after 0.5µg/µL ND390 (3.56%)(p=0.048)(Figure 3.48). The % of non-VZ Pax6+ cells

expressing caspase-3 was directly compared between hindbrains without normalisation because

there was 0% caspase-3 expression in the internal control VZ Pax6+ cells in both embryo sets.
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Figure 3.48 Graph of % of non-VZ Pax6+ cells which are Pax6+Casp3+ in various hindbrains

electroporated with NΔ390 (n=3, Unpaired Student’s T-test, p=0.048).
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3.3.4 Pax6+ cells can proliferate outside of the ventricular zone in NΔ390

electroporated hindbrains

A BrdU assay was used to assess proliferation in non-VZ Pax6+ cells of 0.5µg/µL NΔ390 electro-

porated hindbrains, and used to determine how their proliferation compares with other Pax6+ cell

groups in the same hindbrains. A single dose of BrdU was applied to 0.5µg/µL NΔ390 electro-

porated embryos 1h prior to fixation, thus BrdU staining gives a snapshot of all the cells that are

actively dividing at the time of analysis.

48h after 0.5µg/µL NΔ390 electroporation, the % of non-VZ Pax6+ cells (18.82%) in the elec-

troporated side that were positive for BrdU was not significantly different from the % in VZ Pax6+

cells in either the internal control (19.88%) or the electroporated side (18.64%)(Figure 3.49A-J’,K).

Additionally, the % of cells also expressing NΔ390 was not significantly different between non-VZ

Pax6+ cells (32.27%) and VZ Pax6+ cells (23.12%)(p=472)(Figure 3.49L).
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3.4 Discussion

In this chapter, cadherin de-adhesion was induced in the hindbrain in order to investigate the role

of cadherin adhesions in positioning of NPC and how positioning affects NPC behaviour. Cadherin

adhesions were disrupted by two methods, γ(L127A) and NΔ390 electroporation, in order to dis-

tinguish between the specific effects of disrupted cadherin adhesion, cadherin-actin cytoskeleton

uncoupling and γ-catenin overexpression on NPC positioning and maintenance.

Expression of both γ(L127A) and NΔ390 in the developing hindbrain result in disorganisation of

hindbrain architecture and most notably the rupture of ventricular lining. Loss of ventricular lining

has previously been reported following the expression of NΔ390 in developing chick hindbrains

[222]. Hatakeyama et al. [222] suggest that expression of non-adhesive N-cadherins (NΔ390) res-

ults in the disruption of adherens junctions at the apical feet of nascent neurons and NPCs, which

eventually results in the rupture of ventricular lining. I believe that γ(L127A) expression most likely

disrupts ventricular lining in the same manner. Expression of γ(L127A) inhibits the interaction of

cadherins in adherens junctional complexes to α-catenin and thus to the actin cytoskeleton [283].

The coupling of cadherins to the actin cytoskeleton is essential for the integrity of adherens junc-

tions and cadherin cell adhesion [284][285]. Therefore, γ(L127A) expression would likely result in

loss of adherens junctions at the apical feet of nascent neurons and NPCs, resulting in ventricular

lining rupture. This is consistent with observations that γ(L127A) expression results in the detach-

ment of apical feet in the developing spinal cord [269]. Furthermore, other attempts to uncouple

cadherins from the actin cytoskeleton, for example in vivo knockout of α-catenin, also observe a

loss of adherens junction at the ventricular lining and subsequent rupture [292]. Together with

evidence in literature, the data presented here suggests that γ(L127A) acts a functional disruptor

of cadherin adhesion by uncoupling cadherin-actin cytoskeleton interactions.

The observation that ventricular lining rupture consistently occurred in the ventral region of the

hindbrain VZ following γ(L127A) electroporation may be a result of differential cadherin expression

in the neural tube. Previous research in the spinal cord suggest that N-cadherin expression at

the ventricular lining varies along the dorsoventral axis, with N-cadherin expression the lowest

at the pMN domain [228]. The pMN domain in the spinal cord is a ventral progenitor domain at

the ventral boundary of the Pax6 homeodomain. In this chapter, ventricular lining rupture always

occurs first at the ventral region of the hindbrain VZ and typically within the ventral portion of

the Pax6 homeodomain. Therefore, the dorsoventral region of the spinal cord with the lowest

N-cadherin expression appears to correlate with the dorsoventral region of the hindbrain which

undergoes ventricular lining rupture following γ(L127A) electroporation. This would suggest that

the areas of the ventricular lining with the weakest N-cadherin expression undergo disruption first,

which would be logically. However, the relative expression of N-cadherin in hindbrain ventricular

lining is unknown so this is only speculation.

One consequence of disrupted cell adhesion following γ(L127A) expression was the presence

of a large cell mass extending into the ventricle at the site of ventricular lining rupture. One explan-
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ation for this mass may be accumulation of post-mitotic cells which have failed to migrate away

from the ventricle zone following production from NPCs. This is based on the expression of neur-

onal (TuJ1 and NeuN) and post-mitotic markers (Pax2) within the cell mass. A similar phenotype

was observed following γ(L127A) expression in the developing chick spinal cord, in which stalled

motor neurons accumulated close to the ventricle [269]. It is likely that the post-mitotic cells failed

to migrate properly due to cadherin-catenin uncoupling caused by γ(L127A) expression, as the

cadherin-catenin complex is required to permit traction and force generation along radial glia [293].

Failure of post-mitotic cells to migrate away is likely amplified by the general disorganisation of

the VZ and disorder of radial glial fibres as a result of their apical feet detachment. It must be

mentioned however, that the high-level neuronal character in these regions of lining disruption

may also be attributed to aberrant neurogenesis of NPCs. Dominant negative N-cadherin expres-

sion in the developing chick hindbrain and spinal cord results in detachment of nascent neuron

apical end-feet, which are crucial for notch signalling activity and for the maintenance of NPCs

in the undifferentiated state [222]. Whilst this mechanism explains the presence of high neuronal

character in this cell mass, it does not explain the large size which is likely to be more than only

precociously differentiated NPCs. The formation of this large neuronal cell mass is likely to be

a combination of these two mechanisms and overall demonstrates the significant consequences

on both NPC maintenance and neurogenesis of uncoupling cadherin-catenin interactions in the

developing CNS.

Cadherin function is required for cranial motor nucleogenesis in the chick hindbrain, but the

specific consequence of uncoupling cadherins from the actin cytoskeleton has not been analysed

on cranial motor nucleogenesis [267]. γ(L127A) electroporation resulted in the scattering of MNs

in the hindbrain and the failure of motor nuclei to coalesce. This mimicked the effect of NΔ390

expression and provides further evidence to suggest that γ(L127A) expression results in loss of

cadherin adhesion.

γ(L127A) and NΔ390 expression significantly affects the positioning of Pax6+ cells, resulting in

an increased number of Pax6+ cells positioned outside the VZ. Pax6 is homeodomain transcription

factor expressed in NPCs in the developing neural tube [294][287]. A small portion of post-mitotic

cells are known to express Pax6, and these cells most likely correspond to the non-VZ Pax6+ cells

found in the internal control side of the hindbrain [295][296]. Importantly, the naturally occurring

non-VZ Pax6+ cells are accounted for by calculating the fold increase in non-VZ Pax6+ cells versus

the internal control. Overall, given that Pax6 expression is downregulated during neuronal differen-

tiation and a significant number of non-VZ Pax6+ cells were found to be actively dividing (BrdU+),

it is reasonable to conclude that cadherin dysfunction via γ(L127A) or NΔ390 expression results

in mispositioning of NPCs in the hindbrain [286][287].

Although both γ(L127A) and NΔ390 electroporation lead to NPC mispositioning and lining rup-

ture after 48h, the results suggest that NΔ390 has a more potent effect. Electroporation of NΔ390

at the same concentration as γ(L127A)(2.2µg/µL) resulted in the near total loss of ventricular lin-

ing after 48h, a phenotype which was only observed 96h after γ(L127A) electroporation. Further-
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more, NΔ390 electroporation resulted in severe disruption of the entire Pax6 progenitor domain

and scattering of Pax6+ cells throughout the hindbrain, the extent of which was never observed

following γ(L127A) electroporation. Additionally, the electroporation of diluted NΔ390 (0.5ug/µL)

mimicked the phenotypes of 2.2µg/µL γ(L127A) electroporation. It is known that changing the plas-

mid concentration used for in ovo electroporation directly affects the expression level of the protein

encoded by the plasmid in electroporated cells [297]. Thus, the results suggest that NΔ390 and

γ(L127A) have similar effects on cadherin adhesion in the hindbrain, but NΔ390 is possibly a more

potent disruptor of cadherin adhesion. This may be a result of the dualistic effect of NΔ390 on

cadherin cell adhesion. Firstly, exogenous NΔ390 expression affects cadherin binding on the cell

surface [291]. Overexpression of NΔ390 cadherins reduces the number of adhesive endogenous

cadherins on the cell surface. Furthermore, NΔ390 molecules on the surface are also believed

to disrupt lateral dimer associations between cadherins and is likely to disrupt the arrays of cad-

herin dimers between opposing cells [282]. Secondly, NΔ390 expression affects cadherin-actin

cytoskeleton coupling. NΔ390molecules would sequester catenins in the cell, preventing endogen-

ous cadherins from linking to the actin cytoskeleton and mediating adhesion. γ(L127A) expression

only disrupts cadherin adhesion via the latter mechanism, and may explain why it has a possibly

less potent effect. However, the results demonstrate that loss of cadherin-actin cytoskeleton coup-

ling is sufficient to result in cadherin de-adhesion. This is consistent with in vitro evidence which

show that uncoupling with the actin cytoskeleton results in significant loss of adhesive strength

and reduction in junctional stability [40][47]. Cadherin-actin cytoskeleton uncoupling also results

in enhanced fluidity between cell junctions in vitro, and this may explain one way in which NPC

mispostion outside of the VZ [37]. However, it must be stressed that it is unwise and generally

incorrect to compare the potency of two dominant-negative species simply by plasmid concentra-

tion. Although both NΔ390 and γ(L127A) are driven by the same promoter and have a similar

molar concentration, there are many variables which may account for the differences in potency

(e.g. plasmid preparation and purity). Therefore, it is more precise to conclude that both NΔ390

and γ(L127A) expression appear to disrupt cadherin adhesion in the developing hindbrain and

have similar effects on NPC positioning and ventricular lining integrity.

At all timepoints, the % of non-VZ Pax6+ cells which expressed γ(L127A) was high (average

67.84%) but always lower than 100%. This indicates that the effect of Pax6+ mispositioning is

not a totally cell autonomous result of γ(L127A) expression. This may not be surprising given the

disruptive effects of γ(L127A) electroporation on hindbrain structure. A Pax6+ cell may become

mispositioned in a non-cell autonomous manner as a result of neighbouring cells losing cadherin

adhesion mechanisms or due to structural changes in the VZ. Furthermore, a number of naturally

occurring non-VZ Pax6+ cells were observed in the internal control at all timepoints. However, the

% of non-VZ Pax6+ cells which expressed γ(L127A) was always significantly higher than the % of

VZ Pax6+ cells that expressed γ(L127A), except after 96h. This was also true for NΔ390 electropor-

ated hindbrains, as the % of non-VZ Pax6+ cells which expressed NΔ390 was significantly higher

than the % of VZ Pax6+ cells that expressed NΔ390 at all timepoints. Furthermore, there was no
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significant difference in the % of non-VZ and VZ Pax6+ which were electroporated in mCherry and

γ-catenin electroporated hindbrains. These results indicate that whilst Pax6+ mispositioning is not

totally cell autonomous result of γ(L127A) or NΔ390 expression, expression of γ(L127A) or NΔ390

in a Pax6+ cell significantly increases the chances that it will be mispositioned. These results sug-

gest that cadherin adhesion is vital for the organisation of NPC niches as well as the positioning

of individual NPCs. This is consistent with the observation of non-VZ Pax6+ cells either during

timepoints where no obvious structural disruption has occurred or in areas of no lining disruption.

In both cases, individual or small groups of Pax6+ cells are found in the hindbrain mantel near

relatively structurally robust ventricular zones. It should also be noted that not all cells expressing

γ(L127A) or NΔ390 undergo mispositioning away from the VZ, and this may be explained by the

presence of other cell-cell adhesion and cell-ECM adhesion mechanisms which may be sufficient

to retain NPCs in the VZ.

The general effects of cadherin dysfunction in the developing CNS and the observation of NPC

mispositioning has been demonstrated previously [298][202][212]. However, what effect position-

ing outside the NPC niche has on NPC maintenance and the relationship between positioning and

cadherin adhesion on the behaviour of individual NPCs has not previously been examined until this

work. Cell death in non-VZ Pax6+ cells was always significantly higher than cell death in VZ-Pax6+

cells in γ(L127A) electroporated hindbrains, except for 24h after electroporation. Furthermore, only

cell death in non-VZ Pax6+ cells in γ(L127A) electroporated hindbrains was significantly higher than

cell death in Pax6+ cells of the internal control.These results appear to suggest that mispostion-

ing outside the VZ results in enhanced cell death. This may be possible, and one explanation is

that signalling within the VZ is critical for the maintenance NPCs and loss of this signalling can

result in the activation of cell death pathways. However, there was also a high link between all

cells undergoing cell death and γ(L127A) expression. γ(L127A) expression was high for both VZ

Pax6+ and non-VZ Pax6+ cells which were positive for caspase-3 at all timepoints: average of

68.59% of VZ Pax6+Casp3+ expressed γ(L127A) and average of 92.92% of non-VZ Pax6+Casp3+

expressed γ(L127A). This suggests that loss of cadherin adhesion may contribute to the activation

of cell death pathways in NPCs. A link between cadherin dysfunction and cell death is well docu-

mented in literature, with several studies demonstrating loss of N-cadherin adhesion resulting the

activation of apoptotic pathways [299][300]. In vivo, cells in the developing cortex that were electro-

porated with dominant negative Akt, an effector of β-catenin signalling, had a higher incidence of

cell death than cells electoporated with a control plasmid [213]. Given that loss of N-cadherin was

shown to cause the reduction of Akt and β-catenin signalling, cadherin dysfunction was indirectly

linked to cell death in the developing cortex [212]. Interestingly, the work presented in this chapter

may be the first evidence of cadherin dysfunction being directly linked to activation of cell death

in NPCs of the developing brain. Furthermore, similar results were observed in NΔ390 electropor-

ated hindbrains. NΔ390 expression was high in both VZ Pax6+Casp3+ cells (average 67.73%) and

non-VZ Pax6+Casp3+ cells (59.71%), and cell death was significantly higher in non-VZ Pax6+ cells

compared with VZ Pax6+ cell and internal control Pax6+ cell populations. Overall this data sug-
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gests that both mispositioning of NPCs outside their niche, the VZ, and loss of cadherin adhesion

contribute to the activation of cell death.

Given the literature information, it is most likely that loss of cadherin adhesion results in cell

death via changes in β-catenin signalling. Qualitative analysis of Axin2 expression, a commonly

used reporter of active β-catenin signalling, was not very informative as its expression appeared

to be exclusive to the dorsal VZ of hindbrains. Co-electroporations of γ(L127A) and TOP-GFP

reporter plasmid were also used to detect any effect of γ(L127A) expression on β-catenin signalling

activation. However, only qualitative analysis was carried by comparing the relative expression

levels and no obvious effects were observed. Qualitative analysis is almost certainly an insufficient

method to determine if there are changes in TOP-GFP expression following γ(L127A) expression.

Quantification of the % of Pax6+ and Pax6+β-gal+ cells positive for TOP-GFP expression would

help confirm if γ(L127A) expression affects β-catenin signalling. Furthermore, quantification of

the % of Pax6+ and Pax6+Casp3+ cells positive for TOP-GFP expression would help determine if

caspase-3 expression, and thus cell death, is a result of changes in β-catenin signalling.

It was interesting to find that some mispositioned Pax6+ cells were activity dividing, and although

the level of proliferation was lower, it was not significantly different from proliferation in internal con-

trol VZ Pax6+ cells 24h and 48h after γ(L127A) electroporation. The same was observed in NΔ390

electroporated hindbrains, with the level of proliferation in mispositioned Pax6+ cells was not sig-

nificantly different from that of control VZ Pax6+ cells 48h after electroporation of 0.5µg/µL NΔ390.

These results were a little surprising given that enhanced cell death was observed in mispositioned

Pax6+ cells and there is a well reported link between cadherin adhesion and maintenance of NPC

proliferation (Zhang 2010)(other cadherin-proliferation papers). However, cell death was only ob-

served in 6.5-8.0% of non-VZ Pax6+ cells at these timepoint and the majority of the non-VZ Pax6+

cells which were actively dividing (BrdU+) did not express γ(L127A) (24.15% β-gal+ at 24h after,

34.34% β-gal+ at 48h after). What this results does suggest is that at these embryonic stages,

mispositioning outside of the niche does not significantly affect NPC proliferation.

The proliferation of non-VZ Pax6+ cells significantly reduces 72h and 96h after γ(L127A) elect-

orporation, and is also significantly lower than proliferation in internal control VZ Pax6+. Further-

more, at both timepoints 0% of non-VZ Pax6+BrdU+ cells expressed γ(L127A). The proliferation

behaviour of mispositioned Pax6+ cells over time suggests the possibility of a spatiotemporal regu-

latory mechanism which controls the proliferation of NPCs in the hindbrain. It is well known that the

activation and inhibition of NPC proliferation is tightly coordinated with an animal’s developmental

stage, and the systems responsible for this control in time and space have already been elucid-

ated in other systems [301][302][303]. Our results here even suggest that proliferation in control VZ

Pax6+ has a negative trend (not statistically significant) with embryo developmental stage. Given

we observe a sharp decrease in proliferation of mispositioned Pax6+ cells from HH25 to HH27, it is

possible there may be a temporal switch to a more strict proliferative control mechanism at this de-

velopmental stage. A connection with developmental stage rather than time after electroporation

is more plausible, given that non-VZ Pax6+ cells are likely to be continuously produced following
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γ(L127A) electroporation. Furthermore, this proliferative control may become more sensitive to

the positioning of NPCs or its adhesive contacts with neighbouring cells. This is supported by the

significant drop in mispositioned Pax6+ proliferation with time which is greater than the drop in VZ

Pax6+ proliferation, and the absence of any mispositioned proliferating Pax6+ cells with γ(L127A)

expression. Based on this information, a model is proposed in which a NPC’s cadherin adhesion

to neighbouring NPCs acts as spatial feedback to its proliferation pathways. The absence of cad-

herin cell contacts in a mispositioned NPC may transduce information intracellularly to indicate

that the cell is no longer localised in the NPC niche, and thus proliferation is halted in order to pre-

vent ectopic proliferation. This would be consistent with literature evidence of cadherin adhesions

as positive regulators of proliferation [212]. Furthermore, it is likely that link between cadherin

adhesion and proliferation is via β-catenin signalling pathways. N-cadherin knock-out in cells of

the developing mouse cortex resulted in enhanced cell cycle exit, and N-cadherin knock-out was

shown to reduce β-catenin signalling via inactivation of Akt in vivo [212][213]. Using hindbrains

co-electroporated with γ(L127A) and TOP-GFP reporter plasmid, quantification of the % of non-

VZ Pax6+ and non-VZ Pax6+BrdU+ cells positive for TOP-GFP expression should demonstrate a

link between γ(L127A) electroporation and reduction in β-catenin signalling. It must be noted that

cadherin adhesions may only be one contributing factor to the regulation of proliferation, and this

is highlighted by the fact that loss of cadherin adhesion is observed constantly in mispositioned

NPCs, but proliferation in NPCs is only reduced after HH25 (48h after electroporation). The ab-

sence of microenvironmental factors in the mantel or the loss of NPC cell polarity may also be

driving cell cycle exit in mispositioned NPCs.

Alternatively, the spatiotemporal reduction in the proliferation of mispositioned Pax6+ cells may

be a result of neuronal differentiation. It is well known that differentiation is spatially controlled by

notch signalling at the ventricular lining [222]. Furthermore, cadherin-based adherens junctions

at the ventricular lining maintain notch signalling and a cadherin-dependent reduction in notch

signalling results in aberrant differentiation. In this study, multiple patches of ectopic Hes5.1 ex-

pression were observed in the mantel at 24h and 48h after γ(L127A) electroporation, and the

ectopic expression appears more sparse (apart from at rosette-like structures) at 72h and 96h

after. This suggests that active notch signalling is present in the mantel but is decreased after

72h, which correlates with the temporal reduction in mispositioned Pax6+ cell proliferation. It is

likely that some mispositioned Pax6+ cells do undergo terminal differentiation. However, these

cells would most likely lose Pax6 expression as Pax6 expression is down-regulated during differ-

entiation [286][287]. Therefore, neuronal differentiation is unlikely to explain the spatiotemporal

reduction in mispositioned Pax6+ cell proliferation as these cells are most likely undifferentiated

NPCs. It is also possible that a cadherin-dependent loss in notch signalling directly reduces prolif-

eration in mispositioned Pax6+. This is given recent research demonstrating that notch signalling

promotes self-renewal and influences orientation of division in NPCs of the neocortex [304][303].

How notch signalling contributes to NPC proliferation in the developing hindbrain is unknown, and

co-detection of Hes5.3 mRNA and BrdU signal in γ(L127A) electroporated hindbrains would be
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useful in determining a possible link.

Comparison of γ(L127A) and NΔ390 results, and with those in literature, suggest that γ(L127A)

works as a disruptor of cadherin adhesions and the observed effects on NPC behaviour are a pre-

dominantly a result of cadherin de-adhesion. γ(L127A) and NΔ390 expression in the hindbrain res-

ult in similar phenotypes and specifically uncoupling cadherin-actin cytoskeleton interactions does

not appear to have different effects, apart from possibly being less potent in disrupting cadherin

adhesion (discussed previously). Furthermore, no signalling effects specific to γ(L127A) expres-

sion were observed. This was somewhat surprising given that γ-catenin is linked with β-catenin

signalling and one might expect over-expression of γ(L127A) would alter β-catenin localisation,

and thus activity, in the cell by displacing β-catenin from cadherins. However, exactly what effects

γ-catenin perturbations have on cell signalling are not clear as results from studies are often con-

tradictory [79]. For example, one paper reports that γ-catenin knockdown enhanced proliferation

in cells whereas another reports γ-catenin over-expression prevented differentiation of culture em-

bryonic stem cells via activation of β-catenin signalling [305][89]. What is generally accepted is

that γ-catenin has a secondary role to β-catenin in terms of cell signalling and it is highly likely that

effects of γ-catenin perturbations are context-specific [306]. Furthermore, there is no published in-

formation on the in vivo effects of γ-catenin over-expression or knock-down on NPC maintenance

in the developing hindbrain. Other methods to uncouple cadherin-actin cytoskeletal interactions in

vivo yield different results. α-catenin knock-out in NPCs of developing cortex resulted in signific-

antly increased proliferation, reduced cell death and no obvious effect on differentiation [292]. Au-

thours attributed these effects to the inability of cadherin adhesions to downregulate Shh signalling

in response to over-crowding in the brain. However, it is more likely that α-catenin deletion has a

direct effect on Shh signalling. This is supported by increasing amounts of research demonstrating

α-catenin signalling roles independent of the adherens junction, including its inhibitory action on

Shh signalling [307]. Therefore, based on literature information and the comparison of γ(L127A)

and NΔ390 phenotypes, it is reasonable to conclude that the unique effects on NPC positioning

and maintenance presented in this chapter are specifically a result of cadherin de-adhesion.

One interesting piece of evidence for the link between cadherin adhesion, NPC positioning and

NPC maintenance was the presence of rosette-like structures 72h and 96h after γ(L127A) electro-

poration. These structures, which consisted of groups of mispositioned NPCs, appear to exhibit

near-normal neural layering and behaviour despite being localised within the mantel. Misposi-

tioned Pax6+ cells were arranged around a central lumen, a possible pseudo ventricle. The Pax6+

cells correlated with high-levels of ecoptic Hes5.1, indicative of active Notch signalling, and were

absent of TuJ1 staining, further evidence of their undifferentiated nature. Furthermore, the prolif-

erative level in rosette Pax6+ cells was not significantly different from proliferation in control VZ

Pax6+ cells. Given these phenotypes, one would expect β-catenin signalling to be unaffected in

rosette Pax6+ cells. Co-electroporation of hindbrains with γ(L127A) and TOP-GFP would be use-

ful in determining what is the state of β-catenin signalling in rosette-like structures. Analysis of

caspase-3 expression is also required to fully characterise the rosette-like structures.
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What is suggested from its characteristics, and what would be conserved with other rosette struc-

tures formed during cadherin disruption in the CNS, is that the Pax6+ cells in rosette-like structures

have weakened but functional cadherin adhesion [298][308]. A high number of Pax6+ in rosette-

like structures (71.94%) have γ(L127A) expression, but the cells appear to have tight association

with neighbouring Pax6+ cells. Furthermore, localisation of AJ components (ZO-1) is found at the

centre of the rosette-like structures along the interface lining the lumen. This is highly indicative

of functional cadherin adhesions between cells in these structures, but also suggests mimicking

of the architecture found in the VZ. It appears most likely that cadherin adhesion is significantly re-

duced in rosette Pax6+ cells but not sufficiently so to be dispersed from one another. The reduced

level of cadherin adhesion in Rosette-Pax6+ cells may also have driven their association together

and separation from Pax6+ cells in the VZ. This would be consistent with the well-accepted differ-

ential adhesion hypothesis, which describes that cells of different adhesion levels sort out so that

groups of cells with equal adhesion aggregate together [309][125].

In terms of the mechanism of formation, one possibility is that individual mispositioned Pax6+

cells associate together over time and organise into rosette-like structures. However, it seems

unlikely that cells can misposition following cadherin de-adhesion and then somehow overcome

γ(L127A) expression in order to facilitate cadherin adhesion and form well-packed structures. A

more likely explanation is that as a result of lining rupture and structural changes in the hind-

brain, portions of the Pax6 progenitor domain undergo buckling and eventual re-circularisation

into rosettes (see Figure 3.15 for an example of progenitor domain buckling and possible re-

circularisation). Furthermore, buckled portions of progenitor domains may have reduced cadherin

adhesion relative to the rest of the progenitor domain, which drives their dissociation from the VZ

and re-association into structures containing cells of equal adhesion level. This mechanism has

been proposed previously for rosette formation following N-cadherin disruption in embryonic chick

brains and analysis of cell behaviour in rosette-like structures reported here suggest this is the

most likely mechanism of formation [298]. The main evidence for this is the similarity of NPCs in

the ventricular zone and in rosette-like structures, which has been discussed above. Rosette-like

structure formation via this mechanismmay also result in the mispositioning of microenvironmental

factors away from the VZ, which may contribute to and help explain how rosette Pax6+ cells can

maintain progenitor behaviour. Regardless of how the rosette-like structures actually form, it is

likely that formation is driven by the desire of mispositioned NPCs to re-create their neurogenic

niche, as maintenance of neural-like layering appears to promote NPC maintenance.

The data presented suggest that positioning within the VZ is vital for the maintenance of NPC

character. Additionally, cadherin adhesions have a fundamental role in NPC positioning and also

directly promote the maintenance of progenitor cell character. This is supported by the contrasting

fates of individual mispositioned NPCs and those organised into rosette-like structures. NPCs in

rosette-like structures, which appear to have functional cadherin adhesion, can maintain VZ levels

of proliferation despite being positioned in the hindbrain mantel. Cadherin adhesions between

these cells is likely to promote proliferation by activation of β-catenin signalling. More importantly,
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cadherin adhesions would permit the ability of mispositioned NPCs to re-create their neurogenic

niche. Cadherin-based adherens junctions are necessary to closely pack the apical feet of NPCs

and nascent neurons on an apical surface, such as the ventricular lining or the ZO-1+ interface

between rosette NPCs and central lumen. This localisation of adherens junctions enables com-

munication between nascent neurons and NPCs, which is critical for active notch signalling and

the maintenance of NPC behaviour. Therefore, the results presented here suggest that cadherin

adhesions are a fundamental component of the NPC niche and cadherin-mediated positioning of

NPCs is important for their maintenance.



166

Figure 3.50 Schematic representation of chapter results. Electroporation of γ(L127A) and

NΔ390 result in ventricular lining rupture andmispositioning of NPCs outside of the VZ as a result

of cadherin de-adhesion. Most mispositioned NPCs (non-VZ NPCs) are unorganised and have

enhanced cell death and eventually significantly reduced cell proliferation. Notch and β-catenin

signalling is likely reduced in these cells, although this requires quantification. Mispositioned

NPCs organised into rosette-like structures (rosette NPCs) have a similar behaviour to NPCs in

the VZ and appear 72h after electroporation. Cell proliferation is unchanged and active notch

signalling is present, but quantification is required to confirm if β-catenin signalling is affected

in these cells. Evidence suggests rosette NPCs have functional cadherin cell adhesions, which

contributes to the maintenance of their NPC character. Green circles indicate mispositioned

NPCs.
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4 Role for cadherin adhesions in homeodomain

patterning of the neural tube

4.1 Introduction

Recently, N-cadherin has been shown to maintain NPC identity by facilitating communication

between NPCs and differentiating cells in an ‘outside-in’ regulation mechanism [222]. In vitro

and in vivo evidence in chick and mice embryos demonstrates that cadherin-mediated adhesions

in adherens junctions of the apical end-feet of differentiating cells keep Notch signalling active in

neighbouring NPCs, preventing premature differentiation in a non-cell autonomous manner. Addi-

tionally, Notch signalling has been shown to be crucial for conferring NPC sensitivity to Shh sig-

nalling and thus inducing homeodomain patterning in the neural tube [264][265]. Thus, a possible

role for N-cadherin adhesions in the induction of homeodomain patterning via the maintenance of

notch signalling was investigated. As in Chapter 3, γ(L127A) was used to disrupt cadherin adhe-

sions and determine the consequence of cadherin de-adhesion on homeodomain patterning in the

developing neural tube.

4.2 γ(L127A) electroporation affects ventral NPC identity in

HH9 neural tube

Evidence presented in Chapter 3 and Bello et al. [269] suggest that γ(L127A) expression disrupts

the apical processes of cells which adhere to the ventricular lining of the neural tube via cadherin-

based adherens junctions. Nkx6.1 and Nkx2.2 are Class II homeodomain factors which require

Shh signalling in order for expression in ventral NPCs of the neural tube. Therefore, γ(L127A) was

electroporated in neural tube at HH9, the developmental stage prior to homeodomain induction,

and analysed for potential effects on Nkx6.1 and Nkx2.2 expression in ventral NPCs. 24h after

γ(L127A) electroporation, there appears to be a reduction in number of Nkx6.1+ and Nkx2.2+ cells

(Figure 4.1A-D). 48h after γ(L127A) electroporation, quantification reveals that there is a signific-

antly lower number of Nkx6.1+ cells in the γ(L127A) electroporated side (88.67) versus the internal

control side (171.30)(p=0.046)(Figure 4.1E-H,I). Furthermore, there is also a significant reduction
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in the number of Nkx2.2+ cells in the γ(L127A) electroporated side (31.50) versus the internal con-

trol (56.83) 48h after electroporation in the neural tube (p=0.037)(Figure 4.1J). When γ(L127A) is

electroporated in the neural tube at HH14, after homeodomain patterning has been established,

no significant changes in the number of Nkx6.1+ or Nkx2.2+ cells was observed after 24h (Nkx6.1

p=0.714, Nkx2.2 p=0.587)(Figure 4.2).
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4.3 γ(L127A) electroporation affects Hes5.1 and Hes5.3

expression in HH9 and HH14 neural tube

In situs of Hes5.1 and Hes5.3, effectors of active Notch signalling, was carried out to determine

if the effect of γ(L127A) on Nkx6.1+ and Nkx2.2+ cell numbers was linked to a possible loss of

Notch signalling. 24h after γ(L127A) electroporation in HH9 neural tubes, a reduction in Hes5.1

expression was observed in the electroporated side of the neural tube (Figure 4.3A-D). 48h after

γ(L127A) electroporation in HH9 neural tubes, a reduction in both Hes5.1 and Hes5.3 expression

was observed in the electroporated side of the neural tube which correlated with the region of

γ(L127A) electroporation and ventral NPC loss (Figure 4.3E-I). As expected, electroporation of

HH14 neural tubes with γ(L127A) also resulted in a reduction of Hes5.1 expression after 24h,

however there is no reduction in Nkx6.1+ cell number in the adjacent section (Figure 4.4A-C).
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Figure 4.4 Electroporation of HH14 neural tube with γ(L127A) results in a loss of Hes5.1 expres-

sion. (A-C) Hindbrain 24h after electroporation with γ(L127A). (A) γ(L127A) expression in one

half of the hindbrain is indicated by β-gal expression. (B) Nkx6.1+ cells. (C) In situ hybridisation

of Hes5.1 on adjacent section to (A-B). Black arrow shows localised loss of Hes5.1 expression.

White and black dotted lines indicate separation between the two sides of the neural tube. Scale

bar = 100µm.
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4.4 γ(L127A) electroporation specifically affects ventral

NPC identity in HH9 neural tube

To determine if the γ(L127A) effect is exclusive to Class II homeodomain NPCs, HH9 neural tubes

electroporated with γ(L127A) were stained for Pax6. Pax6 is a Class I homeodomain factor which is

repressed by Shh signalling. 48h after γ(L127A) electroporation, there appeared to be no change in

the number of Pax6+ cells (Figure 4.5B). To eliminate the possibility of cell death being responsible

for loss in Nkx6.1+ and Nkx2.2+ cells, neural tubes were stained for caspase-3 expression and only

a minor amount of caspase-3 expression was detected (Figure 4.5D).
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4.5 γ(L127A) electroporation in HH9 neural tube does not

result in ectopic TuJ1 expression in the ventricular zone

Previously, the detachment of TuJ1+ apical feet was shown to be responsible for the reduction in

Notch signalling following expression of a dominant-negative N-cadherin [222]. TuJ1 staining re-

veals some possible reduction in the number of TuJ1+ positive processes which touch the ventricle

lining. However, quantification would be required in order to conclude if TuJ1 apical feet detach-

ment is a phenotype of γ(L127A) electroporation in HH9 neural tubes (Figure 4.6). Although, the

absence of any ectopic TuJ1 expression in the ventral VZ does suggest that the loss in Nkx6.1+

and Nkx2.2+ cells is not a result of premature differentiation.

Figure 4.6 γ(L127A) electroporation in HH9 neural tube does not result in aberrant TuJ1 expres-

sion. (A-C) Hindbrain 24h after electroporation with γ(L127A). (A) γ(L127A) expression in one

half of the hindbrain is indicated by β-gal expression. (B) TuJ1 staining. (C) Merge of TuJ1 and

β-gal. Panel (B’) is image of area indicated by white dotted box in (B). (B,B’) White arrows show

a TuJ1+ apical process. White dotted lines indicate separation between the two sides of the

neural tube. Scale bar = 100µm.
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4.6 Discussion

The work in this section presents evidence for cadherin adhesion having a fundamental role in

the induction of homeodomain patterning in the developing neural tube. The results demonstrate

that cadherin adhesions facilitate this by maintaining notch signalling within the ventricular zone,

which other studies have shown sensitises ventral NPCs to Shh signalling during homeodomain

induction [264][265]. Precisely, cadherin-mediated adherens junctions at the apical feet of nascent

neurons maintain notch signalling in neighbouring NPCs within the NPC niche, the ventricular zone

[222]. Notch signalling then sensitises NPCs to Shh signalling by regulating the localisation of

Shh receptor Ptch1 and Shh downstream effector Smo to primary cilia of cells in the developing

neural tube. Electroporation of γ(L127A), previously shown to dettach apical feet to the ventricular

lining via disruption of cadherin adhesion, resulted in the loss of notch signalling (loss of Hes5.1

expression) and reduction of Nkx6.1+ and Nkx2.2+ ventral NPC numbers (Chapter 3)[269]. This

is consistent with recent work using Notch-off embryonic mouse mutants where reduction of Hes1

and Hes5 expression resulted in the reduction of cells expressing Nkx2.2 [264]. Curiously, the

authours did not report any change in the total number of cells expressing Nkx6.1. This was

despite observing an increase in both Nkx2.2+ and Nkx6.1+ cell numbers when using a Notch-

on mutant. Nkx6.1 expression requires a lower concentration of Shh to be induced than Nkx2.2,

thus it is possible that the Notch-off mutant used did not sufficiently reduce notch signalling and

thus Shh sensitivity in the Nkx6.1 domain [257]. Although unlikely, this may be an effect specific

to our manipulation through cadherin dysfunction. Direct deactivation of notch signalling in chick

neural tubes using RBP-R218H, a dominant negative RBP-J, would clarify this. RBP-J is the main

effector in Notch signalling and its expression in chick has been shown to reduce Hes5 expression

[310]. Another useful experiment would be the co-electroporation of γ(L127A) with RBP-J NICD,

a constitutively active RBP-J, which would hopefully demonstrate that alterations in ventral NPC

identity is not a direct result of cadherin de-adhesion but an indirect consequence of cadherin

de-adhesion on notch signalling.

The differing phenotypes of cadherin disruption at HH14 and HH9 demonstrate that cadherin-

dependent loss in notch signalling is only able to affect ventral NPC identity through inhibiting

homeodomain induction. This is consistent with literature evidence demonstrating that homeodo-

main patterning is already established after HH12 in the chick neural tube and changes in Shh

signalling has no effect on the identity of ventral NPCs [260]. Furthermore, the absence of any ef-

fect on Pax6 progenitor cells following cadherin dysfunction at HH9 corroborates findings that only

ventral NPCs are affected by reduced Shh sensitivity following Notch signalling reductions [264].

In combination with TuJ1 immunostaining, this also demonstrates that the reduction in ventral NPC

numbers is not a result of premature differentiation as all NPCs would have been affected [222].

Obviously, quantification of Pax6+ cell numbers would have been useful in providing a definitive

conclusion on this.

It should be noted that lining rupture was observed in some HH9 embryos 48h after γ(L127A)
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electroporation, which is consistent with lining rupture being observed in many but not all HH19

embryos 48h after γ(L127A) electroporation. For obvious reasons, these embryos were not used

for anlayses in this section: significant change in hindbrain structure may have caused non-specific

changes in ventral NPC number. Similarly, a small amount of mispositioning of NPCswas observed

following HH9 γ(L127A) electroporation, but it is unlikely that this had any significant effect on

ventral NPC numbers. For example, mispositioning and γ(L127A) expression only resulted in an

increase of 7.25% cell death (average of non-Vz Pax6+ cells 24h and 48h after electroporation of

HH18 hindbrains) and a far bigger decrease in ventral NPC cell number (44.68% for Nkx2.2+ cells

and 48.24% for Nkx6.1+ cells) was observed in HH9 electroporations (Chapter 3).

Overall, the work presented here provides further evidence for cadherin-mediated adherens

junctions as signalling centres for the neurogenic niche [222]. Adherens junctions at the ventricu-

lar lining spatially regulates notch signalling to the ventricular zone and here evidence has been

provided that they are also fundamental in establishing homeodomain pattering within the neural

tube.
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Figure 4.7 Schematic representation of link between cadherin adhesions and homeodomain

induction in the neural tube. Cadherin adhesions in adherens junctions at the apical feet of

nascent neurons maintain notch signalling in neighbouring NPCs within the ventricular zone.

Notch signalling in the ventricular zone is required for NPCs to respond to Shh signalling, and for

Class II homeodomain proteins to be induced. Gray cells represent NPCs. Green cell represents

a nascent neuron. Black lines represent cadherin adhesions.
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5 Effect of acidic extracellular pH on cadherin

adhesion

5.1 Introduction

Chapter 3 investigated the consequence of cadherin de-adhesion by disrupting cadherin-cadherin

binding and cadherin-actin cytoskeleton binding interactions. In this chapter, changes in Ca2+-

cadherin binding was investigated as a possible mechanism of cadherin de-adhesion. Acidic ex-

tracellular pH is hypothesised to be an extrinsic regulator of cadherin adhesions by influencing

Ca2+-cadherin binding [17][311]. This extrinsic regulation of cadherin adhesions may be physiolo-

gically important given that the microenvironment at tumours is often acidified (pH 6.0-6.9) and

cadherin de-adhesion is required for metastatic cells to detach from tumours [312][282]. However,

the effect of acidic extracellular pH on cadherin cell adhesion in whole cell populations has yet to

be carried out. A comparison of how acidic pH affects E-cadherin and N-cadherin cell adhesion

has also not been carried out previously, and this is useful given that a switch in E-cadherin-to-

N-cadherin expression is known to be important for metastatic cell detachment. The work in this

chapter aimed to address this and thus provide information on acidic extracellular pH as a possible

mechanism of cadherin de-adhesion.

5.2 pH effect on cadherin-mediated cell aggregation

To determine the effect of pH on E- and N-cadherin-mediated cell adhesion, aggregation assays

with CHO cells stably expressing E-cadherin or N-cadherin were used. Aggregation assays are a

useful method to measure cell-to-cell adhesion in a cell population. However, there are multiple

adhesive mechanisms present in a cell, thus a particular method was used to ensure cells in the

assay could only form adhesions and aggregate due to cadherin-mediated adhesion (Figure 5.1).

In this method, monolayers of cadherin-expressing cells were treated with a low concentration of

trypsin (0.01%) in the presence of 1mM Ca2+. Trypsin is an endopeptidase that degrades proteins

on the surface of cells by cleavage at specific recognition sites. However, when a low concentration

of trypsin (0.01%) is used in the presence of Ca2+, cadherin proteins are protected from trypsin

degradation. This is because when the cadherin EC domains bind to Ca2+, the extracellular portion
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Figure 5.1 Dissociation method to assess cadherin-mediated cell aggregation

of the cadherin becomes rigid and trypsin cannot access the recognition sites. Thus, monolayers of

cells were dissociated into a single cell populations with only cadherin proteins on the cell surface,

and therefore can only aggregate via Ca2+-dependent cadherin-mediated adhesion.

To demonstrate that this method only permitted cadherin-mediated cell aggregation, parental

CHO cells were treated with 0.01% trypsin + 1mM Ca2+ and shaken for 40 min with 1mM Ca2+.

Parental CHO cells have no endogenous cadherin expression and as expected no aggregation

was observed (Figure 5.2). Using the dissociation method outlined above, single cell populations

of CHO cells stably expressing E-cadherin (E-CHO) were aggregated together in the presence

of 1mM Ca2+ at pH 7.4 and pH 6.0. There was no visible difference between aggregation at pH

7.4 and pH 6.0 at either 15 minutes or 40 minutes (Figure 5.3A). Aggregation was also quantified

by counting the loss of single cells over time, and no significant difference was observed between

aggregation in pH 7.4 and pH 6.0 (p=0.140)(Figure 5.3B). The absence of any aggregation when E-

CHO cells were shaken with 2mM EGTA, a Ca2+ chelator, indicates aggregation was only possible

via Ca2+-dependent cadherin adhesion. Similar results were observed when CHO cells stably

expressing N-cadherin (N-CHO) were aggregated in the presence of 1mM Ca2+ at pH 7.4 and pH

6.0. No notable visible difference was observed between the aggregation of N-CHO cells at pH 7.4

and 6.0 (Figure 5.4A). Quantification of aggregation revealed a trend for slightly lower aggregation

at pH 6.0 compared to aggregation at pH 7.4, but the differences, either overall or at each timepoint,

were not statistically significant (p=0.362)(Figure 5.4B). Different timepoints were used for each cell

line in order to assess aggregation of both cells in the early and intermediate phases, and N-CHO

cells happened to aggregate at a faster rate to E-CHO cells.



183

Figure 5.2 Parental CHO cells cannot aggregate when assessing cadherin-mediated cell ag-

gregation. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+ for 40 min.

Images of CHO cells after shaking for 15 min and 40 min in 1mM Ca2+. Scale bar = 200µm.
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Figure 5.3 Acidic pH does not affect cadherin-mediated aggregation of E-cadherin expressing

CHO cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images

of E-CHO cells after shaking for 15 min and 40 min in 1mM Ca2+ pH 7.4, 1mM Ca2+ pH 6.0

and 2mM EGTA pH 7.4. Black arrow shows a single cell and the blue arrow shows cells in an

aggregate. (B) The number of single cells was counted during the aggregation of E-CHO cells

at pH 7.4 and pH 6.0. The percentage of single cells was calculated by the number of single

cells at a certain timepoint divided by the number of single cells at the beginning of aggregation,

time=0 (n=4, Two-way ANOVA, p=0.140). Scale bar = 200µm.
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Figure 5.4 Acidic pH does not affect cadherin-mediated aggregation of N-cadherin expressing

CHO cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images

of N-CHO cells after shaking for 10 min and 30 min in 1mM Ca2+ pH 7.4, 1mM Ca2+ pH 6.0

and 2mM EGTA pH 7.4. (B) The number of single cells was counted during the aggregation of

N-CHO cells at pH 7.4 and pH 6.0. The percentage of single cells was calculated by the number

of single cells at a certain timepoint divided by the number of single cells at the beginning of

aggregation, time=0 (n=3, Two-way ANOVA, p=0.362). Scale bar = 200µm.
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5.3 pH effect on cadherin-mediated cell aggregation with

EDTA pre-treatment

The aggregation assays using the method outlined above suggest that there is no apparent effect

of pH on N-cadherin or E-cadherin-mediated cell aggregation. Evidence in literature suggests

that pH affects cadherin-Ca2+ binding, thus the aggregation assays were modified to take into

account cadherin-Ca2+ binding as well as cadherin-cadherin binding [311]. To do this, a different

dissociation method for cell aggregation was developed (Figure 5.5). Following low-level (0.01%)

trypsin dissociation of cadherin-expressing cell monolayers, Ca2+ was removed from the single

cell population prior to aggregation by using EDTA (a calcium chelator). Therefore, when single

cells were added to wells with Ca2+ for aggregation, cadherins on the cells should have to bind

Ca2+ before they could facilitate cell-to-cell adhesion.

Figure 5.5 Dissociation method to assess cadherin-mediated cell aggregation with EDTA pre-

treatment

Using this method, a visual difference was observed between the aggregation of E-cadherin

expressing CHO cells in 1mM Ca2+ at pH 7.4 and pH 6.0 (Figure 5.6A). Cell aggregation ap-

pears higher at pH 7.4, indicated by the comparatively larger and denser aggregates formed at 15

minutes and 40 minutes. From quantification, overall aggregation was higher at 7.4 compared to

6.0 (p-value=0.0347), with the most significant difference at 15 minutes (**)(Figure 5.6B). A similar

phenotype was observed for N-cadherin expressing CHO cells, with visibly higher aggregation at

pH 7.4 compared with pH 6.0 (Figure 5.7A). Quantification of N-cadherin CHO cells also revealed
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aggregation at pH 7.4 was significantly higher overall than pH 6.0, and the greatest difference

between the two conditions was at 10 minutes (p=0.0068)(***)(Figure 5.7B).
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Figure 5.6 Acidic pH negatively affects cadherin-mediated aggregation of E-cadherin expressing

CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated with 0.01%

trypsin + 1mM Ca2+ and then with 2mM EDTA. (A) Images of E-CHO cells after shaking for 15

min and 40 min in 1mM Ca2+ pH 7.4, 1mM Ca2+ pH 6.0 and 2mM EGTA pH 7.4. (B) The number

of single cells was counted during the aggregation of E-CHO cells at pH 7.4 and pH 6.0. The

percentage of single cells was calculated by the number of single cells at a certain timepoint

divided by the number of single cells at the beginning of aggregation, time=0 (n=4, Two-way

ANOVA, p=0.035, Sidak’s multiple comparisons test, ** indicates p≤0.01). Scale bar = 200µm.
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Figure 5.7 Acidic pH negatively affects cadherin-mediated aggregation of N-cadherin express-

ing CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated with 0.01%

trypsin + 1mM Ca2+ and then with 2mM EDTA. (A) Images of N-CHO cells after shaking for 10

min and 30 min in 1mM Ca2+ pH 7.4, 1mM Ca2+ pH 6.0 and 2mM EGTA pH 7.4. (B) The number

of single cells was counted during the aggregation of N-CHO cells at pH 7.4 and pH 6.0. The per-

centage of single cells was calculated by the number of single cells at a certain timepoint divided

by the number of single cells at the beginning of aggregation, time=0 (n=3, Two-way ANOVA,

p=0.007, Sidak’s multiple comparisons test, *** indicates p≤0.001). Scale bar = 200µm.
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Figure 5.8 pH has a negative relationship with cadherin-mediated aggregation of E-cadherin

expressing CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated

with 0.01% trypsin + 1mM Ca2+ and then with 2mM EDTA. The number of single cells was

counted during the aggregation of E-CHO cells in 1mM Ca2+ at various pH values for 15 min.

The percentage of single cells was calculated by the number of single cells at a certain timepoint

divided by the number of single cells at the beginning of aggregation, time=0 (n=4, One-way

ANOVA, p=0.030, Tukey’s multiple comparisons test, * indicates p≤0.05).

It was chosen to obtain a pH profile for E-cadherin and N-cadherin so that one could determine

at what pH a drop in aggregation is observed and whether there is any difference between the

two cadherin subtypes. Aggregation of E-cadherin and N-cadherin CHO cells was tested at a

range of pH values (7.4, 7.0, 6.6, 6.3, 6.0) at 15 minutes and 10 minutes respectively, as these

timepoints were where the greatest pH-dependent aggregation differences were observed. As with

all the previous quantifications, the higher the % of single cells found at a timepoint, the slower and

thus lower the cell aggregation is for a given condition. For E-cadherin CHO cells, aggregation

is highest at pH 7.4 (62.40%) and pH 7.0 (60.63%). Although aggregation at pH 7.0 was higher

than at pH 7.4, this difference was not statistically significant (Figure 5.8). Aggregation had a trend

of decreasing with pH value and is lowest at pH 6.0 (80.35%). Indeed, aggregation at pH 7.4

(62.40%) and 7.0 (60.63%) were both significantly higher than aggregation at pH 6.0 (80.35%)(*).

For N-cadherin CHO cells, aggregation appeared to decrease more gradually with pH (Figure 5.9).

A small reduction in aggregation was observed when the pH was dropped from 7.4 (41.93%) to

7.0 (45.50%), however the difference was not found be to statistically significant. Aggregation at

pH 6.0 (55.73%) was also the lowest in N-CHO cells and was significantly lower than aggregation

at pH 7.4 and 7.0 (**,*).
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Figure 5.9 pH has a negative relationship with cadherin-mediated aggregation of N-cadherin

expressing CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated with

0.01% trypsin + 1mM Ca2+ and then with 2mM EDTA. The number of single cells was counted

during the aggregation of N-CHO cells in 1mM Ca2+ at various pH values for 10 min. The

percentage of single cells was calculated by the number of single cells at a certain timepoint

divided by the number of single cells at the beginning of aggregation, time=0 (n=3, One-way

ANOVA, p=0.015, Tukey’s multiple comparisons test, ** indicates p≤0.01, * indicates p≤0.05).
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5.4 pH effect on E-to-N-cadherin heterophilic cell

aggregation

The above experiments examined the effects of pH on either homophilic N-to-N-cadherin or homo-

philic E-to-E-cadherin mediated cell aggregation. Previous work has demonstrated that E-cadherin

and N-cadherin can form heterophilic dimers and thus heterophilic adhesion between a N-cadherin

expressing cell and a E-cadherin expressing cells [18]. When cells expressing E-cadherin and

cells expressing N-cadherin were coaggregated together in the same well, it was found that ho-

moaggregates of either E-cadherin and N-cadherin cells formed. However, homoaggregates of

different cadherin expression were found in attachment to each other, indicating E-to-N-cadherin

heterophilic adhesion. Thus, in order to determine if acidic pH has an effect on heterophilic E-to-N-

cadherin cell aggregation, E-CHO and N-CHO cells were coaggregated at different pH values and

the ability of homoaggregates to form heterophilic adhesions was assessed (Figure 5.10). E-CHO

and N-CHO cells were fluorescently labelled with different dyes in order to distinguish between the

cells in the well. Following shaking for 90 min in 1mMCa2+ at pH 7.4 or pH 6.0, E-CHO and N-CHO

homoaggregates were visible and in attachment with each other in both conditions. To quantify

any possible effect on homoaggregate heterophilic attachment, the number of homoaggregates

not in attachment to another homoaggregate of a different cadherin expression was counted in

each condition. Prior to quantification, wells were removed from the rotary shaker and very lightly

dispersed. The purpose of this was to allow aggregates to separate out, which allows one to dis-

tinguish between homoaggregate contacts formed by heterophilic attachment and those formed

purely by the centralising force of rotation. It should also be noted that only aggregates over 100µm

in diameter were counted. Quantification revealed no significant difference in the number of homo-

aggregates not in hetrophillic attachment during coaggregation at pH 7.4 and pH 6.0. In fact, all

aggregates were engaged in heterophilic attachment at both pH 7.4 (n=3, total of 149 aggregates

counted) and pH 6.0. (n=3, total of 235 aggregates counted).
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Figure 5.10 Acidic pH does not affect the formation of E-cadherin/N-cadherin coaggregates.

Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+ and fluorescently dyed.

Images of E-CHO and N-CHO cells after shaking together for 90 min in 1mM Ca2+ pH 7.4 (A-C)

and 1mM Ca 2+ pH 6.0 (D-F). (A,D) E-CHO cells fluorescently labelled with DiL. (B,E) N-CHO

cells fluorescently labelled with DiO. (C,F) Merge of E-CHO and N-CHO images. Scale bar =

200µm.
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5.5 Discussion

The experiments presented in this chapter aimed to determine if acidic pH regulates cadherin

cell adhesion and thus may be a contributing factor to cadherin de-adhesion. It was found that

acidic pH was only able to affect E- and N-cadherin-mediated cell aggregation when cells were

pre-treated with EDTA and thus surface cadherins were first stripped of Ca2+. This indicates that

there is a negative effect of acidic pH on cadherin cell adhesion and the effect is linked to the

cadherin Ca2+-binding sites. It is well known that proteins becomes more or less sensitive to ions

as the pH changes and at low pH, a higher percentage of protonated side chains will be found on

the external surface of proteins [313]. At pH 6.0, it is thus likely that the reduction in cell adhesion

is due to protonation of amino acids which impairs Ca2+-cadherin binding due to positive charge

electrostatic repulsion. Indeed, there are several residues within the Ca2+-binding pocket of E-

cadherin (Glu11) and N-cadherin (Asp103, Asp134) which would likely become protonated during

a shift in pH from 7.4 and 6.0 (using ProPka 3.0) [314] . This agrees with recent circular dichroism

spectroscopy findings that association constants for Ca2+ to N-cadherin decrease with pH (Ka 7.4

= 3 x Ka 6.0) [315].

Previous single-molecular analysis of the pH effect on N-cadherin trans dimer binding has been

performed using atomic force microscopy [311]. In this method, the binding activity of individual

cadherin trans dimers was measured by the unbinding of dimers when a separating force was

applied. The authours reported a negative effect of acidic pH on N-cadherin trans dimer bind-

ing activity when the pH was dropped from pH 7.4 to pH 7.0 (75% decrease in binding activity).

This differs from the cell aggregation results presented in this chapter, as although aggregation

reduced with pH there was only a significant decrease when the pH was dropped to 6.0 and this

decrease was relatively small (13.8% decrease). The disparity in the magnitude of how acidic pH

affected cadherin adhesion may be due to differences in methodology. Even though a cell can

only form adhesions which are stronger than the opposing shear stress created through shaking,

the aggregation assays presented here only measure the ability of cells to form cadherin-mediated

adhesions. Therefore, the cell aggregation results provide no indication of the strength of cadherin

cell adhesions or relative forces required to break cadherin cell adhesions. Thus, it may be pos-

sible that the reduction in binding strength of individual cadherin transdimers in acidic pH cannot

be detected by aggregation assays or is tolerated in the formation of cell-cell adhesions. The lat-

ter may be true given that authours in Baumgartner et al. [311] reported a smaller effect of acidic

pH (22% decrease in binding activity from pH 7.4 to pH 7.0) when tested on the laser-tweezer

displacement of cadherin-coated beads on cadherin-expressing cells. Adhesions between beads

and cadherin-expressing cells are more ’cellular’ than single-molecular cadherin binding, but still

do not represent full cadherin cell-cell adhesion. Cell-cell adhesion is the result of many cadherin

interactions along a large contact site and bead adhesions ignore the fundamental contribution of

cadherin-actin cytoskeleton coupling to generating functional cell-cell adhesion. The data presen-

ted in Chapter 3 demonstrates this in vivo, where uncoupling of cadherins to the actin cytoskeleton
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can result in cadherin cell de-adhesion even when endogenous cadherins are expressed. These

differences may explain why acidic pH has a strong effect on cadherin trans dimers but only a

minimal effect on cadherin adhesions between whole cells.

The authours speculate that protonation affects the positioning of Ca2+ within cadherin binding

sites, which in turn results in cadherins with different structures and weaker dimerisation. This is

possible, but it seems unlikely that changes in cadherin structure due to changes in Ca2+-cadherin

binding only result in a small reduction in cadherin-mediated cell aggregation. Evidence in literat-

ure shows that even subtle changes in Ca2+-cadherin binding can abolish cadherin cell adhesion.

For example, a single mutation (D134A) in E-cadherin which removes a bidentate interaction to a

single Ca2+ ion between EC1/2 domain results in complete loss of cadherin-mediated cell aggreg-

ation [92]. Furthermore, our results in Chapter 6 suggest that even subtle changes in metal ion

coordination at the Ca2+-binding site cannot be tolerated in cadherin-mediated cell adhesion. The

use of circular dichorism spectroscopy would help determine if cadherins do indeed exhibit altered

conformations in acidic pH.

In light of the evidence presented here, it is proposed that acidic pH negatively affects Ca2+-

cadherin binding but cadherins may be eventually able to bind Ca2+ and adopt their physiological

conformation (cadherin conformation at pH 7.4). Protonation of key protein residues in the Ca2+-

binding site decreases Ca2+ binding affinity as shown in Jungles et al. [315], however this may only

translate to more dynamic Ca2+ binding. Thus, it is likely that Ca2+ can eventually populate binding

sites and in turn displace the extra protons to adopt their physiological conformation. Furthermore,

with each Ca2+ bound to cadherin, the binding affinity for successive Ca2+ ions would increase due

to cooperative binding and conformational changes which are transmitted distally along the cad-

herin upon Ca2+ binding. Once cadherins are bound by Ca2+, an acidic pH alone would be unlikely

to displace Ca2+; this was shown to be true even for a fragment of N-cadherin’s EC1/2 domains

[315]. This theory would explain our observation that pH only has a minimal effect on cadherin

cell aggregation and the effect appears to be overcome with time. It is possible that cadherins

can adopt an altered ’acidic-conformation’ as suggested in Baumgartner et al. [311] but this may

only be an intermediate formed during the initial binding of Ca2+ ions. Transition from the acidic

conformation to the physiological conformation may occur over time and possibly be influenced

by cadherin cis interactions and cadherin clustering as the highly-ordered cadherin lattice array at

cell junctions takes shape. The possible effects of extracellular acidic pH on cadherin structure

and adhesion is shown in Figure 5.11.

For several cancer types tumour dissemination is a process in which switching from E-cadherin

to N-cadherin is a significant requirement for dettachment of a metastatic cell (described in depth in

Chapter 1). It has been hypothesised that microenvironmental factors may play a role in facilitating

this cadherin de-adhesion event. One such factor may be extracellular pH. An extracellular acidic

pH (6.0-6.9) is a feature of tumour microenvironments due to abnormally high metabolism and poor

vasculature [312]. Results presented in this work along with results in literature indicate that acidic

pH attenuate Ca2+-cadherin binding and negatively affect cadherin cell adhesion [315]Baumgart-
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ner et al. [311]. However, the results in this study did not reveal any significant differences in how

E-cadherin or N-cadherin cell adhesion was affected nor did they reveal any effect on the ability of

E-to-N-cadherin heterophilic adhesion to form. As mentioned above, it is possible that the cell ag-

gregation assays are not sensitive enough to detect potential differences in cadherin binding. Lack

of a difference may not be surprising given that acidic pH most likely affects Ca2+-cadherin bind-

ing and the Ca2+-binding pockets of classical Type I cadherins are highly conserved [25]. Indeed,

experiments using EC1-2 fragments of E-cadherin and N-cadherin found that the two fragments

bound to Ca2+ with equal affinity [316]. The same study did, however, demonstrate different di-

merisation and disassembly kinetics between the two fragments. Additionally, crystal lattices of

E-cadherin and N-cadherin that the arrays of cadherins that form at cell-cell junctions have dimen-

sional differences [13]. For example, the angle between cadherin molecules and the presumptive

cell membrane differs by 14 degrees in N-cadherin and E-cadherin arrays. These results suggest

that E-cadherin and N-cadherin binding, and likely adhesion, are not identical and a differential

effect of acidic pH on E-cadherin and N-cadherin remains a possibility. Biophysical assessment of

N-N-, E-E- and E-N-cadherin binding strength (e.g. laser-tweezer displacement of cadherin coated-

beads) in response to pH would be useful in making a conclusion. Regardless of whether acidic pH

has differential effect on E-cadherin and N-cadherin, the fact that acidic pH has a negative effect

on cadherin cell adhesion means it may be a contributor to cadherin de-adhesion during tumour

dissemination. For example, recent clinical evidence shows that the E-to-N switch may actually

be a change in expression from E-cadherin to a non-adhesive N-cadherin, as a result of aber-

rant protein processing in metastatic cells [282]. The accumulation of non-adhesive N-cadherin

directly correlates with the reduction in cell adhesiveness, but whether this is sufficient to permit

metastatic cell detachment is unknown. It is possible that during cancer progression, a number

of factors contribute to the reduction in a metastatic cell’s adhesiveness, including accumulation

of non-adhesive N-cadherin and acidic extracellular pH, and only when the cell’s adhesiveness

drops below a certain threshold is it able to detach from a tumour.
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Figure 5.11 Schematic of possible effects of acidic pH on cadherin adhesion. Acidic pH neg-

atively affects Ca2+ binding to cadherin molecules. Once bound to Ca2+ in acidic pH, cadherin

molecules may adopt their physiological conformation or a slightly different conformation which

has reduced cadherin-cadherin binding. Exchange between the two conformations may exist

following Ca2+ binding. Green circles represent Ca2+ ions.
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6 Effect of Tb3+ on cadherin adhesion

6.1 Introduction

In Chapter 5, an acidic extracellular pH was shown to influence cadherin function by altering the

chemistry of the Ca2+-binding pocket. Another way in which cadherin function, and thus cadherin

de-adhesion, may be influenced is by changing the chemistry of the metal ion binding to cadherins.

This would provide further information on which binding interactions are important in the Ca2+-

binding pocket and how changes in Ca2+-cadherin binding might result in cadherin de-adhesion.

Trivalent lanthanides (Ln3+) are effective mimics of Ca2+ due to their similar ionic radii and metal

coordination chemistry [143]. For example, Ca2+ has an ionic radius of 1.06Å and Tb3+ has an ionic

radius of 0.98Å, and both are typically coordinated by 6-8 ligands [317][318][319]. Ln3+ binding

within a number of Ca2+-binding proteins has been demonstrated, sometimes with similar or even

stronger binding affinity to Ca2+. Furthermore, some proteins are able to maintain normal function

following Ln3+ binding. For example, Tb3+ binding to β1-Bungarotoxin was able to effectively stim-

ulate the protein’s phospholipase A2 activity [131]. Apart from an early work using an E-cadherin

fragment, what effect Ln3+ ions have on cadherin structure and function has not been explored

[144]. The early work used trypsin protection assays to suggest La3+ binding to the E-cadherin

fragment, but their results require confirmation for reasons described in the introduction (see sec-

tion 1.3). The work presented in this study aimed to provide convincing evidence of Ln3+ binding

to cadherins. Additionally, there is a need for further elucidation of the relationship between Ln3+

ions and cadherin function as the use of Ln3+ ions in in vivo applications is increasing and Ln3+ ions

have been proposed as potential anti-cancer agents. Here, the effect of two Ln3+ ions, Tb3+ and

Gd3+, on the structure and function of E-cadherin and N-cadherin, two cadherins heavily implicated

in cancer progression, was investigated.

6.2 Tb3+ inhibits cadherin-mediated cell aggregation

Previous work in the Price Lab by Dr Rosanna Smith qualitatively showed effects of Tb3+ ions on

the aggregation of cadherin-expressing CHO cells. However, the experiment was not preformed

using methods where cells can only aggregate via cadherin-mediated cell adhesion and thus re-

quires repeating using cadherin-only aggregation methods. In addition, this study will quantify
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the Tb3+ effect on cadherin-mediated cell aggregation with cadherins beginning in the Ca2+-bound

and non-Ca2+-bound states, and will be assessed in cell lines with forced and endogenous E- and

N-cadherin expression.

E-CHO monolayers were dissociated into single cells using 0.01% trypsin + 1mM Ca2+ using

the method previously described in Chapter 5. From visual observation of aggregation and from

quantifying the loss in single-cells, the results indicate that E-CHO cells cannot aggregate in the

presence of 1mMTb3+ (Figure 6.1). The cells shaken in 1mMTb3+ remained as a near 100% single

cell population even after 40 min, and aggregation was significantly lower than aggregation of E-

CHO cells in 1mM Ca2+ at 15 min (****) and 40 min (****). Failure to aggregate in the presence

of Tb3+ may be due to the lack of Ca2+, so E-CHO cells were also shaken in presence of both

Tb3+ and Ca2+ to determine if Tb3+ can bind to and inhibit E-cadherin mediated cell aggregation.

Visually it was difficult to detect any aggregation of E-CHO cells in the presence of 1mM Ca2+ +

2mM Tb3+. Quantification of single cell loss revealed that aggregation in 1mM Ca2+ + 2mM Tb3+

was significantly lower than aggregation in 1mM Ca2+ at both 15 min (93.30% vs. 54.93%)(****)

and 40 min (70.56% vs. 26.36%)(****). A small amount of aggregation was achieved after 40

min in 1mM Ca2+ + 2mM Tb3+ and this was significantly higher than the near negligible amount of

aggregation seen in 1mM Tb3+ after 40 min. Interestingly, when E-CHO cells were shaken in the

presence of 1mM Ca2+ + 1mM Tb3+, there was no significant visual or quantifiable difference in

aggregation to 1mM Ca2+.

A similar set of results was obtained during the aggregation of N-CHO cells Tb3+ and combina-

tions of Tb3+ + Ca2+ (Figure 6.2). No aggregation was visible in 1mM Tb3+ and there was nearly no

loss in single cells even after 30 min, making it significantly lower than N-CHO aggregation in 1mM

Ca2+ at both 15 min (***) and 40 min (****). Aggregation was also difficult to identify in 1mM Ca2+

+ 2mM Tb3+, and aggregation was significantly lower than aggregation in 1mM Ca2+ at both 15

min (96.37% vs. 67.00%)(**) and 40 min (73.27% vs. 23.77%)(****). No significant difference in

aggregation was observed visually or by quantification between N-CHO cells aggregated in 1mM

Ca2+ and in 1mM Ca2+ + 1mM Tb3+.

In order to confirm if Tb3+ had the same effect on cells which endogenously express cadherins,

aggregation of two cancer cell lines was performed. Hs578t is a N-cadherin expressing breast

cancer cell line, which is metastatic and highly invasive [320]. Hs578t did not differ from N-CHO in

the response of its aggregation to Tb3+ (Figure 6.3). No visible aggregation was observed in 1mM

Tb3+ and aggregation was significantly lower than aggregation in 1mM Ca2+ at both 10 min and 40

min. Hs578t aggregation in 1mM Ca2+ + 2mM Tb3+ was also significantly lower than aggregation

in 1mM Ca2+ at both 10 min (86.62% vs. 34.59%)(****) and 40 min (79.17% vs. 3.96%)(****).

Aggregation in 1mM Ca2+ + 1mM Tb3+ was not significantly different from aggregation in 1mM

Ca2+.

MCF-7 is an E-cadherin expressing breast cancer cell line and similarly to E-CHO, MCF-7 E-

cadherin-mediated cell aggregation was significantly lower in the presence of 1mM Tb3+ and 1mM

Ca2+ + 2mM Tb3+ (Figure 6.4). No visible difference between aggregation in 1mM Ca2+ + 1mM
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Figure 6.1 Tb3+ cannot facilitate cadherin-mediated aggregation of E-cadherin expressing CHO

cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images of E-

CHO cells after shaking for 15 min and 40 min in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++ 1mM Tb3+,

and 1mMCa2++ 2mMTb3+. (B) The number of single cells was counted during the aggregation of

E-CHO cells in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. The

percentage of single cells was calculated by the number of single cells at a certain timepoint

divided by the number of single cells at the beginning of aggregation, time=0 (n=4, Two-way

ANOVA, p<0.0001, Sidak’s multiple comparisons test, **** indicates p≤0.0001). Scale bar =

200µm.

Tb3+ and 1mM Ca2+ was observed. Unfortunately, quantification of MCF-7 aggregation could not

be achieved due to difficulties in dissociating MCF-7 monolayers into single cells. MCF-7 cells

detach from the plastic culture surface in sheets, thus preventing the access of trypsin enzymes

to cells and generation of a near 100% single cell population.
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Figure 6.2 Tb3+ cannot facilitate cadherin-mediated aggregation of N-cadherin expressing CHO

cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images of

N-CHO cells after shaking for 10 min and 30 min in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++ 1mM

Tb3+, and 1mM Ca2++ 2mM Tb3+. (B) The number of single cells was counted during the ag-

gregation of E-CHO cells in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++ 1mM Tb3+, and 1mM Ca2++

2mM Tb3+. The percentage of single cells was calculated by the number of single cells at a

certain timepoint divided by the number of single cells at the beginning of aggregation, time=0

(n=3, Two-way ANOVA, p<0.0001, Sidak’s multiple comparisons test, **** indicates p≤0.0001,

*** indicates p≤0.001). Scale bar = 200µm.
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Figure 6.3 Tb3+ cannot facilitate cadherin-mediated aggregation of Hs578t endogenously ex-

pressing N-cadherin. Prior to aggregation, cells were treated with 0.04% trypsin + 1mM Ca2+.

(A) Images of Hs578t cells after shaking for 10 min and 30 min in 1mM Ca2+, 1mM Tb3+, 1mM

Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. (B) The number of single cells was counted dur-

ing the aggregation of Hs578t cells in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++ 1mM Tb3+, and 1mM

Ca2++ 2mM Tb3+. The percentage of single cells was calculated by the number of single cells at

a certain timepoint divided by the number of single cells at the beginning of aggregation, time=0

(n=4, Two-way ANOVA, p<0.0001, Sidak’s multiple comparisons test, **** indicates p≤0.0001).

Scale bar = 200µm.
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Figure 6.4 Tb3+ cannot facilitate cadherin-mediated aggregation of MCF-7 cells endogenously

expressing E-cadherin. Prior to aggregation, cells were treated with 0.04% trypsin + 1mM Ca2+.

Images of MCF-7 cells after shaking for 10 min and 40 min in 1mM Ca2+, 1mM Tb3+, 1mM Ca2++

1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. Scale bar = 200µm.
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Given that Tb3+ is an analogue of Ca2+ and from the results above, it is likely that Tb3+ affects

cadherin-mediated cell aggregation by affecting Ca2+-cadherin binding. If so, then assessing ag-

gregation when Ca2+ is first removed from cadherin molecules might yield a more potent inhibitory

effect of Tb3+ on cadherin-mediated aggregation. Thus, E-CHO and N-CHO cells were dissoci-

ated with 0.01% trypsin + 1mM Ca2+, pre-treated with 2mM EDTA, and then aggregation tested in

different combinations of Ca2+ and Tb3+ (see Section 5.3 for details on the dissociation method).

When E-CHO cells were pre-treated with 2mM EDTA, the results were not significantly different

from aggregation without 2mM EDTA pre-treatment (Figure 6.5). Aggregation in 1mM Ca2+ was

still significantly higher than aggregation in 1mM Ca2+ + 2mM Tb3+, and was not significantly differ-

ent from aggregation in 1mM Ca2+ + 1mM Tb3+. The same was found for N-CHO, with aggregation

in 1mM Ca2+ remaining significantly higher than aggregation in 1mM Ca2+ + 2mM Tb3+, but not

significantly different from aggregation in 1mM Ca2+ + 1mM Tb3+ (Figure 6.6).

Whether Tb3+ was also able to abolish heterophillic E-to-N-cadherin adhesion was tested using

the co-aggregation assays described in Section 5.4. In the presence of 1mMTb3+, no homoaggreg-

ates of either E-CHO or N-CHO cells was observed nor was there any visible sign of heterophillic

attachment (Figure 6.7). Co-aggregation in 1mMCa2+ + 2mM Tb3+ revealed similar results, with no

homoaggregate formation or heterophillic attachment visible. As expected, during co-aggregation

in 1mM Ca2+ + 1mM Tb3+ there were homoaggregates present which were in heterophillic attach-

ment to homoaggregates of a different cadherin expression.
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Figure 6.5 Tb3+ has no enhanced effect on cadherin-mediated aggregation of E-cadherin ex-

pressing CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated with

0.01% trypsin + 1mM Ca2+ and then with 2mM EDTA. (A) Images of E-CHO cells after shaking

for 15 min and 40 min in 1mM Ca2+, 1mM Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. (B) The

number of single cells was counted during the aggregation of E-CHO cells in 1mM Ca2+, 1mM

Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. The percentage of single cells was calculated by

the number of single cells at a certain timepoint divided by the number of single cells at the be-

ginning of aggregation, time=0 (n=3, Two-way ANOVA, p=0.0003, Sidak’s multiple comparisons

test, **** indicates p≤0.0001, ** indicates p≤0.01). Scale bar = 200µm.
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Figure 6.6 Tb3+ has no enhanced effect on cadherin-mediated aggregation of N-cadherin ex-

pressing CHO cells when pre-treated with EDTA. Prior to aggregation, cells were treated with

0.01% trypsin + 1mM Ca2+ and then with 2mM EDTA. (A) Images of N-CHO cells after shaking

for 10 min and 30 min in 1mM Ca2+, 1mM Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. (B) The

number of single cells was counted during the aggregation of N-CHO cells in 1mM Ca2+, 1mM

Ca2++ 1mM Tb3+, and 1mM Ca2++ 2mM Tb3+. The percentage of single cells was calculated by

the number of single cells at a certain timepoint divided by the number of single cells at the be-

ginning of aggregation, time=0 (n=3, Two-way ANOVA, p=0.0008, Sidak’s multiple comparisons

test, **** indicates p≤0.0001). Scale bar = 200µm.
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Figure 6.7 Tb3+ inhibits the formation of E-cadherin/N-cadherin coaggregates. Prior to aggreg-

ation, cells were treated with 0.01% trypsin + 1mM Ca2+ and fluorescently dyed. Images of

E-CHO and N-CHO cells after shaking together for 90 min in (A-C) 1mM Ca2+, (D-F) 1mM Tb3+,

(G-I) 1mM Ca2++ 1mM Tb3+, and (J-L) 1mM Ca2++ 2mM Tb3+. (A,D,G,J) E-CHO cells fluores-

cently labelled with DiL. (B,E,H,K) N-CHO cells fluorescently labelled with DiO. (C,F,I,L) Merge

of E-CHO and N-CHO images. Scale bar = 200µm.
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6.3 Gd3+ inhibits cadherin-mediated cell aggregation

Gadolinum is another element of the lanthanide series and, like terbium, the trivalent gadolinium

ion (Gd3+) has a similar ionic radius to Ca2+ (1.00Å vs. 1.06Å) [318][319]. Gd3+ also has similar

bonding and coordination atom preferences to Ca2+ and has been demonstrated to bind within

various Ca2+ binding sites of proteins. Furthermore, Gd3+ is known to affect intracellular Ca2+ sig-

nalling by displacing Ca2+ from Ca2+ channels, thus blocking their activity and response to stimuli

[136][147]. However, there is no evidence of whether Gd3+ can bind to cadherins and what effect

Gd3+ binding has on cadherin adhesive function. When E-CHO cells are dissociated with 0.01%

trypsin + 1mM Ca2+ and shaken in the presence of 1mM Gd3+, no visual cell aggregation was de-

tected (Figure 6.8). No aggregation was detected in the presence of 1mM Ca2+ + 2mMGd3+ either,

however strong aggregation was observed in 1mM Ca2+ + 1mM Gd3+ which does not appear to be

different from aggregation in 1mM Ca2+ at either 15 min or 40 min. When N-CHO cells were dis-

sociated by the same method and agitated in the presence of 1mM Gd3+, no cell aggregation was

observed either (Figure 6.9). Similarly, no aggregation was detected during shaking in 1mM Ca2+

+ 2mM Gd3+ and strong aggregation was observed during shaking in 1mM Ca2+ + 1mM Gd3+. The

effect of Gd3+ was tested on heterophillic E-to-N-cadherin adhesion using a coaggregation assay.

No homoaggregation nor any heterophillic attachment was observed when E-CHO and N-CHO

cells were shaken together in the presence of either 1mM Gd3+ or 1mM Ca2+ + 2mM Gd3+ (Fig-

ure 6.10). Coaggregation in 1mM Ca2+ + 1mM Gd3+ resulted in the formation of homoaggregates

and heterophillic attachments between homoaggregates of different cadherin expression.
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Figure 6.8 Gd3+ cannot facilitate cadherin-mediated aggregation of E-cadherin expressing CHO

cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images of

E-CHO cells after shaking for 15 min and 40 min in 1mM Ca2+, 1mM Gd3+, 1mM Ca2++ 1mM

Gd3+, and 1mM Ca2++ 2mM Gd3+. Scale bar = 200µm.
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Figure 6.9 Gd3+ cannot facilitate cadherin-mediated aggregation of N-cadherin expressing CHO

cells. Prior to aggregation, cells were treated with 0.01% trypsin + 1mM Ca2+. (A) Images of

N-CHO cells after shaking for 10 min and 30 min in 1mM Ca2+, 1mM Gd3+, 1mM Ca2++ 1mM

Gd3+, and 1mM Ca2++ 2mM Gd3+. Scale bar = 200µm.
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Figure 6.10 Gd3+ inhibits the formation of E-cadherin/N-cadherin coaggregates. Prior to ag-

gregation, cells were treated with 0.01% trypsin + 1mM Ca2+ and fluorescently dyed. Images

of E-CHO and N-CHO cells after shaking together for 90 min in (A-C) 1mM Ca2+, (D-F) 1mM

Gd3+, (G-I) 1mM Ca2++ 1mM Gd3+, and (J-L) 1mM Ca2++ 2mM Gd3+. (A,D,G,J) E-CHO cells

fluorescently labelled with DiL. (B,E,H,K) N-CHO cells fluorescently labelled with DiO. (C,F,I,L)

Merge of E-CHO and N-CHO images. Scale bar = 200µm.
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6.4 Tb3+ enhances cadherin sensitivity to trypsin

degradation

Results from the aggregation assays demonstrated that cadherins cannot facilitate cell adhesion in

the presence of Tb3+. Furthermore, cadherin cell adhesion was also lost in the presence of 1mM

Ca2+ when the concentration of Tb3+ was sufficiently higher than Ca2+. These results suggest

that Tb3+ may compete with Ca2+ for binding to cadherins, and by competitive antagonism Tb3+ is

able to inhibit cadherin-mediated cell adhesion. However, further confirmation of Tb3+ binding to

E-cadherin and N-cadherin is required and importantly, if Tb3+ can bind cadherin molecules, why

do Tb3+-bound cadherins not facilitate cell adhesion?

Cadherins are unique in that they are resistant against a low concentration of trypsin enzyme

in the presence of Ca2+ [16]. Cadherins only gain this resistance when complete Ca2+ binding

induces conformational change into the cadherin’s rigid functional structure. Any alterations in

cadherin-Ca2+ binding or in the ability of a cadherin to attain it’s functional state following Ca2+

binding thus reduces its resistance to trypsin. Assays which measure the sensitivity of cadherins

to trypsin, also called trypsin protection assays, are used here in order to determine how Tb3+

affects cadherin-Ca2+ binding and the structural conformation of cadherins.

Monolayers of E-CHO and N-CHO cells were first stripped of Ca2+ via EDTA treatment and

then treated with low trypsin (0.04%) in the presence of different combinations of Ca2+ and Tb3+

for 80 min. After extensive washing and trypsin inhibition, the cells were then lysed and immun-

oblotted for cadherins by western blotting. Antibodies raised against the cytoplasmic domain of

either E-cadherin or N-cadherin were used so that changes in cadherin size due to partial trypsin

degradation could be detected.

Lysates of control E-CHO cells, no trypsin treatment, only yielded two bands around 120kD

when immunoblotted with an antibody against the E-cadherin cytoplasmic domain (Figure 6.11).

When E-CHO cells were trypsinised with 1mM EGTA, the two bands at 120kD were still present

as well protein bands at 46kD and 36kD. Trypsinising E-CHO cells with 1mM Ca2+, yields the

same pattern of bands although the intensity of the 120kD bands appeared greater than the other

two bands. E-CHO cells in trypsin + 1mM Tb3+ resulted in bands at 120kD, 56kD, 46kD, as well

as a faint band at 80kD. Trypsinising E-CHO cells with 1mM Ca2+ + 1mM Tb3+ yielded protein

bands at 120kD, 56kD, 46kD and 36kD. Finally, lysates of E-CHO cells treated with trypsin in

the presence of 1mM Ca + 2mM Tb3+ revealed protein bands at 120kD, 80kD, 56kD, 46kD and

36kD.

Based on literature and other western blots on E-cadherin, the two bands at 120kD likely corres-

pond to precursor and mature full-length E-cadherin protein [321][322]. Thus, in order to measure

how Ca2+ and Tb3+ protects full-length E-cadherin protein from trypsin degradation, the densito-

metry of the bands at 120kD at each condition was quantified after normalisation to a protein

loading control, β-actin. The densitometry of the full-length band in each treatment was expressed
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as relative to the densitometry of the full-length band in the no trypsin control. 83.40% of full-length

protein remained following E-CHO trypsin treatment + 1mM Ca2+, which was significantly higher

than the 26.83% of full-length protein present following E-CHO treatment with trypsin + 1mM EGTA

(**) (Figure 6.12). The amount of full-length E-cadherin protein present in trypsin + 1mM Ca2+ was

also significantly higher than the amounts remaining after trypsin + 1mM Tb3+ (22.70%, **) and

trypsin + 1mM Ca2+ + 2mM Tb3+ (34.53%, *) treatments. Interestingly, there was no significant dif-

ference between the amount of full-length protein remaining after trypsin + 1mM Ca2+ and trypsin

+ 1mM Ca2+ + 1mM Tb3+ (62.15%).

When lysates of control N-CHO cells, no trypsin treatment, were immunoblotted with an anti-N-

cadherin cytoplasmic domain antibody, a single band at 135kD was detected (Figure 6.13). This

protein band was also detected in N-CHO cells trypsinised with 1mM EGTA, as well as bands at

85kD, 56kD, and two faint bands at 38kD. Lysates of N-CHO cells following trypsin + 1mM Ca2+

had a band at 135kD, multiple bands at 85kD, 56kD, and two faint bands at 38kD. The protein

bands produced following N-CHO treatment with trypsin + 1mM Tb3+ was identical to those seen

in trypsin + 1mM Ca2+, however the relative intensities of the bands were very different. N-CHO

trypsin with 1mM Ca2+ + 1mM Tb3+ had multiple protein bands at 85kD, bands at 135kD and 56kD,

as well as faint possible bands at 38kD. Trypsin of N-CHO cells in the presence of 1mM Ca2+ +

1mM Tb3+ yielded the same pattern of protein bands except for possibly one less band at 85kD.

Literature evidence suggests that the protein band at 135kD corresponds to full-length N-cadherin

protein and how well this full-length band is protected from trypsin in the different treatments was

quantified in the same way as done for E-CHO cells [323]. Relative to the no trypsin control,

63.59% of full-length protein remained following the trypsinisation of N-CHO cells with 1mM Ca2+

for 80 min (Figure 6.14). This was significantly higher than the amount of full-length protein that

remained following N-CHO treatment with trypsin + 1mM EGTA (14.57%, ****), trypsin + 1mM Tb3+

(14.93%,***) and trypsin + 1mM Ca2+ + 2mM Tb3+ (35.52%, **). Similar to E-CHO, the amount of

full-length protein remaining following trypsin + 1mM Ca2+ was not significantly different from the

amount remaining following trypsin + 1mM Ca2+ + 1mM Tb3+ (64.48%).
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Figure 6.11 Western blot of E-cad in E-CHO cells following treatment with 0.04% trypsin in the

presence of 1mM EGTA, 1mM Ca2+, 1mM Tb3+, 1mM Ca2+ + 1mM Tb3+, and 1mM Ca2+ + 2mM

Tb3+. Control cells were not trypsinised.
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Figure 6.12 Tb3+ does not protect E-cadherin from trypsin degradation. (A) Western blot of

E-cad and β-actin (loading control) E-CHO cells following treatment with 0.04% trypsin in the

presence of 1mM EGTA, 1mM Ca2+, 1mM Tb3+, 1mM Ca2+ + 1mM Tb3+, and 1mM Ca2+ + 2mM

Tb3+. Control cells were not trypsinised. (B) Quantification of E-cad expression normalised to

β-actin expression. Densitometry expressed as fold change relative to the control. (C) Table of

statistical significance between pairs of treatments (n=3, One-way ANOVA, p<0.0001, Tukey’s

multiple comparisons test,*** indicates p≤0.001, ** indicates p≤0.01, * indicates p≤0.05 ).
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Figure 6.13 Western blot of N-cad in N-CHO cells following treatment with 0.04% trypsin in the

presence of 1mM EGTA, 1mM Ca2+, 1mM Tb3+, 1mM Ca2+ + 1mM Tb3+, and 1mM Ca2+ + 2mM

Tb3+. Control cells were not trypsinised.
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Figure 6.14 Tb3+ does not protect N-cadherin from trypsin degradation. (A) Western blot of

N-cad and β-actin (loading control) N-CHO cells following treatment with 0.04% trypsin in the

presence of 1mM EGTA, 1mM Ca2+, 1mM Tb3+, 1mM Ca2+ + 1mM Tb3+, and 1mM Ca2+ + 2mM

Tb3+. Control cells were not trypsinised. (B) Quantification of N-cad expression normalised to

β-actin expression. Densitometry expressed as fold change relative to the control. (C) Table of

statistical significance between pairs of treatments (n=4, One-way ANOVA, p<0.0001, Tukey’s

multiple comparisons test, **** indicates p≤0.0001, *** indicates p≤0.001, ** indicates p≤0.01).
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6.5 Determination of Tb3+-cadherin binding by Tb3+-FRET

Biochemical and cell assays can provide indirect information regarding ligand-protein binding.

However, only direct biophysical experimentation can conclusively demonstrate binding between

a protein and a ligand and the affinity of the binding interaction. It is fortunate that the ligand

of interest here, Tb3+, has excellent spectroscopic properties. Upon excitation, electrons in Tb3+

undergo 4f-4f orbital transitions and the emission bands are very sharp and within the range of

fluorescein - a common used fluorophore in biochemistry [143]. The absorption spectra of Tb3+

is shown in Figure 6.15) and there is a broad overlap with tryptophan fluorescence, which is also

similar to tyrosine fluorescence. Therefore, when Tb3+ ions binds to proteins, fluorescence reson-

ance energy transfer can occur from Tryptophan/Tyrosine residues to bound Tb3+ ions following

excitation of the aromatic residues (282nm).

Figure 6.15 Tb3+ absorption spectra and tryptophan fluorescence spectra. Adopted from Chu

1989

In order to determine if Tb3+ can bind cadherin molecules, E-cadherin recombinant protein was

titrated into a solution of Tb3+ and possible FRET was monitored. A fragment (155-710aa) of hu-

man E-cadherin recombinant protein with no tag was used and this corresponds to the mature

extracellular domain of E-cadherin (Sigma). The protein was first dialysed out of the storage solu-

tion containing EDTA, a known Ca2+ and Tb3+ chelator, into a solution of 2mM MOPS.Na pH 7.4.

The protein was titrated into a 100µM Tb3+ buffered solution (10mM Tris-HCl, 100mM KCl, 120mM

NaCl) and emission at 543nm was measured during excitation at 282nm. Addition of recombin-
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Figure 6.16 Tb3+-FRET during titration of E-cadherin protein into 100µM Tb3+ solution. (A) Emis-

sion spectra of Tb3+ with increasing amounts of E-cadherin protein when excited at 282nm in

10mM Tris-HCl, 100mM KCl, 120mM NaCl pH 7.4. (B) Fluorescence enhancement of Tb3+ at

543nm when excited at 282nm as a function of E-cadherin protein concentration. Fluorescence

enhancement was normalised to 543nm emission by 100µM Tb3+ in the absence of protein in

10mM Tris-HCl, 100mM KCl, 120mM NaCl pH 7.4.

ant E-cad resulted in a linear increase of Tb3+ fluorescence emission at 543nm (Figure 6.16A).

It should be noted that no fluorescence enhancement was observed during addition of protein in

the absence of Tb3+ and the fluorescence enhancement was normalised to 543nm emission by

100µM Tb3+ with no protein in (Figure 6.16B).
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Figure 6.17 Tb3+-FRET during titration of Tb3+ into 47.5nME-cadherin protein. (A) Fluorescence

enhancement of Tb3+ at 543nm when excited at 282nm when different concentration of Tb3+ are

added to 47.5nM E-cadherin protein in 10mM Tris-HCl, 100mM KCl, 120mM NaCl pH 7.4. Non-

linear regression fit to equation 6.1.

This data indicates that FRET can occur between Trp/Tyr residues in the E-cadherin and Tb3+,

and thus suggests that Tb3+ can bind E-cadherin molecules. In order to determine the binding

affinity of Tb3+ to E-cadherin, Tb3+ was titrated into a constant concentration of recombinant E-

cadherin protein and 543nm emission was measured during 282nm excitation. Each data point

was collected by measuring the 543nm emission of Tb3+ alone at different concentrations and

then adding in a constant concentration of 43.7nM E-cadherin protein and measuring the 543nm

emission. This was done because Tb3+ can also be directly excited by 282nm, as shown by

the absorption spectra in Figure 6.15. Thus the total 543nm fluorescence signal at each Tb3+

concentration when excited at 282nm is a combination of indirect FRET between Tyr/Trp residues

and bound Tb3+ ions as well direct excitation of Tb3+ ions. One method to isolate the fluorescence

enhancement due to specific Tb3+-cadherin binding and FRET is to fit the total 543nm signal (Tb3+

+ protein) to equation 6.1 (Figure 6.17). This equation automatically accounts for non-specific

binding by identifying linear regression within the total binding data (Tb3+ + protein). The equation

assumes that the total signal is a combination of specific binding and non-specific binding, the latter

of which is linearly proportional to the ligand concentration. 543nm fluorescence enhancement by

direct excitation of Tb3+ should have a linear relationship with [Tb3+], but this equation also accounts

for all other non-specific signal which increases linearly with [Tb3+] [129]. A Kd of Tb3+ binding to

E-cadherin was calculated to be 91.31µM (R square=0.998).

Y = Bmax ×X /(Kd +X) +NS ×X +Background (6.1)
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It was also decided to manually subtract the non-specific 543nm fluorescence signal contributed

by direct Tb3+ excitation from the total signal ([Tb3+ + protein]-Tb3+). First, the 543nm fluorescent en-

hancement of Tb3+ alone at 282nm excitation was plotted against [Tb3+]. Interestingly, a slight non-

linear relationship was found and the data was fitted to the equation 6.2 (R square=0.9761)(Figure 6.18A).

543nm Tb3+ alone signal was subtracted from the 543nm Tb3+ + protein signal, and the data was

fitted to the basic binding equation 6.2. The calculated Kd for Tb3+ binding to E-cadherin was

96.96µM (R square=0.961)(Figure 6.18B).

Y = Bmax ×X /(Kd +X) (6.2)
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Figure 6.18 Tb3+-FRET during titration of Tb3+ into 47.5nM E-cadherin protein with manual sub-

traction of direct Tb3+ fluorescence. (A) Fluorescence enhancement of Tb3+ at 543nm when

excited at 282nm at different concentrations of Tb3+ in 10mM Tris-HCl, 100mM KCl, 120mM

NaCl pH 7.4. Non-linear regression fit to equation 6.2. (B) Fluorescence enhancement of Tb3+

at 543nm when excited at 282nm when different concentration of Tb3+ are added to 47.5nM

E-cadherin protein, with subtraction of 543nm emission of Tb3+ alone plotted in (A). Non-linear

regression fit to equation 6.2.
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6.6 Effects of low concentrations of Tb3+ and Gd3+ on

cadherin-based cell behaviours

Tb3+ and Gd3+ have reported effects on cellular signalling and behaviour at physiological relevant

concentrations. Gd3+ concentrations as low as 50µM enhanced proliferation in HeLa cells, by

increasing cyclin E expression and levels of retinoblastoma protein phosphorylation [165]. Both

Tb3+ and Gd3+ have been shown to influence intracellular Ca2+ signal by blocking Ca2+ channels

through competitively binding at Ca2+ binding sites [164]. This occurred at concentrations as low

as 20µM and had a negative effect on the invasive behaviour of melanoma cells, reducing cell

migration and enhancing cell attachment to surfaces. Thus, what effects low concentrations of

Tb3+ and Gd3+ had on cellular behaviours relating to cadherin adhesion were investigated.

Firstly, a spreading assay was used to determine the possible effect of 40µM Tb3+ on the spread-

ing (or disaggregation) of a N-cadherin based aggregate onto a ECM-coated surface. In theory,

this tests the ability of cells to disassemble or modify cell-cell contacts in order to form cell-ECM

contacts and spread. Monolayers of N-cadherin expressing CHO cells were dissociated using

0.01% trypsin + 1mM Ca2+, leaving only cadherins on the cell surface, and allowed to aggregate

in 1mM Ca2+ for 24h. Aggregates were then transferred to a well coated with fibronectin contain-

ing control media or media with 40µM Tb3+; all media contained 1.8 mM Ca2+. Spreading of the

aggregates was followed by the increased area occupied by the cells. There was no significant

difference in the spreading of N-CHO aggregates in DMEM with 40µM Tb3+ (14.62 fold change)

versus control DMEM (12.81 fold change)(p=0.596)(Figure 6.19).
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Figure 6.19 Tb3+ has no effect on the spreading of N-cadherin CHO cell aggregates. N-CHO

cells were treated with 0.01% trypsin + 1mM Ca2+ and allowed to aggregate by shaking in 1mM

Ca2+. Individual aggregates were placed into fibronectin-coated wells. (A) Images of N-CHO

aggregates after 0h and 24h in DMEM (control) and DMEM + 40µM Tb3+. (B) Quantification of

fold change in aggregate area at 24h relative to aggregate area at 0h. Scale = 100µm.
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The effects of low concentrations of Tb3+ and Gd3+ were then assessed on the cadherin expres-

sion of cells, this was important given the known links between intracellular Ca2+ signalling and cad-

herin adhesion. Monolayers of Hs578t cells, which endogenously express N-cadherin, were incub-

ated in DMEM media with 20µM Tb3+ or with 20µM Gd3+ for up to 16h and N-cadherin expression

levels were measured through western blotting. N-cadherin was immunoblotted with an antibody

against its cytoplasmic domain and densitometry of the full-length bands (135kD) were normalised

to β-actin loading control. After 6h, there was no significant difference in the amount of full-length

N-cadherin in DMEM + 20µM Tb3+ or DMEM + 20µM Gd3+ to the control (DMEM)(Figure 6.20A,B).

After 16h, the average expression of N-cadherin in DMEM + 20µM Tb3+ and DMEM + 20µM Gd3+

was higher than expression in the control, however these differences were not significantly different

(Figure 6.20C,D). Interestingly, the protein bands for β-actin were considerably weaker in DMEM

+ 20µM Tb3+ and DMEM + 20µM Gd3+ compared with the control, this was despite controlling for

equal protein loading by equal cell seeding and normalising following total protein quantification

using BCA.

To complement the western blot analysis of lanthanide effect on cadherin expression, live-cell

confocal microscopy was used with CHO expressing GFP-tagged N-cadherin in order to exam-

ine cadherin cell dynamics over long periods of time. N-GFP CHO cells were generated using

the aggregation cloning method described in Section 2.9, and cells were cultured in a constant

perfusion microfluidic platform, Cell ASICs, in order to tightly control micro-environmental culture

variables such as pH. Considerable effort was spent developing this experimental set-up, but some

fundamental issues prevented the collection of useable data. In particular, drift in the z-axis during

long-term imaging was quite severe and seemed to be especially unpredictable with the micro-

fluidic plate.
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Figure 6.20 Effect of Tb3+ and Gd3+ on N-cadherin expression level in Hs578t cells. (A) Western

blot of N-cad and β-actin (loading control) in Hs578t cell lysates after 6h in DMEM/F12 (Control),

DMEM/F12 + 20µM Tb3+, and DMEM/F12 + 20µM Gd3+. (B) Quantification of N-cad expression

normalised to β-actin expression. Densitometry expressed as fold change relative to the control

(n=3, One-way ANOVA, p=0.230). (C) Western blot of N-cad and β-actin (loading control) in

Hs578t cell lysates after 16h in DMEM/F12 (Control), DMEM/F12 + 20µM Tb3+, and DMEM/F12

+ 20µM Gd3+. (D) Quantification of N-cad expression normalised to β-actin expression. Densit-

ometry expressed as fold change relative to the control (n=3, One-way ANOVA, p=0.130).
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Figure 6.21 Hindbrain 24h after injection with PBS and 10µMTb3+ soaked beads. N-cad staining

in hindbrain injected with (A) PBS and (B) 10µM Tb3+ soaked bead. Scale bar = 100µm.

Figure 6.22 Hindbrain 48h after injection with 10µM Tb3+ soaked bead. (A) N-cad staining. (B)

Pax6 staining. Scale bar = 100µm.

Finally, in order to assess possible effects of Tb3+ on cadherin adhesion in vivo, beads soaked

with 10uM Tb3+ in PBS were inserted into the ventricles of HH19 chick hindbrains. The effects

of disrupting cadherin adhesion in the hindbrain has been shown in Chapter 3, thus it was of

interest to determine if Tb3+ release in the ventricle might mimic any of the phenotypes that were

seen, in particular rupture of the ventricular lining. Bead implantation has been used previous in

chick embryology and is useful for the localised steady release of aqueous solutions [324][325].

Beads were soaked in either PBS or PBS + 10µM Tb3+ for 24h. 10µM Tb3+ was selected because

beads soaked with higher concentrations of Tb3+ resulted in embryonic death or very severe tissue

disruption. In most cases, incubation of the beads did not appear to have any significant effect on

the ventricular lining or Pax6+ cells 24h after (Figure 6.21) and 48h after (Figure 6.22) implantation.

However, in some sections there was possible evidence of disruption and this was observed in

portions of the hindbrain in close proximity to beads (Figure 6.23).
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Figure 6.23 Disrupted hindbrain 48h after injection with 10µM Tb3+ soaked bead. (A) and (B)

are images of the same hindbrain section. (A) N-cad staining. (B) Pax6 staining. Each image

is made up of two images stitched together, one of each side of the hindbrain. White dotted line

indicates interface of the two images. Red arrows indicate bead. Scale bar = 100µm.
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6.7 Discussion

The experiments in this chapter aimed to determine what effect Tb3+ had on cadherin structure

and function. Each method assessed a different feature of cadherin biochemistry and together the

results are used to build a comprehensive picture of Tb3+’s effect on cadherin adhesion and the

mechanism of action. The effect of Gd3+ ion on cadherin adhesion was additionally assessed in

order to determine if the observed effects may be broadened to Ln3+ ions.

The absence of aggregation in 1mMTb3+ for all cell types indicates that Tb3+ cannot substitute for

Ca2+ in mediating E- and N-cadherin adhesion. Interestingly, cadherin-mediated cell aggregation

in 1mM Ca2+ + 1mM Tb3+ was no different from in 1mM Ca2+, but cell aggregation was significantly

inhibited for all cells in 1mM Ca2+ + 2mM Tb3+. This indicates that Tb3+ inhibits cadherin adhesion

in a concentration-dependent manner and suggests that Tb3+ acts as a competitive antagonist,

possibly by competing with Ca2+ for Ca2+-cadherin binding sites. Alternatively, Tb3+ may inhibit

the adhesive binding of cadherins, potentially by binding surfaces of EC domains responsible for

dimerisation. Interestingly, no significant inhibition of cell aggregation was observed in 1mM Ca2+

+ 1mM Tb3+ when cells were pre-treated with EDTA. If Tb3+ does bind to Ca2+ binding sites, this

suggests that Ca2+ affinity for cadherin is significantly higher than Tb3+ and initial removal of Ca2+

has no influence when the metals are in equal concentration.

The resistance of surface cadherins to trypsin provides a readout of the molecules’ structural

conformation, in particularly the level of rigidity which is gained upon full Ca2+ binding and is es-

sential for the adhesive function of cadherins. E- and N-cadherin are fully degraded by trypsin in

1mM Tb3+, indicating cadherin molecules are flexible and this explains why cadherin cell aggrega-

tion cannot occur in 1mM Tb3+. No trypsin resistance is conferred with only Tb3+, thus any trypsin

resistance of cadherins must come from Ca2+ binding. Significant degradation of cadherins also

occurred in the presence of 1mM Ca2+ + 2mM Tb3+, indicating that Tb3+ inhibits the formation of

rigid cadherin structures by somehow affecting Ca2+-cadherin binding. One possibility is that cad-

herins can fully bind Ca2+, but Tb3+ binds allosterically and somehow interferes with the ability of

Ca2+ binding to induce the typical conformational change into a rigid cadherin molecule. However,

given that no significant trypsin degradation occurs in 1mM Ca2+ + 1mM Tb3+ and that Tb3+ is a

well-documented Ca2+ analogue, it is most likely that Tb3+ competes with Ca2+ for binding in Ca2+-

cadherin binding sites. Once Tb3+ binds, it cannot induce the appropriate conformational changes

in order to confer a rigid trypsin-resistant cadherin structure. The cell aggregation results indicate

that these Tb3+-bound flexible cadherins also fail to have adhesive function. Interestingly, these res-

ults differ slightly from those reported for an E-cadherin protein with a single mutation (Asp134Ala),

which removes bidentate binding to a single Ca2+ in the Ca2+-binding pocket between EC1/2 [92].

The mutant protein was resistant to mild (0.01%) trypsinisation with 1mM Ca2+ but was unable

to facilitate cadherin-mediated cell aggregation when expressed in cells. This suggests that Tb3+

binding introduces a significant amount of flexibility into cadherin structure in order for it to be

exploited by mild trypsinisation.
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Given the chemical similarity of Gd3+ to Tb3+ and the similar effect of Gd3+ cadherin-mediated

cell aggregation, it is also likely that Gd3+ can bind cadherin Ca2+-binding sites and Gd3+-bound

cadherins are non-adhesive. Additionally, it was not surprising that heterophillic E-to-N-cadherin

adhesion was inhibited when Tb3+ and Gd3+ were in sufficiently high concentration (1mM Ca +

2mM Tb3+/Gd3+). Homophillic and heterophillic cadherin adhesion are mechanistically similar in

that both require rigid Ca2+-bound cadherin molecules [18].

It should be noted that the trypsin resistance results are unlikely to be affected by potential

changes of Tb3+ on cadherin surface expression. This possibility was controlled for by the trypsin

degradation in 1mM Tb3+ and 1mM EGTA. If Tb3+ affected surface expression of cadherins, then

one would expect trypsin degradation in 1mM Tb3+ to be less than in 1mM EGTA. However, the

degradation in 1mM Tb3+ and 1mMEGTAwas equal for both E- and N-cadherin, and thus indicates

that the amount of cadherin at the surface exposed to trypsin does not change in the time frame

of the experiment.

An interesting result was that following trypsin degradation of N-CHO with 1mM Ca2+ + 2mM

Tb3+, a truncation band was observed at 85kD which appears the largest of the truncation bands.

This suggests that the majority of N-cadherin proteins degraded by trypsin in 1mM Ca2+ + 2mM

Tb3+ result in a truncated product around 85kD in size. This differs with N-CHO cells degraded

in the presence of 1mM EGTA and 1mM Tb3+, which appear to have largest truncation bands at

38kD and 56kD. 38kD and 56kD bands likely correspond to N-cadherin products with near total

loss of the ectodomain to trypsin degradation, as 38kD corresponds to the cytoplasmic domain

of N-cadherin [300]. An 85kD truncation product of N-cadherin would likely represent N-cadherin

protein with EC1, EC2 and part of EC3 lost to trypsin degradation. Therefore, this suggests that

in the presence of 1mM Ca2+ + 2mM Tb3+, Tb3+ is able to outcompete Ca2+ mostly at sites in

the N-terminal portion of the ectodomain. It is difficult to speculate at which and how many Ca2+

binding sites are bound by Tb3+. This is because Ca2+-binding induces rigidity (and thus trypsin

resistance) locally and distally along the cadherins [98][97]. Furthermore, the largest truncation

products observed following trypsin treatment of N-CHO cells with 1mM Ca and 1mM Ca + 1mM

Tb were also around 85kD in size. This suggests that the Ca2+-binding sites of N-cadherin which

have the most dynamic Ca2+ binding may also have the most susceptibility to Tb3+ binding. The

results suggest these sensitive Ca2+ binding sites are in the N-terminal portion of the N-cadherin

between EC1-3 and this is consistent with literature. Structural and equilibrium binding evidence

shows that Ca2+ binding at the EC1-2 junction is of the lowest affinity and this is crucial for the

proposed outside-in extracellular Ca2+ sensing of cadherins [90][8][107]. The work here provides

further evidence for the sensitivity of cadherin structure to Ca2+ binding and how this may be

used by cells to alter cell adhesions based on extracellular Ca2+ concentrations. Results from the

aggregation and trypsin protection assays are summarised in Figure 6.24, as well as speculative

structures of cadherins in different combinations of Ca2+ and Tb3+.
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Figure 6.24 Summary of chapter results and speculative cadherin structures when in the pres-

ence of Ca2+ and Tb3+. 1. Cadherins in the presence of 1mM Ca or 1mM Ca + 1mM Tb are

adhesive and resistant to trypsin, and thus fully bound by Ca2+. 2. Cadherins in the presence of

1mM Tb3+ are not adhesive, sensitive to trypsin degradation and bound by Tb3+. Although, the

number of Tb3+ ions bound is unknown. 3. Cadherins in the presence of 1mM Ca + 2mM Tb are

not adhesive, partially sensitive to trypsin degradation and are likely bound by a combination of

Ca2+ and Tb3+. The extent of Ca2+ and Tb3+ binding is unknown, but trypsin truncation products

suggest Tb3+ binding occurs in the N-terminal half of the extracellular domain. Green circles

represent Ca2+ ions. Red circles represent Tb3+ ions.



232

Following the trypsin degradation of E-cadherin CHO cells, distinct trypsin degradation products

were also observed. The 36kD protein band corresponds to E-cadherin cytoplasmic domain with

totally degraded EC domain [326]. Both 46kD and 56kD likely represent cytoplasmic domains with

small portions of intact EC domain. A truncated product at 80kD is also observed following E-CHO

degradation in 1mM Ca2+ + 2mM Tb3+. This product is similar to the trypsin degradation products

observed in N-cadherin at 84kD and is also likely to have Tb3+ binding and subsequent trypsin

degradation at the N-terminal end of its EC domain. The band intensities of truncated products

appeared low in the gel shown in Figure 6.11, but this was likely due to low protein loading overall

and uneven protein loading in some samples. This was not a consistent observation for E-CHO

trypsin protection and underscores why a protein loading control is needed in order to quantify

changes in a specific protein between samples and this has been done in Figure 6.12.

In further support of the proposed mechanism, Tb3+-FRET in this study provided direct evidence

of Tb3+ binding to cadherin molecules. The fluorescence enhancement of Tb3+ when E-cadherin

was titrated into a solution of Tb3+ clearly demonstrates that direct binding between Tb3+ and E-

cadherin exists. Given the results of aggregation and trypsin protection assays, it is most likely that

the fluorescence enhancement is predominantly due to binding of Tb3+ specifically to E-cadherin

Ca2+-binding sites. Adventitious binding of Ln3+ ions to cadherins has previously been reported.

This was within a crystal structure of a single domain of N-cadherin where Yb3+ was bound to

the C-terminal end of the domain [4]. Interestingly, Yb3+ was coordinated by several residues

which partially make up a Ca2+-binding site between EC1/2, providing further evidence to suggest

Tb3+ binds specifically within E-cadherin Ca2+-binding sites. In future, a competition binding assay

between Tb3+ and Ca2+ would provide definitive evidence of Tb3+ binding specifically at cadherin

Ca2+-binding sites.

A Kd of 91-97µM was obtained for Tb3+ binding to E-cadherin EC domain and the binding was

found to be non-cooperative (h=0.515). It is difficult to interpret the extent and location of Tb3+ bind-

ing from this data. Using crystal structures of human E-cadherin EC1/EC2 (PDB:2O72) and mouse

E-cadherin EC1-5 (PDB:3Q2V) (no structures were available for human EC1-5 ), aromatic residues

within 8.7-15Å of all Ca2+-binding sites were identified [327][13]. Successful FRET between Trp/Tyr

residues and bound Tb3+ has been reported up to 9.4Å, but as the distance limit of Tb3+-FRET is

unknown it would be unwise to speculate on Tb3+ binding locations [132]. Furthermore, results

from trypsin protection assays are only able to suggest Tb3+ binding in the N-terminal half of the

E-cadherin.

Comparing this to the binding affinity of Ca2+ is not straightforward given reported Kds vary

depending on the method and location of the Ca2+ binding site. The binding affinity for total Ca2+

binding to EC1-5 of E-cadherin has only been determined twice, with one group reporting a Kd of

150µM and another reporting 30µM [16][90]. It should be noted that the former was measured

indirectly and prior to knowledge of the number of Ca2+ that can bind E-cadherin. Furthermore,

recent studies carried out on Ca2+ binding to pairs of EC domains (e.g. EC1/2) report binding

affinities between 20-55µM for Ca2+ [328][329]. Thus, it is likely that Tb3+ has a weaker binding



233

affinity to E-cadherin than Ca2+ but is within the same order of magnitude. The Kd of Tb3+ to E-

cadherin is perhaps a little higher than expected given the similar chemistry of Tb3+ to Ca2+, and that

Ln3+ ions typically have higher binding affinity than Ca2+ due to the higher electrostatic interactions

[143]. Furthermore, Cd2+3+ was previously found to have a much higher binding affinity to E-

cadherin (Kd = 20µM) [114][115]. However, Cd2+3+ binding was only assessed with a 13aa Ca2+-

binding polypeptide and a 145aa E-cadherin fragment, which corresponds to E-cadherin EC1 plus

a small portion of EC2 [330]. Only 2 Ca2+-binding sites were reported in this 145aa fragment and

it likely that the Ca2+ binding sites were not fully structured. This is evidenced by the fact that the

Kd for Ca2+ binding to this fragment was 160µM and the Kd for Ca2+ binding to EC1-2, which 3

fully structured Ca2+-binding sites, has recently been reported between 20-55µM [328][329]. The

Kd of Tb3+ reported here is likely to be a little over-estimated as binding saturation to the full E-

cadherin EC1-5 domain was difficult to accomplish. With 12 possible Ca2+-binding sites, it is likely

that some buried Ca2+-binding sites (e.g. those not coordinated by water) only become filled at

very high [Tb3+]. Furthermore, the fluorescence enhancement of Tb3+ alone did not yield a linear

function and may be a result of precipitation in the sample. This would have also made it difficult

for the specific binding curve of protein + Tb3+ to reach binding saturation. However, I believe this

result is generally accurate given that is it compatible with the results from the aggregation and

trypsin protection assays. Inhibition of cadherin structure and adhesion was only observed when

Tb3+ was present in higher concentration than Ca2+. This agrees with the calculated Kd given that

all Tb3+ binding sites must be filled in order to reach binding saturation, but it is highly likely that

just one Tb3+ ion needs to bind cadherin in order to disrupt cadherin function.

It is not surprising that Tb3+ binding to E-cadherin does not confer adhesive function, and ana-

lysis of Ca2+ and Ln3+ binding in proteins can provide some insight to why this is. Ca2+ ions are

bound within a tight network of interactions which are essential for mediating the appropriate con-

formational changes for adhesive structure. Even slight changes in these interactions can have

profound effects on the function of cadherin molecules. Mutation of Asp134, a residue involved

in bidentate binding to one Ca2+ between EC1/2 of E-cadherin, to alanine totally inactivates E-

cadherin adhesion [92]. Although Tb3+ is highly chemically similar to Ca2+, one can predict how

the slight differences in chemistry result in the loss of cadherin structure and function. Crystals

structures which are available for both the Ca2+-bound and Ln3+-bound forms of a protein provide

insight in to the differences in Ln3+- and Ca2+-protein binding [331][127]. Ln3+ ions are generally

found to have a coordination number one higher than Ca2+ in the same Ca2+ binding site, and this

is usually provided by the binding of an additional H2O molecule. Of the three Ca2+ ions between

the EC1/2 interface of E-cadherin, two are coordinated by 7 oxygen atoms provided by side chain

and backbone carbonyl groups, and one is coordinated by 6 oxygen atoms, including two from H2O

molecules [5]. Thus, Tb3+ binding might result in the coordination of additional H2O molecules at

the Ca2+-binding site, introducing flexibility into the E-cadherin structure. Tb3+ binding might alter

the number of hydrogen bond donors which have important roles in contributing to the stability and

transmission of conformational change around the Ca2+-binding site [332][333]. Analysis of poten-
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tial hydrogen bond donors within Ca2+-binding sites revealed that when Ln3+ was bound, fewer

hydrogen bond donor groups were available than when Ca2+ was bound [127]. It is speculated

that this may be in response to the extra positive charge of Ln3+ ions as hydrogen bond donors

are also believed to reduce the negative charge of carboxylate ligands. The list of precise and

crucial binding interactions between Ca2+ and cadherins that may not be mimicked by Tb3+ bind-

ing is extensive and can only be speculated on from the current set of results. However, these

possible differences are likely to explain the weaker binding affinity of Tb3+ and increased flexibility

of Tb3+-bound E-cadherin.

A technical issue with the method used to determine the level of Tb3+ fluorescence enhancement

specifically produced by FRET should be noted. When solutions of E-cadherin protein and Tb3+

were excited at 282nm, Tb3+ 543nm emission is a combination of indirect excitation via Trp/Tyr

FRET and direct excitation at 282nm. To account for direct excitation, emission of free Tb3+ alone

in solution when excited at 282nm was measured and subtracted to determine the emission from

FRET. However, this is not totally accurate because free Tb3+ as well as protein-bound Tb3+ can

be directly excited at 282nm. The coordination partners of Tb3+ significantly impacts its emission

and therefore there is an unknown amount of 543nm emission not due to Trp/Tyr FRET which

is not being accounted for [134][132]. For this reason, the automatic calculation and subtraction

of linear non-specific signal by equation 6.1 is the best method to determine the Kd of Tb3+ to E-

cadherin. Even though this titration method is frequently used in literature, there are a number of

pitfalls which are mostly related to the direct excitation of Tb3+ [129][131][132]. To avoid the issue

of Tb3+ direct excitation entirely and confirm the results presented here, a titration of protein into a

low constant concentration of Tb3+ would be useful. Titrations with circular dichroism would also

be interesting in determining how the secondary structures of cadherins bound by Ca2+, Tb3+ or a

mixture of the two differ from one another.

Studying the lower concentration and longer-term effects of Ln3+ ions on cadherins is important

to build a complete understanding of their activity. It was interesting to find that low concentration

Tb3+ had no significant effect on spreading of cadherin-expressing aggregates. Given its reported

effects on cell attachment, Tb3+ was expected to have some enhancement on spreading [164].

However, the spreading of an cell aggregate into a flattened sheet of cells in this situation is a

complex combination of several cellular behaviours [334]. Cells in the aggregatemust disassemble

or reorganise their cell-cell contacts in order to form cell-ECM contacts with the surface. Cells

must then migrate out as more cells in the aggregate form adhesions with the surface. Possibly

Tb3+’s effect on cell attachment is too minor to be observed here or there are too many opposing

cell behaviours which could have negated the positive effect on Tb3+ cell attachment. Although

unlikely, the reported Tb3+ and Gd3+ effect on cell attachment may be specific to melanoma cells

[164].

WB analysis also revealed no significant effect of low concentration Tb3+ andGd3+ on N-cadherin

expression in Hs578t cells. However, it would probably be imprudent to conclude Tb3+ or Gd3+ has

no effect on N-cadherin expression for a number of technical reasons. Firstly, the variation between
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experimental repeats was unusually high and 3 repeats is clearly not sufficient. Secondly, although

the intensity of the N-cadherin protein band did not appear to vary greatly between samples, the

β-actin protein band used for normalisation was much lower in cells incubated with Tb3+ and Gd3+

versus the control. As the N-cadherin band is normalised to β-actin, this resulted in large fold

changes in N-cadherin expression versus the control. This occurred in spite of steps to ensure

equal protein loading through controlled cell seeding number and total protein quantification with

BCA assays. No similar effect on E-CHO or N-CHO cells was observed when incubated for 80

min with higher Tb3+ concentrations during trypsin protection assays. This effect may be specific

to Hs578t cells or to long-term trivalent lanthanide exposure, but will need to be definitively determ-

ined prior to any conclusions made on the long-term effect of low concentration Tb3+ and Gd3+ on

cadherin expression. This is particularly true given that Tb3+ and Gd3+ are known to be blockers

of Ca2+-channels and low concentrations (40uM) have been shown to affect Ca2+-influx in cells

[164]. Changes in intracellular Ca2+ signalling are known to affect both E- and N-cadherin surface

expression so it is possible that low concentrations of Tb3+ and Gd3+ may have an effect on cad-

herin cellular expression [335][336]. In future studies, it would be advisable to monitor changes in

cadherin localisation, and one can do this by exposing the cells to high-level trypsin with EDTA at

the end of an experiment. This reveals the amount of cadherin not exposed to trypsin and thus not

at the surface, and therefore can be used to determine any possible effect on cadherin localisation

due to Tb3+ or Gd3+ exposure.

Following the implantation of Tb3+ soaked beads in the ventricles of developing hindbrains, there

was some evidence of N-cadherin expression loss at the ventricular lining and disruptions in Pax6

organisation. This was observed in portions of the hindbrain in close proximity with the Tb3+-soaked

beads and would be consistent with Tb3+ disrupting cadherin function and the consequences of

cadherin dysfunction in the hindbrain (demonstrated in Chapter 3). Although beads were only

soaked with 10uM Tb3+ and inhibition of cadherin adhesion requires significantly higher Tb3+ con-

centrations , in ovo these beads simply act as a delivery sites for Tb3+. Therefore, is it unknown

what is the local concentration of Tb3+ that would be experienced by cells in the hindbrain. Based

on the limited data presented, this is of course highly speculative and a more comprehensive study

is required to confirm what are the in vivo effects of Tb3+ on cadherins adhesions in neural devel-

opment. In reality, the disruptions observed may be due to the impact of fragmented beads into

the hindbrain tissue, as beads were broken up during tissue cryosectioning.

The work presented here provides quantitative evidence to support early suggestions that La3+

may prevent trypsin resistance of E-cadherin fragment by competitive action with Ca2+ [144]. The

results from the early study suggest that La3+ has a more potent effect on E-cadherin trypsin

resistance than Tb3+: loss of trypsin resistance was observed when La3+ was half the concentration

of Ca2+. One might argue that this is due to difference between La3+ and Tb3+. However, the

chemical similarity between the two ions is very high in terms of coordination chemistry and ionic

radii and such a large difference in cadherin binding is unlikely (Ionic radii: 0.98Å Tb3+, 1.10Å La3+,

1.06Å Ca2+) [318][319][143]. I believe the potency of La3+ may have been over-estimated due to
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some overlooked factors. Predominantly, the authours do not control for and quantify basal trypsin

degradation of cadherins which occurs even in the presence of Ca2+. For example, the experiments

in this chapter show that 40% of E-cadherin is degraded by trypsin in 1mMCa2+ + 1mM Tb3+, which

may be interpreted as Tb3+ affecting trypsin resistance when in equal concentration with Ca2+.

However, quantification of E-cadherin degradation in 1mM Ca2+ and normalisation to this value

reveals that there is no significant change in trypsin resistance exists at 1mM Ca2+ + 1mM Tb3+.

Furthermore, the potency of Tb3+ inhibition indicated by the trypsin protection results is consistent

with results from cell aggregation and direct Tb3+-cadherin binding experiments presented in this

chapter. Additionally, Gd3+ inhibits cadherin-mediated cell aggregation over the same range of

concentration and suggests that the results for Tb3+may be representative for other Ln3+ ions which

have previously been shown tomimic Ca2+. Overall, I believe there is sufficient evidence to suggest

that the potency of Tb3+ reported in this chapter is accurate. Furthermore, it would be reasonable

to predict that Ln3+ ions have weaker binding affinity than Ca2+ to cadherins and are only able to

inhibit cadherin adhesive function when present in higher concentration to Ca2+. Obviously, direct

assessment of specific Ln3+ ions on specific cadherins is required prior to a definitive conclusion.
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7 Final Discussion

The aim of this investigation was to better understand the process of cadherin de-adhesion. In par-

ticular, what the consequences of cadherin de-adhesion are on NPC positioning and maintenance,

and what is the significance of changes to Ca2+-cadherin binding on cadherin de-adhesion.

This study provides evidence to support the understanding of cadherin adhesions as spatial reg-

ulators of NPC maintenance. Through the induction of cadherin de-adhesion in the developing

hindbrain, it has been found that cadherin adhesions play a fundamental role in NPC positioning,

and that the positioning of NPCs within the neurogenic niche is essential for the maintenance of

progenitor character. Mispositioning via loss of cadherin adhesions results in enhanced cell death,

and this is direct in vivo evidence linking cadherin dysfunction to cell death in NPCs. Proliferation

in NPCs is inhibited if they are positioned outside the niche, and the results suggest a mechanism

in which the level of inhibition appears to be linked with developmental stage and the presence of

cadherin adhesions. Overall, the data suggests that cadherin adhesions may feedback a NPC’s

positional information to its intracellular signalling pathways responsible for NPC maintenance.

However, this is not positioning in the dorsoventral or medial-lateral axes but positioning in rela-

tion to other NPCs and within the NPC niche. Furthermore, the results in the work also suggest

that cadherin adhesion are a fundamental component of the NPC niche. This was suggested

by the formation of rosette-like structures in the hindbrain mantel. Within these structures, NPC

behaviour can be maintained outside the VZ and this is likely to be dependent on cadherin ad-

hesions between NPCs and the mimicking of VZ architecture, in particular the concentration of

AJs on an apical surface. It is likely that the findings in this thesis may be applicable to the spinal

cord, midbrain and cortex given their similarity to the hindbrain in terms of cadherin expression

and function in NPC maintenance [202]. Recent work demonstrates that cadherin-based AJs in

the apical feet of NPCs and nascent neurons act as signalling centres by facilitating communica-

tion between cells and propagating active notch signalling throughout the neurogenic niche [222].

Results in this study demonstrate cadherin adhesions, most likely via apical feet AJs, also medi-

ate homeodomain patterning in the developing neural tube. Loss of cadherin adhesion resulted in

the reduction of notch signalling and reduction of ventral NPCs which express Nkx2.2 and Nkx6.1,

Class II homeodomain proteins induced by Shh signalling. This is believed to be mediated by the

sensitisation of ventral NPCs to Shh by active Notch signalling [264][265]. Given the conserved

nature and important role of Notch signalling, it is likely that cadherin adhesions mediate addi-

tional significant processes via the maintenance of Notch signalling inside and outside the central



238

nervous system [220].

In several cancer types, it has been shown that progenitor cells can give rise to cancer through

the acquisition of sustained and uncontrolled proliferative ability [337]. This is true for medullo-

blastomas, a brain tumour of the cerebellum, where several subtypes of medulloblastoma can

arise from mutations in multi-potent progenitor cells or lineage-restricted neural precursor cells in

the developing hindbrain [338] [339]. It is hypothesised that deregulation in the niche may result in

uncontrolled progenitor cell behaviour and tumourigenesis. Indeed, one study demonstrated that

changes in the mammary gland stem cell niche result in the development of breast cancer [340].

One way in which the niche may no longer regulate cell behaviour is following the mispositioning

of progenitor cells away from the niche. One hypothesis suggests that mispositioning may res-

ult in the deregulation of signalling pathways or accumulation of mutations, leading to stem cell

transformation into a cancer stem cell [341]. In this study, NPCs can be mispositioned outside

of the niche, the VZ, in developing hindbrains via disruption of cadherin adhesion. However, pro-

genitor behaviour in these cells is downregulated and this appears to be predominately due to

the loss of cadherin cell adhesions. The work in this study also reveal another situation in which

NPCs are mispositioned out of the niche, rosette-like structures, and these cells are likely to have

functional cadherin cell adhesion. However, the results suggest that progenitor behaviour is only

maintained at a similar level to NPCs in the VZ and there is no evidence of deregulation or cancer-

like properties. The long-term behaviour of NPCs in these structures remains to be tested, but

is it interesting that rosettes are a common feature of multiple neurodevelopmental cancers [342].

Furthermore, cancerous cells in rosettes are known to have functional cadherin adhesions and

are characterised by the concentration of AJs around a central lumen [343]. The presence of cad-

herin adhesions in cancerous rosettes is consistent with findings in this work suggesting cadherin

adhesions are a positive regulator of proliferation and progenitor cell character. Disruption of cad-

herin adhesions in the hindbrain may emerge as a method to further investigate the significance

of progenitor cell mispositioning outside of the niche in cancerous progression. At the very least,

further study of these rosette-like structures may help inform what factors of the neurogenic niche

can be re-created by cells and cadherin adhesions and what factors of the neurogenic niche are

contributed by positioning near the ventricle.

Work in this study also investigated how changes to Ca2+-cadherin binding might affect cadherin

adhesion and result in cadherin de-adhesion. Chapter 6 utilised a combination of functional and

structural assays to provide the first comprehensive picture of how trivalent lanthanides affect cad-

herin adhesion. The work here suggests that Tb3+ can bind to cadherins at Ca2+-binding sites

but these result in flexible cadherin structures with no adhesive function. This is important be-

cause it demonstrates that there is promiscuity in cadherin-metal binding but not in the necessary

conformational changes which are required for cadherin adhesive function. It is likely that Tb3+-

cadherin interactions are chemically similar to Ca2+-cadherin interactions, but lead to significantly

different conformations changes which ultimately abolish cadherin function. Investigation of the

impact of acidic extracellular pH on cadherin cell aggregation also revealed that changes in pH
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can affect Ca2+-cadherin binding and cadherin cell adhesion. Furthermore, cadherins may adopt

slightly different structural conformations in acidic pH and this attenuates cadherin binding activity.

The results in this study serve as a warning on the use of Tb3+ and likely all trivalent lanthan-

ides in structural or functional studies of cadherin proteins. Despite their useful spectroscopic

features, information obtained using these ions would very likely be unrepresentative of functional

physiological cadherin molecules. The same applies for the experimentation with cadherins at

non-physiological pH values.

The results presented here are of further biological interest due to the increasing use of trivalent

lanthanides for biomedical applications. For example, the use of several Ln3+ ions including Tb3+

and Gd3+ have been proposed as anti-cancer agents. However, in light of the evidence presen-

ted in this work, the clinical use of Tb3+ and Gd3+ may in fact contribute to cancer progression.

This may be particularly true during tumour dissemination, which is known to involve the cadherin

de-adhesion of a metastatic cell from neighbouring tumour cells. Given that Tb3+ and Gd3+ in-

hibit cadherin adhesion, their presence may promote the de-adhesion of metastatic cells and the

spread of cancer to other sites. It is true that the concentrations of trivalent lanthanides likely used

for medical applications would be lower than what is present in this work: 40uM Gd3+ and Tb3+

has been shown to inhibit melanoma cell motility and 1mM La3+ induced apoptosis in cancer cells

[161][164]. However, this is a dangerous assumption and it is difficult to predict what concentration

of Ln3+ ions might be experienced by cells in vivo. This is becoming more apparent as Gd3+-based

contrast agents, generally considered safe, have been shown to deposit Gd3+ ions in tissue and

this is heavily linked with the onset of nephrogenic systemic fibrosis, particularly in kidney failure

patients with prolonged clearance rates [157]. Furthermore, it is known that extracellular Ca2+

concentrations can fluctuate significantly depending on the physiological situation, with studies

showing extracellular Ca2+ concentrations from as low as 0.3-0.8mM. Here, a strong inhibitory ef-

fect on cadherin adhesion is shown when the relative concentration of Tb3+:Ca2+ is increased from

1:1 to 1:2. However, it is possible that even a Tb3+ concentration slightly higher than Ca2+ would

cause some inhibition of cadherin adhesion, and it is difficult to extrapolate the effect on cadherin

adhesion when the relative concentrations are reduced (E.g. 0.3mM Ca2+:0.4mM Tb3+) given that

cadherin binding activity reduces significantly with Ca2+ concentration [17]. Furthermore, multiple

microenvironmental factors may exist in vivo which attenuate Ca2+-cadherin binding and overall

contribute to the reduction of cadherin adhesion. Work in this study demonstrate that acidic pH,

which is a common feature of tumours, may be one of these factors. The fact remains that Ln3+ ions

have been shown to inhibit the activity of E- and N-cadherin, fundamental proteins in physiology

and cancer progression, and this warrants attention. At the very least, extensive assessment of

how low concentrations of Ln3+ ions affect cadherin cell dynamics and adhesion in vivo is required.
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