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A B S T R A C T 

The Notch signalling pathway is an evolutionarily conserved intercellular signalling 

mechanism, and mutations in its components disrupt cell fate specification and embryonic 

development in organisms from nematodes to mammals. Various studies have demonstrated a 

critical role for Notch signalling in cardiovascular development. Patients with mutations of the 

Notch ligand, Jagged (JAG)l , demonstrate cardiac anomalies that are consistent with defects in 

endothelial-to-mesenchymal transformation that is essential for endocardial cushion formation. 

We demonstrate herein that constitutive activation of Notch in endothelial cells results in 

morphological and phenotypic changes consistent with this mesenchymal transformation. 

Specifically, we observe the downregulation of endothelial markers (such as vascular endothelial 

(VE)-cadherin) and the upregulation of mesenchymal proteins (such as alpha-smooth muscle 

actin (SMA)) in Notch-transformed endothelial cells. Moreover, we show that endothelial cells 

expressing activated Notch undergo a functional change characteristic of mesenchymal cells, in 

that they are capable of migrating towards platelet-derived growth factor (PDGF), but are no 

longer chemotactic towards vascular endothelial growth factor (VEGF). Our studies also reveal 

that the Notch-induced endothelial-to-mesenchymal transformation is cell autonomous, and 

independent of transforming growth factor (TGF)P signalling, which is an important regulator of 

this transformation in vivo. Furthermore, JAG1 stimulation of endothelial cells induces a similar 

mesenchymal transformation. Finally, we show that JAG1, Notch 1 and Notch4 are expressed in 

the ventricular outflow tract at the commencement of endocardial cushion formation. This is the 

first direct evidence that J A G 1-Notch interactions induce endothelial-to-mesenchymal 

transformation, and our findings suggest that the cardiovascular defects seen in patients with 

JAG1 mutations may be due to disruption of this process. 
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Chapter 1 

I N T R O D U C T I O N 

1.1 N O T C H 

1.1.1 Notch structure 

The gene encoding the Notch receptor was originally discovered based on the observation 

that partial loss of function (haploinsufficiency) in Drosophila resulted in notches at the wing 

margin (Artavanis-Tsakonas et al, 1999). Further analysis revealed that complete loss of function 

mutations in the Notch receptor gene produce a "neurogenic phenotype" in Drosophila (i.e. cells 

destined to become epidermis switch fate and give rise to neural tissue instead) (Artavanis-

Tsakonas et al., 1999; Wright, 1970). Notch proteins are single pass (Type I) transmembrane 

receptors with a modular architecture and are highly conserved throughout evolution (Artavanis-

Tsakonas et al., 1999; Baron et al., 2002; Mumm and Kopan, 2000). In mammals, there are four 

Notch receptors (Notchl, 2, 3 and 4) (Allman et al., 2002; del Amo et al., 1993; Ellisen et al., 

1991; Lardelli et al., 1994; Uyttendaele et al., 1996; Weinmaster et al., 1992). Figure 1.1 

illustrates the conservation in the domain structure of the Notch receptors between flies, worms 

and humans. 

The extracellular domain of each Notch receptor contains variable numbers of tandem 

epidermal growth factor (EGF)-like repeats, which are involved in ligand binding (Artavanis-

Tsakonas et al., 1999; Baron et al., 2002; Milner and Bigas, 1999). For example, EGF-like 

repeats 11 and 12 of Drosophila Notch are both necessary and sufficient to bind the ligands, 

Delta and Serrate, in vitro (Rebay et al., 1991). Additional extracellular motifs conserved among 

Notch family members are three membrane-proximal Lin-12 Notch-specific repeats (LNRs) 

(Fleming, 1998). LNRs function to prevent inappropriate Notch receptor activation prior to 

ligand binding (Allman et al., 2002; Greenwald, 1994; Kimble et al., 1998). Finally, two 

conserved cysteine residues, located between the LNRs and the transmembrane domain, are 

involved in the dimerization of the extracellular and transmembrane-intracellular domain 

subunits (Lieber et al., 1993; Rand et al., 2000). 
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Figure 1.1: Schematic d i a g r a m i l lus t ra t ing representative members of the Notch receptor fami ly . The single 
Drosophila (dNotch), 4 human (hNotch), and 2 C. elegans (Lin-12 and Glp-1) Notch receptors are depicted. The 
full-length receptors are expressed at the cell surface as non-covalently linked heterodimers. A l l Notch receptors 
contain varying numbers of EGF-like repeats in the extracellular domain that regulate ligand binding (numbering 
identifies homologous repeats). Glycosylation of specific EGF-like repeats is thought to alter ligand specificity. 
Other conserved functional domains found in all Notch family members include the L N R (DSL ligand binding and 
Notch activation), RAM23 (CSL binding), cdclO/ankyrin (CSL binding/protein-protein interactions), and PEST 
(protein turnover) domains. Conversely, the N C R (cytokine specific effects) and T A D (transactivation) domains are 
restricted to certain Notch receptors, as indicated. The highest degree o f homology amongst the Notch receptors 
occurs within the cdclO/ankyrin repeats. Adapted from (Allman et al, 2002) and (Egan et al, 1998).Four 
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functionally important regions have been identified in the intracellular domain of Notch. Firstly, 

the RAM23 domain of Notch binds to the principal mediator of Notch signalling, the 

CBF1/Suppressor of Hairless/Lag-1 (CSL) transcriptional repressor (described in section. 1.2.1) 

(Kimble and Simpson, 1997; Mizutani et a l , 2001; Mumm and Kopan, 2000). The RAM23 

domain also binds to Numb, a negative regulator of Notch activity (described in section 1.2.2.4) 

(Baron et al., 2002). Secondly, the cdclO/ankyrin domain, which is the most conserved region in 

the Notch gene family, mediates important protein-protein interactions with a number of factors, 

including CSL, to signal downstream of Notch receptors (Figure 1.4) (Allman et al., 2002; 

Fleming, 1998; Milner and Bigas, 1999). In all Notch proteins there are 110 amino acids between 

the transmembrane domain and the cdclO/ankyrin repeat domain. The Notch members are least 

conserved C-terminal to the cdclO/ankyrin repeats. Only Drosophila Notch and mammalian 

Notch 1 and 2 contain a transcriptional activator domain (TAD), the third functionally important 

Notch intracellular region, which positively regulates Notch dependent transcription events 

(section 1.2.1.2) (Allman et al., 2002). Finally, a conserved C-terminal proline, glutamate, serine, 

threonine-rich (PEST) sequence that is thought to be important in protein turnover and the 

subsequent downregulation of Notch signalling is conserved in all Notch family members 

(Allman et al., 2002; Fleming, 1998). 

Notch receptors are activated by Type I transmembrane ligands of the Delta/Serrate/Lag-

2 (DSL) family (Artavanis-Tsakonas et al., 1999; Baron et al., 2002; Fleming, 1998; Lissemore 

and Starmer, 1999; Mumm and Kopan, 2000). Five mammalian Notch ligands, Delta-like ligand 

(Dll)l , D113, D114, Jagged (JAG)l , and JAG2 have been cloned to date (Allman et al., 2002; 

Bettenhausen et al., 1995; Dunwoodie et a l , 1997; Lindsell et al., 1995; Oda et al., 1997a; 

Shawber et al., 1996a; Shutter et al., 2000). Figure 1.2 illustrates the conservation in the structure 

of the Notch ligands between flies, worms and humans. A l l Notch ligands share some structural 

features, including EGF-like repeats, a DSL domain that is required for Notch receptor binding, 

and a transmembrane region (Allman et al., 2002; Fleming, 1998; Fleming et al., 1997b; 

Muskavitch, 1994). Notch ligands are divided into two subclasses, the Delta family and the 

Serrate family. The two families are distinguished by an extracellular cysteine-rich domain and 

insertions interrupting some EGF-like repeats of Serrate family members (Allman et al., 2002; 

Lissemore and Starmer, 1999), as illustrated in Figure 1.2. 

3 
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Figure 1.2: Schematic d i a g r a m i l lus t ra t ing the structures of the D S L proteins. Drosophila (Delta and Serrate), 
vertebrate (Jagged/Serrate and Delta), and C. elegans (APX-1 and L A G - 2 ) Notch ligands are shown. A l l DSL 
proteins contain 1 DSL motif (Notch receptor binding), 1-16 EGF-like repeats (Notch receptor binding) and a single 
transmembrane domain. A l l Jagged/Serrate ligands contain a cysteine-rich region between the EGF region and the 
transmembrane domain. Furthermore, Drosophila Serrate has insertions in EGF-like repeats 4, 6 and 10 and 
vertebrate Jagged/Serrate proteins have an insertion in EGF-like repeat 10. The existence of these EGF-like repeat 
insertions and the cysteine-rich region distinguishes Jagged/Serrate family ligands from Delta family ligands. 
Adaptedfrom (Lindsell et al, 1995). 

1.1.2 Notch activation 

Detecting physiological levels of active Notch in the nuclei of cells is extremely difficult; 

however, it has been demonstrated that an active form of Notch translocates to the nucleus in a 

ligand dependent manner (Artavanis-Tsakonas et al., 1995, Kopan and Goate, 2000; 

Weinmaster, 1997). Evidence from a number of groups has led to a three-step proteolytic model 
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for Notch activation, depicted in Figure 1.3A. During transit to the cell membrane, Notch is 

cleaved in the trans-Golgi by a furin-like convertase; this first cleavage event is referred to as the 

SI cleavage (Allman et al., 2002; Blaumueller et al., 1997; Logeat et al., 1998; Mumm and 

Kopan, 2000). The SI cleavage generates the Notch extracellular domain and the 

transmembrane-intracellular domain subunits. The resulting Notch heterodimer is held together 

by a non-covalent, calcium-dependent interaction (Mumm and Kopan, 2000; Rand et al., 2000). 

Once at the plasma membrane, this signalling-competent Notch receptor undergoes a second 

(S2) ligand-dependent cleavage just outside the transmembrane domain (Figure 1.3 A & B). The 

metalloprotease TNF-a converting enzyme (TACE) has been shown to perform the S2 cleavage 

in vitro (Brou et al., 2000); however, the physiological S2 protease remains elusive to date. The 

majority of the Notch extracellular domain is removed by the ligand-induced S2 cleavage, 

leaving a membrane-tethered intracellular domain (TM-NICD) (Baron et al., 2002). The T M -

NICD receptor fragment then undergoes a constitutive intramembrane cleavage (S3) by the 

Presenilin-dependent y-secretase (Figure 1.3A & B) (De Strooper et al., 1999; Mumm et al., 

2000; Struhl and Greenwald, 1999; Struhl and Greenwald, 2001; Ye et al., 1999). The protein 

nicastrin is also required for this S3 cleavage (Yu et al., 2000). The resulting soluble Notch 

intracellular domain (NICD) translocates to the nucleus where it can interact with the GSL 

transcriptional repressor family (described in section 1.2.1) and other downstream targets (Bailey 

and Posakony, 1995; Fortini and Artavanis-Tsakonas, 1994; Fortini et al., 1993; Jarriault et a l , 

1995; Kidd et al., 1998; Kopan et al., 1996; Lecourtois and Schweisguth, 1998; Schroeter et al., 

1998; Schweisguth, 1995; Struhl and Adachi, 1998; Struhl et al., 1993; Tamura et al., 1995; Y u 

et al., 2000). 

1.1.3 Notch function 

Despite the complexity in establishing a multicellular body plan, organisms rely on 

repeated use of a small subset of cellular signalling pathways (Pires-daSilva and Sommer, 2003). 

In other words, each individual cell fate decision does not require a unique signalling 

mechanism. The variety of outcomes arising from the use of a small number of factors implies 

that cellular responses depend on the context in which the signals are received. The Notch 

signalling pathway is one such critical developmental pathway, whereby neighbouring cells 

expressing Notch receptors and ligands interact to direct cell fate decisions, a process referred to 

5 
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Figure 1.3: Notch s ignal l ing requires l igand- induced, proteolyt ic processing o f the f u l l length receptor. (A) 

The amino acid sequence and the SI, S2, and S3 (site one, etc.) cleavage sites depicted correspond to murine 
Notchl. The SI cleavage occurs in the Golgi, producing the extracellular and transmembrane-intracellular subunits 
of Notch. The resulting heterodimer is expressed at the cell surface and, in response to ligand binding, undergoes the 
S2 cleavage, which removes the majority of the Notch extracellular domain. Finally, the constitutive S3 generates 
the NICD that translocates to the nucleus and interacts with target proteins. Adapted from (Mumm and Kopan, 

2000). (B) Schematic of the ligand-induced proteolysis of Notch described in (A). Fringe (FNG) antagonizes the 
ability of Jagged/Serrate to bind Notch, but agonizes the ability of Delta to bind Notch (described in section 1.2.2.1). 
In addition, Notch signals are negatively regulated by Numb (section 1.2.2.4) and positively regulated by Deltex 
(Dtx; section 1.2.2.3). Once inside the nucleus, NICD has been shown to function in both CSL-dependent and -
independent pathways. See text for a more detailed description of Notch signalling events (section 1.2). 
CoA=coactivator complex. CoR=corepressor complex. Mam=mastermind. Adaptedfrom (Allman et al, 2002). 
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as lateral specification (Greenwald, 1998). Neighbouring cells may be equivalent or may be 

biased towards a particular developmental fate in response to an intrinsic or extrinsic signal 

(Artavanis-Tsakonas et al., 1999). During Notch lateral specification events, cells taking on the 

primary differentiation fate express the DSL ligand at high levels. This activates the Notch 

pathway in juxtaposed cells, which results in these cells remaining undifferentiated or assuming 

a second differentiation fate (Artavanis-Tsakonas et al., 1999; Frisen and Lendahl, 2001; Lewis, 

1998). Notch and DSL interactions now work to stabilize or amplify the differences in the cells 

originally brought about by stochastic variation and intrinsic or extrinsic factors (Greenwald, 

1998). The result is Notch-mediated cell communication based upon differential receptor and 

ligand expression in neighbouring cells. 

There are a number of examples of Notch-mediated cell fate control in development. A 

classic example of lateral specification is the formation of the anchor cell and the ventral uterine 

precursor cell of the Caenorhabditis elegans (C. elegans) hermaphrodite gonad (Artavanis-

Tsakonas et al., 1995; Artavanis-Tsakonas et al., 1999). The two gonadal cells start as 

developmentally equivalent cells; either cell is capable of differentiating into an anchor cell or a 

ventral uterine precursor cell. Prior to this differentiation, Notch receptor expression is limited to 

one cell, and ligand expression to the other (Greenwald, 1998). Notch activation forces one cell 

to differentiate into the ventral uterine precursor, while loss of Notch function or failed activation 

in the other cell results in anchor cell differentiation (Artavanis-Tsakonas et al., 1999). The 

differentiation of the sensory organs of the Drosophila peripheral nervous system is an example 

of nonequivalent precursor cells utilizing Notch to progress to the next developmental stage. The 

sensory organ precursors (SOPs) divide once to produce two cells, Ha and lib, both of which 

divide again to give a hair and a socket cell pair and a neuron and a sheath pair, respectively 

(Artavanis-Tsakonas et al., 1999; Greenwald, 1998). At each division in the SOP lineage, the 

protein, Numb (described in section 1.2.2.4), is newly synthesized and asymmetrically 

segregated into only one of two daughter cells (i.e. lib, hair and neuron cells) (Greenwald, 1998). 

Because Numb antagonizes Notch signalling, only those cells that do not receive Numb will 

adopt a cell fate associated with Notch activation. Thus, although two neighbouring cells both 

express Notch receptor, only one may be Notch responsive. A final example illustrates the 

influence of an extrinsic factor on Notch-dependent cell fate acquisition. In the developing eye 

disc of Drosophila, an unknown gradient emanating from the midline of the marginal disc 

signals to adjacent R3 and R4 photoreceptor precursor cells (Artavanis-Tsakonas et al., 1999). 
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This signal is transmitted through the Wingless signalling pathway members Frizzled and 

Disheveled, and leads to the up-regulation of Delta expression. The precursor cell that is closer 

to the signalling source expresses higher levels of Delta and ultimately acquires the R3 fate. 

Delta then activates Notch on the adjacent precursor, directing this cell to the R4 fate (Artavanis-

Tsakonas et al., 1999; Cooper and Bray, 1999; Fanto and Mlodzik, 1999). The generation of 

distinct cellular subpopulations by Notch is not restricted to worms and flies. In mammals, Notch 

is known to play a crucial role in the regulation of cell fate decisions, such as the development of 

T lymphoid versus B lymphoid cells, pancreatic exocrine versus endocrine cells, and arteries 

versus veins (Apelqvist et al., 1999; Lawson et al., 2001; Pui et al., 1999). 

1.2 N O T C H S I G N A L L I N G 

1.2.1 CSL-dependent signalling 

1.2.1.1 CSL-mediated transcriptional repression 

As indicated in section 1.1.2, Notch activation results in the generation of the soluble 

NICD, which translocates to the nucleus where it interacts with a number of nuclear factors that 

regulate transcription, including CSL (Aster et al., 1997; Fortini and Artavanis-Tsakonas, 1994; 

Hsieh et al., 1996; Matsuno et al., 1997; Tamura et al., 1995). A l l four mammalian Notch 

receptors are known to bind and derepress/activate CSL (Mizutani et al., 2001). As indicated 

earlier, the Notch RAM23 domain is important for NICD/CSL interaction, since deletion of this 

region leads to weak CSL binding (Kato et al., 1997) or no binding at all (Zhou et al., 2000b). 

CSL homologs are sequence-specific (CGTGGGAA, (Sakai et al., 1998)) DNA-binding 

transcription factors, which function as the major mediators of Notch signalling. In the absence 

of Notch activation, CSL acts as a transcriptional repressor by binding to transcriptional 

corepressor complexes (Figure 1.3B) (Bray and Furriols, 2001; Dou et al., 1994; Hsieh and 

Hayward, 1995; Mumm and Kopan, 2000; Piccoli and Spinner, 2001). CSL can bind to at least 

two corepressor complexes: 1) the SMRT/NcoR/histone deacetylase (HDAC)l complex (Kao et 

al., 1998); and 2) the CIR/HDAC2/SAP30 complex (Hsieh et al., 1999; Zhou et al., 2000b). The 

NICD initiates transcription by antagonizing the CSL/corepressor interaction (Figure 1.3B) 

(Hsieh et al., 1999; Mumm and Kopan, 2000; Zhou et al., 2000a; Zhou et al., 2000b). 
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1.2.1.2 Notch-mediated CSL activation 

The molecular mechanism by which NICD antagonizes CSL-mediated repression is only 

partially understood. It is not clear how undetectable amounts of nuclear NICD can turn the 

CSL/corepressor complex into an activator complex. One potential clue was revealed with the 

identification of Ski interacting protein (SKIP), which functions as part of the CSL/corepressor 

complex by binding to CSL at a site distinct from the CSL/SMRT interaction site (Mumm and 

Kopan, 2000; Zhou et al., 2000a; Zhou et al., 2000b). Interestingly, SKIP is also able to interact 

with the cdclO/ankyrin repeat domain of NICD (Mumm and Kopan, 2000). Jarriault et al. (1995) 

and Kopan et al. (1994) found that point mutations ( M l and M2) in the fourth cdclO/ankyrin 

repeat of Notch disrupted Notch activity, and it was later shown by Zhou et al. (2000b) that M2 

mutants are still capable of binding to CSL, but not SKIP. It is now understood that SMRT and 

NICD compete for CSL binding, while SKIP works to promote NICD/CSL interaction. SKIP 

binding to SMRT or Notch is mutually exclusive; SKTP/CSL can form a complex with Notch or 

SMRT, but not both (Mumm and Kopan, 2000). Furthermore, even with a 4-fold excess of 

SMRT, Notch remains associated with SKTP/CSL providing a potential mechanism by which 

low levels of NICD can transactivate CSL repressed genes (Mumm and Kopan, 2000; Zhou et 

al., 2000b). 

In addition to SKIP, Kurooka and Honjo (2000) have shown that Notch is able to bind 

two conserved histone acetyltransferases (HATs), PCAF and GCN5. This interaction requires the 

Notch cdclO/ankyrin repeats and the putative TAD in mammalian cells (Mumm and Kopan, 

2000). However, a T A D deleted Drosophila Notch behaved in an identical manner to complete 

NICD in vivo (Tomlinson and Struhl, 1999). Furthermore, since only mammalian Notchl and 2 

contain T A D domains, the requirement of the T A D domain for the interaction of Notch with 

HATs remains controversial to date. The recruitment of HATs to the NICD/CSL complex likely 

results in the acetylation of histones, leading to open chromatin and active transcription (Struhl, 

1999) . A second possibility could be that HATs acetylate SMRT, catalytically promoting 

NICD/CSL interaction (Mumm and Kopan, 2000). Complicating matters further, it has also been 

shown that the HAT/NICD/CSL complex requires another molecule, Lag-3/mastermind, to 

coactivate transcription (Figure 1.3B) (Mumm and Kopan, 2000). Loss of Lag-3 results in a 

phenotype identical to the complete loss of Notch activity in C. elegans (Petcherski and Kimble, 

2000) . Petcherski and Kimble (2000) showed that Drosophila and vertebrate mastermind 

provides the same function as Lag-3. Although Lag-3 interacts weakly with NICD, in vitro, this 
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interaction is reported to be greatly enhanced by the addition of CSL (Petcherski and Kimble, 

2000). Finally, as is the case with SKIP, it is the fourth cdclO/ankyrin repeat of Notch that 

mediates the NICD/Lag-3 interaction (Mumm and Kopan, 2000). 

1.2.1.3 CSL-dependent Notch targets 

Acting through CSL, NICD induces the expression of the hairy and Enhancer of split 

(HES) gene family (Bailey and Posakony, 1995; Jarriault et al., 1995; Kato et al., 1997). The 

HES family members are basic helix-loop-helix (bHLH) type transcriptional repressors that bind 

D N A and act as Notch effectors by recruiting transcriptional corepressors and negatively 

regulating the expression of target genes (Chen et al., 1997; Ishibashi et al., 1995; Ohsako et al., 

1994; Van Doren et al., 1994). For example, HES-1 and HES-5 are induced by NICD and 

function to prevent the differentiation of neuronal precursor cells from mouse embryos (Ohtsuka 

et al., 1999). Until recently, the HES family was thought to be the only effector of Notch 

signalling in mammals; however, it is now known that the tissue distribution pattern of Notch 

receptors and ligands does not always overlap that of HES (Iso et al., 2003). A novel bHLH 

family named Hey/Hesr/HRT/CHF/gridlock/HERP, hereafter referred to as hairy-related 

transcription factor (HRT), has recently been identified as a target of Notch. The amino acid 

sequence and characteristic domains of HRT indicate that it is most closely related to the HES 

family among the known bHLH proteins (Iso et al., 2003). HRT is expressed in both HES- and 

non-HES-expressing tissues. Research has demonstrated that both HES and HRT can function as 

homodimers, but they can also function as heterodimers (Iso et al., 2001). Interestingly, HES and 

HRT utilize unique mechanisms to repress the transcription of target genes (Iso et al., 2001). The 

HES genes have a C-terminal tetrapeptide motif, WRPW, which is required for recruitment of 

the TLE/Groucho corepressor complex (Fisher et al., 1996; Grbavec and Stifani, 1996; Paroush 

et al., 1994). Conversely, the bHLH domain of the HRT proteins is both necessary and sufficient 

for transcriptional repression, which is thought to be mediated by the recruitment of a 

corepressor complex including N-CoR, mSin3A and HDAC1 (Iso et al., 2001). 

To date, seven HES members (Akazawa et al., 1992; Bae et al., 2000; Bessho et al., 

2001; Hirata et al., 2000; Ishibashi et al., 1993; Koyano-Nakagawa et al., 2000; Pissarra et al., 

2000; Sasai et al., 1992) and three HRT members (Chin et al., 2000; Iso et al., 2001; Kokubo et 

al., 1999; Leimeister et al., 1999; Nakagawa et al., 1999; Zhong et al., 2000) have been identified 

in mammals. However, evidence suggests that only HES-1, -5, -7 and HRT-1, -2, -3 are 
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physiological targets of Notch (Iso et al., 2003). These studies were performed by transient 

transfection of constitutively active NICD with HES-1, -5, -7 and HRT-1, -2, -3 reporter gene 

constructs (Bessho et al., 2001; Iso et al., 2002; Jarriault et al., 1995; Maier and Gessler, 2000; 

Nakagawa et al., 2000; Nishimura et al., 1998). The concern surrounding these studies is 

twofold: 1) NICD overexpression may upregulate the expression of other genes that can, in turn, 

upregulate the expression of HES and HRT; and 2) overexpressed NICD is well above 

physiologically relevant levels (Iso et al., 2003). To study the effects of Notch signalling under 

more physiologically relevant conditions, recent studies have employed a coculture system with 

Notch-ligand expressing cells (Iso et al., 2001; Jarriault et al., 1998; Kuroda et al., 1999; 

Shawber et al., 1996b). Furthermore, secondary effects caused by the expression of other genes 

can be ruled out by utilizing cycloheximide, a de novo protein synthesis inhibitor, in the 

coculture system (Iso et al., 2002; Iso et al., 2001; Kuroda et al., 1999). These coculture 

experiments are capable of detecting endogenous Notch receptor activation, and provide strong 

evidence that HES-1, HRT-1 and HRT-2 are primary targets of Notch in tissue culture models 

(Iso et al., 2003). However, these same studies have illustrated the complexity of Notch 

signalling associated with multiple receptors, ligands and tissue expression patterns. For 

example, ligand induced Notch activation failed to induce HRT-2 expression in C2C12 muscle 

cells, 10T1/2 fibroblasts, 293T, and P19 teratocarcinoma cells (Iso et al., 2001), but induced 

HRT-2 expression in the aortic smooth muscle cell line, A10 (Izon et al., 2002). These results 

suggest that targets of Notch may be under cell-type specific regulation in response to ligand 

activation. In the example above, all the cells lines tested express at least Notchl, 2, and 3 

receptors (Iso et al., 2002; Iso et al., 2001), but only A10 smooth muscle cells expressed HRT-2 

mRNA following ligand-induced activation. 

Mice mutant for specific pathway members have both added to our understanding of, and 

raised further questions about, the relationship between various Notch receptors, ligands, and 

effectors. For example, loss of Notchl results in decreased HES-5 and HRT-1, -2, and -3 

expression in various tissues, but has no effect on HES-1 expression in any tissue (de la Pompa 

et al., 1997; Iso et al., 2003; Leimeister et al., 2000). Notch2 deficient mice display normal 

HES-1 and HES-5 expression (Hamada et al., 1999), whereas D113 null mice demonstrate 

reduced HES-1, HES-5, and HRT-1 expression in the presomitic mesoderm (Dunwoodie et al., 

2002). Loss of D i l l causes a decrease in expression of HRT-1,-2, and -3 in mice (Leimeister et 

al., 2000). Finally, CSL knockout mice show reduced HES-5, but not HES-1, expression (de la 
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Pompa et al., 1997). The fact that HES and HRT expression (particularly HES-1 expression) was 

not abolished in these mutant mice suggests that other pathways (i.e. other receptors, ligands, or 

unidentified CSL-independent pathways) may compensate to maintain gene expression in the 

absence of various Notch family members (Iso et al., 2003). 

1.2.2 Modulation of Notch signalling 

Section 1.2, thus far, has focused on the "core", ligand activated Notch signalling 

pathway. It assumes that a ligand on one cell binds and activates a Notch receptor on an adjacent 

cell; however, a single cell type can express multiple ligands and receptors, and different cell 

types (e.g. endothelial and smooth muscle) may show different patterns of expression. With all 

this complexity, it is difficult to define what determines a functional ligand receptor interaction. 

In addition, it has been well established that Notch signalling is not restricted to CSL transduced 

events. For instance, Drosophila CSL mutant phenotypes differ from Notch mutant phenotypes 

in the wing, the eye and the embryo (Arias, 1998; Brennan et al., 1999a; Brennan et al., 1999b; 

Brennan et al., 1997; Ligoxygakis et al., 1998; Rusconi and Corbin, 1999; Zecchini et al., 1999). 

Furthermore, in vertebrate models, it is now known that Notch regulates development and 

muscle cell differentiation via CSL-independent pathways (Ordentlich et al., 1998; Shawber et 

al., 1996b). Complicating matters further, there are a number of molecules that physically 

interact with Notch (Figure 1.4) and add another dimension to the complex regulation of Notch 

signalling. A selection of these molecules and their mechanisms of action are discussed below. 

1.2.2.1 Fringe 

Fringe is a Golgi-localized protein that acts as an N-acetylglucosaminyltransferase, 

adding N-acetylglucosamine groups to O-linked fucose of specific EGF-like repeats in the Notch 

extracellular domain (Figures 1.3 and 1.4) (Bruckner et al., 2000; Moloney et al., 2000; Munro 

and Freeman, 2000). "Several conserved O-linked fucose sites lie close to or within EGF-like 

repeats 24-26, which are critical for Serrate- but not Delta-dependent Notch signalling" (Baron et 

a l , 2002). Fringe is often expressed at developmental boundaries during pattern formation, and 

has been shown to inhibit Serrate-dependent Notch signalling while potentiating Delta-dependent 

Notch signalling (Bruckner et al., 2000; Fleming et al., 1997a; Panin et al., 1997). Fringe is 

thought to interfere with the ability of Serrate to form productive signalling complexes with 

Notch. In support of this hypothesis, Fleming et al. (1997a) showed that the replacement of the 
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N-terminal receptor-binding domain of Drosophila Serrate with that of Delta makes the hybrid 

receptor resistant to inhibition by Fringe modification. The Drosophila protein Fringe has three 

vertebrate counterparts: Lunatic Fringe, Radical Fringe and Manic Fringe (Fortini, 2000). 

DSL ligands 
Fringe 

Wingless 

Deltex 
EMB-5 

C S L N F - K B Dishevelled 
Numb B C L - 3 Numb 

< M M 1 

^. . . . . . . . . . . . . . . . . . . t , ^ * IL—f 
1 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2̂ 21 22 2̂ 24 25 ajn 2tj 29] 30 3^13 ^jjjHi—T 

Figure 1.4: Modu la to rs o f No tch signal l ing. The domain structure of Notch is as described in Figure 1.1. Proteins 
that interact with Notch and the functional domains to which they bind are shown. 

1.2.2.2 Wingless 

A second extracellular modifier of Notch activity is Wingless, a member of the Wnt 

family of proteins. Wingless is a secreted protein that binds to its receptor, Frizzled, to stimulate 

the activation of the cytosolic protein Dishevelled (Baron et al., 2002). Through distinct 

pathways, activation of Dishevelled culminates in the activation of both P-catenin dependent 

signalling events and the Jun N-terminal kinase (JNK) pathway (Baron et al., 2002; McEwen and 

Peifer, 2000). Evidence for a close genetic linkage between Wingless and Notch includes the 

ability of Notch, in some contexts, to regulate Wingless expression (Baron et al., 2002; Rulifson 

and Blair, 1995), and the inhibition of Notch signalling through binding to Dishevelled (Axelrod 

et al., 1996; Rulifson et al., 1996). Wesley et al. (1999) reported that Wingless can bind the 

Notch extracellular domain (EGF-like repeats 19-36) in vivo (Figure 1.4). This same report also 

showed that the association of Wingless with Notch induces a different transcriptional response 

from Delta activation of Notch. Delta-dependent Notch signalling leads to the accumulation of 

NICD, which is not observed upon Notch exposure to Wingless (Wesley, 1999). 

1.2.2.3 Deltex 

Deltex was initially identified as a positive regulator of Notch signalling in Drosophila 

(Matsuno et al., 1995). On the other hand, enforced expression of Deltex can antagonize Notch 
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signalling, possibly by competing with NICD for transcriptional coactivators (Izon et al., 2002; 

Sestan et a l , 1999). "The amino acid sequence of Deltex can be divided into three regions 

separated by glutamine rich sequences" (Baron et al., 2002). The N-terminal domain of Deltex 

binds to the cdclO/ankyrin repeat region of Notch (Figure 1.4) (Diederich et al., 1994; Matsuno 

et al., 1995). The N-terminal domain, also contains two W W E domains (Aravind, 2001), which 

are commonly found in proteins linked to ubiquitination or ADP ribosylation (Baron et al., 

2002). The central domain of Deltex contains a proline rich sequence (Matsuno et al., 1998), 

which may facilitate interactions with Src homology (SH)3-domain containing proteins. The 

Deltex C-terminal domain contains "a Ring finger domain which may confer E3 ubiquitin ligase 

activity" (Baron et al., 2002). Wing margin notching and thickened veins are among the 

phenotypes reported in Drosophila containing Deltex mutations (Gorman and Girton, 1992; Xu 

and Artavanis-Tsakonas, 1990). These Deltex phenotypes resemble those observed in Notch loss 

of function mutants. In keeping with this observation, Matsuno et al. (1995) reported that these 

Deltex phenotypes can be rescued by expressing constitutively active NICD. They concluded 

that Deltex function lies upstream of Notch proteolytic activation (Matsuno et al., 1995). 

Interestingly, work in mammalian systems has shown that Deltex may function independently of 

CSL, possibly by down-regulating Ras and JNK-dependent signals (Ordentlich et al., 1998). 

1.2.2.4 Numb 

A role for Numb in Drosophila SOP differentiation was described in section 1.1.3. Numb 

contains a phosphotyrosine-binding (PTB) domain that facilitates binding to the Notch RAM23 

domain and another C-terminal region of Notch (Figure 1.4) (Baron et al., 2002; Lai, 2002). 

Numb is asymetrically distributed between daughter cells before mitosis, and functions to 

downregulate Notch signalling in the cell that inherits the Numb protein (Guo et al., 1996; Spana 

and Doe, 1996). McGi l l and McGlade (2003) have shown that mammalian Numb mediates the 

ubiquitination of membrane bound Notchl, which promotes degradation of the Notchl 

intracellular domain. In addition to Notch, mammalian Numb can interact with Epsl5 (an E H 

domain-containing endocytic protein), ct-adaptin (a clathrin coated pit component) (Jafar-Nejad 

et al., 2002; Santolini et al., 2000), and "is localized in endocytic vesicles and co-traffics with 

internalizing cell surface receptors" (Baron et al., 2002). Thus, Numb is also thought to 

downregulate Notch activity via an endocytic pathway (i.e. by stimulating the endocytosis of 

Notch) (Baron et al., 2002). In support of this hypothesis, expression of dominant negative 

Numb results in endocytic perturbations (Baron et al., 2002). 
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1.3 NOTCH AND EPITHELIAL-TO-MESENCHYMAL TRANSFORMATION 
(EMT) 

1.3.1 Overview of EMT 

Epithelial and mesenchymal cells were recognized in the early nineteenth century on the 

basis of their shape and organization during embryonic development (Thiery, 2002). In 1908, 

Frank Lillie first described the ability of these cell types to transform between the two states 

(Lillie, 1908); however, it was not until 1982 that the epithelial-to-mesenchymal transformation 

(EMT) was recognized as a distinct process (Greenburg and Hay, 1982). Epithelial cells are 

apical-basal polarized cells that form contiguous sheets on top of the extracellular matrix (ECM) 

(Hay, 1995; Thiery, 2002). Epithelial cell sheets are held together by a combination of cell-cell 

adhesion molecules (CAMs) (e.g. E-cadherin) (Prieto and Crossin, 1995) and the formation of 

junctions (e.g. lateral surface desmosome, zonula adherens, and adherens type junctions) 

(Farquhar and Palade, 1965; Hay, 1995). The basal actin cortex of the epithelial cells interacts in 

a stable, non-invasive fashion with the E C M via cellular receptors (Hay, 1995). These cell-cell 

and cell-ECM contacts "account for both the proper development of epithelial tissues during 

embryonic life and for the maintenance of homeostasis and architecture of epithelial structures 

during adult life" (Boyer et al., 2000). 

"The goal of E M T is to produce a cell with the capacity to invade the E C M " (Hay, 1995). 

As such, an epithelial cell undergoes numerous changes during E M T that enable the resulting 

mesenchymal cell to migrate away from the epithelial origin through the E C M . For example, 

mesenchymal cells are known to downregulate C A M expression and modify the type of 

intermediate filaments they express (i.e. from keratin to vimentin intermediate filaments) (Boyer 

et al., 2000; Hay, 1995; Savagner, 2001; Thiery, 2002). In some cases, the resulting 

mesenchymal cells synthesize E C M components such as fibronectin and certain types of 

collagen (Boyer et al., 2000). Mesenchymal cells exhibit front end-back end polarity. Because 

they are motile cells, mesenchymal cells only form transient contacts with neighbouring cells 

(Hay, 1995). During migration, the mesenchymal cell is elongated with a leading pseudopodium 

that extends filipodia, and is thought to synthesize proteolytic enzymes, such as gelatinase, to 

enhance its invasiveness (Boyer et al., 2000; Hay, 1995; Savagner, 2001). 
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E M T is fundamental to early development, particularly in vertebrates. It is necessary for 

the formation of the three-layered embryo during gastrulation (Stern, 1992) and development of 

the heart, musculoskeletal system, most craniofacial structures and the peripheral nervous system 

(Boyer et al., 2000; Hay, 1995; Thiery, 2002). It should be emphasized that EMTs do not all 

exhibit the exact same set of cellular changes; however, both the loss of intercellular junctions 

and the acquisition of cell motility are always associated with EMT, and are together referred to 

as "cell scattering" (Boyer et al., 2000). Interestingly, despite the simultaneous or synchronous 

occurrence of these events during EMT, cell-cell dissociation and cell motility appear to occur 

independently of one another. For example, Boyer et al. (1989) demonstrated that inhibition of 

cell motility did not perturb cell-cell dissociation, while Tsukamoto et al. (1999) reported that 

cell-cell dissociation can be blocked without affecting cell movement. 

1.3.2 Mechanism of E M T 

In recent years, considerable progress has been made towards elucidating the molecular 

mechanisms involved in EMT. "In the majority of working models, cell scattering appears as a 

non-cell-autonomous process, requiring external stimuli to be activated" (Boyer et al., 2000). 

Some of the stimuli known to be involved in the induction of most in vivo EMTs include E C M 

components, such as collagen and fibronectin, and soluble factors, such as epidermal growth 

factor, scatter factor/hepatocyte growth factor, fibroblast growth factor and transforming growth 

factor (TGF)p family members (Hay, 1995; Markwald et a l , 1996; Savagner, 2001; Savagner et 

al., 1994). The Wnt proteins also induce E M T steps in vivo during differentiation processes such 

as segmentation, gastrulation and central nervous system patterning (Polakis, 2000; Savagner et 

al., 1994). Overall, these exogenous factors alter the transcriptional control of the epithelial gene 

program and induce the expression of the mesenchymal gene program to produce cells capable 

of dissociating and migrating away from their neighbours (Hay and Zuk, 1995; Thiery, 2002). 

One gene emerging as a "caretaker" of the epithelial phenotype is the prototypic Type I 

cadherin, E-cadherin (Hay and Zuk, 1995; Thiery, 2002). Type I cadherins mediate calcium-

dependent, homophilic interactions between cells, and provide an indirect link to the actin 

cytoskeleton via the cytoplasmic proteins a- and |3-catenin (Takeichi, 1995; Tepass et al., 2000; 

Thiery, 2002). E-cadherin is required to maintain stable epithelial cell junctions. In 1983, Imhof 

et al. reported that treatment of epithelial cells with anti-E-cadherin antibodies disrupts cell-cell 

contacts and induces a mesenchymal phenotype (Imhof et al., 1983). During development, E-
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cadherin is lost at sites of EMT in Drosophila (Tepass et al., 1996), chick (Edelman et al., 1983), 

and mouse (Burdsal et al., 1993; Damjanov et al., 1986; Veltmaat et al., 2000). A direct 

correlation between E-cadherin down regulation and the loss of the epithelial phenotype has also 

been established in vitro (Behrens et al., 1989). N-cadherin, another type I cadherin, is 

downregulated at other sites of E M T during development, including the neural crest (Hatta et al., 

1987) and somites (Birchmeier and Behrens, 1994), highlighting that loss of cell-cell junctions is 

important in the regulation of EMT. 

So how is E-cadherin downregulated during EMT? A number of candidate transcriptional 

repressors have been identified to date. For example, the zinc-finger transcription factor Snail, 

originally identified in Drosophila as a controlling factor in gastrulation (Leptin, 1991), is known 

to downregulate transcription of the Drosophila E-cadherin orthologue, shotgun, to initiate E M T 

(Hemavathy et al., 2000; Oda et al., 1998). In addition to Snail, a closely related family member, 

Slug, is observed at sites of E M T in vertebrates (Nieto et al., 1994). Anti-sense and dominant-

negative experiments have shown that Slug is necessary for E M T in chick mesoderm (Nieto et 

al., 1994) and heart (Romano and Runyan, 1999; Romano and Runyan, 2000) formation, and 

neural crest development in both the chick (Nieto, 2001) and Xenopus (Carl et al., 1999; 

LaBonne and Bronner-Fraser, 2000). 

The zinc-finger protein, SIFT, has also been shown to repress E-cadherin expression in 

epithelial cells (Comijn et al., 2001). Interestingly, Sipl expression is induced by TGFp" during 

EMT in the mouse mammary cell line, N M u M G (Thiery, 2002). Furthermore, Sipl is strongly 

expressed in cell lines in which the E-cadherin promoter is hypermefhylated, suggesting a 

mechanism for SIFT repression of E-cadherin (Comijn et al., 2001). Finally, the E2a gene 

product, E12/E47, is a bHLH transcription factor that blocks E-cadherin expression (Perez-

Moreno et al., 2001). E12/E47 has been detected in several cell lines lacking E-cadherin; 

however, unlike the aforementioned transcriptional repressors, its pattern of expression in the 

mouse embryo suggests a role in maintaining a mesenchymal phenotype (Thiery, 2002). Thus, 

any external factor or signalling pathway that is capable of inducing these transcriptional 

repressors has the potential to induce EMT. 
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1.3.3 A role for Notch signalling in E M T 

1.3.3.1 Notch, EMT and cardiovascular development 

Table 1.1 provides examples of EMTs that occur at specific stages during embryonic 

development. Interestingly, several studies have suggested that the Notch signalling pathway 

may play a role in EMT during organogenesis, based on the observed expression patterns of 

Notch pathway members in tissues that undergo EMT. For example, Notchl is observed in the 

mouse embryonic whisker follicles, tooth buds and kidney (Weinmaster et al., 1991). However, 

there is no direct experimental evidence describing a functional role for Notch signalling in EMT 

to date. 

Table 1.1: Examples of E M T during embryonic development 

In vivo: development Stage 
(mouse) 

Transition 

Gastrulation 6.5 d Epiblast Three cell layers 
Prevalvular mesenchyme 8 d Endothelium Atrial and ventricular septum 
(Heart formation) 
Neural crest cells 8 d Neural plate Numerous derivatives 

(bone, muscle, PNS) 
Somitogenesis and 9 d Somite walls Sclerotome 
sclerotome differentiation 
Palate formation 3.5 d Oral epithelium Mesenchymal and epithelial 

cells, combined with apoptosis 
Mullerian tract regression 15 d Mullerian tract Mesenchymal cells, combined 

with apoptosis 
Adapted from (Savagner, 2001). 

Despite the lack of a functional role in EMT, targeted disruption of Notch pathway 

members has revealed a critical role for Notch signalling in cardiovascular development. For 

example, targeted disruption of Notchl is embryonic lethal and the lack of viability is likely due 

to defects in angiogenic remodeling (Krebs et al., 2000). Notch4 null animals, on the other hand, 

are viable and fertile, indicating that Notch4 is dispensable for vascular development (Krebs et 

al., 2000). Interestingly, however, Notchl/Notch4 double mutants display a more severe 

phenotype than Notchl homozygous mutants (Krebs et a l , 2000); these double mutants have 

severe vascular remodeling and angiogenic defects, and die at or before embryonic day E9.5 

(Krebs et al., 2000). Interestingly, endothelial cell-specific expression of activated Notch4 also 

results in embryonic lethality (E9.5-E10.5) as a result of abnormal vessel structure and patterning 

(Uyttendaele et al., 2001). Although somewhat paradoxical at first glance, the fact that the 
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phenotype of the activated Notch4 knock-in resembles the Notchl and Notchl/Notch4 knockouts 

indicates that proper vascular development requires appropriate levels and regulation of Notch 

signalling (Gridley, 2001). 

Targeted disruption of other Notch pathway members has revealed phenotypes similar to 

those observed in Notch receptor null mice. For example, JAG1 knockout mice exhibit defective 

head and yolk sac angiogenesis, and die around E10.5 (Xue et al., 1999), while D i l l homozygous 

mutants die from vascular defects and extensive hemorrhaging around E12 (EIrabe de Angelis et 

al., 1997). Mice lacking various Notch modulators further support the role of Notch signalling in 

cardiovascular development. For example, mice lacking both Presenilin-1 and -2, which are 

critical regulators of the Notch receptor S3 cleavage (Section 1.1.2), die before E9.5, probably as 

a result of defects in cardiac looping (Donoviel et al., 1999). Furthermore, mice with 

homozygous inactivation of Numb, which downregulates Notch activity via an endocytic 

pathway (section 1.2.2.4), demonstrate defects in angiogenic remodeling and placental 

dysfunction resulting in embryonic death at E l 1.5 (Zilian et al., 2001). Thus, elucidation of the 

mechanisms by which Notch signalling pathways regulate cardiovascular development is critical 

to better understand this important process. 

1.3.3.2 Notch signalling and Alagille Syndrome (AGS) 

The role of Notch in cardiovascular development is further highlighted by the discovery 

that mutations in the human JAG1 gene cause Alagille Syndrome (AGS) (Li et al., 1997; Oda et 

al., 1997b). AGS is an autosomal-dominant disorder characterized by variable abnormalities of 

the heart, liver, eye, vertebrae and kidney. (Alagille et al., 1987; L i et al., 1997; Oda et al., 

1997b). McElhinney et al. (2002) recently analyzed 200 patients with a JAG1 mutation or AGS, 

and determined that 94% of these individuals have cardiovascular abnormalities. Of the 

cardiovascular anomolies observed, most were right-sided defects with branch pulmonary artery 

stenosis (a narrowing of the blood vessels that leads to the lungs) (McElhinney et al., 2002). 

Two reports by Loomes et al. (1999 and 2002) have characterized the in situ expression 

of JAG1 and the Notch receptors in the developing mammalian heart. Of interest, JAG1 is 

observed in a distinct layer of endocardium (endothelium) in both the pulmonary outflow tract 

and the endocardial cushions of the atrioventricular canal at E12.5 (Loomes et al., 1999). A 

subset of these endocardial cells of the pulmonary outflow tract and atrioventricular canal are 
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known to undergo E M T during valve leaflet formation (Table 1.1; Figure 1.5A) (Eisenberg and 

Markwald, 1995). From this point on, EMT of endothelial cells wil l be referred to as endothelial-

to-mesenchymal transformation. Although JAG1 expression is not restricted to endothelial cells, 

i.e. it is also found in perivascular cells and smooth muscle cells of the developing vessels 

(Loomes et al., 1999), JAG1 is primarily observed in the right-sided outflow tract, ductus 

arteriosus and pulmonary arteries of the developing heart, consistent with the right-sided defects 

in the pulmonary circulation observed in AGS patients (Loomes et a l , 1999). 

Of the four Notch receptors, the pattern of Notchl expression in the developing heart is 

most similar to that seen for JAG1. Like JAG1, Notchl is observed in the endocardium lining the 

outflow tract and the atrioventricular canal at E12.5 (Loomes et al., 2002). Notch2 overlaps 

Notchl expression in a specific population of endocardial cells of the atrioventricular canal 

(Loomes et al., 2002). McCright et al. (2002) have also described Notch2 expression in the 

outflow tract at E l 1.5 and E14.5. Given the above expression profiles, it is tempting to speculate 

that JAG1-Notch interactions are involved in endothelial-to-mesenchymal transformation events 

of the pulmonary outflow tract and atrioventricular canal. Endothelial-to-mesenchymal 

transformation in these regions is required to form the endocardial cushions, which are the 

predecessors of the heart valves and septa (Eisenberg and Markwald, 1995). Thus, the cardiac 

anomalies associated with AGS imply defective cardiac cushion formation (Li et al., 1997; Oda 

etal., 1997b). 

Figure 1.5 A and B illustrate the process of endothelial-to-mesenchymal transformation in 

the pulmonary outflow tract and atrioventricular canal of the developing mouse heart. The 

primary heart tube consists of an outer myocardium surrounding an inner endocardium, 

separated by a myocardial derived basement membrane (cardiac jelly) (Eisenberg and Markwald, 

1995). The onset of endocardial-to-mesenchymal transformation in the developing heart (E9.5 in 

the atrioventricular canal, El0.5 in the pulmonary outflow tract (Camenisch et al., 2002a)) is 

associated with a regionalized swelling of the cardiac jelly (i.e. the formation of the endocardial 

cushions). Although the molecular mechanisms of endothelial-to-mesenchymal transformation 

remain poorly elucidated, signals appear to emanate from both the myocardium and the 

endocardium (Eisenberg and Markwald, 1995; Icardo and Manasek, 1984; Kinsella and 

Fitzharris, 1982). The accumulation of myocardial derived protein complexes composed of 

fibronectin and EDTA soluble antigens, collectively referred to as adherens (Eisenberg and 

Markwald, 1995), in the cardiac jelly is essential for the initiation of endocardial-to-
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mesenchymal transformation (Figure 1.5B) (Eisenberg and Markwald, 1995; Markwald et al., 

1996). The E D T A soluble proteins are also expressed at other sites of E M T (Markwald et al., 

1996), suggesting an overall importance of adherons in mesenchyme induction. In addition to 

adherons, a number of other molecules have been shown to play a role in endocardial cushion 

formation. For example, the TGFp (Figure 1.5B) and homeobox gene superfamilies, bone 

morphogenic proteins (BMP)-4, -6, and -7, activin receptor-like kinase 2 and a variety of E C M 

proteins have been suggested to play an important role in endothelial-to-mesenchymal 

transformation (Camenisch et al., 2002a; Camenisch et al., 2002b; Eisenberg and Markwald, 

1995; Kim et al., 2001; Lai et al., 2000; Mjaatvedt et al., 1998; Pierpont et al., 2000). However, 

the adherons remain the most critical regulators of endocardial cushion formation identified to 

date (Eisenberg and Markwald, 1995). 

How does this relate to a role for Notch in endothelial-to-mesenchymal transformation of 

the developing heart? Interestingly, it has been shown that even in the restricted regions of 

endocardial cushion development (i.e. the atrioventricular canal and pulmonary outflow tract), 

only a subset of the endocardium are competent for activation (Figure 1.5B) (Markwald et al., 

1996). The suggestion here is that these competent endothelia have an intrinsic mechanism 

required for activation. Could there be a requirement for Notch signalling in proper endocardial 

cushion development? Considering again the cardiac anomalies associated with A G S ; it has been 

proposed that JAG1 haploinsufficiency is one mechanism causing the disease phenotype in 

humans (Li et al., 1997; Oda et al., 1997b). Although heterozygous deletion of JAG1 in mice 

does not result in AGS associated cardiac anomolies (Xue et al., 1999), JAG1 null animals die 

around E10.5, which limits the ability to analyze the role of JAG1 in heart morphogenesis. 

Interestingly, mice that are doubly heterozygous for a JAG1 null allele and a Notch2 hypomorph 

display cardiovascular anomalies characteristic of AGS (McCright et al., 2001). These results 

suggest that other genes in the Notch signalling pathway may contribute to the variety of 

phenotypes presented by AGS patients. In support of such a hypothesis, three separate groups 

recently disrupted expression of the Notch target HRT-2 in mice; HRT-2 knockout mice display 

cardiac defects that resemble those seen in humans with mutations in JAG1, including 

ventricular septal defects and pulmonary artery stenosis (Donovan et al., 2002; Gessler et al., 

2002; Sakata et al., 2002). Overall, experimental evidence demands a look at the functional role 
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Figure 1.5. Fo rmat ion of the endocardia l cushion tissue i n the developing mouse hear t . ( A ) (i) The primary 
heart tube is composed of an outer myocardium (M) and an inner endocardium (E) separated by an acellular matrix 
called the cardiac jelly (CJ). A=anterior. P=posterior. (ii) After cardiac looping, regionalized thickening of the 
cardiac jelly in the atrioventricular (AV) canal and pulmonary outflow tract (OT) defines the onset of endocardial 
cushion tissue formation, (iii) Transformed endocardium (mesenchyme) migrate into the cardiac jelley and form the 
endocardial cushions, the precursors of the membranous valves and septa, (iv) The blue colouring illustrates the 
contribution of the endocardial cushion tissue to the valves of the four chambered heart. Adapted from (Markwald et 
al., 1996). (B) At the onset of endocardial cushion formation, the cardiac jelly contains myocardial derived 
adherons, which are protein complexes containing fibronectin and E D T A soluble antigens. Adherons are required 
for the activation of endocardium and the induction of E M T . The endocardium of the atrioventricular canal and 
pulmonary ouflow tract contain a subset of endothelium (blue cells) that are competent for activation and 
transformation. Activated endocardium and migrating mesenchyme secrete TGFp-2, which may act in an autocrine 
manner to enhance mesenchyme formation. BMPs have also been shown to enhance mesenchyme formation. 
Adaptedfrom (Nakajima et al, 2000) and (Markwald et al, 1996). 
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of the Notch signalling pathway in endothelial-to-mesenchymal transformation o f the developing 

heart, and other tissues which require E M T for proper development. 

1.4 A I M S OF S T U D Y 

The original aim of this study was to characterize the differences i n gene expression in 

human microvascular endothelial cells ( H M E C ) overexpressing the activated form of the Notch4 

receptor (HMEC-Notch4IC) compared to control cells (HMEC-vector) , since previous work in 

the lab had shown that enforced expression of Notch4IC in H M E C blocked angiogenic 

remodeling in vitro. A c D N A subtraction/hybridization technique (Representational Differential 

Analysis (RDA)) was employed to uncover Notch4IC induced targets (results w i l l not be 

presented in this thesis). During the course of these studies, we noticed that the gross 

morphology of the HMEC-Notch4IC cells was noticeably different from HMEC-vector cells 

when grown in two dimensions. B y light microscopy, HMEC-Notch4IC did not form a proper 

endothelial monolayer, and seemed to be piling on top of one another. A s a starting point, we 

decided to look at the endothelial-specific adherens junction protein, vascular endothelial (VE)-

cadherin. VE-cadherin mediates Ca 2 +-dependent, homophilic interactions, and is required in the 

formation of proper endothelial cell-cell junctions. Western blot and immunofluorescence studies 

showed that HMEC-Notch4IC significantly downregulated VE-cadherin compared to control 

H M E C . This downregulation was also true for another important endothelial cell junctional 

molecule, P E C A M - 1 . In light of these findings, we decided to look at the expression of a variety 

of endothelial cell markers in HMEC-Notch4IC, and showed that all were down to various 

degrees. HMEC-Notch4IC appeared to be losing the endothelial phenotype, and similar results 

were observed when N o t c h l IC was expressed in H M E C . 

The morphology o f HMEC-Notch4IC and the lack of an endothelial specific cadherin 

suggested that activated Notch may be inducing an endothelial-to-mesenchymal transformation. 

The aim of this thesis, therefore, was to determine whether overexpression of activated Notch 

could induce this endothelial-to-mesenchymal transformation in HMEC and primary 

endothelial cell types. In addition to cell-cell disruption (i.e. loss of VE-cadherin and P E C A M -

1), two other hallmarks of this transformation are the expression of the migratory protein alpha-

smooth muscle actin ( S M A ) and the acquisition of cell motility; both were observed in H M E C -

Notch4IC and - N o t c h l l C . To further characterize this transformation, we looked at the role of 

TGF(3, since the T G F 0 family of proteins has been shown to play an important role in E M T 
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during organogenesis, including heart development. Finally, since mutations in JAG1 are 

responsible for AGS (in which patients exhibit cardiac defects consistent with improper, EMT-

dependent cardiac cushion formation), we attempted to validate our hypothesis that Notch 

signalling may be involved in endothelial-to-mesenchymal transformation of the heart by 

looking at expression and effects of the Notch ligand JAG1. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 TISSUE CULTURE 

2.1.1 Cell lines and reagents 

The HMEC-1 microvascular endothelial cell line, hereafter referred to as H M E C was 

provided by the Centers for Disease Control and Prevention (Atlanta, GA) (Ades et al., 1992). 

H M E C lines were cultured in M C D B medium (Sigma, St. Louis, MO) supplemented with 10% 

heat-inactivated fetal calf serum (FCS) (HyClone, Logan, Utah), 10 ng/ml of epidermal growth 

factor (Sigma), and 100 U each of penicillin and streptomycin (MCDB-HMEC). Human 

umbilical vein endothelial cells (HUVEC) were isolated as previously described (Karsan et al., 

1997), and maintained in M C D B medium supplemented with 20% heat-inactivated FCS, 20 

p,g/ml endothelial cell growth supplement (BD Bioscience, Bedford, M A ) , 16 U/ml heparin and 

100 U each of penicillin and streptomycin (MCDB-HUVEC) . Human aortic endothelial cells 

(HAEC) and human microvascular endothelial cells (HMVEC) were purchased from Clonetics 

(subsidiary of BioWhittaker, Inc., Walkersville, MD) and cultured in Endothelial Growth Media 

(EGM) (Clonetics) according to manufacturer's specifications. Primary umbilical artery smooth 

muscle cells (UASMC) were purchased from Clonetics and were cultured in Smooth muscle cell 

Basal Medium according to manufacturer's specifications. A l l cells were maintained at 37°C in 

5% C 0 2 . 

For conditioned medium experiments, 3-day HMEC-Vector or HMEC-Notch4IC 

supernatants were 0.45 pm filtered before addition to parental H M E C . Conditioned medium was 

changed daily. Recombinant TGFJ3-1 and TGFP-2 and mouse monoclonal antibodies (pan-anti-

TGFP neutralizing antibody (clone 1D11) and control IgGl) were purchased from R & D 

Systems, Inc. (Minneapolis, MN). 

2.1.2 Gene transfer 

Endothelial cells were transduced using the retroviral vectors MSCV-IRES-YFP (MIY) 

(gift from Dr. R. K . Humphries) or L N C X , with cDNA constructs encoding the C-terminal H A -

tagged Notch4 intracellular domain (Leong et al., 2002), the Notchl intracellular domain (gift 

from Dr. S. Artavanis-Tsakonas), or full-length JAG1 (Li et al., 1998). Endothelial cells were 
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transduced as previously described (Karsan et al., 1996) except that transient transfections of the 

Ampho Phoenix packaging cell line were performed using Fugene 6 transfection reagent 

(Boehringer Mannheim, Mannheim, Germany). Cells were sorted for Y F P expression using a 

FACS 440 (BD, Franklin Lakes, NJ), or selected with 300 ixg/ml neomycin (G418) (LNCX 

constructs). 

2.1.3 Chemotactic assay 

The ability of H M E C to migrate towards vascular endothelial growth factor (VEGF; 15 

ng/ml, R & D Systems, Inc.) and platelet derived growth factor (PDGF) (PDGF-BB; 20 ng/ml, 

R & D Systems, Inc.) was measured by a Transwell filter assay (Corning Costar, V W R 

International) as previously described (Leong et al., 2002). Briefly, polycarbonate filters (8.0 pm 

pores) of the upper chamber were coated with 50 pi fibrinogen (Sigma; 2.5 mg/ml in phosphate 

buffered saline (PBS)) and dried overnight. H M E C at 75-100% confluence were trypsinized, 

washed twice with soybean trypsin inhibitor (10 p.g/ml), and resuspended in serum-free M C D B . 

3.5 x 104 cells were plated in the upper chamber and serum-free M C D B alone (negative control), 

with VEGF, or with PDGF was plated in the lower chamber. H M E C were incubated with the 

chemoattractant factors (16 hours, 37°C). The filters were washed with room temperature PBS, 

fixed (30 minutes, room temperature) in 4% paraformaldehyde, then stained (10 minutes, room 

temperature) in 0.5% crystal violet/20%) methanol. Stained cells were washed with dHaO, and 

adherent cells were removed from the upper side of the filter with a cotton swab. Cells that had 

migrated and adhered to the underside of the filter were counted using a Nikon Eclipse TS100 

standard inverted microscope (Nikon Corporation, Tokyo Japan). 

2.2 PROTEIN ANALYSIS 

2.2.1 Total cell lysate preparation 

Medium was removed from cell monolayers, and the tissue culture plates were washed 

once with room temperature PBS. The PBS was removed, and the plates were put on ice. The 

remaining steps were done at 4°C or on ice as described (Santa Cruz Biotechnology Inc., Santa 

Cruz, CA). Ice cold lysis buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with 

the addition of fresh protease inhibitors (10 p.g/ml aprotinin, 2 p.g/ml leupeptin, 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF)) and 0.5 m M sodium ortho-vanadate were added at 3.5 

ul/cm 2 to the culture plate. The cells were scraped and transferred to a 1.5 ml Eppendorf tube. 
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The D N A was sheared by passing the lysate through a 21 gauge needle and the lysate was then 

left on ice for 30-60 minutes. Cellular debris was clarified at 10,000xg for 15 minutes at 4°C and 

the supernatant (total cell lysate or TCL) was transferred to a new Eppendorf tube. 

2.2.2 Immunoblotting 

50 of total protein/lane (Bio-Rad DC Protein Assay System; Bio-Rad Laboratories, 

Hercules, CA) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). Antibodies were used for Western blotting according to manufacturer's 

recommendations. The mouse antibody against the HA-epitope tag was purchased from BabCo 

(Richmond, CA), goat anti-VE-cadherin, goat anti-PECAM-1, rabbit anti-Tie 1 and rabbit anti-

Tie2 were all from Santa Cruz Biotechnology Inc. The mouse anti-eNOS/NOS Type III and anti-

fibronectin were purchased from Transduction Laboratories, while the mouse anti-SMA antibody 

was from Cymbus Biotechnology Ltd. (Hampshire, UK) . Mouse anti-alpha-tubulin was 

purchased from Sigma. Images were acquired using the Mulitilmage™ Light Cabinet with 

FlourChem™ FC Software (Alpha Innotech Corporation, San Leandro, CA) 

2.2.3 ELISA 

For ELISA analysis, H M E C , H U V E C and H A E C were grown until 75-80% confluent. 

The cells were washed with PBS, and put in the appropriate medium (Section 2.1.1) for 2 to 3 

days. The supernatants were collected at indicated times, and cellular debris was removed by 

centrifugation (2500 rpm, 5 minutes, 4°C). Human TGF(3-1 and TGFP-2 ELISAs (R&D 

Systems, Inc.) were performed according to the manufacturer's instructions. 

2.3 RNA ANALYSIS 

2.3.1 RNA collection and RT-PCR 

R N A was isolated using TRIzol Reagent (Invitrogen, Burlington, ON) and quantitated by 

spectrophotometry (260 nm). R N A quality was assessed using the 260/280 nm ratio, and by 

running 1 pi of total R N A on a 1% T A E gel. 1.0-2.5 pg of total R N A for each sample was 

DNAse treated (Invitrogen) and converted to first strand cDNA. A reverse transcription (RT) 

reaction was performed for each R N A sample without the addition of the reverse transcriptase as 

a control for genomic D N A contamination. PCR was performed using 1 pi of cDNA on a 

PowerBlock II™ EasycyclerTM (Ericomp Inc.). Primer sequence and cycle conditions are 
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described in Table 2.1. The VE-cadherin and HRT-1 primers are as described (Bach et al., 1998; 

Henderson et al., 2001). PCR products were resolved on T A E agarose gels and images were 

acquired using the Mulitilmage™ Light Cabinet (Alpha Innotech Corporation). 

Table 2.1: Primers and PCR conditions used in this thesis. 

TARGET SENSE ANTI-SENSE T„(°C) CYCLES SIZE(bp) 
hNotchl cactgtgggcgggtcc gttgtattggttcggcaccat 55 35 85 
mNotchl ggccacctcttcactgcttc ccggaacttcttggtctcca 60 35 529 
Notch2 cccaatgggcaagaagtcta cacaatgtggtggtgggata 53 30 402 
Notch3 tgagacgctcgtcagttctt tggaatgcagtgaagtgagg 53 35 667 
hNotch4 tagggctccccagctctc ggcaggtgcccccatt 60 35 486 
mNotch4 caagctcccgtagtcctacttc ggcaggtgcccccatt 53 35 486 
hJAGl ctatgatgagggggatgct cgtccattcaggcactgg 53 35 507 
mJAGl aatggagactccttcacctgt cgtccattcaggcactgg 53 35 383 
D114 gcattgtttacattgcatcctg caagggcgtgcgcgtcaaagta 60 30 456 
HES-1 aggcggacattctggaaatg cggtacttccccagcacactt 55 30 103 
HRT-1 ggagaggcgccgctgtagtta caagggcgtgcgcgtcaaagta 57 28 456 
HRT-2 tgagcataggattccgagagtgc gaaggacagagggaagctgtgtg 57 28 481 
HRT-3 cactggtgggacaggattctttg gtaagcagccgaccctgtaggac 57 28 576 
VE-cadherin cccaccggcgccaaaagagagattgg ctggttttccttcagctggaagtggt 60 28 1033 
VEGFR-2 gactagtaagcgggccaatggaggg gactagtaacaggaggagagctcagtg 60 35 1742 
Tie2 ccatgaagatgcgtcaacaag gtctgggagacagaacacataagac 50 30 509 
SMA aacactttcctgctcctctct tcaacctaacaaatggtatcagt 50 35 202 
GAPDH cccatcaccatcttccag atgaccttgcccacagcc 55 22 445 
mGAPDH gcatggccttccgtgt gggccgagttgggatagg 53 22 385 

2.3.2 RNAse protection assays 

For mRNA analysis, H M E C were grown until 75-80% confluent in M C D B - H M E C . The 

cells were washed with PBS, and put in M C D B + 2% FCS + 100U each of penicillin and 

streptomycin for 2 to 3 days. R N A was isolated using TRIzol Reagent (Invitrogen). Cytokine 

mRNA levels were quantitated using a Riboquant™ Multi-Probe RNase Protection Assay (hCK-

3 template set; PharMingen, Mississauga, ON) according to the manufacturer's instructions, 

using [ 3 3P]dUTP 9NEG-307H from N E N Life Science Products Inc. (Boston, M A ) . Quantitation 

of cytokine mRNA levels, using a phosphorimager (Storm 860, Molecular Dynamics, 

Sunnyvale, CA), was standardized based on levels of the housekeeping genes G A P D H and L32. 

2.4 TRANSIENT TRANSFECTION AND LUCIFERASE ASSAYS 

H M E C were grown until 75-80%) confluence, washed twice with PBS, trypsinized for 3 

minutes at 37°C, then resuspended in M C D B - H M E C . 1.5 x 106 cells were pelleted (1000 rpm, 3 

minutes, room temperature), washed once with PBS and pelleted as above. The cells were 

resuspended in 0.4ml electroporation buffer (20 m M HEPES, 137 m M sodium chloride, 5 m M 
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potassium chloride, 0.7 m M sodium phosphate 6 m M D-glucose, pH 7.0) (Ear et al., 2001) with 

plasmid D N A (2-10 pg total per transfection) and transferred to a 4 mm-gap electroporation 

cuvette (Bio-Rad; Mississauga, ON). The cell-DNA mixture was left for 10 minutes at room 

temperature, and then electroporated at a fixed capacitance of 900 uF and 200 V using a Bio-Rad 

Gene Pulser II instrument (Bio-Rad). The electroporated cells were left for 10 minutes at room 

temperature, then plated in 12-well culture dishes with pre-warmed (37°C) M C D B - H M E C . The 

medium was changed after 24 hours. 48 hours post-transfection, dual-luciferase reporter assays 

were performed according to manufacturer's recommendations (Promega Corporation, Madison, 

WI) and luminescence was measured on a Tropix™ tube luminometer (BIO/CAN Scientific, 

Mississauga, ON). The CBF1 reporter, 4xCBFlwt-Luc (pJH23A) (Hsieh et al., 1996), was a gift 

from Dr. Diane Hayward. The CBF1 reporter contains four CBF1 (CSL) binding motifs cloned 

in front of the SV40 promoter of the pGL2pro luciferase vector (Promega). The S M A promoter-

reporter construct encompassing a 5.4 kb region comprising -2555 to +2813 of the rat S M A 

gene, pPIact-LUC, was a gift of F. Dandre and G. K . Owens. Transfections were normalized by 

transfecting cells with 50 ng of the Renilla luciferase plasmid p R L - C M V (Promega). 

2.5 M I C R O S C O P Y 

Light micrographs were taken with a Nikon COOLPIX 990 on a Nikon Eclipse TS100 

standard inverted microscope (Nikon Corporation). For immunofluorescence staining, cells were 

fixed in 4% paraformaldehyde, and blocked/permeablized in 4% FCS/0.2% TritonX-100/PBS. 

Primary goat anti-VE-cadherin (Santa Cruz Biotechnology Inc.) and mouse anti-SMA (Cymbus 

Biotechnology Ltd.) were both used at 1:100 dilutions for 1 hour at room temperature. Alexa 594 

secondary antibodies were used according to the manufacturer's recommendations (Molecular 

Probes, Eugene, OR). Images were acquired using a 1350EX cooled CCD digital camera 

(Qlmaging, Burnaby, BC) on a Zeiss Axioplan II Imaging inverted microscope (Carl Zeiss 

Canada Ltd, Toronto, ON) and analyzed using Northern Eclipse Image Analysis Software 

(Empix Imaging, Mississauga, ON). For transmission electron microscopy, HMEC-vector and 

HMEC-Notch4IC were plated in 4-well culture plates coated with Type I collagen (1 mg/ml; 

Upstate Biotechnology, Inc., Lake Placid, NY) . The cells were grown until 75-80% confluent, 

and then given to our collaborator Dr. Dorovini-Zis (Department of Pathology, Division of 

Neuropathology, University of British Columbia and General Hospital and Health Sciences 

Centre) for processing as previously described (Dorovini-Zis et al., 1991). 
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Chapter 3 

NOTCH ACTIVATION INDUCES 
ENDOTHELIAL-TO-MESENCHYMAL TRANSFORMATION 

3.1 INTRODUCTION 

As described in section 1.3, recent findings suggest that the Notch family of 

transmembrane receptors may play a critical role in cardiac cushion development and in the 

pathogenesis of congenital cardiac malformations. Notwithstanding these suggestions that Notch 

signalling may be required in cardiac cushion formation, there is no direct evidence that Notch 

activation is able to induce an endothelial- or even an epithelial-to-mesenchymal transformation. 

Thus, in this study we examined whether Notch activation can induce an endothelial-to-

mesenchymal transformation. Our results show that Notch activation in endothelial cells causes a 

disruption of the normal cobblestone monolayer associated with areas where cells overlie each 

other, thus forming multiple layers. Intercellular junctions and expression of the endothelial-

specific adherens junction protein, VE-cadherin is lost. Other endothelial markers such as 

PEC AM-1 (CD31), Tie2 and eNOS are also downregulated. Furthermore, Notch-activated 

endothelial cells begin to express mesenchymal markers including SMA. In endothelial cells, 

activation of the Notch pathway by JAG1 also activates a S M A promoter-reporter construct and 

induces S M A protein expression. Our studies suggest that the endothelial-to-mesenchymal 

transformation involved in cardiac cushion development, at least in part, depends upon activation 

of the Notch pathway through interaction of Notch receptors with the ligand JAG1. 

3.2 RESULTS 

3.2.1 Overexpression of activated Notch4 alters HMEC morphology 

The Notch signalling pathway plays a critical role in vascular remodeling and 

angiogenesis. (Krebs et al., 2000; Xue et al., 1999). Our lab is concerned with the biology of 

Notch4, which is primarily expressed in endothelial and endocardial cells, and has previously 

been demonstrated to modulate vascular remodeling both in vitro and in vivo (Leong et al., 2002; 

Shirayoshi et al., 1997; Uyttendaele et al., 1996). The model for this thesis is the endothelial cell 

line H M E C , which is an immortalized (SV40 large T-antigen transformed) microvascular cell 

(Ades et al., 1992). In an effort to determine the suitability of this system, we characterized the 

expression of the four human Notch receptors and two of the ligands (JAG1, D114) by RT-PCR 
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(Figure 3.1 A). We looked at H M E C and primary endothelial cells from different vascular beds 

(human microvascular endothelial cells (HMVEC), human aortic endothelial cells (HAEC) and 

human umbilical vein endothelial cells (HUVEC)). Primary umbilical artery smooth muscle cells 

(UASMC) were used as a negative control, since Notch4 has not been shown to be expressed in 

smooth muscle (Shirayoshi et a l , 1997; Uyttendaele et al., 1996). As seen in Figure 3.1 A , 

H M E C express the receptors and ligands in a pattern similar to primary H M V E C , albeit at much 

reduced levels for Notch4, JAG1, and D114. 

The intracellular domain of Notch4 (Notch4IC) acts as a constitutively-active receptor 

(Gallahan et al., 1996; Jhappan et al., 1992; Soriano et al., 2000; Uyttendaele et al., 1998). Using 

retrovirally-transduced H M E C , we demonstrated that enforced expression of Notch4IC induces 

the CSL-dependent targets HES-1 and HRT-1, -2, and -3 (Figure 3.IB) as previously reported, 

indicating that our construct is functional (Iso et al., 2003). During these studies we noted that 

H M E C expressing Notch4IC (HMEC-Notch4IC) lost the characteristic cobblestone morphology 

of confluent endothelial cells as compared to cells expressing the empty vector alone (HMEC-

vector) (Figure 3.1C). In regions where the monolayer was disrupted, cells appeared to overlie 

one another and form multiple layers, suggesting the loss of intercellular endothelial junctions. 

3.2.2 Activated Notch4 causes loss of the endothelial phenotype 

To confirm the observation that the HMEC-Notch4IC are indeed piling on top of each 

other, and to further study the morphology and junctional structures, we performed transmission 

electron microscopy on HMEC-vector and HMEC-Notch4IC. As seen in the photomicrographs 

shown in Figure 3.2A, HMEC-Notch4IC failed to form contact-inhibited monolayers (i) and 

proper cell-to-cell junctions (ii), and showed marked overlapping with infrequent, rudimentary 

cell contacts. In contrast, HMEC-vector endothelial cells retained their capacity to form junctions 

as shown in Figure 3.2A (iii). These observations suggest that Notch4IC induces a loss of the 

typical endothelial morphological phenotype. 
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Figure 3.1: Overexpression of activated 
Notch4 alters H M E C morphology. (A) Total 
R N A collected from confluent H M E C , 
H M V E C , H A E C , H U V E C , and U A S M C was 
used for RT-PCR. R N A expression levels of 
Notch receptors and ligands were compared to 
G A P D H . (B) Total R N A was collected from 
confluent H M E C transduced with empty 
vector or Notch4IC. R N A expression levels of 
Notch targets were compared to G A P D H . (C) 
H M E C transduced as in (B) were grown to 
confluence in 100mm tissue culture plates. 
Light micrographs were taken with a Nikon 
COOLPIX 990 on a Nikon Eclipse TS100 
standard inverted microscope. Results are 
representative of 2 or more (A) or 3 or more 
(B & C) experiments. 

The formation of tight and adherens junctions characterize interactions between 

endothelial cells. VE-cadherin is a cell adhesion molecule that is localized to interendothelial 

junctions and is required for the formation of adherens junctions (Breviario et al., 1995; 

Lampugnani et al., 1992; Salomon et al., 1992). We hypothesized that the lack of proper 

endothelial junctions and changes in the morphology detected by electron microscopy in H M E C -

Notch4IC was a consequence of the loss of VE-cadherin expression. We compared R N A levels 

for VE-cadherin in HMEC-vector and HMEC-Notch4IC cells and discovered that Notch4IC 

dramatically reduces VE-cadherin expression (Figure 3.2B). It has been previously reported that 

activation of Notch4 results in the downregulation of vascular endothelial growth factor receptor 
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(VEGFR)-2 expression in H U V E C (Taylor et al., 2002). Thus, as a control, we confirmed that 

VEGFR-2 mRNA levels were reduced in HMEC-Notch4IC (Figure 3.2B). Interestingly, the 

mRNA of an independent endothelial marker, Tie2, was also downregulated in HMEC-Notch4IC 

(Figure 3.2B). VE-cadherin protein expression was also reduced as demonstrated by 

immunoblotting cell lysates from HMEC-vector and HMEC-Notch4IC (Figure 3.2C). To further 

study changes in the phenotype of HMEC-Notch4IC, we analyzed the protein levels of several 

endothelial cell markers including PECAM-1 (CD31), T ie l , Tie2 and eNOS. We observed a 

reduction in expression, to various degrees, of all endothelial markers that were tested (Figure 

3.2C). 

Figure 3.2: Activated Notch4 causes loss of the endothelial phenotype. (A) H M E C transduced with empty vector 
form confluent monolayers composed of closely associated cells focally formed together by tight junctional 
complexes with pentilaminar configuration (arrowheads; iii). In contrast, Notch4IC transduced H M E C are arrayed in 
overlapping cell layers (i) with no evidence of intercellular junctions between adjacent cells (ii). (i) Notch4IC 
overlapping at 51,000x, scale bar = lum; (ii) HMEC-Notch4IC junction at 18,000x, scale bar = 2um; (iii) H M E C -
vector control junction at 61,000x, scale bar = 0.75um. (B) Total R N A collected from confluent H M E C transduced 
with empty vector or Notch4IC was used for RT-PCR. R N A expression levels were compared to G A P D H . (C) 
Endothelial (E) and mesenchymal (M) markers were analyzed by Western blot. Protein lysates were separated by 
SDS-PAGE and probed for the indicated markers as described in materials and methods. Membranes were reprobed 
with anti-tubulin antibodies to show equal loading. Results in (B & C) are representative of 3 or more experiments. 
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Loss of V E G F receptor expression and reduced cell-to-cell interactions are observed as 

endocardial (endothelial) cells of the heart transform into mesenchymal cells (Dor et al., 2001). 

These mesenchymal cells will form the primordia of the heart valves and septa. One of the 

hallmarks of endothelial-to-mesenchymal transformation is the induction of SMA, which is not 

normally expressed in endothelial cells, in the activated endocardial cells and migrating 

mesenchyme (Nakajima et al., 1997). To demonstrate that, in addition to morphologic changes 

and loss of endothelial phenotype, Notch4-activated cells undergo a mesenchymal 

transformation, we determined whether S M A was expressed in HMEC-Notch4IC. 

Immunoblotting shows induction of expression of S M A protein in HMEC-Notch4IC (Figure 

3.2C). Cardiac cushion mesenchymal cells also synthesize large amounts of fibronectin during 

their migration towards the myocardium (Ffrench-Constant and Hynes, 1988; Icardo and 

Manasek, 1984), and we observed upregulation of fibronectin expression in Notch4-activated 

cells (Figure 3.2C). Therefore, Notch4 activation in endothelial cells induces several of the 

phenotypic changes seen in endothelial-to-mesenchymal transformation. 

3.2.3 Activated Notchl causes loss of the endothelial phenotype 

In addition to Notch4, the Notchl gene is expressed in endothelial cells of the embryonic 

vasculature (Del Amo et al., 1992; Reaume et al., 1992). In the developing mouse heart, Notchl 

mRNA has been observed in endocardial cells of the cardiac outflow tract and atrioventricular 

canal at E12.5 (Loomes et al., 2002). At this stage of development, a subset of these endothelial 

cells overlying the cardiac cushions will have undergone endothelial-to-mesenchymal 

transformation (Eisenberg and Markwald, 1995). JAG1 has been shown to activate Notchl, and 

its expression is similar to that seen for Notchl in the developing heart (Lindsell et al., 1995; 

Loomes et al., 1999). RT-PCR data confirmed that expression of an activated Notchl in H M E C 

induced all CSL-targets tested (HES-1, HRT-1, -2, and -3) in a similar pattern to that observed 

with activated Notch4 (Figure 3.3A). We hypothesized that, similar to Notch4, constitutive 

expression of activated Notchl (Notchl IC) would induce characteristics associated with a 

mesenchymal transformation of endothelial cells. By immunofluorescence microscopy we 

examined the effect of Notchl IC on the expression of the endothelial marker VE-cadherin and 

the mesenchymal marker SMA, using Notch4IC as the control. As shown in Figure 3.3B, 

activated Notch4 and Notchl both caused the loss of VE-cadherin expression and induction of 

SMA. To compare the kinetics and the efficiency of the transformation induced by activated 

Notch4 versus Notchl, we retrovirally-transduced H M E C with Notch4IC or Notch 1IC, and 
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analyzed S M A expression by immunofluorescence at 7 and 14 days after the initial infection. 

The percentage of SMA-positive H M E C transduced with vector, Notch4IC or Notch 1IC was 0% 

± 0%, 0.52% ± 0.30% and 3.43% ± 0.66% at day 7 and 0% ± 0%, 3.50% ± 1.77% and 15.43% ± 

3.65% at day 14, respectively (Figure 3.3C). Thus, activated Notchl shows a higher propensity 

to induce a mesenchymal phenotype in H M E C compared to activated Notch4. 
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Figure 3.3: Ac t iva ted N o t c h l causes 

loss o f the endothel ia l phenotype. (A ) 

Total R N A collected from confluent 
H M E C transduced with empty vector, 
Notch4IC, or Notch 1IC was used for 
R T - P C R R N A expression levels of 
Notch targets were compared to 
G A P D H . (B) H M E C transduced as in 
(A) were plated in 4-well chamber 
slides and then analyzed by 
immunofluorescence microscopy for 
the expression of the endothelial cell 
specific protein VE-cadherin, and the 
mesenchymal marker S M A 14 days 
post transduction. Cell nuclei were 
counter-stained with DAPI. (C) 
HMEC-vector, -Notch4IC and -
Notch 1IC were plated in 4-well 
chamber slides immediately following 
transduction (Day 0). 
Immunofluorescence microscopy for 
S M A was performed at 7 and 14 days 
post transduction. The cell nuclei were 
counter-stained with DAPI and the 
number of S M A positive cells was 
expressed as a percentage of the total 
cell number. Results are representative 
of 2 or more experiments. 
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3.2.4 Activated Notchl and Notch4 induce an endothelial-to-mesenchymal transformation 

As outlined in section 1.3.1, different cell types undergoing E M T do not always exhibit 

the same set of cellular changes. However, both the loss of intercellular junctions and the 

acquisition of cell motility are always associated with E M T (Boyer et al., 2000). We 

demonstrated the loss of endothelial junctional molecules (VE-cadherin and PECAM-1) and the 

induction of motility associated proteins (fibronectin and SMA) by activated Notch4 and Notchl 

in Figures 3.2C and 3.3B. In order to determine whether Notch directly affects mesenchymal 

gene expression, we performed a series of promoter assays. Activated Notch receptors have been 

shown to signal by direct interaction with CSL (CBF1 is the mammalian CSL homologue), and 

derepression and/or co-activation of transcription at sites containing CSL consensus motifs (Kato 

et al., 1996). We transiently transfected a CSL-dependent luciferase construct, 4xCBFlwt-Luc, 

(Section 2.4 and Hsieh et a l , 1996) into H M E C transduced with activated Notch4 or empty 

vector. As seen in Figure 3.4A (left panel), activated Notch4 induced a 3.4 fold increase in 

CBF1-dependent luciferase activity over control cells. We next transfected HMEC-vector and 

HMEC-Notch4IC with an S M A promoter-luciferase plasmid, and observed a Notch4-driven 

increase in S M A promoter activity of 6.6 fold (Figure 3.4A, right panel). RT-PCR confirmed the 

upregulation of S M A mRNA in both Notch4IC and Notchl IC transduced endothelial cells 

(Figure 3.4B). 

Since expression of Notch may result in secondary changes that upregulate S M A 

expression, we determined whether activated Notch4 could regulate transcription of SMA, in a 

transient transfection assay. Parental H M E C were transiently transfected with Notch4IC or 

empty vector plasmid DNA, and the S M A promoter-luciferase plasmid (Figure 3.4C). To 

demonstrate that transient transfection of Notch4IC activates a CBF1-dependent promoter, we 

used the CBF1 promoter-luciferase construct described above (Figure 3.4C). Activated Notch4 

induced a 6.1 fold and 7.7 fold increase in CBF1 and S M A promoter luciferase expression, 

respectively, 48 hours post transfection. These findings suggest that transcription of S M A is 

induced early after Notch activation. 

Platelet derived growth factor (PDGF) is a known chemotactic factor for mesenchymal 

cells in various contexts, including EMT (Paranya et al., 2001). In particular, PDGF receptor-a is 

expressed between E9-10.5 in the endocardium and endocardial cushions. This receptor is also 

expressed at high levels at later stages when endothelial-to-mesenchymal transition is required 
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for atrial and ventricular valve formation. (Ataliotis and Mercola, 1997). To determine whether 

the phenotypic changes induced by Notch resulted in a functional change in the endothelial cells, 

we examined the chemotactic response of HMEC-vector, HMEC-Notch4IC, or H M E C -

NotchllC transduced endothelial cells to PDGF-BB. As seen in Figure 3.4D, Notch-activated 

endothelial cells were able to migrate towards PDGF-BB in a modified Boyden chamber 

chemotaxis assay, whereas vector-transduced cells did not. In contrast, vector-transduced cells 

migrated towards V E G F , while Notch-activated cells did not. Hence, Notch-induced endothelial 

transformation modifies the functional response of these cells compatible with that of a 

mesenchymal phenotype. 
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Figure 3.4: Activated Notchl and Notch4 induce an endothelial-to-mesenchymal transformation. (A) H M E C 
transduced with empty vector or Notch4IC were transiently transfected with a CBFl-dependent luciferase construct 
(left panel), or an S M A promoter luciferase construct (right panel). (B) Total R N A collected from confluent H M E C 
transduced with empty vector, Notch4IC, or NotchllC was used for RT-PCR. R N A expression levels of S M A were 
compared to G A P D H . Results are representative of 3 experiments. (C) Parental H M E C were transiently transfected 
with a CBFl-dependent luciferase construct (left panel) or an S M A promoter luciferase construct (right panel), and 
either Notch4IC or control expression plasmid. Luciferase activity in (B & C) is the relative luminescence units 
normalized to Renilla luciferase activity. p<0.05. (D) Migration of H M E C transduced as in (A) towards media 
(control), 15ng/ml V E G F , or 20ng/ml PDGF-BB. Each graph illustrates results obtained from one experiment 
performed in triplicate, and is representative of 2 (D) or 3 or more (B & C) individual experiments. 
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3.2.5 Activated Notch induces TGF0 production in HMEC, but not primary 
endothelial cells 

It is possible that activated Notch induces a mesenchymal transformation in conjunction 

with activation by other molecules. In this regard, TGFp has been suggested to play an important 

role in endothelial-to-mesenchymal transformation in the endocardial cushion (Boyer et al., 

1999; Brown et al., 1996; Brown et al., 1999; Ramsdell and Markwald, 1997). We thus assayed 

for TGFp mRNA and protein expression in HMEC-vector and HMEC-Notch4IC. RNAse 

protection assays on cell lysates (Figure 3.5A & B) and ELISAs on cell supernatants (Figure 

3.5C) showed an upregulation of TGFp-2, but not TGFp-1, mRNA and protein respectively, in 

HMEC-Notch4IC cells. However, this upregulation of TGFp-2 was not observed in primary 

endothelial cells expressing Notch4IC or NotchllC (Figure 3.5C, right panel) even though 

enforced expression of Notchl and Notch4 induced an endothelial-to-mesenchymal 

transformation in these cells (data not shown; experiments performed by Dr. Michela Noseda). 

To determine whether TGFp stimulation was sufficient to induce an endothelial-to-

mesenchymal transformation, we treated H M E C with recombinant TGFp-1 or TGFp-2 (2.5 

ng/ml or 5 ng/ml) for up to 28 days. These concentrations are at the high end of those seen by 

ELISA, and are at or above concentrations used to induce endothelial-to-mesenchymal 

transformation events in TGFp responsive endothelium (Brown et al., 1999; Paranya et al., 2001) 

Daily replacement of exogenous TGFP-1 or TGFp-2 did not induce morphological changes or 

the expression of S M A (data not shown), indicating that neither TGFP-1 nor TGFp-2 alone is 

sufficient to transform the endothelial cells tested. 

3.2.6 The Notch induced mesenchymal transformation is cell autonomous 

To determine whether the Notch-induced mesenchymal transformation is cell 

autonomous, we examined S M A expression using flow cytometry. The retroviral vector used in 

these studies contains yellow fluorescence protein (YFP) that is linked to the transgene through 

an internal ribosomal entry site. Thus, cells that express YFP also express Notch4IC. Results 

obtained by flow cytometry demonstrated that only the YFP-positive (Notch4IC-expressing) 

cells exhibited S M A expression (Figure 3.6A). This finding was confirmed by performing high-

purity cell sorting of YFP-positive and YFP-negative populations of both HMEC-vector and 
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Figure 3.5: Ac t iva ted Notch induces T G F p p roduct ion i n H M E C , but not p r i m a r y endothel ia l cells. ( A ) Total 
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relative total R N A levels for TGF[}-1 and TGF(3-2 from (A). R N A levels were corrected to the housekeeping genes 
G A P D H and L32. The fold increase in R N A for the activated Notch4 expressing cells versus the control cell lines 
are highlighted. (C) H M E C (left panel) were transduced with empty vector or activated Notch4, and sorted for Y F P 
as in (A; left panel). Following 48 hours in culture, TGF0-1 and -2 levels in the supernatants were determined by 
ELISA (R&D Systems, Inc.). Primary H A E C and H U V E C (right panel) were transduced with empty vector, 
NotchllC or Notch4IC and sorted for YFP. Supernatants from the Y F P positive populations were collected and 
measured as for H M E C . p<0.05. Results are representative of 2 or more experiments. 

HMEC-Notch4IC transduced endothelial cells. Immunoblotting of the sorted populations showed 

downregulation of endothelial-specific proteins and upregulation of mesenchymal markers only 

in YFP positive HMEC-Notch4IC (Figure 3.6B). Thus, only endothelial cells that express 

activated Notch undergo mesenchymal transformation. 

While TGFp alone may not be sufficient to induce a mesenchymal transformation, it may 

be necessary, in conjunction with Notch activation, to induce endothelial-to-mesenchymal 

transformation. To confirm that the Notch4IC- and NotchllC-induced mesenchymal 

transformation was entirely independent of TGFP, we added a pan-anti-TGFp-neutralizing 

antibody to H M E C transduced with empty vector, Notch4IC, or NotchllC beginning at the time 

of retroviral transduction, followed by daily replacement with neutralizing antibody. The pan-

anti-TGFp-neutralizing mouse monoclonal antibody, used at concentrations that completely 

blocked TGFP-dependent signalling (Figure 3.6C, top panel) (Dasch et al., 1989; Zavadil, 2003), 

did not inhibit or reduce the Notch4IC- or Notch HC-induced morphological changes (data not 

shown) or S M A expression (Figure 3.6C, bottom panel). 

The above findings imply that the Notch-induced mesenchymal transformation is not 

TGFP-dependent. To determine whether Notch-transduced endothelial cells secrete other 

soluble factors that are capable of causing phenotypic changes, we added three-day conditioned 

medium from HMEC-vector and HMEC-Notch4IC to parental H M E C . We did not observe 

morphologic changes or S M A expression in H M E C treated daily with conditioned medium from 

Notch4IC-transduced H M E C over a 28-day period (data not shown). Taken together, the above 

findings strongly suggest that the Notch-induced mesenchymal transformation is cell 

autonomous, and does not require the presence of an additional secreted factor. 
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Figure 3.6: The Notch induced mesenchymal t rans fo rmat ion is 

cell autonomous. (A) H M E C were transduced with empty vector or 
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expression after 21 days. (B) H M E C were transduced with empty 
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experiments. Results in (B) are representative of 2 experiments. 
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3.2.7 Activated JAG1 induces characteristics of endothelial-to-mesenchymal 
transformation, and is observed in regions of the heart which undergo this 
transformation 

JAG1 is a mammalian ligand that activates Notchl (Lindsell et al., 1995). In the effort to 

determine whether J A G 1-Notch interactions induce the characteristics of endothelial-to-

mesenchymal transformation that we observed with constitutive expression of activated Notch4 

or Notchl, we retrovirally transduced H M E C with empty vector or wild-type JAG1 (HMEC-

JAG1). FACS analysis on transduced H M E C showed YFP expression levels of approximately 

50% (data not shown); thus, we considered these unsorted HMEC-vector and HMEC-JAG1 as 

mixed populations. Western blots for the endothelial junctional molecules VE-cadherin and 

PEC AM-1 show that these proteins are downregulated by JAG1, similar to the results obtained 

with activated Notch (Figure 3.7A, and compare to Figure 3.2C). We could not detect the 

expression of the mesenchymal marker S M A by Western blot, but did observe a slight induction 

of S M A by the more sensitive technique of immunofluorescence (Figure 3.7B). 

In another experiment, we transiently transfected the HMEC-vector and HMEC-JAG1 

mixed (i.e. unsorted) cultures with the CBFl-dependent promoter-luciferase construct. We 

observed 3.8 fold higher CBF1-luciferase activity in HMEC-JAG1-expressing mixed endothelial 

cultures compared to HMEC-vector mixed cultures, demonstrating that enforced expression of 

JAG1 activates CBFl-dependent Notch signalling (Figure 3.7C, left panel). In simultaneous 

experiments, mixed cultures with HMEC-JAG1 also induced a 2.1 fold increase in S M A 

promoter luciferase activity over HMEC-vector cultures, suggesting that JAG 1-Notch 

interactions are capable of upregulating S M A expression (Figure 3.7C, right panel). However, 

these experiments do not rule out the possibility that JAG1 is inducing a paracrine factor that is 

responsible for the induction of the CBFl-dependent and S M A promoter luciferase activities. 

At E l 2.5 of murine development, there is overlapping expression of JAG1 and Notchl in 

endothelial cells of the cardiac cushion (Loomes et al., 2002; Loomes et al., 1999). However, 

formation of the cardiac cushion tissue, via endothelial-to-mesenchymal transformation, is 

described as beginning at E9.5 in the atrioventricular canal, and a day later, El0.5, in the 

ventricular outflow tract (Camenisch et al., 2002a). RT-PCR of various regions of the mouse 

heart shows expression of JAG1 and Notchl in the outflow tract at E9.5, a time that better 

coincides with the onset of endothelial-to-mesenchymal transformation in this region. 

Furthermore, the expression of JAG1 at this time is consistent with the predominantly right-sided 
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cardiac anomalies seen in AGS (Li et al., 1997; McElhinney et al., 2002; Oda et al., 1997b). 

Taken together, our results are consistent with JAG1-Notch interactions contributing to 

endothelial transdifferentiation to a mesenchymal phenotype. 
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Figure 3.7: Ac t iva ted J A G 1 induces characterist ics of endothel ial- to-mesenchymal t rans fo rmat ion , and is 
observed i n regions of the hear t wh ich undergo th is t rans fo rmat ion . (A ) H M E C transduced with empty vector 
or JAG1 were grown as polyclonal populations for up to five passages. The endothelial junctional markers V E -
cadherin and PECAM-1 were analyzed by Western blot. Protein lysates were separated by SDS-PAGE and probed 
as described in materials and methods. Membranes were reprobed with anti-tubulin antibodies to show equal 
loading. (B) HMEC-vector and H M E C - J A G 1 were analyzed for expression of S M A by immunofluorescence 14 
days post transduction. Results in (A & B) are representative of 2 experiments. (C ) H M E C transduced as in (A) 
were transiently transfected with a CBFl-dependent luciferase construct (left panel), or an S M A promoter luciferase 
construct (right panel). Each graph illustrates results obtained from one experiment performed in triplicate, and is 
representative of 3 or more individual experiments. Luciferase activity is the relative luminescence units normalized 
to Renilla luciferase activity. p<0.05. (D) PCR for JAG1, Notchl and Notch4 was performed on c D N A from murine 
hearts. OT (ouflow tract), L V 1 , 2 (left ventricle sample 1, 2), A l , 2 (atria sample 1, 2), are from E9.5 hearts, and V 
(ventricles), A V I , 2 (atrioventricular canal sample 1, 2) are from E l 1.5 hearts. This experiment was only performed 
once. 
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3.3 DISCUSSION 

We have shown that enforced expression of the activated form of the Notch4 or Notchl 

receptor in endothelial cells causes transdifferentiation to a mesenchymal phenotype. In addition 

to morphologic changes consistent with a mesenchymal phenotype, activation of Notch mediates 

induction of the two hallmarks of EMT: 1) the loss of cell-cell junctions (i.e. loss of the 

endothelial junctional molecules VE-cadherin and PECAM-1); and 2) cell motility (Boyer et a l , 

2000) , with the associated induction of S M A (Nakajima et al., 1999) and fibronectin (Eisenberg 

and Markwald, 1995). Since we and others (Loomes et al., 1999; Loomes et al., 2002) have 

shown that Notch receptors and the ligand, JAG1, are expressed in regions of the heart where 

endothelial-to-mesenchymal transformation is required for proper development, the results 

described herein are consistent with a role for J A G 1-Notch interactions in promoting 

mesenchymal transformation in cardiac cushion development. Although specific defects of 

cardiac cushion development have not been reported in Notchl or Notchl/Notch4 null mutants, 

these animals die at a very early stage of development (E9.5), at a point prior to significant 

cushion development (Kaufman, 1992; Krebs et al., 2000). Transgenic mice expressing 

constitutively-active Notch4 under the endothelial-specific VEGFR-2 promoter are reported to 

have enlarged hearts, but specific cardiac defects have not yet been reported (Uyttendaele et al., 

2001) . 

We also demonstrate the ability of JAG1 to activate endothelial-to-mesenchymal 

transformation with the downregulation of VE-cadherin and P E C A M - 1 , and the induction of 

S M A expression. JAG1 has been identified as the gene causing AGS, an autosomal dominant 

disorder characterized by multiple developmental abnormalities (Li et al., 1997; Oda et al., 

1997b). In particular, patients with AGS demonstrate a number of cardiovascular defects that are 

consistent with improper cardiac cushion development, including atrial and ventricular septal 

defects, pulmonary atresia/stenosis, and a combination of these referred to as Tetralogy of Fallot 

(Alagille et al., 1987; Eisenberg and Markwald, 1995; Pierpont et al., 2000). However, most 

commonly these patients suffer from pulmonary stenosis/hypoplasia, which is consistent with 

our demonstration of expression of JAG1 in the ventricular outflow tract at a time during 

development when endothelial-to-mesenchymal transformation is proceeding (Camenisch et al., 

2002a; McElhinney et al., 2002). Interestingly, more recent studies have shown that mutations of 

JAG1 are associated with defects of cardiac cushion development independent of the other 

developmental anomalies reported in AGS (Krantz et al., 1999). 
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Furthermore, given that both Notch receptors and the ligand JAG1 are expressed in 

regions of the heart where endothelial-to-mesenchymal transformation is required for proper 

development, the results described herein are consistent with a role for J A G 1-Notch interactions 

in promoting mesenchymal transformation in cardiac cushion formation (Loomes et al., 2002; 

Loomes et al., 1999). This is particularly true in the ventricular outflow tract where we were able 

to detect expression of JAG1 and Notchl by RT-PCR at embryonic day 9.5, and is consistent 

with the propensity of AGS patients to develop pulmonary stenosis/hypoplasia. In addition to the 

early requirement for endothelial-to-mesenchymal transformation during endocardial cushion 

formation, endothelial transformation is also required at later stages of cardiac development 

when the cushions merge to form the membranous septa. Since some AGS patients develop atrial 

and ventricular septal defects, it is tempting to speculate that JAG1 is required for endothelial-to-

mesenchymal transformation during fusion of the cardiac cushions in the atrioventricular canal. 

The question then arises as to whether Notch activation is required during endocardial cushion 

formation in the atrioventricular canal. To speculate again, we would envision a role for other 

Notch ligands in endocardial cushion formation in the atrioventricular canal. A likely candidate 

for this role would be the endothelial-restricted ligand, D114, which has been reported to be 

expressed in the endocardium beginning at E8.5 and functions as a ligand for Notchl and Notch4 

(Mailhos et al., 2001; Rao et al., 2000; Shutter et al., 2000). However, further experiments would 

be required to determine whether D114 could also induce an endothelial-to-mesenchymal 

transformation. 

TGFp has been shown to play an important role in the endothelial-to-mesenchymal 

transformation seen during cardiac cushion formation. However, it is clear that there are TGFp-

dependent and -independent mechanisms involved in endocardial cell differentiation (Boyer et 

al., 1999). Our studies demonstrate that Notch-mediated mesenchymal transformation is 

independent of TGFp secretion. This finding is consistent with the evidence that inhibition of 

TGFP signalling does not block induction of S M A in the avian model system, confirming that 

while TGFp may play an important role, it cannot be entirely responsible for endothelial-to-

mesenchymal transformation (Boyer et al., 1999; Ramsdell and Markwald, 1997). Our results are 

also in accordance with previous studies showing that TGFp does not induce S M A in 

microvascular endothelial cells (Paranya et al., 2001). While TGFp-1 has been shown to induce 

S M A in bovine aortic endothelial cells (Arciniegas et al., 1992), we found that bovine aortic 
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endothelial cells spontaneously expressed S M A following passaging of cells in culture, as 

recently described ((Frid et al., 2002) and data not shown). 

Further evidence that Notch signalling is involved in cardiac cushion development was 

revealed by recently reported targeted mutations of the HRT-2 gene. HRT-2 has been shown to 

be a downstream effector of Notch signalling (Iso et al., 2002; Iso et a l , 2001; Nakagawa et al., 

2000). Mice with null mutations of HRT-2 display a number of cardiac malformations. These 

abnormalities include atrioventricular septal defects, Tetralogy of Fallot, and tricuspid atresia; 

defects that resemble those associated with mutations of JAG1 seen in humans, and which are 

known to be secondary to anomalous cardiac cushion differentiation (Donovan et al., 2002; 

Gessler et al., 2002; Sakata et al., 2002). 

Overall, our results indicate a crucial role for JAG1-Notch interactions in endothelial-to-

mesenchymal transformation, which would explain the cardiac cushion anomalies seen in 

patients with JAG1 mutations. However, how Notch interacts with other factors (e.g. members of 

the TGFp and homeobox gene superfamilies) implicated in endothelial-to-mesenchymal 

transformation during cardiac cushion development remains to be established. 
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Chapter 4 

S U M M A R Y A N D P E R S P E C T I V E S 

In summary, we have provided evidence that implicates J A G 1-Notch signalling in 

endothelial-to-mesenchymal transformation. Endothelial-to-mesenchymal transformation is 

critical in the development of the endocardial cushion tissue of the heart, which contributes to the 

formation of the membranous valves and septa (Eisenberg and Markwald, 1995). The importance 

of our findings are highlighted by the fact that cardiac malformations (such as ventricular septal 

defects, pulmonary stenosis and Tetralogy of Fallot) are the most frequent type of congenital 

birth defects, present in - 1 % of live births (Icardo, 1992; Olson and Srivastava, 1996; Srivastava, 

2000). Furthermore, studies have demonstrated that mutations in the Notch ligand, JAG1, are 

responsible for the autosomal dominant disorder AGS (Li et al., 1997; Oda et al., 1997b). The 

majority of AGS patients present cardiovascular anomolies including atrioventricular septal 

defects, pulmonary stenosis and Tetralogy of Fallot which are defects associated with defective 

endocardial cushion formation (Eldadah et al., 2001; Le Caignec et al., 2002; L i et al., 1997; 

McElhinney et al., 2002; Oda et al., 1997b). 

Given that JAG1 mutations cause AGS, and the high incidence of cardiovascular defects 

in these patients, Loomes et al. (1999; 2002) characterized JAG1 and Notch receptor expression 

in the developing mouse heart. They showed that JAG1 and Notchl are expressed in a subset of 

endocardial cells in the atrioventricular canal and pulmonary outflow tract at E12.5. These 

endocardium are the cells that will undergo endothelial-to-mesenchymal transformation in 

response to intrinsic and extrinsic stimuli to form the endocardial cushions (Eisenberg and 

Markwald, 1995; Markwald et al., 1996). However, the onset of endothelial-to-mesenchymal 

transformation in the formation of the cushion tissue begins at E9.5 in the atrioventricular canal 

and E l 0.5 in the pulmonary outflow tract (Camenisch et al., 2002a; Markwald et al., 1977; 

Markwald et al., 1975). We add to their data by showing expression of JAG1 and Notchl in the 

pulmonary outflow tract (E9.5) and atrioventricular canal (E l 1.5) by RT-PCR. In collaboration 

with Dr. Pamela Hoodless, we also detected expression of JAG1, Notchl and Notch4 by in situ 

hybridization in the endocardium of the pulmonary outflow tract at E10.5-11.5. Taken together, 

these expression data are consistent with a potential role for J A G 1-Notch interactions in the 

onset of cardiac cushion formation. Furthermore, we provided functional evidence that Notch 
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signalling induces the characteristics of cells undergoing EMT, namely loss of cell-cell junctions 

and the acquisition of cell motility (Boyer et al., 2000). 

We have shown that the Notch-induced endothelial-to-mesenchymal transformation is 

independent of the TGFp gene family, which is known to play a key role in E M T events (Boyer 

et al., 1999; Brown et al., 1996; Brown et al., 1999; Ramsdell and Markwald, 1997; Thiery, 

2002). Interestingly, preliminary experiments in our lab suggest this transformation is also 

independent of the "core" Notch-CSL signalling pathway. We found that enforced expression of 

either HRT-1 or HRT-2 in H M E C did not induce the morphological changes or S M A expression 

seen in activated Notch transduced H M E C . However, these results are very preliminary, and 

have not considered enforced expression of other CSL targets (e.g. HES-1), or the combined 

expression of two or more targets in the same cell. Such experiments will be necessary given that 

activated Notch induced all CSL targets tested (Figures 3.1 & 3.2). 

Our laboratory is expanding these studies to examine which domains of Notch are 

important to mediate this endothelial-to-mesenchymal transformation. Preliminary results 

indicate that the cdclO/ankyrin repeat domain is necessary, but not sufficient, to promote the 

Notch induced endothelial-to-mesenchymal transformation (Farrell MacKenzie, personal 

communication). Since the cdclO/ankyrin repeat domain is known to mediate important protein-

protein interactions, future work will require a look at Notch modulators that interact with this 

domain. One such protein is Deltex (section 1.2.2.3), which may function independently of CSL 

(Ordentlich et al., 1998). A Deltex-Notch interaction mediating an endothelial-to-mesenchymal 

transformation independent of CSL would fit with our HRT overexpression results described 

above. However, a number of different scenarios are possible given the sheer number of Notch 

pathway receptors, ligands, modulators and targets. We are in the process of expressing wild-

type Deltex and the endothelial cell-restricted ligand D114 in H M E C , to determine i f either 

molecule is involved in endothelial-to-mesenchymal transformation. 

So, what are the benefits of elucidating the mechanisms by which Notch activation 

induces endothelial-to-mesenchymal transformation? Every year in the United States, valvular 

disease leads to 60,000 valve replacement surgeries, and existing technologies have yet to 

produce a "model" replacement valve (Paranya et al., 2001). Understanding how endogenous 

molecules direct the development of valvular tissue will lead to the ability to engineer more 

suitable replacement valves. Furthermore, although not discussed in this thesis, E M T is known to 
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play a role in the transformation of carcinomas to invasive, metastatic carcinomas (Thiery, 

2002). Thus, further studies on the role of Notch signalling in the regulation of EMT may also 

help us understand and control this pathological transformation. 

In conclusion, these studies have revealed some new and important insights into the role 

of Notch receptors and ligands in the regulation of endothelial-to-mesenchymal transformation. 

Furthermore, they suggest that the continued exploration of these intriguing molecules and the 

signalling pathways that they activate will prove invaluable for a comprehensive understanding 

of endocardial cushion formation in the developing heart. 
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