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Abstract
We have studied the Notch family of transmembrane receptors, which play a crucial role in cell fate
determination. The Notch signalling pathway represents a highly conserved mechanism to mediate
signalling between adjacent, equivalent cells and to direct them to adopt different cell fates. This
process, called lateral inhibition, is involved in many processes during development e.g. bristle
development in Drosophila and retina and pancreas development in vertebrates. The current view is
that the Notch receptor is cleaved intracellularly upon activation by Delta or Serrate ligands on
neighbouring cells. The intracellular Notch domain then translocates to the nucleus, binds to the DNAbinding factor Suppressor of Hairless (CSL in mammals), and acts as a transactivator of Enhancer of
Split (HES in mammals) gene expression. Several studies have demonstrated that the intracellular
domain alone functions as a constitutively-active receptor. There are four known mammalian Notch
receptors with overlapping patterns of expression. The role of the different receptors is poorly
understood, but mutations in the receptors result in distinct genetic disorders like CADASIL and a
variety of tumours. CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts
and Leukoencephalopathy) is an inherited form of stroke and dementia. The histopathological
hallmarks are degeneration of vascular smooth muscle cells (VSMCs) and accumulation of granular
osmiophilic material (GOM) between the degenerating VSMCs. CADASIL is caused by missense
mutations in the human Notch3 gene. The mutations always affect cysteine residues located in the
extracellular domain of the Notch3 receptor. There is currently no biochemical data available on the
mechanism by which the mutated Notch3 receptor causes CADASIL.
The aim of this study has been to understand the extent of functional diversity in the Notch receptor
family. More specifically, we have investigated the molecular differences between the Notch1 and
Notch3 receptors in terms of transcriptional activity and interactions with transcriptional activators and
repressors. We have also extended the in vitro knowledge in studying the effects of Notch3 signalling
during pancreas development and in CADASIL pathogenesis.
We show that the intracellular domain of Notch3 (Notch3 IC), unlike Notch1 IC, is a weak activator of
HES gene expression both in cell-based systems and in vivo (Paper I). Furthermore, we find that the
low transcriptional activity of Notch3 IC is dominant over Notch1 IC-mediated activation. Hence,
Notch3 IC behaves as a functional repressor of Notch1 signalling with respect to the HES genes. To
learn, in detail, which domains are responsible for the differences between the receptors, we have
molecularly dissected the Notch1 and Notch3 ICs (Paper II). We make two important observations.
First, we have identified a region, RE/AC, which is required for both activation and repression. Loss
of this region in both ICs results in complete loss of function, i.e. Notch1 IC loses its activator
function and Notch3 IC loses its ability to act as a repressor. Second, we show that the origin of the
ankyrin-repeat region alone determines the transcriptional activity.
Two lines of in vivo experiments corroborate these results. First, HES-5 expression is reduced in
transgenic mice that misexpress the Notch3 IC in the neural tube, indicating that Notch3 IC also in
vivo can affect Nocth1 mediated activation of HES-5 (Paper I). Second, disruption of Notch1
signalling by loss of either the ligand Delta-like1 (Dll1) or RBP-Jk results in accelerated
differentiation of pancreatic endocrine cells. A similar phenotype was observed in mice overexpressing the intracellular form of Notch3 (Paper III). These data also show that Notch3 functions to
block lateral inhibition by repressing Notch1 function.
In adult humans, Notch3 is expressed in VSMCs, the degeneration of which is the key pathogenic
feature of CADASIL. The role of Notch3 in CADASIL has been studied in a transgenic mouse model
(Paper IV). The wildtype Notch3 allele was replaced with a CADASIL (R140C)-mutated Notch3 gene
by homologous recombination in ES cells. Mice heterozygous for the CADASIL-mutated allele have a
distinct vascular phenotype with disturbed vessel wall organisation. Interestingly, some ultrastructural
changes observed in CADASIL patients, GOM, have not been observed in our transgenic mice,
suggesting that GOM could be a secondary effect of the pathogenesis.
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1. INTRODUCTION
1.1 General introduction
The ability of a cell to sense its surroundings is a matter life and death. To safeguard this ability, the
cell is equipped with a battery of molecular instruments, represented by cellular receptors that can
identify and correctly interpret different external signals. Cellular receptors are thus the nose of the
cell and just as we can discern a wine’s bouquet, cells sense minute differences in their environment.
Notch signal transduction represents a distinct mechanism for how cells perceive and interpret
environmental cues. Appreciation of Notch signalling will be much greater if viewed in the light of
some other signalling pathways and therefore I would like to begin with some examples of molecular
signalling, followed by a detailed description of the Notch signalling mechanisms as it stands today.
Notch signalling is deeply integral to the embryonic development of animals. Therefore, it is
appropriate at this point to give a brief, general overview of the fundamental developmental processes,
followed by a summary of the work that has revealed the role of Notch signalling in development and
disease. I will conclude by presenting and discussing our contribution to the understanding of Notch
signalling complexity.

1.2 The importance and the means of cell-cell communication
In multicellular organisms, cell-cell communication is a prerequisite for development and survival.
Cell-cell communication spans from the communication between cells located far apart in the body
through soluble factors, to specific contacts between cells that are juxtaposed. Several signalling
systems have evolved to send and receive messages. On the receiving cell, the signal must be
transmitted from the cell surface to the cell nucleus, in order to effect decision-making in the cell
regarding proliferation, differentiation, migration or other responses. There is a limited number of
signalling pathways that are used repeatedly in different contexts and combinations during
development and adult life, which are highly evolutionarily conserved. There is also an intriguing
complexity of crosstalk between these signalling pathways, which further increases the number of
responses a cell can make to different stimuli. This ‘embarrassment of riches’ has only recently begun
to be revealed in detail.
Before describing the Notch signalling pathway, I will briefly review some of the key signalling
pathways important in developmental biology, in order to provide examples of the multitude of
molecular mechanisms used to convey a signal from the plasma membrane to the cell nucleus.
Receptor tyrosine kinase (RTK) signalling is a widely used system for cell-cell communication. In
RTK signalling (e.g. EGF, FGF, PDGF etc), the ligand is a soluble protein that induces two
transmembrane receptors to dimerise (Figure 1A). Upon dimerisation, the receptors are activated by
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cross-phosphorylation of specific tyrosine residues, which in turn initiates a phosphorylation cascade
of intracellular mediators and eventually leads to the activation of target genes. Many of the
intracellular signal mediators possess intrinsic enzymatic activities in addition to protein modules that
bring about interactions with other proteins, phospholipids or nucleic acids (Alberts 1994,
Schlessinger 2000). One of these intracellular mediators, Ras, mediates activation of one or more of
three pathways of protein kinases. Several different RTKs mediate their response through the same set
of intracellular mediators (reviewed in Tan and Kim 1999). This specificity is achieved by quantitative
differences in response and by crosstalk with other signalling pathways.
Another pathway, which also utilises receptor phosphorylation, is the TGF-β signalling pathway
(reviewed by Itoh et al. 2000). Transforming growth factor-β (TGF-β) family members include TGFβs, activins and Bone Morphogenetic Proteins (BMPs) and are structurally related, secreted cytokines
found in species ranging from insects to mammals. The TGF-β family members elicit their cellular
responses through the formation of heteromeric complexes of specific type I and type II
serine/threonine kinase receptors (Figure 1B). The type II receptors are constitutively-active kinases
which, upon ligand-mediated heteromeric complex formation, phosphorylate particular serine and
threonine residues in the type I receptors. Signalling specificity within the heteromeric complex is
determined by the type I receptors. The signal is relayed through a family of intracellular mediators
called Smads, which can be divided into three distinct subfamilies: receptor-regulated Smads (RSmads), common-partner Smads (Co-Smads) and inhibitory Smads (I-Smads). Activated type I
receptors phosphorylate particular R-Smads, which then recruit the CO-Smads, resulting in the
accumulation of heteromeric complexes in the nucleus. These complexes regulate the transcription of
target genes either through binding DNA directly or via other DNA-binding proteins.
The Wnt signal transduction pathway (Figure 1C) plays an important role in a number of
developmental processes including body axis formation, central nervous system (CNS) development
and limb development (reviewed in Cadigan and Nusse 1997). The Wnt family of proteins consists of
more than 15 closely related, secreted glycoproteins. They bind to the frizzled (Fz) family of
transmembrane receptors and the Wnt signal is transduced to a cytoplasmic protein called Dishevelled
(Dvl). Upon activation by the Wnt signal, Dvl inhibits the activity of glycogen synthase kinase-3
(GSK-3). In the absence of a Wnt signal, GSK-3 is thought to phosphorylate and subsequently induce
the degradation of β-catenin. Therefore, the Wnt signal stabilises and causes the accumulation of βcatenin, which can then translocate to the nucleus and associate with the TCF/LEF family of
transcription factors and together with them activate the target genes (reviewed in Akiyama 2000). βcatenin is turned over by the ubiquitin-dependent proteolysis system (Aberle et al. 1997) in which
APC and Axin negatively regulates β-catenin stability by mediating ubiquitination.
Hedgehog (Hh) signalling in Drosophila is interesting from a historical perspective, since it has long
been a mystery how the presumptive receptor Smoothened (Smo) could respond to a Hh signal without
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physically binding the ligand. Only recently has the true receptor been identified and shown to be
encoded by Patched (Pct) (Marigo et al. 1996). Smo shows some resemblance to G-coupled
transmembrane receptors and it is a constitutively-active signalling mediator of Hh (Figure 1D).
However, in the absence of ligand, Smo is physically associated with Ptc, which represses its activity
(reviewed by Ingham 1998). The ligand, Hh, alleviates repression by Ptc and consequently Smo
becomes active (Figure 1D). Intracellular signal transduction is mainly mediated by a transcription
factor of the Zn-finger family, called cubitus interruptus (Ci). In the absence of Hh, Ci is
proteolytically processed so that the transcriptional activation domain is removed, thus converting Ci
into a transcriptional repressor (Aza-Blanc et al. 1997). In response to Hh activation, degradation of Ci
is inhibited and a number of full-length molecules accumulate and translocate to the nucleus. In the
nucleus, it associates with CBP (a histone acetyl transferase) and activates transcription of its target
genes. Interestingly, Hh signalling is subjected to autoregulation at several levels. The Hh protein
itself is autoproteolytically cleaved during maturation to generate distinct forms (Lee et al. 1994). In
addition, both Hh and Ptc are transcriptionally regulated by Ci. The pathway is largely conserved in
vertebrates where three Hh homologues have been identified, Sonic, Indian and Dessert Hedgehog.

1.3 The Notch signalling pathway
The Notch signalling pathway shows some unique characteristics compared to the signalling pathways
described above. First, it appears only to function between cells in immediate contact, and the ligands
appears to be strictly cell-bound. Second, the receptor undergoes a complex proteolytic cleavage, as
discussed in detail below. The Notch signalling pathway represents a highly conserved mechanism to
mediate signalling between adjacent, equivalent cells and to direct them to adopt different cell fates
(for review see Artavanis-Tsakonas et al. 1995, Artavanis-Tsakonas et al. 1999, Greenwald 1998,
Kopan and Turner 1996, Lewis 1996, Lewis 1998, Muskavitch 1994). This process, called lateral
inhibition, is involved in many processes during development e.g. morphogenesis (tooth, lung, hair),
boundary formation (wing, somites, limb), cell specification (CNS, PNS and pancreas) and apoptosis
(in cultured neural crest cells).
The Notch signalling pathway was originally identified and studied in the fruit fly, Drosophila
melanogaster. The name ‘Notch’ derives from the characteristic notched wing found in flies with only
one functional allele of the Notch gene (Moohr 1919). Homozygous Notch mutations in flies result in
lethal phenotypes. These mutations produce a ‘neurogenic’ phenotype, where cells destined to become
epidermis switch fate and give rise to neural tissue (Poulson 1937, Wright 1970). Notch is also
involved in many other aspects of Drosophila development, such as specification of cell fate in the
somatic gastric nervous system (Gonzalez-Gaitan and Jackle 1995), in muscle founder cells (Bate et
al. 1993), in bristle formation (Heitzler and Simpson 1991), in specialised follicle cells in the ovary
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(Ruohola et al. 1991) and in most cells of the Drosophila eye (Baker and Zitron 1995, Cagan and
Ready 1989).
Notch also plays important roles in cell specification in the nematode Caenorhabditis elegans
(reviewed in Kimble and Simpson 1997). Interestingly, C. elegans has two Notch homologues, LIN12 and GLP-1, which are more diverged than any other pair of Notch receptors, suggesting a very
early gene duplication event in the nematode. Nevertheless, each receptor can substitute for the other
when expressed in the appropriate tissue (Fitzgerald et al. 1993). GLP-1 regulates blastomere
specification in the early C.elegans embryo (Bowerman et al. 1992, Hutter and Schnabel 1994, Mango
et al. 1994) whereas LIN-12 is important for gonad development in later stages of growth (Greenwald
et al. 1983).
Notch receptors have been identified in many vertebrate species and some examples illustrating their
function in development and disease will be discussed in detail below.

The Notch family
The members of the Notch signalling pathway can be found throughout the metazoa. In mammals,
four Notch receptors and five ligands have been identified (Figure 2A) (reviewed in Beatus and
Lendahl 1998). Drosophila Notch and mouse Notch1 are the best-characterised members and most of
what is known about Notch signalling comes from work on these two proteins. The receptors and
ligands of this signalling pathway are structurally related and encode single transmembrane proteins.
Activation of the Notch receptor from cell-bound ligands on adjacent cells leads to proteolytic
cleavage of the receptor and translocation of the intracellular part to the nucleus, where it controls
gene expression together with a DNA-binding protein. The signalling mechanism will be described
later.

The receptors
The Notch receptor family encodes large single-pass transmembrane proteins that share some common
characteristic features (see Beatus and Lendahl 1998 for review). On the extracellular side, the
receptors contain a large number of tandemly-arranged extracellular EGF repeats and a family-specific
LNR (Lin Notch Repeat) region (Wharton et al. 1985) (Figure. 2B). Proper folding of the EGF-like
repeats has been shown to be Ca 2+-dependent (Rand et al. 2000, Rand et al. 1997, Rao et al. 1995) and
EGF-repeats 11 and 12 are believed to be involved in ligand binding (Rebay et al. 1991). A recent
report suggests that ligand specificity is further influenced by glycosylation (see next section). The
precise role of the LNRs has not yet been confirmed, but there are indications that they are important
for receptor regulation both in the absence of ligands and for proper activation (see below).
Four main regions can be distinguished in the intracellular domain of Notch: the RAM, ankyrin,
RE/AC and C-terminus (Figure 2B). The region immediately inside the membrane is referred to as the
RAM domain. Its main function seems to be to mediate direct interaction with CBF1/Su(H)/LAG-1
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Figure 2. Schematic representation of the Notch receptor family.
A) The ligands and receptors in different species. B) Representation of the domains in
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constitutively active mutants of Notch1.
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(CSL) (Tamura et al. 1995). The ankyrin repeat region is the most highly conserved portion of Notch.
It consists of six ankyrin-like repeats, which can also be found in the cdc10 and SWI6 proteins, which
are involved in cell cycle control (Breeden and Nasmyth 1987). They are believed to mediate
interactions with factors involved in transcriptional activation, of which many are still unknown (see
below). The ankyrin repeats have been shown to be very important for signalling, and several
mutations in this region affect receptor function negatively (Aster et al. 2000, Jarriault et al. 1995,
Kato et al. 1997, Kodoyianni et al. 1992, Kopan et al. 1994, Kurooka et al. 1998, Rebay et al. 1993).
We and others have identified RE/AC as a region that is crucial for Notch function (Paper II and see
Discussion), but the functional role of this region remains to be elucidated. Finally, the C-terminus
contains two interesting regions. The OPA-domain is rich in glutamine residues and has been shown to
function as a transcriptional activation domain (TAD) when fused to a GAL4 DNA-binding domain
(Kurooka et al. 1998). It is required for Notch-mediated activation of reporters with multimerised CSL
binding sites. However, it seems to be dispensable both for activation of reporters (based on the
endogenous promoters HES-1 and HES-5) and for receptor function in vivo (Paper II). The C-terminus
also contains a PEST sequence that mediates ubiquitination of Notch and is thus involved in protein
stability (Öberg et al unpublished results). Notch also contains two nuclear localisation signals (NLS)
that are located on opposite sides of the ankyrin domain (Lieber et al. 1993, Rebay et al. 1993, Roehl
et al. 1996, Struhl et al. 1993).

It has been suggested that the intracellular domain of Notch (NIC) functions as a constitutively-active
receptor. This is supported by several independent observations. Chromosomal translocation of the
intracellular domain of the human homologue of Notch (TAN-1) induces T lymphoblastic leukaemia
(Ellisen et al. 1991). It has subsequently been shown that artificial introduction of the intracellular
domain of Notch1 (N1IC) in thymocytes can influence cell-fate switching between CD4 and CD8 Tcell lineages (Robey et al. 1996). As will be discussed later in detail, the N1IC alone has also been
shown to affect cell fates in a number of tissues and cell lines (Coffman et al. 1993, Dorsky et al.
1995, Kopan et al. 1994, Nye et al. 1994, Rebay et al. 1993, Roehl and Kimble 1993, Shawber et al.
1996b, Struhl et al. 1993). Thus, N1IC can function as a constitutively-active, gain-of-function
receptor. More importantly, a membrane-tethered version of the N1IC, called ∆EN1 (Figure 2B), can
also function as a constitutively-active receptor and it has been shown to be correctly processed to
generate N1IC (Kopan et al. 1996, Schroeter et al. 1998), see below). The extracellular and
membrane-tethered intracellular domains of Notch are presented on the cell surface as heterodimers
associated by non-covalent bonds. Rand et al show that Notch signalling can be induced by disruption
of the heterodimer, thus mimicking a ∆EN1 (Rand et al. 2000).

14

Effects of genetic disruption of the receptors
The function of the mammalian Notch receptors has been analysed by gene-targeting experiments in
which Notch1-4 specifically have been disrupted. Notch1 null mutations are embryonically lethal and
affect proper segmentation by disrupting somite organisation. Increased apoptosis can also be
detected, but is not considered to be the main cause of developmental arrest (Conlon et al. 1995, de la
Pompa et al. 1997, Swiatek et al. 1994). Unfortunately, Notch1’s role in organogenesis (e.g.
neurogenesis and immune system development) cannot be studied since mutant embryos die prior to
embryonic day 11.5 (E11.5). Notch2-deficient mice also die at E11.5. However, no obvious
developmental retardation has been identified except for abnormal levels of apoptotic cells (Hamada et
al. 1999). It should be noted that only the ankyrin repeat region has been removed in the mice
generated here and the entire extracellular domain is still expressed as a fusion protein with βgalactosidase. The Notch2 gene has also been targeted by another group, resulting in a hypomorphic
allele rather than a true null allele (McCright et al. 2001). The mutation results in perinatal lethality
due to kidney dysfunction. Mutants exhibit defective differentiation and patterning of the glomeruli
and vascular defects of the eye. Preliminary results indicate that Notch3-/- mice are viable and fertile
and do not display any overt gross phenotype (P.B. unpublished results). This is surprising, given the
specific pattern of expression for Notch3 during embryogenesis, and suggests a possible redundancy
by some of the other Notch receptors. Finally, disrupting Notch 4 results in viable and fertile progeny.
However, the Notch4 mutation displays genetic interactions with a targeted mutation of the Notch1
gene. Embryos homozygous for mutations of both the Notch4 and Notch1 genes display a more severe
phenotype than Notch1 homozygous mutant embryos. Both Notch1 mutant and Notch1/Notch4 double
mutant embryos display severe defects in angiogenic vascular morphogenesis and remodelling (Krebs
et al. 2000). In addition, a cleavage-defective Notch1 mouse has been generated by a ‘knock-in’
approach. This mouse exhibits many of the phenotypes seen in the Notch1 knock-out mouse (Huppert
et al. 2000).

The Ligands
There are two types of Notch ligands, Delta and Serrate. The ligands are similar to Notch receptors in
the extracellular domains, i.e. they also carry multimerised EGF repeats (Figure 2A) (see Nye and
Kopan 1995 and Beatus and Lendahl 1998). Ligands of both classes contain a common DSL (for
Delta/Serrate/Lag-2) domain. In addition, the ligands of the Serrate class share a cysteine-rich (CR)
region. Unlike many other signalling pathways, it is not yet established exactly which ligands activate
which receptors. Ligand-receptor interactions have been studied by several different approaches such
as co-expression analysis, genetic linkage in knock-out experiments, biochemically by in vitro
interactions, interactions in co-cultures and reporter gene activation in co-cultured cells. In mammals,
the ligands are expressed in almost all embryonic tissues and their expression patterns partly overlap
spatiotemporally (Bettenhausen et al. 1995, Dunwoodie et al. 1997, Felli et al. 1999, Krebs et al.
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2000, Kusumi et al. 2001, Lindsell et al. 1996, Loomes et al. 1999, Oda et al. 1997a, Rao et al. 2000,
Shawber et al. 1996a, Shutter et al. 2000, Valsecchi et al. 1997). There does not seem to be any
definite consensus in the pattern of expression between a particular ligand and receptor, indeed
judging from the expression patterns all ligands may have the ability to activate all receptors. More
specific experiments have been performed to study direct interactions between receptors and ligands in
vitro. Serrate1 (Jagged1) can bind Notch1-3 in a solid phase assay (Shimizu et al. 1999) and Delta and
Serrate have similar affinities to Drosophila Notch in an aggregation assay in Drosophila cells (Klueg
and Muskavitch 1999). Furthermore, experiments in both co-culture and in vivo, show that both Dll1
and Serrate1 can induce HES-1 expression via Notch1 and Notch3 (Bash et al. 1999, Hoyne et al.
2000, Jarriault et al. 1998, Kuroda et al. 1999); J.L. and G.C. unpublished results). Finally, Dll1 and
Serrate1 result in cellular responses indistinguishable from an activated Notch1 (N1IC) (Lindsell et al.
1995, Morrison et al. 2000, Wang et al. 1998).

Effects of genetic disruption of the ligands
Mutations in some of the ligands are associated with specific human genetic disorders, like Alagille’s
and Spondylocostal dysostosis (see ‘Notch and Disease’). The function of the ligands has been
analysed by gene targeting and there is a substantial variation in phenotypes among the different
ligands. Serrate1 is essential for remodelling embryonic vasculature and homozygous mice die prior to
E11.5 from severe haemorrhage due to defective formation of the vascular system. Heterozygous mice
exhibit an eye phenotype similar to that in Alagille’s, but do not exhibit other features of this disease
(Xue et al. 1999). Serrate1 displays a genetic link to Notch2 in that double heterozygote Serrate1+/Notch2+/- mutants show more severe phenotypes than the single mutants (McCright et al. 2001).
Serrate2 (Jagged 2) mutant mice die at birth, with severe craniofacial and limb malformations. The
craniofacial malformations manifest as cleft palate and fusion of the tongue with the palatal shelves,
which prevents the pups from breathing. The mutant mice also exhibit syndactyly of the limbs (Jiang
et al. 1998). Mutations in the Delta class of ligands result in gross developmental defects. Dll1-/- mice
show severe segmentation defects and fail to maintain the integrity of the somites (Hrabe de Angelis et
al. 1997). This phenotype is reminiscent of that of Notch1 mutants.

In conclusion, to date, no unique ligand-receptor interactions have been identified and both classes of
ligands can activate Notch1. It has recently been shown that activation of Notch by Delta and Serrate
can be modulated by differential glycosylation of the receptors (Bruckner et al. 2000). This is
mediated by Fringe, a glycosyltransferase which forms a complex during maturation in Golgi (Ju et al.
2000). Fringe has been shown to influence ligand specificity of Notch2, but not Notch1, suggesting a
possible mechanism for lending specificity to the system (Hicks et al. 2000).
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Signalling mechanism- how does it start
The Notch signalling mechanism is characterised by a series of proteolytic events of which the first
occurs during protein maturation in the ER and is mediated by a furin protease (Blaumueller et al.
1997, Logeat et al. 1998, Pan and Rubin 1997). The receptor is cleaved at site 1 (S1) in the
extracellular domain (Figure 2B). The receptor is then presented on the cell surface as a heteromeric
protein. It is not yet known whether Notch forms multimeric complexes or if the receptors exists as
single entities, but it may be speculated that the receptor must be monomeric for activation and that
ligands dissociate any complexes. It has been proposed that the presence of the extracellular domain
negatively regulates Notch signalling (Rand et al. 2000) and that ligands are required for relieving the
repression. It has even been suggested that the extracellular domain of Notch is “ripped” from the
receiving cell and trans-endocytosed into the signalling cell (Klueg and Muskavitch 1999, Parks et al.
2000). Ligand binding triggers two rapid consecutive proteolytic events (S2 and S3, see Figure 2B)
that result in the release of an intracellular, functionally active form of Notch. S2 cleavage is mediated
by TACE, a metalloprotease of the ADAM family and results in a transient intermediate peptide
(NEXT) that is liberated from oppression by the ectodomain (Brou et al. 2000, Mumm et al. 2000). S2
cleavage is required for, and rapidly followed by, cleavage at a third site (S3) that is located in the
transmembrane region. Just how S3 cleavage is mediated is much debated. It is nevertheless clear that
presenilins (PS) play a crucial role in this event. PSs are multispanning transmembrane proteins that
have been shown to be required for γ-secretase processing of the amyloid precursor protein (APP) (for
review see De Strooper and Annaert 2000). Notch processing shares several features with APP and it
is speculated that γ-secretase processing and S3 cleavage is mediated by a common enzyme. PSs can
be purified as multiprotein complexes with γ-secretase activity, but it is not yet clear whether S3
proteolysis is mediated by PSs or by a separate, associated γ-secretase (reviewed by Kopan and Goate
2000). Loss of PS results in reduced Notch processing at S3 (De Strooper et al. 1999). S3 cleavage
results in a functionally active receptor referred to as NIC (Notch IntraCellular domain) which is
released into the cytoplasm and then translocates, driven by the NLSs. This mechanism is referred to
as RIP (Regulated Intramembrane Proteolysis) and it is shared by some other proteins, like APP and
SREBPs (sterol regulatory element-binding proteins) (reviewed in Brown et al. 2000).

Signalling mechanism – where does it end
In the absence of N1IC, Notch-responsive genes (e.g. HES-1 and HES-5) are repressed by a
repression-complex, outlined in Figure 3 (see (Mumm and Kopan 2000) for review). The key
component of this complex is CSL, a DNA-binding protein recognising a single CGTGGGAA
sequence (Tun et al. 1994). Sometimes referred to as RBP-Jk, CSL was first isolated from mouse preB cells and was initially believed to be involved in VDJ-recombination. However, this was not the
case and later it was correctly identified as the vertebrate homologue of Drosophila Supressor of
Hairless (Su(H)) (Hamaguchi et al. 1989). CSL binds to DNA as a monomer, forming a stable co-
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repressor complex that consists of a number of co-repressors, i.e. SMRT, CIR and KyoT2 (Hsieh et
al. 1999, Kao et al. 1998, Taniguchi et al. 1998) which can recruit the Sin3 complex of negative
chromatin-remodelling regulators (for review see (Ahringer 2000)) (Figure 3, first panel). CSL is also
associated with SKIP (for Ski Interacting Protein) (Zhou et al. 2000a, Zhou et al. 2000b). Ski is
known as a member of the co-repressor complex in TGF-β and nuclear receptor-mediated signalling
(Akiyoshi et al. 1999, Nomura et al. 1999, Tagami et al. 1998). SKIP has been shown to relieve this
repression and to facilitate nuclear receptor-mediated transcription (Baudino et al. 1998). SKIP also
interacts with SMRT and CIR. Interestingly, SKIP can form trimeric complexes with CSL and either
Notch1 or SMRT, but never with Notch1 and SMRT in the same complex. Furthermore, point
mutations in N1IC that abolish its activity (Jarriault et al. 1995, Kopan et al. 1994) have recently been
shown to disrupt SKIP interactions (Zhou et al. 2000b). Taken together, this suggests that SKIP may
play dual roles in Notch signalling, both in transcriptional repression and in activation.

It has been shown that the RAM domain of Notch1 binds to CSL and that loss of RAM significantly
reduces Notch activity on a multimerised CSL reporter (Kurooka et al. 1998). It is believed that N1IC
forms a transient, unstable complex with the co-repressors which eventually dissociate (Kao et al.
1998). This relief of repression is further enhanced by recruitment of histone acetyl transferases
(HATs). Kurooka et al show that Notch1 can interact with PCAF and GCN5, two closely related
HATs (Kurooka et al. 1998). Together with SKIP and CSL, Notch and the HATs form a stable preinitiation complex which then can attract the basal transcription machinery that results in a stable
coactivator complex (Figure 3, last panel). Further components of the activation complex are likely to
be identified. MAML1, a vertebrate homologue of Drosophila mastermind, was recently shown to
interact physically with Notch1 and to function as a positive co-activator of transcription (Wu et al.
2000). In C.elegans, another factor called LAG-3 (Lin and Glp-3) has been linked to Notch signalling.
Like SKIP, it binds the fourth ankyrin repeat of Notch and it is crucial for Notch activity in C.elegans
(Petcherski and Kimble 2000). LAG-3 is a small, glutamine-rich protein and is thus a good candidate
for functioning as a transcriptional activation domain. No vertebrate LAG-3 has been identified as yet.
However, the OPA-domain in Drosophila and vertebrate Notch receptors is glutamine-rich. Since the
nematode Notch homologues Lin-12 and GLP-1 lack an OPA domain, it is possible that LAG-3 has
been replaced in vertebrates and in Drosophila by the OPA-domain. In conclusion, Notch1 activates
transcription at two levels. First, by displacing SMRT and hence relieves transcriptional repression by
destabilising the co-repressor complex and second, Notch1 is an activator through the recruitment of
HATs, which can positively affect chromatin remodelling.

In many situations the cell has to quickly reset its signalling status to stay responsive to new input,
particularly in rapidly developing organisms like Drosophila. Thus, there must be an efficient system
for clearing the nucleus of NICs. This is further supported by the fact that it is difficult to detect any
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nuclear NICs and that sub-detection levels are enough to activate transcription. Notch contains a PEST
sequence that has been proposed to be involved in protein stability (Öberg et al, submitted). Genetic
analysis in C. elegans has shown that SEL-10, a protein of the ubiquitin-ligase type, can negatively
regulate LIN-12 (Hubbard et al. 1997). It has recently been demonstrated that Notch is targeted for
degradation by the proteasome and that SEL-10 is required for this (Öberg et al, submitted).
Interestingly, SEL-10 might have a more direct role in repressing Notch since Notch signalling is
reduced without affecting the steady-state levels of Notch in co-expression experiments (Öberg et al,
submitted). Other proteins in the ubiquitination pathway, like Suppressor of Deltex and its vertebrate
homologue, Itch, can also negatively affect Notch signalling (Cornell et al. 1999).

Notch target genes
Surprisingly few target genes for Notch have been identified, considering the number of
developmental processes Notch regulates. The most well-known targets are the hairy and Enhancer of
split (E(spl)) genes (HES in mammals) (Bailey and Posakony 1995, Eastman et al. 1997, Furukawa et
al. 1995, Lecourtois and Schweisguth 1995). These belong to the basic helix-loop-helix (bHLH)
family of transcription factors and function as transcriptional repressors (Oellers et al. 1994, Ohsako et
al. 1994, Sasai et al. 1992, Van Doren et al. 1994). In mammals, Notch has been shown to regulate
expression of HES-1 and HES-5 (de la Pompa et al. 1997, Jarriault et al. 1995, Jarriault et al. 1998,
Kuroda et al. 1999). The role of the HES genes has been extensively studied in neurogenesis, in which
they function to inhibit differentiation (see (Kageyama and Nakanishi 1997) for review). They
negatively regulate the expression and function of another group of bHLH genes, referred to as proneural genes, which act as positive mediators of neurogenesis. The vertebrate homologues of
Drosophila pro-neural genes (atonal and the achaete-scute complex (A-Sc)) include Mash, Math,
neurogenins and NeuroD (reviewed in Lee 1997). NeuroD is downstream of Mash1 and neurogenin,
and promotes terminal differentiation of neurons. It has been suggested that the HES genes regulate
expression of NeuroD by controlling Mash, Math and neurogenin (Cau et al. 2000, Cau et al. 1997).
Thus, the HES genes and the pro-neural genes work in a counteracting fashion to control proper rate
and timing in neural differentiation.

Another group of target genes has recently been identified, the HEY genes. They are structurally
related to the HES genes, but represent a distinct subfamily of bHLH proteins (Maier and Gessler
2000, Steidl et al. 2000). The expression of one of the HEY genes, HEYL, correlates well with regions
in which Notch signalling takes place and HEYL expression is significantly decreased in embryos
defective for Notch1 or Dll1 (Leimeister et al. 2000).
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1.4 Developmental biology
Embryonic development can be described as a consecutive sequence of cell specifications. A
totipotent, fertilised egg cell generates a large number of daughter cells through which stepwise
specifications adopt unique properties, resulting in a growing embryo and ultimately in a mature
organism. The process of cell differentiation is all about history. Just as our personality is a result of
our life experiences and heredity, a particular cell type is the consequence of the external stimuli
(experiences) the cell has been subjected to since the first division, combined with its genome. Cell
differentiation is integrated in an advanced choreography involving cell proliferation, migration,
structural remodelling and death to create a growing embryo. Notch signalling has an impact on many
of these events, and I will describe some key steps in embryogenesis.

Gastrulation
The first steps in embryogenesis after fertilisation vary considerably between different vertebrate
species, only converging for a brief period when they pass through a common template and then
diverging again in completely different forms (Figure 4A). For example, the fertilised egg itself is
merely 0,1 mm in mouse, 1.2 mm in Xenopus but 30 cm in an ostrich. In Xenopus, the fertilised cell
divides more than 1000 times in 24 h while in humans it takes 24 h to complete the first cell division.
Irrespective of which strategy nature has chosen to complete this first blastula stage, all species go
through gastrulation in a very similar fashion.
During gastrulation, the cells in the early embryo learn what is up and down (dorsal/ventral), and front
and back (anterior/posterior). This process of axis formation is already initiated during the blastula
stage, but during gastrulation this initial information is translated into a three-dimensional matrix
dividing the cells into three layers (ectoderm, mesoderm and endoderm) (Figure 4B). From now on, all
further development will be based on the interplay between these three layers and the molecular
signals that they produce.
An important first step for the embryo during gastrulation is to set up a signalling centre (organiser).
The organiser instructs or patterns the mesoderm, which then in turn influences the ectoderm and
endoderm. In vertebrates, a region of the mesoderm is organised into a notochord that will function as
a conductor of neurulation and organogenesis (see below) by providing key molecular signals.

Neurulation and somitogenesis
The central nervous system (CNS) of all vertebrates develops from a one cell-layer-thick tube, running
all the way along the embryo from the ‘head’ (anterior) to the ‘tail’ (posterior).
The process of neurulation refers to the formation of the neural tube. During neurulation, cells at the
‘top’ of the embryo (dorsal side) will start sinking down into the gastrula, forming a groove (Figure
4C). Finally, the edges of the groove will meet and fuse, forming a closed tube under the surface of an
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intact sheet of ectoderm. This process is driven by factors produced by the notochord. Simultaneously,
the mesoderm surrounding the groove will remodel and condense into small structures called somites
(Figure D). The neural tube will give rise to all of the CNS, while the somites will develop into ribs,
skeletal muscles and dermis. The anterior neural tube will develop into the brain while the somites and
the posterior neural tube will form the spinal cord, the limbs and the trunk.

Organogenesis
By the onset of organogenesis, the embryo is divided into segments, of which each has a clear polarity
and different identity. Thus, all cells of the embryo are divided into microenvironments where they are
exposed to different molecular signals. Most organs form at the interface between mesenchyme and
epithelium where both tissues contribute to the final organ. Mesenchymal and epithelial cells usually
originate from two different layers e.g. mesoderm and either ectoderm or endoderm. Interestingly, the
same molecular pathways are involved in the development of different organs and many of the signals
that originally specified axis formation, patterning and segment identity are now involved in
organogenesis (e.g. Shh, FGFs and members of the TGF-β family).
Pancreas development serves as a good example to illustrate organogenesis (reviewed in (Kim et al.
2000)). The pancreas is composed of two components: the endocrine and exocrine pancreas. The
exocrine component consists of acinar and duct cells, which produce digestive enzymes that promote
nutrition digestion and absorption. The exocrine pancreas is interspersed with the islets of Langerhans
that consist of endocrine cell types. These include insulin-producing β-cells, glucagon-producing αcells, somatostatin-producing δ−cells and pancreatic polypeptide-producing pp-cells. The pancreas
develops from endoderm-derived foregut epithelium, and is formed from a dorsal and ventral anlage,
which eventually fuses to form one structure. The process is initiated at E9.5 in mice by the formation
of a dorsal pancreatic bud. Proliferation and branching of the dorsal pancreatic bud is stimulated by
mesenchymal signals and activation of specific pro-endocrine genes, which ensures the proper
development of the final organ (see below).
Another example of organogenesis is the development of the brain. During neurulation (see above),
the neural tube is formed. Lining the neural tube is the neuroepithelium, which consists of epithelial
cells that generate virtually all of the neurons and glia cells of the CNS. The cells lining the lumen of
the tube (ventricular zone) proliferate to generate a laminated structure which is initially divided into
different zones or layers: the ventricular, the mantle and the marginal zones. Immature nerve cells
arise from the division of neuroependymal cells in the ventricular zone and migrate to the mantle
layer. The marginal zone contains the axonal processes of developing neurons. The ventricular zone
contains proliferating progenitor cells that progressively become post-mitotic and start differentiating.
Among the first cells to differentiate are the radial glia cells (Choi and Lapham 1978, Levitt et al.
1983), which span all layers and serve as a scaffold along which immature, post-mitotic neurons can
migrate. The other major cell type, glial cells (astrocytes and oligodendrocytes) are generated
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following neurogenesis. Macroscopically, brain development can be observed as swelling and flexure
of the anterior neural tube, forming distinct vesicles that will eventually form all major regions,
including the ventricular system of the brain.

1.5 The molecular mechanisms of development
The mechanisms mediating these fundamental embryonic processes at the molecular and cellular level
can be summarised as induction, cell differentiation, proliferation, apoptosis and migration.

Induction
During gastrulation and neurulation, intense molecular signalling occurs. Molecules such as Sonic
hedgehog (Shh), members of the TGF-β family and RTKs pattern the embryo, resulting in fields of
cells forming equivalence groups. All cells within an equivalence group are equally competent to
differentiate in response to a particular inductive signal. Usually cells at this stage are multipotent
progenitors and can form all future cell types within that particular tissue, and inductive signals
instruct the cells to adopt a specific fate. Inductive signals are usually soluble extracellular molecules,
referred to as morphogens, and they often induce expression of specific transcription factors that then
initiate migration, growth and cell differentiation programs. The morphogens form concentration
gradients to which promoters of the specific transcription factors can respond. In this way, a single
morphogen can induce several different cell fates. For example, the formation of motor neurons and
different classes of interneurons are specified by selective activation and repression of homeodomaincontaining transcription factors (Dbx, Pax, Nkx) by Shh (reviewed by Briscoe and Ericson 1999).
Induction does not always require an inductive signal; in some situations, inhibition of a repressive
signal can trigger differentiation. For example, during pancreas development, exocrine and endocrine
cell fates are controlled by the interplay between repression, mediated by follistatin or Shh, and
induction mediated by activin signalling (for review, see Kim et al. 2000). Shh is expressed in nearly
all epithelial cells lining the alimentary canal. However, it is excluded from the region corresponding
to the pre-pancreatic epithelium. Misexpression of Shh in pancreatic epithelium results in the loss of
pancreatic markers, and transformation into gut mesoderm (Apelqvist et al. 1997, Hebrok et al. 1998).
Thus, Shh functions to repress pancreas induction. This is counteracted by activin and TGF-β
signalling, which can inhibit Shh signalling (Hebrok et al. 1998). TGF-β1 promotes endocrine
differentiation through the ActR IIA and IIB, which activates expression of the pro-endocrine markers
Islet-1 and neurogenin3 (ngn3) (Kim et al. 2000). Follistatin is a known antagonist of TGF-β
signalling and has been shown to inhibit endocrine differentiation and promote exocrine cells in vitro
(Miralles et al. 1998). Ipf1/pdx1 is another pro-endocrine gene. In the presence of Shh, Ipf1/pdx1 is
repressed by Patched (the Shh receptor), creating a permissive condition for endocrine cell
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differentiation (Hebrok et al. 2000). Another way of promoting different cell fates by repression is by
lateral inhibition, which will be described in detail later.

Cell differentiation
Cell differentiation occurs throughout development and into adulthood. For example, the earliest
differentiation event during mouse embryogenesis is the formation of the extra-embryonic
trophoblasts, while the cells of the immune system keep differentiating continuously throughout life.
The first cells to form a vertebrate embryo are pluripotent embryonic stem cells that can develop into
any tissue. They progressively lose their pluripotency and become multipotent progenitors. The
multipotent progenitor cells then gradually become increasingly restricted and finally end up as highly
specialised cells. Cell differentiation can be studied by analysing genetic markers that relate to the
expression of specialised genes. For example, a cortical progenitor cell can adopt both neuronal and
glial fates, but does not initially express either β-tubulin III or GFAP (neuronal and glial markers,
respectively). However, when stimulated with FGF2, these cells start expressing GFAP, indicating that
they have adopted the glial fate (Qian et al. 1997).
In the adult, most cells have acquired their terminal, irreversible fates. However, in many tissues a
small number of very slowly dividing, multipotent cells is maintained. A classical example is
haematopoetic stem cells, which constantly replenish all types of blood cells (Weiss 1997). Stem cells
have also been found in other tissues including CNS and skin (Jones et al. 1995, Morshead et al. 1994,
Vescovi et al. 1993). Evidence has emerged recently that stem cells are not only multipotent, but
pluripotent, and capable of giving rise to tissues derived from all three germ layers when transplanted
into early embryos (Clarke et al. 2000). Likewise, transplantation of haematopoetic stem cells into
adult, immunodeficient mice have been shown to populate the brain and give rise to cells expressing
neuronal markers (Mezey et al. 2000).

Proliferation and Apoptosis
The underlying basis for morphogenesis is the proliferation of progenitor cells. Most of the signalling
pathways described above can, under certain conditions, stimulate the cell cycle machinery. In
particular, the RTKs are potent mitogens, i.e. activators of proliferation, and they are required for
amplification and maintenance of progenitor cells in vivo and for the growth of cells in culture.
Proliferation and differentiation are tightly regulated to maintain proper growth of the embryo, with
terminal cell differentiation usually requiring withdrawal from the cell cycle. In many developmental
processes, like neurogenesis for example, the correct number of cells is ensured by selective survival
of neurons from a large pool of ‘born’ cells. In the case of neurogenesis, cells compete for limiting
amounts of survival factors and/or functional synaptic connections with other neurons or muscles. The
surplus of cells that do not receive a survival signal inevitably activate the programmed cell death
pathway and die through apoptosis (for review see Denecker et al. 2001).
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1.6 Notch signalling in development
Notch signalling is deeply involved in many of the processes described above, which is reflected by
the broad expression pattern of the mammalian Notch receptors. Notch1-3 are expressed early in
presomitic mesoderm and then in maturing somites, where they control somite boundary formation
(Jiang et al. 2000, Williams et al. 1995). Later, all three receptors are expressed throughout the neural
tube and in retina, pancreas, lung, tooth, and skin (Apelqvist et al. 1999, Kopan and Weintraub 1993,
Lindsell et al. 1996, Mitsiadis et al. 1995, Post et al. 2000, Williams et al. 1995).
An important function of Notch signalling is to mediate lateral inhibition.

Lateral inhibition at the cellular level
Morphogenic gradients affect all cells within a specific concentration level equally. These cells can
often substitute for each other, and they define an equivalence group. It is not always desirable that all
cells within an equivalence group will acquire the same fate, and lateral inhibition represents a
mechanism to prevent this (for review see Beatus and Lendahl 1998, Greenwald and Rubin 1992,
Lewis 1996). Lateral inhibition can be illustrated by the classical example of Notch function in the fly,
the neurogenic phenotype (Figure 5A). Notch function is required for proper delamination of
neuroblasts along the ventral midline, and in the choice between becoming a neuroblast, which gives
rise to the central nervous system, or a hypodermal cell.
Loss of Notch function and thus lateral inhibition ‘permits’ too many cells from becoming neuroblasts
at the expense of hypodermal cells. This system is almost perfectly copied in the generation of primary
nervous system in amphibians. Xenopus laevis forms a primary nervous system that is required during
the early motile life of the embryo. This primary nervous system is generated at the neural plate stage
and consists of three longitudinal rows of neurons on each side of the midline, spawning motoneurons,
interneurons and sensory neurons (Rohon-Beard neurons). The regularly-spaced primary neurons
differentiate from a sheet of cells in the neural plate, while the non-neural cells become epidermal
cells. Activation of Notch signalling, achieved by expression of Delta-1 or the intracellular domain of
Notch1, leads to a reduced number of primary neurons (Chitnis et al. 1995, Coffman et al. 1993,
Wettstein et al. 1997). Conversely, inhibition of Notch signalling, mediated by expression of
dominant-negative versions of Delta or CSL, results in the production of supranumerous primary
neurons in the neural plate (Chitnis et al. 1995, Wettstein et al. 1997).
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Lateral inhibition at the molecular level
The molecular basis for lateral inhibition has been proposed in a model referred to as ‘lateral inhibition
with feedback’ (Lewis 1996). According to this model, cells with initially small differences in
receptor/ligand expression can switch to become either receiving (Notch expressing) or signalling
(Delta/Serrate expressing) (Figure 5B). This is mediated via a feedback loop that switches off ligand
expression on the receiving cell, preventing it from signalling to its neighbours. Ligands and receptors
mutually repress each other’s expression on neighbouring cells via E(spl)/HES and Achaete-Scute (ASc/Mash). A-Sc/Mash is a positive regulator of Delta expression. Cells in these clusters that express
slightly higher levels of Delta will induce stronger E(spl)/HES expression in neighbouring cells via the
Notch pathway. The latter cells, with increased levels of E(spl)/HES, repress expression of A-Sc/Mash
and consequently that of Delta. Eventually these cells will lose their signalling capacity and become
receiving cells. In contrast, the signalling cells, which initially expressed only slightly higher levels of
Delta than the surrounding cells, will receive fewer stimuli from their Notch receptors because of
lower levels of Delta ligands on the surrounding cells. This leads to lower levels of E(spl)/HES, which
increases A-Sc/Mash activity and Delta expression.

Notch as an inhibitor of differentiation
Another aspect of lateral inhibition is the discrimination between differentiation and proliferation
rather than between two differentiated states. In this way, a subset of equivalent cells is allowed to
differentiate at a given time-point without totally depleting the pool of progenitor cells. This manifests
itself as a block of differentiation mediated by Notch signalling during neurogenesis and myogenesis.
A number of muscle-specific bHLH transcription factors control the progression of muscle cell
differentiation, which involve exit from the cell cycle, migration of myoblasts and fusion of cells into
myotubes (see Perry and Rudnick 2000 for review). Primary Myogenic Regulatory Factors (MFRs),
such as MyoD and Myf-5, specify uncommitted mesenchymal cells to adopt the myogenic fate and to
form myoblasts. MyoD alone can induce myogenesis in 3T3 fibroblasts. Later, myogenin and MRF4
gene-products, which represent secondary MFRs, mediate terminal differentiation and maturation into
myotubes. Several of the Notch receptors and ligands are expressed during myogenesis (Hirsinger et
al. 2001, Palmeirim et al. 1998). Early experiments with truncated Notch1 showed that N1IC could
inhibit muscle cell differentiation in cultured cells in vitro (Kopan et al. 1994). The blocked cells
continued to proliferate and failed to form myotubes. Activation of endogenous Notch receptors by
Dll1 and Serrate1 (Jagged1) also inhibits myogenesis (Hirsinger et al. 2001, Kuroda et al. 1999,
Nofziger et al. 1999). These experiments were corroborated in vivo in Xenopus and chicken embryos.
The exact mechanism of how Notch inhibits myogenesis is not yet clear, but Notch seems to mediate
this effect at two levels. First, activation of Notch signalling in C2C12 has been shown to reduce the
expression of MyoD itself (Hirsinger et al. 2001, Kuroda et al. 1999). Second, HES–1 can inhibit the
function of MyoD by direct interaction and it has been suggested that Notch inhibits myogenesis by
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inducing HES-1 expression via CSL (Jarriault et al. 1995, Kopan et al. 1994, Sasai et al. 1992).
Interestingly, two reports show that Notch deletion mutants lacking the CSL-binding domain can still
block myogenesis in a CSL-independent pathway (Nofziger et al. 1999, Shawber et al. 1996b). The
authors also suggest that the two pathways inhibit myogenesis at two distinct phases of muscle cell
differentiation. The idea of a CSL-independent pathway is possibly supported by Notch’s ability to
inhibit another bHLH transcription factor, E47, which is important for B-cell development in the
immune system (Ordentlich et al. 1998). It is suggested that Notch inhibits E47 via Ras signalling and
it is possible that a similar mechanism could account for a CSL-independent pathway in muscle cell
differentiation. Regulation of MyoD expression reaches higher levels of complexity since it has been
shown that MyoD itself stimulates Delta expression and triggers Notch signalling in Xenopus gastrula
(Wittenberger et al. 1999). This also provides evidence for a functional feedback loop in myogenesis.
The function of Notch in myogenesis is strongly supported by the expression of Notch pathway
components in somites in addition to the severe somitic phenotypes observed in Notch and Delta
knock-out mice.

There are many similarities between myogenesis and neurogenesis at the molecular level and it has
been demonstrated that Notch plays important roles during several stages of vertebrate neurogenesis.
N1IC was initially shown to inhibit the neuronal differentiation of induced P19 cells in culture (Nye et
al. 1994). This initial work has since been corroborated in vivo by experiments in Xenopus (Chitnis et
al. 1995, Chitnis and Kintner 1996, Dorsky et al. 1995), Chick (Austin et al. 1995, Henrique et al.
1997) and mammals (de la Pompa et al. 1997, Wang et al. 1998). In essence, this body of work
presents a model by which Notch controls the rate and timing of neuronal differentiation by
maintaining a pool of undifferentiated progenitor cells (for reviews see Beatus and Lendahl 1998) and
(Lewis 1998). This is best illustrated by Notch function in the retina, where the birthdates of a limited
number of neuronal cell types are well established (reviewed in Beatus and Lendahl 1998) and
(Rapaport and Dorsky 1998). Notch signalling can be antagonised by overexpression of a dominantnegative derivative of the ligand Delta (Deltadn) or by applying antisense oligonucleotides that reduce
expression of Delta or Notch1. This leads to a reduced thickness of the retina due to precocious
differentiation of the progenitor pool (Ahmad et al. 1997, Austin et al. 1995, Henrique et al. 1997). A
similar effect can be observed in mutant mice that lack the HES-1 gene (Tomita et al. 1996).
Conversely, misexpression of Delta or constitutively-active Notch has the opposite effect, resulting in
an increased number of cells with neuroepithelial morphology (Dorsky et al. 1997, Ishibashi et al.
1994). In summary, Notch inhibits differentiation by blocking the expression and function of proneural genes via HES activation. Simultaneously, lateral inhibition ensures that Notch is only
expressed in the progenitor cells, whereas Delta is observed on the delaminating prospective neurons
(Henrique et al. 1995).
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Notch as an inducer of differentiation
This classical view of Notch as an inhibitor of differentiation has recently been enriched in that it also
can function as an inducer of glial differentiation in both the PNS and the CNS. Interestingly, it had
been noted early on that Notch permits glial differentiation of P19 cells in culture and of Müller Glia
cells in developing retina, even though neuronal fates were inhibited (Dorsky et al. 1995, Nye et al.
1994). However, it appears that Notch has a more direct influence on glial fates. Furukawa et al found
that misexpression of N1IC or HES-1 forced progenitor cells in the retina to become Müller Glia cells
(MGC) (Furukawa et al. 2000). Another group has shown that misexpression of HES-5 had the same
effect. Conversely, the authors have also shown that loss of HES-5 expression results in decreased
numbers of MGCs (Hojo et al. 2000). Besides the retina, gliogenic roles for Notch have also been
demonstrated in the developing neural tube and in CNS and PNS stem cells. Introduction of N1IC into
cells in the developing mouse brain at embryonic day 9.5 shows that N1IC-expressing cells later
developed into radial glial cells (Gaiano et al. 2000). Radial glial cells are a cell population with some
glial characteristics, but which are also most likely a progenitor population for other neural cell types,
including neurons (Malatesta et al. 2000).
Work from two groups has shown that Notch can induce gliogenesis in stem cells. Morrison et al have
shown that transient activation of Notch in neural crest cells (PNS), either by N1IC or by recombinant,
soluble ligands, causes an irreversible switch to the glial fate (Morrison et al. 2000). Moreover, this
work demonstrates that a transient ‘flash’ of N1IC can even overcome a strong neurogenic signals
mediated by BMPs. Finally, CNS stem cells derived from adult hippocampus develop into astrocytes
in response to transient pulses of either N1IC or N3IC (Tanigaki et al. 2001). In addition, the authors
demonstrate that Notch induces astrocyte differentiation independently of ciliary neurotrophic factor
(CNTF), which is also a potent astrocytic differentiation factor.
Thus, in contrast to the classical situation, it seems like in some cases, Notch can function as an
inducer of differentiation. Interestingly, the original work by Nye et al showed a slightly higher
frequency of glial differentiation in RA-induced P19 cells expressing N1IC (Nye et al. 1994). This
hints that Notch can inhibit differentiation and promote it in the same cell type. It will be interesting to
learn which factors influence Notch’s specificity as an inhibitor and, conversely, as an inducer of
differentiation.

The role of Notch in neuronal maturation
Recently, an atypical case of lateral inhibition was demonstrated in which Notch influenced neurite
(dendrites or axons) outgrowth of differentiated neurons. Cultured neurons, grown at high density,
eventually display shorter and more branched neurites than neurons cultured at low density (Sestan et
al. 1999). Growth at high density represents numerous cell-cell contacts and thus implicates Notch
signalling. Indeed, the levels of intracellular Notch increased during neuronal differentiation
(Redmond et al. 2000, Sestan et al. 1999). Furthermore, it was shown that the same effect could be
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reached by activated Notch signalling, either by expression of N1IC and N2IC or by activating
endogenous receptors with soluble ligands. Conversely, antagonising Notch function with Numb, a
repressor of Notch function (Frise et al. 1996), had the opposite effect (Sestan et al. 1999). These
results were repeated in a neuronal cell line. Franklin et al also provide evidence that expression of the
Notch1 intracellular domain negatively affects neurite length (Franklin et al. 1999). They also made
the interesting observation that when Notch receptors interact with Delta1 ligands on neighbouring
cells neurites get shorter, but when Delta1 is expressed in the same cell as Notch, neurites become
longer. This may be a result of Delta blocking Notch receptor function when expressed in the same
cell, and activating it only when expressed in trans, i.e. on a neighbouring cell. The exciting
conclusion from these three reports is that Notch plays a critical role in the control of neurite growth.
As the reports deal exclusively with neuronal cells cultured in vitro, it is important to seek
corroboration in vivo, where such supporting evidence is now emerging. In Drosophila,
overexpression of the gene, atonal, increases neurite arborisation, and this function is counteracted by
expression of the intracellular domain of Notch. These results show that Notch not only influences
glial and neuronal precursor differentiation but also maturation of terminally-differentiated neurons.
This opens a totally new dimension of Notch function in synaptogenesis and remodelling of the
mature dendritic tree (Sestan et al. 1999).

In conclusion, Notch is involved at all levels of cell differentiation and maturation and it appears that
Notch signalling can be employed whenever the cell has a decision to make. This can be the choice
between two different cell fates, or between differentiation and maintenance as a progenitor, or indeed
death. It can also involve choosing which cells to contact and which directions to extend neuronal
processes.

1.7 Notch and disease
Considering the importance of Notch signalling during development, it is not surprising that several
disorders are linked to mutations in components of the Notch signalling pathway.

CADASIL
Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephaleopathy
(CADASIL) is a genetic vascular dementing disorder, with clinical onset between 30 and 50 years.
Recurring strokes due to brain infarcts in the white and deep grey matter lead initially to dementia and
finally to death (reviewed in Kalimo et al. 1999). CADASIL has been linked to missense or small inframe deletions of the human Notch3 gene (Joutel et al. 1996). All of these mutations are located in
the extracellular domain and result in unpaired cysteine residues. The mutations are strongly clustered
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to exon 4, which encodes EGF-like repeats 3-5, but can be found in the entire extracellular domain
(Joutel et al. 1997). In adult humans, Notch3 is expressed only in vascular smooth muscle cells
(VSMCs) (Joutel et al. 2000), the degeneration of which is the key pathogenic feature of CADASIL.
The disorder is characterised by a number of pathological hallmarks. First, histopathological analysis
of medium-sized arterioles in many tissues reveals accumulation of granular osmiophilic material
(GOM) between the degenerating VSMCs (Goebel et al. 1997). Second, cerebrovascular disturbances
lead to a cognitive decline and finally dementia (reviewed in Kalimo et al. 1999). Cognitive decline
becomes clinically manifest between 40 and 70 years of age. Third, even in asymptomatic carriers,
MRI (Magnetic Resonance Imaging) reveals small periventricular hyperintensities that are indicative
of CADASIL (Chabriat et al. 1995).
The precise mechanism through which Notch3 mutations lead to VSMC degeneration, stroke and
dementia remains to be established.

Notch receptors in tumourgenesis
All Notch receptors have been implemented in tumourgenesis. The human Notch1 (TAN-1) was
originally identified by analysis of recurrent chromosomal translocations in T-cell lymphoblastic
leukaemias (Ellisen et al. 1991). Notch2 has recently been identified in thymic lymphomas in Feline
leukaemia virus-infected cats (Rohn et al. 1996). Notch3 has been shown to cause aggressive T-cell
lymphomas in transgenic mice (Bellavia et al. 2000) and it has been identified in renal cell carcinomas
(Rae et al. 2000). Finally Notch4, which was previously called int3, forms mammary tumours in mice
when misregulated following integration of the mouse mammary tumour virus (Sarkar et al. 1994).

Ligand-associated disorders
Mutations in human Serrate1 (Jagged1) underlie Alagille syndrome, a dominant disorder associated
with abnormalities of the liver, heart, skeleton, eyes and face (Li et al. 1997, Oda et al. 1997b). The
disorder is caused by haploinsufficiency of Serrate1, since the mutations usually result in frame-shifts
or deletions of the gene (Crosnier et al. 1999, Krantz et al. 1998).
The Dll3 gene has recently been linked to human Spondylocostal dysostosis (SD) (Bulman et al.
2000). SD is a group of vertebral malsegmentation syndromes that are characterised by multiple
hemivertebrae, rib fusions and deletions (Duru et al. 1999). The mutations result in extracellular
deletions or missense mutations of highly conserved residues, further implicating haploinsufficiency
as a cause of the syndrome.
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2. PRESENT INVESTIGATION
Aim of this study
The aim of this study has been to analyse the extent of functional diversity in the Notch receptor
family. More specifically, we have investigated the molecular differences between the Notch1 and
Notch3 receptors in terms of transcriptional activity and interactions with transcriptional activators and
repressors. Given the importance of Notch signalling for many cellular differentiation programmes, it
is of considerable interest to learn about the specific functions of the individual Notch receptors. We
have consolidated knowledge from in vitro studies by investigating the effects of Notch3 signalling
during pancreas development and in CADASIL pathogenesis.

2.1 Functional differences between Notch1IC and Notch3IC (Paper I)
Notch3 is a poor activator of HES expression
N1IC represents a dominant gain-of-function receptor and it functions as a potent activator of HES
transcription (Hsieh et al. 1996, Jarriault et al. 1995, Jennings et al. 1994, Wettstein et al. 1997). We
analysed N1IC activity on a HES-luciferase reporter plasmid in a number of transformed cell lines
(JEG, HeLa, P19, COS-7, 293T). As expected, N1IC induces expression from the reporter at
significant levels compared to mock transfected cells. Interestingly, there was a considerable
difference in activity between the cell lines which could not be satisfactorily explained by different
transfection efficiencies. We then wanted to establish whether N3IC would behave in a similar way.
Therefore, we analysed Notch3 IC’s effect on HES reporter activation in the same cell lines. Unlike
N1IC, N3IC proved to be a very weak activator of HES-1 and HES-5 reporters in the tested cells. We
found that in all cell lines tested, the activity was never higher than four-fold (compared to 15-75 fold
for N1IC) (Paper I). This low activity could not be explained by improper expression of the N3ICexpression plasmid or by mislocalisation of the protein, since immunocytochemistry indicated that
N3IC was properly localised to the nucleus. Because Notch activity is dependent on CSL, we
demonstrated that N1IC and N3IC bind CSL with similar affinities. We then tested whether reporter
activation could be enhanced by co-transfecting exogenous CSL. N3IC-mediated activation was not
improved even at five-fold levels of CSL. Surprisingly, N1IC activity was markedly reduced by
exogenous CSL, suggesting that free CSL sequester other necessary factors and that the stoichiometry
of the Notch activation complex is important.
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Notch3 can suppress N1IC activity
The Notch genes have distinct but overlapping patterns of expression. Notch1 and Notch3 are coexpressed in several tissues during development (CNS, pancreas, teeth and haematopoesis) and we
were curious to see how signalling is affected in situations in which receptors have been activated.
Several examples from other signalling pathways show that two members of a gene family can either
augment each other’s effect or suppress it (rSMADs and iSMADs see above). Thus, we co-expressed
the intracellular domains of Notch1 and Notch3 and analysed HES-reporter activation. We found that
in the presence of equal amounts of N3IC, reporter activation is substantially reduced compared to
N1IC alone. In JEG and HeLa cells, suppression was more than 90% of the N1IC. Interestingly,
suppression of N1IC activity was almost fully penetrant (84 %) even at 50 % lower amounts of N3IC
than N1IC. In several cases, the suppressed activity was similar to the activity of N3IC alone,
suggesting that N3IC exerts a dominant effect over N1IC (Paper I). A plausible explanation for the
suppression effect would be competition for common factors necessary for reporter activation. The
obvious candidate factor is CSL, which mediates promoter binding to Notch. To address this issue, we
designed a Notch1 molecule that would be independent of CSL for DNA binding, by fusing N1IC to
the DNA-binding domain of the yeast transcription factor GAL4 (G4-N1IC) (Figure 6). This construct
proved to be a potent activator of a UAS-reporter. Co-transfection of G4-N1IC and increasing levels
of N3IC showed that N3IC efficiently suppresses reporter activation. This system, using G4-N1IC,
allowed us to compare the competitive features of N3IC with N1IC. Co-transfection of G4-N1IC and
free N1IC resulted in a linear suppression that was poorer than that observed for N3IC. Thus, there is
yet another difference between the two NICs: not only is N3IC a weaker activator of transcription, but
it is also a stronger antagonist of G4-N1IC than N1IC itself. In conclusion, we find two major
differences between N1IC and N3IC. First, N3IC is a weak activator of HES promoter activation
compared to N1IC and the low transcriptional activity of Notch3 IC is dominant over Notch1 ICmediated activation. Hence, Notch3 IC behaves as a functional repressor of Notch1 signalling with
respect to the HES genes. Second, N3IC is a considerably better repressor of G4-N1IC than N1IC.
From these data, we also conclude that N3IC represses N1IC-mediated activation of HES promoter
expression at two levels (Fig A-model 1). First, by competing for CSL and second, by competing for a
common factor other than CSL. We predict that N3IC would bind this factor X with a higher affinity
than N1IC does, but that the interaction does not pay off in terms of transcriptional activation.
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2.2 Molecular dissection of the Notch ICs (Paper II)
Identification of RE/AC
N1IC and N3IC are structurally very similar and share 50 % amino acid identity. Given the substantial
differences in HES promoter activation, we wished to understand the molecular mechanism for this
difference. Two obvious questions arise: first, why is N3IC a weaker activator of the HES promoter
and second, why is it a better repressor?

To address these issues, we designed a number of C-terminal deletion mutants of N1IC and N3IC. We
found that a 125-amino acid (aa) region, immediately C-terminal to the ankyrin repeats, was crucial
for N3IC’s ability to suppress G4-N1IC activity. This region (referred to as RE/AC, see below) is
necessary, but not sufficient for suppression and the minimal construct that would mediate the N3IC
effect consists of RE/AC and the last four ankyrin repeats. The corresponding region in N1IC proved
to be crucial for activation of the HES promoter. Specific deletion of this 100-aa-residue-long region
alone totally abolished reporter activation. Hence, we refer to this region as RE/AC, for
repression/activation. We found that deletions downstream of the RE/AC only affected transcriptional
activity moderately. This is in contrast to what has been shown earlier. Kurooka et al showed that the
C-terminal region of N1IC could function as a Transcriptional Activation Domain (TAD) when fused
to GAL4. The authors also showed that loss of the TAD markedly reduced the activity of a
multimerised CSL response element (Kurooka et al. 1998).
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From these experiments we have learned that RE/AC, a common region in N1IC and N3IC, is crucial
for activity both in terms of activation and repression. Furthermore, N3IC’s poor activation capacity
cannot simply be explained by a missing TAD. Given the structural similarities between N1IC and
N3IC, the answer to the questions above could be expected to lie in subtle differences within the
different domains.

Identifying the regions that confer activation and repression
To further address the influence of the individual regions on activation and repression, we conducted a
number of region-swapping experiments. The C-terminus, RE/AC and the ankyrin repeats were
exchanged in different combinations between N1IC and N3IC. We introduced a special nomenclature
for these experiments, which is outlined in figure 7. All hybrid molecules were tested for their ability
to activate a HES reporter or to repress G4-N1IC. Some of the hybrid molecules have been designed
without the C-terminal region, since it has little effect on the HES promoter. We demonstrated that the
origin of the ankyrin repeats has most influence on both activation and repression. For example,
molecule 3130, in which the ankyrin repeats from N3IC have been exchanged for N1IC, is almost as
good an activator (83%) as N1IC. Conversely, 1310 is a considerably weaker activator than N1IC.
These results are even more pronounced in terms of G4-N1IC repression. Even though the RE/AC
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domain is crucial for Notch function, it seems to be largely exchangeable between the two receptors.
No significant change in activity could be detected when RE/AC was swapped. Replacement of
N3IC’s C-terminus with that of N1IC had only a minor effect on HES-promoter activation. This is
noteworthy and indicates that the putative TAD has no major influence on HES promoter activation in
vitro. Exchange of both RE/AC and the C-terminus resulted in a minor enhancement, compared to
when only one domain was exchanged, suggesting that the effects are additive. In conclusion, we have
learned that the origin of the ankyrin repeats have most influence on activation and repression while
the RE/AC and C-terminal regions are interchangeable.

Searching for factor X
It is possible that the question of the poor HES activation and the inhibition of N1IC-mediated
transcription have a common answer. It has been suggested that Notch1 mediates transcriptional
activation at several levels. First, repression mediated by the SMRT co-repressor must be overcome
(Kao et al. 1998) and second, positive co-activators (HATs) have to be recruited (Kurooka and Honjo
2000). Finally, a third factor, SKIP has been shown to interact both with the repressor complex and the
activator complex and to be crucial for N1IC activity (Zhou et al. 2000b). N3IC’s poor transcriptional
activity could be explained if N3IC failed to destabilise the SMRT co-repressor complex or if N3IC
failed to bind either PCAF (HAT) or SKIP. Using a ‘three-hybrid’ assay, we demonstrated that N3IC
can indeed displace SMRT from CSL. Thus, it is unlikely that N3IC’s weak activation is due to failed
de-repression. The poor activity of N3IC cannot be explained by loss of SKIP binding, since N3IC
shows a solid interaction with SKIP in both GST-pulldown and mammalian two-hybrid assays. We
also tested whether N3IC suppressed N1IC activity by competing for SKIP. This is not likely, since
increased levels of SKIP did not rescue repression of N1IC on a HES reporter.
PCAF has been shown to interact with the ankyrin repeat region and the C-terminus of N1IC (Kurooka
and Honjo 2000). Given that N3IC lacks the OPA domain in the C-terminus and that the origin of the
ankyrin repeat region has large influence on transcriptional activation, we were interested to learn
whether N3IC would interact with PCAF. Both GST-pulldown and mammalian two-hybrid
experiments indicate that N3IC binds to PCAF. However, the interaction seems slightly weaker than
for N1IC. As for SKIP, we tested whether increased levels of PCAF could rescue repression of N1IC
activity. N3IC repression could not be relieved here either. The reason for N3IC’s weaker activity and
repressive features remains elusive, but we strongly suspect that the two issues are closely related and
that answering one will also reveal the answer to the other.
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2.3 Notch3 IC also represses Notch1 IC function in vivo (Paper I + III)
Based on our experiments in transfected cells, we wanted to analyse the effects of N3IC in vivo. We
were careful to choose tissues in which co-expression of Notch1 and Notch3 naturally occurred, such
as the CNS. We also tested N3IC in pancreas development, which represents a reasonably ‘simple’
system with respect to cellular complexity, and where a change of fate may be possible to interpret in
terms of Notch activation/repression.

Overexpression of N3IC in the neural tube reduces HES-5 expression
It has been shown previously that overexpression of N3IC in the neural tube in transgenic mice has
severe effects on CNS development (Lardelli et al. 1996). Notch1 is heavily expressed in the neural
tube at this stage (Lindsell et al. 1996, Williams et al. 1995) and the observed effects could possibly
be due to affected Notch1 signalling. New N3IC-overexpressing transgenic mice were produced and
we analysed endogenous HES-5 expression in E10.5 embryos (Paper I).
We found that HES-5 expression was abolished in a region caudal to the rhombic lip. Strikingly,
expression was not abolished in the entire neural tube, suggesting that either HES-5 is controlled by
other factors than Notch1 in those regions or alternatively, that N3IC repression is blocked for some
reason.
This experiment demonstrates that N3IC can also repress N1IC activity in vivo, which may be of great
importance in tissues where the two receptors are co-expressed (see above).

N3IC affects cell fate in the developing pancreas by repressing Notch1 signalling
The effects of N3IC were also studied in a completely different system. The developing pancreas is a
great model system to study patterning and cell differentiation. It consists of a limited number of cell
types which are well characterised in terms of when they differentiate (Wessells 1967) and see above).
Endocrine cells develop from a field of equivalent progenitor cells and end up as scattered islets
intermingled with exocrine tissue. Endocrine cells are singled out several days before exocrine cells in
an ordered process (reviewed in Kim and Hebrok 2001). This process is reminiscent of lateral
inhibition and suggests that Notch signalling may be involved in the differentiation of endocrine cells.
The expression of various members of the Notch signalling pathway was studied by whole mount in
situ hybridisation at two developmental stages (E9.5 and E13.5). We found that N1, N2 and HES-1 are
uniformly expressed in the epithelium at the level of the future pancreatic bud at E9.5. Interestingly,
Dll1 was only detected in the dorsal epithelium despite the uniform HES-1 expression. Neither
Serrate1 nor Notch3 were expressed at this stage. To analyse the role of Notch signalling in pancreatic
development, we studied mice deficient in RBP-Jk and Dll1. These animals have similar phenotypes
to Notch1-/- animals and they are believed to be deficient in Notch1 signalling (de la Pompa et al.
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1997, Hrabe de Angelis et al. 1997, Oka et al. 1995). In keeping with this, we found that HES-1 was
downregulated in Dll1 -/- pancreas. We also found that pancreatic development was obstructed in RBPJk-/- and Dll1 -/- embryos (Paper III). The pancreatic bud was small and poorly branched, and excessive
endocrine cell differentiation could be observed. The small size of the pancreatic bud and the increase
in numbers of cells positive for an endocrine marker suggests premature differentiation of pancreatic
progenitor cells. To test whether Notch3 could inhibit Notch1 activity in vivo, we misexpressed the
N3IC from the ipf1/pdx1 promoter. If inhibition would be the case, we would expect similar
phenotypes to the RBP-Jk-/- and Dll1-/- mutants. We found that the phenotype of ipf1/pdx1-N3IC
pancreas was indeed indistinguishable from that of the RBP-Jk-/- and Dll1-/- mutants. This clearly
supports the notion of N3IC as a repressor of N1IC activity in vivo.
Interestingly, we observed an increase in the number of neurogenin 3 (Ngn3) positive cells in all the
mutants. Ngn3 is a homologue of the pro-neural gene Ngn1, and its upregulation in the progenitor cells
suggests that it might be an early inducer of endocrine fate. To investigate this, we misexpressed Ngn3
in early progenitors using the ipf1/pdx1 promoter. Indeed, the pancreas of transgenic mice was
morphologically similar to the ipf1/pdx1-N3IC, RBP-Jk -/- and Dll1-/- animals, containing significantly
increased numbers of endocrine cells. This suggests that Ngn3 functions to promote endocrine cell
differentiation and that it might be analogous to the function of Ngn1 in neuronal specification in the
CNS.

2.4 Notch and CADASIL (Paper IV)
Notch3 plays an important role in the pathogenesis of CADASIL, a familial form of stroke.
CADASIL is caused by specific missense mutations in the extracellular domain of Notch3. There are a
number of obvious limitations to studying the pathogenesis of CADASIL in patients. For example, it
is very difficult to assess the relationship between the structural changes of the arterioles with the
onset of neurodegenerative symptoms, i.e. do GOM accumulate over time or are they already present
early in life? Another issue is to understand if and why the VSMCs degenerate or fail to regenerate.
Finally, experimental treatment of CADASIL is not suitable on patients for obvious reasons. To
address these questions, we have generated a murine ‘knock-in’ model for the most prevalent
CADASIL mutation (R140C). We modified the genomic locus of Notch3 by changing an arginine
residue, corresponding to the human arginine 140, to a cysteine. The modified genomic fragment was
introduced into ES cells by homologous recombination and correctly targeted cells were subsequently
used to generate CADASIL+/R140C and CADASILR140C/ R140C mice. We have analysed these mice with
respect to the effects observed in patients. CADASIL+/R140C and CADASIL R140C/ R140C mice were viable
and fertile and showed no overt gross phenotypes. Patients show characteristic pathological changes in
the VSMCs. We therefore analysed the arteries of 10- and 14-month old transgenic mice. Light
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microscopic analysis of the vessel wall in our mouse model showed several abnormalities. The vessel
wall was considerably thicker in CADASIL+/R140C than in wildtype littermates and the elastic laminae
showed frequent fragmentation and illegitimate branching. The VSMCs were also irregularly
orientated between the layers of elastic laminae. The increased thickness of the vessel wall was not
due to increased number of layers of VSMCs, but rather to increased deposits of extracellular matrix
(ECM) surrounding the VSMCs. Preliminary results indicate that there does not seem to be any gross
change in the number of VSMCs within individual layers (unpublished data). At the electron
microscopic level, VSMCs in the CADASIL mice were more irregular in shape, with cell debris
observed both intracellularly and in the extracellular space. A characteristic feature of CADASIL in
patients is the presence of GOM. Interestingly, no unequivocal GOM could be detected in the mouse
model, even though granular material reminicent, but distinct from GOM was present in CADASIL
mice.
Another difference between human and mouse CADASIL was that no signs of brain infarcts were
observed in either MRI scans or in paraffin sections of CADASIL and wildtype mice.
CADASIL patients show a cognitive decline, finally leading to dementia. We found that CADASIL
mice exhibited an age-dependent deficit in exploratory behaviour (open field test) suggesting that mice
also develop cognitive dysfunctions.
We conclude that CADASIL mice share several important features with human patients in that they
develop an arteriopathy and alterations in VSMCs, which may be reflected in an age-dependent deficit
in behaviour. However, we also notice a few differences in pathogenesis, since the mice do not exhibit
true GOM and they do not develop brain infarcts.

3. DISCUSSION
The existence of multiple homologues within a gene family is a general issue in biology.
Understanding their individual functions and interplay is important from clinical, developmental and
evolutionary perspectives. Most of the work on Notch receptor function and signalling has been
focused on the Drosophila Notch and Notch1 receptors, which seem to have similar functions in terms
of lateral inhibition and cell differentiation. The data presented in this thesis address the issue of the
functional differences and similarities between the Notch1 and Notch3 receptors. Notch3 is also
unique in the sense that mutations in this gene cause a vascular dementia syndrome. We discuss the
effects of a genetically introduced CADASIL-allele in a mouse model.
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3.1 Functional differences in Notch1 IC and Notch3 IC signalling
Notch3 IC is a functional repressor of Notch1 IC-mediated activation
We have analysed the molecular mechanisms whereby Notch receptors activate transcription of
downstream target genes like HES-1 and HES-5 and we find that there is a distinct difference in
activity between N1IC and N3IC. Several groups have shown that N1IC is a reasonably good activator
of HES-1 transcription in transfected cells (see above). In contrast, we show that N3IC has a much
weaker capacity for transcriptional activation. Furthermore, we find that the low transcriptional
activity of Notch3 IC is dominant over Notch1 IC-mediated activation. Hence, Notch3 IC behaves as a
functional repressor of Notch1 signalling with respect to the HES genes. We also show that low levels
of Notch3 IC are enough to efficiently repress Notch1 IC activity. This is important since Notch1 and
Notch3 are co-expressed in several tissues during development. One function for Notch3 could thus be
to modulate Notch1 signalling. Today, we still do not know which ligands activate Notch1 and Notch3
in vivo in specific tissues and thus it is difficult to understand the extent of such modulatory effects. It
should also be kept in mind that these experiments have been conducted using the ICD of N3. Thus,
we do not know how this relates to the receptor levels and the extent of activation by the natural
ligands. Even though relatively low levels of N3IC repress N1IC, it is possible that activation of the
Notch3 receptor is a very rare event and thus does not play any significant role under natural
circumstances. Curiously, there is no solid evidence to date that Notch3 is processed in the same way
as Notch1 in response to ligand activation, even though strong indications for this exist (Joutel et al.
2000).
We have tried to understand the molecular reasons for the difference in activity between the two
receptors. We have systematically deleted specific regions of N1 and N3ICs in addition to generating
‘chimeric’ N1/N3Ics and we make two observations.

The importance of having the right ankyrin repeats
We conclude that the origin of the ankyrin repeat region, in particular ankyrin 3-6, determines whether
Notch will function as either a good activator or a repressor of Notch-mediated activation. It is well
established that the ankyrin repeats are crucial for Notch function and that they are also the most
highly conserved region of the receptor (Aster et al. 2000, Kurooka et al. 1998, Rebay et al. 1993).
The fourth ankyrin repeat is of particular interest, since missense mutations in this region have been
shown to negatively affect receptor function in C. elegans as well as inhibition of myogenesis and
HES-1 promoter activation in mammalian cells (Jarriault et al. 1995, Kato et al. 1997, Kodoyianni et
al. 1992, Kopan et al. 1994). It has recently been demonstrated that these missense mutations disturb
the interaction between Notch and SKIP, a co-factor in transcriptional activation (Zhou et al. 2000a,
Zhou et al. 2000b). However, SKIP is not likely to be the crucial factor for the differences in N1’s and
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N3IC’s activities, since we show that both molecules bind this factor with similar affinities. In
addition, increased levels of exogenous SKIP do not ‘rescue' N3IC-mediated repression.

No action without RE/AC
We have shown that the RE/AC is crucial for both N1 and N3 function, but that the origin of this
region is of less importance. The true function of this region still remains to be elucidated, but several
lines of evidence indicate that it might also be involved in functions other than transcriptional
activation. Wettstein et al show that C-terminal deletions affecting the RE/AC region reduce ESR-1
(Xenopus homologue of HES-1) induction in neutralised animal caps (Wettstein et al. 1997). Another
group has studied N1IC’s capacity to cause neoplastic transformation in cell lines and they
demonstrate that this feature is totally dependent on the presence of 9 aa residues within RE/AC.
Internal deletion of this region completely abolishes the foci-forming capacity (Jeffries and
Capobianco 2000). Finally, an interesting report addresses Notch1 and Notch2 function in myeloid
differentiation. The myeloid progenitor cell line 32D can differentiate to granulocytes in response to
two different cytokines, G-CSF and GM-CSF. Bigas et al have shown that Notch1 inhibits
differentiation induced by G-CSF alone, while Notch2 does the opposite (Bigas et al. 1998). They
have mapped the region responsible for this cytokine specificity (referred to as NCR) and it correlates
very well with RE/AC and the regions identified by Wettstein et al and Jefferies et al
All data indicate that the RE/AC is a rather small region, perhaps as small as nine aa residues. It is,
however, unlikely that it represents a true domain in the sense of a specific fold. Some experiments
suggest that this region is subject to post-translational modifications. Bigas et al show that part of the
RE/AC region in N1 and N2 is responsible for differences in migration in SDS-PAGE and they
suggest that this may reflect different post-translational modifications.
In conclusion, the minimal region required for repression of N1IC-mediated HES activation consists
of ankyrin repeats 3-6 and 40 aa residues (or possibly, as few as 9 aa residues) downstream of those,
corresponding to the RE/AC region.

It has been shown that N1IC contains a transcriptional activation domain (TAD) and that it is required
for proper transcriptional activation under certain circumstances (Kurooka et al. 1998). We find that
the TAD can indeed function as an activation domain, but that it only contributes to a minor extent to
activate the HES promoters. This contradiction could be explained by the use of different promoters.
Kurooka et al used a hexamerised EBNA2 element from the TP-1 promoter, whereas we have used a
350bp-region from the endogenous HES-1 promoter.

It should be remembered that proteins are not linear arrays of domains and thus care is needed when
doing deletion experiments. It is easy to misinterpret specific loss of activity with a collapsed protein
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due to deletion of a structurally crucial domain. However, we have tried to guard against this by
testing our mutants for retained protein-interaction capacities and proper intracellular localisation.

Notch out for factor X
The identification of the ankyrin repeat region and RE/AC as critical domains for activation and
repression does not explain why N3IC is a poorer activator than N1IC. We have systematically tested
various steps in the process of Notch-mediated transcriptional activation. We conclude that the poor
transcriptional activity of N3IC is due neither to impaired access of CSL nor to failure to alleviate
repression by SMRT. However, since we have not yet tested whether N3IC is competent to displace
any of the other two known co-repressors, CIR and KyoT2, it is possible that one of them is the crucial
factor. In addition, various protein-protein interaction approaches can be used to systematically search
for novel interacting factors. Once repression is relieved, positive co-factors have to be recruited for
proper transcriptional activation. Kurooka et al show that the histone acetyl transferase, PCAF,
functionally interacts with Notch1 IC and that inhibition of PCAF decreases N1IC-mediated
transcriptional activation (Kurooka and Honjo 2000). We show that N3IC can also bind PCAF,
possibly with slightly lower affinity. This suggests that the weak activation is not entirely due to failed
recruitment of HATs. The role of SKIP has already been discussed above.
Assuming that both Notch1 IC and Notch3 IC have access to RBP-Jk in vivo, we propose three
different models to explain the differences in activation (Figure 8). These models take into account
that the origin of the ankyrin repeat regions is important and that a Notch IC requires the presence of a
RE/AC region, which binds a factor that is present in limiting amounts. In the first model (Figure 8A),
the ankyrin repeat region would be important for the conformation of the Notch IC/factor complex,
and the factor binding to the RE/AC region would only be presented optimally to the transcription
machinery when the ankyrin repeat region is of Notch1 IC origin. In the second model (Figure 8B),
the ankyrin repeat region of Notch1 IC serves as a docking site for a second co-activator, which cannot
bind or binds less well to the ankyrin repeat region of Notch3 IC. Only the cooperative binding of the
co-activator on the Notch1 IC ankyrin repeats and the factor binding to the RE/AC region would lead
to potent activation. PCAF binds less well to Notch3 IC than to Notch1 IC, and could thus be a
candidate factor in Figure 8B. PCAF has indeed been shown to bind both the ankyrin repeats and the
C-terminal region in Notch1 IC. The less efficient PCAF binding of Notch3 IC could result in a more
compacted chromatin structure at the promoter, compared to when Notch1 IC-PCAF is present. In the
third model (Figure 8C), the presence of an additional factor is also postulated, but in this model the
co-factor would be a co-repressor specifically recruited to the Notch3 IC ankyrin repeat region. This
could quench the activity of the factor binding to the RE/AC region, thus rendering Notch3 IC
incapable of activating transcription.
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A complicating factor in the analysis of Notch signalling is the relatively low level of activation from
Notch receptors even under optimal conditions, which makes the system more vulnerable to variability
in the testing conditions compared to receptor systems with very high degrees of activation. We have
observed variability in the results not only between different cell lines, but sometimes also within
different batches of the same cell line. This should be taken into account, in particular when transient
transfections are used. The variability suggests that the stoichiometry of the signalling components is
very important and that the levels of these components may be affected by the ‘health status’ of the
cell or by small variations in cell density and the amount of serum. This might reflect the sensitivity of
Notch signalling and also be a consequence of the relative low levels of activation naturally occurring
in this signalling system. For example, Schroeter et al have shown that levels barely above detection
of N1IC are enough to mediate efficient activation of the HES promoter (Huppert et al. 2000,
Schroeter et al. 1998). The amounts of cDNA commonly used in transient transfections are several
magnitudes higher than that shown to be enough for activation and probably represents a saturated
state.
Low levels of nuclear N1IC also brings about the issue of proper clearing of the ICD. As discussed in
the introduction, in many situations the cell must be able to quickly reset the Notch signalling status to
be ready to respond to coming signalling events. Several recent studies indicate that Notch turnover is
regulated by the ubiquitin pathway (Cornell et al. 1999, Hubbard et al. 1997, Qiu et al. 2000).
Interestingly, in some situations Sel-10 can downregulate N1IC activity without affecting N1IC
protein levels, suggesting that Sel-10 can also target other components of Notch signalling for
degradation (Öberg et al, unpublished results).

Notch3 is also a repressor in vivo
We demonstrate that N3IC can suppress HES expression in transgenic mice both in the pancreas and
in the developing CNS and presumably this is mediated by interference with Notch1 signalling.
Misexpression of N3IC in the neural tube results in severe haemorrhage and defective closure of the
anterior neural pore (Lardelli et al. 1996). In addition, these transgenic embryos display a
characteristic zig-zag shaped posterior neural tube, a pattern which can also be observed in embryos
with a processing-deficient Notch1 allele or in HES-1 deficient embryos (Huppert et al. 2000,
Ishibashi et al. 1995). Furthermore, N3IC-misexpressing mutants share another feature with HES-1-/embryos. Both types of mutations result in a holoencephalic, non-closure of the anterior neural pore
(Ishibashi et al. 1995, Lardelli et al. 1996). As described above, misexpression of N3IC in the
developing pancreas results in precocious differentiation of endocrine cells and hence an
underdeveloped pancreas anlage. This phenotype is compatible with loss of Notch1 function, which
supports the role of Notch3 as an inhibitor of Notch1 signalling. We show that N3IC affects HES-5,
but not HES-1 expression in the developing CNS, which is in keeping with previous work (de la
Pompa et al. 1997). In contrast, we find that HES-1 is repressed during pancreas development.
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Moreover, the repression of HES-5 in the CNS can only be observed in a part of the neural tube,
suggesting that HES-5 is also regulated by other factors which could be other Notch receptors. This
clearly illustrates the complexity of HES regulation.

Is Notch3 always this negative?
We have shown that N3IC is a poor activator of HES expression in transfected cells and that it can
repress HES expression in vivo by blocking N1IC activity. However, this may not always be the case.
Two recent reports show that N3IC can induce HES-1 expression in two different cell systems, namely
adult hippocampus-derived multipotent progenitor cells (AHP) and T-cells (Bellavia et al. 2000,
Tanigaki et al. 2001). As discussed in the introduction, Tanigaki et al show that Notch seems to
function instructively to promote astrocyte differentiation of AHP cells. They have analysed the roles
of N1IC and N3IC in parallel in this process and they conclude that both proteins behave in a similar
fashion. In one experiment, they analyse HES-1 expression in response to Notch1 and 3 ICs and find
that both proteins induce expression of endogenous HES-1 to the same degree. This is interesting and
it further supports the idea that Notch functions differently in different tissues. The difference between
pancreas and thymus/CNS could possibly be explained by different repertoires of co-activators and/or
repressors in thymus/CNS progenitor cells compared to pancreatic progenitors. It should be noted that
the authors have used RT-PCR to analyse HES-1 induction. However, it is difficult to compare the
potency of activation measured by RT-PCR to that of luciferase reporter activation. Thus, in this case
it is difficult to tell if N3IC is an equally strong activator or whether N1IC happens to be an equally
weak activator.

In contrast to the situation in neuronal progenitor cells, N1IC and N3IC seem to have distinct effects
on tumour induction and progression in the immune system. Misexpression of N3IC in the
thymus/early T-cells in transgenic animals disrupts proper thymocyte differentiation (Bellavia et al.
2000). These animals have increased numbers of immature T-cells, which fail to downregulate CD25
and maintain highly active NF-κB signalling. Most animals develop malignant T-lymphomas within
12 weeks of birth. The lymphoma cells display constitutive activation of NF-kB signalling via IKKαdependent degradation of IκBα and tumourgenesis can be inhibited by overexpressing IκBα. Thus, it
is possible that Notch3 regulates NF-κB signalling by activating IKKα. How this is mediated,
however, remains unknown. It also remains to be clarified if these effects observed in thymocytes are
due to repression of Notch1 function or if they are Notch3-specific. Notably, HES-1, but not HES-5, is
strongly upregulated in the transgenic mice, suggesting that N3IC can activate this promoter in a
different cellular context. Misexpression of N1IC from the same promoter also leads to increased
numbers of immature T-cells. However, these seem to be blocked at an earlier stage of T-cell
differentiation (see Rothenberg 2001 for review).
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3.2 The mouse CADASIL model – a strike on stroke or stroke on strike
Different CADASILs in mice and men
The CADASIL knock-in mice develop some aspects of the disease, but we still do not understand why
CADASIL knock-in mice do not develop true GOM and brain infarcts in spite of the vascular defects
(Paper IV). However, it is possible that fundamental differences in anatomy and life span between
mice and men can explain these facts. For example, the sheer difference in the size of human and
mouse brain mean that there are no comparable arteries with respect to diameter and VSMC-content in
the mouse. Another important difference is that in CADASIL patients, degenerative changes occur
mainly in white matter. The mouse brain contains only very little white matter, which is likely to
affect the occurrence of brain infarcts in mice. It appears that degeneration of the VSMCs is a slow
process and it may be argued that the life span of a mouse is too short to accumulate a loss of VSMCs
necessary for infarct development. The earliest signs of GOM have been observed at the age of 18 (H.
Kalimo, personal communication). Even though GOM might develop much earlier than that, it is
possible that the two-year life span of mice is too short to accumulate GOM.

What happens to the VSMCs?
As described in the introduction, there is a loss of VSMCs in CADASIL that eventually leads to vessel
wall abnormalities and brain infarcts. It is of great importance to learn why and how VSMCs
disappear. The number of VSMCs is controlled by two factors: the rate of VSMC birth and death. The
normal turnover of VSMCs is very slow. In CADASIL, little is known about how VSMCs die and
whether death is mediated via necrosis or apoptosis. There are no clear signs of inflammation
associated with arterial lesions in CADASIL patients, arguing against necrosis. The VSMCs most
likely die through apoptosis at very low rates. This is supported by our preliminary results, which do
not indicate any increased levels of apoptosis in arterioles of CADASIL patients compared to control
individuals as detected by TUNEL assay (P.B. unpublished results). The late onset of the disease also
favours this hypothesis. The slow loss of cells suggests that CADASIL might be a deficiency in
regeneration of VSMCs rather than in abnormal cell death. Notably, experiments with induced injuries
in rat arteries show a dramatic temporary increase in ECM remodelling and deposition followed by
increased immigration of VSMCs (Godin et al. 2000). We observe an increased thickness in the vessel
wall, both in patients and knock-in mice, which is mainly due to abnormal ECM deposition. It is
possible that CADASIL arteries fail to respond normally to injuries and compensate by
overproduction of ECM. It would thus be very interesting to induce experimental injury in the
CADASIL knock-in model in order to assess the capacity of regeneration in these mice. Detailed
analysis at the molecular level with respect to ECM remodelling, VSMC proliferation and migration,
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and Notch signalling effects on these processes is required to further understand the pathogenesis of
CADASIL.

Molecular mechanisms of Notch3 in CADASIL
As the name implies, CADASIL is a dominantly inherited disorder that is fully penetrant in the
heterozygous state. This raises the question of how missense mutations in Notch3 mediate
pathogenesis. Three possible scenarios are currently being debated, receptor gain-of-function (gof),
loss-of-function (lof) and receptor accumulation. The mutations result in one unpaired cysteine
residue, which presumably affects proper disulphate bond formation. In theory, this could render a
receptor constitutively active. There are currently no good assays for measuring endogenous Notch3
signalling and unfortunately no reliable antibodies exist either. It is thus difficult to assess this
explicitly. However, this possibility is less likely since neither CADASIL patients nor our CADASIL
mouse model display any features reminiscent of the effects observed when the N3IC is over
expressed (Paper III; Bellavia et al. 2000, Lardelli et al. 1996). Neither does this scenario explain the
late onset of the disease.
It can be argued that CADASIL is caused by lof due to a dominant-negative (dn) receptor mutation. A
group of mutations in Drosophila Notch called lethal-Abruptex favour this hypothesis. All of the
lethal-Abruptex alleles have amino acid substitutions that lead to unpaired cysteine residues and they
function as antimorphs, i.e. to partially block the non-affected allele (Portin 1981). One weakness with
this explanation is that to date, no CADASIL patient has been identified with an obvious null allele of
Notch3. However, lethal-Abruptex mutations only partially suppress the wildtype copy and it could be
argued that 100% loss of function is embryonically lethal and that is the reason why it has not been
observed. The lof model is further supported by experiments that show that the extracellular domain of
Notch alone can function as an antimorph by sequestering ligands (Rebay et al. 1993). A recent report
demonstrates that the ectodomain of Notch3 accumulates in CADASIL patients and suggests that
oligomerisation is defective, resulting in monomeric ectodomains on the cell surface (Joutel et al.
2000). Thus it is possible that normal Notch3 signalling could be blocked by fake receptors.
Finally, a third model for explaining CADASIL has been suggested. This model is based on the fact
that many neurodegenerative diseases like Alzheimer’s, Parkinson’s and Huntington’s are caused by
abnormal protein deposition. As mentioned above, CADASIL is characterised by increased deposition
of ECM and characteristic aggregates called GOM.
Joutel et al demonstrated recently that CADASIL patients have elevated levels of the extracellular
domain of Notch3 (N3EC), suggesting that it is (Joutel et al. 2000). The N3IC did not accumulate in
the CADASIL mice suggesting that the N3EC fails to be cleared from the cell surface, rather than an
overall decrease in receptor synthesis being the case. This observation invokes another issue
concerning the processing of Notch3. Notch maturation occurs in trans-Golgi and is crucial for
receptor function. In CADASIL, the receptor seems to be processed correctly and is presented on the
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cell surface (Joutel et al. 2000). However, our preliminary results indicate that there is a difference in
intracellular localisation between wildtype and CADASIL receptors in transfected cells. Mutated
receptors tend to form perinuclear aggregates to higher extent than wildtype proteins (P.B. and J.L.
unpublished results). This is similar to what can be observed in experiments with mutated Serrate1.
Specific mutations in Serrate1 that change the number of cysteine residues also result in perinuclear
aggregates (Morrissette et al. 2001). This report shows that the glycosylation of mutated Serrate1 is
affected, further supporting defective maturation and hence possible intracellular accumulation.
Curiously, in Joutel et al’s study, Notch3 immunoreactivity did not label the GOM per se, but was
instead closely arranged around the deposits. CADASIL knock-in mice (paper IV) develop
arteriopathy, but do not display distinct GOM, which could be expected if they were aggregates of
mutated Notch3 receptors. This suggests that GOM may be an effect of CADASIL rather than the
cause of VSMC degeneration. Taken together, these observations strongly suggest that mutated
Notch3 receptors might form high molecular weight complexes in CADASIL patients that accumulate
over time and affect vessel wall morphology. This model would also explain the late onset of the
disease.

In conclusion, further experiments are required to distinguish between these different models, but it is
reasonable to believe that the pathology is caused by a combination of protein accumulation and
defective signalling.

3.3 Peering into the future of Notch research
The number of biological processes that Notch is involved in continues to grow. It is surprising how a
single receptor can mediate such varied responses as boundary formation, cyto-architectual
remodelling, induction and inhibition of differentiation in a number of tissues. However, we are only
beginning to understand the molecular details of these processes and still many pieces of the Notch
puzzle are missing. For example, it will be very important to learn which ligands activate the
endogenous Notch receptors. Are there any unique ligand/receptor interactions or is ligand-specificity
totally mediated by other proteins like Fringe? Furthermore, many experiments indicate that genedosage and the level of Notch signalling has great influence on its biological function. It will thus be
important to know whether different ligands activate Notch to different degrees.
The extracellular domain of Notch plays important roles in receptor regulation and mutations within it
have a great impact on receptor function, having been shown to cause degeneration of VSMCs.
Clearing of the ectodomain is a unique problem for the Notch signalling pathway and how it is
disposed of is still not known. It is likely, however, that this is a rapid process since the extracellular
domain alone represents a dominant-negative receptor. It has been suggested that trans-endocytosis is
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required for activation of the receptor and this would also solve the issue of ectodomain-clearing.
Furthermore, this links to the importance of quickly resetting the Notch system, so that the cell can be
ready to respond to new Notch stimuli. This is particularly true for gliogenesis and neurite
organisation.
The Notch signalling pathway has been described as a “molecular Swiss army knife”. The “core
components” of the pathway can be used as different tools to interact with and influence components
of other signalling pathways. It still remains to be elucidated how this is conferred, but most likely it
involves as yet unidentified intracellular factors and post-translational modifications of the core
components. Several groups have reported that Notch is phosphorylated and it is very likely that
protein modifications will play a crucial role in the multifunctionality of Notch signalling. It is well
established that the HES genes are potent modulators of cell differentiation and that HES-1 and HES-5
expression is regulated by Notch. However, sometimes HES-1 expression, but not HES-5 is affected
by Notch, while in other situations the converse is true. This suggests a complex regulation of the HES
genes. It is not yet clear which other factors cooperate together with Notch to confer this differential
expression. It is also surprising that so few target genes for Notch have been identified. Could this
reflect the power of Notch as a molecular Swiss army knife in that no other downstream targets are
required? Using DNA-array and DNA-chip technologies to unravel the dynamics of gene expression
in individual cells at different developmental stages will most likely answer that.
Gene targeting of the components of Notch signalling has taught us a lot about their functions.
However, it has been difficult to study the role of Notch signalling in e.g. neuronal differentiation and
maturation, due to early lethal phenotypes. This will hopefully be resolved using conditional knockouts. Conversely, forced activation of Notch signalling has been an important tool to study receptorfunction and differentiation. Accordingly, conditional systems for Notch-receptor activation would be
convenient to overcome early-lethal effects of a broadly-activated Notch.
Another problem in studying the function of Notch3 arises because there is no simple read-out for its
signalling. It is possible to overcome this by turning Notch3 into an artificial activator. This is
accomplished by insertion of the yeast GAL4 and VP16 domains immediately downstream of the
transmembrane domain. In this way, it is possible to monitor Notch3 processing and activation on a
UAS-reporter. It would be very interesting to study transgenic mice expressing such a receptor on a
UAS-lac Z reporter background. This would hopefully reveal the spatiotemporal pattern of Notch3
activation, which could then be compared to the pattern of expression. Such an assay may help to
identify novel, hitherto unknown ligands.
Given the importance of Notch in the control of cell differentiation, it would be interesting to explore
the possibilities of experimentally modulating cell fates by activating different Notch receptors. It
would be of great clinical interest if e.g. neuronal stem cells could be directed to specific neuronal
fates so that they could be transplanted to Parkinson patients. Likewise, misexpression of N3IC has
been shown to increase the numbers of endocrine cells, maybe this could be used to replenish the β-
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cells in diabetes patients. Moreover, gliomas and other aggressive brain tumours exhibit features of
immature neuronal precursors. Since Notch can induce gliogenesis, perhaps forced activation of Notch
in tumour cells would terminally differentiate them into astrocytes. In summary, there are many
examples of how experimental modulation of Notch can be applied clinically.

51

4. ACKNOWLEDGEMENTS

I am indebted to all the people who have contributed to this thesis by encouraging and
inspiring me during these years. I would especially like to thank:

Urban, my supervisor and mentor for his never-ending enthusiasm for biology and for his
great support and inspiration during these years. Thank you for all the parties in Ursvik and
for introducing me to blues.

The members of the Lendahl lab for creating a home away from home:
Camilla, for, your smiles in the morning, your energy and our skiing holidays.
Johan, for your warm friendship, all the cups of coffee and for sharing a passion for wooden
boats.
Helena my dear lakudiboo friend, for all the good times we have had and for all your good
advice.
Emil, for our great viking-trips to Finland.
Carina, for being my co-starter at CMB and for giving me so many laughs. I must also thank
you for giving me the blame for calling the fire-brigade.
Kia, for sharing office and for putting up with the mess on my desk, even when it threatened
to engulf you.
Gavin, for your “laid backness”.
Karin, for being so friendly and relaxed.
Erik, for spending so many hours down in the old dungeons of CMB and for doing both your
and my share of jogging.

Jalle, for all the super-duper times we have had together dressed in rubber. Thanks for being a
true friend.
Sten and Anethe for all fun discussions.
Robban for being on a luxury-cruise while I was writing this thesis and for being the king of
the dance-floor.

52

The CMB pub-crew, Maddis, Kristian, Mattias, Alistair, Kyle, Joakim and Hoja for
arranging the best pubs in Stockholm and for never giving up. Ni bara “Gnider in, biter ihop,
spolar av”

The people in Frissan’s lab Jonas, Clas, Johan, Anna, Marie, Rob, Nicklas, Stefan, for all fun
nights out and for always being last to leave the CMB pubs.

Johan E. and “Murarn” for all crazy discussions about everything and to the other members
of the Ericson lab: Maddis, Anna, Mattias, Elisabeth.

Centrum för Medicinska Innovationer, for providing me with an office, without which I
probably wouldn’t have written more than the acknowledgements.

To all colleagues at CMB who have contributed to make it a such a wonderful and stimulating
place to work at.
To past colleagues at CMB:
Patrik Blomkvist for ruining mid-December each year with “Lucia-visorna”.
Gunilla Wahlström, Pia Tegner and Göran Baurén
Bill and Göran, the CTO and CRDO, the heart and core, of IntelliClone. Thanks for the good
team-work and great friendship. Bill thanks for your invaluable help with the figure for this
thesis.

To my dear, dear friends outside CMB who have put up with me being late because of badly
planned experiments and for calling me nice names like “de vita mössens Dr… ja ni vet”.

To Robert and Martin, my dear brats, I mean brothers, for always being there and for giving
me a good laugh.

Mina föräldrar för erat oändliga tålamod, uppmuntran och kärlek. Tack för att ni alltid låtit
mig göra mina val själv.

To my wife soon-to-be, Mary-Rose, for being my very best friend and for sharing your life
with me. xx
53

5. REFERENCES

Aberle H, Bauer A, Stappert J, Kispert A and Kemler R. (1997). beta-catenin is a target for the
ubiquitin-proteasome pathway. Embo J 16, pp. 3797-804.
Ahmad I, Dooley CM and Polk DL. (1997). Delta-1 is a regulator of neurogenesis in the vertebrate
retina. Dev Biol 185, pp. 92-103.
Ahringer J. (2000). NuRD and SIN3 histone deacetylase complexes in development. Trends Genet
16, pp. 351-6.
Akiyama T. (2000). Wnt/beta-catenin signaling. Cytokine Growth Factor Rev 11, pp. 273-82.
Akiyoshi S, Inoue H, Hanai J, Kusanagi K, Nemoto N, Miyazono K and Kawabata M. (1999). cSki acts as a transcriptional co-repressor in transforming growth factor-beta signaling
through interaction with smads. J Biol Chem 274, pp. 35269-77.
Alberts B, Bray, D., Lewis, J., Raff, M., Roberts, K. and Watson, J.D. (1994). Molecular Biology
of the Cell: Garland Publishing, Inc.
Apelqvist A, Ahlgren U and Edlund H. (1997). Sonic hedgehog directs specialised mesoderm
differentiation in the intestine and pancreas. Curr Biol 7, pp. 801-4.
Apelqvist A, Li H, Sommer L, Beatus P, Anderson DJ, Honjo T, Hrabe de Angelis M, Lendahl U
and Edlund H. (1999). Notch signalling controls pancreatic cell differentiation.
Nature 400, pp. 877-81.
Artavanis-Tsakonas S, Matsuno K and Fortini ME. (1995). Notch signaling. Science 2688, pp.
225-232.
Artavanis-Tsakonas S, Rand MD and Lake RJ. (1999). Notch signaling: cell fate control and signal
integration in development. Science 284, pp. 770-6.
Aster JC, Xu L, Karnell FG, Patriub V, Pui JC and Pear WS. (2000). Essential roles for ankyrin
repeat and transactivation domains in induction of T-cell leukemia by notch1. Mol Cell
Biol 20, pp. 7505-15.
Austin CP, Feldman DE, Ida JA, Jr. and Cepko CL. (1995). Vertebrate retinal ganglion cells are
selected from competent progenitors by the action of Notch. Development 121, pp.
3637-50.
Aza-Blanc P, Ramirez-Weber FA, Laget MP, Schwartz C and Kornberg TB. (1997). Proteolysis
that is inhibited by hedgehog targets Cubitus interruptus protein to the nucleus and
converts it to a repressor. Cell 89, pp. 1043-53.
Bailey AM and Posakony JW. (1995). Suppressor of hairless directly activates transcription of
enhancer of split complex genes in response to Notch receptor activity. Genes Dev 9,
pp. 2609-22.
Baker NE and Zitron AE. (1995). Drosophila eye development: Notch and Delta amplify a
neurogenic pattern conferred on the morphogenetic furrow by scabrous. Mech Dev 49,
pp. 173-189.

56

Bash J, Zong WX, Banga S, Rivera A, Ballard DW, Ron Y and Gelinas C. (1999). Rel/NF-kappaB
can trigger the Notch signaling pathway by inducing the expression of Jagged1, a
ligand for Notch receptors. Embo J 18, pp. 2803-11.
Bate M, Rushton E and Frasch M. (1993). A dual requirement for neurogenic genes in Drosophila
myogenesis. Dev Suppl, pp. 149-61.
Baudino TA, Kraichely DM, Jefcoat SC, Winchester SK, Partridge NC and MacDonald PN.
(1998). Isolation and characterization of a novel coactivator protein, NCoA-62,
involved in vitamin D-mediated transcription. J Biol Chem 273, pp. 16434-41.
Beatus P and Lendahl U. (1998). Notch and neurogenesis. J Neurosci Res 54, pp. 125-36.
Bellavia D, Campese AF, Alesse E, Vacca A, Felli MP, Balestri A, Stoppacciaro A, Tiveron C,
Tatangelo L, Giovarelli M et al. (2000). Constitutive activation of NF-kappaB and Tcell leukemia/lymphoma in Notch3 transgenic mice. Embo J 19, pp. 3337-48.
Bettenhausen B, Hrabe de Angelis M, Simon D, Guenet JL and Gossler A. (1995). Transient and
restricted expression during mouse embryogenesis of Dll1, a murine gene closely
related to Drosophila Delta. Development 121, pp. 2407-18.
Bigas A, Martin DI and Milner LA. (1998). Notch1 and Notch2 inhibit myeloid differentiation in
response to different cytokines. Mol Cell Biol 18, pp. 2324-33.
Blaumueller CM, Qi H, Zagouras P and Artavanis-Tsakonas S. (1997). Intracellular cleavage of
Notch leads to a heterodimeric receptor on the plasma membrane. Cell 90, pp. 281-91.
Bowerman B, Tax FE, Thomas JH and Priess JR. (1992). Cell interactions involved in
development of the bilaterally symmetrical intestinal valve cells during embryogenesis
in Caenorhabditis elegans. Development 116, pp. 1113-22.
Breeden L and Nasmyth K. (1987). Similarity between cell-cycle genes of budding yeast and fission
yeast and the Notch gene of Drosophila. Nature 329, pp. 651-4.
Briscoe J and Ericson J. (1999). The specification of neuronal identity by graded Sonic Hedgehog
signalling. Semin Cell Dev Biol 10, pp. 353-62.
Brou C, Logeat F, Gupta N, Bessia C, LeBail O, Doedens JR, Cumano A, Roux P, Black RA and
Israel A. (2000). A novel proteolytic cleavage involved in Notch signaling: the role of
the disintegrin-metalloprotease TACE. Mol Cell 5, pp. 207-16.
Brown MS, Ye J, Rawson RB and Goldstein JL. (2000). Regulated intramembrane proteolysis: a
control mechanism conserved from bacteria to humans. Cell 100, pp. 391-8.
Bruckner K, Perez L, Clausen H and Cohen S. (2000). Glycosyltransferase activity of Fringe
modulates Notch-Delta interactions. Nature 406, pp. 411-5.
Bulman MP, Kusumi K, Frayling TM, McKeown C, Garrett C, Lander ES, Krumlauf R,
Hattersley AT, Ellard S and Turnpenny PD. (2000). Mutations in the human delta
homologue, DLL3, cause axial skeletal defects in spondylocostal dysostosis. Nat Genet
24, pp. 438-41.
Cadigan KM and Nusse R. (1997). Wnt signaling: a common theme in animal development. Genes
Dev 11, pp. 3286-305.

57

Cagan RL and Ready DF. (1989). Notch is required for successive cell decisions in the developing
Drosophila retina. Genes Dev 3, pp. 1099-112.
Cau E, Gradwohl G, Casarosa S, Kageyama R and Guillemot F. (2000). Hes genes regulate
sequential stages of neurogenesis in the olfactory epithelium. Development 127, pp.
2323-32.
Cau E, Gradwohl G, Fode C and Guillemot F. (1997). Mash1 activates a cascade of bHLH
regulators in olfactory neuron progenitors. Development 124, pp. 1611-21.
Chabriat H, Tournier-Lasserve E, Vahedi K, Leys D, Joutel A, Nibbio A, Escaillas JP, Iba-Zizen
MT, Bracard S, Tehindrazanarivelo A et al. (1995). Autosomal dominant migraine
with MRI white-matter abnormalities mapping to the CADASIL locus. Neurology 45,
pp. 1086-91.
Chitnis A, Henrique D, Lewis J, Ish-Horowicz D and Kintner C. (1995). Primary neurogenesis in
Xenopus embryos regulated by a homologue of the Drosophila neurogenic gene Delta.
Nature 375, pp. 761-766.
Chitnis A and Kintner C. (1996). Sensitivity of proneural genes to lateral inhibition affects the
pattern of primary neurons in Xenopus embryos. Development 122, pp. 2295-301.
Choi BH and Lapham LW. (1978). Radial glia in the human fetal cerebrum: a combined Golgi,
immunofluorescent and electron microscopic study. Brain Res 148, pp. 295-311.
Clarke DL, Johansson CB, Wilbertz J, Veress B, Nilsson E, Karlstrom H, Lendahl U and Frisen
J. (2000). Generalized potential of adult neural stem cells. Science 288, pp. 1660-3.
Coffman CR, Skoglund P, Harris WA and Kintner CR. (1993). Expression of an extracellular
deletion of Xotch diverts cell fate in Xenopus embryos. Cell 73, pp. 659-71.
Conlon RA, Reaume AG and Rossant J. (1995). Notch1 is required for the coordinate segmentation
of somites. Development 121, pp. 1533-1545.
Cornell M, Evans DA, Mann R, Fostier M, Flasza M, Monthatong M, Artavanis-Tsakonas S and
Baron M. (1999). The Drosophila melanogaster Suppressor of deltex gene, a regulator
of the Notch receptor signaling pathway, is an E3 class ubiquitin ligase. Genetics 152,
pp. 567-76.
Crosnier C, Driancourt C, Raynaud N, Dhorne-Pollet S, Pollet N, Bernard O, Hadchouel M and
Meunier-Rotival M. (1999). Mutations in JAGGED1 gene are predominantly sporadic
in Alagille syndrome. Gastroenterology 116, pp. 1141-8.
de la Pompa JL, Wakeham A, Correia KM, Samper E, Brown S, Aguilera RJ, Nakano T, Honjo
T, Mak TW, Rossant J et al. (1997). Conservation of the Notch signalling pathway in
mammalian neurogenesis. Development 124, pp. 1139-48.
De Strooper B and Annaert W. (2000). Proteolytic processing and cell biological functions of the
amyloid precursor protein. J Cell Sci 113, pp. 1857-70.
De Strooper B, Annaert W, Cupers P, Saftig P, Craessaerts K, Mumm JS, Schroeter EH,
Schrijvers V, Wolfe MS, Ray WJ et al. (1999). A presenilin-1-dependent gammasecretase-like protease mediates release of Notch intracellular domain [see comments].
Nature 398, pp. 518-22.

58

Denecker G, Vercammen D, Declercq W and Vandenabeele P. (2001). Apoptotic and necrotic cell
death induced by death domain receptors. Cell Mol Life Sci 58, pp. 356-70.
Dorsky RI, Chang WS, Rapaport DH and Harris WA. (1997). Regulation of neuronal diversity in
the Xenopus retina by Delta signalling. Nature 385, pp. 67-70.
Dorsky RI, Rapaport DH and Harris WA. (1995). Xotch inhibits cell differentiation in the Xenopus
retina. Neuron 14, pp. 487-96.
Dunwoodie SL, Henrique D, Harrison SM and Beddington RS. (1997). Mouse Dll3: a novel
divergent Delta gene which may complement the function of other Delta homologues
during early pattern formation in the mouse embryo. Development 124, pp. 3065-76.
Duru S, Ceylan S and Guven BH. (1999). Segmental costovertebral malformations: association with
neural tube defects. Report of 3 cases and review of the literature. Pediatr Neurosurg
30, pp. 272-7.
Eastman DS, Slee R, Skoufos E, Bangalore L, Bray S and Delidakis C. (1997). Synergy between
suppressor of Hairless and Notch in regulation of Enhancer of split m gamma and m
delta expression. Mol Cell Biol 17, pp. 5620-8.
Ellisen LW, Bird J, West DC, Soreng AL, Reynolds TC, Smith SD and Sklar J. (1991). TAN-1,
the human homolog of the Drosophila notch gene, is broken by chromosomal
translocations in T lymphoblastic neoplasms. Cell 66, pp. 649-61.
Felli MP, Maroder M, Mitsiadis TA, Campese AF, Bellavia D, Vacca A, Mann RS, Frati L,
Lendahl U, Gulino A et al. (1999). Expression pattern of notch1, 2 and 3 and Jagged1
and 2 in lymphoid and stromal thymus components: distinct ligand-receptor interactions
in intrathymic T cell development. Int Immunol 11, pp. 1017-25.
Fitzgerald M, Kwiat GC, Middleton J and Pini A. (1993). Ventral spinal cord inhibition of neurite
outgrowth from embryonic rat dorsal root ganglia. Development 117, pp. 1377-84.
Franklin JL, Berechid BE, Cutting FB, Presente A, Chambers CB, Foltz DR, Ferreira A and
Nye JS. (1999). Autonomous and non-autonomous regulation of mammalian neurite
development by Notch1 and Delta1. Curr Biol 9, pp. 1448-57.
Frise E, Knoblich JA, Younger-Shepherd S, Jan LY and Jan YN. (1996). The Drosophila Numb
protein inhibits signaling of the Notch receptor during cell-cell interaction in sensory
organ lineage. Proc Natl Acad Sci U S A 93, pp. 11925-32.
Furukawa T, Kobayakawa Y, Tamura K, Kimura K, Kawaichi M, Tanimura T and Honjo T.
(1995). Suppressor of hairless, the Drosophila homologue of RBP-J kappa,
transactivates the neurogenic gene E(spl)m8. Jpn J Genet 70, pp. 505-24.
Furukawa T, Mukherjee S, Bao ZZ, Morrow EM and Cepko CL. (2000). rax, Hes1, and notch1
promote the formation of Muller glia by postnatal retinal progenitor cells. Neuron 26,
pp. 383-94.
Gaiano N, Nye JS and Fishell G. (2000). Radial glial identity is promoted by Notch1 signaling in the
murine forebrain. Neuron 26, pp. 395-404.

59

Godin D, Ivan E, Magid R and Galis Z. (2000). Remodeling of carotid artery is associated with
increased expression of matrix metalloproteinases in mouse blood flow cessation
model. Circulation 102, pp. 2861-2866.
Goebel HH, Meyermann R, Rosin R and Schlote W. (1997). Characteristic morphologic
manifestation of CADASIL, cerebral autosomal-dominant arteriopathy with subcortical
infarcts and leukoencephalopathy, in skeletal muscle and skin. Muscle Nerve 20, pp.
625-7.
Gonzalez-Gaitan M and Jackle H. (1995). Invagination centers within the Drosophila stomatogastric
nervous system anlage are positioned by Notch-mediated signaling which is spatially
controlled through wingless. Development 121, pp. 2313-25.
Greenwald I. (1998). LIN-12/Notch signaling: lessons from worms and flies. Genes Dev 12, pp.
1751-62.
Greenwald I and Rubin GM. (1992). Making a difference: the role of cell-cell interactions in
establishing separate identities for equivalent cells. Cell 68, pp. 271-81.
Greenwald IS, Sternberg PW and Horvitz HR. (1983). The lin-12 locus specifies cell fates in
Caenorhabditis elegans. Cell 34, pp. 435-44.
Hamada Y, Kadokawa Y, Okabe M, Ikawa M, Coleman JR and Tsujimoto Y. (1999). Mutation
in ankyrin repeats of the mouse Notch2 gene induces early embryonic lethality.
Development 126, pp. 3415-24.
Hamaguchi Y, Matsunami N, Yamamoto Y and Honjo T. (1989). Purification and characterization
of a protein that binds to the recombination signal sequence of the immunoglobulin J
kappa segment. Nucleic Acids Res 17, pp. 9015-26.
Hebrok M, Kim SK and Melton DA. (1998). Notochord repression of endodermal Sonic hedgehog
permits pancreas development. Genes Dev 12, pp. 1705-13.
Hebrok M, Kim SK, St Jacques B, McMahon AP and Melton DA. (2000). Regulation of pancreas
development by hedgehog signaling. Development 127, pp. 4905-13.
Heitzler P and Simpson P. (1991). The choice of cell fate in the epidermis of Drosophila. Cell 64,
pp. 1083-92.
Henrique D, Adam J, Myat A, Chitnis A, Lewis J and Ish-Horowicz D. (1995). Expression of a
Delta homologue in prospective neurons in the chick. Nature 375, pp. 787-790.
Henrique D, Hirsinger E, Adam J, Le Roux I, Pourquie O, Ish-Horowicz D and Lewis J. (1997).
Maintenance of neuroepithelial progenitor cells by Delta-Notch signalling in the
embryonic chick retina. Curr Biol 7, pp. 661-70.
Hicks C, Johnston SH, diSibio G, Collazo A, Vogt TF and Weinmaster G. (2000). Fringe
differentially modulates Jagged1 and Delta1 signalling through Notch1 and Notch2.
Nat Cell Biol 2, pp. 515-20.
Hirsinger E, Malapert P, Dubrulle J, Delfini MC, Duprez D, Henrique D, Ish-Horowicz D and
Pourquie O. (2001). Notch signalling acts in postmitotic avian myogenic cells to
control MyoD activation. Development 128, pp. 107-16.

60

Hojo M, Ohtsuka T, Hashimoto N, Gradwohl G, Guillemot F and Kageyama R. (2000). Glial cell
fate specification modulated by the bHLH gene Hes5 in mouse retina. Development
127, pp. 2515-22.
Hoyne GF, Le Roux I, Corsin-Jimenez M, Tan K, Dunne J, Forsyth LM, Dallman MJ, Owen
MJ, Ish-Horowicz D and Lamb JR. (2000). Serrate1-induced notch signalling
regulates the decision between immunity and tolerance made by peripheral CD4(+) T
cells. Int Immunol 12, pp. 177-85.
Hrabe de Angelis M, McIntyre J and Gossler A. (1997). Maintenance of somite borders in mice
requires the Delta homologue DII1. Nature 386, pp. 717-21.
Hsieh JJ, Henkel T, Salmon P, Robey E, Peterson MG and Hayward SD. (1996). Truncated
mammalian Notch1 activates CBF1/RBPJk-repressed genes by a mechanism
resembling that of Epstein-Barr virus EBNA2. Molecular & Cellular Biology 16, pp.
952-9.
Hsieh JJ, Zhou S, Chen L, Young DB and Hayward SD. (1999). CIR, a corepressor linking the
DNA binding factor CBF1 to the histone deacetylase complex. Proc Natl Acad Sci U S
A 96, pp. 23-8.
Hubbard EJ, Wu G, Kitajewski J and Greenwald I. (1997). sel-10, a negative regulator of lin-12
activity in Caenorhabditis elegans, encodes a member of the CDC4 family of proteins.
Genes Dev 11, pp. 3182-93.
Huppert SS, Le A, Schroeter EH, Mumm JS, Saxena MT, Milner LA and Kopan R. (2000).
Embryonic lethality in mice homozygous for a processing-deficient allele of Notch1.
Nature 405, pp. 966-70.
Hutter H and Schnabel R. (1994). glp-1 and inductions establishing embryonic axes in C. elegans.
Development 120, pp. 2051-64.
Ingham PW. (1998). Transducing Hedgehog: the story so far. Embo J 17, pp. 3505-11.
Ishibashi M, Ang SL, Shiota K, Nakanishi S, Kageyama R and Guillemot F. (1995). Targeted
disruption of mammalian hairy and Enhancer of split homolog-1 (HES-1) leads to upregulation of neural helix-loop-helix factors, premature neurogenesis, and severe neural
tube defects. Genes Dev 9, pp. 3136-48.
Ishibashi M, Moriyoshi K, Sasai Y, Shiota K, Nakanishi S and Kageyama R. (1994). Persistent
expression of helix-loop-helix factor HES-1 prevents mammalian neural differentiation
in the central nervous system. Embo J 13, pp. 1799-805.
Itoh S, Itoh F, Goumans MJ and Ten Dijke P. (2000). Signaling of transforming growth factor-beta
family members through Smad proteins. Eur J Biochem 267, pp. 6954-67.
Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R and Israel A. (1995). Signalling
downstream of activated mammalian Notch. Nature 377, pp. 355-8.
Jarriault S, Le Bail O, Hirsinger E, Pourquie O, Logeat F, Strong CF, Brou C, Seidah NG and
Isra l A. (1998). Delta-1 activation of notch-1 signaling results in HES-1
transactivation. Mol Cell Biol 18, pp. 7423-31.
Jeffries S and Capobianco AJ. (2000). Neoplastic transformation by Notch requires nuclear
localization. Mol Cell Biol 20, pp. 3928-41.

61

Jennings B, Preiss A, Delidakis C and Bray S. (1994). The Notch signalling pathway is required for
Enhancer of split bHLH protein expression during neurogenesis in the Drosophila
embryo. Development 120, pp. 3537-48.
Jiang R, Lan Y, Chapman HD, Shawber C, Norton CR, Serreze DV, Weinmaster G and Gridley
T. (1998). Defects in limb, craniofacial, and thymic development in Jagged2 mutant
mice. Genes Dev 12, pp. 1046-57.
Jiang YJ, Aerne BL, Smithers L, Haddon C, Ish-Horowicz D and Lewis J. (2000). Notch
signalling and the synchronization of the somite segmentation clock. Nature 408, pp.
475-9.
Jones PH, Harper S and Watt FM. (1995). Stem cell patterning and fate in human epidermis. Cell
80, pp. 83-93.
Joutel A, Andreux F, Gaulis S, Domenga V, Cecillon M, Battail N, Piga N, Chapon F, Godfrain
C and Tournier-Lasserve E. (2000). The ectodomain of the Notch3 receptor
accumulates within the cerebrovasculature of CADASIL patients. J Clin Invest 105,
pp. 597-605.
Joutel A, Corpechot C, Ducros A, Vahedi K, Chabriat H, Mouton P, Alamowitch S, Domenga V,
Cecillion M, Marechal E et al. (1996). Notch3 mutations in CADASIL, a hereditary
adult-onset condition causing stroke and dementia [see comments]. Nature 383, pp.
707-10.
Joutel A, Vahedi K, Corpechot C, Troesch A, Chabriat H, Vayssiere C, Cruaud C, Maciazek J,
Weissenbach J, Bousser MG et al. (1997). Strong clustering and stereotyped nature of
Notch3 mutations in CADASIL patients [see comments]. Lancet 350, pp. 1511-5.
Ju BG, Jeong S, Bae E, Hyun S, Carroll SB, Yim J and Kim J. (2000). Fringe forms a complex
with Notch. Nature 405, pp. 191-5.
Kageyama R and Nakanishi S. (1997). Helix-loop-helix factors in growth and differentiation of the
vertebrate nervous system. Curr Opin Genet Dev 7, pp. 659-65.
Kalimo H, Viitanen M, Amberla K, Juvonen V, Marttila R, Poyhonen M, Rinne JO, Savontaus
M, Tuisku S and Winblad B. (1999). CADASIL: hereditary disease of arteries
causing brain infarcts and dementia. Neuropathol Appl Neurobiol 25, pp. 257-65.
Kao HY, Ordentlich P, Koyano-Nakagawa N, Tang Z, Downes M, Kintner CR, Evans RM and
Kadesch T. (1998). A histone deacetylase corepressor complex regulates the Notch
signal transduction pathway. Genes Dev 12, pp. 2269-77.
Kato H, Taniguchi Y, Kurooka H, Minoguchi S, Sakai T, Nomura-Okazaki S, Tamura K and
Honjo T. (1997). Involvement of RBP-J in biological functions of mouse Notch1 and
its derivatives. Development 124, pp. 4133-41.
Kim SK and Hebrok M. (2001). Intercellular signals regulating pancreas development and function.
Genes Dev 15, pp. 111-27.
Kim SK, Hebrok M, Li E, Oh SP, Schrewe H, Harmon EB, Lee JS and Melton DA. (2000).
Activin receptor patterning of foregut organogenesis. Genes Dev 14, pp. 1866-71.

62

Kimble J and Simpson P. (1997). The LIN-12/Notch signaling pathway and its regulation. Annu
Rev Cell Dev Biol 13, pp. 333-61.
Klueg KM and Muskavitch MA. (1999). Ligand-receptor interactions and trans-endocytosis of
Delta, Serrate and Notch: members of the Notch signalling pathway in Drosophila. J
Cell Sci 112, pp. 3289-97.
Kodoyianni V, Maine EM and Kimble J. (1992). Molecular basis of loss-of-function mutations in
the glp-1 gene of Caenorhabditis elegans. Mol Biol Cell 3, pp. 1199-213.
Kopan R and Goate A. (2000). A common enzyme connects notch signaling and Alzheimer's
disease. Genes Dev 14, pp. 2799-806.
Kopan R, Nye JS and Weintraub H. (1994). The intracellular domain of mouse Notch: a
constitutively activated repressor of myogenesis directed at the basic helix-loop-helix
region of MyoD. Development 120, pp. 2385-2396.
Kopan R, Schroeter EH, Weintraub H and Nye JS. (1996). Signal transduction by activated
mNotch: importance of proteolytic processing and its regulation by the extracellular
domain. Proceedings of the National Academy of Sciences of the United States of
America 93, pp. 1683-8.
Kopan R and Turner DL. (1996). The Notch pathway: democracy and aristocracy in the selection of
cell fate. Curr Opin Neurobiol 6, pp. 594-601.
Kopan R and Weintraub H. (1993). Mouse notch: expression in hair follicles correlates with cell
fate determination. J Cell Biol 121, pp. 631-41.
Krantz ID, Colliton RP, Genin A, Rand EB, Li L, Piccoli DA and Spinner NB. (1998). Spectrum
and frequency of jagged1 (JAG1) mutations in Alagille syndrome patients and their
families. Am J Hum Genet 62, pp. 1361-9.
Krebs LT, Xue Y, Norton CR, Shutter JR, Maguire M, Sundberg JP, Gallahan D, Closson V,
Kitajewski J, Callahan R et al. (2000). Notch signaling is essential for vascular
morphogenesis in mice. Genes Dev 14, pp. 1343-52.
Kuroda K, Tani S, Tamura K, Minoguchi S, Kurooka H and Honjo T. (1999). Delta-induced
Notch signaling mediated by RBP-J inhibits MyoD expression and myogenesis. J Biol
Chem 274, pp. 7238-44.
Kurooka H and Honjo T. (2000). Functional Interaction between the Mouse Notch1 Intracellular
Region and Histone Acetyltransferases PCAF and GCN5. J Biol Chem 275, pp. 1721117220.
Kurooka H, Kuroda K and Honjo T. (1998). Roles of the ankyrin repeats and C-terminal region of
the mouse notch1 intracellular region. Nucleic Acids Res 26, pp. 5448-55.
Kusumi K, Dunwoodie SL and Krumlauf R. (2001). Dynamic expression patterns of the
pudgy/spondylocostal dysostosis gene Dll3 in the developing nervous system. Mech
Dev 100, pp. 141-4.
Lardelli M, Williams R, Mitsiadis T and Lendahl U. (1996). Expression of the Notch 3 intracellular
domain in mouse central nervous system progenitor cells is lethal and leads to disturbed
neural tube development. Mech Dev 59, pp. 177-90.

63

Lecourtois M and Schweisguth F. (1995). The neurogenic suppressor of hairless DNA-binding
protein mediates the transcriptional activation of the enhancer of split complex genes
triggered by Notch signaling. Genes Dev 9, pp. 2598-608.
Lee JE. (1997). Basic helix-loop-helix genes in neural development. Curr Opin Neurobiol 7, pp. 1320.
Lee JJ, Ekker SC, von Kessler DP, Porter JA, Sun BI and Beachy PA. (1994). Autoproteolysis in
hedgehog protein biogenesis. Science 266, pp. 1528-37.
Leimeister C, Schumacher N, Steidl C and Gessler M. (2000). Analysis of HeyL expression in
wild-type and Notch pathway mutant mouse embryos. Mech Dev 98, pp. 175-8.
Levitt P, Cooper ML and Rakic P. (1983). Early divergence and changing proportions of neuronal
and glial precursor cells in the primate cerebral ventricular zone. Dev Biol 96, pp. 47284.
Lewis J. (1996). Neurogenic Genes and Vertebrate Neurogenesis. Current Opinion in Neurobiology
6, pp. 3-10.
Lewis J. (1998). Notch signalling and the control of cell fate choices in vertebrates. Semin Cell Dev
Biol 9, pp. 583-9.
Li L, Krantz ID, Deng Y, Genin A, Banta AB, Collins CC, Qi M, Trask BJ, Kuo WL, Cochran J
et al. (1997). Alagille syndrome is caused by mutations in human Jagged1, which
encodes a ligand for Notch1 [see comments]. Nat Genet 16, pp. 243-51.
Lieber T, Kidd S, Alcamo E, Corbin V and Young MW. (1993). Antineurogenic phenotypes
induced by truncated Notch proteins indicate a role in signal transduction and may point
to a novel function for Notch in nuclei. Genes Dev 7, pp. 1949-65.
Lindsell CE, Boulter J, diSibio G, Gossler A and Weinmaster G. (1996). Expression patterns of
Jagged, Delta1, Notch1, Notch2, and Notch3 genes identify ligand-receptor pairs that
may function in neural development. Mol Cell Neurosci 8, pp. 14-27.
Lindsell CE, Shawber CJ, Boulter J and Weinmaster G. (1995). Jagged: a mammalian ligand that
activates Notch1. Cell 80, pp. 909-917.
Logeat F, Bessia C, Brou C, LeBail O, Jarriault S, Seidah NG and Israel A. (1998). The Notch1
receptor is cleaved constitutively by a furin-like convertase. Proc Natl Acad Sci U S A
95, pp. 8108-12.
Loomes KM, Underkoffler LA, Morabito J, Gottlieb S, Piccoli DA, Spinner NB, Baldwin HS and
Oakey RJ. (1999). The expression of Jagged1 in the developing mammalian heart
correlates with cardiovascular disease in Alagille syndrome. Hum Mol Genet 8, pp.
2443-9.
Maier MM and Gessler M. (2000). Comparative analysis of the human and mouse Hey1 promoter:
Hey genes are new Notch target genes. Biochem Biophys Res Commun 275, pp. 65260.
Malatesta P, Hartfuss E and Gotz M. (2000). Isolation of radial glial cells by fluorescent-activated
cell sorting reveals a neuronal lineage. Development 127, pp. 5253-63.

64

Mango SE, Thorpe CJ, Martin PR, Chamberlain SH and Bowerman B. (1994). Two maternal
genes, apx-1 and pie-1, are required to distinguish the fates of equivalent blastomeres in
the early Caenorhabditis elegans embryo. Development 120, pp. 2305-15.
Marigo V, Davey RA, Zuo Y, Cunningham JM and Tabin CJ. (1996). Biochemical evidence that
patched is the Hedgehog receptor. Nature 384, pp. 176-9.
McCright B, Gao X, Shen L, Lozier J, Lan Y, Maguire M, Herzlinger D, Weinmaster G, Jiang R
and Gridley T. (2001). Defects in development of the kidney, heart and eye
vasculature in mice homozygous for a hypomorphic Notch2 mutation. Development
128, pp. 491-502.
Mezey E, Chandross KJ, Harta G, Maki RA and McKercher SR. (2000). Turning blood into
brain: cells bearing neuronal antigens generated in vivo from bone marrow. Science
290, pp. 1779-82.
Miralles F, Czernichow P and Scharfmann R. (1998). Follistatin regulates the relative proportions
of endocrine versus exocrine tissue during pancreatic development. Development 125,
pp. 1017-24.
Mitsiadis TA, Lardelli M, Lendahl U and Thesleff I. (1995). Expression of Notch 1, 2 and 3 is
regulated by epithelial-mesenchymal interactions and retinoic acid in the developing
mouse tooth and associated with determination of ameloblast cell fate. Journal of Cell
Biology 130, pp. 407-18.
Moohr OL. (1919). Genetics 4, pp. 252.
Morrison SJ, Perez SE, Qiao Z, Verdi JM, Hicks C, Weinmaster G and Anderson DJ. (2000).
Transient Notch activation initiates an irreversible switch from neurogenesis to
gliogenesis by neural crest stem cells. Cell 101, pp. 499-510.
Morrissette J, Colliton R and Spinner N. (2001). Defective intracellular transport and processing of
JAG1 missense mutations in Alagille syndrome. Hum Mol Genet 10, pp. 405-13.
Morshead CM, Reynolds BA, Craig CG, McBurney MW, Staines WA, Morassutti D, Weiss S
and van der Kooy D. (1994). Neural stem cells in the adult mammalian forebrain: a
relatively quiescent subpopulation of subependymal cells. Neuron 13, pp. 1071-82.
Mumm JS and Kopan R. (2000). Notch signaling: from the outside in. Dev Biol 228, pp. 151-65.
Mumm JS, Schroeter EH, Saxena MT, Griesemer A, Tian X, Pan DJ, Ray WJ and Kopan R.
(2000). A ligand-induced extracellular cleavage regulates gamma-secretase-like
proteolytic activation of Notch1. Mol Cell 5, pp. 197-206.
Muskavitch MA. (1994). Delta-notch signaling and Drosophila cell fate choice. Dev Biol 166, pp.
415-30.
Nofziger D, Miyamoto A, Lyons KM and Weinmaster G. (1999). Notch signaling imposes two
distinct blocks in the differentiation of C2C12 myoblasts. Development 126, pp. 1689702.
Nomura T, Khan MM, Kaul SC, Dong HD, Wadhwa R, Colmenares C, Kohno I and Ishii S.
(1999). Ski is a component of the histone deacetylase complex required for
transcriptional repression by Mad and thyroid hormone receptor. Genes Dev 13, pp.
412-23.

65

Nye JS and Kopan R. (1995). Developmental signaling. Vertebrate ligands for Notch. Current
Biology 5, pp. 966-9.
Nye JS, Kopan R and Axel R. (1994). An activated Notch suppresses neurogenesis and myogenesis
but not gliogenesis in mammalian cells. Development 120, pp. 2421-30.
Oda T, Elkahloun AG, Meltzer PS and Chandrasekharappa SC. (1997a). Identification and
cloning of the human homolog (JAG1) of the rat Jagged1 gene from the Alagille
syndrome critical region at 20p12. Genomics 43, pp. 376-9.
Oda T, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A, Piccoli DA, Meltzer PS,
Spinner NB, Collins FS et al. (1997b). Mutations in the human Jagged1 gene are
responsible for Alagille syndrome. Nat Genet 16, pp. 235-42.
Oellers N, Dehio M and Knust E. (1994). bHLH proteins encoded by the Enhancer of split complex
of Drosophila negatively interfere with transcriptional activation mediated by proneural
genes. Mol Gen Genet 244, pp. 465-73.
Ohsako S, Hyer J, Panganiban G, Oliver I and Caudy M. (1994). Hairy function as a DNAbinding helix-loop-helix repressor of Drosophila sensory organ formation. Genes Dev
8, pp. 2743-55.
Oka C, Nakano T, Wakeham A, de la Pompa JL, Mori C, Sakai T, Okazaki S, Kawaichi M,
Shiota K, Mak TW et al. (1995). Disruption of the mouse RBP-J kappa gene results in
early embryonic death. Development 121, pp. 3291-301.
Ordentlich P, Lin A, Shen CP, Blaumueller C, Matsuno K, Artavanis-Tsakonas S and Kadesch
T. (1998). Notch inhibition of E47 supports the existence of a novel signaling pathway.
Mol Cell Biol 18, pp. 2230-9.
Palmeirim I, Dubrulle J, Henrique D, Ish-Horowicz D and Pourquie O. (1998). Uncoupling
segmentation and somitogenesis in the chick presomitic mesoderm. Dev Genet 23, pp.
77-85.
Pan D and Rubin GM. (1997). Kuzbanian controls proteolytic processing of Notch and mediates
lateral inhibition during Drosophila and vertebrate neurogenesis. Cell 90, pp. 271-80.
Parks AL, Klueg KM, Stout JR and Muskavitch MA. (2000). Ligand endocytosis drives receptor
dissociation and activation in the Notch pathway. Development 127, pp. 1373-85.
Perry RL and Rudnick MA. (2000). Molecular mechanisms regulating myogenic determination and
differentiation. Front Biosci 5, pp. D750-67.
Petcherski AG and Kimble J. (2000). LAG-3 is a putative transcriptional activator in the C. elegans
Notch pathway. Nature 405, pp. 364-8.
Portin P. (1981). The antimorphic mode of action of lethal-Abruptex alleles of the Notch locus in
Drosophila melanogaster. Hereditas 95, pp. 247-251.
Post LC, Ternet M and Hogan BL. (2000). Notch/Delta expression in the developing mouse lung.
Mech Dev 98, pp. 95-8.
Poulson D. (1937). Chromosomal deficiencies and embryonic development of Drosophila
melanogaster. Proc Natl Acad Sci U S A 23.

66

Qian X, Davis AA, Goderie SK and Temple S. (1997). FGF2 concentration regulates the generation
of neurons and glia from multipotent cortical stem cells. Neuron 18, pp. 81-93.
Qiu L, Joazeiro C, Fang N, Wang HY, Elly C, Altman Y, Fang D, Hunter T and Liu YC. (2000).
Recognition and ubiquitination of Notch by Itch, a hect-type E3 ubiquitin ligase. J Biol
Chem 275, pp. 35734-7.
Rae FK, Stephenson SA, Nicol DL and Clements JA. (2000). Novel association of a diverse range
of genes with renal cell carcinoma as identified by differential display. Int J Cancer
88, pp. 726-32.
Rand MD, Grimm LM, Artavanis-Tsakonas S, Patriub V, Blacklow SC, Sklar J and Aster JC.
(2000). Calcium depletion dissociates and activates heterodimeric notch receptors. Mol
Cell Biol 20, pp. 1825-35.
Rand MD, Lindblom A, Carlson J, Villoutreix BO and Stenflo J. (1997). Calcium binding to
tandem repeats of EGF-like modules. Expression and characterization of the EGF-like
modules of human Notch-1 implicated in receptor-ligand interactions. Protein Sci 6,
pp. 2059-71.
Rao PK, Dorsch M, Chickering T, Zheng G, Jiang C, Goodearl A, Kadesch T and McCarthy S.
(2000). Isolation and characterization of the notch ligand delta4. Exp Cell Res 260, pp.
379-86.
Rao Z, Handford P, Mayhew M, Knott V, Brownlee GG and Stuart D. (1995). The structure of a
Ca(2+)-binding epidermal growth factor-like domain: its role in protein-protein
interactions. Cell 82, pp. 131-41.
Rapaport DH and Dorsky RI. (1998). Inductive competence, its significance in retinal cell fate
determination and a role for Delta-Notch signaling. Semin Cell Dev Biol 9, pp. 241-7.
Rebay I, Fehon RG and Artavanis-Tsakonas S. (1993). Specific truncations of Drosophila Notch
define dominant activated and dominant negative forms of the receptor. Cell 74, pp.
319-29.
Rebay I, Fleming RJ, Fehon RG, Cherbas L, Cherbas P and Artavanis-Tsakonas S. (1991).
Specific EGF repeats of Notch mediate interactions with Delta and Serrate: implications
for Notch as a multifunctional receptor. Cell 67, pp. 687-99.
Redmond L, Oh SR, Hicks C, Weinmaster G and Ghosh A. (2000). Nuclear Notch1 signaling and
the regulation of dendritic development. Nat Neurosci 3, pp. 30-40.
Robey E, Chang D, Itano A, Cado D, Alexander H, Lans D, Weinmaster G and Salmon P.
(1996). An activated form of Notch influences the choice between CD4 and CD8 T cell
lineages. Cell 87, pp. 483-92.
Roehl H, Bosenberg M, Blelloch R and Kimble J. (1996). Roles of the RAM and ANK domains in
signaling by the C. elegans GLP-1 receptor. Embo J 15, pp. 7002-12.
Roehl H and Kimble J. (1993). Control of cell fate in C. elegans by a GLP-1 peptide consisting
primarily of ankyrin repeats. Nature 364, pp. 632-5.
Rohn JL, Lauring AS, Linenberger ML and Overbaugh J. (1996). Transduction of Notch2 in
feline leukemia virus-induced thymic lymphoma. J Virol 70, pp. 8071-80.

67

Rothenberg EV. (2001). Notchless T cell maturation? Nat Immunol 2, pp. 189-90.
Ruohola H, Bremer KA, Baker D, Swedlow JR, Jan LY and Jan YN. (1991). Role of neurogenic
genes in establishment of follicle cell fate and oocyte polarity during oogenesis in
Drosophila. Cell 66, pp. 433-49.
Sarkar NH, Haga S, Lehner AF, Zhao W, Imai S and Moriwaki K. (1994). Insertional mutation of
int protooncogenes in the mammary tumors of a new strain of mice derived from the
wild in China: normal- and tumor-tissue-specific expression of int-3 transcripts.
Virology 203, pp. 52-62.
Sasai Y, Kageyama R, Tagawa Y, Shigemoto R and Nakanishi S. (1992). Two mammalian helixloop-helix factors structurally related to Drosophila hairy and Enhancer of split. Genes
Dev 6, pp. 2620-34.
Schlessinger J. (2000). Cell signaling by receptor tyrosine kinases. Cell 103, pp. 211-25.
Schroeter EH, Kisslinger JA and Kopan R. (1998). Notch-1 signalling requires ligand-induced
proteolytic release of intracellular domain. Nature 393, pp. 382-6.
Sestan N, Artavanis-Tsakonas S and Rakic P. (1999). Contact-dependent inhibition of cortical
neurite growth mediated by notch signaling. Science 286, pp. 741-6.
Shawber C, Boulter J, Lindsell CE and Weinmaster G. (1996a). Jagged2: a serrate-like gene
expressed during rat embryogenesis. Dev Biol 180, pp. 370-6.
Shawber C, Nofziger D, Hsieh JJ, Lindsell C, Bogler O, Hayward D and Weinmaster G. (1996b).
Notch signaling inhibits muscle cell differentiation through a CBF1- independent
pathway. Development 122, pp. 3765-73.
Shimizu K, Chiba S, Kumano K, Hosoya N, Takahashi T, Kanda Y, Hamada Y, Yazaki Y and
Hirai H. (1999). Mouse jagged1 physically interacts with notch2 and other notch
receptors. Assessment by quantitative methods. J Biol Chem 274, pp. 32961-9.
Shutter JR, Scully S, Fan W, Richards WG, Kitajewski J, Deblandre GA, Kintner CR and Stark
KL. (2000). Dll4, a novel Notch ligand expressed in arterial endothelium. Genes Dev
14, pp. 1313-8.
Steidl C, Leimeister C, Klamt B, Maier M, Nanda I, Dixon M, Clarke R, Schmid M and Gessler
M. (2000). Characterization of the human and mouse HEY1, HEY2, and HEYL genes:
cloning, mapping, and mutation screening of a new bHLH gene family. Genomics 66,
pp. 195-203.
Struhl G, Fitzgerald K and Greenwald I. (1993). Intrinsic activity of the Lin-12 and Notch
intracellular domains in vivo. Cell 74, pp. 331-45.
Swiatek PJ, Lindsell CE, del Amo FF, Weinmaster G and Gridley T. (1994). Notch1 is essential
for postimplantation development in mice. Genes Dev 8, pp. 707-19.
Tagami T, Lutz WH, Kumar R and Jameson JL. (1998). The interaction of the vitamin D receptor
with nuclear receptor corepressors and coactivators. Biochem Biophys Res Commun
253, pp. 358-63.

68

Tamura K, Taniguchi Y, Minoguchi S, Sakai T, Tun T, Furukawa T and Honjo T. (1995).
Physical Interaction Between a Novel Domain Of the Receptor Notch and the
Transcription Factor Rbp-J-Kappa/Su(H). Current Biology 5, pp. 1416-1423.
Tan PB and Kim SK. (1999). Signaling specificity: the RTK/RAS/MAP kinase pathway in
metazoans. Trends Genet 15, pp. 145-9.
Tanigaki K, Nogaki F, Takahashi J, Tashiro K, Kurooka H and Honjo T. (2001). Notch1 and
Notch3 instructively restrict bFGF-responsive multipotent neural progenitor cells to an
astroglial fate. Neuron 29, pp. 45-55.
Taniguchi Y, Furukawa T, Tun T, Han H and Honjo T. (1998). LIM protein KyoT2 negatively
regulates transcription by association with the RBP-J DNA-binding protein. Mol Cell
Biol 18, pp. 644-54.
Tomita K, Ishibashi M, Nakahara K, Ang SL, Nakanishi S, Guillemot F and Kageyama R.
(1996). Mammalian hairy and Enhancer of split homolog 1 regulates differentiation of
retinal neurons and is essential for eye morphogenesis. Neuron 16, pp. 723-34.
Tun T, Hamaguchi Y, Matsunami N, Furukawa T, Honjo T and Kawaichi M. (1994).
Recognition sequence of a highly conserved DNA binding protein RBP-J kappa.
Nucleic Acids Res 22, pp. 965-71.
Valsecchi C, Ghezzi C, Ballabio A and Rugarli EI. (1997). JAGGED2: a putative Notch ligand
expressed in the apical ectodermal ridge and in sites of epithelial-mesenchymal
interactions. Mech Dev 69, pp. 203-7.
Van Doren M, Bailey AM, Esnayra J, Ede K and Posakony JW. (1994). Negative regulation of
proneural gene activity: hairy is a direct transcriptional repressor of achaete. Genes Dev
8, pp. 2729-42.
Vescovi AL, Reynolds BA, Fraser DD and Weiss S. (1993). bFGF regulates the proliferative fate of
unipotent (neuronal) and bipotent (neuronal/astroglial) EGF-generated CNS progenitor
cells. Neuron 11, pp. 951-66.
Wang S, Sdrulla AD, diSibio G, Bush G, Nofziger D, Hicks C, Weinmaster G and Barres BA.
(1998). Notch receptor activation inhibits oligodendrocyte differentiation. Neuron 21,
pp. 63-75.
Weiss MJ. (1997). Embryonic stem cells and hematopoietic stem cell biology. Hematol Oncol Clin
North Am 11, pp. 1185-98.
Wessells NK. (1967). Differentiation of epidermis and epidermal derivatives. N Engl J Med 277, pp.
21-33.
Wettstein DA, Turner DL and Kintner C. (1997). The Xenopus homolog of Drosophila Suppressor
of Hairless mediates Notch signaling during primary neurogenesis. Development 124,
pp. 693-702.
Wharton KA, Johansen KM, Xu T and Artavanis-Tsakonas S. (1985). Nucleotide sequence from
the neurogenic locus notch implies a gene product that shares homology with proteins
containing EGF-like repeats. Cell 43, pp. 567-81.

69

Williams R, Lendahl U and Lardelli M. (1995). Complementary and Combinatorial Patterns Of
Notch Gene Family Expression During Early Mouse Development. Mechanisms of
Development 53, pp. 357-368.
Wittenberger T, Steinbach OC, Authaler A, Kopan R and Rupp RA. (1999). MyoD stimulates
delta-1 transcription and triggers notch signaling in the Xenopus gastrula. Embo J 18,
pp. 1915-22.
Wright TR. (1970). The genetics of embryogenesis in Drosophila. Adv Genet 15, pp. 261-395.
Wu L, Aster JC, Blacklow SC, Lake R, Artavanis-Tsakonas S and Griffin JD. (2000). MAML1, a
human homologue of Drosophila mastermind, is a transcriptional co-activator for
NOTCH receptors. Nat Genet 26, pp. 484-9.
Xue Y, Gao X, Lindsell CE, Norton CR, Chang B, Hicks C, Gendron-Maguire M, Rand EB,
Weinmaster G and Gridley T. (1999). Embryonic lethality and vascular defects in
mice lacking the Notch ligand Jagged1. Hum Mol Genet 8, pp. 723-30.
Zhou S, Fujimuro M, Hsieh JJ, Chen L and Hayward SD. (2000a). A role for SKIP in EBNA2
activation of CBF1-repressed promoters. J Virol 74, pp. 1939-47.
Zhou S, Fujimuro M, Hsieh JJ, Chen L, Miyamoto A, Weinmaster G and Hayward SD. (2000b).
SKIP, a CBF1-associated protein, interacts with the ankyrin repeat domain of NotchIC
To facilitate NotchIC function. Mol Cell Biol 20, pp. 2400-10.

70

