Till min familj

Department of Cell and Molecular Biology,
Programme of Developmental Biology,
Stockholm, Sweden, 2005

Notch signaling:
from receptor cleavage to chromatin remodeling

Kia Strömberg

© 2005 Kia Strömberg
ISBN 91-7140-540-2
Publications reprinted with permission from the publishers.
Printed by Larserics digital print.

ABSTRACT
One of the principal signaling mechanisms that control development of
multicellular organisms is the Notch signaling pathway. The transmembrane Notch
receptor, presented at the cell surface, interacts with ligand on neighbouring cells.
Ligand interaction is followed by proteolytic processing, where cleavage by the γsecretase complex releases the intracellular (IC) part of the receptor. The Notch IC
translocates to the nucleus, where it displaces co-repressors from the DNA-binding
protein CSL. Notch IC in complex with CSL, mastermind, p300, PCAF and other
associated proteins activate transcription of target genes, including genes of the HES
and HEY families. This thesis work is focused on two specific aspects of Notch
signaling: i) processing of the receptor by the γ-secretase complex and ii) the
mechanisms by which the IC functions as a transcriptional activator.
The γ-secretase complex, consisting of presenilin (PS), nicastrin, Aph-1 and
Pen-2 proteins, processes not only the Notch receptor, but a number of other
transmembrane proteins, including the amyloid precursor protein (APP). Aberrant
processing of APP is implicated as a cause of Alzheimer´s disease. Two mammalian
PS homologs exist, but little is known about the degree of functional specialization of
the two homologs. The incentive to address this question stems in the findings that
knockout animals for the two homologs exhibit significantly different phenotypes,
implicating a role for PS1, but not for PS2, in Notch signaling. In Paper I we
characterize the functional similarity between complexes of various PS composition.
We show that endoproteolysis, NTF-CTF interactions and the assembly and activity
of γ-secretase complexes are very conserved between PS1 and PS2.
The Aph-1 protein was found in genetic screens in C. elegans and has been
linked to Notch signaling because of the phenotype of the loss-of-function mutant. In
paper II, we analyze whether the mammalian homologs of the protein are actually part
of the complex processing the Notch receptor, and whether they have a role only in
complex assembly or are important also for cleavage activity. We present evidence
that Aph-1 is present at the cell surface in an active γ-secretase complex, and interacts
with the Notch receptor, both before and after ligand activation.
Four Notch receptors are found in mammals, Notch1-4. Notch1 and 3 exhibit
somewhat different properties, i.e. Notch1 is a potent activator of typical Notch
regulated genes, while Notch3 is a very poor activator in the same context. Notch3 is
even capable of repressing Notch1 mediated transactivation. In Paper III we explore
underpinning mechanisms behind these differences. We find that Notch3 IC, like
Notch1 IC, can displace the co-repressor SMRT from CSL and interacts with the
SKIP and PCAF proteins. We also identify two distinct regions in the Notch IC that
are critical for the difference between the Notch1 and Notch3 IC. First, the origin of
the ankyrin repeat region is important, i.e. only chimeric ICs containing a Notch1
derived ankyrin repeat region are potent activators. Second, a novel region in the
Notch IC, the RE/AC region (for repression/activation), is required for Notch1 IC's
ability to activate and for Notch3 IC's ability to repress a HES promoter.
In Paper IV we use a cell free system, with purified components of the
complex and naked or chromatin reconstituted DNA to establish the importance of the
individual components for activation of transcription and in what step they exert their

function. Mastermind, CSL, and Notch IC are all required for optimal transcription
from DNA, whereas transcription from chromatin in addition requires p300. The
transcriptional activity of p300 is dependent on acetyl coenzyme A, indicating that it
functions as a histone acetyltransferase when mediating Notch IC function. PCAF is
unable to promote transcription on its own but enhances Notch IC mediated
transcription from chromatin in conjunction with p300. These data define a critical
role for p300 in the potentiation of Notch IC function by mastermind and indicate
direct effects of CSL, Notch IC, and mastermind on the general transcription
machinery.
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cyclin dependent kinase
cardiovascular helix-loop-helix factor
CBF-interacting repressor
central nervous system
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Epstein-Barr nuclear antigen
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extracellular
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Hairy-related transcription factor
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p300/CBP associated factor
presenilin enhancer phenotype
peripheral nervous system
presenilin
RBP-Jκ associated molecule
recombination signal binding protein of the Jκ immunoglobulin gene
repression/activation
ribonucleic acid interference
Site 1, 2, 3
Ski-interacting protein
silencing mediator of retinoid and thyroid hormone receptor
transactivation domain
T-cell acute lymphoblastic leukemias/lymphomas
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INTRODUCTION
A newborn baby. A true miracle if ever there was one. A brand new human being,
seeing, hearing, feeling, smelling and (mostly) tasting the world for the first time. The
fascination for how life comes to be is my motivation in science - the excitement of
understanding how it all works would be the ultimate rush. Cell and molecular
biology means being on the level of details, studying the stroke of a single hair of the
paintbrush. Seeing the whole picture we realize that the same paintbrush creates a
myriad of colourful shapes and forms, in different parts of the painting.
During the development of a baby two specialized cells, the sperm and the
egg, fuse into one. After this initial fusion, multiple rounds of cell divisions take
place, creating a pool of multipotent cells. Through a complex series of cell divisions
and differentiation the specialized tissues and organs of the body are created. A key
factor in establishing the correct pattern of differentiation is communication between
cells. During development a small number of signaling pathways are used over and
over again to control which cells divide and which differentiate, which cells migrate
and which send processes to distant parts of the body, which cells undergo apoptosis
and which bide their time. Depending on the cells earlier experiences, the intensity of
the signal and what other pathways signal at the same time, the outcome of a signal
can range from directing cells in gliogenesis to inhibiting muscle differentiation.
One of the major control systems is the Notch signaling pathway. Notch
activity is involved in the development of the nervous system, the vascular system,
the hematopoietic system, somites, muscle, skin and pancreas. Before going into the
molecular details of the Notch signaling pathway, which is the focus of this thesis, I
will give a brief overview of some common mechanisms used by the major control
systems operating during development to ensure both diversity and reproducibility of
signaling outcome. Following that is an introduction to the different situations where
Notch signaling is important, and examples of how the same tool can generate very
different outcome in different parts of the organism. My studies have been focused on
two steps of the signaling pathway: processing of the receptor as a consequence of
signal, and signal response.

1

SEVEN SIGNALING PATHWAYS DIRECT LIFE
During the complex development of multicellular organisms, through cell divisions,
differentiation and migration, cells need to communicate with each other. Organisms
as diverse as nematodes, fruit flies and humans all use the same limited number of
signaling pathways to control the establishment of the tissues and organs of the
individual. Many of the cell-cell interactions during development of the embryo are
mediated via the Hedgehog, Wnt, transforming growth factor-β, receptor tyrosine
kinase, Notch, JAK/STAT and nuclear hormone signaling pathways. Although,
judging by the number of pathways, the means of signaling do seem limited, the
previous history of the cells, the variations in intensity of the signals and cross-talk
between the pathways ensure that these pathways are enough to specify a wide variety
of cells, tissues and morphologies (Pires-daSilva and Sommer, 2003). Earlier cell fate
choices have affected the chromatin environment, which transcription factors and
receptors are expressed, and thus intrinsic factors can greatly influence the cell´s
response to a signal. The cell is also subject to signals from many sources and
neighbouring cells at the same time, which affect the outcome of a particular signal at
a specific timepoint.
A common principle for the various signaling pathways is that of activator
insufficiency, i.e. the activator regulated by the signaling pathway is not able to
activate transcription of target genes on its own, but depend on for example tissue
specific coactivators to activate transcription of a specific target gene. A second
common feature is that of cooperative activation, i.e. the degree of activation from
signal regulated activator in combination with tissue specific coactivators is greater
than the additive effect. A third common principle is default repression, whereby
target genes are actively repressed in the absence of signal (Barolo and Posakony,
2002). The Notch signaling pathway utilizes these mechanisms to ensure
transcriptional control of a number of target genes in different tissues of the organism.
However, the Notch signaling pathway also differs from the other signaling pathways
in a number of ways, which will be pointed out as the molecular details of Notch
signaling are outlined.
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NOTCH ACTIVITY
The classical view on Notch signaling is that of an inhibitory role, whereby Notch
activity keeps a cell in an undifferentiated state or promotes a secondary fate. This
inhibition of a primary differentiation fate will ensure that, while some cells of the
population take on a primary fate, neighbouring cells are kept in an undifferentiated
state. Cells receiving Notch signal are later recruited to take on a secondary or default
fate or to maintain a stem cell pool within the organ. Feedback loops, controlling
expression of ligands and receptors, ensure that initially small differences in a pool of
equivalent cells are augmented and sharpened, allowing some cells to differentiate,
while others are inhibited from differentiation; for a schematic depiction see Figure 1.
For example, in the C. elegans vulva two cells have the same potential of becoming a
specialized cell (the anchor cell), but Notch signaling ensures that only one does so.
Likewise, in flies, Notch signaling is a key determinant in controlling that only one
neuroblast (in the CNS), or one sensory organ precursor (in the PNS) is specified in a
group of initially equivalent cells. This function of Notch, whereby differentiating
cells signal to inhibit surrounding cells from taking on the same cell fate, is called
lateral inhibition (Lewis, 1996). However, evidence for a more inductive role of
Notch in specifying cell fates is accumulating, with gliogenesis being one of the more
established cases.
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NOTCH IN DEVELOPMENT
MODEL ORGANISMS IDENTIFY COMPONENTS AND REVEAL FUNCTION
The fruit fly, Drosophila melanogaster, is one of the best understood developmental
systems. Due to its small size, short generation time and feasibility for genetic and
microsurgical manipulations, the fly has been used as a tool for genetics and
molecular biology for a long time. The entire genome is now sequenced and is
thought to contain around 13,600 genes. The foundation of our knowledge about the
Notch signaling pathway was laid using the Drosophila system. Genetic screens
identified components of the pathway and genetic manipulations, creating gain- and
loss-of-function versions of the components, also revealed their function in the
pathway. The importance of Notch activity in the development of the central and
peripheral nervous system, the eye, and the development and patterning of the wing,
is well established (Hartenstein and Posakony, 1990; Simpson, 1990; Heitzler and
Simpson, 1991; Jennings et al., 1994; Rhyu et al., 1994; Knoblich et al., 1995; Guo et
al., 1996; Heitzler et al., 1996; de Celis and Bray, 1997; de Celis et al., 1997; Huppert
et al., 1997; Panin et al., 1997; Cooper and Bray, 1999; Cooper and Bray, 2000;
Tomlinson and Struhl, 2001). These studies also elucidated the function of Notch in
lateral inhibition, and highlighted the importance of feedback mechanisms for
regulating Notch activity (de Celis and Bray, 1997). A detailed overview of Notch
function in the development of Drosophila was done by Portin (2002).
Another well established model system for studying genetics and molecular
biology is the nematode Caenorhabditis elegans. The rapid generation time, from
fertilized egg to adult in about 50 hours, the transparent embryo and the easy handling
and genetic manipulation has resulted in a complete knowledge of the lineage of
every cell of the organism. The genome is sequenced and predicted to contain around
19 000 genes. The development of the nematode vulva provides an excellent system
for investigating the Notch signaling pathway and was also crucial for understanding
the role of feedback mechanisms in the pathway (Greenwald et al., 1983; Sternberg,
1988; Chen and Greenwald, 2004; Sundaram, 2004). Genetic screens in C. elegans
are still a valuable tool for identifying new components of the pathway (Goutte et al.,
2000; Francis et al., 2002; Goutte et al., 2002), which will be highlighted as the
identification and characterization of the γ-secretase complex is discussed.
Other model organisms that are commonly used for genetic manipulations and
cell and molecular studies are mice and zebrafish. The development of more specific
and advanced gene technology allows for the ablation of genes, misexpression of
genes or expression of manipulated genes. The effect of these manipulations can be
studied during the development of the organism. Techniques can also be used to target
the expression or ablation of genes to specific timepoints or locations to elucidate the
role of a gene in a specific time and place of development or adulthood. The
following section describes studies using mice and zebrafish to examine the function
of Notch signal in the development of specialized organs and tissues of vertebrates.

4

NERVOUS SYSTEM
The classical view on Notch signaling, inhibiting neuronal differentiation, is
corroborated to a large extent also in mammalian CNS development. Early studies,
where an active form of Notch was introduced into the embryonic carcinoma cell line
P19, showed how Notch could inhibit the differentiation of these cells into neurons
and myoblasts (Nye et al., 1994). From knockout models of mice lacking components
of the pathway, we learn that a decrease in or absence of Notch signal during
embryonic development results in precocious neuronal differentiation (Ishibashi et al.,
1995; de la Pompa et al., 1997; Yun et al., 2002; Hatakeyama et al., 2004; Mason et
al., 2005), reviewed by Yoon and Gaiano (2005). Mice lacking Notch signaling die
from vascular defects before the onset of neurogenesis, so most of the studies on CNS
effects were carried out using conditional knockout of Notch components. However,
Notch signaling also influences neurite outgrowth, such that constitutive expression of
active Notch1 results in increased dendritic branching and a decrease in neurite
extension in vitro (Sestan et al., 1999; Redmond et al., 2000). Furthermore, mice
heterozygous for mutations in the Notch1 receptor or genes encoding effectors of the
pathway, display deficits in spatial learning and memory (Costa et al., 2003). Also in
mice where crucial components of the Notch pathway were ablated three weeks after
birth, severe effects on learning and memory can be observed (Saura et al., 2004),
implicating a function for Notch activity also after the embryonic development of the
CNS is finished.
In contrast to the well established role of Notch signaling in maintaining cells
in an undifferentiated state, a number of studies have revealed an inductive function
of Notch in promoting the differentiation of glia cells. Neural crest stem cells can be
forced into becoming Schwann cells by the expression of activated Notch (Morrison
et al., 2000). Also retinal progenitor cells differentiate into Müller glia cells by the
expression of activated Notch or target genes, while expression of a dominant
negative version of a Notch target gene instead decreases the number of Müller glia
cells (Furukawa et al., 2000; Hojo et al., 2000). Expression of Notch or target genes
using retroviral infection of embryonic cortex, results in greatly enhanced radial glia
differentiation (Ishibashi et al., 1994; Gaiano et al., 2000). Radial glia are one of the
first cell types evident in the forebrain, making it highly unlikely that this would
constitute a default state for cell fate specification.
PANCREAS
The pancreas serves two functions; to produce enzymes required for digesting fats and
proteins, such as trypsinogen, and to secrete hormones, such as insulin, to regulate
carbohydrate metabolism in the organism. Three types of cells mediate these
functions: exocrine cells produce digestive enzymes, ductal cells make up the ductal
system for transport of enzymes to the digestive tract and endocrine cells produce the
hormones. All three pancreatic cell types derive from endodermal cells and,
analogous to neurogenesis, very different cell types must be specified from an initially
homogenous pool of progenitor cells. This process is problematic since some cells
must respond and differentiate during the intital wave of induction, while others must
stay undifferentiated to be able to take on a secondary fate. Pancreatic endocrine cells,
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which are the first to differentiate, express many of the same transcription factors
during differentiation as do neuronal cells. The pancreatic endocrine cells also appear
in an initially scattered pattern, much like the process of neurogenesis. For an
overview of the development of the pancreas see Edlund (2001).
Considering the role of Notch during neuronal differentiation, it is not hard to
find similarities with the specification of the different cell types of the pancreas.
Components of the Notch signaling pathway are expressed in embryonic pancreas,
and the ablation of ligand (Dll1), effector (CSL) or a downstream target gene (HES1)
results in an accelerated differentiation of pancreatic endocrine cells and severe
pancreatic hypoplasia, due to depletion of the pool of pancreatic precursor cells
(Apelqvist et al., 1999; Jensen et al., 2000). Overexpression of activated Notch1 on
the other hand, severely diminishes the number of endocrine cells, but also the
exocrine cells are lost (Hald et al., 2003; Murtaugh et al., 2003). In line with this, loss
of genes that are negatively regulated as a consequence of Notch signal, i.e.
neurogenin 3, results in a pancreas which completely lacks endocrine cells (Gradwohl
et al., 2000). Transgenic mice which overexpress this downstream gene (ngn3), or
express a constitutively active Notch3 receptor (N3IC), display the same phenotype as
mice lacking Notch activity (Apelqvist et al., 1999). The seemingly contradictory
results of overexpression of the N3IC will be described as I discuss the aims and
results of Paper III and the role of the Notch3 receptor as a repressor instead of
activator of target genes. The role of Notch signaling in pancreatic development thus
seems to be in maintaining the progenitor pool during the initial wave of induction
towards the endocrine fate, assuring the proliferation of the pancreas and subsequent
differentiation of exocrine cells.
VASCULAR SYSTEM
During the second week of development, diffusion is no longer sufficient to supply
nutrients to the human embryo, and the vascular system starts to develop. Notch
activity is involved in many aspects of vascular development, such as smooth muscle
differentiation, angiogenic processes, arterial-venous cell fate determination and
vascular morphogenesis, reviewed by Karsan (2005). Notch receptors 1, 2 and 4 are
expressed in endothelial cells, whereas Notch3 seems restricted to vascular smooth
muscle cells. Also Notch ligands are expressed in the endothelial and smooth muscle
cells (Joutel et al., 2001; Lindner et al., 2001; Nijjar et al., 2001; Villa et al., 2001).
From knockout models we learn that lack of Notch1 results in vascular defects, and
even more so if also Notch4 is ablated. More specifically, vasculogenesis initially
appears to proceed normally and the vascular plexus is laid down, but the remodeling
of the initial endothelial network does not occur (Krebs et al., 2000). Mice lacking
Notch3 survive into adulthood, but the differentiation of arteries and maturation of
vascular smooth muscle cells, are defect (Domenga et al., 2004). Also mice lacking
the ligand Jagged1 show defects in vasculature remodeling (Xue et al., 1999).
The important role of Notch in development of the vasculature is further
underscored by mutations in two components of the signaling pathway that give rise
to disease affecting the vascular system. In Alagille´s syndrome, affecting the
vasculature and many of the organs, the majority of patients suffer from
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haploinsufficiency of the Notch ligand Jagged1 gene. A specific type of mutations in
the Notch3 gene give rise to CADASIL, where symptoms are caused by defects in
arteries of the brain.
HEMATOPOIESIS
Notch activity is important in regulating many steps of cellular differentiation during
hematopoiesis, and Notch receptors and ligands show complex expression patterns at
various stages of the myeloid and lymphoid lineage (Maillard et al., 2005). Human
Notch1 was actually originally identified through its association with T-cell acute
lymphoblastic leukemias/lymphomas (T-ALL) (Ellisen et al., 1991), which is further
discussed in the section on Notch in cancer and disease. The exact role of Notch in
maintaining hematopoietic stem cells is not clear, although a number of reports have
addressed the issue. For example, mice lacking Notch1 or expressing a dominant
negative effector of Notch (dnMAML1), show precocious differentiation and an
impaired ability to generate hematopoietic colonies (Kumano et al., 2003; Maillard et
al., 2004). Other studies report how conditional ablation of key components of the
Notch pathway in the hematopoietic stem cell population does not have any effect on
the stem cell phenotype (Radtke et al., 1999; Han et al., 2002). Activation of Notch in
stem cells results in an expansion of the number of multipotent hematopoietic stem
cells. However, this self-renewal or block of differentiation of the stem cell by
activation of Notch1, actually results in a differentiation block which can not be
reversed (Varnum-Finney et al., 2000). The relevance of Notch activity for stem cell
maintenance in vivo, or the mechanisms whereby this differentiation block is
reversed, are not clear.
Much more is known about the requirement for Notch signaling in T cell
development. Mice lacking Notch1 have a reduced thymus and lack T cells, while B
cells are in excess (Radtke et al., 1999). Activation of Notch in hematopoietic stem
cells also results in extrathymic development of T cells and the suppression of B cell
development in the bone marrow (Pui et al., 1999). However, Notch activity is
required also for lineage decisions following the initial T cell commitment, as well as
for activation of the mature T cells. Recent data suggest that the Notch3 receptor is
responsible for inducing Th1-cells, while Notch1 induces Th2-cells (Adler et al.,
2003; Maekawa et al., 2003; Palaga et al., 2003). A role for Notch in B cell
development has also been implicated, suggesting that Notch activity is important for
the generation and maintenance of mantle zone B cells (Saito et al., 2003; Tanigaki et
al., 2003).
Notch activity in myeloid progenitors results in inhibition of differentiation by
promoting S-phase entry. Notch1 directly activates transcription of the SKP2 gene,
which is part of the ubiquitin-ligase complex that mediates the proteasomal
degradation of cyclin kinase inhibitors p27Kip1 and p21Cip1. This degradation results in
a premature entry into S-phase and consequently the cell spends less time in the G1
phase, where it would be susceptible to stimuli from the environment promoting
differentiation (Sarmento et al., 2005).
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SOMITOGENESIS AND MYOGENESIS
Somites appear as epithelial spheres in a head-to-tail order in an oscillating fashion
from a mesodermal unsegmented tissue. Subsequently the somites give rise to skeletal
muscles, axial skeleton and the dorsal dermis. Knockout mice lacking components of
the Notch signaling pathway display defective somite segmentation, implicating a role
for Notch in somitogenesis, reviewed in (Rida et al., 2004). The target genes of Notch
also display a cyclic expression, suggesting a Notch dependent regulation of the
synchronous oscillation of gene expression necessary for somitogenesis (Jouve et al.,
2000; Leimeister et al., 2000; Bessho et al., 2001).
The role of Notch in myogenesis is well established, for example co-culturing
of mouse derived myoblasts with ligand expressing cells results in an efficient block
of muscle differentiation (Lindsell et al., 1995; Kuroda et al., 1999). A Notch target
gene (HEY1), which is expressed in undifferentiated myoblasts, show reduced
expression as muscle differentiation proceeds, while forced expression of HEY1
inhibits the expression of muscle differentiation markers (Sun et al., 2001).

INTESTINE
The intestinal epithelium serves not only to digest food and absorb the resulting mix
of biological building blocks, but functions also as a barrier between the body and the
outside world. The epithelium is made up by a single layer of epithelial cells,
composed of a mix of absorptive and secretory cells and a small pool of stem cells.
Considering the harsh environment of acids, enzymes and food components it is easy
to envisage the need for a constant renewal of the cells in the epithelial layer. Stem
cells give rise to rapidly proliferating cells, which, after three to four cell divisions,
differentiate into the cell types presented above. The development and rapid renewal
of the intestinal epithelium and the signaling pathways involved in regulating this
phenomenon are described by Radtke and Clevers (2005).
Many of the Notch pathway components are expressed in the epithelium and
gut of embryos and adult organisms (Schroder and Gossler, 2002; Sander and Powell,
2004), indicating a role for Notch activity in the fetal and adult intestine. Furthermore,
knockout mice lacking HES1, one of the target genes of Notch signaling, display a
gross increase in the numbers of secretory cells in the intestine at the expense of
absorptive cells (Jensen et al., 2000), while the contrary is true for mice lacking
Math1, which is a gene that is negatively regulated by HES1 (Yang et al., 2001).
Recently, a number of studies targeted different components of the Notch pathway in
the intestine to investigate the role of the pathway in regeneration of the epithelium.
One approach was to inhibit Notch signaling by blocking the relay of signal after
ligand interaction (γ-secretase inhibitors), or by ablating one of the key players in
conveying the message to target genes (CSL) (van Es et al., 2005). Another study
downregulated Notch signaling by expressing defective ligand (DeltaD) or blocking
ligand activity through inhibition of crucial modifications (mind bomb) (Crosnier et
al., 2005). A third study instead utilized transgenic techniques to constitutively
express an activated form of the receptor in epithelial cells of the intestine (Fre et al.,
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2005). In summary, the three studies provided proof for a role of Notch signaling
during development and renewal of the intestinal epithelium in maintaining stem cells
and inhibiting a secretory cell fate.

SKIN
Contrary to the examples above, where Notch mostly acts to prevent differentiation
and maintain a stem cell population, Notch signaling promotes differentiation in skin.
Delta is expressed in undifferentiated keratinocytes, inducing neighbouring cells to
differentiate (Lowell et al., 2000). Mice lacking Notch1 expression in keratinocytes
also frequently develop skin tumors, indicating that Notch acts as a tumor suppressor
in skin (Nicolas et al., 2003). Recently it has been shown how Notch activity results
in cell cycle withdrawal and differentiation. This effect is largely explained by the
upregulation of p21Cip1, resulting in a block of S-phase entry, whereby the cell
remains in the G1 phase (Devgan et al., 2005; Mammucari et al., 2005). (The effect of
Notch on p21Cip1 in myeloid differentiation was mentioned above, where Notch
activity instead results in degradation of p21Cip1 and inhibition of myeloid
differentiation (Sarmento et al., 2005).) The promoter of p21Cip1 contains binding sites
for the Notch-effector CSL, making it a putative target of Notch. However, the
promoter does not respond to Notch activity alone, instead other, more classical Notch
target genes, need to be activated in conjunction with Notch activity. Activation of the
Notch target gene HES1 results in the down-regulation of Calcipressin, which in turn
is a negative regulator of Calcineurin. The combined effect of activated Notch and
Calcineurin is required to activate transcription of the p21Cip1 gene. This positive
effect of Notch on Calcineurin is highly cell type specific and only seen in
keratinocytes, whereas the opposite is observed in other cell types (Mammucari et al.,
2005).

NOTCH IN CROSS-TALK WITH OTHER PATHWAYS
From the examples above we can conclude that Notch activity is crucial in regulating
the development of numerous organs and tissues. However, a number of examples
also show how this regulation is mediated in concert with other signaling pathways.
One of the more recently unravelled interactions is that of a cross-talk between Notch
and TGF-β/BMP-signaling pathways (Kluppel and Wrana, 2005). Although both
pathways are able to mediate similar biological responses in certain cell types,
evidence for cooperation between the two was long scarce. The finding that TGF-β
signaling in several cell lines results in increased transcription of a classical Notch
target gene, the HES1 gene, led to the investigation of whether this transcriptional
activity is mediated in concert with Notch or as an independent event. By using agents
blocking Notch activity, or dominant negative versions of effectors of the pathway, it
was shown how this TGF-β mediated transcriptional activation is dependent on Notch
activity (Blokzijl et al., 2003). Myogenic cells are also susceptible to BMP signaling.
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Dahlqvist and colleagues showed how the ligand BMP4 will block the differentiation
of myoblasts and increase transcription of Notch target genes, both in a Notch
dependent and independent manner (Dahlqvist et al., 2003).
Notch signaling cross-talks also with the EGF-receptor/Ras/MAP kinase
signaling pathway, which was shown studying the development of the C. elegans
vulva. Cell fate specification during the vulval development involves both inductive
signaling through the Ras/MAP kinase pathway, and lateral inhibition through Notch
activity. Activation of Ras results in Notch protein being endocytosed and thereby the
protein levels at the cell surface are downregulated (Shaye and Greenwald, 2002). In
transformed human cells on the other hand Ras activates Notch signaling. Notch1
activity is also necessary to maintain the neoplastic phenotype induced by Ras
signaling (Weijzen et al., 2002).
The interaction of Notch with the Wingless/Wnt signaling pathway has been
established on multiple levels. The Wingless receptor (Frizzled) exerts an antagonistic
effect on Notch (Strutt et al., 2002), while Notch activity potentiates the effect of
LEF-1, a downstream transcription factor of the Wingless/Wnt pathway, on some
promoters (Ross and Kadesch, 2001). GSK-3β, a component of the Wnt signaling
cascade, is also capable of phosphorylating Notch, thereby increasing the half-life of
the intracellular domain of the receptor (Foltz et al., 2002).
The Epstein-Barr virus (EBV) uses the Notch signaling pathway to accomplish
some aspects of transcriptional control in the infected cell. EBV establishes latency in
B cells and one of the first viral genes to be expressed after infection is the
transcriptional activator EBNA2, which is essential for the immortalization of B cells
in vitro. Although the EBNA2 protein shows no primary sequence homology to the
Notch IC, it functions by mimicking an activated Notch receptor. The viral
interactions of EBV with the Notch pathway are reviewed in (Hayward, 2004). The
interaction of EBNA2 with the DNA-binding protein of the Notch pathway, CSL,
enables the protein to activate transcription of target genes (Henkel et al., 1994; Ling
et al., 1994; Hsieh and Hayward, 1995). The interaction domain of EBNA2 differs
from that of Notch, but the two proteins utilize the same mechanism of displacing corepressors from CSL, they both bind SKIP and co-activators to modify chromatin and
make contact with the basal transcription machinery (Hsieh and Hayward, 1995;
Hsieh et al., 1996; Kurooka and Honjo, 2000; Wang et al., 2000; Zhou et al., 2000;
Zhou et al., 2000; Oswald et al., 2001). The main function of EBNA2 is to promote
cell survival and proliferation and many of the genes targeted by EBNA2, via CSL,
have also been shown to be responsive to Notch in specific cells (Sakai et al., 1998;
Hofelmayr et al., 2001). Other viruses that interact with the Notch pathway are
adenovirus, human papillomavirus and simian virus 40 (Dou et al., 1994; Talora et
al., 2002; Bocchetta et al., 2003). More connections and intertwinings of pathways
are probably to be discovered as we learn more about the different pathways and the
cell specific responses they mediate.
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NOTCH IN DISEASE AND CANCER
As Notch signaling is important for the development of most, if not all specialized
organs and tissues of mammals, it is not surprising to find that a number of diseases
are caused by mutations affecting components of the Notch pathway (Gridley, 2003).
Alagille Syndrome is a rare autosomal dominant disorder, clinically manifested as
developmental abnormalities of the liver, heart, eye, skeleton and several other organs
(Krantz et al., 1997). Although the penentrance is high, the severity and display of
symptoms are extremely variable. The disorder is associated with a number of
mutations in Jagged1, probably resulting in haploinsufficiency of the ligand (Spinner
et al., 2001). Mutations of the Jagged1 gene can also lead to familial tetralogy of
Fallot, the most common cause of complex congenital heart disease (Eldadah et al.,
2001). Mutations affecting another Notch ligand, the Dll3 gene, are associated with
spondylocostal dysostosis, displaying vertebral segmentation defects (Bulman et al.,
2000).
Mutations causing an odd number of cysteine residues in any of the 34 EGFlike repeats of the extracellular domain of the Notch3 receptor give rise to
degeneration and loss of vascular smooth muscle cells, and symptoms of the
CADASIL syndrome (cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy). Normally an EGF-like repeat contains six
conserved cysteine residues, mediating three intradomain disulfide bonds. The effect
of unpaired cysteine residues on the function of Notch3 is not clear, but accumulation
of the ectodomain of Notch3 protein in cerebral microvasculature of CADASIL
patients has been observed (Joutel et al., 2000).
Dysregulation of expression of components of the pathway is also associated
with a number of cancer forms, such as cervical, head and neck, endometrial, renal,
lung and breast carcinomas, pleural mesotheliomas and malignant melanomas,
making the Notch signaling pathway a potential therapeutic target for treatment of
cancer (Nickoloff et al., 2003). The first link between mutations affecting Notch
signaling and cancer was found in patients suffering from T-ALL. About 10% of the
cases were due to a chromosomal translocation, resulting in expression of a Notch1
receptor lacking most of the extracellular part, thereby behaving in a constitutively
active fashion (Ellisen et al., 1991). More recently, more than 55% of examined cases
of T-ALL were found to carry at least one mutation in the region ensuring liganddependent activation of the receptor, or in the region regulating degradation of the
active receptor. The mutations results in increased Notch signaling, probably due to
an acquired ligand-independence and increased stability of the active form of the
receptor, respectively. Although activation seems to be dysregulated, the receptor is
still dependent on γ-secretase cleavage for activation, making the γ-secretase complex
a promising target for therapeutic intervention (Weng et al., 2004).
When examining the mechanisms for embryonal brain tumor growth, Fan and
colleagues found that Notch1 and Notch2 receptors exert opposite functions (Fan et
al., 2004). During normal cerebellar development, Notch2 is expressed predominantly
in proliferating progenitors, whereas Notch1 is found in postmitotic differentiated
cells. In line with this, the report shows how medulloblastomas express high levels of
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Notch2, while Notch1 transcripts are scarce or undetectable. Cell proliferation is also
enhanced by expression of activated Notch2, while active Notch1 instead inhibits cell
proliferation. By inhibiting Notch2 signaling the growth of medulloblastoma cells is
decreased (Fan et al., 2004).
The examples above are only a small sample of reported cases of dysregulated
Notch signaling in cancer, but implies that targeting Notch activity is a potential
therapy for numerous cancer forms. γ-Secretase inhibitors were originally clinically
designed for treatment of Alzheimer´s disease (AD), however, they also block Notch
activity. When investigating the mechanisms of action of γ-secretase inhibitors, van
Es and colleagues found a beneficial effect on adenocarcinomas. By blocking γsecretase activity they were able to inhibit proliferation of tumor cells and direct them
into differentiation (van Es et al., 2005). Unwanted side-effects of treatment with γsecretase inhibitors, e.g. diarrheas, caused by an increase in the number of secretory
cells in the intestine as a consequence of blocking Notch activity (Wong et al., 2004),
have prevented the use of γ-secretase inhibitors for treating AD. Since the treatment
of adenocarcinomas would not require a life-long intake of inhibitors, these drugs
could be a potential cure for adenocarcinomas, where currently surgery is the only
option.

THE NOTCH PATHWAY – A MOLECULAR OVERVIEW
The molecular mechanisms for the Notch signaling pathway are outlined in Figure 2.
Briefly, the Notch receptor, a type I membrane-spanning protein, is processed on its
way through the ER and Golgi and the Site 1 (S1) cleavage results in two fragments
held together by non-covalent forces. Depending on the cellular context the Notch
receptor can also be glycosylated during transport to the cell membrane. At the cell
surface the large extracellular (EC) domain makes contact with ligand, similarly
expressed as a type I membrane-spanning protein on neighbouring cells. Upon ligandinteraction, much of the EC part of the receptor is shed. The short EC stub remaining
after the ligand-interaction makes the receptor a substrate for the γ-secretase complex.
Proteolytic processing by the γ-secretase complex takes place within the lipid bilayer,
releasing the intracellular (IC) part of the receptor, which translocates to the nucleus.
The IC part of the receptor makes an indirect contact with DNA via interactions with
the CSL protein. Together with a number of proteins, the Notch receptor activates
transcription of target genes including genes of the HES- and HEY-families. For an
overview of the key components of the Notch signaling pathway and the
nomenclature of some model organisms see Table 1.
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Table 1. Notch pathway components in different species.

Receptor

Drosophila
melanogaster
Notch
(Artavanis-Tsakonas et
al., 1983)
(Kidd et al., 1983)
(Wharton et al., 1985)

Ligand

Caenorhabditis
elegans
Lin-12
Glp-1
(Yochem et al., 1988)
(Yochem and
Greenwald, 1989)

Delta

Apx-1

(Kopczynski et al., 1988)

(Mello et al., 1994)

Serrate

Lag-2

(Fleming et al., 1990)
(Thomas et al., 1991)

(Lambie and Kimble,
1991)
(Tax et al., 1994)

Vertebrates
Notch1-4
(Ellisen et al., 1991)
(Weinmaster et al., 1992)
(Lardelli et al., 1994)
(Uyttendaele et al., 1996)

Delta-like1, 3, 4
(Dll1, 3, 4)
(Bettenhausen et al., 1995)
(Dunwoodie et al., 1997)
(Shutter et al., 2000)

Jagged1, 2
(Lindsell et al., 1995)
(Shawber et al., 1996)

γ-Secretase complex

Psn

Sel-12

PS1, 2

(Hong and Koo, 1997)
(Boulianne et al., 1997)

(Levitan and Greenwald,
1995)

(Sherrington et al., 1995)
(Rogaev et al., 1995)

Nicastrin

Hop-1

Nicastrin

(Chung and Struhl, 2001)
(Hu et al., 2002)
(Lopez-Schier and St
Johnston, 2002)

(Li and Greenwald,
1997)

(Yu et al., 2000)

Aph-2

(Lee et al., 2002)

Aph-1
Pen-2

(Goutte et al., 2000)

Aph-1
Pen-2
(Francis et al., 2002)

(Takasugi et al., 2003)

DNA-binding protein
Target genes

Su(H)

Lag-1

CSL

(Fortini and ArtavanisTsakonas, 1994)

(Christensen et al., 1996)

(Matsunami et al., 1989)

Hairy

lin-22

HES1, 5 7

(Ohsako et al., 1994)

(Horvitz et al., 1983)
(Wrischnik and Kenyon,
1997)

(Ishibashi et al., 1994)
(Ishibashi et al., 1995)
(Chen et al., 1997)
(Ohtsuka et al., 1999)
(Bessho et al., 2001)

Enhancer of splitfamily
(Jennings et al., 1994)

REF-1-family
(Neves and Priess, 2005)

HEY1,2, L
(Leimeister et al., 1999)
(Leimeister et al., 2000)
(Steidl et al., 2000)

Unlike many other signaling pathways, where an extracellular signal is
transduced by second messengers and amplified by a signaling cascade within the
cell, e.g. receptor tyrosine kinases, the Notch signal is conveyed from the plasma
membrane to the target genes in the nucleus by the Notch receptor itself. This linear
signaling means that the strength of the signal can only affect activation of the
receptor, after that it is an on-or-off situation. However, Notch activity can be
influenced during subsequent steps of the pathway by other means, and the type of
cell in which signaling occurs appears to be important. Thus, the Notch pathway is
activated in many different parts of an organism and at various time-points during
development, but all cells experiencing Notch activity will not respond by
upregulating the same genes. Instead transcriptional activation of the different target
genes can be positively or negatively influenced by cell-specific proteins in a unique
way for each target gene. Also the stability of the receptor, and thereby the duration of
14

the signal, can be greatly affected by the cell´s earlier experiences or by cross-talk
with other signaling pathways.
The following section focuses on the structure and functions of the ligands and
receptors of the Notch signaling pathway, how they are modified to influence
signaling and the processing events that take place upon signal transduction. The
subsequent part describes the γ-secretase complex, which executes cleavage upon
ligand-receptor interaction, the proteins identified in the complex, their function and
the role of γ-secretase activity in Notch signaling and Alzeheimer´s disease. The
introduction concludes with descriptions of the components involved in activating
transcription upon Notch activation, a summary of target genes affected by Notch
signaling and an overview of how signaling is terminated.

NOTCH RECEPTORS AND LIGANDS
The Notch receptor was discovered through genetic studies in Drosophila
melanogaster almost a hundred years ago, and named for the phenotypic
characteristic of the mutant notched wing (Morgan, 1917). Also the Notch ligands
Delta and Serrate derived their names from the phenotypic appearance of the mutant
Drosophila wing (Kopczynski et al., 1988; Fleming et al., 1990; Thomas et al.,
1991). Four mammalian homologues of the Drosophila gene (Wharton et al., 1985;
Kidd et al., 1986) were cloned during the 1990s (Notch1-4) (Ellisen et al., 1991;
Weinmaster et al., 1992; Lardelli et al., 1994; Uyttendaele et al., 1996), while five
ligands for the receptors have been found in vertebrates (Bettenhausen et al., 1995;
Lindsell et al., 1995; Shawber et al., 1996; Dunwoodie et al., 1997; Shutter et al.,
2000). Notch1-4 are located at syntenic postitions in the genome (Larsson et al.,
1994), implicating that they originated by the two major rounds of genome
duplications during metazoan evolution, and thus are evolutionarily old.

STRUCTURE AND FUNCTION
Notch receptors are type I membrane spanning proteins, characterized by a large EC
domain containing tandemly arranged EGF-like repeats, three Lin-12/Notch repeats
(LNR-region), a membrane spanning domain and a modular IC domain (ArtavanisTsakonas et al., 1983; Kidd et al., 1983; Wharton et al., 1985; Kidd et al., 1986;
Yochem et al., 1988; Yochem and Greenwald, 1989; Ellisen et al., 1991; Weinmaster
et al., 1992; Lardelli et al., 1994; Uyttendaele et al., 1996), Figure 3. The functional
domains of the IC part of the receptor will be described in detail in the chapter dealing
with transcriptional activation, as the IC part of the receptor represents the activated
form of the receptor (Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993).
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Ligand interaction through the EGF-like repeats
The most prominent feature of the EC domain is the large number of tandemly
arranged EGF-like repeats, ranging from 10 in C. elegans Glp-1 to 36 in Drosophila
and vertebrate receptors Notch1 and Notch2 (Wharton et al., 1985; Kidd et al., 1986;
Ellisen et al., 1991; Weinmaster et al., 1992). The Notch3 and Notch4 receptors lack
some or parts of some repeats (Lardelli et al., 1994; Uyttendaele et al., 1996). The
EGF-like repeats consist of 38-40 amino acids and comparisons of the individual
repeats reveal greater homology between similarly positioned repeats in different
species than to other repeats within the same molecule. Ligand interaction is mediated
via the EC part of the receptor in a calcium dependent manner (Fehon et al., 1990).
By deletion analysis, Rebay and colleagues determined that EGF-like repeats 11 and
12 of Drosophila, and corresponding repeats of the Xenopus homologue, are
necessary and sufficient to mediate interactions with ligands (Rebay et al., 1991). The
structure and calcium binding properties of the EGF-like repeats were later described
(Rao et al., 1995; Rand et al., 1997). Other single amino acid substitutions in the
repeats also modify ligand interaction and affect development, implicating a role for
the other EGF-like repeats in interacting with tissue specific proteins or in
maintaining the structure of the EC domain (Lieber et al., 1992).
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Ligand-dependent activation – a role for the LNR region
The second common feature of the Notch receptors are the three Lin-12/Notch repeats
(LNR), each consisting of three disulfide bonds and three conserved aspartate or
asparagine residues, that are located C-terminally of the stretch of EGF-like repeats.
Point mutations and deletions of the LNR motif early on implicated a role for the
motif in regulating activation of the receptor in a ligand-dependent fashion
(Greenwald and Seydoux, 1990; Lieber et al., 1993). Mutant Notch receptors lacking
the EGF repeats, but retaining the LNR region are kept in an inactive state, unable to
respond to ligand (Kopan et al., 1996). The LNR motif was shown to depend on
calcium for the proper folding and maintenance of the structural integrity of the
motifs (Aster et al., 1999), and for regulating the association of the EC and the
transmembrane part of the receptor in the absence of ligand (Rand et al., 2000).
However, the LNR motifs are not responsible for the actual association of the two
parts of the receptor, instead a hydrophobic region just C-terminally of the LNR motif
is sufficient to form the stable heterodimeric receptor complex. The LNR motif acts to
protect the transmembrane domain from ligand-independent cleavage (SanchezIrizarry et al., 2004). Mutations in the region responsible for holding the bipartite
receptor together results in constitutive cleavage, and thereby activation of the
receptor, and are present in more than 43% of characterized T-ALL (Weng et al.,
2004).

DSL – the ligands of Notch
Like the Notch receptors, the Delta/Serrate/Lag-2 (DSL) ligands are also type I
membrane-spanning proteins, with a large EC domain containing tandemly arranged
EGF-like repeats. In addition the EC domain contains a region specific for this class
of proteins, the DSL domain. The DSL domain consists of about 45 amino acids,
resembling a partial or modified EGF-like repeat, lacking one of the six characteristic
cysteine residues. Following the transmembrane domain is a relatively short IC region
of 70-215 amino acids, lacking significant homology to other known proteins. Two
homologs exist in Drosophila: Delta and Serrate, where Serrate contains an additional
cysteine-rich region in the EC domain (Kopczynski et al., 1988; Fleming et al., 1990;
Thomas et al., 1991). Similar to Drosophila, C. elegans express two ligands: Apx-1
and Lag-2 (Lambie and Kimble, 1991; Mello et al., 1994; Tax et al., 1994), while five
vertebrate ligands for the Notch receptors have been cloned, Delta-like1, 3 and 4 and
Jagged1 and 2 (Bettenhausen et al., 1995; Lindsell et al., 1995; Shawber et al., 1996;
Dunwoodie et al., 1997; Shutter et al., 2000). The cystein-rich region characteristic of
Drosophila Serrate is found in Jagged homologs, but not in Delta-like ligands. For a
schematic depiction of the Notch ligands and their functional domains see Figure 3.
While the EGF-like repeats can be deleted with no apparant reduction in
receptor activation capacity, the N-terminal region of the EC domain as well as the
DSL domain are both required (Henderson et al., 1997). Ligands lacking either a
membrane anchor and/or the IC domains fail to activate Notch and take on a
dominant-negative role, although the specific sequences of the transmembrane and IC
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domains are not important (Chitnis et al., 1995; Fitzgerald and Greenwald, 1995; Gao
and Kimble, 1995; Sun and Artavanis-Tsakonas, 1996; Henderson et al., 1997; Sun
and Artavanis-Tsakonas, 1997). However, in C. elegans secreted forms of the ligands
have been shown to activate the Notch receptors (Fitzgerald and Greenwald, 1995;
Chen and Greenwald, 2004). In keeping with this, secreted ligands have been shown
to activate Notch signaling in cultured mammalian cells (Qi et al., 1999).
With the existence of four mammalian receptors and five ligands, the question
arises as to whether the different ligands are able to activate all available receptors.
Other signaling pathways show examples of both highly specific ligand-receptor
interactions, such as the TGF-β superfamily, where each ligand binds to a specific
pair of type I and type II receptors (ten Dijke and Hill, 2004), or a more promiscuous
activation, such as for the ephrin/Eph kinase family, where the two classes of ligands
and receptors display a high degree of binding promiscuity (Frisen et al., 1999). To
date the only established specificity in terms of ligand-receptor activation of the
Notch pathway lies in the Fringe-mediated modifications described below.

MODIFYING THE NOTCH RECEPTOR
The Notch receptor is synthesized as an approximately 300 kDa precursor molecule,
which undergoes constitutive, proteolytic processing (S1 cleavage), by a furin-like
convertase acting C-terminally of the amino acid residues 1651-1654 (RQRR)
(Logeat et al., 1998), during transport through the trans-Golgi network (Aster et al.,
1994; Blaumueller et al., 1997). Cleavage results in a C-terminal fragment cleaved Nterminally of the transmembrane domain and an N-terminal fragment containing most
of the EC part of the receptor. The two fragments of the receptor are held together by
non-covalent forces, resulting in a bipartite molecule being presented at the cell
surface.
The Notch receptor is further modified during transport through the Golgi
apparatus, by the O-fucosyltransferase 1 (Ofut1) and the N-glycosyltransferase Fringe
(Bruckner et al., 2000; Moloney et al., 2000; Munro and Freeman, 2000; Wang et al.,
2001; Panin et al., 2002). The importance of Ofut1 for Notch signaling was revealed
by knockout mice lacking Ofut1 expression, which display all the characteristics of
loss-of Notch signal (Shi and Stanley, 2003). Recently it was shown how Ofut1 is
important not only in modifying the receptor, but also for promoting the proper
folding of the Notch receptor (Okajima et al., 2005). Fringe was first identified in a
genetic screen for genes involved in dorsal-ventral boundary formation during
Drosophila wing development (Irvine and Wieschaus, 1994). Three homologues have
been found in mammals: Lunatic fringe, Manic fringe and Radical fringe (Cohen et
al., 1997; Johnston et al., 1997). The addition of N-acetylglucosamines to O-fucose
on serines or threonines of the EGF-like repeats results in a potentiation of Deltamediated signaling, while Serrate/Jagged-mediated signaling is inhibited (Fleming et
al., 1997; Panin et al., 1997). These effects on ligand interactions are most likely a
consequence of direct interactions between ligands and carbohydrates or a steric
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hinderence of protein-protein interactions by the carbohydrates, since NMR-studies
reveal no major conformational changes with the addition of O-fucose (Kao et al.,
1999). While the ablation of Lunatic fringe results in mice which die perinatally with
fused somites and skeletal defects, mice lacking Radical fringe show no obvious
phenotype (Evrard et al., 1998; Zhang and Gridley, 1998; Moran et al., 1999; Zhang
et al., 2002).
In summary, transport of the newly synthesized receptor through the ER and
Golgi results in a glycosylated, bipartite, type I membrane-spanning receptor
presented at the cell surface. Ligands are similarly subject to modifications and
mechanisms of activation before being presented at the cell surface to activate
receptors.

ACTIVATING THE NOTCH LIGANDS
Drosophila mutants for the dynamin homologue shibire display a Notch-like
neurogenic phenotype, which gave the first indication that endocytosis is necessary
for Notch signaling (Chen et al., 1991; van der Bliek and Meyerowitz, 1991). The
requirement for shibire both in the signaling cell and in the receiving cell (Seugnet et
al., 1997) suggested a function for endocytosis in internalizing the receptor upon
ligand interaction. However, in shibire mutants, Delta and Serrate no longer localize
to internal vesicles, suggesting that endocytosis of ligands is important for activating
the Notch receptor. Additional evidence for the importance of endocytosis in Notch
signaling came from genetic screens in Drosophila and zebrafish, identifying a role
for epsin, mind bomb and neuralized in Notch signaling (Haddon et al., 1998). Epsin
is an adaptor protein which binds ubiquitylated cargo and promotes endocytosis,
while mind bomb and neuralized encodes two unrelated RING-finger like E3
ubiquitin ligases. Mind bomb and neuralized both interact with the IC domain of
Delta to promote its ubiquitylation and accumulation in endocytic vesicles (Deblandre
et al., 2001; Lai et al., 2001; Pavlopoulos et al., 2001; Yeh et al., 2001; Itoh et al.,
2003). Monoubiquitylation of ligand by mind bomb or neuralized results in
interaction with epsin and subsequent endocytosis. Several models have been
proposed to explain the role of endocytosis in Notch signaling, for an overview see Le
Borgne et al. (2005). The detection of the EC part of the Notch receptor in the
signaling cell led to the formulation of a model whereby endocytosis is needed for
ligand to pull the EC part of the receptor into the signaling cell (Klueg and
Muskavitch, 1999; Parks et al., 2000; Ahimou et al., 2004). Other models instead
propose a role for endocytosis in activating the ligands before interaction with
receptor, a mechanism whereby epsin-sorting would regulate activation of Notch
ligands (Wang and Struhl, 2004). Although ubiquitylation and endocytosis are clearly
required for Notch signaling, the exact function of the modifications are still under
debate. The early identification of a requirement for endocytosis not only in the
sending, but also in the signal receiving cell was recently shown to be true, as
endocytosis is required for ligand activated receptor to be processed.
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RECEPTOR-LIGAND INTERACTION
S1 processed and glycosylated Notch receptor is presented at the cell surface, ready to
make contact with ubiquitylation- and endocytosis-dependent ligand on neighbouring
cells. Upon ligand interaction the EC part of the Notch receptor is cleaved at Site 2
(S2) by TNF-α converting enzyme (TACE), a disintegrin and metalloprotease domain
(ADAM) protein (Brou et al., 2000). The DSL ligands are also processed by an
ADAM protein, ADAM17 or Kuzbanian, which cleaves off most of the EC domain
(Qi et al., 1999; Bland et al., 2003; LaVoie and Selkoe, 2003; Six et al., 2003). Some
controversy remains as to whether ligand processing is dependent on interaction with
receptor or whether this is a constitutive event. As a result of cleavage the EC
domains of receptors and ligands are shed, making the transmembrane proteins
substrates for the γ-secretase complex. Recently it has been shown how
monoubiquitylation and endocytosis of the S2 cleaved receptor are prerequisites for
processing by the γ-secretase complex (Gupta-Rossi et al., 2004).
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γ-SECRETASE CLEAVAGE (S3 CLEAVAGE)
Upon ligand-interaction the EC part of the receptor is shed, converting the Notch
receptor into a substrate for the γ-secretase complex. The γ-secretase complex,
composed of the presenilin, nicastrin, Aph-1 and Pen-2 proteins, cleaves the receptor
within the transmembrane domain, thereby releasing the IC part of the receptor.
Given the importance of γ-secretase activity for Notch signaling, we found it
to be of interest to analyse the two mammalian presenilin homologues and the distinct
γ-secretase complexes they form, with respect to Notch receptor processing, but also
regarding their role in Alzheimer´s disease. Furthermore, we wanted to investigate the
newly discovered Aph-1 proteins and their function in γ-secretase mediated
processing of the Notch receptor. In the following section I will describe the γsecretase activity and its importance during development, but also for
neurodegenerative disease.

REGULATED INTRAMEMBRANE PROTEOLYSIS (RIP)
During proteolysis proteins are split by hydrolysis of the peptide bonds. Hydrolysis
requires water and most proteases are found in an aqueous environment or anchored
to a membrane. The unusual phenomenon of processing of proteins within the lipid
bilayer was discovered only during the 1990s, but has since proven to be an important
mechanism involved in cell signaling and differentiation but also contributing to
disease (for an overview of the field see (Wolfe and Kopan, 2004)).
Regulated intramembrane proteolysis (RIP) was first discovered during
studies of the transcriptional regulation of cholesterol metabolism. To date four
protease families have been shown to catalyse intramembrane proteolysis: the site 2
protease (S2P) family (Rawson et al., 1997; Rudner et al., 1999), the presenilins
(Wolfe et al., 1999; Wolfe et al., 1999), the rhomboids (Urban et al., 2001) and the
signal-peptide peptidase (SPP) family (Weihofen et al., 2002). All families are
composed of polytopic membrane proteins, with their catalytic residues located in
different transmembrane domains (Rawson et al., 1997; Wolfe et al., 1999; Urban et
al., 2001; Weihofen et al., 2002). The occurence of a hydrolytic event in a
hydrophobic environment such as the lipid bilayer is probably relying on the topology
of the proteases. The multiple transmembrane domains, which are essential elements
of the intramembrane proteases, may provide a hydrophilic pocket to allow access to
the water needed for the hydrolysis. An alternative explanation would require a
transient contortion of the substrate transmembrane domain, which could stretch the
cleavage site out of the bilayer. As the name regulated intramembrane proteolysis
implies, the cleavage does not occur at random, but is a controlled event. For all but
the Rhomboids, a prior cleavage, removing the substrate protein EC domain, regulates
the subsequent RIP cleavage (Urban and Wolfe, 2005).
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CHARACTERIZATION OF THE γ-SECRETASE ACTIVITY
The γ-secretase activity shows some distinctive features. First, it is not executed by a
single protease, but consists of a complex composed of four proteins: presenilin (PS),
nicastrin, Aph-1 and Pen-2. Second, the γ-secretase complex is able to process a large
number of diverse substrates, among them the Notch receptor and ligands, as well as
the amyloid precursor protein (APP) involved in Alzheimer´s disease (AD). This
mutual interest in γ-secretase activity from the fields of neurodegenerative disease and
developmental biology led to the rapid identification and characterization of the
proteins involved in γ-secretase activity.
The γ-secretase activity first spurred interest because of its function in AD. A
correlation between mutations in PS and familial AD (FAD) pointed the scientific
community in the right direction in trying to find the elusive γ-secretase activity (St
George-Hyslop et al., 1992; Levy-Lahad et al., 1995; Rogaev et al., 1995;
Sherrington et al., 1995). Two observations provided critical evidence for PS being a
culprit in γ-secretase activity. First, knockout of the PS genes abolished the generation
of the amyloid β (Aβ) peptide, which results from γ-secretase cleavage of the APP
and is believed to be a major cause of AD (De Strooper et al., 1998). Second,
compounds that inhibit γ-secretase were shown to interact with PS and contain
moieties typical of aspartyl protease inhibitors (Li et al., 2000). This led to the
identification of two conserved aspartate residues in PS that are critical for γ-secretase
cleavage of APP (Wolfe et al., 1999). However, purification of the γ-secretase activity
revealed a complex of greater molecular weight than the PS protein, suggesting the
requirement for other proteins, in complex with PS, for proteolysis to occur (Capell et
al., 1998; Yu et al., 1998). A second component of the γ-secretase complex, nicastrin,
was identified in two independent screens using C. elegans to look for modifiers of
Notch and through a biochemical approach to search for PS-associated proteins,
respectively (Goutte et al., 2000; Yu et al., 2000). Genetic screens in C. elegans
added Aph-1 and Pen-2 to the complex (Francis et al., 2002; Goutte et al., 2002). All
four proteins (PS, nicastrin, Aph-1 and Pen-2) were shown to associate with each
other and with an immobilized γ-secretase inhibitor, confirming their presence in an
active γ-secretase complex.
While the four components PS, nicastrin, Aph-1 and Pen-2 were proven
necessary for γ-secretase activity, the question still remained as to whether these four
proteins together made up the γ-secretase complex or whether more components were
yet to be discovered. In yeast, which lacks endogenous γ-secretase activity, coexpression of the four components reconstituted γ-secretase activity (Edbauer et al.,
2003), indicating that these four are necessary and sufficient for complex formation.
Also, overexpression of all four proteins is needed to increase γ-secretase activity in
Drosophila and mammalian cells (Hu and Fortini, 2003; Kimberly et al., 2003).
Although these studies do not formally prove that the four proteins are the sole
components of the complex, as additional proteins could be present in yeast and in
non-limiting amounts in the cell types assayed, they strongly suggest that PS,
nicastrin, Aph-1 and Pen-2 are the required proteins for γ-secretase activity.
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PRESENILIN – ASPARTATES FOR PROTEOLYSIS
The first suggestions for a function of PS in Notch signaling came from the findings
in C. elegans that the PS homolog sel-12 potentiates signaling by LIN-12 and GLP-1
and that a sel-12 mutant could be rescued by the expression of human PS1 (Levitan
and Greenwald, 1995; Levitan et al., 1996; Baumeister et al., 1997). PSs are
phylogenetically ancient and well-conserved across diverse eukaryote species such as
plants, molluscs, insects, fish, birds and mammals (Levitan and Greenwald, 1995;
Boulianne et al., 1997; Hong and Koo, 1997; Tsujimura et al., 1997; Calenda et al.,
1998; Theologis et al., 2000). PS contains ten hydrophobic domains, eight of which
have been believed to be transmembrane domains (Doan et al., 1996; Li and
Greenwald, 1996; De Strooper et al., 1997). However, other models proposing seven
(Dewji et al., 2004) or nine (Laudon et al., 2005) transmembrane domains have been
put forward.
PS carries the enzymatic activity of the complex in two aspartate residues in
transmembrane domains six and seven, Asp257 and Asp385, respectively (Wolfe et
al., 1999). By searching databases, using a conserved motif surrounding the active
aspartic residue, Steiner and colleagues found striking homology with polytopic
aspartyl proteases of bacterial origin (Steiner et al., 2000). This extensive family of
membrane-bound proteins, Type 4 Prepilin Peptidases (TFPP), cleaves leader
peptides off secreted proteins (LaPointe and Taylor, 2000).
PS is expressed as a precursor protein, which subsequently undergoes
endoproteolysis to generate the N- and C-terminal fragments (NTF and CTF)
(Thinakaran et al., 1996; Kim et al., 1997; Podlisny et al., 1997; Tomita et al., 1997).
Endoproteolysis occurs within the large cytoplasmic loop connecting transmembrane
domain 6 and 7, between amino acid residues Thr291 and Ala299 (Podlisny et al.,
1997) and is dependent on Asp257 and Asp385 (Wolfe et al., 1999; Laudon et al.,
2004). After endoproteolysis the resulting NTFs and CTFs are held together by noncovalent forces and are both found in the active γ-secretase complex (Seeger et al.,
1997; Capell et al., 1998; Thinakaran et al., 1998). The mechanisms and the relevance
of PS endoproteolysis for γ-secretase activity will be described in the section on
assembly of the γ-secretase complex.
PRESENILIN 1 AND 2 – SIMILARITIES AND DIFFERENCES
In mammals there are two PS homologues, PS1 and PS2 (Rogaev et al., 1995;
Sherrington et al., 1995). The two proteins are highly homologous, with an amino
acid identity of 63%, reaching 95% in some of the transmembrane domains (see
Figure 4). The most notable difference is in the N terminus of the proteins.
PS1 is transcribed throughout the human brain, with high expression in the
corpus callosum (Sherrington et al., 1995; Lee et al., 1996; Berezovska et al., 1997).
PS2 is also present in the human brain, albeit at relatively low levels, except for a high
expression in hippocampus (Rogaev et al., 1995; Lee et al., 1996). Furthermore, PS1
mRNA was found to be expressed at significantly higher levels in developing brain
(Lee et al., 1996). Detailed analysis showed a predominant localization of PS1
transcripts to neuronal populations, most notably to neurons of the hippocampus and
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cerebral cortex, which are particularly affected in AD. In contrast, white matter areas
and endothelial cells do not appear to express PS1 at detectable levels (Cribbs et al.,
1996; Kovacs et al., 1996; Lee et al., 1996; Suzuki et al., 1996).
Immunohistochemical analysis of PS2 expression in the mouse brain showed similar
preference for neuronal bodies and an almost identical regional distribution pattern to
that of PS1 (Blanchard et al., 1997). PS2 is also highly expressed in some peripheral
tissues, such as pancreas, heart and skeletal muscle (Rogaev et al., 1995).

Figure 4. Presenilin1 and 2 are highly homologous. Asterisks denote identical amino acids.
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Although the two PS genes have been shown to be expressed in the same cells,
they form unique complexes. No γ-secretase complex has been found containing PS
fragments originating from both PS1 and PS2 (Saura et al., 1999). Despite the
structural similarity and similar expression patterns, there are indications that the two
genes may have evolved to carry out distinct functions to some extent. First, the
results of ablating the respective genes are strikingly different. The PS1 null mice die
perinatally with severe skeletal deformities, a markedly thinner ventricular zone in the
CNS, indicating an impairment in neurogenesis, and bilateral cerebral cavitation
caused by massive neuronal loss (Shen et al., 1997). PS2 null mice on the other hand
are viable and show only a mild pulmonary phenotype (Herreman et al., 1999).
Crossing of the PS2 null mice with PS1 heterozygotes results in mice whith no overt
phenotype, while a complete deletion of both PS1 and PS2 genes causes a phenotype
closely resembling full Notch1 deficiency (Donoviel et al., 1999; Herreman et al.,
1999). The second indication for a divergence in function for PS1 and 2 comes from
patients suffering from AD. The mutation spectrum in FAD for the two proteins is
quite different. At least 138 mutations associated with FAD have been found in PS1,
while only ten have been reported for PS2 (for an updated report on FAD-associated
PS-mutations see: http://www.alzforum.org/res/com/mut/pre/). A recent report, using
complementation studies in transgenic mice, claims that wild-type PS2 is not able to
produce either Aβ40 or Aβ42. Only FAD-associated mutations of PS2 show robust
production of Aβ42. Furthermore, wild-type PS2 transgenes failed to rescue Notchassociated skeletal defects in PS1 hypomorphs, while FAD alleles of PS2 had gained
such a competence (Mastrangelo et al., 2005). Third, one study state that the degree of
maturation and stability of nicastrin in mammalian brain is differentially affected by
the two homologues (Chen et al., 2003).
In Paper I we compare the two PS homologues and the γ-secretase complexes
they form, to elucidate whether the two genes have evolved to carry out distinct
functions. We focus on the key steps in complex assembly, i.e. endoproteolysis,
maturation and association of the proteins involved in γ-secretase activity. We also
investigate the γ-secretase activity of the two homologs on two substrates, the Notch
receptor and the APP molecule. I will describe and discuss our findings from
comparing the two mammalian homologs in the last part of the thesis.

NICASTRIN –THE SUBSTRATE RECEPTOR OF THE COMPLEX
The tight regulation of γ-secretase activity implicated the need for partners of PS to
stabilize and activate a γ-secretase complex. At the turn of the millenium two groups
identified nicastrin as a component of the γ-secretase activity. Goutte et al. found the
protein in a C. elegans screen for maternal-effect mutants which have phenotypes
resembling those of mutations in glp-1 and named it aph-2 (Goutte et al., 2000). Yu
and colleagues identified nicastrin using antibodies against PS to coimmunoprecipitate associated proteins (Yu et al., 2000). The name nicastrin reflects
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the fact that research on FAD began with the description of the disease in descendants
of an affected family originating in the italian village Nicastro (Feldman, 1963).
Nicastrin is a type I transmembrane protein, composed of a large EC domain,
containing motifs for glycosylation, N-myristoylation and phosphorylation, a
transmembrane domain and a short IC domain (Yu et al., 2000). EndoH-treatment
established glycosylation as part of the maturation process of nicastrin (Yu et al.,
2000). Treating C. elegans with RNAi against nicastrin confirmed a role in the γsecretase complex, as reduction of nicastrin levels resulted in dead embryos lacking
anterior pharynx, a phenotype identical to that of embryos with reduced activity of
notch/glp-1 or simultaneous reduction of sel-12 and hop-1 (the PS homologues of C.
elegans). Nicastrin was also shown to co-immunoprecipitate with APP, and a role for
nicastrin in modulating γ-secretase cleavage of APP was established using different
mutants of nicastrin (Yu et al., 2000). Later, also membrane-tethered Notch was
shown to co-immunoprecipitate with nicastrin (Chen et al., 2001). Isolation and
characterization of Drosophila nicastrin mutants, and cell lines derived from mutants,
confirmed the role of nicastrin in γ-secretase processing of the Notch receptor (Chung
and Struhl, 2001; Hu et al., 2002; Lopez-Schier and St Johnston, 2002). Nicastrin was
recently shown to function by recognizing the new amino terminus that is generated
on substrates through a cleavage occuring prior to γ-secretase processing, e.g. S2
cleavage of the Notch receptor. The EC domain of nicastrin binds the new substrate
end, thereby recruiting the substrate into the γ-secretase complex (Shah et al., 2005).
Alternative interpretations suggest that a regulated proteolytic cleavage of the already
γ-secretase bound substrate allows for translocation of the substrate into the active site
(Berezovska et al., 2003).
Transgenic mice lacking nicastrin die by embryonic day 10.5, exhibiting
several patterning defects, including abnormal somite segmentation, phenotypes
resembling those of embryos lacking Notch1 or both PSs (Li et al., 2003). In
fibroblasts derived from mice lacking nicastrin no Aβ secretion can be detected, Cterminal fragments of APP accumulate and the γ-secretase complex is destabilized (Li
et al., 2003).

APH-1
Aph-1 was found in a C. elegans screen and named after its phenotypic appearance,
i.e. lacking the anterior pharynx (Goutte et al., 2002). This phenotype is also seen in
mutants defective in glp-1, lag-1, aph-2, sel-12 or hop-1, implicating a function for
aph-1 in Notch signaling. Aph-1 was also identified in another C. elegans screen
specifically designed for finding genes interacting with PS, where Aph-1 was shown
to act at or upstream of the PS-dependent S3-cleavage of the Notch receptor (Francis
et al., 2002). Two homologs exist in humans, Aph-1a, which gives rise to a short and
a long isoform; Aph-1aS and Aph-1aL, respectively, due to differential splicing, and
Aph-1b. A rodent-specific gene duplication have resulted in three genes in mice, Aph1a, -1b and -1c. Aph-1b and –1c are highly identical (95%), while the amino acid
identity with Aph-1a is 56%.
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Our aim for Paper II was to characterize the role of Aph-1 in γ-secretase
activity, with special emphasis on the processing of the Notch receptor. When we
started our investigation only the genetic link to Notch signaling was identified
through the C. elegans screen (Goutte et al., 2002). In later parts of the thesis I will
describe our contribution to the knowledge of mammalian Aph-1 and its role in the
Notch signaling pathway.
Aph-1 proteins are largely hydrophobic, with seven predicted membrane
spanning domains. In an attempt to establish the topology and orientation of the Aph1 protein, Fortna and colleagues made use of tagged constructs and different
permeabilization conditions, as well as glycosylation site insertion mutagenesis. By
adding a V5-tag to the C-terminal part of the protein and applying different
permeabilizing reagents before adding antibody, immunofluorescence microscopy
revealed how the C-terminal domain of Aph-1 faces the cytosol (Fortna et al., 2004).
Introduction of an N-linked glycosylation tag will establish whether a particular
domain is found in the cytosol or the ER lumen, as N-linked glycosylation occurs
only within the ER lumen (Nilsson et al., 1998). Although troubled by the short
hydrophilic loops connecting the transmembrane domains, Fortna and colleagues
concluded that the Aph-1 protein folds into a structure similar to seven
transmembrane receptors, with the N-terminal part facing the lumen, whereas the Cterminal part is found in the cytosol (Fortna et al., 2004).
All human Aph-1 proteins co-immunoprecipitate with the other components of
the γ-secretase complex and by reducing the protein levels of Aph-1 a decreased Aβ
secretion and γ-secretase activity are observed (Lee et al., 2002; Gu et al., 2003;
Kimberly et al., 2003; Shirotani et al., 2004; Ma, 2005; Niimura et al., 2005; Serneels
et al., 2005). Like the other components of the γ-secretase complex, Aph-1 was shown
to localize mainly to the ER and Golgi (Gu et al., 2003; Niimura et al., 2005).
Although three Aph-1 proteins exist in mice, they form distinct complexes,
like PS1 and PS2 (Shirotani et al., 2004), but see also (Gu et al., 2003). Similar to
PS1 and PS2, Aph-1 proteins are not fully redundant, as knockout of one of the genes
does not lead to any compensatory up-regulation of the others (Serneels et al., 2005).
While Aph-1a knockout mice die at E10.5 with a phenotype resembling that of PS1 or
nicastrin knockouts, Aph-1b and –1c exhibit a normal phenotype. Aph-1a deficient
mice are smaller already by day E9.5, fail to develop an organized vascular system in
the yolk sac, display neural tube ”kinking” and a retarded growth of the
telencephalon. However, the defects in somite patterning are less severe than those of
mice lacking PS or nicastrin, implicating some contribution of γ-secretase activity
from the remaining Aph-1 genes (Ma, 2005; Serneels et al., 2005). Overexpression of
Aph-1b or –1c in cells derived from Aph-1a deficient mice also rescues maturation of
PS and nicastrin, complex assembly and γ-secretase activity (Ma, 2005).
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PEN-2
Pen-2 was identified in a C. elegans screen for genes enhancing the PS phenotype
(Francis et al., 2002). Expression of a GFP-fusion of the protein revealed a
widespread expression throughout most somatic tissues of the nematode, with a
strong perinuclear localization, indicative of ER and Golgi expression. Decreasing the
Pen-2 levels by RNAi resulted in decreased γ-secretase activity, as measured by Aβ
secretion and reporter gene assays (Francis et al., 2002). A number of articles report
how Pen-2 interacts with the other members of the γ-secretase complex and how
knockdown of Pen-2 levels results in impaired complex formation and γ-secretase
activity (Francis et al., 2002; Kimberly et al., 2003; Luo et al., 2003; Bergman et al.,
2004).
Pen-2 is predicted to contain two membrane-spanning domains. In agreement
with this, the protein is only detected in membrane-enriched fractions, and subcellular
fractionation reveals a preference for ER and Golgi membranes (Luo et al., 2003;
Bergman et al., 2004). In order to establish the orientation of the predicted hairpin
topology, Bergman et al. employed an N-glycosylation scanning procedure. This
assay revealed how the N- and C-terminal parts of the protein are located in the ER
lumen, while the loop faces the cytosol (Bergman et al., 2004; Crystal et al., 2004).

THE γ-SECRETASE COMPLEX –
ASSEMBLY AND SUBCELLULAR LOCALIZATION
Assembly and maturation of the complex are tightly regulated processes that take
place during transport through the ER and Golgi apparatus. For a schematic depiction
of the current view on complex assembly refer to Figure 5.
Aph-1 proteins have been shown to interact with immature nicastrin,
suggesting that these components form a subcomplex early during assembly (Hu and
Fortini, 2003; LaVoie et al., 2003). Using chimeric nicastrin proteins, combining
nicastrin from C. elegans and human, Morais and colleagues showed how the
transmembrane domain of nicastrin mediate interaction with Aph-1 (Morais et al.,
2003). Lack of Aph-1 protein results in ER-retention of the aph-2/nicastrin protein
(Goutte et al., 2002).
After the initial complex of Aph-1 and nicastrin is formed, PS holoprotein is
added, and thus stabilized (Luo et al., 2003). Decreased Aph-1 expression results in a
decrease in PS levels (Francis et al., 2002), whereas overexpression of Aph-1
stabilizes PS holoprotein (Takasugi et al., 2003). One study on the effects of loss of
nicastrin expression reports a complete loss of both endogenous and transfected PS in
cells derived from D. melanogaster (S2 cells), with no corresponding change in PS
mRNA levels (Hu et al., 2002). Others observe a significant accumulation of fulllength PS1 in the ER of nicastrin-deficient cells (Chung and Struhl, 2001; LopezSchier and St Johnston, 2002; Zhang et al., 2005). The current hypothesis would
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suggest that PS holoprotein physically interacts with Aph-1, which in turn is
stabilized by the interaction with nicastrin.
Full length PS protein is rarely observed in cells, only upon overexpression
can significant amounts of holoprotein be visualized. On the other hand,
overexpression of PS results in very little, if any, increase in the amount of the
proteolytic fragments (Thinakaran et al., 1996). The levels of Aph-1 and nicastrin,
which are needed to stabilize PS and promote endoproteolysis, restrict the amount of
PS holoprotein that can be stabilized and endoproteolysed. Subsequently,
overexpression of PS results in accumulation of holoprotein due to a continuous
production of protein and saturation of the degradation system, but does not increase
the levels of PS undergoing endoproteolysis. In support of this Thinakaran and
colleagues also found that overexpression of human PS in transgenic mice results in
replacement of the endogenous mouse PS fragments by the proteolytic products of the
human protein (Thinakaran et al., 1996).
Although endoproteolysis is a key step in the formation of an active γsecretase complex, the mechanisms underlying the generation of the NTFs and CTFs
are largely unknown. Several studies have stressed the importance of the C terminus
of PS for stabilization and endoproteolysis (Tomita et al., 1999; Bergman et al.,
2004). Also the first proline (Pro414) of the PALP motif found at the C terminus of
PS has been implicated in stabilization and complex formation (Tomita et al., 2001).
A PS molecule lacking the most C-terminal amino acids is expressed as a holoprotein
but will not undergo endoproteolysis. The defective PS molecule is still capable of
intramolecular interactions between the NTFs and CTFs, but has lost the ability to
interact with nicastrin and aph-1 (Bergman et al., 2004). Co-expression of an artificial
free C-terminal fragment together with the defective PS molecule is able to rescue
endoproteolysis (Laudon et al., 2004), implicating that the intramolecular interactions
can be mimicked by a CTF provided as a separate molecule. However, co-expression
of PS holoproteins does not result in endoproteolysis occuring in trans, as wild-type
and FAD-mutated PS molecules do not form mixed complexes (Levitan et al., 2001).
In nature endoproteolysis is a crucial step in forming the active γ-secretase complex.
However, mutants lacking exon 9, corresponding to the large cytoplasmic loop, fail to
undergo endoproteolysis, but are still stabilized and display γ-secretase activity
(Perez-Tur et al., 1995; Levitan et al., 1996; Thinakaran et al., 1996; Baumeister et
al., 1997; Ratovitski et al., 1997). This finding suggests that the endoproteolytic
process is not necessary per se, but is a means of changing the conformation of PS to
allow activation of the γ-secretase complex. In line with this, γ-secretase activity can
be restored by the artificial co-expression of PS N- and C terminal fragments (Levitan
et al., 2001; Laudon et al., 2004).
The subsequent addition of Pen-2 to the Aph-1-nicastrin-holoPS complex is
necessary for endoproteolysis to occur, and for the stabilization of the resulting PS
fragments (Luo et al., 2003; Takasugi et al., 2003). Knockdown of Pen-2 levels using
RNAi not only decreases PS endoproteolysis but leads to an accumulation of full
length PS (Francis et al., 2002; Luo et al., 2003; Takasugi et al., 2003). This
stabilization of PS holoprotein is dependent on Aph-1, since simultaneous downregulation of Pen-2 and Aph-1 results in rapid degradation of full length PS (Luo et
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al., 2003). A common feature of Aph-1 proteins across species is the GXXXG motif
found in transmembrane domain number four. Such a motif is a major determinant in
transmembrane helix-helix protein interactions found in for example aquaporin-1 and
ErbB-4. This motif is crucial for the interaction of Aph-1 with PS and Pen-2, but not
for the interaction with nicastrin (Lee et al., 2004; Niimura et al., 2005). Mutating any
of the glycine residues to bulkier, hydrophilic or large aliphatic residues renders the
Aph-1 protein incapable of forming functional γ-secretase complexes. In keeping with
this, mutant proteins are more rapidly degraded and decrease steady-state levels and
stability of nicastrin (Niimura et al., 2005).
Using cells stably transfected with constructs for knockdown of endogenous
Pen-2 expression, Prokop et al. analysed the effects of mutant Pen-2 variants on γsecretase activity. They conclude that the C terminus of Pen-2 is critical for
stabilization of the endoproteolytically derived PS fragments (Prokop et al., 2004).
Hasegawa and colleagues further showed how a conserved motif, DYLSF (amino
acids 90-94) of Pen-2, as well as the accurate length of the C terminus, is important
for the assembly and activity of the γ-secretase complex. Extensions or deletions of
the C-terminal part abolish the function of Pen-2 in assembly and maturation of the
complex (Hasegawa et al., 2004). Interaction of the Pen-2 protein with PS, and thus
promotion of endoproteolysis and γ-secretase activity is also strictly dependent on a
sequence within the proximal two-thirds of transmembrane domain 1 of Pen-2 (Kim
and Sisodia, 2005).
Pen-2 in turn is dependent on PS for stabilization, in cells derived from mice
lacking endogenous PS, Pen-2 levels are significantly lowered (Luo et al., 2003;
Bergman et al., 2004; Crystal et al., 2004). While the half-life of Pen-2 in cells
lacking PS is less than thirty minutes, co-expression of PS1 leads to a significant
stabilization of Pen-2 protein. Pen-2 mRNA levels are not affected by the absence or
presence of PS, indicating that the stabilization appear at the protein level (Crystal et
al., 2004). In line with this, treatment with proteasome inhibitor leads to the
accumulation of Pen-2 protein (Bergman et al., 2004; Crystal et al., 2004). Upon
inhibition of the proteasome ubiquitylated Pen-2 could be detected, indicating that
Pen-2 protein that is not interacting with PS is targeted for degradation by the
proteasome (Bergman et al., 2004). According to the predicted topology of the
transmembrane Pen-2 protein, only one lysine residue is found in the cytosolic loop,
and thus accessible for ubiquitylation. However, while Pen-2 protein mutant for this
lysine has an increased half-life, it still retains the ability to become ubiquitylated
(Bergman et al., 2004). This implies that other lysine residues, normally found in the
ER lumen, are ubiquitylated, suggesting that Pen-2, retained in the ER in the absence
of PS must be released to the cytoplasm prior to ubiquitylation and subsequent
proteasomal degradation.
For maturation of nicastrin to occur, i.e. glycosylation and conformational
changes, the complex needs to be transported through ER and Golgi, a process which
is strictly PS-dependent (Edbauer et al., 2002; Leem et al., 2002). Like PS, simple
overexpression of nicastrin does not result in increased γ-secretase activity, but
instead in accumulation of large amounts of the immature protein (Kimberly et al.,
2002; Yang et al., 2002). Although glycosylation of nicastrin is a key step in complex
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assembly in vivo, it is not an absolute
requirement
for
γ-secretase
activity.
Inhibition of complex glycosylation of
nicastrin using mannosidase I inhibitors did
not result in inhibition of cleavage of APP or
Notch and the immature nicastrin still
associates with PS and appears at the cell
surface.
However,
the PS-dependent
trafficking of nicastrin through the Golgi
apparatus is necessary for γ-secretase
activity, a step which is accompanied by
glycosylation of nicastrin in vivo (Herreman
et al., 2003). Later it was shown how
nicastrin undergoes a major conformational
change during assembly of the γ-secretase
complex. This change involves the entire
ectodomain, but is not dependent on the
complex glycosylation, as inhibition of
mannosidase I by kifunensine treatment
could not abolish the trypsin-resistant
conformational change. However, PS is
strictly required for the change to occur
(Shirotani et al., 2003).
In summary, Aph-1 and nicastrin
form a subcomplex in the ER, which
stabilizes PS holoprotein. Pen-2 is necessary
for endoproteolysis of PS, as well as
stabilization of the resulting PS fragments.
Glycosylation and conformational changes of
nicastrin occur as the complex proceeds
through ER and Golgi, a transport which
requires the presence of all four proteins.
However, the four proteins not only act as
chaperones for the complex to mature, but
are all present in the active complex as it
executes cleavage (Seeger et al., 1997;
Capell et al., 1998; Thinakaran et al., 1998;
Yu et al., 2000; Chen et al., 2001; Francis et
al., 2002; Lee et al., 2002; Kimberly et al.,
2003; Luo et al., 2003), see also results from
Paper II.

Figure 5. Assembly of the γ-secretase complex.
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The stochiometry of the components of the complex still remains an open
issue, where differentially tagged constructs, blue native gels and immobilized
inhibitors have been used in trying to resolve the issue (Gu et al., 2003; Shirotani et
al., 2004; Evin et al., 2005). Also, there are a number of reports claiming that the γsecretase complex does not execute cleavage as a monomer, but two complexes act in
concert to mediate cleavage (Cervantes et al., 2001; Schroeter et al., 2003; Cervantes
et al., 2004; Evin et al., 2005). However, some controversy remains as to whether
dimerization of complexes is actually occuring in vivo.
When the components of the γ-secretase complex were first identified and
described, immunocytochemistry, electron microscopy and density gradient
fractionation revealed primarily ER and Golgi localization (Kovacs et al., 1996;
Walter et al., 1996; De Strooper et al., 1997; Lah et al., 1997; Xia et al., 1998; Zhang
et al., 1998; Greenfield et al., 1999; Kim et al., 2000; Cupers et al., 2001). These
findings were hard to reconcile with the fact that cleavage of APP was believed to
take place in the endosomal/lysosomal system (Sisodia and St George-Hyslop, 2002),
and that processing of the Notch receptor occurs after ligand interaction at the plasma
membrane. Refining the techniques have advanced our knowledge of the location of
the γ-secretase complex, of which only a minor fraction is in the active, mature form,
and the components have been detected at the plasma membrane (Chyung et al.,
2005), in lysosomal membranes (Pasternak et al., 2003), in membranes of the
mitochondria (Hansson et al., 2004) and associated with lipid rafts (Vetrivel et al.,
2004).

SUBSTRATES FOR THE γ-SECRETASE COMPLEX
The γ-secretase complex mediates intramembrane proteolysis of a ligand-activated
Notch receptor (De Strooper et al., 1999; Struhl and Greenwald, 1999). But also the
Notch ligands Jagged and Delta (LaVoie and Selkoe, 2003), the growth-factordependent receptor tyrosine kinase ErbB4 (Ni et al., 2001; Lee et al., 2002), cell
adhesion molecules E-cadherin (Marambaud et al., 2002), N-cadherin (Marambaud et
al., 2003) and CD44 (Okamoto et al., 2001), the tyrosine kinase receptor CSF1
(Wilhelmsen and van der Geer, 2004), the Netrin-1 receptor DCC (Taniguchi et al.,
2003), the endocytic receptor LRP (Kinoshita et al., 2003), Nectin-1α involved in
adherens-junction formation (Kim et al., 2002), the neurotrophin co-receptor p75
(Jung et al., 2003), the cell-surface proteoglycan co-receptor Syndecan-3 (Schulz et
al., 2003), the β-amyloid precursor protein (APP) (Gu et al., 2001) and the similar
proteins APLP1 and 2 (Walsh et al., 2003) are processed by the γ-secretase complex
(for an overview of substrates and their function see (Kopan and Ilagan, 2004)).
Although the list of substrates currently encompasses more than 15 type I membranespanning proteins no common motif, recognizing them as substrates, has been
identified. Instead a hallmark for being a substrate for the γ-secretase complex seems
to be the length of the EC part of the protein. Cleavage by the complex is always the
second or third step in a series of processing events, where an EC domain shorter than
30 amino acid residues identifies the protein as a substrate for cleavage (Struhl and
Adachi, 2000).
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γ-Secretase processing of Notch receptors and ligands
Access by γ-secretase activity to the Notch receptor is controlled by two earlier
cleavage events, S1 cleavage, occuring during transport through ER and Golgi and S2
cleavage, as a consequence of ligand interaction (see Figure 2). Upon γ-secretase
cleavage the IC part of the Notch receptor is released from the lipid bilayers and is
free to activate transcription of target genes, thereby conveying the signal from the
plasma membrane to the nucleus.
In analogy to the receptor, the Notch ligands Delta and Serrate/Jagged are
sequentially processed. The first cleavage, close to the transmembrane domain on the
EC side, is mediated by the ADAM protein Kuzbanian (Qi et al., 1999). Cleavage by
Kuzbanian results in shedding of much of the EC part of the ligand, leaving it a
substrate for the γ-secretase complex (Bland et al., 2003; Ikeuchi and Sisodia, 2003;
LaVoie and Selkoe, 2003; Six et al., 2003). Some controversy remains as to whether
this cleavage is constitutive or whether it is actually stimulated by interaction with the
Notch receptor (see Six et al. (2003) compared to LaVoie and Selkoe (2003)).

APP-processing and Alzheimer´s disease
APP, which is also a type I membrane-spanning protein, is sequentially processed
along either of two different pathways. In a first processing step APP can be cleaved
either by the α-secretase (ADAM10 or ADAM17/ TNF-alfa converting enzyme) or
the β-secretase (BACE1 or 2), leaving a shorter or a longer EC domain, respectively
(Buxbaum et al., 1998; Hussain et al., 1999; Lammich et al., 1999; Sinha et al., 1999;
Vassar et al., 1999; Yan et al., 1999; Lin et al., 2000). After the initial shedding of
large parts of the EC domain, γ-secretase activity separates the p3 molecule or the Aβ
peptide (depending on the earlier cleavage site) from the IC domain. Because of the
loose sequence specificity of the γ-secretase complex, the Aβ peptides vary in length
between 38 and 43 amino acids. The longer forms of the peptide (42-43 aa) are very
prone to aggregate (Burdick et al., 1992; Jarrett et al., 1993), and represents the major
component of the senile plaques found in the brains of Alzheimer´s patients (Iwatsubo
et al., 1994; Lemere et al., 1996). A shift towards generating the longer forms of the
Aβ peptide has been correlated both to mutations in APP itself (Chartier-Harlin et al.,
1991; Goate et al., 1991), but also to mutations in presenilin (St George-Hyslop et al.,
1992; Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995).
The senile plaques and the neurofibrillary tangles associated with AD result in
a loss of neurons in the cortex, hippocampus and basal forebrain causing progressive
dementia and death. AD is the most common neurodegenerative disorder, with an
estimated 15 million people worldwide suffering from the disease. The field of RIP is
advancing rapidly in a race towards finding a cure for one of the disorders of modern
times, affecting more and more people as we grow older and older.
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Inhibition of γ-secretase activity
A number of disorders and cancers are caused by dysregulated Notch signaling,
making the γ-secretase complex a putative target for therapeutic intervention. One
way of treating most cases of T-ALL for example, could be to inhibit the γ-secretase
complex, thereby inhibiting the generation of Notch signal to the cells. Similarly, in
AD the progressive degeneration of neurons, caused by aggregation of Aβ peptides,
could be inhibited by blocking γ-secretase cleavage of βAPP. However, due to the
numerous substrates of the γ-secretase complex, and their crucial functions in
different organs, the effects of a complete block of γ-secretase activity are hard to
predict. What would be the consequences of blocking Notch signaling in the adult
organism?
In a study on the long-term effects of pharmacologically blocking γ-secretase
activity in mice, marked effects on lymphocyte development and on the intestine were
observed, when administering doses blocking the generation of Aβ peptides (Wong et
al., 2004). A subsequent study showed how proliferative crypt cells of the intestine
are rapidly converted into post-mitotic goblet cells upon γ-secretase inhibition (van Es
et al., 2005). One consequence of blocking γ-secretase activity, and thereby Notch
signaling, would thus be the inhibition of regeneration of the epithelium of the small
intestine, an organ which is constantly and rapidly renewed. This represents of course
a major obstacle when considering γ-secretase inhibitors for the treatment of AD. On
the other hand, it was shown how also adenocarcinomas were induced to differentiate
upon administration of γ-secretase inhibitor (van Es et al., 2005). Blockage of Notch
signal in cancer cells could thus prove an effective way of treating tumors displaying
dysregulated Notch signal.
Similarly, while the effects of γ-secretase inhibitors on lymphocyte
development are undesirable when considering treatment of AD, this could represent
a therapeutic way of treating T-ALL cancers caused by mutations in Notch1.
In summary, γ-secretase inhibitors could be useful both for treating cancers
caused by increased Notch activity and for the treatment of AD. The problem
however, lies in finding a way of restricting the inhibition to a specific site (i.e. the
cancer cells) or to a select substrate (i.e. APP).
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TRANSCRIPTIONAL ACTIVATION
Once the Notch receptor is cleaved by the γ-secretase complex the IC part is released
from the cell membrane, translocates to the nucleus and complexes with a number of
proteins on the promoters of target genes to control transcription.
Notch1 and Notch3 receptors have been shown to exhibit somewhat different
properties in some cellular contexts; while Notch1 is a potent activator of typical
Notch regulated genes, Notch3 is a very poor activator in the same context. In our
studies we wanted to further investigate the differences between Notch1 and Notch3
receptors in terms of mediating the intracellular response.
A number of proteins are required for the receptor to be able to interact with
the promoters of target genes, to open up the chromatin and to activate transcription.
The second aim of our studies on Notch-mediated activation of transcription was to
establish the components necessary for activating transcription of target genes.
In the next section I will describe the functional parts of the Notch IC domain,
the characteristics of the proteins involved in regulating Notch-mediated transcription,
Notch target genes and the termination of Notch signal.

THE ACTIVATED NOTCH RECEPTOR
The IC part of the receptor constitutes the active form of the receptor. In line with
this, expression of only the IC part of the receptor results in constitutive Notch
activity (Rebay et al., 1993; Struhl et al., 1993), and similarly, a membrane-tethered
version of the receptor, mimicking a receptor which has undergone S2 cleavage, is
constitutively cleaved by the γ-secretase complex and translocates to the nucleus to
activate transcription (Lieber et al., 1993; Kopan et al., 1996). Unlike many other
signaling pathways, the Notch signal is not amplified as the signal progresses from
the plasma membrane to the nucleus and target genes. While many other pathways
use signaling cascades such as phosphorylation of numerous target proteins or
calcium release as means of amplifying the signal, the Notch receptor itself conveys
the signal, in a linear fashion, from the plasma membrane to the nucleus. However,
the receptor is still dependent on a number of associating proteins to activate
transcription, ensuring the influence of cell specific co-activators and modifiers on the
signal.
With the existence of four Notch receptors in mammals the question arises
whether all four function in the same way. From studies on gene duplication we learn
that duplicated genes that are kept in the genome have accumulated mutations to
acquire complementary functions, where only the combination of the two fulfill the
same function as the original gene (Prince and Pickett, 2002). This complementarity
may arise from mutations in the regulatory region, giving rise to complementary
spatiotemporal expression patterns, or in the coding region, affecting the protein such
that either protein can only mediate parts of the functions of the original protein.
Although the IC parts of the receptors Notch1 and 3 are relatively similar (21-72%
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amino acid identity in the different functional domains) a number of findings suggest
a divergence in function between the Notch1 and Notch3 receptor. First, the effects of
ablating the two genes are strikingly different, while Notch1 deficient mice die around
day E10 from vascular defects (Swiatek et al., 1994; Conlon et al., 1995), mice
lacking Notch3 survive into adulthood, with only minor defects in distal arteries and a
defective arterial myogenic response (Krebs et al., 2003; Domenga et al., 2004;
Kitamoto et al., 2005). Second, in T cell development, Th-1 fate is promoted by
activation of the Notch3 receptor, while Th-2 fate is induced by active Notch1
receptor (Anastasi et al., 2003; Maekawa et al., 2003; Benson et al., 2005). Beatus
and colleagues demonstrated in vitro and in vivo, how the IC form of Notch3 is a poor
activator of typical Notch target genes, and even acts to repress Notch1 mediated
transcription when the two receptors are activated in the same cell (Beatus et al.,
1999). As a consequence of repression of Notch1 mediated transcription, expression
of Notch3 IC in the developing CNS results in reduced HES5 expression, whereas
expression in progenitor cells of the developing pancreas results in decreased levels of
HES1 expression and a precocious differentiation of endocrine cells (Apelqvist et al.,
1999; Beatus et al., 1999). Mice overexpressing activated Notch1 receptor in the
developing pancreas on the other hand, display a reduced number of endocrine cells
and overall attenuated development of the pancreas (Hald et al., 2003). In Paper III
we further explored these differences in function between Notch1 and Notch3
receptors. By the use of deletion constructs and chimeric constructs composed of parts
of Notch receptor 1 and 3 we established the role of the different domains of the IC
part of the receptor in transcriptional activation. The results of this study will be
described in the chapter on the present investigation.
All Notch ICs need to recruit a number of accessory proteins in order to
activate transcription. First of all, a DNA-binding protein is required for the receptor
to make contact with the promoter of target genes. Second, the chromatin
environment surrounding the promoter needs to be modified to make the DNA more
accessible for the transcription machinery. Third, a strong transcriptional activator is
required. As pointed out earlier, these are all common principles utilized by signaling
pathways to ensure that target genes are only transcribed upon active signaling, and
that the ability to activate a certain target gene is influenced by cell specific coactivators. The IC part of the Notch receptor is composed of several modular
domains, characterized largely by their interactions with the proteins required to
activate transcription, for a schematic depiction of the IC domain of the receptor see
Figure 3.
The RAM-domain – DNA-binding via CSL-interaction
The RAM (RBP-Jκ associated molecule) domain (Tamura et al., 1995) is located at
the cytosolic side, between the transmembrane domain and the first ankyrin repeat.
This domain shows no sequence similarity with other known protein domains,
appears to be structurally flexible (Nam et al., 2003), and is largely characterized by
its interaction with the CSL protein (Tamura et al., 1995; Roehl et al., 1996). The
CSL protein plays a major role in Notch signaling, mediating the DNA interaction,
and will be described in detail later.
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The Ankyrin repeats – a protein interaction domain
The ankyrin repeats were originally identified in yeast cell-cycle regulators and the
Notch and LIN-12 proteins (Breeden and Nasmyth, 1987). Later, 24 copies of this
sequence were found in the cytoskeletal protein ankyrin, hence the name ankyrin
(ANK) repeats (Lux et al., 1990). The ANK repeats were shown early on to be crucial
for all aspects of Notch signaling (Greenwald, 1994; Artavanis-Tsakonas et al., 1999).
This genetic evidence was corroborated by the role of this region in mediating
interaction with mastermind (Doyle et al., 2000; Wu et al., 2000), SKIP (Zhou et al.,
2000) and in supporting the RAM domain in CSL interactions (Jarriault et al., 1995;
Kato et al., 1997; Tani et al., 2001).
ANK repeats are found in more than 400 proteins with diverse functions, such
as cyclin-dependent kinase inhibitors, transcriptional regulators, cytoskeletal
organizers, developmental regulators and toxins, reviewed by Sedgwick and Smerdon
(1999). The number of repeats vary from two to twenty or more. ANK repeats are
important for protein-protein interactions and, given the wide range of proteins
containing this motif, it is not surprising to find also the interacting proteins to be a
diverse group of unrelated molecules. A pair of anti-parallel α-helices stacked side by
side, connected by a β-hairpin make up the ANK repeat, while the array of repeats
displays an elongated tertiary structure with few long-range interactions (Sedgwick
and Smerdon, 1999). However, the repeats do not fold independently, at least two
repeats are necessary to form a stably folded structure.
Based on sequence homology, six ANK repeats were first identified in the
Drosophila Notch molecule. A putative seventh repeat with lower similarity to the
consensus sequence was subsequently found C-terminally of the other six. The
sequence conservation among the seven ANK repeats is only 17%, while analogous
repeats of different homologs of the receptors show a considerably higher
conservation, up to 70%. Structural analysis of the seven ANK repeats of Drosophila
and human Notch1 shows how also the seventh repeat adopts an ANK fold, whereas
the first repeat on the other hand, does not fold properly (Zweifel et al., 2003;
Lubman et al., 2005). It is conceivable however, that interaction with proteins such as
CSL and mastermind may promote a structural transition of also this disorderd repeat
to a more ordered state.
The original characterization of the Notch IC, identifying six ANK repeats,
resulted in studies using deletion constructs targeting the region C-terminal of the
repeats to analyse the characteristics of the IC parts of the receptor (Oswald et al.,
2001) and Paper III. In the light of the recent structural characterization of this
sequence, adopting an ANK fold, these reports may have to be re-evaluated.
Alternative interpretations of these findings, stemming from the current structural
data, are presented in the discussion of Paper III.
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Transcriptional activation – an intrinsic or interaction based capacity
When the function of the Notch IC part in activating transcription of target genes was
established, the search for the localization of the transactivation capacity of the
receptor began. By constructing derivatives of different parts of the Notch IC and
analysing them for transcriptional activity, Kurooka et al. found a potential
transactivation domain (TAD) stretching from the C terminus of the 6th ANK repeat to
the PEST region (aa 2194-2398). This TAD is present in Notch1 and Notch2, but not
in Notch3 and 4 (Kurooka et al., 1998). However, the significance of this region in
Notch-mediated transactivation is unclear, which is further discussed in parallel with
the results of Paper III in the chapter on the present investigation.
Oswald and colleagues instead used deletion constructs to analyse the
significance of different domains of the IC in Notch-mediated transcription. The EPdomain (aa 2098-2398), and more specifically amino acids 2102-2104 of this region
were shown to be required for mediating interaction with the p300 molecule (Oswald
et al., 2001). (The role of p300 in Notch-mediated transcription is discussed later in
this section and in the presentation of Paper IV.) They conclude that the capacity of
Notch to activate transcription is dependent on interaction with p300, while the TAD
identified by Kurooka and colleagues has little effect on Notch signaling.

PEST – a sequence for regulating protein stability
The most C-terminal part of the Notch receptor harbours the PEST region, rich in
proline (P), glutamic acid (E), serine (S) and threonine (T) residues. PEST regions are
found in proteins that need to be tigthly and quickly regulated (for an overview see
(Rechsteiner and Rogers, 1996). The PEST domain plays an important role in the
regulation of Notch activity. Serine residues of the TAD and PEST regions are
phosphorylated as a consequence of assembly of the transactivating complex (Fryer et
al., 2004). Phosphorylation targets the receptor for ubiquitylation by the Sel-10
protein and subsequent degradation by the proteasome (Oberg et al., 2001; Fryer et
al., 2004). This is an elegant way of marking an active receptor, which has activated
transcription and thereby executed its function, for degradation. Details of the
regulation of activated Notch receptor are presented in the section on ”Termination of
Notch signal”. The importance of this regulation is further underscored by the number
of mutations in this region associated with human cancers. More than 55% of
analysed cases of T-ALL display mutations in this region or the region responsible for
ensuring ligand-dependent activation (Weng et al., 2004).
In summary the IC part of the Notch receptor is composed of the RAM
domain, ANK repeats, the EP domain/ a seventh ANK repeat, a TAD and a PEST
region. These modules recruit proteins necessary for activating transcription and
ensure that an activated Notch receptor, which has carried out its function, is targeted
for degradation. In short, the RAM domain is the main interaction surface for CSL,
the ANK repeats aid in this interaction and mediate interaction with mastermind and
SKIP, the EP-domain is necessary for recruiting p300, and the PEST region is
necessary for terminating Notch signal.
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CSL – REPRESSION OR ACTIVATION OF TRANSCRIPTION
CSL, which is an acronym for CBF-1/Suppressor of Hairless/Lag-1, the mammalian,
Drosophila and C. elegans homologs respectively, is the DNA-binding protein by
which activated Notch receptor interacts with the promoter region of target genes.
CSL (alias recombination signal binding protein of the Jκ immunoglobulin gene;
RBP-Jκ) was isolated during the late 1980s due to its ability to bind a DNA sequence
involved in recombination of the immunoglobulin gene (Matsunami et al., 1989).
However, this was later shown to be an artefact, RBP-Jκ was actually binding to the
sequence CGTGGGAA, in a restriction site used to create the construct for the assay.
Drosophila screens linked CSL to Notch signaling (Schweisguth and Posakony, 1992;
Fortini and Artavanis-Tsakonas, 1994). CSL is ubiquitously expressed in the nuclei of
all mouse tissues and has been shown to bind DNA as a monomer (Kawaichi et al.,
1992).
CSL was first shown to function as a transcriptional repressor (Dou et al.,
1994; Waltzer et al., 1995). However, the EBNA-2 viral protein was able to convert
CSL into a transcriptional activator by binding to and masking the CSL-repression
domain (Hsieh and Hayward, 1995). Notch IC was later shown to function in a similar
way to EBNA-2, binding to the CSL protein and thereby converting it into a
transcriptional activator (Hsieh et al., 1996; Hsieh et al., 1997). The function of CSL
in Notch signaling is thus not simply to provide an interaction surface for the Notch
IC on the promoters of target genes, but also to ensure that transcriptional activity is
blocked in the absence of Notch signaling. As discussed before, this is one of the key
mechanisms utilized by signaling pathways to ensure the robust and yet flexible
outcome of signaling in establishing cell fates during development. CSL mediates this
function by recruiting co-repressors to modify the chromatin environment
surrounding the promoter. Before elaborating on the function of CSL in Notch
signaling is a brief background to how chromatin modifications regulate
transcriptional activity.
Chromatin modifications regulate transcriptional activity
All nuclear genetic material of eucaryotic organisms is organized into chromatin by
the ordered packaging of DNA onto nucleosomes. A nucleosome core contains about
146 basepairs (bp) of DNA and two copies each of the histones H2A, H2B, H3 and
H4. For transcription to occur, DNA-binding proteins, co-activators and the basic
transcription machinery must gain access to the compacted DNA. Two modes of
modifying chromatin regulate accessibility to promoters and target genes: One set of
modifiers are driven by ATP and function by moving the nucleosome positions or
creating conformations where DNA is exposed on the surface of the histone octamer.
Another set of modifiers affects the rate of transcription by modifying the N-terminal
tails of the core histones. Modifications include acetylation, phosphorylation,
ubiquitylation and methylation. A high degree of histone acetylation is generally
associated with a high degree of gene activity, while hypoacetylation is associated
with a low transcriptional activity. For an overview of how transcription is regulated
by the alteration of nucleosome structure, see Verger and Crossley (2004). The
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functional consequence of acetylation on transcription is not clear, but three possible
mechanisms have been suggested. First, acetylation may work by simply lowering the
positive charge on acetylated N termini, thereby lowering the stability of interaction
with DNA. Acetylation may also decrease the compaction of nucleosomal arrays by
disrupting internucleosomal interactions mediated via the histone tails. A third way of
regulating transcriptional activity by acetylation and other covalent modifications
would be the creation of a histone code, which can be recognized by specific sets of
proteins.
CSL recruits co-repressors to block transcription
In order to ensure that target genes are only transcribed upon active Notch signaling,
CSL interacts with the co-repressors SMRT (silencing mediator of retinoid and
thyroid hormone receptor), N-CoR (nuclear hormone co-repressor), HDAC1 (histone
deacetylase) and CIR (CBF-interacting repressor) in the absence of Notch IC (Kao et
al., 1998; Hsieh et al., 1999). SMRT and N-CoR function by recruiting HDACs to the
chromatin, and also recruit proteins implicated in regulation of proteasomal
degradation. The CSL-mediated targeting of HDACs to the promoter would thus
impose chromatin-modifications associated with transcriptional inactivity (histone
deacetylation) on the promoter-associated chromatin. Jepsen and Rosenfeld (2002),
give an overview of mechanisms of action of co-repressors. The interaction of CSL
with SMRT, CIR and SKIP, which is described later, is also absolutely crucial for the
nuclear localization of CSL in the absence of activated Notch receptor (Zhou and
Hayward, 2001). Other studies have shown how losing an interaction partner will
result in the protein being exported from the nucleus and targeted for degradation
(Hermanson et al., 2002). For the Notch signaling pathway, export of unbound CSL
protein from the nucleus could provide a way of ensuring that the promoter is
occupied only by CSL proteins associated with co-repressors or Notch IC, mediating
either repression or activation. CSL also interacts with subunits of the TFIID and
TFIIA to repress transcription (Olave et al., 1998).
CSL thus has dual functions: repressing transcription in the absence of Notch
signal, and activating transcription upon receptor activation. But are these two
separate functions or does activation always follow on relief of repression?
Drosophila experiments provide clues to understanding this question. The gene
single-minded contains ten binding sites for CSL. Genetically modified organisms
lacking the Notch receptor show no expression of single-minded, while lack of CSL
instead results in a broader expression than in wild-type organisms (Morel and
Schweisguth, 2000). This implies that CSL is required to restrict single-minded
expression in the absence of Notch signaling and that Notch-activity is necessary to
relieve the CSL-mediated repression. An artificial enhancer, containing binding sites
for CSL next to binding sites for the widely expressed activator Grainyhead, was used
to test the relevance of CSL-mediated repression. When assayed in transgenic flies,
Furriols and Bray found that in tissues where Grainyhead is present but Notch is
inactive, the reporter is silent, whereas in tissues expressing both Grainyhead and
active Notch signal, the reporter is activated (Furriols and Bray, 2001). This suggests
that CSL is capable of repressing transcription from a promoter and that relief of this
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repression by Notch activity can be followed by the activation of transcription by
surrounding activators.
Mice lacking CSL tell tales of multiple functions
The consequences of ablating CSL expression in knockout mice are severe, reflecting
the crucial role of CSL in mediating Notch signaling. Mice lacking CSL show
developmental retardation by embryonic day 8.5 (E8.5), fail to close the neural tube,
display disorganized somitic development and die before E10.5 (Oka et al., 1995).
Mice lacking CSL expression have a more severe phenotype than mice lacking the
Notch1 receptor, since the ablation of CSL affects signaling from all Notch receptors.
CSL is also important for repression of Notch target genes in the absence of Notch
signal. Loss of CSL protein would thus result in loss of signaling from all four Notch
receptors, but also a less strict regulation of Notch target genes, and possibly faulty
activation by proteins that gain access to the promoters in the absence of CSLrepression.

CSL-INDEPENDENT NOTCH ACTIVITY
For the purpose of this introduction and throughout the presentation of the current
investigations and the discussion of the results, I will focus only on CSL-dependent
Notch signaling. There are however a number of reports on functions of Notch that
are independent of the CSL protein and its DNA-binding capacity, for an overview
see Martinez Arias et al. (2002). Several mechanisms for this CSL-independent
function of Notch have been proposed. First, signaling could simply be mediated
through interactions of the Notch IC with transcription factors other than CSL, for
example Mef2 or LEF1 (Wilson-Rawls et al., 1999; Ross and Kadesch, 2001).
Second, Notch IC could alter the function of cytoplasmic proteins such as the
translational regulator Musashi (Okabe et al., 2001). Third, interactions of membrane
tethered Notch with the Deltex protein has been implicated in mediating CSLindependent Notch activity (Xu and Artavanis-Tsakonas, 1990; Diederich et al., 1994;
Ramain et al., 2001; Yamamoto et al., 2001). Bearing this in mind the introduction
continues, focusing on the CSL-dependent signaling activity of Notch.

SKIP – THE SWITCH BETWEEN REPRESSION & ACTIVATION
Another component of the co-repressor complex associated with CSL is SKIP (Ski
interacting protein). SKIP interacts directly with CSL, but has also been shown to
interact with SMRT and N-CoR (Zhou et al., 2000; Leong et al., 2004). Upon ligand
activation of Notch however, SKIP interacts with the Notch IC instead of corepressors. The interactions between SKIP and SMRT or SKIP and Notch IC are
mutually exclusive, suggesting a role for SKIP in facilitating a switch from a corepressor bound state to a co-activator bound state of CSL (Zhou et al., 2000). In line
with this SKIP also interacts with the co-repressors N-CoR and SMRT, or the co-
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activator p300 in a mutually exclusive way (Leong et al., 2004). By using antisense to
SKIP mRNA in cultured myoblasts, Zhou and colleagues showed how SKIP was
required for Notch to be able to block muscle differentiation (Zhou et al., 2000).
Further evidence for an important role of SKIP in Notch signaling comes from
Drosophila, where inhibition of expression of the homolog Bx42 results in
phenotypes resembling those of certain Notch mutants and a decreased expression of
Notch target genes (Negeri et al., 2002).
HISTONE ACETYLATION ENABLES TRANSCRIPTION – PCAF AND p300
The presence of HDACs in the co-repressor complex with CSL suggested the
association of histone acetyltransferases (HATs) with Notch IC. Using trichostatin A,
an HDAC inhibitor, Kurooka and Honjo showed how inhibiting deacetylation could
increase Notch transcriptional activity from a CSL-activated luciferase reporter. By
co-immunoprecipitation experiments they revealed the interaction of the HATs PCAF
and GCN5 (Brownell et al., 1996; Yang et al., 1996) with the Notch IC (Kurooka and
Honjo, 2000). Later also the HAT p300 (Kundu et al., 2000) was shown to interact
with the Notch IC to increase Notch signaling (Oswald et al., 2001). The function of
the p300 protein in Notch mediated transcription was analysed in Paper IV.

MASTERMIND – ACTIVATOR AND TERMINATOR IN ONE
The neurogenic gene mastermind was identified in multiple genetic screens for
modifiers of Notch mutations in Drosophila (Helms et al., 1999; Schuldt and Brand,
1999). Later, three human homologs, mastermind-like 1-3 (MAML1-3), have been
characterized (Wu et al., 2000; Kitagawa et al., 2001; Wu et al., 2002). The MAML
proteins, although quite divergent in sequence, all contain an N-terminal domain
responsible for interaction with the ankyrin repeats of Notch receptors, a central
activation domain which recruits and phosphorylates p300 and a C-terminal
glutamine-rich activation domain (Fryer et al., 2002). The second activation domain is
necessary for MAML to function in amplifying Notch-induced transcription of target
genes. Although all three MAML proteins interact with all four Notch receptors,
MAML3 mediates only a low increase in transcriptional activity and cooperates better
with Notch4 than the other receptors (Wu et al., 2002). The possibility of a
specialization of the three MAML proteins and their interactions with Notch
receptors, and the implications of such a divergence in function, has not yet been
explored. In paper IV we investigated the role of MAML1 in transcriptional activation
by activated Notch, and I will discuss the findings in the section on the present
investigation. In vivo evidence for a crucial role of MAML proteins in Notch
signaling was supplied by Maillard and colleagues by the use of dominant negative
versions of the MAML proteins. They showed how expression of a MAML protein
containing only the Notch interacting N-terminal part in murine hematopoietic cells
results in phenotypes consistent with Notch1 inhibition (Maillard et al., 2004).
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However, MAML proteins are crucial also for terminating the Notch signal.
Fryer and colleagues showed how MAML directly recruits CDK8, and thereby cyclin
C, to the Notch-associated co-activator complex on promoters. cycC:CDK8
phosphorylates the activated Notch receptor within the TAD and PEST domains,
which in turn enhances Sel-10 mediated ubiquitylation and proteasomal degradation
of the receptor (Oberg et al., 2001; Fryer et al., 2002; Fryer et al., 2004). In summary,
MAML proteins are necessary not only for Notch to be able to activate transcription
of target genes and to participate in recruiting p300 to the complex, but serve also to
ensure that signaling is terminated once the activated receptor has localized to the
promoter of target genes with co-activators. This phenomenon of how transcriptional
activators are marked for destruction by the transcription machinery is a general
theme for regulating transcriptional activity (Tansey, 2001).

DOWNSTREAM TARGET GENES
The most well established targets of Notch signaling are genes of the Hairy/Enhancer
of split (Drosophila) (Jennings et al., 1994)/ HES (mammals) (Jarriault et al., 1995)
family. More recently genes belonging to a related family, known as HEY
(Hairy/E(spl)-related with YRPW) (Leimeister et al., 1999)/ HESR (Hairy/E(spl)related) (Kokubo et al., 1999)/ HRT (Hairy-related transcription factor) (Nakagawa et
al., 1999)/ CHF (Cardiovascular helix-loop-helix factor) (Chin et al., 2000)/ HERP
(HES-related repressor protein) (Iso et al., 2001) or Gridlock (Zhong et al., 2000)
were shown to be primary targets of active Notch signaling. Genes of the two families
all encode basic helix-loop-helix type transcriptional repressors, which convey Notch
signal by repressing transcription of tissue-specific transcription factors (Ohsako et
al., 1994; Van Doren et al., 1994; Ishibashi et al., 1995; Chen et al., 1997; Iso et al.,
2003; Kageyama et al., 2005). For example HES1 and 5 were shown to be upregulated by active Notch and necessary to prevent neuronal differentiation in
precursor cells derived from mouse embryos (Ohtsuka et al., 1999). In addition to
HES1 and 5 also HES7 has been shown to be regulated by Notch activity (Bessho et
al., 2001). All three members of the HEY family are primary targets of Notch
signaling (Nakagawa et al., 2000; Iso et al., 2002).
Notch activity thus results in the expression of transcriptional repressors,
which in turn blocks the expression of tissue specific differentiation markers.
Activation of repression thereby keeps the signal-receiving cell in an undifferentiated
state. The function of Notch activity during development was discussed in the
introduction, where not only the classical role of Notch in lateral inhibition, keeping
cells undifferentiated, but also a more instructive function in for example gliogenesis,
was described. In line with this, more primary targets of Notch have been found.
Based on the presence of CSL-binding sites in their promoter regions and in vivo
evidence, the MHC class I, CD23, IL-6, β-globin, erbB-2, NF-κB2, cyclin D1 and
GFAP genes have been shown to be primary targets of Notch (Israel et al., 1989; Ling
et al., 1994; Shirakata et al., 1996; Chen et al., 1997; Kannabiran et al., 1997;
Plaisance et al., 1997; Lam and Bresnick, 1998; Oswald et al., 1998; Ronchini and
Capobianco, 2001). Notch mediated activation of these genes is highly context43

dependent, implicating that cell type specific proteins may be involved in regulating
their expression.

TERMINATION OF THE NOTCH SIGNAL
Once the Notch receptor interacts with ligand the IC part of the receptor is released
from the plasma membrane to activate transcription of target genes. In order for the
cell to be able to terminate Notch activity, it is evident that the ligand-regulated
release of the IC part from the plasma membrane needs to be followed by a second
point of control. Early on conditional mutations of Drosophila proteasome subunits
indicated that proteasomal degradation might be involved in the Notch signaling
pathway (Schweisguth, 1999). Ubiquitylation is a modification marking the protein
for degradation by the proteasome (for an overview see (Hershko and Ciechanover,
1998)). Briefly, ubiquitin, which is a 76-amino acid peptide, is transferred from a
ubiquitin-activating enzyme (E1) to a ubiquitin-conjugating enzyme (E2). E3
ubiquitin ligases (E3) then associate with both E2 and substrate to catalyze the
transfer of ubiquitin to the substrate or to the end of a polyubiquitin chain.
Polyubiquitylation marks the protein for degradation by the proteasome. In
Drosophila, temporally restricted reduction in proteasome activity gave rise to
phenotypes similar to those resulting from excess Notch signaling, and the stability of
the IC domain of Notch was increased (Schweisguth, 1999). Sel-10, which had
already been identified in a C. elegans screen for suppressors of a partial loss-offunction of LIN-12 (Sundaram and Greenwald, 1993), displayed characteristics of E3
ubiquitin ligases. Characterization of the Sel-10 protein identified a member of the
CDC4 family of F-box/WD40 repeat-containing proteins. Since CDC4, a yeast
protein, had been shown to target the ubiquitylation machinery to substrate proteins,
Hubbard and colleagues suggested that Sel-10 may negatively regulate Notch
signaling by targeting the IC part of the receptor for proteasomal degradation
(Hubbard et al., 1997). (Sel-10 was later shown to be the mouse homolog of yeast
CDC4.) A number of studies converge to elucidate the intricate regulation of activated
Notch receptor. As discussed above, the MAML protein is necessary not only in
assisting Notch-mediated transcription, but also in recruiting cyclinC:CDK8 to the
active complex (Fryer et al., 2004). The resulting phosphorylations of the PEST
region allows for recognition and ubiquitylation by the Sel-10 protein. Ubiquitylated
Notch IC is rapidly degraded by the proteasome (Gupta-Rossi et al., 2001; Oberg et
al., 2001; Wu et al., 2001).
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PRESENT INVESTIGATION
AIM OF THE STUDY
The aim of this study was to analyse key steps in the Notch signaling pathway: i) the
liberation of the IC domain from the plasma membrane upon ligand induction; and ii)
the regulation of transcription of target genes in the nucleus.
In analysing the S3 cleavage of the Notch receptor by the γ-secretase complex
we focused on two components, the presenilin homologs PS1 and PS2 and the Aph-1
proteins. Two mammalian PS homologs exist, but little is known about whether the
two have become specialized during evolution or whether they function in the same
way. The incentive to address this question stems in the findings that knockout
animals for the two homologs exhibit significantly different phenotypes, implicating a
role for PS1 in Notch signaling but not for PS2. Furthermore, the number of FADrelated mutations for each of them are not at all in the same range, suggesting a great
relevance for PS1 in AD pathology, while PS2 seems more or less dispensable. In
order to compare the two homologs and their function in Notch and APP processing
we used cell and molecular techniques to examine complex assembly, maturation and
activity.
The Aph-1 protein was found in genetic screens in C. elegans and implicated
in Notch signaling because of the phenotype of the loss-of-function mutant. We set
out to analyse in detail whether the mammalian homologs of the protein are actually
part of the complex responsible for processing of the Notch receptor, and whether
they have a role only in complex assembly or are important also for cleavage activity.
Four Notch receptors are found in mammals, Notch1-4. Notch1 and 3 have
been shown to exhibit somewhat different properties, while Notch1 is a potent
activator of typical Notch regulated genes such as HES1, Notch3 is a very poor
activator in the same context. Furthermore, Notch3 is even capable of repressing
Notch1 mediated activation of HES1 transcription. To further explore the differences
and the underpinning mechanisms, we analysed the contribution of the different
domains of the IC parts of the receptors. We also examined the interactions of the two
receptors with proteins involved in Notch receptor regulated transcription.
A detailed analysis of the different components involved in regulating Notchmediated transcription was also undertaken, by in vitro studies. In a cell-free system,
purified components of the complex were analysed to establish their importance for
activation of transcription and in what step they mediate their function.
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RESULTS AND DISCUSSION OF THE PAPERS
PRESENILIN1 & 2 – SAME, SAME BUT DIFFERENT (PAPER I)
Our aim for Paper I was to compare the two mammalian PS proteins with emphasis
on the key steps endoproteolysis, nicastrin maturation, complex formation and γsecretase activity. To characterize the functional similarity between complexes of
various PS composition, we analysed PS1, PS2 and chimeric PS composed of the
NTF from PS1 and CTF from PS2, or vice versa, in assembly and function of the γsecretase complex.
Constructs composed of the NTF from PS1 and CTF from PS2, and vice
versa, were made using standard PCR technique and cloned into mammalian
expression vectors, for a schematic depiction of the constructs see Figure 6.

The constructs were stably integrated into cell lines derived from human
embryonic kidney (293HEK), where the expression could be controlled by the
addition of doxycycline, or cell lines derived from knockout mice lacking endogenous
PS1 and 2. The use of a system for induction of expression of the PS constructs
allowed for tight regulation of the expression levels of the proteins. Stable expression
in cells lacking endogenous PS on the other hand, provided us with a system free of
background PS activity. Endogenous PS could otherwise influence the expression
levels, endoproteolysis and activity of the chimeric constructs. This approach
represents a considerable improvement over previous attempts at analysing the
mechanisms for endoproteolysis, which have been carried out in cell lines expressing
endogenous presenilin.
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The tag on the PS constructs made it possible to visualize the different PSderived proteins on western blot and provided an effective means of
immunoprecipitating the proteins and interacting components. From previous studies
we have learnt that the position of the tags on the different proteins can greatly affect
the interactions of proteins within the complex and with substrate, and subsequently
also affect processing activity. Analysis of the proteins in cells lacking endogenous
PS proteins assured us that the tags did not affect the activity of the proteins.
Chimeric PSs, like PS1 and PS2, undergo normal endoproteolysis when
introduced into cells devoid of endogenous PS. The C-terminal part of the PS
molecule has been shown to be required for endoproteolysis to occur, however,
addition of free CTF derived from a PS1 molecule, rescues endoproteolysis of a
truncated PS1 protein (Tomita et al., 1999; Bergman et al., 2004). In our study we
extended this finding to show that also a PS2 CTF can, at least partially, restore
processing in a truncated PS1 that can not undergo endoproteolysis. Intramolecular
interactions are thought to precede endoproteolysis, also the PS molecule needs to
make contact with Aph-1 and Pen-2 proteins in order to be stabilized and undergo
endoproteolysis. The findings that chimeras composed of fragments derived from
both PS1 and 2 are able to undergo endoproteolysis, and the rescue of endoproteolysis
provided by a PS2 CTF to a truncated PS1 molecule, suggest that the intramolecular
interactions are similar for the two PS proteins, and that both PS molecules form
stable and productive connections with the other members of the complex. The
evidence for formation of productive interactions are further strengthened by the
western blot analysis showing maturation of nicastrin with co-expression of PSchimeras.
By using constructs where a Gal4 DNA-binding moiety and a VP16
transactivation domain have been fused to the IC part of substrates of the γ-secretase
complex, we were able to record γ-secretase activity from the different PS constructs.
Examination of the processing of Notch- and APP-derived substrates in cell lines
devoid of endogenous PS showed that all PS constructs form functional γ-secretase
complexes.
One of the long-standing controversies in the field of γ-secretase activity has
been that of the “spatial paradox”. For a long time, no γ-secretase activity could be
visualized in the plasma membrane of cells, raising doubts over the involvement of
PS in processing of the Notch receptor. Since cleavage and release of the Notch IC
takes place after ligand induction, which occurs in contact with neighbouring cells,
this event is believed to take place at the cell surface or following endocytosis of cell
membrane. In our study we show how all PS forms are capable of cleaving full length
Notch receptors after ligand induction, indicating that both PS1 and PS2 are present at
the cell surface. The “spatial paradox” is also less of an issue since we and others
have shown how a small amount of active γ-secretase complexes are actually present
in the plasma membrane (Paper II).
Endoproteolysis was shown early on to be a crucial step in the formation of γsecretase complexes (Thinakaran et al., 1996). However, the function of
endoproteolysis seems not to lie in the splitting of the PS molecule, but rather in
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inducing a conformational change in the PS molecule, as PS mutants lacking the large
cytosolic loop are unable of undergoing endoproteolysis, but form functional γsecretase complexes (Perez-Tur et al., 1995). Similarly, engineered free fragments are
able to form functional γ-secretase complexes (Levitan et al., 2001; Laudon et al.,
2004). In our study we extended this finding by showing that also NTF and CTF of
different PS origin reconstitute γ-secretase activity. In conclusion, these data show
that endoproteolysis, NTF-CTF interactions and the assembly and activity of γsecretase complexes are very conserved between PS1 and PS2.
The somewhat unexpected results, i.e. no discernible differences in function
between PS1 and PS2, which is in contrast to the biological evidence of such a
divergence in function in vivo, may be partially explained by the techniques used in
the study. In order to examine the chimeras without influence of endogenous PS, we
used cell lines derived from knockout mice lacking PS1 and PS2. Normally the PS
homologs may be confined to different compartments of the cell, or due to
competition, only γ-secretase complexes of a certain sort may form. However, when
the system is instead loaded with PS of only one form (PS1, 2 or chimeras) this PS
species may be able to fill all the locations where PS is normally found. This would
not explain the non-redundant effect of PS2 seen in PS1 knockout mice however,
which instead suggests that PS2 is not able to compensate for the loss of PS1.
Another potential limitation in analysing γ-secretase activity is the luciferase
assay. This method utilizes the accumulated luciferase product as a measure of
cleavage activity after transfection. However, the assay does not reveal the rate of
cleavage, only the accumulated product since the start of transfection. The end-result
could thus be the combined effect of feedback loops and compensatory mechanisms,
which may have down-regulated an initially high cleavage rate. The outcome of an
initially high cleavage rate, subsequently down-regulated by feedback loops, could
thus be the same as that of a slow rate of cleavage, which was left unaffected by feedback loops, to accumulate the same amount of product under the time assayed.
Furthermore, the luciferase assay may actually be too sensitive a tool to
analyse differences in cleavage efficiency. In the analysis of whether free C-terminal
fragment can restore endoproteolysis to a PS molecule lacking the C-terminal end, the
western blot does actually pick up a difference in the degree of endoproteolysis
occurring after the aid by PS1 versus PS2 CTF. This difference is not paralleled by a
similar difference in γ-secretase activity in the luciferase assay. In order not to
saturate the system one could load the system with substrate, but only supply limiting
amounts of PS. By only measuring the accumulated reporter-protein for a short time,
this approach could provide an estimate of cleavage rate/efficiency.
Previously observed differences in function may be a result of spatially
distinct expression patterns of PS1 and 2. If expression of the respective homologs is
restricted at crucial time-points during development, then the PS2 protein would be
unable to compensate for the loss of PS1 in knockout mice for example. The recent
report, using combinations of knockout and transgenic mice to analyse the effects of
PS in the developing and adult organism, does however indicate a difference in
function between the two PS homologs (Mastrangelo et al., 2005). Furthermore, one
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could envision a more fine tuned level of restriction of expression, whereby specific
cell types would spatially confine the PS homologs to different compartments. If no
such restriction is in place in the cell types used in our study, we would not find any
difference in function. The problem of differences in expression patterns could be
overcome using transgenic mice to express the PS2 gene in the PS1-locus. Such
animals would reveal whether PS2 is capable of all the functions of PS1 or not.
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APH-1 PROCESSES NOTCH (PAPER II)
The aim of Paper II was to characterize the human homologs of the newly discovered
Aph-1 gene. Goutte and colleagues used C. elegans to screen for components
affecting the Notch signaling pathway and, after searching the human and mouse
genome, reported also the mammalian homologs of Aph-1 (Goutte et al., 2002). We
were interested in establishing the role of the Aph-1 proteins in PS-dependent
processing of the Notch receptor. Cloning of the homologs was done by RT-PCR,
using mRNA from human brain and antibodies directed against the human and mouse
proteins were developed in guinea pig.
Immunostaining of the protein in stably transfected cells reveals primarily
Golgi localisation of Aph-1. This is in agreement with other studies using
immunostaining to establish the localisation of γ-secretase components. However, cell
surface biotin labeling of proteins, combined with streptavidin precipitation, revealed
that a fraction of the γ-secretase components were actually present at the cell surface.
Although the techniques used, i.e. densitometric measurements of western blot
analysis, do not allow for a very high level of accuracy, the percentage of the proteins
exposed at the cell surface are all in the same order of magnitude. Less than 10% of
the γ-secretase components of the cell were found at the cell surface. However,
considering that the ER accounts for almost half of the cells membrane content, and
that γ-secretase complexes have been shown to localize not only in ER and Golgi, but
also to mitochondria and lysosomes, what may seem like a small number at first, is
roughly what could be expected from this membrane spanning complex.
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Aph-1 was also shown to interact with all components of the γ-secretase
complex, i.e. PS holo and PS fragments, immature and mature nicastrin as well as
Pen-2. When further assaying the immunoprecipitate for biotinylation, it was shown
how only the mature forms of the components, i.e. PS fragments, mature nicastrin,
Aph-1 and Pen-2 were present at the cell surface. For a schematic depiction of the
assay, see Figure 7. These interaction studies confirm a role for Aph-1 not only in
assembly and maturation of the complex but also in the mature and active complex.
Aph-1 interacts with a full length Notch receptor as well as with a truncated
form, which is a direct substrate for γ-secretase, but not with the Notch IC domain.
The interactions with substrate confirm a role for Aph-1 in the active complex
mediating cleavage of substrate. The immunoprecipitation experiments indicate that
the Notch-containing γ-secretase complexes form a small subset of the total number
of γ-secretase complexes, consistent with the vast number of substrates for the γsecretase complex known to date. In conclusion, these data demonstrate that Aph-1 is
present at the cell surface, presumably in active γ-secretase complexes, and interacts
with the Notch receptor, both before and after ligand activation.
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IS IT ALL ABOUT THE ANKYRIN REPEATS? (PAPER III)
Biological evidence and in vitro data reveal a difference in function between Notch1
and Notch3 receptors (Apelqvist et al., 1999; Beatus et al., 1999). While Notch1 is a
potent activator of transcription of target genes such as HES1, Notch3 on the other
hand is a very poor activator, and even acts to repress Notch1 mediated transcription.
This difference in function resides somewhere in the IC part of the receptor, as the IC
constitutes the active form of the receptor. In paper III we analysed the different
domains of the IC parts of the Notch receptors 1 and 3 and their functions in
transcriptional activation and repression of activation, respectively. The proteins
involved in regulating Notch mediated transcriptional activity were also assayed for
their interactions with the two receptors and their function. The hypothesis stating that
the repressive effect of Notch3 on Notch1 mediated transcription would be the result
of competition for interacting proteins present in limiting amounts was also tested.
First, we wanted to establish whether the poor activity of Notch3 was actually
due to a lack of interaction with the promoter via CSL, or due to incapability of
displacing co-repressors from the CSL protein. Using a mammalian three-hybrid setup, we found that Notch3 IC can displace the co-repressor SMRT from the DNAbinding protein CSL. Competition of binding to CSL seems to be in the same range
for the two receptors, as increasing amounts of SMRT repress Notch1 and Notch3mediated transcriptional activation on the HES1 promoter.
We went on to investigate whether Notch3 is capable of interacting with the
proteins that have been proven necessary for Notch1 to activate transcription, i. e.
SKIP and PCAF (Kurooka and Honjo, 2000; Zhou et al., 2000). Indeed, Notch3 IC
does interact with SKIP, judging by a GST pull-down and a mammalian two-hybrid
assay. The apparent lack of interaction between Notch1 IC and SKIP in the
mammalian two-hybrid assay is most probably due to steric hindrance or
conformational changes caused by the addition of the Gal4 and/or VP16 domains.
Although such a difference in interaction would be based on engineered proteins and
a completely artificial setting, it could correlate to differences in interaction between
the naturally occuring proteins, resulting in more or less productive interactions on the
endogenous promoter. The repressive effect of Notch3 on Notch1 mediated
transcription is not relieved by the addition of increasing amounts of SKIP, suggesting
that SKIP is not the limiting protein for which the two receptors compete.
Notch3 IC is also capable of interacting with PCAF, and does so in a manner
similar to Notch1 IC, as the two compete for the protein in an interaction assay.
However, addition of increasing amounts of PCAF does not result in a relief of
repression on an endogenous Notch promoter, suggesting that PCAF is not the basis
for the repressive effect of Notch3 on Notch1. For these assays a PCAF construct
fused to the Gal4 DNA binding domain was used. This additional moiety could
represent a steric hindrance, resulting in non-productive interactions with Notch1.
Should that be the case, we cannot use the experiment, showing no relief of repression
with the addition of increasing amounts of PCAF, to exclude PCAF from being the
factor for which the two receptors compete. However, from the results of Paper IV,
where PCAF is not capable of mediating Notch dependent transcription from a
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chromatin template, but only act in concert with p300, it is not likely that competition
for PCAF would have such a dramatic effect as that of Notch3 on Notch1.
These observations suggest that both Notch 3 IC and Notch 1 IC can access
CSL and accessory proteins in vivo, but that competition for any of the proteins tested
is not the basis for Notch3 mediated repression. Instead we hypothesized that the
difference in activation capacity stems from structural differences in the two ICs when
positioned on CSL. When assaying deletion constructs and chimeras composed of
domains from the two receptors, we showed that two distinct regions in the Notch IC
are critical for the difference between the Notch 1 and Notch 3 IC. First, the presence
of a RE/AC (for repression/activation) domain is absolutely crucial for the receptors
to mediate either activation or repression of transcription. The RE/AC region is
located immediately C-terminal of the ANK repeat region (see Figure 3) and is not
important for interaction of the receptor with CSL. From the Gal4 assay we conclude
that the RE/AC domain possesses no intrinsic transactivation capacity, but that a
Notch1 construct lacking this domain is unable of activating transcription.
We found no requirement for the TAD described by Kurooka and colleagues,
for activation of transcription on an endogenous promoter. However, when using a
Gal4 based system for assaying the function of the different domains in
transactivating and repressing activities respectively, our results confirmed the TAD
proposed by Kurooka and colleagues. The discrepancy in function between artificial
and endogenous promoters raises questions as to the relevance of this TAD in Notch
signaling in vivo. The accompanying results, showing how the TAD activity is
repressed by Notch3 constructs lacking this region, also poses questions as to whether
this artificial construct is instructive regarding endogenous Notch signaling.
Using chimeric constructs, composed of domains from the Notch1 and Notch3
IC, we learn that the origin of the RE/AC domain is not important in determining the
outcome on an endogenous promoter. A RE/AC domain originating from Notch3
placed in an otherwise Notch1 based construct mediates transactivation, whereas a
RE/AC domain of Notch1 origin in an otherwise Notch3 based construct will render
the construct a poor activator of HES genes. However, the origin of the ANK repeat
region is important, i.e. only chimeric ICs containing a Notch1 derived ANK repeat
region are potent activators.
Based on the results presented above, three models were presented to explain
the difference in activation on HES promoters by Notch1 and Notch3. The first model
proposed that the binding of factor X to the RE/AC domain would result in a
conformational change of the IC of the receptor, rendering the Notch1 capable of
activating transcription, while the Notch3 would be less potent in doing so. This
model would explain how the receptors compete for the same factor X, which would
probably be p300, as Oswald and colleagues later showed interaction of the p300
protein with this region of the receptor (Oswald et al., 2001). This is not an unusual
phenomenon in transcriptional regulation, as several reports show how limiting
amounts of p300 result in a competition for the protein for activating transcription of
different target genes (Masuda et al., 2005). The model would also explain how the
identity of the RE/AC domain is not important, but simply provides interaction with
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p300, while the identity of the ANK repeats determines whether the conformational
change is productive or non-productive. In a second model we hypothesized that an
additional co-activator would bind to the ANK repeats of Notch1. From the results of
Paper IV, this model seems highly unlikely, since both Notch1 and Notch3 are
capable of activating transcription on a chromatinized template in vitro, when
supplied with the same co-activators. Paper IV suggests that no components other
than CSL, Notch IC, p300 and MAML are needed to activate transcription once the
co-repressor complex is displaced from the promoter. A third model proposes the
addition of co-repressors to the ANK repeats of Notch3. This model can not be
excluded by the findings of Paper IV, and would implicate that either cell type
specific co-repressors interact exclusively with the Notch3 IC, or that cell type
specific proteins are needed to displace the N3 specific co-repressors, since Notch3 IC
is capable of activating transcription on endogenous promoters in some cell types.
The identification of the RE/AC domain, and its crucial role for Notch1
mediated transactivation and Notch3 mediated repression of the former, was based on
the original characterization of the Notch IC, identifying six ANK repeats. In the light
of the recent structural characterization of the RE/AC domain, adopting an ANK fold,
our results may have to be re-evaluated. For a discussion on these structural data and
their implications see Lubman et al. (2004). Alternative explanations to the models
proposed above, arguing that the importance of the RE/AC domain lies in the
recruitment of p300, would instead suggest that deletion or mutation of residues of the
seventh ANK repeat would result in unstructured ANK repeats throughout the array.
This disruption of structure could render the Notch molecule incapable of interacting
with MAML. The effects of mutations of the region on recruitment of p300 could be
explained by the co-dependence on MAML for a stable interaction of p300 with
Notch. This explanation is supported by our findings in Paper IV that the in vitro
interaction between MAML and p300 is more robust than that of Notch IC and p300.
The hypothesis suggesting a competition for p300 to be the cause of Notch3
mediated repression has not been extensively examined. Furthermore, the basis for the
crucial difference in ANK repeat identity has not been established. Interaction studies
using different MAML proteins and the four Notch receptors suggest no great
differences in interaction or resulting transactivation capacity (Wu et al., 2002).
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A HAT & AN ACTIVATOR DO THE TRICK FOR NOTCH
(PAPER IV)
A number of proteins have been implicated in affecting Notch mediated transcription.
In most of the studies luciferase assays, and to some extent also cell differentiation
experiments, were used to evaluate the effect of overexpression or lack of expression
of a protein on Notch transactivation. In order to analyse specifically in what steps of
the transactivating process the interacting proteins are involved, without the
interference of endogenous components, we used an in vitro based transcription assay.
In Paper IV we investigated in detail the function of the Notch interacting proteins
p300, PCAF, and MAML1 in terms of regulating transcriptional activity. To this end
we used an in vitro transcription system with purified factors and naked DNA or
chromatin templates. This unique tool limits the number of unknown variables in the
system and allows us to focus on a specific part of the process of Notch mediated
transcriptional activation. By use of this assay, we avoid interference from feedback
loops and sequestering of components. On the other hand, naturally occurring
modifications of the components are also lost, limiting the conclusions to be drawn
from the results. Also, we must not forget that we are limited to studying what occurs
in the absence of co-repressors, unless we add them to the system.
In summary we found that although some transcription will take place when
only CSL and Notch IC are present at the DNA template, the addition of MAML1 to
the mix will increase the transcription rate substantially. However, we cannot exclude
that the initial transcription, resulting from only CSL and Notch IC, is dependent on
MAML1 protein supplied in the HeLa nuclear extract, which was used as a source of
transcription factors.
Transcription from chromatin requires, in addition, p300, which interacts with
MAML1 and Notch IC. The transcriptional activity of p300 is dependent on acetyl
coenzyme A, indicating that it functions as a histone acetyltransferase when mediating
Notch IC function. Alternative mechanisms for the acetylating function of p300 could
be in acetylating co-factors to increase their activity or to modify co-factors such that
they could recruit components of the basal transcription machinery. However, if any
of these were the mechanisms whereby Notch mediated transcription was dependent
on p300, one would expect a requirement for p300 and acetyl-coA also for
transcription to occur on a DNA template. In assaying transcription on naked DNA,
we conclude that neither p300 nor PCAF can affect Notch function.
PCAF is unable to promote transcription on its own but enhances Notch ICmediated transcription from chromatin in conjunction with p300. These data define a
critical role for p300 in the potentiation of Notch IC function by MAML1 and PCAF,
provide the first evidence for cooperativity between PCAF and p300 in Notch IC
function, and also indicate direct effects of CSL, Notch IC, and MAML1 on the
general transcription machinery.
Throughout the study we find no differences in function between Notch1 and
Notch3 in activating transcription. Judging by these results, the Notch3 receptor is as
potent an activator of transcription as Notch1, when supplied with MAML, p300 and
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PCAF proteins. However, as described in the introduction, most signaling pathways
regulate promoters that are further affected by other cell type specific enhancers or
co-repressors, ensuring a tight regulation of transcription. In our assays we investigate
only the effect of the receptor on a promoter composed of CSL-binding sites. Even
the simplest endogenous promoter is most likely much more complex than that.
Inability of Notch3 to recruit additional co-activators to the endogenous promoter or
inability of displacing surrounding cell type specific co-repressors would thus render
the Notch3 receptor unable of activating transcription in vivo. These results would
thus favor a hypothesis where cell type specific factors are responsible for inflicting
the difference in function on the Notch3 IC in some cellular contexts. The basis for
such a function resides in the ANK repeats as presented in Paper III. In contrast, the
repression of Notch1 mediated transcription could still be due to competition for
p300, as we show in Paper IV that p300 is a crucial component of Notch mediated
transactivation on chromatin.
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PERSPECTIVES FOR THE FUTURE
It is evident from many reports that the outcome of Notch activity is highly context
dependent. For example, Notch signaling can lead to both inhibition of myogenesis
and promotion of the glial fate. The list of Notch target genes is growing, and many
are expressed only in specific cell types. This suggests that cell type specific
regulators cooperate with Notch to ensure the correct expression of individual genes,
at the precise time and place. Future investigations could involve detailed analysis of
promoters of target genes of Notch. Such investigations would reveal any common
features beside the CSL binding sites, and also binding sites of cell type specific coactivators or –repressors. One could also envision how cell type specific
modifications of the promoter environment determine whether a specific target gene
is capable of responding to Notch signal at a certain time point during development or
not.
The basis for how the Notch3 receptor represses Notch1 mediated
transcription is not fully understood. Indications from the present investigation and
other reports suggest that the interactions of mastermind proteins with the Notch
receptors could result in more or less productive complexes at the promoters of target
genes. Finding a preference in binding between the different mastermind proteins and
the Notch receptors could explain the higher potency of Notch1 in activating
transcription. Conformational changes, resulting from the interaction of Notch IC and
mastermind, could also render the Notch1 IC more potent and the Notch3 IC less
potent, respectively. One explanation for the basis of the repression of Notch3 on
Notch1 is via a competition for the co-activator p300, present in limiting amounts.
This hypothesis could be tested in cell culture transfections and reporter assays, to
analyze whether repression could be relieved by the addition of p300 or not.
Further studies on Notch processing by the γ-secretase complex are warrented.
One aim is to identify pharmaceutical approaches that block APP, but not Notch
processing, which would alleviate the side effects of the current generation of γsecretase inhibitors for treatment of AD. Furthermore, agents that specifically block
Notch cleavage may be used for therapy of Notch induced tumors, such as T-ALL.
The functional role of Aph-1 in the γ-secretase complex still remains an open
issue. Is it a structural function, contributing to the formation of a complex which
allows for hydrolysis to occur in the hydrophobic environment of the lipid bilayer?
Alternatively, is it a safeguard, further tightening the control of stability of the
complex by adding the regulation of yet another component to the complex? Could
the Aph-1 protein mediate interactions with other proteins to ensure enrichment of the
complex in specific parts of the membranes?
It is still not clear when the different substrates first make contact with the γsecretase complex. Do substrates recruit complexes while being transported to their
respective sites of action? If so, is this interaction a requirement for transport of
substrates to occur? Results from expression of Notch receptor in cells lacking PS
indicate that this is not the case, since full length Notch receptor is present at the cell
surface also in these cells. However, it can not be ruled out that the interaction
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normally occurs during transport of the receptor to the cell surface. The rapid
cleavage of receptor upon ligand interaction suggests some sort of mechanism to
ensure the enrichment of γ-secretase complexes nearby the receptors.
It is clear that more cross-talk and intertwinings of signaling pathways are to
be discovered as more cell types are examined, and more details of the individual
pathways are unvailed. Raising the gaze from the intricate systems of signaling
activity and inhibition, cross-talk and feedback loops, which regulates cell fate
specification, migration and communication to ensure the development of a baby,
leaves me in awe.
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välkomnande, all er omtanke och de senaste åren – all hjälp med Abbe!
Mina kära bröder, Jimmy och Joakim – tack för att ni alltid finns där, för allt kul vi
haft, för allt ni lärt mig och för det ovärderliga stöd ni gett mig under åren!
Älskade mamma och pappa, Yvonne och Peder – tack för all er kärleksfulla
omsorg, ert enorma stöd och all uppmuntran och tilltro under alla dessa år! Och tack
för allt ”kan-själv” ni utrustat mig med…
Min fantastiska karl, Patrik och min underbara son, Abbe – jag är så lycklig att ni
finns, ni är mitt allt! Tack för ert stöd, er kärlek och för att ni påminner mig om
meningen med livet!
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