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ABSTRACT  
 
Oxygen is essentially required for aerobic metabolism in most eukaryotic organisms. 
Therefore, it is striking that a number of tissues develop, and are maintained at low 
oxygen (hypoxic) conditions in the body. For instance, the human embryo is located 
in a hypoxic environment. At the cellular level, hypoxia activates a signaling 
pathway, governed by hypoxia inducible factor (HIF-1α). Hypoxic adaptation leads 
to induced erythropoiesis and angiogenesis, as well as a switch to glycolytic 
metabolism. In addition, hypoxia also promotes the undifferentiated cell state in 
various stem and precursor cell populations. One of the principal signaling 
mechanisms that controls development, is Notch signaling, an evolutionarily 
conserved pathway involved in cell fate decisions. 
 
In this thesis, I have investigated the interplay of hypoxia with the Notch signaling 
pathway. Here we showed that Notch signaling is required for hypoxia-mediated 
reduction of progenitor cell differentiation (Paper I). Hypoxia blocked neuronal and 
myogenic differentiation in a Notch-dependent manner. Furthermore, the Notch 
intracellular domain (ICD) interacted with HIF-1α, and HIF-1α was recruited to 
Notch-responsive promoters upon Notch activation during hypoxic conditions. 
Taken together, these data provide molecular insights into how reduced oxygen 
levels control the cellular differentiation status and demonstrate a role for Notch in 
this process. 
 
Hypoxia signaling pathway is frequently involved in several adult pathologies, 
including cardiovascular disease and cancer. Therefore, it is interesting from at 
therapeutic prospective to investigate whether the link between hypoxia and Notch 
signaling also synergize during tumor development. Specifically, hypoxia induces 
epithelial-mesenchymal transition (EMT), which leads to increased migration of 
tumor cells, and clinically associates with an aggressive tumor phenotype. However, 
the molecular mechanisms linking hypoxia to EMT in tumors are poorly understood. 
In Paper II, we report that Notch signaling is critically required to convert a hypoxic 
stimulus into EMT in tumor cells. Inhibition of Notch signaling abrogated the 
hypoxia-induced EMT and reduced cell migration. Furthermore, Notch positively 
regulated the level of the EMT inducer Snail-1 in two distinct ways: through direct 
transcriptional control of Snail-1 and indirectly, through increased lysyl oxidase 
expression. In sum, these data provide support for a hypoxia-Notch-EMT link in 
tumor cells.  
 
The hypoxia inducible transcription factors (HIFs) are regulated at the level of 
protein stability and transcriptional activity in an oxygen-dependent manner by 
prolyl and asparaginyl hydroxylation, respectively. Both these families of 
hydroxylating enzymes use oxygen as co-substrates, and thus are oxygen sensors in 
the cell. In the presence of oxygen, the hydroxylase Factor inhibiting HIF-1α (FIH-1) 
targets a conserved asparaginyl residue within the C-terminal transactivation 
activation domain (C-TAD) of HIF-α, leading to repression of HIF-mediated 
transcription by abrogating recruitment of cofactors. In Paper III, we identify Notch 
as a novel substrate for hydroxylation by FIH-1, providing yet another interaction 
point between hypoxia and Notch signaling. Notch ICD was hydroxylated at an 
asparaginyl residue within its ankyrin repeat region. In addition, FIH-1 interacted 
with Notch, and enforced expression of FIH-1 resulted in abrogated Notch activity. 
Furthermore, FIH-1 increased differentiation of myocytes, in keeping with the 
inhibitory effect of FIH on Notch signaling. These data show that FIH-1 interacts 
with Notch ICD, and is capable of reducing Notch activity.  



 
To more closely investigate the temporal and spatial aspects of Notch signaling, we 
designed a fluorescent reporter assay that allows Notch activation to be followed in 
real time in individual cell (Paper IV). We generated a reporter construct composed 
of 12 CSL-binding motifs linked to two fluorescent proteins. After transfection into 
cells, the reporters rapidly responded to various forms of Notch activation, including 
ligand activation of full-length Notch receptors. Finally, we used this assay to gain 
insights into the level of Notch signaling in CNS progenitor cells in culture and in 
vivo. 
 
To conclude, we have identified a crosstalk between hypoxia and Notch signaling. 
Our results show that there is a functional relationship between Notch, hypoxia and 
FIH in the control of progenitor cell differentiation. In addition, we have shown that 
the hypoxia-Notch link also occurs in tumors, and is specifically important for 
hypoxia-induced EMT.  
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BACKGROUND 
 
Introduction 
The development from a single living cell into a multicellular organism is 
controlled by a complex set of signaling cascades. Within this lie both the 
fascination and the challenge of developmental biology. Yet only a few basic 
principles are needed to initiate the developmental processes. These 
principles are used repeatedly throughout embryogenesis. Genes guide 
development by controlling where and when proteins are synthesized. Their 
activity sets up complex networks of interactions between different proteins 
and between proteins and genes within cells, and hence interactions between 
cells.  It is these interactions that determine how the embryo develops. 
Therefore, no developmental process can be attributed to the function of a 
single gene, or a single molecule. 
 
The major processes involved in development are cell division, pattern 
formation, morphogenesis, cell differentiation, cell migration, cell death and 
growth. Since the somatic cells in the embryo generally contain the same 
genetic information, it is fundamental how gene expression is controlled 
during the progress of development. The gene expression in a certain cell 
may reflect an intrinsic program of activity, which is further modulated by 
external signals. Thus, it is the complexity of the internal program that 
determines how a cell responds to a particular signal, i.e. different cells can 
respond to the same signal in very different ways. 
 
Development into a complex multicellular organism composed of a variety of 
tissues and integrated cellular systems, ultimately stems from one single cell 
– the fertilized egg. This cell constitutes the ultimate stem cell, and can thus 
not only generate any specialized cell, such as those of the skin, blood, muscle 
and nerves, most importantly it has retained the capacity to renew itself.  
 
Stem cells with the ability to generate all different cell types in the body are 
totipotent, and exist only until the embryo consist of 4-8 cells. Pluripotent 
stem cells are present in the next developmental phase, i.e. the blastocyst, and 
can give rise to all tissue types except the extra-embryonic membranes and 
the placenta. Multipotent stem cells are more specialized and exist in multiple 
tissue compartments in the adult. They can give rise to one or a few cell 
types, which are more specialized. The unique characteristics of the stem cells 
make them an eternal source of renewal. Therefore, they consist an immense 
hope for the future to be able to cure deficiencies caused by cell degeneration, 
such as diabetes and Parkinson disease. However, firstly it is of considerable 
interest that we learn how to culture and control the regenerative potential of 
stem cells. 
 
Organisms as diverse as worms, fruit flies and humans all use the same 
signaling pathways to regulate the development and organization of tissues 
and organs. The so called “ivy league” of signaling mechanisms include Sonic 
Hedgehog, Wnt/wingless, BMP/TGF-β, receptor tyrosine kinases, Notch 
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signaling, JAK/STAT and nuclear receptors. These signaling pathways are 
used over and over again to orchestrate development of an organism. During 
embryogenesis, the growth and expansion of several organs and tissues are 
developed in a hypoxic environment. 
 
It will be a mistake to contemplate that the action of Notch, or any other 
evolutionarily conserved signaling pathway act in isolation. Instead, the 
pleiotropy of each pathway will most likely depend on the ways in which the 
signal integrates with other signaling pathways and cellular elements in a 
specific tissue.   
 
In my studies, I have addressed if there is a functional cooperativity between 
Notch and Hypoxia signaling pathways in cell fate specification during 
development. In addtion, there is a growing body of evidence that links 
cancer with genes and pathways that are required for normal embryonic 
development, and are essential for processes such as proliferation, survival 
and patterning. In the adult, these pathways are maintained, and frequently 
reactivated and miss-used in cancer. Thus, the need for the body to remain 
morphologically plastic and evolutionarily fit has a price – tumorigenesis. 
 
 
NOTCH - AN ANCIENT AND EVOLUTIONARILY 
CONSERVED SIGNALING PATHWAY  
 
The development of an organism from a single cell unit to a multicellular and 
three-dimensional structure of a certain shape and size is the result of 
coordinated and controlled gene action that directs the fate of individual 
cells. The Notch pathway defines one of the fundamental mechanisms that 
govern metazoan development.  
 
The notching wing phenotype, later shown to be associated with the 
haploinsufficiency of the Notch locus was one of the first genetic variations 
observed in Drosophila, where the partial loss of function of this particular 
gene resulted in notches at the wing margin (Mohr, 1919). A few decades 
later, Poulson´s classical analysis of homozygous loss of function leading to 
embryonic lethality, clearly illustrated the magnitude of this gene (Poulson, 
1940). Poulson associated Notch activity with a cell fate choice between 
epidermal versus neural lineage in the early embryo.  The complete loss of 
Notch function resulted in failure of the early neurogenic ectoderm to 
segregate into neural and epidermal cell lineages. Instead, all cells become 
neuroblasts, and led to hypertrophy of the neural tissue at the expense of 
epidermal structures. The cloning of the Notch locus yielded further insight 
into what could be the function of Notch. Characterization of Notch as a 
single-pass transmembrane receptor (Artavanis-Tsakonas et al., 1983), 
indicated a role for Notch in cell interactions. Furthermore, when molecular 
interactions were identified between the protein products of the neurogenic 
loci of Notch and Delta (Fehon et al., 1990), another membrane-spanning 
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protein in Drosophila, the mechanistic function of Notch started to reach 
some clarity.  
 
Notch signals are involved in the development of all three germ layers, and 
the pathway is subjected to multiple mechanisms of regulation. Behind its 
pleiotropic actions, there is an underlying logic in the function of Notch. 
Notch signaling generally link the fate of one cell to that of its neighbors. This 
gives the cells an ability to segregate specific cell lineages from fields of 
developmentally equivalent cells, and enable the generation of borders 
between distinct areas of cells. The phenomenon is termed lateral inhibition, 
and is illustrated in Figure 1. Lessons from Drosophila and C.elegans tell us 
that neighboring cells in developing tissues communicate via Notch signals to 
direct cell fate decisions. Neighbors may be equivalent, or biased towards a 
particular fate, in response to an intrinsic or extrinsic signal. Feedback 
mechanisms amplify and further establish the difference between a ligand-
expressing cell and a Notch receptor-expressing cell, causing one cell to adopt 
the signaling mode and the other cell to enter the receiving mode (Artavanis-
Tsakonas et al., 1999; Greenwald, 1998).  
 
In the absence of either Delta or Notch, signaling is abolished and all the cells 
become bristle precursors, known as the neurogenic phenotype in Drosophila 
(Artavanis-Tsakonas et al., 1995). Conversely, constitutive activation of the 
pathway by dominant activate forms of Notch cause all cells to develop as 
epidermis (Lieber et al., 1993; Rebay et al., 1993; Struhl et al., 1993). Thus, the 
core signaling pathway has primarily been determined through studies of 
genetic and molecular interactions in flies and worms, but the basic principles 
that operate in these lower organisms have also been shown to apply to 
vertebrates (Gridley, 1997). However, the number of paralogues of each 
element differs; for example, there are four Notch receptors in vertebrates, 
whereas there is only one in Drosophila and two in C.elegans. The four 
mammalian Notch receptor genes show a high degree of sequence similarity, 
suggesting that they originated by gene duplication (Pires-daSilva and 
Sommer, 2003).  However, they all reside at separate chromosomes (Larsson 
et al., 1994), implying that they probably arose before the separation of the 
amphibian and mammalian lineages, and thus are evolutionarily old (Lardelli 
and Lendahl, 1993).  
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Figure 1. Lateral inhibition. Initially small differences in ligand/receptor expression 
are augmented by feedback loops. Cell undergoing differentiation send signals to the 
surrounding cells to ensure that a pool of cells are kept in an undifferentiated state. 

 

 
 
 
THE CORE ELEMENTS OF THE NOTCH PATHWAY 
 
Notch receptors 
Notch receptors (Notch1-4 in mammals) are type 1 single-pass 
transmembrane proteins characterized by a large extracellular domain, 
consisting of tandemly arranged EGF-like repeats, a family specific cystein-
rich LNR (Lin Notch Region) domain and a membrane-spanning domain first 
identified in Drosophila (Artavanis-Tsakonas et al., 1983; Kidd et al., 1983; 
Wharton et al., 1985), and later in mammals, Notch1 (Ellisen et al., 1991), 2 
(Weinmaster et al., 1992), 3 (Lardelli et al., 1994) and 4 (Uyttendaele et al., 
1996). The intracellular domain is composed of the RAM (RBP-Jκ associated 
molecule) domain and seven ankyrin repeats. These regions are essential for 
mediating interaction with other proteins (Doyle et al., 2000; Jarriault et al., 
1995; Tamura et al., 1995; Wu et al., 2000; Zhou et al., 2000). The intracellular 
domain further consists of a transactivation domain (TAD) (Kurooka et al., 
1998), and a C-terminal PEST region, rich in proline (P), glutamic acid (E), 
serine (S) and threonine (T) residues.  
 
 
Notch ligands 
Similarly to the Notch receptors, the Delta/Serrate/Lag-2 (DSL) ligands are 
also single-pass transmembrane proteins containing a large extracellular 

 



 5 

domain of EGF-like tandem repeats. In addition, the extracellular domain 
also consists of a DSL region, characteristic for these type of proteins. The N-
terminal region and the DSL domain are essential for the capacity of the 
ligands to activate the receptors (Henderson et al., 1997). Five homologs have 
been identified in mammalian species, three Delta-like (Dll1, 3 and 4) 
(Bettenhausen et al., 1995), (Dunwoodie et al., 1997) and (Shutter et al., 2000) 
and two Jagged homologs (Jagged1 and 2) (Lindsell et al., 1995) and (Lindsell 
et al., 1995; Shawber et al., 1996a), with high sequence similarity to the 
previously identified homologs in Drosophila, Delta (Kopczynski et al., 1988) 
and Serrate (Fleming et al., 1990; Thomas et al., 1991) and C.elegans Apx-1 
(Mello et al., 1994) and Lag-2 (Tax et al., 1994). 
 
Table 1.  Notch receptors and Ligands in Drosophila, C.elegans and Mammals 
 
 Drosophila C. elegans Mammals 
Receptors Notch 

 
Lin-12 
 

Notch1-4 
 

Ligands Delta 
(Kopczynski et al., 1988)   

Serrate 
 

Apx-1 
 
Lag-2 

Delta-like1,3,4 
 

Jagged1,2 
 

DNA-
binding 
protein 

Suppressor of 
Hairless 
 

Lag-1 
 

CSL 
 

Target 
genes 

Hairy 
 
Enhancer of Split 
 

Lin-22 
 
REF family 
 

Hes1,5,7 
 

Hey1,2,L 
 

 
 
Ligand and receptor maturation and activation 
Notch receptors are translated as approximately 300kDa precursor proteins. 
After insertion into the ER membrane, Notch is glycosylated by O-
fucosyltransferase, which catalyzes the addition of fucose suger rests to the 
EGF repeats of Notch (Panin et al., 2002; Wang et al., 2001). Following 
transportation to Golgi the receptors may be further glycosylated by the N-
glycosyltransferase, Fringe (Bruckner et al., 2000; Moloney et al., 2000; Munro 
and Freeman, 2000; Panin et al., 2002). There are three homologs found in 
mammals; Lunatic Fringe, Manic Fringe and Radical Fringe (Cohen et al., 
1997; Johnston et al., 1997). Interestingly, glycosylation of the Notch receptors 
by Fringe potentiate receptor activation by Delta, whereas activation by 
Serrate/Jagged ligand is reduced (Fleming et al., 1997; Hicks et al., 2000; Pan 
and Rubin, 1997). 
 
In the trans-Golgi network, the Notch receptor undergoes proteolysis (a first 
cleavage event, known as S1 cleavage) catalyzed by a Furin-like convertase 
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(Blaumueller et al., 1997; Logeat et al., 1998), resulting in a bipartate Notch 
receptor presented on the cell surface. 
 
 
Ligand and receptor interaction  
The Notch receptors are presented at the cell membrane as heterodimers after 
constitutive processing by the Furin-like convertase. Upon interaction 
between receptors and ligands on juxtaposed cells, through the EGF-like 
repeats (Kopan et al., 1996; Weinmaster, 1997), the receptor is subsequently 
subjected to an additional processing event (a second cleavage, referred to as 
S2 cleavage) occurring in the extracellular part immediately outside the 
transmembrane domain of the receptor. This cleavage is mediated by TNF-α-
converting enzyme (TACE), a member of the ADAM family of 
metalloproteinases (Brou et al., 2000; Mumm et al., 2000). The S2 cleavage 
constitutes the rate-limiting step in Notch processing, and is regulated by 
interaction with ligand. The shortened transmembrane subunit resulting 
following S2 cleavage is further proteolytically processed within the plane of 
the membrane (Kopan et al., 1996; Schroeter et al., 1998) by the γ-secretase 
complex. This mechanism, termed Regulated intramembrane proteolysis 
(Rip), which is further referred to as S3 cleavage, is described in more detail 
in the section below. After the intracellular domain of Notch is released from 
the membrane, it translocates to the nucleus due to its two nuclear 
localization signaling peptides within the intracellular domain (Stifani et al., 
1992). 
 
Recently, endocytosis has been postulated to play a role in ligand-mediated 
activation of the Notch receptor. The first suggestive results came from an 
endocytosis-deficient (shibire) mutant in Drosophila, characterized by the loss 
of dynamin. Interestingly, this mutant exhibited the same phenotype as 
disrupted Notch signaling (Seugnet et al., 1997), characterized by a excessive 
neurogenic phenotype (Artavanis-Tsakonas et al., 1995). The importance of 
endocytosis was further underscored by results from Gupta-Rossi and 
colleagues, revealing that endocytosis is required for cleavage and nuclear 
localization of the receptor, and further suggested that monoubiquitination is 
a central event in this process (Gupta-Rossi et al., 2004).  
 
Endocytosis is also important in the signaling cell. Mindbomb and 
Neuralized encodes RING-finger like E3 ubiquitin ligases, which both can 
interact with the intracellular domain of Delta to promote its ubiquitylation 
and accumulation in endocytic vesicles (Deblandre et al., 2001; Lai et al., 2001; 
Yeh et al., 2001). The exact function of the modifications are still under 
debate, however Mindbomb function was shown to be essential for efficient 
activation of Notch in neighboring cells in zebrafish (Itoh et al., 2003). It has 
been postulated that Delta-Notch interaction is followed by endocytosis of 
the ligand and transendocytosis of the Notch extracellular domain by the 
signaling cell (Klueg and Muskavitch, 1999; Parks et al., 2000). However, this 
remains to be formally proven.  
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Figure 2. Domain architecture of the Notch receptor family. The organization of human 
Notch1 is shown as an example. It consists of an extracellular domain encompassing 36 EGF-
like repeats and 3 LN repeats, a transmembrane-spanning domain (TM), and an intracellular 
domain with two nuclear localization signals (NLS), RBP-Jκ associated molecule (RAM), 
seven ankyrin repeats (ANK) and a C-terminal Pro-Glu-Ser-Thr (PEST) degradation domain. 
The Notch receptor is subjected to a first cleavage (S1) by Furin-like convertase, during its 
transport to the cytoplasm, and, thus, is presented as a heterodimer at the cell surface. 
Interaction with DSL ligands triggers signaling through successive proteolytic processing. 
TNF-converting enzyme (TACE) removes the bulk of the extracelular domain at (S2). The 
membrane-tethered intracellular domain is then cleaved by Presenilin complex within the 
membrane at (S3) freeing the Notch ICD, which moves to the nucleus, where it forms a 
binary complex with CSL, which recruits co-activators (CoA) to form a transcriptionally 
active complex. 
 
 
Regulated intramembrane proteolysis – a mechanism shared by Notch 
and APP  
Regulated intramembrane proteolysis (Rip) is evolutionarily conserved from 
bacteria to humans, and influences processes as diverse as cellular 
differentiation, lipid metabolism and the response to unfolded proteins, 
reviewed in (Brown et al., 2000). The list of mammalian proteins that undergo 
Rip, other than Notch, include sterol regulatory element-binding proteins 
(SREBPs) (Brown and Goldstein, 1997) and the amyloid precursor protein 
(APP) (Selkoe, 1996), E-cadherin (Marambaud et al., 2002), N-cadherin 
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(Marambaud et al., 2003), CD44 (Okamoto et al., 2001) the growth factor 
dependent recpetor tyrosine kinase (ErB4) (Lee et al., 2002; Ni et al., 2001). 
They all share several characteristics, i.e. they span the membrane bilayer at 
least once. The substrates for Rip have been analyzed and a uniform pattern 
is observed (Annaert and De Strooper, 1999). In each case the, the 
intramembrane cleavage does not take place until the bulk of the protein on 
the extracytosolic face have been removed by a primary cleavage. 
 
Because of its role in causing Alzheimer’s disease, the processing of APP has 
been well studied. The intramembrane cleavage of APP, executed by γ-
secretase, can occur at either of two sites separated by two amino acids, 
leading to two different amyloid β peptides, designated Aβ1-40 and Aβ1-42. The 
two amino acid longer peptide Aβ1-42 may misfold and become indigestible, 
leading to its accumulation, and subsequently, neurotoxicity. The primary 
cleavage of APP is executed by the action of either α- or β-secretase. The 
protease that carries out α-secretase cleavage is TNF-α converting emzyme 
(Buxbaum et al., 1998), the same protease catalyzing the extracytosolic 
cleavage of Notch.  In addition to cleavage by β-secretase (Sinha et al., 1999), 
APP processing by α-secretase, cuts the cytosolic domain even closer to the 
membrane. In this case, the liberated fragment is too short to form amyloid 
deposits, and thus cleavage by α-secretase does not lead to Alzheimer´s 
disease. 
  
In analogy to the Notch receptor, Notch ligands are also subjected to 
proteolytic processing. The first cleavage in the extracytosolic domain is 
mediated by the ADAM-protein Kuzbanian (Qi et al., 1999), rendering the 
Notch ligand a substrate for γ-secretase-mediated cleavage (Bland et al., 2003; 
Ikeuchi and Sisodia, 2003; LaVoie and Selkoe, 2003; Six et al., 2003). Some 
controversy exists however, whether this cleavage is constitutive or regulated 
by interaction with the receptor. 
 
 
γ-secretase complex 
In the strong efforts to understand the fundamental cell biology underlying 
Alzheimer´s disease (AD) the scientific world has steered towards 
characterization of the elusive γ-secretase activity. The first clue came from 
patients with familiar Alzheimer´s disease (FAD). Besides APP mutations 
(Goate, 2006; Goate et al., 1991), mutations of another gene, later shown to 
represent presenilin, suggested that it is involved in cleavage of APP (Hardy, 
1997; St George-Hyslop et al., 1992). Knockout of Presenilin further 
underscored the requirement of this protein for γ-secretase activity (De 
Strooper et al., 1998). Since then, the γ-secretase complex has been shown to 
consist of three additional proteins: Nicastrin (Goutte et al., 2000; Yu et al., 
2000), Aph and Pen-2 (Francis et al., 2002; Goutte et al., 2002). Presenilin 
harbours the catalytic activity within two transmembrane aspartase residues, 
which are required for endoproteolysis (Wolfe et al., 1999). However, 
Nicastrin, Aph-1 and Pen-2 are equally required for proper γ-secretase 
activity (Hansson et al., 2005; Kimberly et al., 2003). 
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Nuclear events – the transcriptional switch 
Once Notch is cleaved within the membrane, the intracellular domain 
translocates into the nucleus, where it interacts with the transcription factor 
CSL (CBF/Su(H)/Lag-2) (Christensen et al., 1996; Fortini and Artavanis-
Tsakonas, 1994; Matsunami et al., 1989). A little more than a decade ago, the 
possibility to direct nuclear signaling by the Notch cell surface receptor was 
speculative at best. However, several observations started to shift the 
speculations into guiding principle. First, an assay for Notch activity in 
cultured cells required its presence in the nucleus (Kopan et al., 1994). A 
screen for (CSL)-associated molecules identified the RAM-domain of Notch, 
and not the conserved ankyrin domain as the key to interaction between 
Notch and CSL (Tamura et al., 1995). In addition, a nuclear complex bound to 
a promoter regulated by Notch was shown to contain CSL and Notch 
(Jarriault et al., 1995).  
 
CSL was shown to bind to somewhat variable target DNA sequences, 
typically CGTGGGAA (Tun et al., 1994). In the absence of Notch signal, CSL 
is kept in a repressive state by association with co-repressors on the targeted 
sites. These co-repressors include SMRT (silencing mediator of retinoid and 
thyroid receptors), N-CoR (nulear repressor co-repressor) and CIR (CBF-1-
interacting repressor), and appear to bind directly to the β-trefoil domain of 
CSL (Hsieh et al., 1999). The co-repressor binding site partially overlaps the 
proposed binding site on CSL for RAM domain (Kovall and Hendrickson, 
2004). Whether the conversion of CSL from a repressor into an activator 
results from a direct displacement of co-repressors remains an open question. 
Thus, the activated form of Notch associates with CSL in the nucleus 
(Jarriault et al., 1995; Kopan et al., 1996). 
 
 It took an additional five years to demonstrate that a third protein, called 
Mastermind (MAML) in mammals and lag-3 in C.elegans, joins the complex 
(Petcherski and Kimble, 2000). Recently, two reports provide a view on the 
structure of the ternary complex MAML-NICD-CSL bound to target DNA 
determined by crystallography (Nam et al., 2006; Wilson and Kovall, 2006) 
and reviewed by (Barrick and Kopan, 2006). The complex structure shows 
that Notch intracellular domain interacts with CSL through its RAM and 
ankyrin repeat domains. Most intriguingly, comparison between the 
structures of the ANK-CSL complex with the ANK-RAM-CSL bound to DNA 
reveals that the interaction of RAM domain with CSL induces an allosteric 
change, which seems likely to form the basis for co-repressor displacement. 
MAML is unstructured before binding to the NICD-CSL transcriptional 
complex, but adopts a helical conformation upon recruitment and is tightly 
enclosed within the complex. It has previously been shown that the capacity 
of the ankyrin domain to activate CSL-dependent transcription lies within its 
ability to interact with the N-terminal end of MAML (Nam et al., 2003). This 
was further established in hematopoietic cells, by using of dominant negative 
versions of MAML proteins containing only the Notch-interacting N-terminal 
parts, which resulted in phenotypes consistent with Notch inhibition 
(Maillard et al., 2004). Collectively, CSL and the ankyrin region of Notch ICD 
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create a groove to bind the MAML polypeptide. The composite binding 
surface of Notch and CSL will likely guide the recruitment of MAML protein 
to promoters where Notch-CSL complexes already have preassembled.   
 
Once the complex correctly is put together, the C-terminal portion of MAML 
contributes to transcriptional activation through association with p300, PCAF, 
SKIP, RNA polymerase II and other yet unknown factors (Fryer et al., 2002; 
Oswald et al., 2001; Wallberg et al., 2002; Zhou et al., 2000). Intriguingly, in 
contrast to the positive effect of MAML on Notch signaling, MAML also 
limits the longevity of the assembled transcription complex by promoting 
phosphorylation of Notch intracellular domain by CDK8, which lead to rapid 
turnover of and termination of the Notch signal (Fryer et al., 2004).  
 
In sum, the Notch signaling pathway differs from other developmental 
pathways, since it lacks amplification steps. Thus, it conveys the signal in a 
linear fashion – from receptor and ligand presentation at the surface, via 
regulated intramembrane proteolysis to association with DNA-bound CSL 
and further recruitment of co-activators such as MAML and p300. The Notch 
signal constitutes an elegant example of how the cell transforms 
environmental cues to appropriate responses of regulated gene expression, 
which will be discussed in the following section.  
  
 
Notch target genes 
Notch signaling pathway was first characterized in Drosophila. 
Hairy/Enhancer of split was identified as a downstream component and a 
core extension at the endpoint of Notch pathway (Bailey and Posakony, 1995; 
Jennings et al., 1994). In vertebrates, in addition to the Hes genes (Jarriault et 
al., 1995), a second and closely related target of Notch was identified, the Hey 
genes (Leimeister et al., 1999), also referred to as Hesr (Kokubo et al., 1999), 
Herp (Iso et al., 2001) or gridlock in zebrafish (Zhong et al., 2000b). Both Hes 
and Hey genes encode basic helix-loop-helix (bHLH) transcription factors, of 
class C-type, which are characterized as transcriptional repressors. For 
instance, Hes inhibits expression of the proneural gene Mash1 (Chen et al., 
1997; Van Doren et al., 1994). The activator-type bHLH genes Mash-Math-
Neurogenin promote neurgenesis and differentiation cascade (Kageyama et 
al., 2005). Thus, by repression of Mash1, Hes functions as a gatekeeper and 
maintains a more undifferentiated cell fate. Hes and Hey genes are the two 
best characterized Notch downstream targets, and they contain CSL-binding 
sites in their promoter regions (Jarriault et al., 1995; Maier and Gessler, 2000).  
 
Two mechanisms have been proposed for transcriptional repression executed 
by Hes and Hey (Iso et al., 2003). The first mechanism involves homo- or 
heterodimer formation and DNA-binding-dependent transcriptional 
repression i.e. active repression, by physical recruitment of the co-repressor 
Groucho, or its mammalian homologue, TLE via its C-terminal domain 
(Grbavec and Stifani, 1996; Paroush et al., 1994). The second mechanism is 
passive repression, involving protein sequestration (Hirata et al., 2000; Sasai 
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et al., 1992). Hes, for instance, can form a non-funtional heterodimer with 
other bHLH factors such as E47, a common heterodimer partner of MyoD 
and Mash1, thereby disrupting the formation of functional heterodimers, 
such as MyoD-E47 and Mash1-E47. The Hey family does not appear to use 
the co-repressor TLE, but instead uses other co-repressors such as HDACs, 
Sin3A and N-CoR (Iso et al., 2003). 
 
Activated Notch thus leads to enhanced expression of repressors of 
differentiation-promoting genes through induction of Hes and Hey. This is in 
keeping with the view on Notch signaling as a gatekeeper of differentiation 
(Artavanis-Tsakonas et al., 1999). For example, Notch receptor activation 
induces endogenous expression of Hes1 and Hes5, which are required for 
inhibition of neuronal differentiation in mice (Ohtsuka et al., 1999). In 
addition to Hes1 and Hes5, Hes7 has also been shown to be regulated by 
Notch signaling in the presomitic mesoderm (Bessho et al., 2001).  
 
More recently, a more instructive function of Notch signaling has been 
proposed, which does not agree with simply inducing the transcriptional 
repressors Hes and Hey. Several studies have indicated instructive roles of 
Notch signaling in promoting identities of various types of glial cells, 
including retinal Müller glia and cortical radial glia (Furukawa et al., 2000; 
Gaiano et al., 2000), and in keeping with this, CSL-binding sites has also been 
found in the GFAP promoter (Ge et al., 2002). Also, activation of Notch 
signaling in neural stem cells by immobilized ligand Delta1 leads to induced 
astrogliogenesis. Furthermore, numerous CSL-binding sites have been 
identified throughout the genome, and some of these have been accepted as 
possible Notch target genes. These include NF-κB2 (Oswald et al., 1998) pre-
Tα (Reizis and Leder, 2002), Cyclin D1 (Ronchini and Capobianco, 2001), 
SKP2 (Sarmento et al., 2005), c-Myc (Satoh et al., 2004), GATA2 (Robert-
Moreno et al., 2005) and p21 (Rangarajan et al., 2001). However, it should be 
noted that regulation of these genes are tissue-specific and highly dependent 
on the context. For example, Notch activation induces proliferation and 
transformation of kidney epithelial cells through induction of Cyclin D1 
(Ronchini and Capobianco, 2001), whereas in keratinocytes Notch signaling 
instead leads to cell cycle arrest by direct induction of p21 (Rangarajan et al., 
2001). Thus, the context-dependent regulation of Notch downstream target 
genes has only begun to give us a hint of Notch versatile functions.      
 
On occasion, Notch signaling can affect CSL-independent events, however 
the mechanism and functional significance remain elusive. One report shows 
that CSL-independent Notch signal can prevent C2C12 differentiation 
(Shawber et al., 1996b), demonstrated by the use of truncated Notch proteins 
unable to bind CSL. Other work implicate the Notch ankyrin repeat-
interacting protein Deltex as a possible mediator of CSL-independent 
signaling (Matsuno et al., 1997). In keeping with this, activation of Notch 
signaling promotes Bergmann glia differentiation through a Deltex-
dependent pathway, independently of CSL (Eiraku et al., 2005). Indeed, CSL-
independent signals may reflect interactions of Notch intracellular domain 
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with transcription factors other than members of the CSL family, such as 
Deltex (Eiraku et al., 2005), LEF1 (Ross and Kadesch, 2001b) or Musashi 
(Okabe et al., 2001). 
 
 
Notch regulators 
As only modest differences in the activity of the Notch pathway suffice to 
determine dramatic differences in cellular behavior, this pathway is tightly 
regulated by a variety of molecular mechanisms.  
 
Deltex was originally ascribed as being a positive regulator of Notch 
signaling in Drosophila (Xu and Artavanis-Tsakonas, 1990), where the Deltex 
locus not only genetically interacted with that of Notch, but also with the 
locus of Delta and Mastermind. Therefore, it was described to play a role in 
the same genetic circuitry. A few years later, molecular interaction between 
Deltex and the ankyrin repeat region of Notch intracellular domain was 
deciphered (Diederich et al., 1994) and Deltex was identified as a positive 
regulator of Notch (Matsuno et al., 1995). While genetic studies in Drosophila 
suggest that Deltex potentiates Notch activity, mammalian Deltex opposes 
the effect of Notch. An antagonistic function on Notch signaling by Deltex 
was unraveled in lymphoid progenitors. Here, enforced expression of Deltex 
in hematopoietic cells resulted in increased B cell development at the expense 
of T cell specification, consistent with the inhibitory effect on Notch (Izon et 
al., 2002). Future work will be needed to delineate the molecular details 
governing the interplay between Notch and Deltex in vertebrates. 
 
Numb is a repressor of Notch signaling, originally identified in Drosophila, 
where it regulates asymmetric cell division and the generation of two 
daughter cells with distinct fates in the development of the peripheral 
nervous system (Frise et al., 1996). Numb protein is membrane-associated 
and localize asymmetrically during mitosis. It is believed that the cell that 
inherits Numb will down-regulate Notch, and will subsequently develop into 
a neuron, while the daughter cell lacking Numb protein will have sustained 
high Notch receptor expression and maintain the fate of a neuroepithelial 
progenitor cell (Cayouette and Raff, 2002). To date, the molecular mechanism 
for the inhibitory function of Numb is not known, however one model 
proposes that Numb prevents trafficking of Notch to the cell surface by 
targeting the actin/tropomyosin-associated protein, sanpodo in Drosophila 
(Skeath and Doe, 1998). However, no homolog to sanpoda has yet been found 
in vertebrates. A second model suggests that Numb promotes degradation of 
Notch ICD, by recruiting the E3 ubiquitin ligase Itch (McGill and McGlade, 
2003).  
 
Sel-10 was originally identified in a screen in C.elegans for a reversion of the 
defective egg-laying phenotype caused by partial loss of LIN-12 activity 
(Sundaram and Greenwald, 1993). Characterization of Sel-10 revealed a 
protein belonging to the CDC4 family of F-box/WD40 repeats-containing 
proteins, comprising E3 ubiquitin ligase activity (Hubbard et al., 1997). 
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Importantly, three independent groups demonstrated that Sel-10 targeted the 
PEST domain of Notch intracellular domain for ubiquitylation, rapidly 
leading to its degradation (Gupta-Rossi et al., 2001; Oberg et al., 2001; Wu et 
al., 2001). As mentioned above, Mastermind protein not only assist Notch in 
activating transcription, but also confers the signal to its degradation by 
recruiting CDK8, conferring the phosphorylation of the PEST region. This 
serves as a mark for Sel-10-mediated ubiquitination and subsequent 
termination of the Notch signal (Fryer et al., 2004).  
 
 
TISSUE SPECIFIC CONSEQUENCES OF NOTCH 
SIGNALING 
 
Nervous system 
In Drosophila, neurogenesis is initiated by the separation of neural progenitors 
(neuroblasts) from progenitors of the epidermis (epidermoblasts). Cell-to-cell 
interactions involving direct contacts between neighboring cells are essential 
for proper separation of these two lineages. Genes coding for Notch signaling 
pathway components such as Delta, Notch, Suppressor of Hairless 
(mammalian CSL) and the Enhancer of split (mammalian Hes) were found to 
belong to the neurogenic group, because loss-of function mutations of these 
genes cause the expansion of the nervous system at the expense of the 
epidermis (Artavanis-Tsakonas et al., 1995). Consistent with these 
observations, mice with CSL and Notch1 mutants exhibit elevated expression 
of early neurogenic differentiation markers (de la Pompa et al., 1997), 
providing evidence that the role of Notch signaling in neurogenesis is 
conserved from fly to vertebrates. Furthermore, mice homozygous for the 
Hes1 null allele exhibit up-regulation of Mash1, concomitant with precocious 
neurogenesis, neurulation defects and succumb during embryogenesis or just 
after birth (Ishibashi et al., 1995). Similarly, Mash1 was shown to be required 
at an early stage in the olfactory neuron lineage to initiate a differentiation 
program (Cau et al., 1997).   
 
There is a spatiotemporal selectivity of response to Notch signals in 
mammalian forebrain, thus cells respond differently depending on location 
and time-point in development. A common pool of progenitors segregates 
into distinguishable zones, which generate different structures of the brain. 
The capacity for a multipotent fate is progressively restricted, but is not 
entirely lost. Following generation of neurons, glial differentiation occurs. 
Activation of Notch within telencephalic precursors delays the generation of 
neurons, elicits excessive proliferation and produces an elevation of glial 
progeny in the neo- and archicortex, expressing GFAP. However, following 
induction of the Notch signal in the subventricular zone, the precursor cells 
remain quiescent incapable of giving rise to any differentiated progeny 
(Chambers et al., 2001).  
 
Another example of differential temporal regulation by Notch signaling is 
revealed in the patterning of the striatal compartments. The striatum is 
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mosaically arranged in two distinct compartments, the patch compartment 
and the surrounding matrix. Early removal of Notch1 function during a 
critical window prior to neurogenesis, alters early-born patch neurons but not 
late-born matrix neurons in the striatum (Mason et al., 2005). Notably, the 
late-born neurons are spared as a result of functional compensation by 
Notch3. This demonstrates that the response to Notch signaling can differ 
depending on localization in the brain, as well as during various timepoints 
in development.   
 
In vertebrates, Notch signaling is generally believed to inhibit neural 
differentiation and may also expand the progenitor pool (Nye et al., 1994). 
Whether Notch signaling inhibits differentiation and merely maintains cells 
uncommitted and able to respond to secondary cues, or if Notch signaling 
actively directs a second cell fate, is still largely enigmatic. Interestingly, 
Gaiano and colleagues demonstrated that retroviral introduction of an 
activated form of Notch1 into telencephalic progenitors at day 9.5 (E9.5), 
affected the infected cells to aquire the morphology and molecular 
characteristics of radial glia (Gaiano et al., 2000). Intriguingly, radial glia is 
among the first cell types that are present in the developing forebrain, 
suggesting that Notch activation leads to acquisition of a distinct primary 
cellular phenotype. Postnatally, these cells are transformed into astrocytes or 
remain quiescent. Because the early appearance of radial glia and the 
expression of GFAP in niches of adult neural stem cells, such as in the 
eppendymal layer, radial glia cells have been suggested to represent 
embryonic stem cells maintained in the adult (Johansson et al., 1999). This 
raises the possibility that Notch signaling could be involved in maintaining 
embryonic stem cells in the adult. Moreover, Notch signaling has been 
observed to promote formation of Müller glia from retinal progenitor cells 
(Furukawa et al., 2000).  
 
The third fate a neural precursor is able to adopt into is the oligodendrocytic 
fate. During mammalian development, oligodendrocyte precursor cells 
differentiate into oligondendrocytes, which subsequently myelinate axons. 
Interestingly, Notch signaling has been implicated in inhibition of 
oligodendrocyte differentiation and preservation of the oligodendrocyte 
precursor pool (Wang et al., 1998). Activation of Notch in oligodendrocyte 
precursor cells, thus lead to reduced myelination of the optic nerve in the 
retina. Multiple sclerosis (MS) is an adult inflammatory demyelination 
disease, in which re-myelination is typically limited. During re-myelination, 
Notch signaling is normally shut down, however in MS patients, Jagged1 is 
specifically re-induced and expressed by reactive astrocytes (John et al., 2002). 
This suggests that inappropriate Notch signaling could play a causative role 
in the limited re-myelination observed in MS patients.  
 
Deficits in the Notch pathway are responsible for Alagille´s and CADASIL 
syndromes. In addition to numerous other symptoms (described in more 
detail in the section of Notch-related diseases), these syndromes are also 
associated with mental retardation and dementia. Reduced Notch signaling 
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in adult mice, using different techniques, resulted in reduced neuronal 
plasticity. For instance creating a null heterozygous mutation in Notch1 lead 
to learning and memory deficits (Costa et al., 2003). Similarly, Notch 
antisense transgenic mice exhibit impaired long-term potentiation at 
hippocampal synapses (Wang et al., 2004), suggesting that Notch plays a role 
in synaptic plasticity. In addition, conditional double knockout mice, lacking 
both Presenilin1 and 2 in the postnatal forebrain exhibit impairments in the 
hippocampal memory and synaptic plasticity followed by age-dependent 
neurodegeneration. Accordingly, these mice perform less well in learning and 
memory tests compared to control mice (Saura et al., 2004).  These findings 
further raise the valid concern and is a call for caution that inhibition of 
presenilin function, as a therapeutic strategy in Alzheimer´s disease, may 
accelerate rather than attenuate the development of memory loss and 
neurodegeneration, by simultaneously blocking the Notch signal.   
 
 
Somitogenesis and myogenesis  
In vertebrates, all skeletal muscle of the body is derived from the somites. 
These are paired blocks of mesoderm located on either side of the neural tube 
and are formed by a regular wave of segmentation in a rostral to caudal 
direction throughout the trunk (Pourquie, 2001). 
 
 The Notch1 gene is crucial for embryonic survival in the second half of 
gestation in mouse (Swiatek et al., 1994). In the first half of gestation, before 
E8, no obvious defects in the normal programs of neurogenesis, myogenesis 
and apoptosis was observed in Notch1 deficient mice (Conlon et al., 1995). 
However, somitogenesis is delayed and disorganized in Notch1 mutant 
embryos, indicating that Notch signaling is involved in the transition from 
presomitic mesoderm to somite. Somite patterning is suggested to be 
governed by a biochemical oscillator, a “clock-and-wavefront” mechanism. 
This segmentation clock operates in the cells of the presomitic mesoderm, the 
immature tissue from which the somites are sequentially produced. This 
conclusion has further been supported by studies in zebrafish (Jiang et al., 
1996), where Notch signaling function to synchronize the biochemical 
oscillations in adjacent cells within the presomitic mesoderm. Similarly, mice 
with deletion of Presenilin1 gene exhibited abnormal patterning of the axial 
skeleton and spinal ganglia, which were traced to defects in somite 
segmentation and maintenance of somite borders (Wong et al., 1997).  
 
Furthermore, Jouve and colleagues showed that Lunatic fringe (Lfng), which 
has been demonstrated to act upstream of the Notch pathway by modifying 
the response of Notch to ligand binding, was expressed in a cyclic fashion in 
the presomitic mesoderm, as well as the Notch targets Hes1 in mouse and its 
homologs in chicken embryos c-hairy1 and c-hairy2 (Jouve et al., 2000). 
However, the segmentation clock is not altered upon deletion of Hes1, 
suggesting that it is not a critical component of the oscillation mechanism, but 
rather represents a read-out of the clock. 
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Additional insights into somite development came from the human disorder 
Spondylocostal dystosis (SD), characterized by malsegmentation syndromes 
with reduced stature resulting from axial skeletal defects. Interestingly, these 
patients exhibited mutated Delta-like3 (Dll3), and the malformations have 
thus been attributed to disrupted Notch signaling pathway (Bulman et al., 
2000). Furthermore, it was revealed that expression of Lfng, Hes1, Hes5 and 
Hey1 expression are diminished in Dll3 mutant mice (Dunwoodie et al., 
2002). Recently, a patient homozygous for a missense mutation in the Lfng 
gene was found in a family of autosomal recessive SD, revealing the typical 
features of mispatterning of the axial skeleton. Lfng normally localize to the 
Golgi, where glycosylation of Notch receptors occurs. The mutant Lfng 
protein however, did not localize to the right cell compartment, was 
enzymatically inactive and unable to modify Notch signaling in vitro 
(Sparrow et al., 2006). These findings suggest that impaired glycosylation by 
Lfng may lead to deregulated Notch signaling, and subsequently contribute 
to the development of the disease. 
 
Notch has also been established to play a role in myogenesis. Kopan and 
colleagues early on draw the conclusion that the intracellular domain of 
Notch conferred inhibition of myogenesis through targeting the myogenic 
inducer MyoD (Kopan et al., 1994). Furthermore, co-culturing of myoblasts 
with ligand-expressing cells results in an efficient block of muscle 
differentiation, i.e. the fusion and subsequent formation of multinucleated 
myotubes (Kuroda et al., 1999; Lindsell et al., 1995). The downstream target 
Hes1 is rapidly induced by Notch activation in myoblasts, however enforced 
expression of Hes1 alone is not sufficient to block myogenesis (Shawber et al., 
1996b), suggesting that other factors are required in this system. Another Hes 
family member, Hes6 is also expressed in myogenic precursors. When 
overexpressed it perturbs differentiation, by a mechanism not involving 
DNA-binding activity, suggesting that Hes6 medaites its effects on 
myogenesis through protein-protein interactions, rather than by acting as a 
transcription factor (Cossins et al., 2002).   
 
 
Vascular system 
The vascular system is the first organ to form during mammalian 
embryogenesis. Hemangioblasts congregate in blood islands and then 
differentiate into endothelial cells to form the primitive vascular plexus and 
hemangiopoietic cells to form the circulating blood. This early phase of 
vascular development, in which the endothelial progenitor cells coalesce into 
a primitive network of blood vessels in the embryo and in the extraembryonic 
membranes, is termed vasculogenesis. At later stages of vascular 
development, the vascular plexus is remodeled into a well-organized 
network of large and small vessels through sprouting, branching and 
network formation in a process termed angiogenesis. This process is 
controlled by a variety of signaling molecules and their downstream 
pathways such as VEGF and its receptors, TGF-β and its receptors, 
angiopoietin and its receptor Tie2, as well as ephrinB ligands and EphB 
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receptors. However, a detailed molecular description of the crosstalk between 
these pathways is beyond the scope of this thesis.  
 
Notch signaling regulates embryonic patterning and binary cell fate decisions 
and plays a critical role in mammalian embryogenesis and also in vascular 
development. Targeted deletion of Notch1 results in embryonic lethality with 
severe neuronal and somatic defects. In addition, Notch-/- mutants show 
defects in vascular remodeling in the embryo, yolk sac and placenta (Krebs et 
al., 2000). Notch4 is also expressed in vascular endothelial cells (Villa et al., 
2001), but deletion of Notch4 does not affect vascular development. However, 
mice embryos with simultaneous deletion of Notch1 and Notch4 display 
more severe vascular phenotypes than embryos deficient in Notch1 alone 
(Krebs et al., 2000), suggesting that although Notch4 is not essential during 
embryonic development, the Notch1 and Notch4 gene have partially 
overlapping roles in vascular development. A supporting role of Notch 
signaling in the establishment of a vascular system further comes from 
studies where mice with targeted mutation of Delta-like4 (Dll4) ligand exhibit 
haploinsufficient lethality because of defects in vascular remodeling, 
demonstrating that mouse embryos are sensitive to gene dosage of Dll4 
(Duarte et al., 2004; Gale et al., 2004; Krebs et al., 2004). Similarly, CSL null 
embryos also show vascular defects and they lack several arterial specific 
markers (Krebs et al., 2004). Conditional inactivation of CSL function 
demonstrates that Notch is essential in the endothelial cell lineage. But 
whereas too little Notch leads to malformation of the vascular system, 
suggested by the gene dosage effects of heterozygote Dll4 expression, the 
Notch receptor gain-of-function studies also reveal vascular defects 
(Uyttendaele et al., 2001), indicating that precise regulation of the levels of 
Notch activation is essential during vascular development.       
 
The arterial and venous vessels are distinct, both morphologically and at the 
molecular level. There are striking differences in gene expression patterns 
between arterial and venous endothelial cells even before the onset of 
circulation. Notch signaling has been shown to play a crucial role in 
establishing arterial identity in zebrafish embryos, by acting downstream of 
sonic hedgehog (shh) and VEGF (Lawson et al., 2002), possibly by activation 
of gridlock, which is a hairy related basic helix-loop-helix transcription factor. 
Targeted mutation of the gridlock gene in zebrafish causes vascular 
patterning defects in the dorsal aorta (Weinstein et al., 1995; Zhong et al., 
2000b). The combined loss of Hey1 and Hey2, the mammalian orthologs of 
gridlock, results in global lack of vascular remodeling and massive 
hemorrhage (Fischer et al., 2004). Functional Notch signaling is required for 
the proper development of arterial and venous vessel identity (Lawson et al., 
2001), as both Notch1 and Hey1/Hey2 knockout mice fail to express arterial 
endothelial markers such as CD44, neurophilin and ephrinB2, and instead 
adopt the default venous fate (Fischer et al., 2004).  
 
Yet another phenotype of disrupted Notch signaling came from experiment 
in mice carrying a mutation in Delta-like1 (Dll1) or double mutants for 
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Notch1 and Notch2 receptor. These mouse embryos displayed laterality 
defects and reversed heart looping, suggesting that Notch signaling plays a 
role in determining the left-right asymmetry axis by inducing Nodal 
expression (Krebs et al., 2003).  
 
In addition, two human diseases are caused by mutations in the components 
of the Notch signaling pathway. Mutations in the Notch3 gene cause a 
disease called cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy (CADASIL) (Joutel et al., 1996), and 
mutations in Jagged1 gene cause Alagille syndrome (Li et al., 1997; Oda et al., 
1997). A more detailed dissection of the molecular mechanisms underlying 
these disorders is described in the section of Notch-related diseases.  
 
Efforts have been made to try to recapitulate the symptoms of these diseases 
in animal models. Interestingly, Notch3 function is required in adult mice for 
the structural and functional integrity of arteries, by regulating the arterial 
differentiation of vascular smooth muscle cells (Domenga et al., 2004). Mice 
homozygous for the Jagged1 mutation die from hemorrhage early during 
embryogenesis, exhibiting defects in remodeling of both embryonic and yolk 
sac vasculature (Xue et al., 1999). Furthermore, conditional Notch1 deletion in 
endothelial and hematopoietic progenitors recapitulate the vascular defects 
and embryonic lethality of global Notch1 null mice (Limbourg et al., 2005), 
clearly demonstrating the essential role of Notch signaling in vascular 
development.  
 
 
Hematopoietic system 
One of the first studies to establish that Notch signaling directly governs cell 
fates in vertebrates as it does in invertebrates, was in the thymus where an 
activated form of Notch biased the lineage decision of maturing T cells, 
favoring CD8+ T cells over development over CD4+ T cells (Robey et al., 
1996). However in complementary experiments, tissue-specific inactivation of 
the Notch1 gene in thymocytes, did not have any effect on the production of 
CD8+ and CD4+ T cells (Wolfer et al., 2001). In addition, Notch has been 
demonstrated to further influence the differentiation of CD4+ T cells into the 
Th1 and Th2 lineages. Jagged constituted an instructive signal for Th2 
differentiation. Strikingly, Delta had the opposite effect, and instead induced 
the Th1 fate (Amsen et al., 2004).  
 
Expression of constitutively active Notch1 in hematopoietic progenitors and 
stem cells allows for the establishment of immortalized cell lines that retain 
the potential to generate both lymphoid and myeloid cells in vitro and in 
long-term mouse reconstitution assay (Varnum-Finney et al., 2000). 
Moreover, an integrated function between Notch and Wnt was reported in 
hematopoietic stem cell maintenance (Duncan et al., 2005). Importantly, 
human Notch1 was originally identified through its association with T cell 
acute lymphoblastic leukemia (T-ALL), where a translocation event resulted 
in the expressing of a truncated version of Notch1, constitutively active and 
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under the control of a T cell specific promoter (Ellisen et al., 1991). Hence, the 
oncogenic effect of ligand-independent Notch signaling and T cell 
development are intimately linked. 
 
A role for Notch in the binary cell fate decision between B- or T cell 
lymphopoiesis has also been established. Mice receiving bone marrow 
transduced with activated Notch1 frequently contain immature T cells, and 
conversely exhibit a simultaneous block in early B cell development (Pui et 
al., 1999). In contrast, Notch does not influence myeloid differentiation. This 
suggests that Notch determines the cell fate of progeny derived from a 
common lymphoid progenitor in the bone marrow. Previous studies revealed 
that retroviral-directed expression of activated Notch1 resulted in exclusive 
development of T-cell leukemia or lymphoma (Pear et al., 1996). Radtke and 
colleagues, who conducted loss of function experiments with tissue-specific 
deletion of Notch1 in the bone marrow, further strengthened the action of 
Notch in lymphopoiesis. Strikingly, lack of Notch signal resulted in a block in 
T cell development and a concomitant accumulation of B cells in the thymus 
(Radtke et al., 1999).     
   
 
Skin 
The epidermis provides a prototype for self-renewing epithelial cells, and 
consist of several layers organized into well-defined zones of proliferation, 
and early versus late stages of differentiation. Compared to other progenitor 
populations, epidermal stem cells differ in their response to Notch signaling. 
As opposed to maintaining the undifferentiated state in other tissues, Notch 
signaling promotes exit from the epidermal stem cell compartment and 
induces keratinocyte differentiation (Lowell et al., 2000; Nicolas et al., 2003). 
This is in keeping with the role of Notch as a tumor suppressor in these cells, 
which is further discussed in the section about Notch and cancer. Here, skin 
represents one intriguing exception to the almost uniform opinion of Notch 
as a tumor-promoting factor. 
 
Further supporting a Notch-mediated effect on differentiation, Rangarajan 
and colleagues showed that keratinocyte-specific deletion of the Notch1 gene 
resulted in marked epidermal hyperplasia and deregulated expression of 
multiple differentiation markers. Specifically, the cell cycle regulator p21 was 
identified as a novel Notch target gene. Notch induced transcription of p21 
by a CSL-dependent mechanism, and CSL and Notch ICD were recruited to 
the p21 promoter. Activated Notch also induced expression of early 
keratinocyte differentiation markers such as involucrin and keratin1 
(Rangarajan et al., 2001).  
 
 
 The tumor suppressor function of Notch in keratinocytes has been associated 
with down-regulation of Wnt signaling. This is mediated by abrogating Wnt 
ligand gene expression through the action of p21 in response to Notch 
activation. p21 associates with the E2F transcription factor at the Wnt4a 
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promoter and causes curtailed recruitment of c-Myc and p300 (Devgan et al., 
2005). Thus, p21 acts as a selective negative regulator of transcription, and 
links the Notch and Wnt signaling pathways in keratinocyte growth control. 
Taken together, the results described above shed new light on the enigma 
that Notch can operate in so diverse set of manners, ranging from a 
suppressor of growth in the skin, as opposed to gatekeeper of differentiation 
and oncogenic accelerator in other situations.   
 
 
NOTCH IN DISEASE AND CANCER 
 
Congenital diseases 
Notch signaling pathway is an evolutionarily conserved signaling mechanism 
essential for proper embryonic development in all metazoans. Therefore it is 
not surprising that perturbations of Notch signaling has been demonstrated 
to contribute to the pathogenesis of several inherited human diseases. These 
congenital disorders are caused by mutations affecting different components 
in the pathway (Gridley, 2003). Alagille´s syndrome (AGS) is an autosomal 
dominant developmental disorder caused by mutations leading to insertion 
or deletion in the coding region of the Jagged1 gene, resulting in translational 
frameshift and disruption of Jagged1 and its function (Li et al., 1997; Oda et 
al., 1997). The syndrome is characterized by abnormal development of liver, 
heart, skeleton, eye and facial structures. The dominant inheritance 
demonstrated in AGS implies that the normal allele does not rescue the 
phenotype caused by the absent protein, indicating that the symptoms are 
results from haploinsufficiency of Jagged1. It has been difficult to obtain 
animal models representative for Alagille´s syndrome, as mice homozygous 
for Jagged1 null allele die during embryogenesis and heterozygous mice 
exhibit eye defects, but no other symptoms of AGS patients. However, double 
heterozygous mouse for Jagged1 and Notch2 creates a mouse model with 
phenotypes, more representative for human Alagille´s syndrome. This work 
further demonstrates the Notch2 and Jagged1 mutations interact, and identify 
Notch2 as a genetic modifier of Jagged1 haploinsufficiency (McCright et al., 
2002).  
 
CADASIL (for cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy) is an example of yet another dominant 
congenital disorder affecting the Notch signaling pathway. The disease is 
caused by Notch3 mutations and leads to adult-onset conditions of stroke and 
dementia whose key features include recurrent subcortical ischemic events 
and vascular dementia (Joutel et al., 1996). Interestingly, all mutations 
associated with CADASIL result in a gain or loss of a cysteine residue in one 
of the 34 EGF-like repeats in the extracellular domain of Notch3, resulting in 
an unpaired cysteine residue. This striking pattern of mutations causing the 
disease, together with the absence of any examples of deletions or 
inactivating mutations, strongly suggest that the symptoms do not arise from 
Notch3 loss of function. However, it is still a matter of debate whether or not 
the Notch signaling capacity of these mutant receptors are affected (Louvi et 
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al., 2006). Insights into the pathological component of CADASIL came from 
patient findings that the extracellular domain of Notch3 protein accumulated 
at the cytoplasmic membrane of smooth muscle cells in the cerebral 
microvasculature (Joutel et al., 2000).  
 
Spondylocostal dystosis (SD), like Alagille´s syndrome, is a developmental 
disorder, and has been ascribed to both autosomal dominant and recessive 
modes of inheritance. The disease is associated with vertebral segmentation 
defects and rib abnormalities. Positional cloning studies demonstrated that 
Delta-like3 was the mutated gene causing autosomal recessive SD (Bulman et 
al., 2000). Comparison between phenotypes of Delta-like3 (Dll3) null mouse 
embryos and human SD patients indicates that the disease arise from loss of 
Dll3 function. The Notch signaling pathway plays a major role in regulating 
somite formation by an oscillation function in the presomitic mesoderm, as 
discussed in the section above on Notch function in myogenesis and in 
somites. Deregulation of this pathway by deleterious Dll3 has been suggested 
to underlie the defects observed in SD patients (Dunwoodie et al., 2002). 
 
Recently, mutations in Notch1 were found to accumulate in two different 
families with aortic valve disease (Garg et al., 2005). Sequencing analysis 
revealed a single nucleotide substitution introducing a premature stop codon, 
or a single nucleotide deletion resulting in frameshift. Interestingly, both 
mutations are predicted to lead to a severely altered and nonfunctional 
protein, implicating that Notch1 haploinsufficiency leads to congenital heart 
disease. This work further underscores the importance of gene dosage of the 
Notch pathway components, and possibly of the intricate balance between 
ligands and receptors (McCright et al., 2002).  
 
 
Cancer 
The first identification of the mammalian homolog of Notch1 (Ellisen et al., 
1991), revealed that enforced Notch1 signaling, by the translocation of Notch 
intracellular domain to TCR receptor locus resulted in a constitutively active 
Notch1 receptor and subsequently resulted in T cell Acute Lymphoblastic 
Leukemia (T-ALL). The (7;9) chromosomal translocation was found in less 
than 1% of T-ALL patients, but nevertheless highlighted the ability of a 
constitutively active Notch receptor to induce malignant growth. Further 
studies have underscored the essence of receptor regulation by ligand and 
subsequent cleavages. Recent work by Aster and colleagues convincingly 
show that activating mutations of Notch1 in T-ALL patients may be of a more 
common phenomenon (Weng et al., 2004). Sequencing analysis of cell lines 
established from T-ALL patients significantly revealed that more than 50% of 
the human T-ALLs exhibited activating mutations involving the extracellular 
heterodimerization domain (HD) and/or deletions of the PEST domain of 
Notch1. Interestingly, the HD is responsible for stable association of the two 
receptor-subunits, whereas the PEST domain regulates the stability of the 
intracellular domain. The finding of a robust synergistic effect when these 
two types of mutations occurred in cis (on the same chromosome), propose a 
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model in which HD domain mutations, which increase the rate of production 
of the intracellular domain because of enhanced γ-secretase cleavage, 
combined with truncations that remove the PEST domain, which 
subsequently lead to increased Notch intracellular domain half life, together 
result in highly elevated Notch signaling activity. 
 
In analogy to the translocation event involved in T-ALL, Notch4 gene was 
identified as a frequent target in Mouse Mammary Tumor Virus (MMTV)-
induced mammary carcinomas (Uyttendaele et al., 1996), resulting in 
expression of a constitutively active Notch4 intracellular domain. Additional 
evidence for a role of Notch in breast tumors came from Pece and colleagues, 
who showed that the biological antagonism between Notch and Numb 
controls the proliferation/differentiation balance in development and 
homeostasis. Frequently, Numb is silenced in human mammary tumors, 
resulting in increased Notch activation and proliferation (Pece et al., 2004). 
 
Neuroblastomas are rare tumors derived from precursor cells of the 
sympathetic nervous system, affecting only very young children. The 
development of malignant tumors in children occurs very rapidly, and is 
believed to arise from somewhat different mechanisms and involve other 
factors than accumulation of mutations, which are assumed to drive tumor 
formation in the adult. Phenotypic characterization has shown that 
neuroblastomas frequently express genes that are associated not only with 
the sympathetic lineages, but also with early cell lineages originating from 
the neural crest (Gestblom et al., 1999). Interestingly, these tumors can be 
cured by treatment with retinoids (Matthay et al., 1999; Soignet et al., 1998), 
highlighting the possibility to induce differentiation as a new treatment 
modality, and thus converting tumors consisting of immature neuroblastic 
cells into benign, non-dividing and differentiated neuron-like cells. Notch 
signaling is a valid candidate for the dedifferentiated phenotype observed in 
neuroblastic cells (Pahlman et al., 2004). Consistent with this line of 
reasoning, Notch signaling components such as Notch, Hes and Mash1 are 
highly expressed in cells derived from neurobastoma patients. Interestingly, 
Påhlman and co-workers have provided compelling evidence suggesting that 
tumor hypoxia is a contributing factor to the observed dedifferentiated 
phenotype as well as the aggressive tumor behavior (Jogi et al., 2002; Jogi et 
al., 2004).  
 
Notch signaling has further been implicated in various other cancers, such as 
pancreatic tumorigenesis (Heiser and Hebrok, 2004), where Notch was 
demonstrated to crosstalk with TGF-α (Miyamoto et al., 2003). Similarly, the 
Notch ligand Jagged1 is highly expressed in metastatic prostate cancer 
(Santagata et al., 2004; Zhang et al., 2006) and block of Notch signaling 
reverse proliferative tumor cells in the intestine into postmitotic goblet cells 
(van Es et al., 2005). Recently, Notch has been implicated in melanoma 
progression, where it together with activation of PI3 kinase, up-regulates N-
cadherin expression (Liu et al., 2006). 
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One important exception, to what seems to almost count as principle for the 
role of Notch in cancer, as discussed above, is the function of Notch in the 
skin. Here Notch signaling acts as a tumor suppressor in the control of 
keratinocyte growth and inducer of differentiation (Lefort and Dotto, 2004; 
Nicolas et al., 2003). It should be noted that additional cancer forms have 
occasionally reported down-modulation of Notch signaling, particularly in 
cervical carcinoma (Talora et al., 2002), squamous cell carcioma (Proweller et 
al., 2006) and glioblastoma (Somasundaram et al., 2005) tumors. Thus, the 
duality of function of Notch signaling may not be restricted to 
keratinocyte tumor development, but may apply to repression of the 
neoplastic phenotype in other celltypes. These represent important 
issues when considering Notch as a possible therapeutic target for 
cancer.  
 
 
CROSSTALK WITH OTHER SIGNALING PATHWAYS 
 
A large set of extracellular cues needs to be converted to appropriate 
intracellular responses. As the signaling mechanisms relaying this 
information seems to be rather limited, it appears reasonable that integration 
between various signaling pathways will prove to be significant for 
broadening and fine-tuning the response, both in developmental and cancer 
biology. Notch signaling pathway has been demonstrated to interact with a 
number of other pathways, such as that of BMP/TGFβ, Ras/MAP kinase, PI3 
kinase/Akt and Wnt signaling. The integration occurs at several levels, with 
multiple components in each pathway, and can be of both synergistic and 
antagonistic nature. 
 
 
Notch and TGFβ /BMP 
TGFβ superfamily of growth factors represents a family of signaling 
molecules that is of critical importance in all metazoans and in several 
biological processes, including cell fate determination. TGFβ ligands are 
secreted molecules that bind and signal through transmembrane complexes 
of type I and type II serine/threonine kinase receptors (Attisano and Wrana, 
2002). In the presence of ligand, type II receptors phosphorylate type I 
receptors, which allows for an interaction of type I receptor with Smad 
proteins. Different Smads are phosphorylated depending on which ligand 
that binds to the receptor. Smad2 and Smad3 become phosphorylated in 
response to TGFβ, whereas Smad1, Smad5 and Smad8 are phosphorylated in 
response to BMP signal. The phosphorylation event leads to interaction with 
an additional Smad protein, Smad4. The dimer complex is subsequently 
translocated to the nucleus, where it interacts with other transcription factors 
and activates gene expression. While both TGFβ and Notch signaling 
converge in the regulation of a number of developmental processes, 
including neuronal, myogenic and endothelial differentiation, it was during a 
long time assumed that the two pathways acted in parallel and 
independently of each other. However, recent findings indicate functional 
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integration between these pathways. Both TGFβ (Blokzijl et al., 2003) and 
BMP (Dahlqvist et al., 2003) were found to enhance expression of Notch 
downstream genes, Hes-1 and Hey-1, and an interaction between the 
mediators in the two pathways, Smads and Notch intracellular domain was 
observed. The BMP signal was integrated into the Notch pathway and was 
shown to inhibit myogenic differentiation (Dahlqvist et al., 2003). The 
channeling of BMP induction was reported to relay information in only one 
direction, thus into the Notch pathway, rather than into the canonical 
BMP/TGFβ pathway. In similar manner as in the myogenic situation, a 
synergistic effect of BMP and Notch on Notch target gene Hey-1 was 
observed in endothelial cells (Itoh et al., 2004). Interestingly, Hey-1 was 
reported to antagonize activation of the BMP downstream target Id1, leading 
to repression of BMP-induced endothelial migration. However, TGFβ-
induced up-regulation of Hey-1 was recently observed to be required for 
epithelial-mesenchymal transitions (EMT) in kidney and mammary gland 
epithelial cells (Zavadil et al., 2004). 
 
 
Notch and Ras/MAP kinase 
Notch and Ras/MAP kinase pathway interactions have been documented in 
several species, both in the context of development and during 
tumorigenesis. Insight into their integrated role during development stems 
from studies in the Drosophila eye and C.elegans vulva, where genetic 
dissection of these pathways was executed. The interactions between Notch 
and Ras/MAP kinase can be either co-operative or antagonistic depending on 
the cellular context (Sundaram, 2005). In the vulva development of C.elegans, 
the Ras signal is upstream of the Notch pathway, and down-regulation of the 
Notch ICD by endocytosis-mediated degradation by the inductive signal 
from Ras-EGFR-MAP kinase permits one of the six vulval precursor cells to 
adopt a primary cell fate (Shaye and Greenwald, 2002). However, a lateral 
signal then activates the Notch receptor in the two neighboring vulval 
precursor cells (Yoo et al., 2004), revealing a mutually exclusive role of Ras 
and Notch within the same cell. In the Drosophila eye however, Ras promotes 
the expression of Delta in the retinal cells (Tsuda L, 2002). This finding bears 
an interesting similarity to the mode of interaction between Ras and Notch in 
tumor angiogenesis. Ras/MAP kinase induces up-regulation of Notch ligand 
Jagged1 in head and neck squamous cell carcinoma, and subsequently 
activate Notch receptors in the neighboring endothelial cells, further inducing 
angiogenesis, and thereby enhancing tumor growth (Zeng et al., 2005). Notch 
signaling was also reported to be active in Ras-transformed cells, where 
oncogenic Ras increased both activity and levels of Notch ICD. In addition, 
Notch ligand Delta and presenilin expression were up-regulated in response 
to Ras, and functional Notch signaling was required for maintaining the 
neoplastic phenotype (Weijzen et al., 2002). Insight into a synergistic role of 
Notch and Ras also came from cell lines established from mouse mammary 
gland tumors (Fitzgerald et al., 2000), where tumor transformation by Notch 
required active Ras/MAP kinase signal. However, an antagonistic mode 
between Notch and Ras was recently demonstrated in Drosophila vein 
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formation and bristle patterning (Hasson et al., 2005), where Ras signaling 
induced phosphorylation of Goucho, leading to diminished repression by 
Hes-related proteins, and thereby abrogated Notch transcriptional output.        
 
 
Notch and PI3 kinase/Akt 
Protein kinase B or Akt (PKB/Akt) is a serine/threonine kinase, which is 
activated in cells exposed to diverse stimuli such as hormones, growth factors 
and extracellular matrix components. The activation of Akt occurs 
downstream of phosphoinositide 3-kinase (PI3 kinase), which generates a 
lipid second messenger, phosphatidylinositol-3,4,5-triphosphate (PIP3) 
essential for the translocation of Akt to the plasma membrane, where it is 
phosphorylated and activated. Akt then phosphorylates and regulates the 
function of many cellular proteins involved in processes regulating 
metabolism, apoptosis and proliferation. In addition, evidence indicate that 
dysregulated Akt is frequent in many types of human malignancies 
(Nicholson and Anderson, 2002). 
 
Interaction between Notch and Akt signaling has been suggested in T lineage 
cells. However the nature of this relationship remains still unclear. One report 
suggests that activation of Notch signaling in peripheral T cells results in 
decreased phosphorylation of Akt and a concomitant inhibition of 
proliferation (Eagar et al., 2004). Another report demonstrates that the 
antiapoptotic effects of Notch are dependent on functional PI3 kinase-Akt-
mediated signaling (Sade et al., 2004). Further evidence of a positive 
interaction between the Notch and Akt signaling pathways come from 
Ciofani and colleagues, revealing that Notch promotes survival and trophic 
effects in pre-T cells at the β-selection checkpoint, mediated by the PI3 kinase 
pathway (Ciofani and Zuniga-Pflucker, 2005).  
 
Since dysregulation of Notch and Akt pathways is associated with various 
forms of cancer (Larue and Bellacosa, 2005), it will be a challenging prospect 
for the future to determine the significance of signal integration between 
these pathways. 
 
 
Notch and Wnt 
The Wnt signaling pathway is activated when Wnt ligands bind to the 
Frizzled family of seven-pass transmembrane receptors, which  activate the 
cytoplasmic adaptor protein Dishevelled. In the absence of Wnt signal, β-
catenin, a downstream mediator and transcription factor, is associated with a 
large multiprotein complex, including the glycogen synthase kinase 3β (GSK-
3β). In this complex, β-catenin is phosphorylated and thereby targeted for 
ubiquitylation and proteasomal degradation (Cadigan and Nusse, 1997). The 
crosstalk between Notch and Wnt signaling pathways occurs at several 
different levels. Lessons from Drosophila tell a story of an antagonistic effect of 
Wnt signaling (Wingless) on Notch during patterning of the eye. This event 
most likely involves asymmetric localization of Frizzled, and an interaction 
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between Dishevelled and Notch C-terminal ICD (Strutt et al., 2002). The 
modulation of Notch activity is in keeping with previous observations on 
interactions between Dishevelled and Notch, leading to block of the Notch 
signal (Axelrod et al., 1996). In contrast, at the level of transcriptional 
activation, Notch has been demonstrated to interact with LEF-1, and 
potentiate its transcriptional activity, thus acting as a co-activator in the Wnt 
signaling pathway (Ross and Kadesch, 2001a). The observation that GSK-3β 
phosphorylates Notch ICD represents a third convergence point between the 
two signaling pathways. GSK-3β-mediated phosphorylation sends β-catenin 
to proteasomal degradation. However, this is in sharp contrast to the effect of 
GSK-3β on Notch, where phosphorylation enhances Notch ICD stability and 
protects it from degradation (Foltz et al., 2002). A recent link between Wnt 
and Notch signaling was demonstrated in keratinocytes where the tumor-
suppressor function of Notch was associated with donwregulation of Wnt 
signaling. This was achieved, at least in part by suppression of Wnt4a gene 
expression by the Notch target p21 in keratinocytes (Devgan et al., 2005). 
Nrarp, a Notch target and negative feedback regulator of Notch signaling 
(Lamar et al., 2001) was shown to stabilize LEF-1 protein in neural crest cells 
(Ishitani et al., 2005). Interestingly, a CSL/Notch ICD-independent Notch-
Wnt interaction was recently demonstrated, where Notch modulates β-
catenin transcriptional activity (Hayward et al 2005). Wnt signaling is also 
up-regulated in many tumor situations. Acivation of Notch has been 
demonstrated to increase β-catenin stability and result in elevated melanoma 
cell growth and metastatic capability (Balint et al., 2005). In keratinocytes 
however, where Notch has a tumor suppressor function, ablation of the 
Notch1 gene led to de-repression of β-catenin signaling in mouse epidermis 
(Nicolas et al., 2003). Furthermore, Notch and Wnt signaling have been 
reported to be integrated in hematopoietic stem cell maintenance (Duncan et 
al., 2005).      
 
 
HYPOXIA SIGNALING PATHWAY 
 
Oxygen is a critical demand in most, if not all metazoan species. It is used by 
cells not only as the terminal electron acceptor in mitochondrial oxidative 
phosphorylation to generate energy in the form of ATP, but molecular O2 also 
represents a substrate in a large number of enzymatic reactions, and can be 
incorporated into proteins and lipids. The air we breathe at sea level contain 
20.9% partial oxygen preassure, but within in organs and tissues it is 
considerably lower. Therefore careful consideration should be made in the 
definitions of normoxia. For example, there are physiologically different 
partial O2 preassure in different tissues (Vanderkooi et al., 1991).  
 
It is important to balance the amount of oxygen delivered to a tissue. Scarcity 
of molecular oxygen for a considerable time, or to the extreme of anoxia, may 
indeed induce necrosis. However, hyperoxia can lead to increased reactive 
oxygen species and free radical production, which can damage the tissue. In 
order to meet a specific cell or tissue´s needs, several mechanisms have 
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developed, both at the systemic and cellular level to ensure oxygen 
homeostasis. Hence, in the case of reduced oxygenation, cell and tissue 
viability depends on activation of several molecular processes, enabling the 
cell or tissue to adapt to environmental changes, by regulating protein 
activity and gene expression (Covello and Simon, 2004).  
 
An evolutionarily conserved oxygen sensing system has evolved, which 
ultimately relies upon the level and activity of a transcription factor, called 
hypoxia inducible factor-1α (HIF-1α). HIF-1α has emerged as the master 
regulator of hypoxia, by intricately regulating the cellular and tissue 
responses to reduced oxygen levels, thus, leading to increased adaptation and 
maintenance of homeostasis. This is accomplished by the elegant execution of 
a canonical signaling pathway, from the activity of a transcription factor, to 
the performance of increased gene expression.    
 
HIF-1α was originally identified by its binding to a hypoxia response element 
in the human erythropoietin (EPO) gene, which is transcribed in response to 
reduced cellular O2 concentration (Semenza and Wang, 1992). Subsequently, 
hypoxia response elements, containing essentially HIF-1 binding sites with 
the consensus sequence 5´-RCGTG-3´ (Semenza et al., 1996) were identified in 
the promoters of genes encoding transferrin, vascular endothelial growth 
factor (VEGF), glucose transporter 1, inducible nitric oxide synthase (iNOS), 
heme oxygenease 1 (HO1), glycolytic transporters (GLUT) and enzymes 
(aldolase A, enolase 1, lactate dehydrogenease A, phosphofructokinase L and 
phosphoglycerate kinase 1) for review see (Wenger and Gassmann, 1997). 
Importantly, each of these proteins plays significant roles in systemic, local or 
intracellular O2 homeostasis. EPO, for instance increases blood O2-carrying 
capacity by stimulating erythropoiesis. Tansferrin, on the other hand delivers 
iron to the bone marrow for incorporation into hemoglobin. VEGF mediates 
vascularization by attracting new blood vessels and remodeling of 
preexisting ones. iNOS and HO1 synthesize NO and CO2, which modulate 
the vascular tone. Induction of GLUT1 and other glycolytic enzymes allows 
for a switch from aerobic ATP synthesis (requiring O2) to increased anaerobic 
energy utilization. Taken together, activation of these genes contribute to 
adaptation to conditions of low oxygen levels. Accordingly, generating cells 
deficient of HIF-1α resulted in reduced expression of these genes in response 
to hypoxia (Iyer et al., 1998; Ryan et al., 1998). 
 
 
HIF structure and function 
Hypoxia inducible factors (HIF; HIF-1α, HIF-2α and HIF-3α) are Class I 
bHLH/PAS tanscription factors distinguished by a bHLH domain conferring 
DNA-binding, and a PAS domain mediating partner binding specificity 
(Kewley et al., 2004). Other proteins belonging to the bHLH/PAS family of 
transcription factors are arylhydrocarbon receptor (AhR or the dioxin 
receptor) and single-minded proteins (SIM1 and SIM2). To form active 
transcription factor complexes they must dimerize with the ubiquitously 
expressed HIF-1β/ARNT, a Class II bHLH/PAS domain protein, which 
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promiscuously homo- and heterodimerize (Pongratz et al., 1998). ARNT was 
firstly identified as a dimerizing partner to AhR (Hoffman et al., 1991), and 
named thereafter (ARNT is short for arylhydrocarbon nuclear translocator). 
In response to pollution and various toxins, AhR becomes ligand-activated 
and imported into the nucleus and acquires DNA-binding activity following 
dimerization with ARNT (Hoffman et al., 1991).  
 
As mentioned, the HIF gene family consists of three genes encoding HIFα 
subunits (HIF-1α, -2α and -3α) and three genes encoding HIF-β subunits 
(ARNT/HIF-1β, ARNT2 and ARNT3). However, not all HIF proteins are 
involved in activating transcription in response to hypoxia. Whereas HIF-1α 
and HIF-2α can directly activate transcription of target genes, HIF-3α lacks a 
transcriptional activation domain and appears not to activate transcription 
(Gu et al., 1998; Tian et al., 1998; Tian et al., 1997). Of the other subunits, only 
ARNT and ARNT2 can form functional HIF complexes to regulate hypoxia-
responsive genes.  
 
HIF-1α and ARNT are expressed ubiquitously in human and mouse tissues, 
whereas expression of HIF-2α, HIF-3α, ARNT2 and ARNT3 are more tissue 
restricted. For example, HIF-2α, also known as endothelial PAS domain 
protein 1 (EPAS 1), is expressed in endothelial cells, lung and neural crest 
derivatives during development (Ema et al., 1997; Tian et al., 1997). Post-
natally, under conditions of hypoxia, HIF-2α is expressed in other tissues and 
cell types, such as bone-marrow macrophages, kidney, liver, cardiac 
myocytes and pancreatic cells (Wiesener et al., 2003). Interestingly, a splicing 
variant of the HIF-3α locus constitutes a dominant negative regulator of 
hypoxia inducible factors, named inhibitory PAS domain protein (IPAS). 
IPAS is expressed in Purkinje cells of the cerebellum and in the corneal 
epithelium of the eye (Makino et al., 2001), and indicates a negative feedback 
loop, to repress the function of HIF-1 during hypoxia.  
 
 
Mechanisms of oxygen sensing – PHDs and FIH-1 
How cells sense changes in ambient oxygen concentration is a central 
question in biology. It should therefore not come as a total surprise that 
nature solved this issue by evolving an intricate system to sense and 
modulate a response to these changes, by influencing gene expression. HIF-
1α is one of the most short-lived proteins currently known. The half-life of 
HIF-1α after exposure of cells to hypoxia and subsequent return to normoxia 
is in the range of a few minutes (Wang et al., 1995). This is due to rapid 
degradation mediated by the ubiquitin-proteasome pathway (Huang et al., 
1998; Kallio et al., 1997; Salceda and Caro, 1997) and an oxygen-dependent 
degradation domain (ODD) of HIF-1α (Kallio et al., 1999). Von Hippel-
Lindau (VHL) tumor suppressor protein was identified as the E3-ubiquitin 
ligase directly mediating ubiquitylation and ensuring proteasomal 
degradation of HIF-1α at normoxia by physically interacting with HIF-1α 
ODD (Tanimoto et al., 2000). Interestingly, the motifs of VHL and HIF-1α 
interaction domains represent mutational hotspots leading to highly 
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vascularized tumors (Gnarra et al., 1994; Haase et al., 2001; Wizigmann-Voos 
et al., 1995), discussed in more detail below, further underscoring the need of 
tight regulation of HIF protein turnover and the importance of VHL tumor 
suppressor function in this process.  
 
However, an enigma of what constituted the actual oxygen sensor in this 
pathway, was solved by the discovery that a conserved prolyl residue within 
ODD was targeted for hydroxylation (Ivan et al., 2001; Jaakkola et al., 2001), 
further serving as a prerequisite for VHL interaction and ubiquitylation. The 
model organism C.elegans proved to be useful in a genetic approach to search 
for prolyl hydroxylases (Epstein et al., 2001). Interestingly, in vitro-translated 
worm HIF-1α did not bind to VHL unless it was incubated with worm 
extract, further suggesting a requirement for prolyl hydroxylase activity. In 
addition, a highly conserved family of prolyl hydroxylases (PHDs), 
(consisting of PHD 1, 2 and 3 in mammals) was shown to be responsible for 
the posttranslational modification governing HIF degradation (Bruick and 
McKnight, 2001). The PHDs thus act as oxygen sensors in the cells, since they 
use molecular oxygen as co-substrate. The catalytic reaction further requires 
deoxyglutarate and iron (Ivan et al., 2001).  
 
In addition to the domain regulating protein stability (ODD), HIF-1α (as well 
as HIF-2α) contains two transactivation domains (TADs). The N-terminal 
transactivation domain (N-TAD) partially overlaps with ODD, whereas the 
C-terminal end encompasses the C-terminal transactivation domain (C-TAD). 
This domain operates independently of ODD and is able to recruit co-
activators including p300/CBP, SRC-1 and TIF-2 (Arany et al., 1996; Carrero 
et al., 2000; Ema et al., 1999). Intriguingly, the plot thickened when yet 
another regulator of HIF-1α was identified, named factor inhibiting HIF-1α 
(FIH-1) (Mahon et al., 2001). FIH-1 was shown not only to interact with and 
repress HIF function, but was further identified as a second type of oxygen 
sensor, responsible for posttranslational modification of HIF by asparaginyl 
hydroxylation. This enzymatic reaction, catalyzed by FIH-1 will regulate and 
inhibit the ability of HIF protein to recruit stimulatory co-activators to its 
target genes (Bruick and McKnight, 2002; Lando et al., 2002a; Lando et al., 
2002b). In sum, the oxygen sensing mechanism utilizes posttranslational 
modifications such as prolyl hydroxylation and asparaginyl hydroxylation to 
firstly, keep HIF protein levels low during normoxia, and secondly, to 
prevent HIF recruitment of additional cofactors.  
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Figure 3.  Oxygen sensing mechanisms. The activity of HIF is inhibited at normoxia by 
degradation of the α-subunit. HIF-1α is hydroxylated at specific proline residues by prolyl 
hydroxylases (PHDs), which use molecular O2 as substrate. Prolyl hydroxylation is a 
requirement for recognition by von Hippel-Lindau (VHL) tumor suppressor protein, which 
functions as a E3 ubiquitin ligase. This reaction results in ubiquitylation of HIF-1α, and 
subsequently its degradation by the proteasome. The asparaginyl hydroxylase, factor 
inhibiting HIF-1α (FIH-1) mediates an additional mechanism of functional repression of HIF-
1α, by hydroxylating a conserved asparaginyl residue within the C-terminal transactivation 
domain (C-TAD) of HIF-1α, which disrupts the interaction with the co-activator p300. At 
hypoxia, the limited oxygen availability inhibits prolyl and asparaginayl hydroxylation, 
resulting in increased protein stabilization and activation. 
 
 
 
THE ROLE OF HYPOXIA IN DEVELOPMENT 
 
During embryogenesis, hypoxia induces transcriptional programs essential 
for normal development. Initially, diffusion is sufficient to provide cells with 
O2 and nutrients needed for cellular metabolism (Maltepe and Simon, 1998). 
However, as the tissue mass increases during organogenesis, a local hypoxic 
environment is generated with consequent activation of the HIF1α/ARNT 
complex, leading to increased expression of genes promoting vascular 
development in both the yolk sac and solid tissues.   
 
A null mutation of the ARNT gene in mice severely impairs angiogenesis, 
resulting in early embryonic lethality by embryonic day 10.5 (E10.5) (Maltepe 
et al., 1997). This is consistent with the critical importance of ARNT, in 
conjunction with HIF-1α, for recognition of hypoxia response elements, and 
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activation of canonical hypoxia downstream targets. Another study of ARNT-
deficient mouse embryos revealed severe defects in placental development 
(Kozak et al., 1997), to which the lethality was ascribed. Furthermore, ARNT -
/- placentas exhibit aberrant cellular architecture due to altered cell 
determination with reduced labyrinthin and spongiotrophoblast layers, 
concomitant with increased number of giant cells (Adelman et al., 2000).  
 
The ARNT knock out phenotype is concordant with the lethal phenotype in 
mice devoid of HIF-1α. Embryos lacking HIF-1α die during midgestation by 
E11 from severe vascular defects and malformations in cardiovascular 
morphogenesis. In addition they manifest incomplete neural tube closure and 
marked cell death within the cephalic mesenchyme (Iyer et al., 1998; Ryan et 
al., 1998). The developmental arrest is evident already by E9.5 and further 
correlates with failure to activate hypoxia responsive genes, indicating that 
embryonic hypoxia is a microenvironmental stress, which triggers 
development of a proper vasculature, and failure to respond properly to this 
cue severely impairs embryonic organization and growth.  
 
In addition to HIF-1α deficient embryos, three independent groups have 
created HIF-2α knockout models, and strikingly obtained different results. In 
one study, HIF-2α deficiency was embryonic lethal due to bradycardia, which 
was attributed to a defect in catecholamine biosynthesis (Tian et al., 1998). In 
contrast, another group demonstrated that loss of HIF-2α resulted in viable 
mice that died within 24 hours after birth due to respiratory distress 
syndrome (Compernolle et al., 2002). Loss of HIF-2α correlated with reduced 
VEGF expression, leading to lack of lung surfactant production in 
pneumocytes. Finally, a third group also observed bradychardia leading to 
embryonic lethality. However, more than a half of the mutants also displayed 
varying degrees of vascular disorganization (Peng et al., 2000). Specifically, 
blood vessels were formed, but did not manage to fuse properly or failed to 
assemble into larger vessels, indicating a role for HIF-2α in controlling 
vascular remodeling.  
 
Similarly, deletion of the hypoxia target gene VEGF are embryonic lethal, 
even when only a single VEGF allele is deleted, indicating a tight dose-
dependent regulation of embryonic vessel development (Carmeliet et al., 
1996; Ferrara et al., 1996). VEGF+/- mice die within E11-12 and are 
characterized by a poorly developed dorsal aorta, vascular defects and 
reduced formation of yolk sac vessels. Homozygous null embryos die earlier 
within E8.5-9.5 exhibiting more severe defects including a complete absence 
of the dorsal aorta (Carmeliet et al., 1996).  
 
Flk-1 and Flt-1 are VEGF receptors that are expressed at different times in 
vascular development. Flk-1 is expressed in hematopoietic and angiogenic 
precursors, while Flt-1 is expressed later in more differentiated endothelial 
precursors. In accordance to mice lacking VEGF, deficiency in Flk-1 results in 
lethality at the same embryonic stage, with defects in hematopoietic and 
angiogenic lineages (Shalaby et al., 1997; Shalaby et al., 1995). These embryos 
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largely lack blood islands and vessels in the embryo proper. Similarly, Flt -/- 
mice fail to form organized vascular network. In summary, HIF, HIF target 
genes and mediators, such as VEGF and its cellular receptors Flk-1 and Flt-1, 
are essential for the formation of the embryonic vasculature.    
 
The elements of hypoxia signaling pathway, similar to the Notch pathway, is 
strikingly conserved during evolution. Proteins containing bHLH-PAS 
domains with sequence similarity to HIF-1α have been identified in both 
invertebrate and vertebrate species. In Drosophila, O2 is not blood borne 
through a circulatory system but instead is delivered directly to all cells via 
tracheal tubes, and formation of these require TRH, a bHLH-PAS protein 
with sequence similarity to HIF-1α (Guillemin and Krasnow, 1997). Fruit flies 
and humans have thus evolved different methods to secure O2 delivery, but 
nevertheless express proteins that are structurally and functionally related. 
 
 
THE ROLE OF HYPOXIA IN DIFFERENT 
PATHOLOGIES 
 
Stroke, ischemia and cardiovascular disease 
Ischemia and infarction occur when blood perfusion is insufficient, due to 
narrowing of cerebral, coronary and peripheral arteries (artherosclerosis), 
which deprives tissues of oxygen and nutrients, inadequate in meeting the 
metabolic demands within the tissue. In animal models of coronary artery 
occlusion, myocardial ischemia induces HIF activation and VEGF expression 
and subsequently collateral blood vessel development (Banai et al., 1994). 
Hypoxia thus represents a sufficient signal to trigger a corrective response in 
the form of new blood vessel formation. Experimental analysis of fetal sheep 
subjected to isovolemic hemorrhage in utero resulted in chronic anemia and 
development of cardiac hypertrophy. The experimental animals exhibited 
increased myocardial expression of HIF-1α and VEGF (Martin et al., 1998). 
Although ischemia in the adult human heart also results in the induction of 
hypoxia signaling pathway, the angiogenic response is often not sufficient to 
prevent infarction. VEGF and HIF gene therapy or pharmacological 
inhibition of the oxygen sensors, thus constitute a possibility to stimulate 
myocardial angiogenesis (Hewitson and Schofield, 2004; Vincent et al., 2000).  
 
Cerebral ischemia, induced in rats by carotid artery occlusion followed by 
exposure of the animal to ambient hypoxia (8% O2 for 3 hours), causes 
infarction in the cerebral hemisphere ipsilateral to the carotid occlusion. 
However, rats exposed to 8% O2 for 3 hours, and then allowed to recover for 
24 hours before hypoxia treatment, are protected from infarction (Bergeron et 
al., 2000). This phenomenon is termed preconditioning, and results in marked 
induction of HIF-1α protein expression, suggested to be responsible for 
protection against cell death. Paradoxically, in the absence of 
preconditioning, HIF-1α might promote ischemia-induced neuronal cell 
death (Carmeliet et al., 1998; Halterman et al., 1999). The positive effect of 
preconditioning by hypoxia has been demonstrated in the brain, heart, 



 33 

kidney and other organs of the body. So far the mechanism remain elusive, 
however it has been suggested to involve NOS2 gene expression and NF-kB 
activation (Hattori et al., 2002; Maulik et al., 1998).   
 
 
Cancer 
Solid tumors undergoing rapid expansion and growth beyond a 
volume of 1 mm3 are dependent on sufficient oxygen supply, and 
many tumors frequently develop a severely hypoxic microenvironment 
(Brown and Wilson, 2004; Hockel and Vaupel, 2001). Consistently, 
induction of HIF-1α is a hallmark of several tumor forms and a 
plethora of evidence has accumulated, which suggests that HIF 
promotes tumor growth. High levels of HIF-1α has been reported in a 
variety of human tumors, including colon, lung, brain, ovary, renal, 
prostate, skin, breast and stomach cancers (Talks et al., 2000; Turner 
et al., 2002; Zagzag et al., 2000; Zhong et al., 1998; Zhong et al., 
1999). Likewise, HIF-2α is overexpressed in a number of tumor types, 
including renal clear cell carcinomas, astrocytomas and non-small-
cell lung cancers (Giatromanolaki et al., 2001; Khatua et al., 2003; Kondo et 
al., 2003). 
 
The use of multiple HIF null cells, such as HIF-1α -/- embryonic stem 
cells, HIF-1α -/- transformed fibroblasts or hepatoma cells lacking 
HIF-1β, point to a role for HIF-1α to enhance tumor cell proliferation 
and survival (Maxwell et al., 1997; Ryan et al., 1998). Conversely, 
other reports conclude that tumors derived from ES cells lacking HIF-
1α can grow faster as a result of decreased rate of apoptosis 
(Carmeliet et al., 1998). Indeed, the relationship between HIF and 
apoptosis is complex and involves activation of pro-apoptotic proteins, 
and promotes p53-dependent apoptosis (Suzuki et al., 2001).  
 
Microenvironmental tumor hypoxia is undoubtedly an important 
mechanism for activation of HIF in tumors. Nevertheless, HIF can also 
be activated by oxygen-independent mechanisms. These include 
activation of HIF in response to inactivation of tumor suppressor 
genes, in response to activation of several different oncogenes, and in 
response to diverse growth factor pathways (Semenza, 2000). 
 
 
VHL disease  
Von Hippel-Lindau (VHL) disease is a heritable cancer syndrome, which in 
most cases is associated with a germline mutation of the VHL tumor 
suppressor gene. Tumor development in the VHL disease is linked to loss or 
inactivation of the remaining wildtype VHL allele. Thus, at the molecular 
level VHL disease is caused by a recessive mutation and conforms to the 
Knudson 2-hit model by the sporadic inactivation of the second allele. The 
cardinal features of VHL disease are blood vessel tumors, called 
hemangiomas, as well as tumors of the retina and central nervous system 
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(Maher and Kaelin, 1997). Other tumors caused by VHL deficiency include 
renal clear cell carcinomas of the kidney, pheochromocytomas and pancreatic 
islet cell tumors (Kondo and Kaelin, 2001). Consistent with the loss of 
regulation of HIF-1α and HIF-2α protein in these tumors, they are highly 
vascularized and express elevated levels of VEGF mRNA (Takahashi et al., 
1994). The restoration of VHL function in VHL-defective renal carcinomas 
suppresses their ability to from tumors in vivo (Gnarra et al., 1996; Iliopoulos 
et al., 1995). Furthermore, introduction of a HIF variant that escapes VHL 
control, but retains the ability to activate HIF target genes into renal 
carcinoma cells, previously rendered VHL-positive, restored their ability to 
form tumors in nude mice xenograft assays (Kondo et al., 2002). This 
establishes that inhibition of HIF is necessary for tumor suppression by VHL, 
and demonstrates the protumorigenic effects of the HIF gene expression 
program.  
 
 
Oncogenic activation of HIF-1α  
In addition to changes in microenvironment by hypoxia or aberrant 
regulation of HIF by deletion of VHL, other genetic lesions such as oncogenic 
activation, loss or inactivation of tumor suppressor genes, can all lead to 
increased HIF activity (Bardos and Ashcroft, 2004). Intriguingly, hypoxia has 
also been shown to stimulate expression of various growth factors, i.e. IGF-2, 
which in turn enhance HIF protein translation (Bardos et al., 2004), thereby 
producing an autocrine loop or a vicious cycle. 
 
Ras/MAP kinase pathway is one of the most frequently deregulated 
pathways in various human cancers. Both HIF protein levels and activity are 
higher in Ras-transformed cells, than in untransformed cells at normoxia 
(Chen et al., 2001). Similarly, HIF-1α is not hydroxylated at the critical prolyl 
residue when Ras or v-Src are co-transfected, and is subsequently not a target 
for VHL and proteasomal degradation (Chan et al., 2002). 
 
Activation of a signal transduction pathway leading from receptor tyrosine 
kinases to PI3 kinase and Akt is also a common event in human cancer 
(Cantley and Neel, 1999). In prostate cancer cells there is a direct link between 
activity of PI3 kinase pathway, HIF-1α and VEGF expression (Zhong et al., 
2000a). In addition, the tumor suppressor gene PTEN down-regulates Akt 
activity, as well as HIF-1α expression, and PTEN mutations lead to enhanced 
HIF-1-mediated transcription in human prostate and glioma cancer cells 
(Zhong et al., 2000a; Zundel et al., 2000). Furthermore, pharmacologically 
blockage of mTOR, a downstream mediator of PI3 kinase, by treatment with 
rapamycin, results in reduced HIF-1α activity, suggesting that oncogenic PI3 
kinase signaling can potentiate HIF activity. 
 
MDM2 oncoprotein, a target for p53 tumor suppressor protein, has also been 
implicated in HIF regulation, although its exact role remains unclear. 
Interaction between HIF-1α and MDM2 has been observed (Chen et al., 2003) 
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and accordingly, MDM2 has been implicated in induction of HIF-1α protein 
synthesis (Bardos et al., 2004). 
 
 
Tumor vascularization 
Indeed, VEGF mRNA levels correlate with tumor angiogenesis (Cheng et al., 
1996; Zhang et al., 1995). However, in contrast to angiogenesis elicited by 
physiological hypoxia, tumor hypoxia leads to attraction and development of 
new vessels frequently lacking critical components, such as smooth muscle 
cells and pericytes. This will result in leaky and malformed vessels (Yonenaga 
et al., 2005) that are less efficient in delivering oxygen and nutrients, and thus 
contributes further to tissue hypoxia and favors growth of cells, which have 
adapted to a hypoxic environment. 
 
 
Glycolysis 
Under hypoxic conditions, cells switch their methods of glucose metabolism 
from the oxygen-dependent tricarboxylic acid (TCA) cycle and oxidative 
phosphorylation to glycolysis, the oxygen-independent metabolic pathway. 
Thus, hypoxic cells use glycolysis as a primary source of ATP production. 
Remarkably, glycolysis provides only 2 ATP molecules for each glucose 
molecule, in contrast to the TCA cycle, which provides 38 ATP molecules. 
Despite this, cellular transformation has been associated with increased 
aerobic glycolysis compared to normal tissues, originally described by 
Warburg more than 70 years ago (termed the Warburg effect) reviewed by 
(Garber, 2004) and (Semenza et al., 2001). Of note is that HIF-1α has been 
shown to positively regulate the expression of all enzymes in the glycolytic 
pathway, as well as expression of glucose transporters, GLUT1 and GLUT3 
(Chen et al., 2001). Conversely, accumulation of metabolic intermediates of 
the TCA cycle also affects hypoxia signaling. For example, succinate and 
fumarate lead to HIF stabilization by antagonizing prolyl hydroxylation 
(Pollard et al., 2005; Selak et al., 2005).  
 
By the use of the imagine technique positron-emission tomography (PET), 
glucose uptake within a tissue can be visualized. PET imaging of oncology 
patients that were subjected to fluorescense-labeled glucose revealed that 
most primary and metastatic human cancers show a significantly increased 
glucose uptake. For example, non-invasive breast cancer cells have much 
lower glucose consumption rates compared to highly invasive breast cancer 
cells (Gatenby and Gillies, 2004). 
 
 Since the observation of aerobic glycolysis in cancer cells persists even at 
normoxic condtions, aerobic glycolysis has been suggested to confer a 
proliferative advantage. At first glance, this hypothesis seems at odds, firstly 
because anaerobic metabolism of glucose is inefficient, and secondly, the 
metabolic products of glycolysis, such as the hydrogen ions (H+), cause 
acidification of the extracellular space, which may result in cellular toxicity. 
However, tumor cells have been reported to exhibit up-regulated levels of 
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membrane transporters, enabling them to maintain normal intracellular pH, 
thus conferring a growth advantage by altering the local miroenvironment in 
a way that is harmless to the tumor cells themselves, but fatal to competing 
cell populations. Intriguingly, this phenotype may also be crucial in 
maturation of metastases as well. Up-regulated glycolysis and increased 
intratumoral lactate concentrations are associated with increased incidence of 
metastases in various cancers (Brizel et al., 2001; Walenta et al., 2000). The 
mechanism of how low extracellular pH can induce tumor invasion is not 
known, but may involve metalloproteinases or cathepsins, which promote 
degradation of the extracellular matrix and basement membranes 
(Montcourrier et al., 1997; Rozhin et al., 1994).   
 
 
EMT – general features 
Epithelial-mesenchymal transitions (EMTs) are essential during critical 
phases of embryonic development in many animal species. The first EMT 
occurs during gastrulation with formation of the mesoderm. In addition 
several additional EMT conversions take place later in embryonic 
development. Examples include formation of neural crest cells from the 
neural tube on embryonic day 8 (E8), formation of the atrial and ventricular 
mesenchymal septa from the endothelium during heart development and 
formation of the sclerotome from somites (Thiery and Sleeman, 2006). The 
molecular mechanisms controlling EMT is therefore strictly required for the 
multicellular organisms to get past the blastula stage. However, this 
important developmental program has a more sinister role in tumor 
progression.  
 
The ability of tumor cells to invade adjacent tissues and disseminate to 
distant organs has long been considered the biological hallmark of 
malignancy, termed metastasis. This has been shown to be a highly 
coordinated and multistep process. Tumor cells must invade the tissue 
surrounding the primary tumor, enter either the lymphatics or the 
bloodstream, survive and eventually arrest in the circulation, extravasate into 
a tissue and grow at a new site, termed colonization (Steeg, 2006).  Invasion, 
which initiates the metastatic process, consists of changes in tumor cell 
adherence to other cells and to the extracellular matrix. Cell-cell adhesions 
are mediated by cadherins, which bind cells through homophilic protein-
protein interactions of their extracellular domains. Intracellularly, cadherins 
signal to catenins and the actin cytoskeleton. Invasion is further accompanied 
by a switch in cadherin expression, from E-cadherin to N-cadherin 
expression. E-cadherin mediates adherence between tumor cells and 
subsequently blocks invasion, whereas N-cadherin, which is normally 
expressed on mesenchymal cells, facilitates tumor cell binding to the stroma 
and promotes attachment of the invading cell in a new and hostile 
environment.  
 
Tumor cell adherence to the extracellular matrix is mediated by integrins and 
CD44 receptors. Upon tumor invasion, proteases are recruited to degrade the 



 37 

extracellular matrix. This will in turn lead to release of growth factors and 
chemokines, and further induces infiltration of tumors by macrophages and 
lymphocytes, which releases proteases and other inflammatory stimuli.  
 
EMT is induced by several growth factors, which are produced either by the 
tumor cells themselves or by stromal cells, and include transforming growth 
factor-β (TGF-β), hepatocyte growth factor (HGF), epidermal growth factor 
(EGF), insulin-like growth factor (IGFs) and fibroblast growth factors (FGFs). 
Also, matrix metalloproteinases (MMPs) play a role in progression of EMT 
(Christofori, 2006).  
 
One of the first events initiating EMT is the down-regulation of the E-
cadherin-mediated cell-cell adhesion. This is accomplished by transcriptional 
repression by the Snail superfamily of zinc-finger transcription factors (Batlle 
et al., 2000; Cano et al., 2000). In vertebrates, the Snail superfamily can be 
subdivided into two related but independent groups, the Snail and the 
Scratch families (Manzanares et al., 2001). The Snail family can further be 
divided into two subfamilies, Snail and Slug, also referred to as Snail1 and 
Snail2. Besides being essential for the formation of the mesoderm during 
embryonic development, Snail also plays a key role in malignancies, in part 
by repression of E-cadherin expression, subsequently abrogating cell 
adhesion and inducing migration, but also by influencing cell survival 
(Barrallo-Gimeno and Nieto, 2005). 
 
Snail is a highly unstable protein, which is rapidly phosphorylated by 
glycogen synthase kinase 3β (GSK-3β) and degraded by the ubiquitin-
proteasome pathway. In addition it is regulated by its subcellular localization 
(Zhou et al., 2004). Conversely, inhibition of GSK-3β function results in up-
regulation of Snail, loss of E-cadherin expression and EMT (Bachelder et al., 
2005). Additionally, protein modification by lysyl oxidase (LOX) further 
stabilizes Snail protein and promotes tumor invasion (Peinado et al., 2005).  
 
Interestingly, tumor hypoxia not only induces tumor angiogenesis, but has 
recently been correlated with metastatic growth in breast cancer cells by 
inducing lysyl oxidase expression (Erler et al., 2006). Patients with high LOX 
expression revealed reduced metastasis-free survival and overall survival, 
compared to patients with low LOX expression levels.  
 
The fact that growing tumors frequently acquire a hypoxic environment, 
together with the observation that tumor hypoxia in most cases correlates 
with advanced tumor grade and reduced patient survival, urge for more 
studies to address what sets the tumor on its road to metastasis.  
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PRESENT INVESTIGATION 
 
Aims 
The overall focus of the work presented in this thesis is on the molecular 
mechanism of integration between Notch and hypoxia signaling pathways. 
Specifically I have studied how these pathways cooperate in embryogenesis, 
in particular during neuronal and myogenic differentiation, and in cancer. 
  
The aims have been to: 
 

✦ Investigate how hypoxia influence cultures of progenitor cells, and 
to specifically elucidate the molecular mechanism that contributes to the 
hypoxia-induced increase in the number of multipotent clones. 
 
 ✦ Investigate if the Hypoxia-Notch link exists in the tumor situation, 
and, further, how it contributes to hypoxia-induced tumor development, with 
emphasis on the acquisition of a migratory phenotype. 
 
 ✦ Elucidate whether FIH-1, a negative regulator of HIF-1α, in addition 
to decreasing HIF´s transcriptional activity, directly modulates Notch 
signaling. 
 
 ✦ Design and evaluate a tool, to better study the temporal and spatial 
aspects of Notch signaling in real time. 
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RESULTS AND DISCUSSION OF THE PAPERS 
 
Hypoxic impact on differentiation – we step it up a Notch (Paper I) 
 
Oxygen and its delivery play a crucial role during embryogenesis. Tissue 
oxygenation and activation of the hypoxia signaling pathway has proved to 
be essential for proper vascular development as well as neural tube closure 
(Iyer et al., 1998). Among the defined developmental roles of hypoxic 
response in vitro is stimulation of proliferation and survival of CNS precursor 
cells (Studer et al., 2000) and neural crest stem cells (Morrison et al., 2000) in 
cultures. Similarly, hematopoietic stem cells show increased number of 
mulipotent clones if cultured at hypoxic conditions (Adelman et al., 1999). In 
addition, culturing progenitor cells at hypoxia (3% O2) for an exstensive 
period of time, leads to different developmental outcomes than when 
cultured at normoxia (20% O2). For example, culturing CNS progenitors at 
hypoxia shifts the differentiation toward a dopaminergic cell fate (Studer et 
al., 2000). Considering that normal oxygen concentration within the brain 
ranges from 1-5%, it poses the question whether it is indeed unphysiological 
to culture neural stem cells in what we call normoxia, 20.9% O2.  
 
Since some of the developmental effects of hypoxia on progenitor cells 
correlate with the effect of Notch signaling, our aim for Paper I was to 
investigate if there was a link between both these two pathways that operate 
in cells within the developing embryo. Indeed, our data show that hypoxia 
potentiates Notch signaling in neural and myogenic progenitor cells. This 
was accompanied by a hypoxia-induced inhibition of differentiation, an effect 
that was blocked in the presence of γ-secretase inhibitors, which abrogate 
Notch signaling. Interestingly, different Notch target genes were activated in 
response to hypoxia in different cell types. Whereas transcription of Hey2 
was elevated in myogenic C2C12 cells, Hes1 expression was activated in CNS 
precursor cells and in P19 cells. This suggests that hypoxia augment Notch 
activity differently in different cell types. 
 
We propose two modes of hypoxia-mediated increase of Notch signaling; 
Notch protein stablization and enhancement of Notch transcriptional activity, 
possibly by the recruitment of additional co-activators by HIF-1α. After 
Notch is liberated from the membrane it is ubiquitylated and degraded very 
rapidly. Thus, it is difficult to detect and study endogenous Notch protein 
levels. We therefore transfected a transmembrane-bound Notch construct, 
which is constitutively cleaved and translocated to the nucleus. By 
radioactive labeling and immunoprecipitation of Notch, we could show that 
hypoxia induced stabilization of Notch ICD. Hypoxia also increased the 
protein levels of another Notch construct, encoding the Notch ICD, when 
transfected into COS-7 cells.  
 
In addition, the HIF-1α-increased Notch transcriptional activity or stability 
was dependent on the C-terminal of HIF-1α, which includes the 
transactivation domain, with which HIF recruits transcriptional co-activators, 
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such as p300 and SRC-1. We demonstrate that, while the C-terminal end of 
HIF-1α is essential for the induction of a Notch responsive promoter, the N-
terminal of HIF-1α is responsible for the interaction with Notch ICD.  
 
Since Notch ICD is more stabile at hypoxia, we investigated if Notch, in a 
similar fashion as to HIF-1α could be a target for VHL-dependent 
degradation. Whereas in vitro-translated Notch ICD and HIF-1α interacted, 
we could not detect any interaction between Notch and VHL, suggesting that 
VHL is not involved in de-stabilization of Notch ICD. To further address this 
issue, we used a VHL-deficient cell line to study the effect of hypoxia on 
Notch signaling. These cells exhibit constitutively high HIF protein levels due 
to impaired regulation by VHL. Interestingly, Notch activity was increased 
by hypoxia even in the absence of VHL, further supporting that VHL is not 
directly involved in the equation. Moreover, it implies that the increased 
Notch activity is not a result of elevated HIF protein levels, since these are 
constant in these cells, but rather a consequence of increased HIF activity 
during hypoxia. This is consistent with the requirement of the C-terminal 
domain of HIF-1α, harbouring the transactivation domain, for increased 
Notch transcriptional activity. We then tested the effect of the negative 
regulator of HIF activity, FIH-1 on Notch signaling. Accordingly, enforced 
expression of FIH-1 significantly reduced Notch signaling at hypoxia. 
Strikingly, we observed a robust effect of FIH-1 even at normoxia. This result 
and the demonstration that Notch ICD and FIH-1 interacted in a GST-
pulldown, urged us to investigate whether FIH-1, independently of HIF-1α, 
could affect Notch signaling (further discussed in Paper III). 
 
Importantly, we also demonstrated that HIF-1α is recruited to the Hey2 
promoter in C2C12 cells in the combination of hypoxia and ligand-activation 
of Notch. HIF-1α was not detected at the Hey2 promoter in the absence of 
Notch signaling. Reversely, we could not detect recruitment of Notch to a 
HIF-responsive promoter, however the interaction of HIF-1α itself with the 
promoter was somewhat elevated by the presence of Notch. This may 
indicate that the observed interaction between Notch and HIF-1α, in addition 
to enhancing Notch signaling, to some degree also could influence the 
canonical hypoxic signaling pathway. However this finding remains to be 
further investigated.      
 
 
New kids on the Metastasis block (Paper II) 
 
The proposal that hypoxic environment is essential and occurs in 
embryogenesis, as well as in adult, where one consequence may be to create 
specialized niches, which maintain pluripotent cells, hypoxia also alters the 
microenvironment of tumors. In the light of the data obtained in Paper I, we 
wanted to determine if the hypoxia and Notch signaling pathways are 
associated in the transformed state, as both these pathways influence 
multiple aspects of neoplasia.  
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In addition to the induction of tumor angiogenesis, hypoxia also facilitates 
the conversion from a benign to a malignant tumor state, by promoting 
epithelial-mesenchymal transition (EMT) (Barrallo-Gimeno and Nieto, 2005; 
Beavon, 1999). In Paper II, we investigate if Notch signaling plays a role in the 
hypoxia-induced EMT in tumor cells, and whether Notch is required for the 
enhanced motility and invasiveness of tumor cells. 
 
We show that signal integration between Notch and hypoxia pathways 
indeed exists in various tumor cells, and specifically that Notch signaling is 
required for the hypoxia-induced EMT in ovarian carcinoma cells. Thus, E-
cadherin expression was reduced and the mesenchymal marker vimentin was 
up-regulated in hypoxia, concomitant with the conversion from an epithelial 
to a mesenchymal phenotype. Interestingly, the cells also appeared 
morphologically different and exhibited reorganization of the actin 
cytoskeleton when cultured at hypoxia, as if they had aquired a more 
migratory phenotype. However, all the hypoxia-mediated features of 
metastatic growth could efficiently be blocked by the addition of γ-secretase 
inhibitor, indicating that functional Notch signaling is required for hypoxia-
induced EMT.  
 
We further explored the potential of hypoxia to activate the Notch signal. 
First, we showed that endogenous Notch protein levels were elevated by 
growth of ovarian carcinoma cells in hypoxia. Second, we demonstrated that 
hypoxia increased the expression of the Notch ligand Delta-like1, suggesting 
a novel mechanism for how Notch signaling can be triggered by hypoxia. 
Importantly, we also showed that addition of an activated Notch can 
substitute for hypoxia in inducing EMT. Expression of Notch 1 ICD led to 
reduction of E-cadherin in normoxia, and this reduction could be blocked by 
introduction of dominant negative versions of CSL and Mastermind. These 
results argue for that the transcriptional activation function of Notch ICD 
plays a significant role in EMT. These results, together with the pronounced 
repression of E-cadherin expression by Notch, promted us to analyze if Notch 
signaling controls the upstream regulator of E-cadherin, namely Snail. 
Indeed, Snail-1 mRNA was up-regulated by retroviral infection of Notch 1 
ICD, and γ-secretase inhibitor-treatment abrogated the hypoxia-induced 
elevation of Snail-1 mRNA expression.  In addition, we further identified two 
putative CSL-binding sites upstream of the Snail-1 transcription start site, one 
located on the minus strand and the other at the plus strand further 
upstream). Furthermore, targeted deletion of the latter CSL-binding site 
abolished the Notch-induced activation of the Snail-1 promoter. By chromatin 
immunoprecipitation, we showed that Notch ICD was recruited the same 
region, providing further support for that Snail-1 is a novel downstream 
target of Notch.  
 
Previous studies have established that lysyl oxidase like (LOX) proteins 
constitute a link between hypoxia and EMT in human breast, head and neck 
tumors (Erler et al., 2006). LOX expression is enhanced by activation of the 
canonical hypoxia signaling pathway, and LOX protein associates with Snail, 
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which prevents its degradation (Peinado et al., 2005). To explore how 
hypoxia-induced Notch signaling relate to LOX, we quantitatively measured 
LOX mRNA expression in response to stimulation with Notch ligand Jagged1 
by co-culture assay. Notably, we could not detect any significant effect of 
Notch activation alone, however simultaneous treatment with hypoxia and 
ligand stimulation further augmented the hypoxia-induced LOX 
transcription, which was blocked in the presence of γ-secretase inhibitor. To 
investigate whether Notch activation affects the recruitment of HIF-1α to the 
LOX promoter we performed chromatin immunoprecipitation (ChIP) 
experiments. The obtained results revealed an interaction between HIF-1α 
and the LOX promoter, only during hypoxia, and interestingly the 
recruitment of HIF-1α appeared to be augmented by co-culture with ligand-
expressing cells.  
 
To address if Notch is able to synergize with HIF-1α in regulating Snail 
stability, by the combined effect on LOX, we over-expressed Snail-1 in cells 
cultured at normoxia and hypoxia, with or without Notch stimulation with 
immobilized ligands. Interestingly, hypoxia stabilized Snail protein, and the 
stability was further enhanced by elevated Notch signaling, suggesting that 
the combined effect of hypoxia and Notch on LOX expression synergize and 
converge at the regulation of Snail protein stability. To confirm that LOX 
indeed contribute to increased stability of Snail, we used a pharmacological 
inhibitor of LOX activity, β-aminoproprionitrile (BAPN), which previously 
has been shown to prevent hypoxia-induced metastases of breast cancer 
(Erler et al., 2006). Treatment with BAPN reduced the hypoxia-induced 
stability of Snail. To determine if the signal integration between Notch and 
hypoxia observed in EMT also modulates cell motility and invasiveness, and 
how the possible effect of blocking Notch signaling relate to block of LOX, we 
used a scratch wound healing assay. As expected, hypoxia increased 
migration of cells, and subsequently reduced the size of the inflicted wound. 
However, addition of γ-secretase inhibitor, severely impaired migration. 
Pharmacological block of LOX activity by BAPN resulted in reduced 
migration, although not to the same exstent as treatment with γ-secretase 
inhibitor. Moreover, the combined treatment of blocking both Notch and 
LOX activities, did not result in any synergistic effect on reduction of 
migration, lending support to the notion that Notch is indeed epistatic over 
LOX.  
 
Collectively, the data in Paper II reveal a novel link in tumor progression, 
integrating factors from the tumor microenvironment, via the oncogenic 
signaling of Notch, further down to induction of the migration promoting 
factor Snail and mesenchymal transition. Importantly, we demonstrate that 
blocking Notch signaling is beneficial for preventing both migration and 
invasion in vitro.  Naturally, this will be studied in the in vivo situtation, for 
instance in nude mice. Thus, it will be interesting to investigate if implanted 
tumors expressing high levels of HIF-1α and Notch receptors are more prone 
to invade and colonize other tissues. It will further be important to address 
whether treatment with γ-secretase inhibitor is able to prevent malignant 
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disease. Furthermore, our data relating the combined effect of hypoxia and 
Notch signaling to the expression of LOX, is especially interesting since it for 
the first time suggest that Notch can potentiate HIF-α activity. In particular 
this will be intriguing to investigate from the tumor angiogenesis perspective. 
 
It is likely that the hypoxic microenvironment in the tumor elicits a vicious 
cycle of deregulated tumor angiogenesis with concomitantly leaky vessel 
formation. Additional effects, such as decreased pH and augmented Notch 
signaling, enhance EMT transition. In conjuction, excessive oncogenic 
signaling, loss of tumor suppressor function and enhanced growth factor 
stimulation will contribute to increased mutation rate and clonal selection 
within the hypoxic tumor, and ultimately lead to the development of a 
particularly aggressive phenotype.   

 
 
FIH-1 - a novel modifier of Notch (Paper III) 
 
The findings in Paper I that FIH-1 robustly decreased Notch activity, urged 
us to address if these proteins interact. The affirmative answer prompted us 
to further investigate if Notch ICD was hydroxylated in response to FIH-1. 
We confirmed the results obtained in Paper I, that indeed enforced expression 
of FIH-1 acts as a negative regulator of Notch signaling, and that it 
subsequently induces myogenic differentiation. This is consistent with the 
observed repression of Notch function, however we could not strictly 
determine if FIH-1 acted solely through Notch in this context.  
 
In addition, we identified a conserved asparaginyl residue at N1945 within 
the Notch ankyrin repeat region, as being the predominant residue for 
hydroxylation. However, the biological relevance of the FIH-mediated 
hydroxylation remains unclear, since enforced expression of the catalytically 
inactive FIH-1 mutants gave the same effect as wildtype i.e. elevated 
myogenic differentiation. Since the conclusions from this study are based on 
enforced expression of FIH-1, it will be essential to investigate the functional 
significance of FIH-1 on Notch signaling and cell fate determination. This 
could preferably be done using siRNAs to FIH-1. 
 
The effect of FIH-1 on HIF-1 and 2α, is that the hydroxyl group blocks the 
recruitment of co-activators. How then is the hydroxyl group affecting Notch 
function? This will be an important question to address. The effect of FIH on 
Notch seems to be the mere interaction between the two proteins. Could FIH-
1 recruit co-repressors such as HDACs to the Notch ICD-containing 
transcriptional complex? 
 
The information gained of the HIF C-terminal activation domain structurally 
interacting with FIH-1 will support the design of small molecular inhibitors 
with high specificity for FIH. Blockage of FIH-1 as a therapeutic target may 
activate HIF and facilitate blood vessel formation within ischaemic tissues, 
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however special considerations should be taken, since inhibitors acting at 
disrupting the peptide interface between HIF and FIH also may affect Notch 
signaling. 
   
 
Recording Notch signaling in real time (Paper IV)  
 
The aim for Paper IV was to develop a fluorescent reporter assay to be able to 
record Notch signaling in living cells with high temporal and spatial 
resolution. We therefore generated two fluorescent reporters, based on 
DsRedExpressDR and d1EGFP with different half-lives of 12 and 1 hour, 
respectively. These were further linked to multimerized CSL-binding sites. In 
order to establish a temporal profile for the activation of the fluorescent 
reporters in C2C12 cells, we synchronized the activation of Notch signaling 
by a brief treatment with EDTA, after transfection of the d1EGFP reporter. 
Green fluorescence could be detected after approximately 100 minutes, and 4 
hours after the EDTA pulse, the majority of the transfected cells exhibited 
fluorescence. At 8 hours after stimulation, the majority of the cells revealed 
decreasing levels of fluorescence. This is consistent with the rapid turnover of 
Notch ICD (Fryer et al., 2004). These data correlated well with that of 
activated Notch protein, which started to appear in the nucleus after only 10 
minutes past EDTA stimulation, and was further elevated after 45 minutes. 
Importantly, the specificity of the reporter assay was demonstrated, as no 
flourescence could be detected with the combined treatment of EDTA and γ-
secretase inhibitor treatment.  
 
In addition, we used the same assay to study Notch signaling in cortical 
progenitor cells. A robust activation of the d1EGFP reporter gene in the 
majority of the transfected cortical progenitors was observed 150 minutes 
after EDTA treatment, demonstrating that most precursors contain sufficient 
amount of Notch receptors to be able to become activated. When the cells 
were cultured at high density, some of the transfected cells showed low levels 
of fluorescence, corresponding to endogenous Notch activity even in the 
absence of EDTA. The reason why only a minority of the transfected cortical 
progenitor cells showed active Notch signal, could be explained by cycling 
levels of Notch activity, where Notch signaling is modulated and fluctuates 
over time. Alternatively, some cells exhibit low levels of Notch that is below 
the detection limit. If the latter is the case, this may to some extent limit the 
usefulness of the fluorescent reporter system in the culture of cortical 
progenitor cells.       
 
Furthermore, we analyzed Notch signaling in vivo in the spinal cord of chick 
embryos by the expression of d1EGFP-reporter. Active Notch signal could be 
detected predominantly in the ventricular zone, where progenitor cells 
reside. This is consistent with the notion that Notch expression correlates 
with an undifferentiated cell state.  
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In sum, we show that the reporter assay can be used to measure the level of 
Notch signaling in neural precursors, both in culture and in vivo, and opens 
the possibility to visualize the signal in real time. Moreover, it enables the 
scoring of cell populations with active Notch signaling with fluorescently 
sorting cells on the basis of reporter activity.  
 
 
FUTURE PERSPECTIVES 
 
The functional consequences of our finding that hypoxia potentiates Notch 
signaling will be very exciting to study in various contexts. For instance, it 
will be interesting to extend the research on Notch and hypoxia integration in 
embryonic stem (ES) cells. It might be possible to improve cell culture 
conditions for stem cells by growing them in hypoxia and simultaneous 
stimulate Notch signaling by the addition of soluble ligands. It is tempting to 
analyze the downstream targets of Notch-hypoxia co-operativity. Are there 
distinct genes synergistically activated in response to activation of both 
pathways, as opposed to when only one of the signaling pathways are 
operable? Identification of downstream components will be advantageous in 
order to decipher additional crosstalk with other signaling pathways. 
Naturally, it will further be enticing to analyze if there is a Notch-Hypoxia 
transcriptome in more specialized progenitor cells, such as neuronal, 
hematopoietic and pancreatic stem cells.         
 
Further studies on the mechanism of interaction between Notch ICD and 
HIF-1α in the transcriptionally active complex are warranted. Our studies 
indicate that Mastermind is part of the transcriptional complex. In addition, it 
will be interesting to analyze whether other Notch homologs (Notch2, 3 and 
4) also are able to interact with HIF-1α. 
 
Data from a recent work dissecting the hypoxic response and comparing the 
induction patterns of HIF-1α and HIF-2α in neuroblastoma cells, revealed 
that they are involved in the acute/immediate versus the chronic response to 
hypoxia, respectively (Holmquist-Mengelbier et al., 2006). It is compelling to 
speculate if HIF-2α also can activate Notch signaling, and whether this 
contributes to malignancies, particularly in the dedifferentiated and 
aggressive state of neuroblastomas.  
 
The future avenues of research regarding the Notch-Hypoxia-link will surely 
include the inquiry of whether Notch signaling also affects canonical hypoxia 
signaling. In this aspect, it will be important to elucidate if HIF-β/ARNT is 
physically interacting in the complex together with HIF-1α and Notch ICD. If 
this turns out to be the case, it might be interesting to investigate if 
stimulation of Notch with soluble ligands, might be beneficial for inducing 
angiogenesis in patients with various incidence of ischemia.    
 
 The unraveled Notch-Hypoxia-EMT link in ovarian carcinomas will 
naturally have to be strengthened in vivo, where all the cues governing 
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metastatic growth are present. The potential use of blocking the Notch signal 
by global γ-secretase inhibitor treatment to inhibit metastases is very exciting. 
It has to be investigated if blockage of Notch function can be used as a 
general mechanism to reduce metastasis of different types of cancers.  
 
The pharmaceutical industry has directed an immense interest in γ-secretase 
inhibitors over the past decade, because of its ability to cleave APP, 
producing amyloid peptides, which are believed to play an important role in 
the pathogenesis of Alzheimer´s disease. However, the lack of specificity and 
the numerous substrates might prevent it from providing a treatment for 
Alzheimer´s disease. The side effects of γ-secretase inhibitors include altered 
lymphopoiesis and intestinal cell differentiation (Wong et al., 2004), which 
correlates well with the effect of blocking Notch in these systems. But despite 
the adverse effects, there is a chance that an acute and periodic treatment 
with γ-secretase inhibitors may produce an acceptable level of toxicity.  
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