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Abstract 

The Notch signaling pathway is an evolutionary conserved cell-to-cell communication 
pathway that regulates many important aspects in the development and tissue homeostasis 
of multicellular animals. It operates in a wide range of cellular contexts and dysregulated 
Notch signaling has been linked to a number of diseases, including cancer. The Notch 
signaling pathway consists of receptors and ligands that are expressed on juxtaposed cells, 
giving rise to short distance signaling. Upon ligand binding to a receptor, a series of 
proteolytic cleavages releases an intracellular part of the receptor, the Notch intracellular 
domain (NICD). NICD translocates to the nucleus where it interacts with a DNA-binding 
protein, CSL, to induce downstream target genes. Hyperactivated Notch signaling has been 

found to operate in various forms of cancers and an accumulating body of preclinical and 
clinical evidence supports that this contributes to cancer malignancy. However, the cellular 
events downstream of activated Notch signaling that facilitates tumor progression are still 
poorly understood.  
 
In this thesis, I have investigated several aspects of how dysregulated Notch signaling 

contributes to tumor growth and progression, with an emphasis on breast cancer.  
The data presented here demonstrate several novel interactions between Notch signaling 
and other oncogenic signaling mechanisms. Firstly, we report that Notch signaling can 
modulate hypoxia signaling, by specific activation of the hypoxia-inducible factor HIF2alpha. 
Notch regulates HIF2alpha at the transcriptional level, which triggers a HIF1alpha-to-

HIF2alpha hypoxic switch. Moreover, a substantial part of the Notch-induced transcriptome 
in medulloblastoma cells is dependent on HIF2alpha in normoxia. These data demonstrate, 
for the first time, that the Notch signaling status influences hypoxia signaling, which adds to 
our understanding of how Notch and hypoxia interplay in a tumor context (paper I). 
 
Secondly, we identify the proinflammatory cytokine interleukin-6 (IL-6) as a downstream 
target of Notch signaling in breast cancer. Enhanced levels of Notch signaling give rise to 
increased IL-6 mRNA expression and protein secretion, leading to autocrine and paracrine 
activation of Janus kinase/signal transducers and activators of transcription signaling 
(JAK/STAT). We show that Notch signaling induces IL-6 in a non-canonical way, as the 
activation is independent of CSL, but dependent on the inhibitors of nuclear factor kappa-B 

kinase alpha and beta (IKK and IKK), as well as p53. These data suggest that 

hyperactivated Notch signaling promotes tumor inflammation in breast cancer through 
activation of IL-6 (paper II).  
 
Thirdly, we show that elevated levels of Notch signaling in breast cancers leads to activation 
of the phosphatidylinositol 3-kinase/AKT (PI3K/AKT) signaling pathway in breast cancer, 
which in turn leads to reprogramming of tumor metabolism and increased rates of aerobic 
glycolysis. In this work, we also provide evidence that low levels of Notch signaling give rise 
to an attenuation of mitochondrial activity, as well as lower protein levels of p53, which 
likewise triggers a metabolic shift with enhanced glycolysis. The increase in aerobic glycolysis 
upon hyper- and hypoactivated Notch signaling was observed both in vitro and in an in vivo 

xenograft breast cancer model. Importantly, however, hyperactivated Notch signaling gave 
rise to a dramatically increased tumor potential in vivo. In sum, these data show that both 



 
 

hyper- and hypoactivated Notch signaling breast cancer cells increase rates of aerobic 
glycolysis, although having dramatically different tumor potential in vivo (paper III). 
 
Lastly, to investigate more basic aspects regarding the regulation of Notch signaling, we have 
in paper IV and V studied how Notch receptors and ligands are trafficked in the cell, and how 
this influences Notch signaling output. In paper III, we characterize a mutant version of 
Jagged1, Nodder (Jagged1Ndr), and show that this ligand neither binds to, nor activates, 
Notch receptors in trans. In the absence of Notch signaling, Jagged1Ndr and Jagged1Wt ligands 
does not differ significantly in regards to cellular localization and the ability to interact with 
the E3 ubiquitin ligase Mind bomb. However, under conditions of active Notch signaling, 
Jagged1Wt ligands are ubiquitnated and internalized, in contrast to Jagged1Ndr ligands, which 

accumulate at the cell surface. In paper IV, in a similar manner, we show that activated 

atypical protein kinase C  (PKC) signaling influences Notch signaling differently depending 

on the Notch signaling activation status. When Notch signaling is activated, PKC promotes 
relocalisation of membrane bound Notch receptors to the nucleus, with enhanced 
production of NICD accompanied with increased downstream signaling. However, when 

Notch signaling is inactive, PKC instead further represses downstream Notch signaling, by 

relocating Notch receptors at the membrane to intracellular endosomal compartments.   
 
In conclusion, the work presented in this thesis contributes to a better understanding of how 
dysregulated Notch signaling contributes to cancer malignancy; knowledge that can be 
utilized in the development of anti-Notch therapies.  
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Background 

Introduction 

Life is one of the most complex things a human mind can try to conceptualize.  And over the 
thousands of years that humans have walked on this planet, our understanding about the 
circuits of life has never been as great as now. Just in the past 60 years, with the discovery of 
the structure of DNA in 1953 that paved the way into the molecular era of biology, oceans of 
publications and terabytes of data have been generated, all aiming to describe the essence 
of our self’s.   

But every groundbreaking scientific discovery generates new questions, demonstrating the 
depth and complexity of life. And the more biologists research, the more complex life seems 
to be. The Human Genome Project, which provided us with the blue print of the human 
genome (the compiled DNA sequence present in our cells), is one example. This has led to 
publicly available databases like ENCODE or HapMap where anyone can browse through the 

human genome. But it also taught us that gene regulation, with the discovery of, for 
example, non-coding DNA, was more complex than we ever anticipated before. And the 
hopes for a flood of new therapies that would follow the footprints of the Human Genome 
Project, have not yet been realized.  

Cancer is a diseases that despite our increasing knowledge in cell and cancer biology kills 

approximately 7.6 million people each year worldwide (World health statistics 2012, 2012). 
To be able to develop future weapons to combat this disease, we inevitably need to learn 
more about the maleficent circuits of cancer cells. This thesis is a contribution towards 
building up a comprehensive scientific model, which aims to solve the puzzle of how normal 
cells in our body can acquire malignancy, and how we can prevent it.  

Cancer – a brief historical background 

Cancer is defined as uncontrolled cell division and malignant growth in a part of a body. The 
word cancer dates back to the Greek physician Hippocrates (460 BC – 370 BC), as he used 
the term carcinos (in Greek: crab or crayfish) to describe several types of outwardly visible 

tumors. The theories and cures for cancer were for many hundreds of years numerous and 
sometimes obscure but in the 15th-16th centuries, the knowledge about the human body 
among the renaissance scientists became greater. In the 18th century, surgeon John Hunter 
suggested that some forms of cancer could be cured by surgery (Dobson, 1959), which was 
also tried out, however with limited success due to the death of patients from bad hygiene. 
Around the same time, the first correlations between cancer and certain environmental 
factors were documented. The first known report was written by the English physician John 
Hill in 1761 and documented a link between nasal cancer and usage of tobacco snuff. A 
similar correlation was established a few years later when the British surgeon, Percival Pott, 
reported that scrotal cancer were more common among chimney sweeps (Weinberg, 2007).  

In the first half of the 20th century, the first connections between damaged genes and cancer 
formation began to emerge. Already in the beginning of the century, the German zoologist 
Theodor Boveri reasoned that damaged chromosomes could be the cause of tumors (Boveri, 
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2008). These speculations were further supported some years later by pioneering work by 
Hermann Muller, showing that the genome of Drosophila melanogaster (fruit flies) could 
become mutated when exposed to X-ray irradiation. Thus, the mutagenic capability of some 
forms of radiation had been revealed and Hermann raised concerns about the likely danger 
of radiation for us humans. The carcinogenic potential of some chemicals was also 
determined around the same time and by 1940, British scientists had purified several 
components from coal tar that could induce cancer when introduced to the skin of mice. In 
1959, the first direct observation of damaged chromosomes in cancer was reported by Peter 
Nowell and David Hungerford, after discovering that a big part of chromosome 22 frequently 
was missing in tumor cells from patients with chronic myeloid leukemia (DeWeerdt, 2013).  

During the same time, another scientific discipline was investigating if tumors originated 

from tumor viruses. Although it was later found that this was true for only a smaller part of 
human cancers, many of the fundaments of modern cancer biology were established by this 
discipline. The field of tumor virology was founded on Peyton Rous’ discovery of a virus that 
gives rise to sarcomas in chickens, now known as the Rous’s sarcoma virus (RSV) (Rous, 
1911). Some years later, additional tumor viruses were discovered, such as the mouse 
mammary tumor virus (MMTV) (Bittner, 1936) or the SV40 polyomavirus (Eddy, Borman, 
Berkley, & Young, 1961). Intense studies on RSV in the 1960’s and 1970’s led to the discovery 
of a tumor-forming oncogene in the viral genome (v-src) that was responsible for cellular 
transformation. A few years later, a cellular homologue of v-src was found to be present in 
the normal avian genome (Stehelin, Varmus, Bishop, & Vogt, 1976). Thus, the first cellular 

counterpart of a viral oncogene had been identified and with this discovery came the 
recognition that non-cancerous genes in our genomes can become oncogenes when 
mutated. 

Subsequent work in the 1970s and 80s led to the isolation and cloning of many of the today 
famous oncogenes, like MYC and RAS. Tumor suppressor proteins, like p53 or the 
retinoblastoma protein, which serve as protectors against cancers, were also identified. One 
of the oncogenes that were isolated during these years had already been in the spotlight 
back in 1914, because of the phenotype of a notched wing… 

Notch signaling – a brief historical background 

In the beginning of World War I, a novel strain of the fruit fly Drosophila melanogaster, 
characterized by notched wing blades, was reported by John S. Dexter and Thomas Hunt 
Morgan (Dexter, 1914; Morgan & Bridges, 1916; Morgan, 1917). Two decades later, it was 
shown that hemizygosity for the notched wing allele was lethal and, more importantly, able 
to change the cell fate of developing neurons (Poulson, 1940). Armed with four cDNA clones 
spanning the gene locus and the novel sequencing method recently introduced by Sanger, 
Artavanis-Tsakonas and co-workers cloned the gene in the mid-80s, which had been given 
the name Notch (Artavanis-Tsakonas, Muskavitch, & Yedvobnick, 1983; Kidd, Kelley, & 
Young, 1986; Wharton, Johansen, Xu, & Artavanis-Tsakonas, 1985). Notch was found to be a 
trans-membrane receptor and two ligands, Delta and Serrate, were soon discovered 
(Fleming, Scottgale, Diederich, & Artavanis-Tsakonas, 1990; Kopczynski, Alton, Fechtel, Kooh, 

& Muskavitch, 1988; Thomas, Speicher, & Knust, 1991). 
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Meanwhile, a truncated mammalian receptor, highly homologous to the Drosophila Notch 
receptor, was identified in a small number of patients with T-cell acute lymphoblastic 
leukemia (T-ALL) (Ellisen et al., 1991; Reynolds, Smith, & Sklar, 1987), which was named 
translocation-associated Notch homolog (TAN1). Consequently, the human homologue of 
the Notch receptor had been discovered together with direct indications that Notch could 
act as an oncogene in T-ALL. Subsequent work five years later confirmed the oncogenic 
suspicions of Notch, as mice transplanted with TAN1-expressing bone marrow progenitor 
cells rapidly developed T-cell neoplasms (Pear et al., 1996). However, the chromosomal 
translocation that gave rise to the truncated form of TAN1 was still observed at a low rate in 
patients, only in <1% of all T-ALL cancers. This notion was dramatically changed in 2004 
when Jon Aster and colleagues discovered that the Notch1 receptor carry activating 

mutations in over 50% of all T-ALL cancers (Weng et al., 2004) and Notch was accordingly put 
on the map as an important oncogene in the pathology of T-ALL.  

At the same time as TAN-1 was discovered in T-ALL, evidence that aberrant Notch signaling 
could play a role in breast cancer came from another direction. After the identification of a 
novel integration site for the MMTV-provirus, a LTR-driven version of another truncated 
Notch receptor was found, which was named INT3 (for integration-site 3), later NOTCH4  (D 
Gallahan, Kozak, & Callahan, 1987). Transgenic mice expressing the truncated form of the 
NOTCH4 receptor under the control of the LTR- or WAP-promoter, developed mammary 
tumors in 100% of the cases (Daniel Gallahan et al., 1996; Jhappan et al., 1992).  

Since these discoveries were made, the number of publications on de-regulated Notch 

signaling in various forms of cancer has increased exponentially. So has also our 
understanding increased of the Notch signaling pathway: both concerning the machinery 
that governs Notch signaling, as well as its role in development and disease. 

The molecular basis of the Notch signaling pathway 

The Notch signaling pathway is a cell-to-cell communication pathway, highly conserved 
among metazoan species. The pathway contributes to a widespread array of cell fate 
specification, tissue patterning and morphogenesis through selection of different 
developmental programs. At a first glimpse, it looks deceptively simple, consisting only of a 
small number of receptors and ligands that are being expressed on juxtaposed cells, leading 

to short distance signaling. However, when considering the vast diversity of cellular contexts 
in development and disease where Notch signaling has been found to operate, the 
complexity quickly increases. 

Table 1. Canonical Notch signaling components 

 Drosophila C. elegans Mammals 

Receptors Notch Lin-12 Notch1-4 

Ligands Delta 
Serrate 

Apx-1 
Lag-2 

Delta-like1,3,4 
Jagged1,2 

DNA-binding protein Suppressor of Hairless Lag-1 CSL 

(aka RBP-J) 

”Classical” 
downstream targets  

Hairy 
Enhancer of Split 

Lin-22 
REF family 

Hes1,5,7 
Hey1,2,L 



4 
 

Overview of the canonical Notch signaling pathway 

In Drosophila, the core of the canonical Notch signaling pathway consists of one Notch 
receptor and two ligands; Serrate or Delta. The mammalian receptors and ligand 
homologues are Notch1-4, and Jagged 1,2 or Delta-like1,3 and 4 (Table 1). The receptors and 
ligands are most probably evolutionary related, as they share the same principle building 
plan, i.e. they are single-pass transmembrane proteins with large arrays of extracellular EGF-
repeats. When the extracellular part of a ligand binds to a Notch receptor on a neighboring 
cell, Notch signaling is activated through a series of proteolytic events that cleaves the Notch 
receptor at the cell membrane. This cleavage releases an intracellular part of the Notch 
receptor; the Notch intracellular domain (NICD), that translocates to the nucleus where it 

interacts with a CBF1/Suppressor of Hairless/LAG-1 (CSL; also known as RBP-J) family of 

DNA-binding proteins (Table 1) to elicit downstream signaling (Figure 1). The mode of signal 
transduction of the canonical Notch signaling pathway is consequently, in contrast to many 
other signaling pathways, lacking an obvious signal amplification step.  

 

 

it binds to the DNA-binding protein CBF1/suppressor of hairless/LAG-1 (CSL, also known as RBP-J). 

In the absence of Notch signaling, CSL is thought to associate with co-repressors (CO-R). When NICD 

binds to CSL, a transcriptional switch occurs, and other co-activators (CO-A), including Mastermind-

like (MAML) and p300, elicit transcription of Notch downstream target genes. NUMB is a negative 

regulator of Notch signaling. ER=endoplasmic reticulum. NECD=Notch extracellular domain. 

 

Figure 1. The canonical Notch 

signaling pathway. After a 

Notch receptor has been 

translated, it is subject to S1-

cleavage and post-translational 

modifications during its transport 

to the cell surface. When a Notch 

receptor binds to a ligand 

expressed on a neighboring cell, a 

conformational change exposes 

the S2 cleavage site on the 

receptor, which is proteolytically 

processed by ADAM 

metalloproteases. The membrane-

tethered part of the Notch 

receptor that remains (Notch 

extracellular truncation; NEXT) is 

then S3-cleaved by the gamma-

secretase complex, which releases 

the Notch intracellular domain 

(NICD). The NICD then 

translocates to the nucleus where  
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The canonical Notch receptors and ligands 

The Notch receptor is synthesized as a precursor protein and is then proteolytically 
processed in the trans-Golgi network by a furin-like convertase at site S1, known as the S1 
cleavage (R Kopan, Schroeter, Weintraub, & Nye, 1996). The extracellular part of the Notch 
receptors consists of 29-36 tandem epidermal growth factor (EGF)-like repeats, where EGF-
repeat 11-12 mediate the interaction with Notch ligands (Fehon et al., 1990; Rebay et al., 
1991). These extracellular EGF-repeats are followed by the negative regulatory region (NRR), 
consisting of three LIN-12-Notch repeats and the heterodimerization domain (HD). The 
subsequent intracellular part of the receptor starts with a RBP-J association module (RAM) 
domain and ankyrin repeats (ANK) domain, important for the interaction with CSL (Nam, 
Weng, Aster, & Blacklow, 2003; Tamura et al., 1995). The ANK domain is flanked by two 

nuclear localization signals (NLS) and a proline, glutamic acid, serine and threonine-rich 
(PEST) domain, the latter important for the degradation of the protein (Figure 2).  

The canonical Notch ligands are characterized by a Delta, Serrate and Lag2 (DSL) domain, 
which is needed for the interaction with the Notch receptor (K. Shimizu et al., 1999), 
followed by multiple EGF-like repeats. The first two EGF-repeats consist of a conserved DOS 

(Delta and ISM-11-like proteins) domain that is important for binding to the receptor. 
Mutations in these EGF-repeats in human Jagged1 are associated with Alagille syndrome 
(D’Souza, Meloty-Kapella, & Weinmaster, 2010). Drosophila Serrate, and its mammalian 
homologues Jagged1 and 2, also have an additional characteristics compared to the Delta-
ligands: a cysteine-rich region. The most structurally divergent mammalian canonical ligand 

is Dll3, which lacks both the DOS and DSL domain in addition to the lysine residues in the 
intracellular domain (D’Souza et al., 2010).  

 

Figure 2. Domain architecture of the Notch receptors. Notch receptors consist of an 

extracellular domain, consisting of 29-36 tandem epidermal growth factor repeats (EGF rep) and a 

negative regulatory region (NRR). The NRR is composed of three LIN-12-Notch repeats (LNR) and a 

heterodimerization domain (HD). This is followed by the transmembrane domain (TMD) and the 

intracellular domain, which starts with a RBP-J Associated Molecule (RAM domain) and an ankyrin 

repeats (ANK) domain, flanked by two nuclear localization signals (NLS). The transactivation domain 

(TAD) contains proline, glutamic acid, serine and threonine-rich motifs (PEST), which is important for 

the degradation of the receptor. 
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Ligand binding and receptor activation 

The canonical Notch signaling pathway starts with a DSL-ligand binding and activating a 
Notch receptor on a juxtaposed cell in trans (Rebay et al., 1991). As a result, the receptor is 
cleaved in two steps, the S2 and S3 cleavage, which ultimately releases NICD that 
translocates to the nucleus. The S2 cleavage is executed by a disintegrin and 
metalloprotease (ADAM), which cleaves the receptor within the NRR region. The NRR region 
is believed to function as an important gate keeper for the Notch signaling cascade by 
preventing non-ligand induced Notch signaling, and it is frequently mutated in T-ALL (Gordon 
et al., 2007; Weng et al., 2004). However, how the NRR cooperates together with ADAM 
metalloproteases to regulate ectodomain shedding is still not fully understood and several 
models have been proposed. A recent model is based on structural analyses and proposes 

that the Notch ligand provides a mechanical lifting force on the Notch receptor upon 
binding, which in turn unfolds the NRR and exposes the S2 site for an ADAM metalloprotease 
(Gordon et al., 2007).  

The membrane-tethered part of the Notch receptor that remains after S2 cleavage (called 
the Notch extracellular truncation: NEXT) is a substrate for S3 cleavage, which is executed by 

a gamma-secretase complex consisting of four proteins: presenilin (PS), nicastrin (Nct), 
presenilin enhancer 2 (Pen2) and anterior pharynx-defective 1 (Aph1) (Jorissen & De 
Strooper, 2010). S3 cleavage has been proposed to take place in a subcellular compartment 
after monoubiqutination and endocytosis of the receptor, but this is still debated. The S3 
cleavage predominantly generates a NICD starting with valine 1744 but other cleavage 

variants of NICDs are also known to exist, although these forms have been shown to be 
more rapidly degraded (Tagami et al., 2008). A hypothetical origin for the different NICDs 
could be differential sub-unit compositions of the gamma-secretase complex but this 
remains to be proven experimentally  (Jorissen & De Strooper, 2010).  

Endocytosis of Notch ligands has for long been known to be a crucial prerequisite of Notch 
signaling. Early studies on the Drosophila dynamin homologue shibire, a key protein for 

endocytosis, showed that mutants for this protein exhibited phenotypes similar to Notch 
mutants (Poodry, 1990) and that loss of function of shibire in ligand-expressing cells 
abrogated Notch signaling (Seugnet, Simpson, & Haenlin, 1997). The way ligand endocytosis 
functions in Notch activation has however been elusive and resulted in two main models. 

The first model hypothesizes that ligand recycling through endocytosis is crucial for the 
maturation of the ligands to become capable of binding and activating the Notch receptors 
(Heuss, Ndiaye-Lobry, Six, Israël, & Logeat, 2008; W. Wang & Struhl, 2004).The second model 
postulates that endocytosis generates a pulling force on the receptor, which, as mentioned 
above, exposes the S2 site of the Notch receptor (Ahimou, Mok, Bardot, & Wesley, 2004; 
Gordon et al., 2007; Parks, Klueg, Stout, & Muskavitch, 2000). In paper 4, we further explore 
the role of ligand endocytosis in Notch signaling activation and present support for both 
models. 

Transcriptional activation 

Following S3 cleavage, the released NICD translocates to the nucleus in a way that is still 
poorly understood. According to the canonical model of Notch signaling, NICD then binds to 
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the DNA-binding protein CSL and recruits other co-activators including Mastermind (MAML) 
and p300 to elicit transcription of Notch downstream target genes. 

CSL binds DNA as a monomer and a DNA consensus site, CGTGGGAA, was initially identified 
in Drosophila (Tun et al., 1994). The RAM domain of the NICD functions as a bridge between 

the two proteins (Tamura et al., 1995) by binding to CSL at a Kd ranging from 30 nM to 1 M 
(Kovall & Blacklow, 2010). Initially, after the discovery of CSL in a genetic screen carried out 
by Artavanis-Tsakonas and colleagues, CSL was described solely as a transcriptional activator 
(Fortini & Artavanis-Tsakonas, 1994). One year later, CSL was however found to be able to 
repress genes in mammalian cells (Dou et al., 1994), soon followed by indications that CSL 
could switch from a transcriptional repressor to an activator upon activated Notch signaling 
(Bailey & Posakony, 1995; Hsieh et al., 1996; Waltzer, Bourillot, Sergeant, & Manet, 1995). A 

body of publications has since provided the basis for a model where CSL is described to have 
a dual mode of function. In the absence of Notch signaling, this model postulates CSL as a 
transcriptional repressor, actively repressing Notch target genes by binding to their 
promoters together with additional co-repressors like SKIP, hairless/CtBP and Gro/TLE 
(Raphael Kopan & Ilagan, 2009). When Notch becomes activated, NICD mediates a 
transcriptional switch which, according to the model, turns CSL from a co-repressor to a co-
activator. This model has however been increasingly questioned, as further described below 
(see Non-canonical forms of Notch signaling).  

The co-activating complex consisting of CSL/NICD and MAML has been well described on a 
molecular level through crystallization studies (Friedmann, Wilson, & Kovall, 2008; Kovall & 

Blacklow, 2010; Nam et al., 2003). The current view is that CSL/NICD binding recruits MAML 
and other co-activator proteins in a step-wise manner (Kovall & Blacklow, 2010). The histone 
acetyltransferase p300/CBP and p300/CBP-associated factor (PCAF) are examples of other 
co-activator proteins that participate in the transcription factor complex. In addition, Cyclin-
dependent kinase 8 (CDK8) is recruited to mediate signal downregulation by targeting the 
NICD for degradation (Wallberg, Pedersen, Lendahl, & Roeder, 2002).  

The key canonical downstream targets of Notch have traditionally been considered to be 
hairy and enhancer of split related (HESR) genes (Table 1). These genes transcribe basic 
helix-loop-helix (bHLH) proteins that appear to function as transcriptional repressors. All 
HESR proteins share a C-terminal peptide motif, WRPW, which is sufficient to recruit co-

repressors of the Groucho family (Fisher, Ohsako, & Caudy, 1996). Most HESR genes are 
induced rapidly, within 5-10 minutes of Notch activation (Housden et al., 2013). Except for 
these proteins, there are not many evolutionarily conserved downstream targets of Notch 
signaling. The Notch inhibitor NOTCH-regulated ankyrin repeat protein (NRARP) is however a 
vertebrate Notch target gene worth mentioning since it is activated in a wide range of 
mammalian cells (Andersson, Sandberg, & Lendahl, 2011; Bray & Bernard, 2010).  

With the increased utilization of genome-wide studies in Notch research, the Notch 
transcriptomes have been found to differ extensively depending on cell type (see paper 2 as 
an example) and the list of Notch downstream target genes is continuing to grow. The basis 
for the discrepancy between the numerous published transcriptomes is, however, still poorly 

understood but a few possible reasons behind signal diversity will briefly be discussed 
below.   
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Modulators of Notch signaling – creating diversity 

Diversity in the Notch signaling output could originate from modulation on different levels in 
the cell; from receptor post-translational modifications to crosstalk with other signaling 
pathways. To begin with, since there are four mammalian Notch receptors and five ligands, 
specific receptor-ligand combinations could theoretically trigger differential signaling output. 
With the exception of Dll3, which is rarely present at the cell surface and is incapable of 
binding Notch-receptors in trans, there is however yet rather little evidence supporting this 
notion (Andersson et al., 2011). On the other hand, the relative levels of ligands and 
receptors in a cell has been shown to determine if a cell adopts a receiving or sending mode 
of the Notch signal, in a mutually exclusive process. This is accomplished by a poorly 

understood mechanism but is thought to involve cis-inhibition between receptors and 
ligands (D’Souza et al., 2010; Sprinzak et al., 2010). Additionally, different NICDs have been 
reported to give rise to different biological outputs and therefore, specific subsets of 
downstream target genes for the different NICDs might exist. For example, overexpression 
of N2ICD, but not N1ICD, has  been shown to promote medulloblastoma growth in a 
xenograft model (Fan et al., 2004). Likewise, HER2-negative breast cancer cells seem to rely 
more on N3ICD for proliferation than N1ICD (Yamaguchi et al., 2008).  

Another well-known way of regulating Notch signaling output is by post-translational 
modifications of the Notch receptor. One of the best examples of this is modifications by 
different glycans, mediated by glycosyltransferases, known as Fringes. Drosophila carries one 
Fringe, which was identified in 1994 in a screen for novel modulators of Notch signaling 

(Irvine & Wieschaus, 1994). Mammals instead have three Fringes: lunatic, manic and radical 
Fringe (Stanley & Okajima, 2010). All fringes transfer N-acetylglucoseamine (GlncNAc) to 
previously added fucose sugars on the EGF repeats of the Notch receptor. The fucose motifs 
are added by O-fucosyltransferases; Pofut1 in mammalians or Ofut1 in Drosophila, and 
function as a base for Fringe elongation. Fringe glycosylation potentiates Notch/Delta 
signaling at the expense of Notch/Jagged/Serrate signaling in a way that is still poorly 
understood (Hicks et al., 2000). 

In addition to glycosylation, there are several other examples of post-translational 
modifications that decorate the Notch receptor and influence signaling output, including 
phosphorylation, ubiquitylation and hydroxylation. The NICD can be phosphorylated at 

various residues by several kinases, for example glycogen synthase kinase 3 (GSK3), which 

in turn downregulates N2ICD signaling activity (Espinosa, Inglés-Esteve, Aguilera, & Bigas, 
2003). Another example of a kinase mentioned previously is CDK8, which phosphorylates the 
NICD within the PEST domain. This, in turn, elicits ubiquitylation of the PEST domain, 
mediated by E3-ubiqutine ligases such as F-box and WD-40 domain protein 7 (Fbxw7), 
leading to rapid degradation of the receptor (Fryer, White, & Jones, 2004). The NICD is also a 

target for hydroxylation, for example by factor-inhibiting HIF1 (FIH), which will be further 
described below (See Crosstalk between Notch and hypoxia). In paper 5, we present atypical 
protein kinase C (aPKC) as a novel mediator of phosphorylation of the NICD, and which also 
impacts Notch receptor routing.  

Various proteins also regulate the Notch signaling pathway, including Numb and Deltex. 
Numb was discovered in the late 1980’s and was quickly identified as an important regulator 
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of Drosophila neuronal development, as Numb loss of function lead to a massive reduction 
of sensory neurons (the flies become numb). Subsequent studies of the development of 
Drosophila sensory organ precursor (SOP) cells (Pece, Confalonieri, R Romano, & Di Fiore, 
2011; Uemura, Shepherd, Ackerman, Jan, & Jan, 1989) identified Numb as a potent negative 
regulator of Notch signaling (Guo, Jan, & Jan, 1996). A solid explanation for how Numb 
inhibits Notch is lacking but recent data indicates that it might be through regulation of 
Notch receptor trafficking  (Couturier, Vodovar, & Schweisguth, 2012; McGill, Dho, 
Weinmaster, & McGlade, 2009). Another example of a protein that modulates the Notch 
signaling pathway is Deltex; an E3 ubiquitin ligase that is believed to regulate Notch signaling 
through endocytosis (Wilkin et al., 2008). It was originally identified as a positive regulator of 
Notch signaling (Matsuno, Diederich, Go, Blaumueller, & Artavanis-Tsakonas, 1995), but has 

since then also been described as a negative regulator (Mukherjee et al., 2005; Sestan, 
Artavanis-Tsakonas, & Rakic, 1999), and its exact role in regulation of Notch signaling 
remains unclear.  

As a last example of a possible mechanism that can lead to differential Notch signaling, the 
arrangement and spacing of CSL binding sites in Notch target genes has been suggested to 
regulate target affinity and strength. The idea arose after the discovery that paired CSL-
binding sites, in a head to head arrangement with a spacer sequence motif in-between, was 
shown to recruit cooperative NICD/CSL/MAML complexes in vitro. This arrangement is, for 
example, present in the well characterized Notch target gene HES1. However, HES1 
induction is not observed in all cell types upon Notch signaling activation, and the overall 

significance of paired CSL-sites in vivo remains elusive (Raphael Kopan & Ilagan, 2009; Nam, 
Sliz, Pear, Aster, & Blacklow, 2007; Ong et al., 2006).  

Non-canonical forms of Notch signaling 

In recent years, alternative forms of Notch signaling transduction, other than the canonical 
pathway described above, has increasingly been reported. These non-canonical modes of 
Notch signaling have been of different flavors; for example through incorporation of non-DSL 

ligands in the signal transduction, or through CSL-independent Notch signaling. This will be 
briefly discussed below. 

Non-canonical Notch ligands 

In addition to the canonical DSL ligands described above, a number of non-canonical Notch 
ligands have been reported to operate in both activation and repression of Notch signaling. 
In vertebrates, the Delta-like 1 homolog (Dlk-1, also known as Pref-1 or FA-1) was one of the 
first non-canonical ligands discovered (Laborda, Sausville, Hoffman, & Notario, 1993). It has 
been reported to play a role in adipocyte differentiation and to inhibit Notch receptors in cis 
(Baladrón et al., 2005; Nueda, Baladrón, Sánchez-Solana, Ballesteros, & Laborda, 2007) Dlk-1 
is a membrane-bound ligand, similar to canonical Delta ligands, but lacks a DSL domain. 
Another type of a non-canonical Notch ligand lacking a DSL-domain is Delta/Notch-like EGF-
related receptor (DNER) which, in contrast to Dlk1, has been reported to elicit Notch 
signaling in trans and regulate morphogenesis of glial cells (Eiraku et al., 2005; Eiraku, Hirata, 

Takeshima, Hirano, & Kengaku, 2002). GPI-linked neural cell adhesion molecules, such as 
F3/contactin1, are other examples of non-canonical Notch ligands that elicit Notch signaling 
in trans, although structurally different from DNER and the canonical Notch ligands (Q.-D. Hu 
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et al., 2003). In addition, a number of secreted non-DSL ligands have been identified in 
vertebrates and C. elegans. Examples of such ligands are found in the families of connective 
tissue growth factor/cysteine-rich 61 (CCN3) and microfibril-associated glycoprotein (MAGP). 
Since these ligands are not membrane-tethered, and therefore not believed to be able to 
generate the mechanical pulling force needed for ligand-mediated Notch activation, one 
model postulates that they act as co-activator ligands for canonical-ligands to potentiate 
Notch signaling (D’Souza et al., 2010; Raphael Kopan & Ilagan, 2009).  

Non-canonical modes of CSL 

As mentioned above, the conventional view of the Notch signaling pathway describes CSL as 
a static repressor of Notch downstream target genes in the absence of active Notch 

signaling. Consequently, removal of CSL should lead to de-repression and activation of Notch 
target genes. Indeed, this has been observed in several CSL loss-of-function studies in 
Drosophila, two examples being the sim-gene and the HESR genes (Koelzer & Klein, 2006; 
Raphael Kopan & Ilagan, 2009; Morel & Schweisguth, 2000). However, not all characterized 
Notch target genes in Drosophila have been found to be de-repressed upon deletion of CSL, 

such as the sox15 gene (Y. Li & Baker, 2001). Moreover, C. elegans CSL loss-of-function 
mutants do not exhibit Notch gain-of-function characteristics (Raphael Kopan & Ilagan, 
2009). De-repression of Notch target genes in mammalian cells also seem to be highly 
context-dependent (Bray & Bernard, 2010; Raphael Kopan & Ilagan, 2009). It has therefore 
been proposed that Notch downstream genes can be categorized as either inductive targets; 
which predominately rely on NICD for induction (such as the HESR genes), or permissive 

targets; which instead depend more on other transcription factors than CSL/NICD for 
induction (Bray & Bernard, 2010). 

Static binding to Notch downstream target promoters has also recently come  under 
scrutiny, as enhanced CSL occupancy has been observed upon Notch signaling activation in 
cells from both Drosophila and mammals (Castel et al., 2013; Krejcí & Bray, 2007). The 
notion that CSL instead binds DNA in a dynamic fashion is supported in a recent study, 
utilizing genome-wide chromatin immunoprecipitation (ChIP) experiment coupled with 
sequencing analysis (ChIP-seq). This study also identified that a large proportion of occupied 
CSL-sites were unresponsive to Notch activation (Castel et al., 2013). Thus, more studies 
along these lines are needed to elucidate how Notch and CSL cooperate in Notch signaling 

activation. 

Notch has also been found to act independently of CSL in a number of studies across 
different species, for example in Drosophila during patterning of the dorsal epidermis 
(Zecchini, Brennan, & Martinez-Arias, 1999) or in mesodermal cell fate determination 
(Rusconi & Corbin, 1998). Likewise, CSL-independent Notch signaling has been reported to 
operate in vertebrate muscle differentiation (Nofziger, Miyamoto, Lyons, & Weinmaster, 
1999; Shawber et al., 1996), integrin activation (Hodkinson et al., 2007) and ectoderm 
development (Endo, Osumi, & Wakamatsu, 2002), sometimes in a Deltex/NICD-dependent 
but CSL-independent fashion (Q.-D. Hu et al., 2003; Ordentlich et al., 1998). In addition, data 
collected from transgenic mice overexpressing N4ICD show that CSL is not required for the 

development of mammary tumors (Raafat et al., 2009). In the same study, CSL was also  
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shown to be dispensable for mammary development when conditionally deleted with the 
whey acidic protein (WAP) promoter (Raafat et al., 2009).  

In paper 2, we provide evidence for that NICD activate interleukin-6 (IL-6) in a CSL-

independent, but p53- and IKK/IKK-dependent way. One mode of achieving CSL-
independent Notch signaling is through crosstalk with other signaling pathways, a topic that 
will be further discussed below.  

Interaction with other pathways 

The Notch signaling pathway has in numerous reports been found to interact with other 
signaling mechanisms, sometimes in non-canonical ways. Canonical Notch signaling 

regulates expression of genes that are components of other important signaling pathways, 
and vice-versa. A few examples of crosstalk will briefly be discussed below, primarily from a 
cancer perspective. 

Crosstalk with the Wnt signaling pathway 

The Wnt signaling pathway is an example of another evolutionarily conserved 
developmental pathway that frequently is dysregulated in cancers. Mutations in the Wnt 
signaling machinery is common in many types of cancers, the most frequently mutated 
component being the tumor suppressor adenomatous polyposis coli (APC). In the canonical 
Wnt signaling pathway, APC forms a complex together with axin, casein kinase 1 (CKI) and 

GSK3 that constantly degrades the transcriptionally active component of the Wnt-

machinery; -catenin. Hence, by mutational inactivation of APC, -catenin is able to escape 
degradation, with hyper-activated Wnt signaling as a consequence (Polakis, 2012).  

Notch signaling components, such as Jagged1, are direct downstream transcriptional targets 
of Wnt signaling in colon cancer and other types of cancers (Rodilla et al., 2009; Ungerbäck, 
Elander, Grünberg, Sigvardsson, & Söderkvist, 2011). Synergistic effects between Notch and 
Wnt signaling on cell proliferation has also been observed (Estrach, Ambler, Lo Celso, 
Hozumi, & Watt, 2006; Fre et al., 2009). In addition, direct interactions between the Notch 
receptor and components of the Wnt machinery have been described, for example between 

NICD and -catenin (Kwon et al., 2011; T. Shimizu et al., 2008; Yamamizu et al., 2010).  

Crosstalk with the PI3K/AKT signaling pathway 

Akt (also known as protein kinase B; PKB) was identified in the early 1990’s as the cellular 
homologue of the v-Akt oncogene (Bellacosa, Testa, Staal, & Tsichlis, 1991). Three isoforms 
exist in humans; AKT1-3, which participate in a highly evolutionarily conserved complex 
together with phosphatidylinositol 3-kinases (PI3K). PI3K phosphorylates 
phosphatidylinositol diphosphate (PIP2) to PI(3,4,5)P3 (PIP3), which then bind to AKT and 
promotes its translocation to the cell membrane. This in turn promotes a complex between 
PI3K-dependent kinase-1 (PDK1) together with AKT, followed by PDK1 dependent 
phosphorylation and activation of AKT. AKT controls various cellular programs involved in 
the regulation of metabolism, survival and proliferation, and is frequently hyperactivated in 

cancers (Altomare & Testa, 2005).  
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Several links between the Notch and PI3K/Akt pathway have emerged over the years. In T-
ALL, loss of the tumor suppressor phosphatase and tensin homolog (PTEN), a negative 
regulator of PI3K/Akt, has been implicated in gamma-secretase inhibitor (GSI) resistance 
(Palomero et al., 2007), although recently questioned (Medyouf et al., 2010). The original 
mechanism proposed was that Notch activated AKT through HES1-mediated repression of 
PTEN. However, this mechanism of action has not been observed in breast cancer, where 
several reports (including paper 3) also have identified Akt as a downstream mediator of 
Notch signaling. Instead, unidentified extracellular molecules secreted upon Notch signaling 
activation have been suggested to mediate activation of Akt in breast cancer (Meurette et 
al., 2009). Notch has also been reported to activate Akt in non-canonical ways, that are 
neither dependent on CSL or nuclear localization of NICD (L R Perumalsamy, Nagala, 

Banerjee, & Sarin, 2009; Lakshmi R Perumalsamy, Nagala, & Sarin, 2010).  

Activation of the Notch/Akt axis has been linked to increased cell growth and cell survival in 
various forms of cancers, such as breast cancer (Efferson et al., 2010; Meurette et al., 2009; 
Xing et al., 2011), lung cancer (Eliasz et al., 2010) and glioma (N. Zhao, Guo, Zhang, Lin, & 
Zheng, 2010). In line with the data presented in paper 3, Notch activation of Akt has also 
been shown to promote glucose metabolism in a transgenic breast cancer model (Efferson 
et al., 2010). On the other hand, a complex cell context-dependent reciprocal crosstalk 
between the two pathways seem to exist as hyperactivated Akt, or blockade of the Akt 
pathway by PI3k inhibitors, also been reported to upregulate Notch signaling (Bedogni, 
Warneke, Nickoloff, Giaccia, & Powell, 2008; Shepherd et al., 2013). 

Crosstalk with the NFB signaling pathway  

The Nuclear factor kappa-light-chain-enhancer of activated B cells (NFB) signaling pathway 
coordinates several cellular programs and responses involved in immunity, inflammation and 

cancer. The NFB family of transcription factors includes homo- or heterodimers of p65 

(RelA), RelB, c-Rel, p105/p50 and p100/p52, all sharing a common reticuloendotheliosis 
(REL) homology domain essential for dimerization and binding to DNA. In unstimulated cells, 

the NFB transcription factors are kept in an inactivated state by the inhibitor of NFB (IB) 
family.  

A great variety of different stimuli, such as bacterial lipopolysaccharides (LPS), tumor 

necrosis factor alpha (TNF) and interleukin 1-beta (IL-1), lead to the activation of the 

canonical NFB signaling pathway, by activation of the IB kinase (IKK) signaling complex. 

The IKK complex consists of at least three subunits; IKK, IKK and IKK/NEMO, which 

targets the IB proteins for degradation. Consequently, when IB is degraded, the NFB 

transcription factors are released and can translocate to the nucleus to activate downstream 
target genes (Hoesel & Schmid, 2013; Karin, Cao, Greten, & Li, 2002). In addition to the 

canonical NFB signaling pathway, non-canonical modes of signaling have been described, 
such as IKK-independent signaling (Perkins, 2007). 

The Notch and NFB signaling pathways crosstalk in several ways. For example, mediators of 

the NFB pathway act cooperatively with Notch signaling in B-cell development (Moran et 

al., 2007) and in the growth of pancreatic cancer (Maniati et al., 2011). Several Notch 
components, such as jagged1 (Bash et al., 1999), Dll4 and Notch1 (J. Li, Tang, & Cai, 2012) 

are also downstream targets of the NFB signaling pathway. On the other hand, Notch 
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signaling has been reported to regulate expression of NFB components (Cheng et al., 2001; 

Oswald, Liptay, Adler, & Schmid, 1998) and to activate downstream NFB target genes 
(Bellavia et al., 2000).  

In addition, direct interactions between the NFB machinery and Notch have been observed 
in several studies, for example between p50 and the NICD (Guan et al., 1996; J. Wang et al., 

2001). Likewise, Notch1 and Notch3 was shown to activate NFB downstream signaling in T-
ALL through direct interaction with the IKK complex (Vacca et al., 2006; Vilimas et al., 2007). 

Direct binding between Notch1 and IKK has also been observed in cervical cancer (Song et 

al., 2008) and in breast cancer, the latter in a IKK/NICD/CSL/MAML transcriptional complex 
regulating estrogen receptor-alpha genes (Hao et al., 2010).  

A brief background to the Hypoxia signaling pathway  

Cells in our body utilize aerobic metabolism to generate energy, where oxygen serves as the 
final electron acceptor. Therefore, our hearts constantly need to pump out oxygenated 
blood to the organs and tissues to meet the oxygen demand. During certain physiological 
conditions, like exercise or high altitude, or pathological conditions, such as stroke or 
inflammation, oxygen levels can become reduced. An environment with an oxygen level 
below 2% O2 is usually defined as hypoxic, which can be put in contrast to most human 
tissues at 2-9% O2, or air at 21% O2 (Bertout, Patel, & Simon, 2008). From as far back as the 
early 1900s, hypoxia has been implicated in acquired radioresistance of cancer (Bertout et 
al., 2008; Churchill-Davidson, Sanger, & Thomlinson, 1955) but it was not until the 

identification of the first hypoxia-inducible factor (HIF) in the early 1990s that the machinery 
for oxygen sensing began to emerge (Semenza, Nejfelt, Chi, & Antonarakis, 1991; G. L. Wang, 
Jiang, Rue, & Semenza, 1995). Since then, hypoxia has been increasingly connected with 
cancer progression. 

HIFs are bHLH-PER-ARNT-SIM (bHLH-PAS) proteins composed of an oxygen-regulated -

subunit, which dimerize with a constitutively expressed -subunit. Three -subunits and 

three -subunits have to date been described in mammals: HIF1HIF1A, HIF2/EPAS1 and 

HIF3 (Ema et al., 1997; Makino et al., 2001; Tian, McKnight, & Russell, 1997; G. L. Wang et 

al., 1995), and aryl hydrocarbon receptor nuclear translocator (ARNT)/HIF1, ARNT2 and 

ARNT3/bMAL (Semenza, 2000). HIF1 and HIF2(hereafter referred to as HIF) have been 

credited as the major mediators of hypoxic responses, whereas the role of HIF3 is less well 

understood, although certain splice forms have been implicated as negative regulators of 
hypoxia signaling (Bertout et al., 2008; Makino et al., 2001). In the presence of oxygen, the 

HIF proteins are constantly hydroxylated by specific prolyl-hydroxylases (PHDs) within the 
oxygen-degradation domain (ODD) (Bruick & McKnight, 2001; Epstein et al., 2001; Huang, 

Gu, Schau, & Bunn, 1998). This targets the HIF-proteins for rapid proteasomal degradation, 

mediated by an E3-ubiquitin ligase complex, containing the tumor suppressor protein von 
Hippel-Lindau (VHL) (Kallio, Wilson, O’Brien, Makino, & Poellinger, 1999; Maxwell et al., 
1999). The PHDs require oxygen, iron and 2-oxoglutarate for full activity. Hence, in the 

absence of oxygen, PHDs are no longer able to hydroxylate the HIF proteins, which are 
then stabilized, rapidly increase and translocate to the nucleus. Well in the nucleus, the 

HIF-proteins heterodimerize with ARNT and induce downstream target genes (Figure 3).  
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The oxygen and PHD/VHL-dependent post-translational regulation is considered to be the 

main mechanism by which HIF protein levels are regulated, but other levels of regulation 

are known to exist. For example does transcriptional upregulation of HIF1 mRNA, by NF-B 

signaling, result in enhanced HIF1 protein levels, whereas transcriptional upregulation of 

HIF2, by IL-4 and IL-10, leads to enhanced HIF2 protein levels (Rius et al., 2008; Takeda et 

al., 2010). The rate by which the HIF isoforms are transcribed and translated also influences 

HIF protein levels (Bernardi et al., 2006; Toschi, Lee, Gadir, Ohh, & Foster, 2008). In 

addition, the HIF proteins can be post-translationally modified in numerous ways, which 
influence both the stability and activity of the isoforms (Keith, Johnson, & Simon, 2012). A 

VHL-independent form of HIF-degradation has also been reported (Montagner et al., 

2012). 

 

Figure 3. The canonical hypoxia signaling pathway. In normoxia, the hypoxia-inducible factors HIF1 

and HIF2 (HIF) are constantly hydroxylated by prolyl-hydroxylases (PHDs). This targets the HIF 

proteins for proteasomal degradation, carried out by an E3-ubiquitin ligase complex, containing the 

tumor suppressor protein von Hippel-Lindau (VHL). In hypoxia, the PHDs are inhibited and cannot 

hydroxylate the HIF proteins, which then rapidly increase and translocate to the nucleus. In the 

nucleus, HIF proteins dimerize with HIF1/ARNT and induce downstream genes.  

Differences between the HIF1 and HIF2 isoforms 

Both HIF1 and HIF2 have been found to bind specific DNA-sequences known as hypoxia 
responsive elements (HREs) (Semenza et al., 1996). Classical downstream targets of the 
hypoxia signaling pathway include genes involved in adaptations to low levels of oxygen; 
such as the pro-angiogenic genes vascular endothelial growth factor (VEGFA) and 
erythropoietin (EPO); or the pro-glycolytic genes glucose transporter 1 (GLUT1) and 

phosphoglycerate kinase 1 (PGK1). The majority of HIF target genes have been found to be 

activated by both HIF isoforms, but with the introduction of genome-wide transcriptome 

analyzes, a number of HIF1 and HIF2 specific targets have been identified. Examples are 

HK2/Hexokinase 2 and PGK1, which are induced by HIF1, and AREG and POU5F1/OCT4, 
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which are induced by HIF2 (Covello et al., 2006; C.-J. Hu, Wang, Chodosh, Keith, & Simon, 

2003; Stiehl et al., 2012). The target specificity has been shown to originate from the unique 

N-terminal transactivation domains (N-TADs) of the two HIF-proteins, as-well as unique 
binding partners (Gordan, Bertout, Hu, Diehl, & Simon, 2007; C.-J. Hu, Sataur, Wang, Chen, & 
Simon, 2007).  

HIF1 and HIF2 have also been observed to have differential stability in a time-dependent 

and O2-dependent manner. For example, in neuroblastoma and lung cancer cells, HIF2 
protein levels are upregulated after long term hypoxia (48-72 hours), and are thought to 

mediate the chronic effects of hypoxia. In contrast, HIF1 protein levels increase and 

decrease quickly upon hypoxia, and are thought to mediate the acute effects (Holmquist-

Mengelbier et al., 2006; Uchida et al., 2004). In neuroblastoma, HIF1 has also been 
observed to be stabilized at lower concentrations of oxygen (0-2% O2), in contrast to 

HIF2which is stabilized at 2-5 % O2 (Holmquist-Mengelbier et al., 2006).   

The above mentioned differences between the two HIF-isoforms have emerged together 
with examples of unique functions and biological roles. VHL-deficiency is a common feature 
in hemangioblastomas and clear-cell renal cell carcinomas (RCC), which leads to normoxic 

accumulation of the HIF proteins (Kim & Kaelin, 2004). In RCC, HIF2 has been implicated 

as the main oncogenic driver and mediator of angiogenesis, in contrast to HIF1 (Maranchie 

et al., 2002; Raval et al., 2005; Smith et al., 2005), although the precise role for HIF2 in RCC 
tumor progression is still debated (Fu, Wang, Shevchuk, Nanus, & Gudas, 2013). Similarly, 

HIF2 maintains a more undifferentiated and aggressive subpopulation isoform in 

neuroblastoma and glioma leading to more aggressive forms of cancers (Holmquist-

Mengelbier et al., 2006; Z. Li et al., 2009; Pietras et al., 2009). However, HIF-2 has been 
shown to suppress tumor growth of other types of cancer, for example Kras-driven lung 
cancers (Mazumdar et al., 2010) and teratomas (Acker et al., 2005). Moreover, deletion of 

HIF-2 in endothelial cells, in contrast to HIF-1, increased metastatic success of breast 

cancer, through differential regulation of nitric oxide (NO) (Branco-Price et al., 2012).  

Crosstalk between Notch and hypoxia 

The crosstalk between Notch and hypoxia is multifaceted.  To begin with, hypoxia signaling 
upregulates Notch-signaling components like JAG2 (Pietras, Von Stedingk, Lindgren, 

Påhlman, & Axelson, 2011; Xing et al., 2011) or Dll4 (Lanner et al., 2013; Patel et al., 2005; 
Skuli et al., 2012), with enhanced Notch signaling as a result. Hypoxia has also, in many 
reports, been observed to require active Notch signaling for the hypoxia-mediated response, 
for example in hypoxia-induced epithelial-to-mesenchymal transition (EMT) (Sahlgren, 
Gustafsson, Jin, Poellinger, & Lendahl, 2008), in the expansion of glioblastoma stem cells 
(Qiang et al., 2012) or in arterial differentiation (Lanner et al., 2013). Likewise, in a strain of 
Drosophila that survive in hypoxic conditions, Notch signaling was found to be a critical 
mediator of the hypoxia tolerance (Zhou et al., 2011). 

Additionally, Notch has been found to directly interact with two proteins of the hypoxia 

pathway: FIH and HIF1. FIH belongs to the family of iron and 2-oxoglutarate dioxygenases, 

which the PHDs are included in, and repress HIF transcriptional activity in vitro by 

hydroxylating a conserved aspargine residue within the HIF1C-TAD (Lando, Peet, Whelan, 

Gorman, & Whitelaw, 2002). FIH-1 has also been shown to bind to, and target, the ICDs of 
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Notch1-3 in vitro, leading to Notch signaling attenuation. However, FIH1 null mice do not 
exhibit any obvious signs of hyperactivated hypoxia or Notch signaling, and the role of the 
FIH/Notch/hypoxia interplay in vivo therefore remains elusive (Zhang et al., 2010). NICD has 

also been demonstrated to physically interact with HIF1This interaction stabilizes the 

NICD, resulting in increased Notch signaling (Gustafsson et al., 2005; Sahlgren et al., 2008).   

In paper 1, an additional level of crosstalk between the hypoxia and Notch signaling 
pathways is presented. In this paper, we report that the Notch signaling activation status 

influences the hypoxic signaling pathway, through regulation of HIF2.  

Tumor metabolism 

During aerobic conditions, cells in our bodies primarily metabolize glucose to pyruvate, via 
glycolysis in the cytosol, and then to carbon dioxide, through the tricarboxylic acid (TCA) 
cycle in the mitochondria. This generates reduced nicotinamide adenine dinucleotide 
(NADH) that is used for ATP-production by oxidative phosphorylation (Vander Heiden, 
Cantley, & Thompson, 2009). However in 1924, Otto Warburg observed that proliferating 
cancer cells metabolize glucose in a different way. Inspired by Louis Pasteur’s result on 
microorganismal fermentation of glucose into ethanol, Warburg discovered that cancer cells 
mainly utilize aerobic glycolysis, i.e. glycolysis in the presence of oxygen, at high rates to 
ferment glucose into lactate, rather than oxidative phosphorylation in the mitochondria 
(Warburg, Wind, & Negelein, 1927). Enhanced glucose uptake in tumors has since then been 
routinely observed in the clinic, by utilization of the radiolabeled glucose tracer 18F-

deoxyglucose in combination with positron emission tomography (PET) (Groves, Win, Haim, 
& Ell, 2007). However, the reason why cancer cells preferentially use glycolysis over 
oxidative phosphorylation has been a subject of much debate and investigation as it seems 
to be a contra-productive trait for proliferating cells: oxidative phosphorylation generates 36 
ATPs per mole glucose while aerobic glycolysis only generates 2 ATPs per mole glucose – an 
18 fold drop in ATP efficacy. A solid explanation for this phenomenon, which nowadays is 
commonly referred to as “the Warburg effect”, has remained elusive (Hanahan & Weinberg, 
2011) but a few possible explanations will be mentioned below.  

Various oncogenes, or inactivated tumor suppressors, have been shown to enhance 
glycolytic rates of tumor cells, such as c-Myc, Akt, Ras or p53 (Cantor & Sabatini, 2012). As an 

example, Akt induces expression of the glucose transporter Glut1 (Barthel et al., 1999) and 
regulates the activity and mitochondrial interaction of the glycolytic enzyme hexokinase 2 
(Miyamoto, Murphy, & Brown, 2008; R B Robey & Hay, 2006), which in turn promotes 
glycolysis. Many tumors are also hypoxic, leading to activation of the hypoxia signaling 
pathway which, as mentioned above, is a potent mediator of a glycolytic metabolism.  

That cancer cells carry perturbed or damaged mitochondria has also been hypothesized to 
account for the Warburg effect, a notion which Warburg himself thought was the cause of 
his observation. Some evidence for this exists, as cancer cells have been reported to have 
downregulated protein levels of mitochondrial uncoupling proteins (UCPs) or synthesis of 
cytochrome oxidase 2 (SCO2), the latter a target of p53 (Matoba et al., 2006; Samudio, Fiegl, 

McQueen, Clise-Dwyer, & Andreeff, 2008), leading to increased rates of aerobic glycolysis.  
Activating gain-of-function mutations in TCA cycle enzymes, including isocitrate 
dehydrogenase (IDH) 1/2 (Ward et al., 2010) or fumarate hydratase (Yang, Soga, Pollard, & 
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Adam, 2012), have also been observed in RCC and gliomas. However, a “damaged 
mitochondria” model cannot be a unifying explanation for the Warburg effect as a pile of 
data has indicated that cancer cells, in the majority of cases, do utilize their mitochondria 
and carry out oxidative phosphorylation, although to a much lesser extent (Ward & 
Thompson, 2012). Therefore, perhaps the best explanation for the Warburg effect comes 
from a recent model, which postulates that proliferating cells have other demands to fulfill 
than maximizing ATP-production, such as a supply to reduced carbon, reduced nitrogen and 
NADPH (Vander Heiden et al., 2009). According to this model, a proliferating cell can 
generate all the building blocks needed for cell division simply by boosting glucose and 
glutamine uptake while running glycolysis and the interconnected biosynthetic pathways at 
high rates, and does therefore not need to utilize oxidative phosphorylation to the same 

extent. In conclusion, this explanation postulates that proliferating cells run proliferative 
metabolic programs, which in turn is presented as the Warburg effect (Cantor & Sabatini, 
2012; Vander Heiden et al., 2009).  

Notch signaling in cancer 

There are numerous obstacles and levels of protection that cancer cells must overcome in 
order to form a malignant tumor. To break through these line of defenses, cancer cells must 
acquire certain biological capabilities, including sustaining proliferative signaling, avoiding 
apoptosis, inducing angiogenesis and reprogramming cellular metabolism (Hanahan & 
Weinberg, 2011). Conserved developmental pathways serve as master regulators and 
gatekeepers of many of these capabilities and it is therefore not surprising that they 

frequently are found to be dysregulated in cancer.  

As mentioned above, Notch receptors are frequently mutated in T-ALL (Weng et al., 2004). In 
addition, activating Notch receptor mutations have been found in lung cancers (Westhoff et 
al., 2009) and breast cancers (Jiao et al., 2012; Robinson et al., 2011), although at very low 
frequency. Moreover, in approximately 50% of breast cancers and 30% of lung cancers, the 
function of Numb is lost (Pece et al., 2004; Westhoff et al., 2009). High expression levels of 
Notch signaling components have also been shown to correlate with worse patient survival 
in several types of cancers, for example JAGGED1 and NOTCH1 expression in breast cancer 
(Dickson et al., 2007; Reedijk et al., 2005, 2008), NOTCH3 expression in ovarian serous 
carcinoma (Jung et al., 2010) and NOTCH1 expression in lung cancer (Donnem et al., 2010).  

Many of the ways that Notch signaling is understood to promote growth signaling and 
apoptosis resistance have been mentioned above, for example by activation or interaction 
with other cancer promoting signaling mechanisms, like the PI3K/AKT, Wnt and hypoxia 
signaling pathways. In addition, Notch has been shown to induce expression of an array of 
genes involved in growth promotion and EMT, such as MYC, CCND/Cyclin D and SNAI1/Snail-
1 (Klinakis et al., 2006; Niessen et al., 2008; Ronchini & Capobianco, 2001; Sahlgren et al., 
2008; Weng et al., 2006). Moreover, many tumors are thought to be built up in a hierarchic 
fashion, in which only a small subpopulation within the tumor, consisting of cancer stem 
cells or cancer initiating cells, mediates the majority of tumorigenic effects and resistance to 
therapy (Clevers, 2011). Given the importance of Notch as a stem cell regulator, Notch has 

been hypothesized to be an important regulator of cancer stem cells and some evidence for 
this exists. For example, Notch4 has been implicated in the regulation of breast cancer stem 
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cells (Harrison et al., 2010) whereas blockage of the Notch signaling pathway has been 
shown to deplete CD133-positive cancer-like stem cells in medulloblastoma (Fan et al., 
2006).  

Notch signaling as a therapeutic target 

In view of the fact that Notch signaling is hyperactivated in many cancers and that the S3 
cleavage and release of the Notch signaling can be blocked by GSIs, Notch signaling is an 
attractive therapeutic target. Indeed, GSIs have been shown to suppress tumor growth in 
breast, lung and pancreatic preclinical cancer models and in various in vitro studies (Efferson 
et al., 2010; Hallahan et al., 2004; Mizuma et al., 2012; Paola Rizzo et al., 2008). However, 
utilization of GSIs in vivo has been associated with severe side effects. In one of the first 

preclinical studies evaluating the toxic effects of GSIs, chronic administration of the GSI LY-
411,575 was shown to lead to drastic changes in tissue homeostasis, with for example 
altered intestine morphology, goblet cell metaplasia and thymus atrophy as a result (Wong 
et al., 2004). Future challenges will therefore be to explore if there exists a therapeutic 
window for GSIs in a clinic setting, something that is currently being evaluated in several 
ongoing clinical trials for different types of tumors (“http://www.clinicaltrials.gov/,” 2013). 

Interestingly, different strategies for limiting GSI toxicity have been reported, including 
parenteral, instead of oral, administration of GSIs, as well as combinatorial treatment with 
glucocorticoids (Real et al., 2009; P Rizzo et al., 2008). However, these treatments are yet to 
be investigated clinically. In addition to this, targeting specific Notch components by 
inhibitory antibodies could be a way to reduce toxicity and has been focus of much interest 

and development. However, so far, inhibitory antibodies have also generated toxic effects in 
animal models and their possible future utilization in the clinics, for example in therapies for 
T-ALL, is complicated by the fact that Notch receptors frequently are mutated or rearranged 
(Aster & Blacklow, 2012). Another complicating factor with Notch as a therapeutically target 
in cancers is that Notch signaling not exclusively is connected with growth promoting 
abilities, which will be briefly discussed below. 

Notch – not always an oncogene 

Lastly, even though hyperactivated Notch signaling in the majority of cases is associated with 
promotion of tumor growth, there are important exceptions. Whereas Notch maintains an 

undifferentiated state in an array of cell types, it promotes differentiation and growth arrest 
in the skin. Deletion of Notch1 in murine skin induces skin tumors with a long latency, which 
can be accelerated if additional Notch components are deleted (Demehri, Turkoz, & Kopan, 
2009; Nicolas et al., 2003). Consequently, Notch signaling has a tumor suppressor role in the 
epidermis, which again underscores the complex and context-dependent mode of the Notch 
signaling output. Several mechanisms have been proposed to account for this, for example 
Notch-dependent upregulation of p21 or caspase 3, which suppresses growth of 
keratinocytes, or downregulation of p63, an important player in keratinocyte maintenance 
(Nguyen et al., 2006; Okuyama et al., 2004; Rangarajan et al., 2001). Loss of Notch signaling 
by itself, however, does not seem to be sufficient for skin cancer development and other 
mutations, induced with for example 7,12-Dimethylbenz(a) anthracene (DMBA), appears to 

be needed. Instead, a recent study reported that deletion of Notch causes a tumor-
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promoting microenvironment, which in turn promotes growth of already mutated (initiated) 
keratinocytes in a non cell-autonomous fashion (Demehri et al., 2009).   

Tumor suppressor roles of Notch signaling have also been reported in other cellular 
contexts, for example myeloid leukemia (Klinakis et al., 2011), B-cell leukemia (Zweidler-
McKay et al., 2005) and hepatocellular carcinomas (Viatour et al., 2011). 

Transcriptome profiling 

The transcriptome comprises the complete set of RNA transcripts in a cell. Several different 
technologies have been developed for transcriptome profiling, including hybridization-based 
technologies, such as DNA-microarrays, or sequence-based technologies, such as next 

generation sequencing technologies. These technologies will be briefly presented below. 

Gene expression profiling by DNA-microarrays  

Gene expression profiling by microarrays was developed in the mid 1990s (Schena, Shalon, 
Davis, & Brown, 1995; Shalon, Smith, & Brown, 1996). A common version of this method 

utilizes fluorescently labeled cDNA, which is incubated with numerous microscopic DNA-
sequences (DNA-probes) attached to a solid surface. Traditionally, these DNA probes are 
arranged in spots, each spot consisting of thousands of identical probes that target specific 
genes.  

When analyzing gene expression using DNA-microarrays, cellular mRNA is used as a template 

to produce cDNA, which is fluorescently labeled and applied to the microarray. If a cDNA is 
complementary to a DNA-probe, it will hybridize and attach to the array. The amount of 
cDNA hybridized to a spot of DNA-probes can thus be assessed fluorometrically. If gene 
expression is to be compared between two different samples (for example between normal 
and cancerous tissue), the cDNA from each sample is labeled with a specific fluorophore, 
such as Cy3 or Cy5. When the cDNA from both samples is applied to the microarray, they will 
compete in binding to the DNA probes. The intensity of each fluorophore is then assessed 
fluorometrically to calculate the relative abundance of the specific gene expression (Heller, 
2002; Shalon et al., 1996). 

Today, several commercial microarray platforms exist for transcriptome profiling by 

microarrays. Companies such as Agilent Technologies, Affymetrix and Illumina offer high-
density predesigned microarrays with whole-transcript coverage.   

Gene expression profiling by RNA-sequencing  

During the last years, next-generation sequencing technologies have become increasingly 
utilized for transcriptome profiling. In contrast to hybridization-based methods, these 
technologies directly determine the sequence of the RNA/cDNA. Based on the number of 
sequencing reads of a specific RNA/cDNA molecule, expression levels of the transcript can be 
quantified.  

Next-generation sequencing technologies for RNA sequencing include platforms from 

Illumina/Solexa Genome Analyzer/HiSeq, Roche/454 Genome Sequencer and the SOLiD 
platform from Applied Biosystems/Life Technologies. These three technologies have 
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different sequencing strategies and their own advantages in terms of accuracy, reads per run 
and time per run (Liu et al., 2012). However, in contrast to Sanger’s sequencing method of 
chain termination, all of these platforms can carry out thousands of sequencing reactions in 
parallel, in a high-throughput manner.  

When performing transcriptome analyses utilizing RNA-sequencing (deploying the most 
widely used (McGettigan, 2013) platforms Genome Analyzer and HiSeq from Illumina as an 
example), a cDNA library of the mRNA is first constructed. Briefly, the mRNA is fragmented 
to a shorter length, suitable for sequencing, and fixed adapters are attached to the cDNA 
molecules. The cDNA library is then applied to a solid surface, called a flow cell, where the 
DNA fragments are amplified by solid-phase bridge amplification, so that clusters of clonal 
DNA molecules are formed on the flow cell surface. These DNA clusters are then subjected 

to parallel sequencing, in a manner similar to Sanger sequencing. However, instead of 
utilizing terminator ddNTPs bases to stop the PCR-reaction, like in the Sanger sequencing 
method, Illumina utilizes reversible-terminator bases, labeled with base-specific fluorescent 
dyes, for the PCR reaction. During each round of amplification, the fluorescently labeled 
nucleotide is imaged to determine the sequence. The reversible terminator is then 
chemically removed so that the next round of amplification can start 
(“http://www.illumina.com,” n.d.; Liu et al., 2012). Following sequencing, the data, 
consisting of the sequencing reads, are aligned to a reference genome, or assembled de 
novo.  

Next generation sequencing technologies have several advantages compared to microarray 

based technologies. For example, DNA-microarrays are based on pre-existing knowledge of 
the transcriptome to generate specific probes for hybridization. This is not needed for RNA-
seq technologies, which instead can build up transcriptomes de novo. The sequencing of 
DNA also provides information about sequence variations, such as SNPs or mutations. 
Moreover, RNA-sequence technologies are more quantitative and have less background 
signal. As a consequence, sequencing-based technologies are today largely considered the 
preferred method of transcriptome profiling (McGettigan, 2013; Z. Wang, Gerstein, & 
Snyder, 2009).  
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Present investigation 

Aims 

The aim of the research presented in this thesis was to learn more about how dysregulated 
Notch signaling facilitate cancer malignancy. In particular, we focused on: 

 The role of dysregulated Notch signaling in breast cancer development  

 The mechanisms behind how hyperactivated Notch signaling contributes to cancer 

 The role of crosstalk between Notch and other signaling pathways in cancer 

 The role of intracellular trafficking of Notch receptors and ligands in the regulation of 

Notch signaling 
 

Paper 1 

Over the last decade, it has become increasingly clear that the hypoxia inducible 
transcription factors HIF1alpha and HIF2alpha have unique downstream target genes in 
cancers, and that HIF2alpha is the predominant oncogenic isoform in several types of 
cancers. However, the mechanisms for how cells respond differentially in either a HIF1alpha 
or a HIF2alpha hypoxic response remain poorly understood. In paper 1, we report that Notch 
signaling is a specific activator of HIF2alpha in various forms of cancer. Moreover, we 
provide evidence that activation of the Notch pathway leads to a HIF1alpha-to-HIF2alpha 

hypoxic switch, and Notch/HIF2alpha downstream signaling in normoxia.  

In paper 1, we show that enhanced Notch signaling robustly elevated HIF2alpha mRNA 
levels, irrespective of the level of oxygen, in several tumor cell lines and in primary cells from 
various forms of cancers. In contrast, HIF1alpha mRNA expression was not affected by Notch 
signaling in all cell lines tested except one. Moreover, enhanced Notch signaling for 24 hours 
led to a robust upregulation of HIF2alpha protein levels in hypoxia-treated breast cancer, 
medulloblastoma and renal cancer cells, which could be reversed by 5-difluorophenylacetyl-
L-alanyl-2-phenylglycine-1,1-di-methylethyl ester (DAPT) treatment. Thus, our data 
demonstrate that Notch is a specific activator of HIF2alpha and transcriptionally regulates 
HIF2alpha expression. This is in contrast to induction of HIF2alpha by hypoxia, which occurs 

at the post-translational level, by regulation of the PHDs. In the light of these results, it is 
interesting to note that differential activation of the HIFalpha isoforms in macrophages 
recently was shown to be triggered at the transcriptional level. In this report, Th1 cytokines 
was found to specifically upregulate HIF1alpha mRNA levels, whereas Th2 cytokines 
specifically induced HIF2alpha mRNA levels, in turn leading to enhanced protein levels of the 
respective isoform (Takeda et al., 2010).  

To further investigate the mechanisms behind how Notch regulates HIF2alpha, we activated 
Notch signaling in combination with expression a dominant negative version of MAML. This 
led to a potent abrogation of the Notch dependent HIF2alpha upregulation, suggesting that 
a canonical Notch transcriptional activation complex is utilized for the HIF2alpha activation. 

However, blocking cellular translation by cycloheximide also quenched HIF2alpha mRNA 
upregulation upon Notch stimulation, in contrast to the direct Notch target gene NRARP, 
arguing for HIF2alpha as an indirect Notch target. In addition, Notch did not appear to 
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regulate HIF2alpha post-transcriptionally, as actinomycin D treatment also abrogated Notch-
induced HIF2alpha transcription. Based on these results, we hypothesize that a yet 
unidentified activator of HIF2alpha is rapidly transcribed and translated upon Notch signaling 
activation. One example of such a mediator would be Interleukin-4; one of the Th2 cytokines 
previously mentioned that specifically activates HIF2alpha transcription (Takeda et al., 2010). 
However, IL-4 was not found to be a downstream target of Notch signaling in breast cancer 
or medulloblastoma (bioinformatical analysis - data not shown), and hence the exact 
mechanism for how Notch signaling controls HIF2alpha remains obscure.  

We also explored whether active Notch signaling correlated with HIF2alpha expression in a 
large set of transcriptomes from breast, renal, neuroblastoma or medulloblastoma cancers. 
Like in paper 2 and (Sethi, Dai, Winter, & Kang, 2011), we utilized Jagged1 as a proxy for 

active Notch signaling, given that Notch downstream target genes vary extensively between 
different cell types. Jagged1 and HIF2alpha expression correlated significantly in all types of 
cancers analyzed, in contrast to Jagged1 and HIF1alpha expression, which did not correlate 
significantly in any of the cancers. These data further argues for Notch signaling as a 
transcriptional regulator of HIF2alpha in a broad array of cancer types. 

It has previously been recognized that long term hypoxia triggers a switch from high protein 
levels of HIF1alpha to HIF2alpha protein (Holmquist-Mengelbier et al., 2006; Uchida et al., 
2004). The mechanisms behind this switch are however still poorly understood. 
Interestingly, MDA-MB-231 breast cancer cells with long-term (72 hours) Notch signaling 
activation in hypoxia maintained upregulated HIF2alpha mRNA and protein levels, 

accompanied by robustly downregulated HIF1alpha protein levels. In keeping with this, 
elevated Notch signaling over time mediated a switch from HIF1alpa to HIF2alpha protein 
during hypoxia. This Notch-induced HIF1alpha-to-HIF2alpha hypoxic switch was observed in 
both MDA-MB-231 and primary breast cancer, as well as in medulloblastoma cells, but at 
different time-points, spanning from 24 to 72 hours. As HIF2alpha protein levels were 
observed to be upregulated prior to HIF1alpha protein downregulation, it is presumably the 
HIF2alpha activation per se that triggers downregulation of HIF1alpha protein. Several 
mediators are known to mediate a HIFalpha switch, through downregulation of HIF1alpha. 
Examples of such mediators are antisense HIF1alpha (aHIF; promotes HIF1alpha mRNA 
destabilization and downregulation)(Uchida et al., 2004), hypoxia-associated factor (Koh, 
Lemos, Liu, & Powis, 2011) and HSP70/CHIP (Luo et al., 2010). Thus, it is possible that 

activation of Notch/HIF2alpha leads to upregulation/activation of one or more of these 
effectors, in turn leading to the hypoxic switch.  

In paper 1, we also show that medulloblastoma and breast cancer cells with hyperactivated 
Notch signaling have elevated HIF2alpha protein levels in normoxia. To further investigate 
this, we preformed transcriptome analysis of a Notch-inducible medulloblastoma cell line, 
grown in normoxia or hypoxia for 48 hours, with or without Notch activation, along with 
siRNA-mediated depletion of either HIF1alpha or HIF2alpha. A substantial portion (roughly 
11 %) of the Notch upregulated genes in hypoxia were downregulated when HIF2alpha, but 
not HIF1alpha expression, was depleted, suggesting that a noteworthy proportion of the 
hypoxic Notch transcriptome requires functional HIF2alpha. Moreover, many of these genes 

were upregulated in normoxia, demonstrating that hyperactivated Notch signaling can give 
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rise to Notch/HIF2alpha downstream signaling at normoxia, thus resembling a sort of 
“pseudohypoxic” response.  

Over the last decade, additional mechanisms giving rise to normoxically stabilized HIFalpha, 
and hence pseudohypoxic responses, have been reported. As the activity of the PHDs are 
dependent on iron and α-ketoglutarate in addition to O2, conditions that deplete or interfere 
with these substances lead to decreased PHD activity and increased HIFalpha protein in an 
oxygen-independent manner. An example of this are mutations in the TCA-cycle proteins 
Isocitrate dehydrogenase 1 or 2, that interfere with the catalyzation of isocitrate to α-
ketoglutarate (Ward et al., 2010; S. Zhao et al., 2009). Likewise, decreased iron availability 
(Knowles, Mole, Ratcliffe, & Harris, 2006) or mutations in VHL (Kaelin, 2008) has been 
reported to lead to HIFalpha stabilization at normoxia. It will therefore be interesting to 

further elucidate if the Notch/HIF2alpha signaling axis differs from other HIF1alpha or 
HIF2alpha hypoxic or pseudohypoxic responses. 

Paper 2 

Notch signaling is frequently hyperactivated in breast cancers but it remains poorly 
understood how this contributes to disease progression. In paper 2, we identify the 
proinflammatory cytokine IL-6 as a non-canonical Notch target in breast cancer. 

In paper 2, we show that Notch signaling activation led to robustly upregulated IL-6 mRNA 
levels in breast cancer cells, more frequently observed in basal-like breast cancer cell types 

compared to luminal breast cancer types. In agreement with this, we found Jagged1 and IL-6 
expression to correlate significantly in transcriptome data sets from basal-like breast 
cancers, but not luminal breast cancers. IL-6 mRNA levels and N1ICD protein levels were also 
higher in primary basal breast cancers, compared to luminal breast cancers. To further study 
the activation of IL-6 by Notch, we induced Notch signaling in basal MDA-MB-231 breast 
cancer cells. Notch signaling activation led to elevated levels of IL-6 mRNA, and enhanced 
secretion of IL-6 protein into the tissue culture medium, measured by enzyme-linked 
immunosorbent assay (ELISA). As expected, this in turn gave rise to IL-6 downstream 
activation of JAK/STAT3, both in an autocrine and paracrine manner, as well as enhanced 
protein levels of the JAK/STAT3 downstream target Bcl-XL. Taken together, our data 
demonstrate that activation of Notch signaling in breast tumor cells leads to increased IL-6 

mRNA expression, IL-6 protein secretion and downstream IL-6 signaling.  

We also found the p53 status of breast cancer cells to be important for the ability of Notch 
to upregulate IL-6, as re-introduction of wild-type p53 into p53-mutated MDA-MB-231 cells, 
or p53-null mouse embryonic fibroblasts, strongly abrogated the Notch dependent IL-6 
mRNA upregulation. Furthermore, wild-type p53 MCF7 cells were only able to upregulate IL-
6 mRNA levels when a mutant form of p53 was expressed together with Notch activation. 
This is perhaps not surprising given that  p53 is known to repress the IL-6 promoter 
(Santhanam, Ray, & Sehgal, 1991), and that loss of p53 function gives rise to enhanced IL-6 
mRNA and serum levels, independently of Notch signaling activation (Slatter et al., 2011; 
Yamanishi et al., 2002; Zheng, Lamhamedi-Cherradi, Wang, Xu, & Chen, 2005). However, as 

p53 also has been shown to negatively regulate Notch signaling, for example during T-cell 
development (Laws & Osborne, 2004) or in Notch4-driven mammary tumor progression (Sun 
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et al., 2011), it would be interesting to further investigate to what extent the Notch 
downstream response is altered with loss of p53.  

The Notch upregulation of IL-6 was found to be independent on the canonical DNA-binding 
protein CSL, since neither the expression of a dominant-negative form of CSL, or NICD 
lacking the RAM-domain, abrogated the Notch dependent mRNA upregulation of IL-6. 
Moreover, when MDA-MB-231 cells were transfected with a cytoplasmically localized NICD, 
IL-6 mRNA levels still became potently upregulated, further arguing for that Notch regulates 
IL-6 is in a non-canonical way. In contrast to our results, Notch signaling was recently shown 
to upregulate IL-6 in a CSL- and Hey1-dependent manner in non-tumorigenic oestoblasts 
(Sethi et al., 2011), suggesting that the Notch regulation of IL-6 is cell context dependent.  

Given that NFB is a potent activator of IL-6 (Libermann & Baltimore, 1990), we investigated 
if this pathway was required for the Notch activation of IL-6. Indeed, pharmacological 

blocking of IKK, or siRNA-mediated depletion of IKK and IKK, potently abrogated IL-6 

mRNA upregulation upon enhanced levels of Notch signaling. This suggested to us that 

Notch signaling was increasing downstream NFB signaling, in turn leading to activation of 

IL-6. However, in experiments where we monitored downstream NFB signaling, utilizing a 

B luciferase reporter construct, we did not find any evidence of that Notch signaling could 

activate, or in any way modulate, the downstream NFB signaling response. Moreover, 
siRNA mediated knockdown of p50 did not abrogate the Notch dependent upregulation of 
IL-6 mRNA; nor did the protein levels of p50 or p65 change upon Notch signaling activation. 

Our data therefore suggest that the Notch regulation of IL-6 is dependent only on the IKK 

and IKK components of the NFB machinery, and that these two pathways converge in a 
non-canonical mode in the transcriptional regulation of IL-6. Since physical interactions 
between  NICD and IKKs have been reported (Hao et al., 2010; Song et al., 2008), it would be 
interesting to further evaluate if this is a prerequisite for the activation of IL-6 by Notch. 

Lastly, in paper 2, we investigated if the IL-6/Notch interplay in breast cancer can impact on 
the tumor associated stroma, of which macrophages is an important component. Indeed, 
RAW264.7 macrophages that had been treated with conditioned media from Notch 
activated breast cancer cells exhibited increased JAK/STAT signaling, which could be blocked 
by an IL-6 blocking antibody. In addition, IL-6 mRNA levels were robustly upregulated in 
macrophages upon activation of Notch signaling. Moreover, when macrophages were 

treated with recombinant IL-6, this led to enhanced mRNA levels of Notch1 and Jagged1, in 
line with a previous report (Sansone et al., 2007). Taken together, this implies that IL-6 
secretion from breast tumors give rise to Notch signaling activation and IL-6 secretion in the 
tumor associated stroma, with a possible feed forward loop as a consequence.  

In sum, our data provide a link between Notch and tumor inflammation in breast cancer, as 
we show that Notch signaling regulates the proinflammatory cytokine IL-6 in a CSL-

independent, but p53 and IKK/IKK-dependent, manner. 

Paper 3 

Tumor cells have for over 100 years been known to primarily rely on aerobic glycolysis for 

energy production. This is in contrast to non-proliferating and non-tumerogenic cells, which 
instead utilizes oxidative phosphorylation in the mitochondria. The existence of alternative 
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metabolic pathways between tumor cells and non-tumor cells is a phenomenon commonly 
known as the Warburg effect. In paper 3, we identify Notch signaling as a regulator of tumor 
metabolism and show that both hyper and hypo-activated Notch signaling promotes 
glycolytic metabolism in breast cancer cells, in a Warburg-like fashion.  

In paper 3, we generated MCF7 luminal breast cancer cells with different levels of Notch 
signaling; high, medium and low (Nhigh, Nmedium and Nlow), by stable expression of N1ICD, GFP 
and dominant-negative CSL (dnCSL), respectively. To investigate the role of Notch signaling 
in breast tumor growth in vivo, these three cell types were transplanted orthotopically in 
mice. We show that hyperactivated Notch signaling cells gave rise to xenografts with 
dramatically increased tumor growth and invasiveness, compared to Nmedium and Nlow 
xenografts. Interestingly, we also found both Nhigh and Nlow xenografts to have increased 

levels of glucose uptake, measured by fluorodeoxyglucose with positron emission 
tomography (FDG-PET). As this indicated that dysregulated Notch signaling impacted on 
tumor metabolism, we went further and measured glucose uptake and lactate production in 
the breast cancer cells with different Notch signaling levels in vitro. Indeed, both Nhigh and 
Nlow cells utilized more glucose and produced more lactate, demonstrating an increase in the 
utilization of aerobic glycolysis for energy production. In conclusion, our data show that both 
hyper- and hypo-activated Notch signaling induce a glycolytic phenotype in breast tumor 
cells, although having dramatically different tumor potential in vivo. 

Mutated PTEN or Ras are known to promote aerobic glycolysis through downstream 
activation of PI3K/AKT signaling (R Brooks Robey & Hay, 2009), which prompted us to 

investigate this from a Notch-signaling perspective. We identified PI3K/AKT as a downstream 
target of Notch signaling in breast cancer, as both Nhigh cells, and MCF7 cells with transiently 
activated Notch, exhibited increased levels of phosphorylated AKT. Hyperactivated Notch 
signaling cells also had elevated mRNA and protein levels of GLUT1, a downstream AKT 
target (Barthel et al., 1999), as well as increased mRNA expression of several glycolytic 
mediators. Moreover, inhibition of PI3K activity by the LY294002 inhibitor suppressed the 
Notch-mediated increase in glucose uptake. Thus, our data suggest that PI3K/AKT activation 
facilitates the increased rates of glycolysis in hyperactivated Notch signaling cells. In line with 
our data, Notch has previously been shown to act upstream of PI3K/AKT in several types of 
cancers (Meurette et al., 2009; L R Perumalsamy et al., 2009; Vacca et al., 2006) and to 
promote glycolytic metabolism in a transgenic breast cancer model (Efferson et al., 2010).  

In contrast to Nhigh cells, Nlow cells did not display increased levels of AKT signaling (data not 
shown). Instead, we found evidence of an altered mitochondrial function in Nlow cells, as 
basal oxygen consumption levels, and protein levels of the mitochondrial complex IV protein 
subunit COXII, where significantly decreased. Moreover, Nlow cells, as well as MCF7 cells 
treated with DAPT, had lower intracellular levels of ATP and an increased mitochondrial 
membrane potential. Based on these results, we hypothesize that Notch signaling is 
important for the integrity of the mitochondria, and that cells with low levels of Notch 
signaling are forced to utilize higher levels of glycolysis for ATP-production, due to an 
impaired mitochondrial function. This notion is supported by observations of an altered 
mitochondrial phenotype in CADASIL patients with mutated Notch3 (De la Peña et al., 2001; 

Dotti et al., 2004), and that other cellular mechanisms that lead to a perturbed 
mitochondrial function; such as downregulation of the mitochondrial proteins UCP or SCO2, 
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also have been shown to enhance rates of aerobic glycolysis (Matoba et al., 2006; Samudio 
et al., 2008).  

We also found total p53 protein levels to be reduced in cells with hypoactivated Notch 
signaling. Given that p53 is known to promote oxidative phosphorylation (Jones & 
Thompson, 2009), we investigated if this also contributed to the increased levels of aerobic 
glycolysis in Nlow cells. In line with our reasoning, transfection of p53 in Nlow cells, or MCF7 
cells transiently expressing dnCSL, led to an abrogation of the increased glucose uptake 
levels. This suggests that the elevated rates of glycolysis in hypoactivated Notch signaling 
cells, at least to some extent, is mediated through low levels of p53.  

To conclude, in this report we show that both high and low levels of Notch signaling trigger 

breast tumor cells to utilize higher rates of aerobic glycolysis, however through distinct 
mechanisms. In keeping with the dramatically increased tumor potential that was observed 
upon hyperactivation of the Notch signaling pathway, our data also demonstrate that the 
Warburg effect not automatically correlate with tumor potential.  

Paper 4  

Endocytosis of Notch ligands is known to be pivotal for activation of Notch signaling. 
However, the reasons for this remain poorly understood, and two principal models have 
been proposed. The first model postulates that endocytosis is necessary for generating a 
functional Notch ligand, and therefore is essential for the maturation of ligands (Heuss et al., 

2008; W. Wang & Struhl, 2004). The second model instead proposes that ligand endocytosis 
generates a pulling-force on the Notch receptor, crucial for the S2-cleavage of the Notch 
receptor (Ahimou et al., 2004; Gordon et al., 2007; Parks et al., 2000). In paper 4, we 
investigate the relation between receptor binding and endocytosis, and characterize a 
mutated version of Jagged1; Nodder (Jagged1Ndr), to study this further.  

In co-culture experiments with ligand-expressing cells and Notch receptor-expressing cells 
carrying a reporter of Notch activation, we show that Jagged1Ndr ligands are incapable of 
activating Notch signaling on juxtapose cells in trans. Jagged1Ndr ligands were also unable to 
bind and transendocytose the extracellular part of the Notch receptor: the NECD.  In 
agreement with the pulling-force model, this argues that Jagged1Ndr ligands lost the ability to 

pull and transendocytose NECD, in turn leading to loss of Notch receptor activation.  

A key step in ligand endocytosis is ligand ubiquitylation by the E3 ubiquitine ligases Mind 
bomb1 (Mib1) or Neuralized. To further investigate the role of endocytosis for Notch 
signaling activation, we inhibited endocytosis in ligand expressing cells by siRNA mediated 
depletion of Mib1, or by expression of a dominant-negative form of dynamine. As expected, 
this silenced Notch signaling activation in neighboring cells, but it did however not prevent 
NECD from binding to Jagged1 ligands. Thus, our data suggest that endocytosis of Notch 
ligands is not important for receptor binding per se, which argues against more extreme 
interpretations of the ligand-maturation model, where functional endocytosis would be 
needed for Notch receptor binding.  

As only a single amino acid in the extracellular domain differentiates Jagged1Ndr from wild 
type Jagged1 ligands, we utilized Jagged1Ndr ligands as a tool to investigate if the defective 
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extracellular part affected intracellular trafficking. In the absence of active Notch signaling, 
we show that both Jagged1Ndr and wild type Jagged1 ligands interacted with Mib1, arguing 
for that ligand-receptor interaction is dispensable for Mib1 binding. Moreover, Jagged1 and 
Jagged1Ndr did not differ significantly with regard to intracellular localization. However, upon 
Notch signaling activation, Jagged1 wild type ligands, but not Jagged1Ndr ligands, became 
ubiquitinated. We also observed increased ligand accumulation at the cell membrane in the 
spinal cord and midbrain of heterozygous Jagged1Ndr mouse embryos, compared to wild type 
Jagged1 mouse embryos. Taken together, our data suggest that mutant Jagged1 ligands, 
which are unable to bind extracellulary to Notch receptors, accumulate at the cell surface 
due to reduced ligand endocytosis.  

In sum, we have characterized and utilized the Jagged1 mutation Nodder as a novel tool to 

gain new insights in how Notch ligand-receptor binding and ligand-ubiquitylation interplay in 
endocytosis and Notch signaling activation.  

Paper 5 

Endocytosis is not only important for Notch signaling in signal-sending cells – it also plays a 

critical role in signal-receiving cells. In paper 5, we identify atypical protein kinase  (PKC) as 

an important regulator of Notch receptor routing and activation.  

We show that PKC directly interacts with membrane-bound Notch1 and phosphorylates the 

intracellular part of the receptor at Serine 1791. To investigate the effects of this interaction, 

we expressed a membrane-tethered activated form of Notch, Notch1ΔE, together with a 

constitutively active form of PKC in 293 HEK cells. Interestingly, activation of PKC triggered 
a dramatic relocation of Notch protein from intracellular endosomes to the nucleus, as 
judged by immunocytochemistry. Moreover, we observed an increase in the production of 

N1ICD upon activation of PKC, which could be blocked by DAPT-treatment, accompanied 
with enhanced levels of Notch downstream signaling. In contrast, co-expression of Notch1ΔE 

and a dominant negative form of PKC did not lead to an increase in N1ICD levels, and 

instead resulted in reduced nuclear localization of Notch. A similar observation was made in 

vivo in developing chick embryos, where blockage of endogenous PKC led to reduced 
amounts of electroporated Notch1ΔE, and an increase in Tuj1+ neurons. Thus, our data 

suggest that activated Notch signaling can be further boosted by PKC-mediated relocation 

of Notch protein to the nucleus, whereas blockage of PKC instead leads to less signaling and 

Notch relocation to intracellular vesicles. 

To further explore how the phosphorylation status at Serine 1791 influenced Notch signaling 
output, we generated phosphomimetic and phosphorylation-deficient forms of Notch1ΔE; 
Notch1ΔE1791E and Notch1ΔES1791A, respectively. In line with the results described above, the 
phosphomimetic Notch1ΔES1791E was predominantly localized in the nucleus and gave rise to 
increased Notch downstream signaling and N1ICD production, when compared to non-
phosphorylated Notch1ΔE, once more arguing for post-translational modification at S1791 

by PKC as an important level of regulation of Notch1 activity. The phospho-deficient 

Notch1ΔE1791A did instead give rise to the opposite phenotype, as we observed less N1ICD 

production and predominant localization of Notch to intracellular vesicles.  Moreover, 

phospho-deficient Notch1ΔE1791A, or siRNA mediated knock down of endogenous PKC, led 
to increased interaction between Notch and lysosome associated membrane protein 1 
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(Lamp1), a marker for late endosomes/lysosomes, suggesting that loss of PKC leads to 

degradation of ligand-activated Notch1.  

As Notch signaling is a well known regulator of myogenesis (R Kopan, Nye, & Weintraub, 
1994; Shawber et al., 1996), we hypothesized that the phosphorylation status at S1791 
would alter the capacity of myogenic progenitor cells to differentiate to myotubes. Indeed, 
we found that C2C12 cells expressing phosphorylation-deficient Notch1ΔE1791A increasingly 
differentiated to MHC positive myotube cells, both after 48 and 72 hours of differentiation. 

In conclusion, this suggests that PKC activity can influence myogenic differentiation through 

PKC phosphorylation-mediated regulation of Notch. 

Lastly, we show that the effect on Notch routing upon PKC-mediated phosphorylation 

depends on whether Notch signaling is in an active or inactive state. In cells seeded sparsely, 

which have minimal cell to cell contact and hence inactive Notch signaling, activated PKC 
did not relocate membrane-bound Notch to the nucleus, and instead shifted Notch to 
endosomes.  

In sum, our data argue that activated PKC, depending on the Notch signaling status, either 

boosts already activated Notch signaling or further represses inactive Notch signaling, by 

differential intracellular routing of Notch receptors. When PKC is activated, Notch becomes 
phosphorylated and relocalizes from endosomes to the nucleus, with enhanced Notch 
signaling levels as a result. Thus, we find regulation of Notch in the endosomal 
compartments as an important level of regulation of Notch signal activity. In line with this, 

loss of Lethal (2) giant discs (Lgd) or the endosomal sorting complex required for transport 
(ESCRT), which function in the maturation of early endosomes into late endosomes, cause 
endosomal accumulation of Notch together with enhanced Notch signaling levels 
(Yamamoto, Charng, & Bellen, 2010).  

Future perspectives 

Since the isolation and cloning of the Notch receptor in the mid-1980s, the research on 
Notch signaling has quickly moved forward. Astonishing progress has been made in the 
identification of several key aspects of how the Notch signaling pathway functions, both 
during development and in cancer. However, as written above; the more research unravels 

the mechanisms behind life - the more we learn how complex life really is, and this is true 
also for the Notch signaling pathway. 

Our Notch transcriptome analysis of two different breast cancer cell types in paper 2 
revealed that the Notch downstream target genes in each of the cell lines differ extensively. 
When these data are put in relation to other Notch transcriptome data sets, a fascinating 
picture emerges where only a small number of genes seem to be regulated by Notch across 
different cell types. How this pleiotropic Notch signaling diversity is achieved, and what role 
it is playing in the malignancy of different kinds of tumors, will be a future challenge for the 

Notch community. The work presented in this thesis, linking Notch with hypoxia, p53, NFB 

and PI3k/AKT, illustrates the vast possibilities of interactions between Notch and other 
proteins, which extend beyond simplified models of cellular pathways that have been built 

up over the years. Thus, additional comparisons of Notch transcriptome data sets from 
tumors with different molecular architectures would help to further clarify if Notch 



29 
 

transcriptome profiles can be sub-categorized in any way. It would also be of interest to 

investigate if the p53, aPKC or NFB signaling status of a cell gives rise to specific Notch 

downstream signatures.  

How Notch signaling is regulated at the chromatin level is poorly understood and remains to 
be established. Questions of interest are for example how CSL and Notch signaling interact 
on Notch downstream target promoters genome-wide, what number of Notch downstream 
genes that are activated by CSL-independent mechanisms and if different modes of CSL 
repression/de-repression exist. Chromatin immunoprecipitation-sequencing (ChIP-seq) 
experiments from different cell types are one way to further pursue this matter, which, 
however, requires a specific antibody of high quality. One way to circumvent this is to utilize 
an engineered version of CSL, where a protein tag has been introduced. If this genetically 

modified CSL is expressed in CSL-null cells, or in cells where endogenous CSL has been stably 
knocked down, CSL could be immune-precipitated with a tag-specific antibody. Another way 
forward to identify putative CSL-independent genes is to carry out transcriptome profiling on 
cells where Notch signaling has been activated with NICD lacking the RAM domain, or in 
Notch-activated cells where CSL has been deleted.  

Our finding that Notch activation influences the hypoxic response adds to our understanding 
of the relationship between hypoxia and Notch.  Given that both hypoxia and Notch 
signaling frequently are dysregulated in cancer, a further understanding of the role of this bi-
directional cross talk in cancer certainly is of interest. As hypoxia has previously been shown 
to positively regulate Notch signaling, it would be interesting to evaluate if a feed forward 

loop between Notch and hypoxia exists, and if such a potential loop would contribute to the 
malignancy of certain cancers. It is also tempting to speculate that cancer cells with 
activated Notch/HIF2alpha signaling might be better prepared for increased levels of hypoxic 
environments, something that would be interesting to study further. In addition, how this 
contributes to cancer progression and metastasis is another aspect that certainly would 
benefit from further characterization. 

Oncogenes and tumor suppressors have previously been shown to reprogram cellular 
metabolism, and as presented in paper 3, this appears to be true also for Notch. However, as 
current advances in metabolomics-based technologies have made it possible to detect 
metabolic fluxes at a cellular level, a more detailed examination of how cellular metabolism 

and Notch signaling interact is warranted. It will also be interesting to further elucidate 
whether the Notch/HIF2alpha signaling axis is an additional way to promote increase rates 
of aerobic glycolysis, besides the PI3K/Akt pathway. Moreover, how hypoactivated Notch 
signaling impacts on mitochondrial integrity is in principal unknown and is yet to be 
investigated. A thorough examination of how the mitochondrial function changes with 
altered levels of Notch signaling would be one way of starting to unravel this issue.  
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