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ABSTRACT 
          Hypoxia is a state of inadequate oxygen supply to the cells and tissues of the 
body. It plays a critical role in embryonic development, as well as in various 
physiological and pathological processes. Hypoxia-inducible factor 1 (HIF-1), a 
heterodimeric protein complex composed of an oxygen-regulated α subunit and 
constitutively expressed β subunit (ARNT), is the key regulator of the hypoxia 
response and regulates genes involved in diverse processes such as angiogenesis, 
erythropoiesis, glycolysis, pH regulation, apoptosis and cell proliferation/survival. In 
addition to this “canonical” response, hypoxia can also elicit multiple HIF-1-
independent cellular response pathways such as unfolded protein response (UPR). 
Furthermore, hypoxia can also crosstalk with Notch signaling and augment the Notch 
downstream response.  
          The aim of this study was to investigate the molecular mechanisms of HIF-1-
dependent and -independent regulation of cellular responses to hypoxia. We aimed to 
investigate the molecular mechanisms of cross-coupling between hypoxia and Notch 
signaling pathways, as well as the role of hypoxia in regulation of β-cell death and 
function. 
          In paper I, we identified Notch as a novel substrate of factor inhibiting HIF-1 
(FIH-1) and characterized the role of FIH-1 on Notch activity as well as the crosstalk 
between hypoxia and Notch signaling pathways. We show that FIH-1 hydroxylates 
Notch intracellular domain (ICD) at two residues (N1945 and N2012) that are critical for 
the function of Notch ICD. FIH-1 negatively regulates Notch activity and accelerates 
myogenic differentiation. Notch ICD enhances recruitment of HIF-1α to its target 
promoters and derepresses HIF-1α function. Notch ICD has a higher affinity than HIF-
1α for FIH-1 and may enhance HIF-1α function by sequestering FIH-1 away from 
HIF-1α C-terminal transactivation domain (CTAD). In paper II, we identified and 
characterized a Notch-independent mechanism regulating the responsiveness of the 
Hairy/enhancer-of-split 1 (Hes1) gene to hypoxia. We show that induction of Notch 
target genes in response to hypoxia is cell type-specific. In P19 cells, hypoxia-
induced upregulation of Hes1 gene expression is dependent on HIF-1, but independent 
of Notch. Two N-box motifs in the proximal region of the Hes1 promoter are critical 
for hypoxia-inducible transcriptional regulation of Hes1 promoter activity. In paper III, 
we investigated the molecular mechanism of β-cell death triggered by hypoxia. We 
show that apoptosis induced by exposure to 1% O2 in Min6 cells is dependent on UPR 
activation and C/EBP homologous protein (CHOP) induction, but independent of HIF-
1α. Exposure to 1% O2 changes levels of expression of several B-cell CLL/lymphoma 
2 (Bcl-2) family proteins and activates the intrinsic mitochondrial apoptosis pathway in 
Min6 cells. Culturing of isolated pancreatic islets at normoxia leads to intracellular 
hypoxia, CHOP induction, and cell death. We also show that islets of diabetic db/db 
mouse are hypoxic. In paper IV, we characterized the regulation of Forkhead box O 1 
(FoxO1) by hypoxia in β-cells and explored the potential role of FoxO1 in β-cell 
function at hypoxia. We show that in Min6 cells, hypoxia triggers FoxO1 nuclear 
translocation. Hypoxia induces FoxO1 protein levels and inhibits AKT-dependent 
phosphorylation of FoxO1 residue Ser253. Hypoxia-mediated nuclear translocation of 
FoxO1 is dependent on mammalian Ste20-like kinase 1 (MST1) kinase, but 
independent of c-Jun N-terminal kinase (JNK). FoxO1 does not contribute to the 
reduced cell viability observed at hypoxia. 
          The results from these studies contribute to a better understanding of HIF-1-
dependent and -independent regulation of cellular responses to hypoxia, in terms of cell 
differentiation, cancer, as well as β-cell survival and function. 
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1 INTRODUCTION 
1.1 HIF SIGNALING PATHWAY 

1.1.1 Life with oxygen 

Oxygen is essential for the survival of most, if not all metazoan species. In addition to 

its critical role in ATP production via oxidative phosphorylation, oxygen is also used in 

the metabolism of numerous endogenous and exogenous compounds. Oxygen is also 

very important for the synthesis of neurotransmitters, detoxification and excretion of 

carcinogens and some of protein-protein interactions (Maxwell and Salnikow, 2004). 

However, using oxygen as a substrate to produce energy is not without risk. Either 

excess or insufficient oxygen leads to generation of reactive oxygen species (ROS) and 

excess ROS induces cellular dysfunction or death. Lack of oxygen may also result in 

ATP depletion due to substrate limitation (Blokhina and Fagerstedt, 2010; Semenza, 

2007). Therefore, it is necessary to maintain the intracellular level of oxygen within a 

narrow range to balance the risks associated with oxygen excess and deficiency. 

 

1.1.2 Hypoxia, physiology and pathology 

Hypoxia is defined as inadequate oxygen supply to the cells and tissues of the body. It 

can be caused by either decreased oxygen supply or increased oxygen consumption. 

Under physiological situations, systemic hypoxia can be achieved by increased altitude 

and intracellular hypoxia in muscle can be induced by exercise (Lundby et al., 2009). 

Hypoxia also plays a central role in regulating angiogenesis and stem cell function 

during development (Dunwoodie, 2009; Simon and Keith, 2008). Furthermore, hypoxia 

also correlates with a lot of pathological conditions such as ischemic, kidney, 

pulmonary and haematological diseases, cancer and inflammation (Semenza, 2012; 

Wanderer, 2011). 

 

1.1.3 Hypoxia-inducible factors 

Hypoxia-inducible factor (HIF) is a heterodimeric protein complex composed of an 

oxygen-regulated α subunit and constitutively expressed β subunit, also known as aryl 

hydrocarbon receptor nuclear translocator (ARNT) (Figure 1). Both subunits belong to 

the basic helix-loop-helix-Per-Arnt-Sim (bHLH-PAS) protein family. These factors 

contain an N-terminal bHLH and two PAS domains that mediate DNA binding and 

heterodimerization (Jiang et al., 1996; Pongratz et al., 1998). HIF-α subunits also 
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contain an oxygen-dependent degradation (ODD) domain and two transactivation 

domains called the N-terminal transactivation domain (NTAD) and the C-terminal 

transactivation domain (CTAD). The ODD domain is responsible for the negative 

regulation of HIF-α in normoxia (Huang et al., 1998) and both transactivation domains 

have been shown to interact with coactivators such as CBP/p300 to activate gene 

transcription (Freedman et al., 2002; Lando et al., 2002; Ruas et al., 2010). ARNT also 

contains a transactivation domain (TAD) at its C-terminus, and therefore ARNT may 

function as an active transcription factor (Antonsson et al., 1995; Lee et al., 2004). 

 

Three isoforms of HIF-α subunit (HIF-1α, HIF-2α/EPAS1 and HIF-3α) and three HIF-

β subunits (ARNT/HIF-1β, ARNT2 and ARNT3/bMAL) have been identified to date. 

HIF-1α and ARNT are ubiquitously expressed, whereas HIF-2α, HIF-3α, ARNT2 and 

ARNT3 have more restricted expression patterns (Semenza, 2000). For example, HIF-

2α has been found in endothelial cells, glial cells, hepatocytes, cardiomyocytes and 

Type II pneumocytes (Wiesener et al., 2003). HIF-3α is specifically expressed in 

tissues such as adult thymus, lung, brain, heart, and kidney (Gu et al., 1998). All three 

known HIF-α subunits contribute to the transcriptional responses to hypoxia, whereas 

only two isoforms of HIF-β subunits (ARNT and ARNT2) are thought to participate 

(Maltepe et al., 2000; Park et al., 2010). ARNT3 mainly participates in oxygen-

independent pathways such as regulation of circadian clocks (Bunger et al., 2000). In 

contrast to HIF-1α and HIF-2α, HIF-3α lacks the CTAD. It is generally regarded as a 

negative regulator of hypoxia-inducible gene expression (Augstein et al., 2011). In fact, 

a hypoxia-inducible splicing variant of HIF-3α, inhibitory domain PAS protein (IPAS), 

acts as a powerful dominant negative regulator of HIF signaling (Makino et al., 2001; 

Makino et al., 2002). However, HIF-3α has also been shown to contribute to activation 

of certain HIF target genes through an alternative target element distinct from the 

canonical hypoxia response element (HRE). The opposite roles of HIF-3α may be 

determined by the availability of ARNT (Heikkila et al., 2011).  
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Figure 1. Schematic representation of functional domains of HIF family member proteins 

HIFs are members of the basic helix-loop-helix-Per-Arnt-Sim (bHLH-PAS) protein family. 

They bind to DNA as heterodimers composed of an oxygen-sensitive HIF-α subunit (HIF-1α, -

2α, or -3α) and a constitutive HIF-β subunit (ARNT or ARNT2). Both subunits contain the 

bHLH, PAS, and TA (transactivation) domains. The PAS domain comprises PAS-A and PAS-

B subdomains. In addition, HIF-α contains a unique ODD (oxygen-dependent degradation) 

domain. 

 

Several HIF knockout mice have been generated in order to understand the roles of HIF 

factors in vivo. HIF-1α-deficient mice die at embryonic day (E)10.5 with cardiac 

malformations, vascular regression and impaired erythropoiesis (Iyer et al., 1998; Ryan 

et al., 1998; Yoon et al., 2006). Depending on the genetic background, mice lacking 

HIF-2α die between E9.5 and E12.5 with vascular defects (Peng et al., 2000); at mid-

gestation with cardiac failure (Tian et al., 1998); as neonates with impaired lung 

maturation (Compernolle et al., 2002); or several months after birth due to ROS-

mediated multiorgan failure and biochemical abnormalities (Scortegagna et al., 2003). 

Interestingly, deletion of either HIF-1α or HIF-2α leads to embryonic/postnatal 

lethality, suggesting that HIF-1α and HIF-2α play non-redundant roles in development. 

ARNT knockout mice are also embryonic lethal due to defective vascularization 

(Kozak et al., 1997; Maltepe et al., 1997).  

 

1.1.4 Regulation of HIF-α protein stability by oxygen through PHDs 

In contrast to ARNT, which is insensitive to oxygen and constitutively stable, HIF-α 

protein levels are tightly regulated by oxygen (Figure 2). HIF-α is constitutively 

transcribed and translated, regardless of oxygen levels (Kallio et al., 1997; Lang et al., 

2002). However, in normoxia (21% oxygen), HIF-1α proteins are degraded in a few 

min (Wang et al., 1995). In the presence of oxygen, HIF-1α is rapidly hydroxylated by 
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prolyl hydroxylase domain proteins (PHDs) on proline 402 (Pro402) and 564 (Pro564) 

located within oxygen-dependent degradation domain (ODDD) (Ivan et al., 2001; 

Jaakkola et al., 2001; Masson et al., 2001). These proline residues are conserved in 

HIF-2α (Pro405 and Pro530) and HIF-3α, and PHDs require oxygen, 2-oxoglutarate 

(2OG) and iron for full activity (Fong and Takeda, 2008). Hydroxylation of HIF creates 

a binding site for the von Hippel–Lindau tumor suppressor protein (pVHL), which is a 

component of the E3 ubiquitin ligase complexes (Hon et al., 2002; Kamura et al., 2000; 

Ohh et al., 2000; Pereira et al., 2003; Tanimoto et al., 2000). pVHL then promotes HIF-

α ubiquitination and proteasomal degradation (Kallio et al., 1999; Maxwell et al., 

1999). Under hypoxic conditions, enzymatic activity of PHDs is suppressed, HIF-α 

proteins then escape the pVHL capture and proteasomal degradation. 

 

The PHDs belong to the superfamily of iron- and 2-oxoglutarate-dependent 

dioxygenases. All three PHD isoforms (PHD1, PHD2 and PHD3) have been shown to 

hydroxylate HIF-α in vitro (Appelhoff et al., 2004; Bruick and McKnight, 2001; 

Epstein et al., 2001; Ginouves et al., 2008). However, PHD2 is considered as the major 

hydroxylase regulating HIF levels, since knockdown of PHD2, but not PHD1 or PHD3, 

is sufficient to stabilize HIF-1α levels under normoxia (Berra et al., 2003). 

Interestingly, both PHD2 and PHD3 proteins are induced by hypoxia, acting in a 

negative feedback loop to control HIF-α activity (Henze et al., 2010). 

 
1.1.5 Regulation of HIF transcriptional activity by oxygen through FIH-1 

In addition to regulating HIF stability, oxygen also affects HIF transcriptional activity 

through factor inhibiting HIF-1 (FIH-1) (Figure 2). Like PHDs, the asparaginyl 

hydroxylase FIH-1 also belongs to the superfamily of iron- and 2-oxoglutarate-

dependent dioxygenases. In the presence of oxygen, FIH-1 hydroxylates a conserved 

asparagine residue (Asn803 in HIF-1α or Asn851 in HIF-2α) in the CTAD of HIF-α, 

which represses HIF transcriptional activity by preventing the interaction with 

transcriptional coactivators such as CBP/p300 (Lando et al., 2002). Interestingly, the 

Km of FIH-1 for oxygen is almost three times lower than that of PHDs (Koivunen et 

al., 2004), indicating that FIH-1 requires less oxygen for the hydroxylation activity. 

This implies that as oxygen levels drop, the PHDs would be inactivated first, resulting 

in HIF protein stabilization, while FIH-1 can still inhibit HIF transcriptional activity.   
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In addition to HIF proteins, a large number of ankyrin repeat domain (ARD)-containing 

proteins have been identified as an alternative class of FIH-1 substrate (Cockman et al., 

2009; Linke et al., 2007). Considering the fact that ARDs are present in over 300 

human proteins, asparagine hydroxylation may be more prevalent than previously 

thought. The consequences of ARD hydroxylation are poorly understood, however an 

FIH-1-dependent increase in ARD conformational stability and decreased protein-

protein interaction have been observed (Yang et al., 2011). FIH-1 also interacts with 

ARD-containing proteins, even without resulting in hydroxylation (Hardy et al., 2009). 

It has been suggested that ARD must unfold to some extent to enable hydroxylation 

(Coleman et al., 2007). The amino acids adjacent to target asparagine play the critical 

role in conformational changes of ARD, without disrupting the structure of the ARD 

proteins (Wilkins et al., 2012).  

 

Recently, FIH-1 knockout mice were generated. These animals are viable and 

surprisingly do not show any typical HIF-dependent phenotypes of enhanced 

angiogenesis or erythropoiesis. Rather, a range of metabolic phenotypes including 

reduced body weight, elevated metabolic rate, hyperventilation and increased insulin 

sensitivity were observed (Zhang et al., 2010). Considering the widespread of ARD 

protein substrates, further investigation is required to understand the role of FIH-1 in 

vivo. 

 

1.1.6 HIF-mediated hypoxic responses  

When oxygen supply is less than oxygen demand, multiple signaling pathways are 

activated to cope with the hypoxic stress, of which HIF is a master regulator. At 

hypoxic conditions, the activities of PHDs and FIH-1 are inhibited, and HIF-α becomes 

stabilized and functionally de-repressed. HIF-α then translocates to the nucleus and 

dimerizes with ARNT (Kallio et al., 1998). This complex then binds to hypoxia 

responsive element (HRE) of the target genes and activates transcription (Figure 2).  

 

Considering the critical role of HIF in adaptive responses to hypoxia, it is no surprise 

that more than 100 HIF target genes have been identified to date (Ke and Costa, 2006). 

Classical HIF targets include genes responsible for oxygen supply and delivery, such as 

vascular endothelial growth factor (VEGF) and erythropoietin (EPO), and glycolysis-

related genes, such as glucose transporter 1 (GLUT1) and phosphoglycerate kinase 1 
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(PGK1), which enable ATP production under low oxygen levels. HIF also regulates the 

genes involved in pH regulation, apoptosis and cell proliferation/survival (Cassavaugh 

and Lounsbury, 2011; Ke and Costa, 2006). Beside its critical role in physiological 

processes such as angiogenesis, erythropoiesis and glycolysis, HIF also plays diverse 

roles in different diseases. For instance, HIF mediates protective responses in diseases 

such as coronary artery disease, peripheral arterial disease, wound healing, organ 

transplant rejection and colitis. On the other hand, HIF also contributes to pathogenesis 

in diseases such as hereditary erythrocytosis, cancer, traumatic shock, pulmonary 

arterial hypertension and obstructive sleep apnea (Semenza, 2012).  

 

 
Figure 2. Regulation of HIF in normoxia and hypoxia 
At normoxia, PHDs hydroxylate two conserved proline residues of HIF-α, which leads to 

VHL-dependent ubiquitination and proteasomal degradation. FIH-1 also hydroxylates the 

asparaginyl residue on CTAD of HIF-α, which inhibits the HIF-α transcriptional activity by 

preventing CTAD association with transcriptional coactivators such as CBP/p300. At hypoxia, 

lack of oxygen inhibits PHDs and FIH-1 activities. HIF-α then becomes stabilized and 

translocates to the nucleus, dimerizes with ARNT, binds to HRE, recruits CBP/p300 and 

regulates target genes involved in diverse processes such as angiogenesis, erythropoiesis, 

glycolysis, pH regulation, apoptosis and cell proliferation/survival. 
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1.2 NOTCH SIGNALING PATHWAY 

1.2.1 Notch in development and disease 

The Notch gene was first discovered in the fruit fly Drosophila melanogaster and 

named after its loss-of-function phenotype characterized by notched wings (Metz and 

Bridges, 1917). The Notch signaling pathway is an evolutionarily conserved 

intracellular pathway present in most multicellular organisms. It plays essential roles in 

embryonic development and maintenance of tissue homeostasis during adult life, by 

regulating multiple cellular processes including cell fate determination, differentiation, 

proliferation and apoptosis (Artavanis-Tsakonas et al., 1999; Bolos et al., 2007). One of 

the most well known functions of Notch is to restrict cell fates and differentiation 

through lateral inhibition, typically occurring among a cluster of equipotent cells, 

whereby early-differentiating cells prevent their neighboring cells from differentiating 

into the same cell types (Lewis, 1998). On the other hand, Notch signaling also 

specifies cell fates and promotes terminal differentiation through its inductive function, 

which typically occurs between non-equipotent cell populations (Frisen and Lendahl, 

2001; Haines and Irvine, 2003). The effects of Notch on cell proliferation and apoptosis 

are also diverse, depending on the cellular context. For instant, Notch promotes cell 

proliferation by inducing the oncogene c-MYC (Palomero et al., 2006), whereas Notch 

also suppresses cell proliferation by inducing cell cycle inhibitors p21 and p27 

(Sriuranpong et al., 2001). Moreover, Notch can play either anti-apoptotic roles or pro-

apoptotic roles (Schwanbeck et al., 2011).  

 

Given the importance of Notch signaling in multiple cellular processes, it is not 

surprising that dysregulated Notch activity is correlated with many human diseases 

such as hereditary pleiotropic, metabolic bone, cardiovascular and cerebrovascular 

diseases as well as skeletal disorders (Andersson et al., 2011; Louvi and Artavanis-

Tsakonas, 2012). Disturbed Notch signaling also contributes to tumorigenesis. The 

oncogenic role of Notch was first identified in human T-cell acute lymphoblastic 

leukemia (T-ALL) (Ellisen et al., 1991). In addition to lymphoid neoplasms, gain or 

loss of Notch function is also associated with many other cancers including lung 

cancer, skin cancer, neuroblastoma, cervical cancer, prostate cancer and breast cancer 

(Allenspach et al., 2002; Radtke and Raj, 2003).    
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1.2.2 Notch receptors and ligands 

To date, four Notch receptors (Notch1–Notch4) and five ligands (Dll1, Dll3, Dll4, Jag1 

and Jag2) have been identified in mammals (Figure 3). Both Notch receptors and 

ligands are single-passage transmembrane proteins composed of extracellular, 

transmembrane (TM) and intracellular domains. On the extracellular side, they all 

contain 6–36 tandemly-arranged epidermal growth factor (EGF)-like repeats which is 

involved in Notch-ligand interaction (Fehon et al., 1990). The EGF-like repeats of 

Notch receptors are followed by the negative regulatory region (NRR), which is 

composed of three cysteine-rich Lin12/Notch repeats (LNRs) and a heterodimerization 

(HD) domain. The HD domain contains the S1 and S2 cleavage sites, which will be 

discussed in detail later. The LNRs block the recruitment of metalloproteases to the S2 

site in the absence of ligand and prevent Notch activation (Kopan and Ilagan, 2009). 

The N-terminal DSL domain is unique to Notch ligands and required for Notch-ligand 

interaction (Cordle et al., 2008; Shimizu et al., 1999). Jagged ligands have an additional 

cysteine-rich (CR) domain, which is thought to control Notch receptor binding 

specificity (Fleming, 1998). On the intracellular side, the Notch intracellular domain 

(NICD) contains a RAM (RBP-Jκ-associated molecule) domain, seven ankyrin repeats 

flanked by two nuclear localization sequences (NLSs), a transactivation domain (TAD) 

in Notch1 and Notch2 (weaker) but not in Notch3 or Notch4, and a C-terminal PEST 

(proline-glutamate-serine-threonine-rich) domain. The RAM domain mediates the 

association with a DNA-binding protein called CSL (CBF1-Suppressor of Hairless-

Lag1) to activate transcription. Ankyrin repeats also mediate the interaction with CSL 

but with a much lower affinity, and are important for other protein-protein interactions 

(Li et al., 2006; Lubman et al., 2007). In addition, Notch receptors 1-3 contain two 

NLSs, whereas Notch4 has a shorter intracellular domain that lacks one of the NLSs 

(Xiao et al., 2009). The NSL is required to target the intracellular domain to the nucleus 

(Huenniger et al., 2010), where the TAD activates downstream events. Although the 

TAD is present only in Notch1 and Notch2, all the four Notch receptors have 

transactivation activity (Kato et al., 1996). The PEST domain is involved in the 

ubiquitylation and degradation of Notch (Fryer et al., 2004). In contrast to Notch 

receptors, the intracellular domain of Notch ligands is relatively short and less 

conserved, playing potential roles in endocytosis and intracellular protein interactions 

(Pintar et al., 2007). 
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Notch receptors show both overlapping and distinct expression patterns during 

development and in the adult tissues (Herr et al., 2011; Lardelli et al., 1994; 

Uyttendaele et al., 1996; Weinmaster et al., 1992; Williams et al., 1995). Mutations in 

different Notch receptors have been introduced in mice. Disruption of either Notch1 or 

Notch2 in mice results in early embryonic lethality (Conlon et al., 1995; Hamada et al., 

1999; Swiatek et al., 1994). In contrast, Notch3-deficient and Notch4-deficient mice 

survive without presenting any obvious phenotype (Krebs et al., 2000; Krebs et al., 

2003). Interestingly, Notch1/Notch4 double knockout mice display a more severe 

vascular phenotype than Notch1 knockout mice, which is not observed in 

Notch1/Notch3 double knockout mice (Krebs et al., 2003; Li et al., 2006). 

 

 
Figure 3. Domain organization of Notch receptors and ligands. 

Structure and functional domains of mammalian Notch receptors and ligands are shown. The 

number of EGF repeats in each protein is indicated. The proteolytic cleavage sites (S1, S2, S3 

and S4) on Notch receptors are marked by arrowheads. 
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1.2.3 The canonical Notch signaling pathway 

Notch receptors are synthesized as an approximately 300 kD precursor protein in the 

endoplasmic reticulum (ER). The EGF-like repeats of Notch are then O-fucosylated by 

protein O-fucosyltransferase 1 (Ofut1) and O-glucosylated by protein 

glycosyltransferase Rumi (Acar et al., 2008; Panin et al., 2002). Following transport to 

the Golgi aparatus, the O-fucose sites on EGF-like repeats of Notch can be further 

glycosylated by glycosyltransferase Fringe (Blair, 2000). Glycosylation of Notch is 

essential for the Notch activity, affecting the conformation of the Notch extracellular 

domain and ligand binding (Haines and Irvine, 2003; Stanley and Okajima, 2010). 

Notch receptors are also constitutively cleaved by a furin-like convertase in the trans-

Golgi network (a process known as S1 cleavage), generating the mature heterodimeric 

receptor that is subsequently expressed at the cell surface (Figure 4A) (Blaumueller et 

al., 1997; Logeat et al., 1998).  

 

Canonical Notch signaling is initiated by interaction between a signal-sending cell 

expressing ligand and a signal-receiving cell expressing receptor. Ligand-receptor 

interaction leads to a conformational change in the LNRs (Lin12/Notch repeats) of the 

Notch receptor that exposes the S2 cleavage site. This mechanism involves endocytosis 

of DSL ligands (Klueg and Muskavitch, 1999; Le Bras et al., 2011; Nichols et al., 

2007; Palomero and Ferrando, 2009). The Notch receptor is subsequently cleaved by 

the ADAM metalloprotease at the S2 site (S2 cleavage) (Figure 4B) (Brou et al., 2000; 

Mumm et al., 2000), followed by two further intramembranous cleavages (S3/S4) by a 

large enzymatic complex known as the γ-secretase complex (Figure 4C) (Kopan et al., 

1996; Schroeter et al., 1998; Tanii et al., 2006). As a result of γ-secretase complex-

mediated processing of Notch, NICD is released and translocates to the nucleus (Song 

et al., 1999). Instead of binding directly to DNA, NICD binds to the DNA-binding 

protein CSL, also known as RBP-J (recombination signal sequence binding protein-

Jkappa) (Kurooka et al., 1998; Tamura et al., 1995). Binding of NICD leads to the 

replacement of a corepressor complex with a coactivator complex that includes 

Mastermind-like proteins (MAML) and CBP/p300 to activate transcription of Notch-

responsive genes (Figure 4D) (Fryer et al., 2002; Fryer et al., 2004; VanderWielen et 

al., 2011; Wu et al., 2000). 

 

Most of Notch-mediated processes require a transient activity (Kopan and Ilagan, 
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2009). The difficulty in detecting Notch in the nucleus indicates that NICD is extremely 

unstable (Gupta-Rossi et al., 2001). Since Notch signaling is required after every cell 

cycle, turning off Notch signaling is thought to be necessary to “reset” the cells for the 

next run of signaling (Kopan, 1999). The importance of NICD turnover is also 

highlighted by the role of activated Notch1 in the pathogenesis of human T-ALL where 

expressed Notch mutants present a higher stability than the wild type Notch (Weng et 

al., 2004). It has been shown that MAML is not only required for Notch transcription 

but also mediates NICD turnover (Fryer et al., 2002). MAML phosphorylates the PEST 

domain of Notch and induces Notch ubiquitination and proteasomal degradation (Fryer 

et al., 2004).  

 

 
Figure 4. The canonical Notch signaling pathway. 

After Notch receptors have been synthesized and glycosylated in the ER, it encounters a furin-

like convertase mediated S1 cleavage at Golgi, resulting in expression of a mature 

heterodimeric receptor on the cell surface. Upon ligand binding, Notch is sequentially cleaved 

at the S2 site by an ADAM protease and at the S3/S4 site by the γ-secretase complex. The latter 

cleavage liberates NICD, which translocates to the nucleus where it displaces corepressors and 

recruits coactivators on CSL-occupied promoters of Notch downstream genes. 

 

1.2.4 Notch target genes 

The downstream effects of the canonical Notch signaling pathway are not fully 

understood, but the Hes (Hairy/enhancer-of-split) and Hey (Hairy/enhancer-of-split 
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related with YRPW motif) genes are the most well studied and identified as primary 

Notch target genes (Bailey and Posakony, 1995; Maier and Gessler, 2000). Seven Hes 

(Hes1-7) and three Hey (Hey1, Hey2 and HeyL) genes have been identified in 

mammals to date (Fischer and Gessler, 2007). Three Hes (Hes1, Hes5 and Hes7) and 

all members of Hey gene family have been shown to be the direct targets of Notch 

(Borggrefe and Oswald, 2009). Hes and Hey genes all encode basic helix-loop-helix 

transcription factors that mainly act as transcriptional repressors (Iso et al., 2003). They 

have been shown to block tissue-specific genes promoting differentiation such as MyoD 

(muscle specific) (Kopan et al., 1994) or neurogenin (neuron specific) (Cau et al., 

1997). Thus Hes and Hey directly affect cell fate decisions as the primary Notch 

effectors. To verify the role of Notch in different cellular contexts, genome-wide 

transcriptome studies in different cell types (healthy or mutated T-cells, mouse 

embryonic stem cells, alveolar epithelial cells, endometrial stromal cells, C2C12 mouse 

myoblast cells and Drosophila myogenic cells) have been preformed and a number of 

novel notch target genes, such as c-Myc, cyclinD1, p21, Snail, NFκB2, ADAM19 and 

Bcl-2, have been identified (Andersson et al., 2011; Borggrefe and Oswald, 2009; Main 

et al., 2010).   

 

Among the Notch target genes, Hes1 is one of the most conserved and regulated by 

Notch in multiple cell types (Fischer and Gessler, 2007; Kageyama et al., 2000). It is 

expressed in a wide variety of different embryonic and adult tissues (Sasai et al., 1992). 

Hes1 plays an essential role in many developmental processes such as neurogenesis, 

myogenesis, endocrine development and T-cell differentiation (Sang et al., 2010). In 

adult tissues, Hes1 is also involved in intestinal homeostasis (Ueo et al., 2012), as well 

as β-cell proliferation and dedifferentiation (Bar et al., 2008). Hes1 deficient mice 

exhibit premature differentiation and severe defects in the brain, eye, inner ear and 

pancreas (Fischer and Gessler, 2007; Sang et al., 2010). Hes1, a primary effector of the 

Notch pathway, was also found to be regulated independently of Notch by many other 

signaling pathways such as Sonic Hedgehog (Shh) signaling (Ingram et al., 2008), 

Ras/MAPK signaling (Stockhausen et al., 2005) and c-Jun N-terminal kinase (JNK) 

signaling (Curry et al., 2006). Hes1 represses transcription by at least two different 

mechanisms (Kageyama et al., 2007). One mechanism is active repression (Figure 5A). 

In contrast to most of the bHLH factors, Hes1 preferentially binds to the N-box 

sequence (CACNAG) rather than to the E-box sequence (CANNTG) (Sasai et al., 

1992). Thus Hes1 forms a dimer, binds to the N-box motifs, recruits corepressors such 
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as Groucho, and turns off transcription. Interestingly, Hes1 can regulate its own gene 

expression through the N-box in a negative feedback loop and oscillates with 

approximately 2-5 h periodicity (Kobayashi and Kageyama, 2010; Takebayashi et al., 

1994). Hes1 also regulates transcription by passive repression (Figure 5B). Most of 

bHLH factors bind to the E-box motif and activate transcription. Hes1 can form non-

DNA binding heterodimers with these bHLH activators and inhibit transcription. 

Interestingly, Hes1 also promotes transcription in some cases. For instance, Hes1 can 

act as a transcriptional activator for the acid alpha-glucosidase (GAA) gene in human 

fibroblast cells (Yan et al., 2002).  

 

 
Figure 5. Two mechanisms of transcriptional repression by Hes1. 

(A) Active repression: Hes1 forms either homodimers (left panel) or heterodimers with Hey 

(right panel), binds to the N-box and represses transcription by recruiting corepressors such as 

Groucho. (B) Passive repression: Hes1 forms heterodimers with bHLH activators, prevents 

their DNA binding and inhibits transcription. 

 

1.2.5 Crosstalk between Notch and other signalling pathways 

Signaling pathways do not operate in isolation, but rather interact with other pathways 

forming sophisticated signaling networks. The Notch pathway has been shown to 

interact with multiple signaling pathways such as NF-κB, Shh, Ras/MAP, TGFβ/BMP 

and Wnt signaling pathways (Andersson et al., 2011; Hansson et al., 2004; Poellinger 

and Lendahl, 2008). 

 

Both Notch and hypoxia signaling are evolutionarily conserved, playing essential and 

overlapping roles in either development or cancer. It is therefore not surprising that 

Notch and hypoxia signaling can crosstalk in many different ways. It has been shown 

that hypoxia requires Notch to maintain myocytes and neural progenitor cells in an 

undifferentiated state (Gustafsson et al., 2005), induce epithelial–mesenchymal 

transition (EMT) and invasiveness in tumors (Sahlgren et al., 2008), and promote 
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cancer stem cells survival and proliferation (Pistollato et al., 2010). More recently, it 

was reported that Sima (Drosophila HIF-1α ortholog) actives Notch activity and 

promotes hemocyte survival in Drosophila, which is dependent on neither Tango 

(Drosophila Arnt ortholog) nor Notch ligands (Mukherjee et al., 2011). At the 

molecular level, Notch1 ICD is stabilized at hypoxia. Under hypoxic conditions HIF-

1α interacts with NICD and is recruited to Notch-responsive promoters (Gustafsson et 

al., 2005; Sahlgren et al., 2008). Some Notch target genes, such as Hey1 and Hey2, 

contain both HRE and CSL-binding sites on their promoters, whereby HIF and Notch 

may jointly regulate their expression (Diez et al., 2007). Hypoxia has also been shown 

to regulate Notch ligands such as Dll1, Dll4 and Jag2 (Andersson et al., 2011). Thus 

hypoxia can enhance the Notch signalling output by various mechanisms. 

 

1.3 THE PANCREATIC β-CELL 

The pancreas is a unique organ that consists of both exocrine and endocrine tissues 

(Chen et al., 2011). The pancreatic endocrine compartment is comprised of glucagon-

producing α-cells, insulin-producing β-cells, somatostatin-producing δ-cells, ghrelin 

producing ε-cells and pancreatic polypeptide-producing PP-cells, which aggregate into 

so-called islets of Langerhans (Jain and Lammert, 2009). Pancreatic islet hormones 

collectively maintain blood glucose homeostasis. Briefly, insulin lowers blood glucose 

levels by suppressing hepatic gluconeogenesis and promoting glucose uptake, 

utilization and storage, whereas glucagon increases blood glucose level by stimulating 

hepatic gluconeogenesis and glycogenolysis (Aronoff SL, 2004) Somatostatin inhibits 

both insulin and glucagon secretion (Strowski et al., 2000). Ghrelin promotes β-cells 

proliferation and survival, whereas its role in insulin secretion remains controversial. It 

has been shown to either stimulate or inhibit insulin secretion (Granata et al., 2010). 

Pancreatic polypeptide is known to inhibit pancreatic exocrine secretion and gastric 

emptying (Kojima et al., 2007). 

 

Pancreatic β-cells comprise 65-80% of the islets of Langerhans (Wang et al., 2012a), 

playing essential roles in the maintenance of blood glucose homeostasis. They sense the 

glucose level in the blood and secrete insulin to counteract hyperglycemia (Seino et al., 

2010). Briefly, glucose is transported into the β-cell by glucose transporter 2 (GLUT2), 

following a rise in extracellular glucose levels. Metabolism of glucose increases the 

ATP/ADP ratio, which leads to closure of ATP-gated potassium channels, 
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depolarization of the plasma membrane, and opening of voltage-gated calcium 

channels. This allows Ca2+ influx, which drives the exocytotic release of insulin (Figure 

6). 

 

 

Figure 6. Schematic model of glucose-induced insulin secretion from pancreatic β-cell. 

 

1.3.1 β-cell failure in diabetes and islet transplantation 

1.3.1.1 Diabetes 

Diabetes mellitus is a group of metabolic diseases characterized by high levels of blood 

glucose resulting from defects in insulin secretion, insulin action, or both. It has 

affected 346 million people worldwide by August 2011, according to the World Health 

Organization, and is expected to affect 439 million people by 2030 (Shaw et al., 2010). 

Chronic hyperglycemia leads to various macrovascular complications (coronary artery 

disease, peripheral arterial disease, and stroke) and microvascular complications 

(diabetic nephropathy, neuropathy, and retinopathy), which are the major cause of 

morbidity and mortality in the diabetic population (Sheetz and King, 2002). Diabetes is 

mainly classified into two types, Type 1 and Type 2 diabetes. Type 1 diabetes is an 

autoimmune disease, in which the body's immune system attacks its own pancreatic β-

cells. This process results from both genetic and environmental factors such as viral 

infection and toxin exposure (van Belle et al., 2011). Type 2 diabetes, the most 

common form of diabetes, is characterized by a combination of insulin resistance and 

relatively reduced insulin secretion. The etiology of type 2 diabetes appears to involve 

complex interactions between genetic and environmental factors such as obesity, lack 

of exercise and age (Prokopenko et al., 2008). Both type 1 and type 2 diabetes are 

closely correlated with β-cell dysfunction and death (Ashcroft and Rorsman, 2012; 
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Cnop et al., 2005).  

 

1.3.1.2 Islet transplantation 

β-cell replacement through pancreas or islet transplantation is currently the only 

curative treatment for type 1 diabetes. Pancreas transplantation is a major surgery that 

is associated with high morbidity and mortality. In contrast, pancreatic islet 

transplantation is less invasive and therefore became an attractive alternative 

therapeutic option (Vardanyan et al., 2010). However, massive cell death during 

isolation, culture, and the posttransplantation periods limits its widespread 

implementation (Plesner and Verchere, 2011). A typical islet transplant requires islets 

from more than two donors, and many patients need more than one transplant to 

become insulin independent, whereas the final mass of islet tissue engrafted may 

correspond to only 20% of the mass of a healthy individual (Ryan et al., 2005).  

 

Hypoxia has been considered as one of the major contributors to β-cell death and 

dysfunction. In islet transplantation studies in mice, it has been shown that about 80% 

of intraportally transplanted islets are hypoxic at post-transplant day 1 and the oxygen 

tension of the transplanted islets remains at much lower levels when compared with its 

native state even 1 month after transplantation (Lau et al., 2009; Olsson et al., 2011). 

After islet isolation, the vascular connections and the extracellular matrix of the islets 

are destroyed. Therefore following islet transplantation, the only way for islets to get 

oxygen is by diffusion from their surrounding tissues until revascularization is 

established. The relative low oxygen tension of the sites used in transplantation, as well 

as the slow revascularization expose islets to long periods of severe hypoxia. 

Furthermore, revascularization in diabetic recipients is even slower when compared 

with healthy subjects (Carlsson et al., 2001), indicating that hypoxia-related problems 

have a major impact in islet transplantation. 

 

Pancreatic islets represent only about 1% of the tissue mass of the pancreas, but receive 

more than 10% of the total pancreatic blood flow (Jansson and Carlsson, 2002). 

Pancreatic β-cells make up the majority of cells in the islets and consume large amounts 

of oxygen for insulin secretion (Sato et al., 2011). They are therefore extremely 

sensitive to hypoxia. It has been clearly demonstrated that hypoxia triggers β-cell death 

and dysfunction (Miao et al., 2006; Moritz et al., 2002), whereas the underlying 

mechanisms for these effects are poorly understood.   
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1.3.2 FoxO1 and β-cells 

Forkhead box O (FoxO) transcription factors are evolutionarily conserved and play a 

critical role in many fundamental cellular processes including metabolism, 

differentiation, proliferation, stress resistance, apoptosis and longevity (Almeida, 2011; 

Cheng and White, 2011). The mammalian FoxO family consists of FoxO1, FoxO3, 

FoxO4 and FoxO6, of which FoxO1 is the most abundant isoform in pancreatic β-cells 

(Glauser and Schlegel, 2007). FoxO1 regulates β-cell mass and function through 

multiple modes of action (Glauser and Schlegel, 2007; Kousteni, 2012). Activation of 

FoxO1 induces nuclear exclusion and transcriptional repression of the pancreatic and 

duodenal homeobox 1 (PDX1) factor, a key regulator of pancreatic development and 

adult β-cell function, thus suppressing β-cell differentiation and function (Kitamura et 

al., 2002). FoxO1 can also down-regulate cyclin D2 or up-regulate GADD45, and 

suppress β-cell proliferation in response to nutritional depletion (Glauser and Schlegel, 

2009; Martinez et al., 2006). Moreover, FoxO1 can induce proapoptotic transcription 

factors such as CHOP and Trib3, and trigger β-cell apoptosis under stress conditions 

(Martinez et al., 2008). On the other hand, FoxO1 can increase expression of NeuroD 

and MafA, two Insulin2 gene transcription factors, and protect β-cells against oxidative 

stress. It has also been shown that overexpression of FoxO1 promotes the proliferation 

of β-cells exposed to low nutrition through cyclinD1 induction (Ai et al., 2010).  

The activities of the FoxO transcription factors are tightly regulated by multiple post-

translational modifications including phosphorylation, acetylation, ubiquitination, 

methylation and glycosylation, which affect the subcellular localization of FoxO 

proteins, as well as their half-life, DNA binding and transcriptional activities (Calnan 

and Brunet, 2008; Zhao et al., 2011). Changing subcellular localization is one of the 

major mechanisms regulating FoxO transcription factors. In the absence of growth 

factors, FoxO factors reside within the nucleus and up-regulate a series of target genes 

involved in cell cycle arrest, stress resistance, or apoptosis (Figure 9a). In the presence 

of insulin or growth factors, the phosphatidylinositol-3-kinase (PI3K)/AKT pathway is 

activated, resulting in phosphorylation and consequent relocalization of FoxO factors 

from the nucleus to the cytoplasm, followed by proteasomal degradation (Calnan and 

Brunet, 2008; Greer and Brunet, 2005) (Figure 9b). In the case of FoxO1, protein 

kinase AKT phosphorylates two conserved residues (Thr24 and Ser256). This 
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modification is important for binding sites of the chaperone protein 14-3-3 (Nakae et 

al., 2000; Zhao et al., 2004). Binding of 14-3-3 to FoxO1 possibly exposes its nuclear 

export sequence and masks its nuclear localization signal, resulting in the export of 

FoxO1 from the nucleus to the cytoplasm (Brunet et al., 2002; Silhan et al., 2009). 

Furthermore, insulin or growth factors can trigger the phosphorylation of several other 

sites of FoxO1 (Ser319, Ser322, Ser325 and S329) via various kinases, which initiates the 

interaction of FoxO1 with the Ran-containing protein complex that controls nuclear 

export, promoting nuclear exclusion of FoxO1 (Barthel et al., 2005; Rena et al., 2002). 

Interestingly, oxidative stress can override the effect of growth factors and trigger the 

relocalization of FoxO factors into the nucleus through a mechanism that involves 

activation of the JNK or mammalian Ste20-like kinase 1 (MST1) (Figure 9c). Instead 

of working directly on FoxO1, JNK phosphorylates 14-3-3, disrupting its interaction 

with FoxO1 and promoting FoxO1 nuclear accumulation (Calnan and Brunet, 2008; 

Sunayama et al., 2005). MST1 directly phosphorylates FoxO1 at a conserved serine 

residue (Ser212) and enhances its nuclear translocation by disrupting FoxO1/14-3-3 

complex (Lehtinen et al., 2006). Interestingly, MST1 has been shown to phosphorylate 

FoxO1 at three more residues (Ser218, Ser234 and Ser235) in vitro (Yuan et al., 2009). 

 

 
Figure 9. Regulation of FoxO subcellular localization 

(a) In the absence of growth factors, FoxO transcription factors are mostly localized in the 

nucleus. (b) In the presence of insulin or growth factors, the PI3K/Akt pathway is activated, 

which induces the phosphorylation of FoxO factors. The chaperone protein 14-3-3 then 

interacts with phosphorylated FoxO factors and mediates their nuclear exclusion. (c) In contrast 

to growth factors, oxidative stress activates protein kinases JNK and MST1, which 

phosphorylate FoxO factors at different residues and enhance their nuclear translocation by 

disrupting the FoxO/14-3-3 complex, even in the presence of growth factors. 
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Modulation of FoxO-dependent transcription leads to a wide variety of cellular outputs. 

According to the level of stress, FoxO can induce the genes involved in metabolism, 

stress resistance, and even apoptosis, depending on the post-translational modifications 

of FoxO (Calnan and Brunet, 2008). FoxO factors can also associate with a variety of 

transcription factors and act as transcriptional activators or repressors, in a manner that 

is either dependent or independent of direct DNA-binding (Glauser and Schlegel, 2007; 

van der Vos and Coffer, 2008). 

 
1.4 CELL DEATH 

Cell death is a fundamental biological and critical process for many developmental and 

physiological events such as embryonic development, tissue homeostasis and immune 

defense (Danial and Korsmeyer, 2004; Elmore, 2007). Cell death also plays essential 

roles in the pathogenesis of many diseases. For instance, too much loss of essential 

cells (β-cells or neurons) leads to diabetes or neurodegenerative disorders; on the other 

hand, too little cell turnover in self-renewing tissues leads to cancer (Donath et al., 

2005; Hotchkiss et al., 2009). Cell death is mainly classified as apoptosis, necrosis and 

autophagic cell death according to its morphological appearance (Kroemer et al., 2009). 

 

Apoptosis is a form of programmed cell death. It is characterized by morphological 

changes such as cell shrinkage, membrane blebbing, chromatin condensation, DNA 

fragmentation and formation of apoptotic bodies. The latter ones are rapidly removed 

by the phagocytic system to avoid inflammation (Hacker, 2000). The main cellular 

enforcers of apoptosis are a family of cysteinyl aspartate proteinases (caspases) 

including initiator caspases (caspase -2, -8, -9, -10) and effector caspases (caspase -3, -

6, -7) (Kumar, 2007). The activation of initiator caspases requires binding to specific 

oligomeric adaptor proteins such as FADD (Fas-associating death domain) and Apaf-1 

(Apoptotic protease-activating factor-1). Effector caspases are then activated by these 

active initiator caspases through proteolytic cleavage, inducing cell death by proteolytic 

degradation of host proteins (Bao and Shi, 2007; Shi, 2004). There are two major 

pathways of apoptosis: the death receptor pathway and the mitochondrial pathway 

(Figure 7). The death receptor pathway is triggered when the extracellular death ligand 

(e.g. FasL) binds to the death receptor (e.g. Fas) on the cell surface, which recruits 

procaspase-8 to the multi-protein death-inducing signaling complex (DISC). Procaspse-

8 is then cleaved into its active from, which induces caspase-3 mediated cell death 
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(Guicciardi and Gores, 2009). The mitochondrial apoptotic pathway is triggered by 

increased intracellular stress such as ROS, DNA damage, unfolded protein response 

(UPR), and deprivation of growth factors. Moreover it is controlled by the balance 

between pro- and anti-apoptotic B-cell CLL/lymphoma 2 (Bcl-2) protein family 

members (Hotchkiss et al., 2009). Pro-apoptotic Bcl-2 proteins, such as Bcl-2-

associated X protein (Bax) and Bcl-2 homologous antagonist/killer (Bak), are critical 

for increasing permeability of mitochondrial membranes and release of cytochrome c. 

Cytosolic cytochrome c together with Apaf-1 and procaspase-9 form a complex called 

apoptosome, which leads to caspase activation and subsequent cell death. Anti-

apoptotic Bcl-2 proteins, such as Bcl-2 and B-cell lymphoma extra large (Bcl-xL), 

suppress the lethal activity of Bax or Bak and prevent cell death. There are also so-

called BH3-only proteins, such as Bcl-2-associated death promoter (Bad), Bcl-2 

interacting mediator of cell death (Bim), and p53 upregulated modulator of apoptosis 

(PUMA), that bind to and inhibit anti-apoptotic Bcl-2 proteins, thereby promoting cell 

death (Cory and Adams, 2002; Westphal et al., 2011). 

 

 
Figure 7. The death receptor and mitochondrial pathway of apoptosis.  

The death receptor (extrinsic) pathway is initiated by the binding of death ligand and receptor. 

This leads to formation of DISC and subsequent caspase activation and cell death. The 

mitochondria pathway is triggered by intracellular stress, which breaks the balance between 

pro- and anti-apoptotic Bcl-2 protein family members. This leads to cytochrome c release, 

formation of apoptosome and subsequent caspase activation and cell death. 
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Necrosis is morphologically characterized by swelling of organelles, plasma membrane 

rupture and subsequent loss of intracellular contents. It is usually the result of 

overwhelming and severe cellular ATP depletion and it is considered as an accidental 

form of cell death that occurs in response to the supraphysiological conditions. 

However, recent evidence suggests that necrosis also can be tightly controlled and 

initiates either inflammatory or reparative responses in the host (Chavez-Valdez et al., 

2012; Zong and Thompson, 2006). 

Autophagy is a self-degradative process whereby cells recycle their own non-essential, 

redundant, or damaged organelles and macromolecular components (Glick et al., 2010). 

It is essential for cell survival during nutrient starvation, whereas persistent autophagy 

also leads to cell death termed autophagic cell death (Kroemer et al., 2009). In the 

presence of stress, mTOR is inhibited and autophagy is induced. Briefly, Autophagy 

begins with the formation of double membrane structures (phagophore), which is 

mediated by the class III PI3-K complex including beclin-1 and other autophagy-

related proteins. Following elongation of the phagophore and engulfment of 

cytoplasmic material targeted for degradation, the autophagosome is formed. The 

autophagosome then fuses with the lysosome to form an autophagolysosome and the 

sequestered material is degraded (Spowart and Lum, 2010). Microtuble-associated 

protein light chain 3 (LC3) is widely using as a specific marker to monitor autophagy. 

Initiation of autophagy causes the conversion of LC3-I to LC3-II via the addition of a 

phosphatidylethanolamine (PE) group to the C terminus. LC3-II is then stably 

associated with the autophagosomal membrane and plays the important roles in 

selecting cargo for degradation or promoting membrane tethering and fusion (Barth et 

al., 2010). 

 

1.5 ER STRESS AND UPR 

The endoplasmic reticulum (ER) is an essential cellular organelle responsible for 

synthesis, folding and maturation of secreted and transmembrane proteins, maintenance 

of calcium homeostasis, and lipid biosynthesis (Cnop et al., 2012). ER stress refers to a 

condition of accumulation of unfolded or misfolded proteins in the ER lumen, which is 

a result of imbalance between the client protein load and folding capacity. To cope with 

the stress, cells activate a signaling network termed unfolded protein response (UPR) 

(Schroder and Kaufman, 2005).  
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The UPR is initiated by activation of three ER transmembrane sensors: PKR-like ER 

kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring 

endonuclaease-1 (IRE-1) (Figure 8). In unstressed cells, these sensors are silenced by 

interaction with a major ER chaperone binding immunoglobulin protein (BiP). Upon 

ER stress, sequestration of BiP by unfolded or misfolded proteins activates these 

sensors, inducing phosphorylation and oligomerization of PERK and IRE1, and 

relocalization of ATF6 to the Golgi. Activated PERK phosphorylates the translation 

initiation factor eukaryotic initiation factor 2α (eIF2α), which attenuates global protein 

translation to prevent further loading of proteins into the ER, but selectively induces the 

translation of activating transcription factor 4 (ATF4). Activated IRE1 induces X-box 

binding protein 1 (XBP-1) mRNA splicing and generates a highly active spliced form 

of XBP-1 (XBP-1s). Upon translocation of ATF6 to the Golgi aparatus, it is 

proteolytically cleaved into its active form ATF6-p50. ATF4, XBP-1s and ATF6-p50 

eventually translocate to the nucleus and induce expression of genes encoding ER 

chaperones, foldases and ER-associated degradation (ERAD) related proteins 

(Oslowski and Urano, 2011; Urade, 2007; Volchuk and Ron, 2010).  

 

The UPR initially aims to restore ER homeostasis and promote cell survival, however it 

can also trigger cell death if ER dysfunction is severe or prolonged (Xu et al., 2005). 

The transcription factor C/EBP homologous protein (CHOP) plays a crucial role in ER 

stress-induced apoptosis. CHOP deficient cells are resistant to ER stress-induced 

apoptosis (Zinszner et al., 1998), whereas cells overexpressing CHOP are more 

susceptible to ER stress-induced apoptosis (McCullough et al., 2001). All three UPR 

signaling pathways are involved in CHOP transcriptional induction, although the 

PERK pathway is essential (Lai et al., 2007). In addition, the IRE1 pathway can 

activate proapoptotic JNK signaling under ER stress conditions (Urano et al., 2000). 

ER stress-specific caspase (murine caspase-12 or human caspase-4) has also been 

shown to participate in apoptosis under ER stress conditions (Hitomi et al., 2004; 

Nakagawa et al., 2000). Moreover, ER stress triggers calcium release from the ER into 

the cytosol, which initiates numerous pathways relevant to the cell death machinery, 

particularly mitochondrion-dependent cell death mechanisms (Kim et al., 2008). 
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Figure 8. UPR signaling pathway.  

Under ER stress conditions, accumulated unfolded/misfolded proteins in the ER lumen 

sequester the ER chaperone Bip from three ER transmembrane sensors (PERK, IRE-1 and 

ATF6) and activate their activities. Activated PERK phosphorylates eIF2α, attenuating global 

protein translation but selectively inducing ATF4 translation. Activated IRE-1 induces splicing 

of XBP-1 mRNA, generating active XBP-1s. ATF6 translocates to Golgi and gets 

proteolytically cleaved into its active form ATF6-p50. ATF4, XBP-1s and ATF6-p50 

eventually translocate to the nucleus and regulate transcription of UPR target genes. 

 

β-cells develop a highly specialized ER to fulfill their biological function for insulin 

secretion. They are therefore particularly sensitive to ER stress (Oslowski and Urano, 

2010). Genetic mutations inducing protein misfolding as well as many environmental 

factors including lipotoxicity, glucotoxicity and inflammation have been considered as 

the causes of ER stress in β-cells. The ER stress in β-cells leads to β-cell death and 

dysfunction, playing a central role in the pathogenesis and progression of diabetes 

(Fonseca et al., 2011; Fonseca et al., 2010).  
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2 AIMS 

The overall purpose of this thesis was to investigate the molecular mechanisms of HIF-

1-dependent and -independent regulation of cellular responses to hypoxia. In this 

context we aimed to address the molecular mechanisms of cross-coupling between 

hypoxia and Notch signaling pathways, as well as the role of hypoxia in regulation of 

β-cell death and function. 

 

Specific aims: 

 

• To determine whether Notch is a novel substrate of FIH-1, and to investigate 

the potential role of FIH-1 on Notch activity as well as the crosstalk between 

hypoxia and Notch signaling pathways. 

 

• To identify and characterize a Notch-independent mechanism regulating the 

responsiveness of the Hes1 gene to hypoxia. 

 

• To elucidate the molecular mechanism of β-cell death triggered by hypoxia. 

 

• To characterize the regulation of FoxO1 activity by hypoxia in β-cells, and to 

investigate the potential role of FoxO1 in β-cell function at hypoxia.  
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3 METHODOLOGICAL CONSIDERATIONS 

All materials and methods used in this thesis are presented in detail in the 

corresponding papers. In this section, the general principles of some methodologies 

will be described and discussed. 

 

3.1 CHROMATIN IMMUNOPRECIPITATION  

Chromatin immunoprecipitation (CHIP) is a powerful technique to study the 

interactions of proteins with genomic DNA in vivo. Briefly, living cells are fixed with 

formaldehyde, generating both protein-protein and protein-DNA cross-links. The cross-

linked chromatin is then sheared into small uniform fragments, and the DNA/protein 

complexes are immunoprecipitated using a specific antibody against the protein of 

interest. After removal of the cross-links, the DNA fragments are purified and 

subjected to analysis with PCR amplification, microarray analysis or sequencing. The 

CHIP assay has the advantage of measuring protein-DNA interactions in vivo. The 

requirement of specific antibodies and large number of cells may be the disadvantages.  

 

3.2 LUCIFERASE REPORTER ASSAY 

The luciferase reporter assay is a powerful and widely used tool in gene expression 

studies. By linking a promoter sequence to an easily detectable “reporter” gene which 

encodes for luciferase, one can easily and effectively analyze the transcriptional activity 

of the regulatory region of a particular gene. The luciferase reporter assay is an 

extremely sensitive, rapid, and non-isotopic alternative to other reporter-gene assay 

systems.  

 

3.3 TUNEL ASSAY 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay is an 

established method for detecting DNA fragmentation, which is a hallmark of apoptosis.  

In the TUNEL assay, the terminal deoxynucleotidyl transferase (TdT) enzyme 

catalyzes the addition of previously labelled dUTP nucleotides to the 3’ ends of cleaved 

DNA fragments. These incorporated nucleotides can be fluorescently labeled and 

measured with microscopy or flow cytometry. TUNEL assay is a perfect method to 
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detect the apoptosis of adherent cells, and the samples can be stored for a long time 

after fixation. The assay is time-consuming, and the loss of cells during the assay may 

be considered as disadvantages of the TUNEL assay. 

 

3.4 CELL VIABILITY ASSAY 

In this thesis, cell viability was measured using the CellTiter-Fluor Cell Viability Assay 

(Promega). This assay is a nonlytic, single-reagent-addition fluorescence assay that 

measures a conserved and constitutive protease activity within live cells. This activity 

serves as a marker of cell viability. This live-cell protease becomes inactive upon loss 

of cell membrane integrity and leakage into the surrounding culture medium. This 

assay is hardly affected by hypoxia-mediated ATP depletion, and was therefore chosen 

for the studies in this thesis. 

 

3.5 STAINING FOR PIMONIDAZOLE ADDUCTS 

Staining for pimonidazole adducts is a simple and widespread method for determining 

tissue hypoxia under both normal and pathological conditions. Briefly, the hypoxia 

maker pimonidazole is reductively activated in hypoxic cells and forms irreversible 

adducts with thiol groups in proteins, peptides and amino acids. These adducts can 

then be recognized by a specific antibody, allowing their detection by 

immunochemical means. Pimonidazole is very stable and water-soluble. It only forms 

adducts at oxygen concentrations less than 10 mm Hg.  
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4 RESULTS AND DISCUSSION 

4.1 INVOLVEMENT OF FIH-1 IN THE CROSSTALK BETWEEN HYPOXIA 
AND NOTCH SIGNALING PATHWAYS (PAPER I) 

The first evidence of a link between hypoxia and Notch signaling is that hypoxia 

induces Notch target gene Hes1 in neuroblastoma cell lines (Jogi et al., 2002). Later on, 

the crosstalk between hypoxia and Notch signaling was characterized (Gustafsson et 

al., 2005). The latter study showed that hypoxia inhibits cell differentiation in a Notch-

dependent manner. Interestingly, FIH-1 was shown to interact with the Notch1 ICD and 

suppress Notch1 ICD activity. At the same period, it has been shown that FIH-1 

hydroxylates not only HIF, but also ARD-containing proteins (p105 and IκBα). These 

observations prompted us to test if the ARD-containing protein Notch1 is a substrate of 

FIH-1.  

 

In this study, we show that full-length Notch1 ICD and a shorter form spanning the 

seven ankyrin repeats (ANK 1-7) but not the truncated version containing RAM 

domain alone (RAM) promoted FIH-1-mediated 2-OG turnover (Fig. 1A and B), 

indicating that FIH-1 hydroxylates Notch1 ICD and ANK 1-7, but not RAM. Mass 

spectrometry (MS) revealed that FIH-1 hydroxylated ANK 1-7 at two asparagine 

residues (N1945 and N2012) both in vitro (SI Fig. 6A and B) and in vivo (SI Fig. 6C and 

D). To further understand the impact of FIH-1 on Notch1, wild-type and Asn mutant 

forms of ANK 1-7 were analyzed for interaction with FIH-1 and for in vitro 

hydroxylation. Both the wild-type and Asn mutant forms of ANK 1-7 interacted with 

FIH-1 (SI Fig. 7A).  Compared with wild-type ANK 1-7, mutation of N2012 slightly 

reduced, whereas mutation of N1945 strongly inhibited FIH-1-mediated 2-OG turnover. 

Mutation of both asparagine residues completely abolished FIH-1-mediated 2-OG 

turnover (Fig. 1C). These results indicate that N2012 is less efficiently hydroxylated by 

FIH-1 than N1945, and these residues are likely the only two sites within ANK 1-7 that 

can be hydroxylated by FIH-1. Notably, N1945 and N2012 in Notch1 are highly conserved 

in other mammalian Notch receptors (Notch2, 3, and 4), with the exception of site 2 

(N2012), which is a glycine residue in Notch4. We therefore investigated if other Notch 

paralogs could be hydroxylated by FIH-1. We show that Notch1-3 ANK 1-7 promote 

similar levels of FIH-1 mediated 2-OG turnover, whereas Notch4 ANK 1-7 failed to 
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promote FIH-1-mediated 2-OG turnover (Fig. 1D). These results indicate that FIH-1 

hydroxylates Notch1-3, but not Notch4. Interestingly, FIH-1 can interact with Notch4 

without subsequent hydroxylation (Wilkins et al., 2009). A recent study revealed that 

the residues next to the site 1 are critical for FIH-1-mediated hydroxylation, probably 

by controlling the stability of the ARD (Wilkins et al., 2012). The kinetic analysis of 

FIH-1-mediated hydroxylation of Notch1 ANK 1-7 and HIF-CTAD showed that 

Notch1 ANK 1-7 exhibited about 7-fold lower Vmax than HIF-CTAD, and the apparent 

Km for Notch1 ANK 1-7 is much lower than the Km for HIF-CTAD (Fig. 1E). These 

results indicate that the catalytic activity of FIH-1 for Notch1 ANK 1-7 is lower than 

that for HIF-CTAD, whereas the affinity of FIH-1 for Notch1 ANK 1-7 is much higher 

than that for HIF-CTAD. In vitro pulldown experiments demonstrated that FIH-1 

interacted with Notch1 ANK 1-7 with much higher affinity than with HIF-CTAD (SI 

Fig. 7B), which is consistent with the results from the kinetic assay. Interestingly, FIH-

1 mediated hydroxylation of ANK 1-7 is not affected by hypoxia (1% O2) in the current 

study (SI Fig. 6C and D), whereas a similar independent study showed that 1% O2 

partially decreases FIH-1 mediated hydroxylation of Notch1 ICD (Coleman et al., 

2007). These distinct conclusions may be explained by the use of FIH-1-overexpressing 

cells in our study. More interestingly, the Km value of FIH-1 for oxygen using Notch1 

ANK 1-7 as the substrate is much lower than the Km measured using HIF-CTAD as 

the substrate (Wilkins et al., 2009), indicating that hydroxylation of Notch1 is less 

sensitive to the reduction of oxygen levels, when compared with the hydroxylation of 

HIF-CTAD. Thus, as oxygen levels drop, hydroxylation of HIF-CTAD will be 

inhibited much earlier than that of Notch1 ICD and FIH-1-mediated asparagine 

hydroxylation may be highly prevalent even under hypoxic conditions.  

 

 Next, we investigated the role of residues N1945 and N2012 in Notch1 ICD function. 

CSL-driven reporter gene assays showed that mutation of N1945 dramatically decreased 

Notch1 ICD activity, whereas mutation of both N1945 and N2012 almost abolished 

Notch1 ICD activity (Fig. 2A). Interestingly, the diminished activities of mutant forms 

of Notch1 ICD could be partially rescued by coexpression of the coactivator 

Mastermind-like protein 1 (MAML1) (Fig. 2B), indicating that the interaction with this 

coactivator is preserved and that binding to the coactivator restores transactivation 

activity of the mutants. The importance of residues N1945 and N2012 for Notch1 ICD 

function was also validated in vivo. We show that mutation of N1945 partially rescued 

Notch1 ICD-mediated inhibition of chick neuronal differentiation, and mutation of both 
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N1945 and N2012 almost totally rescued the repression of Notch1 ICD on chick neuronal 

differentiation (Fig. 2D, E, and F). Moreover, mutation of N1945 dramatically rescued 

Notch1 ICD-mediated inhibition of myogenic differentiation (Fig. 3A). Taken together, 

residues N1945 and N2012 are critical for Notch1 ICD function. It has been shown that 

cooperative formation of dimeric Notch transcription complexes on promoters with 

paired sites is required to activate transcription (Nam et al., 2007). Residues N1945 and 

N2012 are located at similar positions before the β-hairpin turns separating ICD ANK 2 

and 3 repeats, and 4 and 5 repeats, respectively (SI Fig. 10). They are not responsible 

for ICD dimerization directly, but they might be critical for the local stability of the 

ICD and affect higher-order ICD complex formation. Further investigation is required 

to understand the roles of these residues. 

 

It has been previously shown that wild-type FIH-1 negatively regulates Notch1 ICD 

activity (Gustafsson et al., 2005). Considering the fact that FIH-1 hydroxylates Notch1 

ICD, we investigated if FIH-1 negatively regulates Notch1 ICD activity through its 

catalytic activity. In fact, wild-type FIH-1 as well as the catalytically inactive FIH-1 

mutants D201A and H199A reduced the activity of CSL-dependent reporter activity 

driven by N1945A or N1945A/N2012A Notch1 ICD (SI Fig. 7C and D). We further 

investigated the roles of FIH-1 and its catalytically inactive forms on Notch signaling in 

myogenic differentiation. Consistent with the results from reporter assays, wild-type as 

well as the catalytically inactive forms of FIH-1 accelerated myogenic differentiation 

(Fig. 3B and C), indicating their potential roles in negative regulation of Notch ICD. 

The effect of endogenous FIH-1 on Notch signaling was also examined. siRNA 

targeting FIH-1 induced a modest but significant increase in CSL-reporter gene activity 

under normoxic conditions, whereas this difference was not evident under hypoxic 

conditions (Fig. 4C and D). 

 

Given the high affinity of FIH-1 for Notch1 ICD compared with HIF-1α, we 

hypothesized that Notch1 ICD could compete FIH-1 away from HIF-1α and derepress 

HIF-1α activity. To test this hypothesis, we first investigated the interaction between 

Notch1 ICD and FIH-1 in vivo. We showed that wide-type Notch1 ICD induced 

nuclear accumulation of YFP-tagged FIH-1, whereas Notch1 ICD N1945A/N2012A 

produced an intermediary distribution pattern (Fig. 4A). A similar Notch1 ICD-

dependent shift in intracellular localization of FIH-1 was observed in the chick neural 

tube after coelectroporation of FIH-1 with Notch1 ICD (Fig. 4B). These results indicate 
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that Notch1 ICD interacts with FIH-1 with a high affinity, whereas Asn mutant forms 

of Notch1 ICD bind FIH-1 less effectively in vivo. Next, we investigated the effect of 

Notch1 ICD on HIF signaling. It has been previously shown that Notch1 ICD does not 

directly bind to the promoter of HIF target gene PGK1, but increases the binding of 

HIF-1α on the PGK1 promoter under hypoxic conditions (Gustafsson et al., 2005). In 

this study, we tested if Notch-mediated enhancement of HIF-1α recruitment is a 

common mechanism to other HIF-1α target genes. We show that ligand-dependent 

activation of Notch signaling at hypoxia increased recruitment of HIF-1α to the HRE-

containing regions of the GLUT1, EPO, and VEGF promoters, whereas recruitment of 

Notch1 ICD to the same promoter regions could not be detected (Fig. 5A). We then 

examined the impact of expressing Notch1 ICD and its Asn mutant forms on HIF-

1α CTAD activity. We show that expression of wild-type Notch1 ICD increased 

CTAD-mediated activity at normoxia in a dose-dependent manner, as determined by a 

GAL4-driven reporter gene, whereas the Asn mutant forms of Notch1 ICD had very 

modest effects (Fig. 5C), which is consistent with their binding affinity to FIH-1 in 

vivo. Furthermore, overexpression of wild-type FIH-1 but not its catalytically inactive 

forms completely restored inhibition of HIF-1α CTAD activity in the presence of 

overexpressed Notch1 ICD at normoxia (Fig. 5D), indicating that repression of HIF-1α 

CTAD at normoxia requires the full catalytic function of FIH-1. Furthermore, we 

examined the effect of Notch1 ICD on HIF-1α target gene expression. We show that 

activation of Notch increased GLUT1 mRNA levels under both normoxic and hypoxic 

conditions. Taken together, activation of Notch increases binding of HIF-1 to target 

genes and derepresses HIF-1α CTAD activity by sequestering FIH-1 away from HIF-

1α, and therefore enhances HIF-1α function. 

 

In this study, we identified Notch receptors as novel FIH-1 substrates. Considering the 

existence of a large number of ARD-containing proteins, asparagine hydroxylation may 

be more prevalent than previously thought. This adds another layer of complexity to the 

mechanisms involved in the cellular response to hypoxia since at hypoxia, highly 

expressed ARD-containing proteins may enhance HIF signaling. It has been shown that 

ARD hydroxylation can increase ARD conformational stability and decrease protein-

protein interaction (Yang et al., 2011), while the consequences of ARD hydroxylation 

are still poorly understood. It will be highly interesting to understand the role of FIH-1-

mediated asparagine hydroxylation on ARD, particularly in various signaling pathways 
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where ARD-containing proteins are involved. Moreover, the impacts on ARD-

containing proteins are necessary to be taken into account in studies where 

pharmacological inhibition of the HIF-hydroxylases is performed. The present data 

show that FIH-1 also plays a role in Notch1-mediated HIF activation, which adds 

another level of complexity to the cross-coupling between hypoxia and Notch signaling 

pathways. It will also be very interesting to explore the roles of other Notch receptors, 

even other ARD-containing proteins on HIF function to understand if Notch1-mediated 

HIF activation is a common future for ARD-containing proteins.  

 

4.2 IDENTIFICATION OF N-BOX MOTIFS AS THE ELEMENTS REQUIRED 
FOR HIF-1-MEDIATED UPREGULATION OF HES1 GENE 
EXPRESSION BY HYPOXIA (PAPER II) 

In this study, we have investigated regulation of Notch target genes (Hes1, Hey1 and 

Hey2) expression by hypoxia in the mouse embryonic carcinoma P19 cell line and in 

mouse brain endothelial cells (MBECs) using qRTPCR. We show that hypoxia 

upregulates Hes1 mRNA levels, with a peak of induction at 4 h in both cell lines. The 

transient hypoxic induction of Hes1 gene expression may be explained by Hes1 

negative feedback mode of regulation (Takebayashi et al., 1994). In contrast to Hes1, 

the expression of Hey1 and Hey2 genes was induced by hypoxia only in P19 cells, but 

not in MBECs (Fig. 1A and B). These results indicate that hypoxia-mediated regulation 

of Notch target gene expression is cell type-specific. Negative feedback and high 

instability of the protein and mRNA allow Hes1 to oscillate with approximately 2-5 h 

periodicity (Bessho and Kageyama, 2003; Kobayashi and Kageyama, 2010). In 

response to hypoxia, we did not observe oscillation of Hes1 expression, indicating that 

hypoxia may delay or abolish periodicity of Hes1 expression. Further investigation is 

required to understand the impact of hypoxia on Hes1 oscillation.  

 

Considering the previously described crosstalk between Notch and HIF signaling 

pathways (Bedogni et al., 2008; Chen et al., 2010; Gustafsson et al., 2005; Liu et al., 

2012; Mukherjee et al., 2011; Poellinger and Lendahl, 2008; Qiang et al., 2012; 

Sahlgren et al., 2008; Wang et al., 2012b), we have investigated if Notch was involved 

in the hypoxic induction of Notch target genes in P19 cells and MBECs (Hes1, Hey1 

and Hey2). We found that treatment with the γ-secretase inhibitor DAPT inhibited 

hypoxic induction of the Hes1 gene expression in MBECs (Fig. 2B), whereas DAPT 
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treatment had no impact on the upregulation of Hes1, Hey1 and Hey2 in P19 cells (Fig. 

2A, Suppl. Fig.1A). We then performed RNAi experiments to investigate the roles of 

HIF-1α, HIF-2α, Arnt and the Notch DNA binding partner CSL in the hypoxic 

induction of Notch target genes in P19 cells and MBECs. We show that silencing of 

HIF-1α or Arnt, but not HIF-2α or CSL, compromised hypoxia-mediated induction of 

Hes1, Hey1 and Hey2 in P19 cells (Figure 2C, Suppl. Fig. 1B). In MBECs, hypoxia-

mediated induction of Hes1 was not only dependent on HIF-1α, Arnt but also on CSL 

(Fig. 2D). Thus, hypoxia induces Notch target genes expression through Notch-

dependent and -independent mechanisms. The fact that hypoxia-mediated induction of 

Notch target genes is independent of Notch in P19 cells makes P19 cells a suitable 

cellular system to address hypoxia-mediated regulation of Notch target genes in a Notch 

independent manner. 

 

Since previous studies have characterized hypoxia-responsive elements (HREs) in the 

promoters of the Hey1 and Hey2 genes (Diez et al., 2007), we have, in the current 

study, focused on the Notch-independent mechanism whereby Hes1 gene expression 

was induced by hypoxia. Luciferase reporter assays show that hypoxia increases Hes1 

promoter activity and mutation of the CSL binding site in the Hes1 promoter abolishes 

response to Notch expression without compromising hypoxia responsiveness (Fig. 3B). 

Deletion analysis of the Hes1 promoter revealed that even the shortest tested promoter 

fragment (Hes1 promoter fragment spanning -64bp to +46bp relative to the 

transcription start site) was still responsive to hypoxia (Fig. 3D). 

 

The minimal hypoxia-responsive region of the Hes1 promoter contains one putative 

HRE and two adjacent N-box motifs (Fig. 4A). Point mutation analysis of this region 

showed that mutation of the HRE sequence did not alter Hes1 promoter responsiveness 

to hypoxia, or enhancement following HIF-1 overexpression (Fig. 4B). In contrast to 

the HRE, mutation of any of these two N-box motifs compromised hypoxia induction, 

while mutation of both N-box motifs almost abolished the responsiveness of the Hes1 

promoter to hypoxia, or to HIF-1 overexpression (Fig. 4C). Interestingly, mutation of 

any of these two N-box motifs also decreased Hes1 promoter activity at normoxia, 

indicating that these two N-box motifs are also critical for the basal activity of the Hes1 

promoter. A stronger effect was observed when the N-box 2 motif was mutated (Fig. 

4C). We then investigated the roles of these two N-box motifs in the context of the 
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longer fragment of the Hes1 promoter. We show that mutation of both N-box motifs in 

the longest analyzed fragment of the Hes1 promoter significantly decreases its 

responsiveness to hypoxia, or to HIF-1 overexpression. The remaining responsiveness 

observed in the promoter where the two N-box motifs were mutated may be explained 

by the presence of additional putative N-boxes. We have also investigated if HIF-1α is 

recruited to the Hes1 promoter. Chromatin immunoprecipitation assays showed that 

HIF-1α binds in a Notch-independent manner to the proximal region of the Hes1 

promoter that contains the two N-box motifs (Fig. 4G). Interestingly, HIF-1α also binds 

to the distal region of the Hes1 promoter that contains a putative HRE site (Fig. 4G). 

However, point mutation analysis showed that mutation of this HRE site did not alter 

Hes1 promoter responsiveness to hypoxia, or to HIF-1 overexpression (Fig. 4E). Taken 

together, two adjacent N-box motifs, but not the HRE sites contribute to the 

transcriptional induction of Hes1 promoter activity under hypoxia. 

 

Collectively, we hypothesize that there is a DNA binding factor that binds to the N-

boxes and maintains basal transcription levels of Hes1 at normoxia. At hypoxia, HIF-1 

interacts with this DNA binding factor and it is recruited to the Hes1 promoter, which 

may bring additional coactivators to the Hes1 promoter, enhancing transcription of 

Hes1 gene. In this study, we have identified a HIF-1-dependent, but Notch-independent 

mechanism that regulates the responsiveness of the Hes1 gene to hypoxia. This 

mechanism implies that Hes1 expression can be upregulated by hypoxia even in cells 

where the Notch pathway is not active, which may be correlated with developmental 

processes or tumor growth where Hes1 is known to play a role.  

 

4.3 UPR CONTRIBUTES TO HYPOXIA-INDUCED APOPTOSIS OF 
PANCREATIC β-CELLS (PAPER III) 

Widespread implementation of pancreatic islet transplantation is limited by massive β-

cell death and dysfunction that follows the procedure (Plesner and Verchere, 2011). 

Hypoxia has been considered as one of the major contributors to β-cell death and 

dysfunction during the islet transplantation (Lau et al., 2009; Miao et al., 2006; Moritz 

et al., 2002), whereas the mechanisms underlying this sensitivity are poorly understood. 

In this study, we were therefore interested in understanding the molecular mechanism 

of β-cell death triggered by hypoxia.  
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First, we have investigated the impact of hypoxia (1% O2) on β-cell viability. TUNEL 

assay showed that hypoxia triggers apoptosis in the mouse insulinoma cell line 6 

(Min6) cells, but not in primary mouse brain endothelial cells (MBECs) (Fig. 2a), 

indicating that Min6 cells are very sensitive to hypoxia. Consistent with the TUNEL 

assay results, hypoxia induced caspase-3 activation in Min6 cells, but not in MBECs. 

Hypoxia-induced caspase-3 activation was detected in Min6 cells as early as 2 h of 

hypoxia treatment (Fig. 2b). Interestingly, treatment with the ER stress inducer 

thapsigargin only up-regulated active caspase-3 levels in Min6 cells (Fig. 2b), 

indicating that β-cells are more sensitive to ER stress-induced apoptosis than the 

primary endothelial cells used in this study. We have further assessed the contribution 

of caspase-3 activity to hypoxia-induced apoptosis. We found that treatment of Min6 

cells with the pan-caspase inhibitor Z-VAD-FMK inhibited caspase-3 activation and 

rescued Min6 cells from hypoxia-induced apoptosis (Fig. 2e and f). Taken together, we 

conclude that hypoxia induces caspase-3-dependent apoptosis in Min6 cells. 

 

As a central player in hypoxia, HIF-1α has been proposed to participate in hypoxia-

mediated apoptosis by stabilizing p53 or by up-regulating the pro-apoptotic regulator 

BNIP3 (Greijer and van der Wall, 2004). Colocalization of active caspase-3 and HIF-

1α was also found in hypoxic regions of pancreatic islets (Moritz et al., 2002), 

indicating a possible correlation between HIF-1α expression and β-cell apoptosis. We 

therefore investigated the role of HIF-1α in hypoxia-induced apoptosis in Min6 cells. 

We showed that the stable knockdown of HIF-1α did not notably decrease the hypoxia-

induced caspase-3 activation, nor did it rescue hypoxia-induced apoptosis and cell 

death (Fig. 3b, c and d). We conclude that apoptosis induced by hypoxia in Min6 cells 

is independent of HIF-1α. 

 

Severe hypoxia or anoxia (<0.1% O2) is known to induce the UPR in cancer cells or in 

mouse embryonic fibroblasts (MEFs) in a HIF-independent manner (Ameri et al., 2004; 

Bi et al., 2005; Koumenis et al., 2002; Koumenis and Wouters, 2006; Romero-Ramirez 

et al., 2004). The UPR initially aims to restore ER homeostasis and promote cell 

survival, whereas it also induces cell death when the ER stress is not resolved (Xu et 

al., 2005). Given the fact that β-cells are very sensitive to ER stress (Oslowski and 

Urano, 2010), we have investigated if exposure to 1% O2 activates the UPR in Min6 

cells. We show that hypoxia induces phosphorylation of eIF2α and upregulates ATF4 
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protein levels in Min6 cells, but not in MBECs (Fig. 4a). ATF4 mRNA was also 

induced by hypoxia at early time points (2-6 h) of hypoxia in Min6 cells (Fig. 4f). 

Hypoxia also induces phosphorylation of IRE1α as well as splicing of XBP-1 mRNA 

in Min6 cells (Fig. 4b and c). Moreover, cleavage of ATF6 is also induced by hypoxia 

in Min6 cells (Fig. 4d). Taken together, hypoxia activates the three branches of the 

UPR (PERK/eIF2α/ATF4, IRE-1/XBP-1 and ATF6 branches) in Min6 cells. 

 

Bcl-2 family proteins convey stress signals from the damaged ER to the mitochondria, 

playing a pivotal role in ER stress-induced apoptosis (Shore et al., 2011). We therefore 

examined the impact of hypoxia on the expression levels of several Bcl-2 family 

proteins. We found that protein levels of Bcl-2 family members are kept unchanged in 

response to hypoxia in MBECs, whereas in Min6 cells, protein levels of the pro-

apoptotic proteins (PUMA, Bim, Bad, and Bax) were upregulated, and protein levels of 

the anti-apoptotic proteins (Bcl-2 and Bcl-xL) were down-regulated at different time 

points after hypoxic treatment (Fig. 5a). In addition, hypoxia also induces 

dephosphorylation of p-Bad in Min6 cells (Fig. 5a and Suppl. Fig. 4). Gene expression 

of Bcl-2 family proteins was also analyzed. Only PUMA and Bim mRNA levels were 

induced by hypoxia (Fig. 5b and Suppl. Fig. 2). Time points of PUMA induction 

correlate positively with the time course of up-regulation of the protein levels, 

indicating that PUMA is transcriptionally induced by hypoxia. In contrast to PUMA, 

Bim mRNA levels were only induced at 48 h of hypoxia indicating that Bim is 

regulated at transcriptional and post-transcriptional levels. In contrast to PUMA and 

Bim, the other genes analyzed were down-regulated or remained unchanged in response 

to hypoxia indicating that Bad and Bax are post-transcriptionally regulated. We also 

found that hypoxia induced caspase-9 activation in Min6 cells (Fig. 5c), indicating the 

involvement of the intrinsic apoptotic pathway. 

 

The transcription factor CHOP is a crucial mediator of ER stress-induced apoptosis 

(Marciniak et al., 2004; Zinszner et al., 1998). We therefore examined the impact of 

hypoxic treatment on the expression of CHOP. We show that hypoxia upregulates 

CHOP protein levels in Min6 cells, but not in MBECs (Fig. 6a). Increased protein 

levels were correlated with induction of CHOP gene expression (Fig. 6b). To better 

understand the regulation of CHOP gene, we performed RNAi experiments to 

investigate the contribution of HIF-1 and each UPR branch on CHOP gene induction. 

We show that silencing ATF4, XBP-1 or ATF6 expression significantly reduced 
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hypoxia-dependent induction of CHOP mRNA levels, while silencing of HIF-1α or 

Arnt had no impact on CHOP induction (Fig. 6d), indicating that hypoxia-induced 

CHOP induction is dependent on all three branches of UPR, but independent of HIF-1. 

We further investigated the contribution of CHOP to hypoxia-induced apoptosis in 

Min6 cells. We show that stable knockdown of CHOP dramatically decreased hypoxia-

induced caspase-3 activation and significantly rescued hypoxia-induced apoptosis and 

cell death (Fig. 7b, c and d). Interestingly, knockdown of CHOP almost completely 

abolished apoptosis induced by hypoxia, whereas it only partially rescued cell viability. 

This indicates the involvement of other forms of cell death in response to hypoxia. In 

agreement with this hypothesis, we found that LC3B-II protein levels were induced by 

hypoxia, indicating activation of autophagy (Suppl. Fig. 7a). It has been shown that 

autophagy is activated upon ER stress to maintain ER homeostasis and ameliorate ER 

stress. However, persistent autophagy also leads to autophagic cell death (Kroemer et 

al., 2009; Yin et al., 2012). Furthermore, ER stress also disrupts ER Ca2+ homeostasis 

and triggers ER Ca2+ release, which leads to either apoptosis or necrosis (Rasola and 

Bernardi, 2011). Moreover, the crosstalk between different modes of cell death has 

been suggested (Hotchkiss et al., 2009; Zhivotovsky and Orrenius, 2010). Blocking a 

particular pathway of cell death may not prevent cell death, but may instead induce an 

alternative mode of cell death. Taken together, we conclude that CHOP is a major 

contributor to hypoxia-induced apoptosis in Min6 cells. Further investigation is 

required to fully understand hypoxia-induced β-cell death. 

 

The isolated pancreatic islets are disrupted from the surrounding tissues, and the only 

way for them to get oxygen is by diffusion from the culture medium. We therefore 

investigated if pancreatic islets cultured at normoxia show intracellular hypoxia. We 

found that pancreatic mouse islets kept at normoxia for 24 h following isolation have 

intracellular hypoxia as indicated by the formation of pimonidazole adducts (Fig. 1a). 

Culturing of pancreatic islets for 24 h at normoxia triggered intracellular hypoxia as 

well as cell death in the central region of the islets (Fig. 1b and c). These results 

indicate a correlation between hypoxia and cell death in the islet cells. We then 

investigated if CHOP protein is activated in this condition. HIF-1α was included in the 

study to monitor the hypoxic status of the islets. Surprisingly, HIF-1α protein was 

detected as early as 4 h in the islets after isolation, consistent with rapid induction of 

intracellular hypoxia. CHOP protein levels were also upregulated in isolated pancreatic 
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islets cultured at normoxia (Fig. 8a). These results indicate a correlation between 

hypoxia and CHOP induction in the islets, which is consistent with our previous results 

in Min6 cells. Thus, the effect of intracellular hypoxia is necessary to be taken into 

consideration in the studies where the cultured pancreatic islets are used. Furthermore, 

the islets used for transplantation need to be kept in a well-oxygenated environment 

during storage and transportation. 

 

Considering the high number of apoptotic β-cells as well as induction of UPR 

components (Bip, XBP-1 and CHOP) in the islets of db/db mice (Han et al., 2012; 

Kondo et al., 2012; Laybutt et al., 2007; Wang et al., 2011), we assessed the potential 

hypoxic status of db/db islets. The formation of pimonidazole adducts was detected in 

the islets of db/db mice, but not in the islets of control mice (Fig. 8b and c). This result 

is consistent with recent studies (Sato et al., 2011) indicating that islets of type 2 

diabetic mice are hypoxic. Thus, hypoxia-mediated apoptosis may occur in type 2 

diabetes and contribute to the pathogenesis and progression of the disease. 

 

Our study was focused on the impact of hypoxia on β-cell death. Interestingly, hypoxia 

has also been shown to decrease the insulin content and impair the glucose-stimulated 

insulin secretion (GSIS) (Bloch et al., 2012). However, the mechanisms underlying 

these effects are poorly understood. Further investigation is required to understand the 

impact of hypoxia on β-cell function. It has been suggested that there are striking 

species differences with regard to both cytoarchitecture and function between human 

and mouse islets (Cabrera et al., 2006). Compared with mouse islets, human islets have 

a higher proportion of α-cells and higher prevalence of heterotypic cell contact, 

indicating the importance of cell-cell communication in the human islets. The impact of 

hypoxia on α-cells has recently been studied, reporting that hypoxia does not trigger 

apoptosis of the cells but impairs glucagon secretion (Bloch et al., 2012). It would be 

interesting to understand the impact of hypoxia on other pancreatic cells, such as δ-

cells, ε-cells and PP-cells, and the role of hypoxia in the crosstalk between pancreatic 

cells, particularly in human islets. 
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4.4 REGULATION OF FOXO1 ACTIVITY BY HYPOXIA IN PANCREATIC 
β-CELLS (PAPER IV)  

Transcription factor FoxO1 is known to accumulate in the nucleus in response to stress 

stimulus such as nutritional depletion and oxidative stress (van den Berg and 

Burgering, 2011). We therefore investigated if the subcellular localization of FoxO1 is 

affected by hypoxia. Green fluorescent protein (GFP) localization assays were 

performed in various cell lines including Min6 cells, MBECs and U2OS cells. We 

found that in Min6 cells at normoxia, about 90% of cells show a predominantly 

cytoplasmic distribution of GFP-FoxO1. In contrast to the normoxic condition, after 4 h 

of exposure to hypoxia, 77% of the cells showed GFP-FoxO1 located in the nucleus. 

The percentage of cells presenting nuclear distribution of GFP-FoxO1 started to 

decrease notably after 8 h of exposure to hypoxia (Fig. 1a and b). These results indicate 

that FoxO1 was translocated to the nuclear compartment in response to hypoxic 

treatment in Min6 cells and the hypoxia-mediated FoxO1 nuclear translocation is 

transient. In contrast to Min6 cells, in MBECs and U2OS cells the subcellular 

localization of GFP-FoxO1 was not regulated by hypoxia. In MBECs, 95% of the cells 

showed a predominantly cytoplasmic distribution of GFP-FoxO1 in hypoxia (Fig. 1a 

and 1b). In U2OS cells, half of the cells presented predominantly cytoplasmic 

distribution of GFP-FoxO1 and almost the other half of the cells presented nuclear 

distribution of GFP-FoxO1 in hypoxia (Suppl. Fig. 1a and b). Using cell fractionation 

assays, we further confirmed that hypoxia induces the nuclear translocation of 

endogenous FoxO1 in Min6 cells (Fig. 1c). Taken together, we conclude that hypoxia-

mediated FoxO1 nuclear translocation is cell type-restricted and so far only detected in 

the insulin secreting Min6 cell line, but not in the other analyzed cells.  

 

Next, we investigated if hypoxia could also have an impact on the expression levels and 

AKT-dependent phosphorylation of FoxO1. We found that in Min6 cells, protein levels 

of FoxO1 were upregulated between 1-4 h of hypoxia and were subsequently 

downregulated at 8 h and 24 h of hypoxia. A second peak of induction was observed at 

48 h of hypoxia treatment. FoxO1 mRNA levels were only induced at 48 h of hypoxia, 

indicating that FoxO1 is regulated at transcriptional and post-transcriptional levels. 

More interestingly, levels of AKT-dependent phosphorylation of FoxO1 at serine 253 

were downregulated between 2-8 h of hypoxia. After 24 h of hypoxia the protein 

became again phosphorylated at Ser253 (Fig. 2a and b). In MBECs however, protein 
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levels of FoxO1 were downregulated by hypoxia and phosphorylation of FoxO1 was 

not regulated (Fig. 2b). These results indicate that hypoxia regulates both the 

expression levels and AKT-dependent phosphorylation of FoxO1 in Min6 cells. The 

complex expression pattern of FoxO1 protein cannot be full explained, however the 

potential role of hypoxia on FoxO1 gene transcription and FoxO1 protein degradation 

should be taken into consideration. It has been shown that the E2F transcription factor 1 

(E2F-1) binds to the promoter of the FoxO1 gene and promotes its transcription 

(Nowak et al., 2007). Our preliminary results showed that E2F1 protein levels were 

upregulated by hypoxia (data not shown). Thus, hypoxia may induce FoxO1 gene 

transcription via upregulation of E2F1 protein levels. Degradation of FoxO1 protein is 

mediated by the ubiquitin-proteasome pathway (Calnan and Brunet, 2008; Greer and 

Brunet, 2005). AKT-specific phosphorylation of FoxO1 at Ser256 (corresponds to Ser253 

in mouse) is the primary event that triggers FoxO1 ubiquitination (Huang et al., 2005). 

Thus, hypoxia-mediated downregulation of p-FoxO1-Ser253 may inhibit FoxO1 

ubiquitination and prevent FoxO1 degradation. In addition, FoxO1 ubiquitination 

mainly occurs in the cytoplasm (Greer and Brunet, 2005; Huang et al., 2005). Our 

preliminary results showed that hypoxia induced GFP-FoxO1 nuclear translocation as 

early as 30 min of treatment (data not shown), which correlates well with the increased 

FoxO1 protein levels at early time points of hypoxic treatment (Fig. 2b). Thus, FoxO1 

nuclear translocation at hypoxia may also affect the stability of the FoxO1 protein. 

Furthermore, hypoxia may also affect the levels of E3 ligases and prevent FoxO1 

degradation. AKT-dependent phosphorylation of FoxO1 also plays an important role in 

regulation of FoxO1 function. AKT-specific phosphorylation of FoxO1 at Ser256 

introduces a negative charge in the positively charged DNA-binding domain, thereby 

inhibiting its DNA-binding activity. In addition, AKT-specific phosphorylation of 

FoxO1 also creates binding sites for the chaperone protein 14-3-3 that exports FoxO1 

from the nucleus into the cytoplasm (Brunet et al., 2002; Nakae et al., 2000; Silhan et 

al., 2009; Zhao et al., 2004). Thus, in addition to regulation of FoxO1 stability, 

hypoxia-mediated downregulation of p-FoxO1-Ser253 may increase FoxO1 DNA-

binding activity and contribute to nuclear localization of FoxO1.  

 

Considering the fact that nuclear localization of FoxO1 occurs much earlier (as early as 

30 min of hypoxia) than dephosphorylation of p-FoxO1-Ser253 (starts at 2 h of hypoxia), 

there must be other mechanisms involved. We then investigated the molecular 

mechanism underlying hypoxia-mediated nuclear translocation of FoxO1 in Min6 cells. 
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Under oxidative stress JNK has been shown to mediate translocation of FoxO factors to 

the nuclear compartment (Essers et al., 2004; Kawamori et al., 2006). It has also been 

shown that hypoxia induces JNK activity in several cell types (Comerford et al., 2004; 

Jin et al., 2000). In this context, we investigated the impact of hypoxia on JNK activity. 

We found that protein levels of both total JNK and the active form of JNK (p-JNK-

Thr183/Tyr185) were induced by hypoxia in Min6 cells, but not in MBECs (Fig. 3a). We 

therefore investigated the contribution of JNK to hypoxia-dependent nuclear 

translocation of FoxO1. We showed that treatment of the cells with JNK inhibitor 

SP600125 did not affect the intracellular distribution of GFP-FoxO1 in Min6 cells (Fig. 

3b), indicating that hypoxia-mediated FoxO1 nuclear translocation is independent of 

JNK activity. 

 

The MST1/2 signaling pathway is also known to regulate the activity of FoxO 

transcription factors in response to oxidative stress (Yuan et al., 2009). We therefore 

investigated whether MST1 activity is altered by hypoxia in Min6 cells. We found that 

protein levels of both total MST1 and active form of MST1/2 (p-MST1/2) were 

induced by hypoxia in Min6 cells, but not in MBECs. Induction of p-MST1/2 started at 

as early as 1 h of treatment (Fig. 3a). It has previously been shown that MST1 

phosphorylates Ser212 of FoxO1, which will disrupt the association of FoxO1 with 14-

3-3 proteins. In addition to Ser212, there are three more residues (Ser218, Ser234 and 

Ser235) that have been shown to be phophorylated in vitro by MST1 (Lehtinen et al., 

2006; Yuan et al., 2009). We therefore investigated the potential role of these residues 

in mediating FoxO1 nuclear translocation of FoxO1. We show that mutation of FoxO1 

Ser212 to alanine significantly decreased the number of cells where GFP-FoxO1 is 

located in the nuclear compartment in hypoxia. Furthermore, mutation of Ser212 

together with mutation of Ser234 and Ser235 within GFP-FoxO1 further decreased the 

number of cells where GFP-FoxO1 is located in the nucleus (Fig 4b). These results 

indicate that Ser212 and either one or both of Ser234 and Ser235 are important for hypoxia-

mediated nuclear translocation of FoxO1. We next investigated the role of MST1 

signaling in regulating nuclear translocation of FoxO1 in response to hypoxia. We 

show that stable knockdown of MST1 in Min6 cells significantly decreased the number 

of cells where GFP-FoxO1 is located in the nuclear compartment in hypoxia (Fig. 5b), 

as well as hypoxia-mediated nuclear translocation of endogenous FoxO1 (Fig. 5c). 

Taken together, MST1 is required for hypoxia-mediated nuclear translocation of FoxO1 

in Min6 cells. 
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Several previous studies have shown that the MST1-FoxO signaling pathway induces 

apoptosis of neurons and cancer cells (Jang et al., 2007; Valis et al., 2011; Xiao et al., 

2011; Yuan et al., 2009). We have also previously shown that pancreatic β-cell death is 

induced by exposure to acute hypoxia of 1% O2 (Zheng et al., 2012). Given this 

background, we have investigated if FoxO1 contributes to the hypoxia-induced β-cell 

death. We show that stable knockdown of FoxO1 had no effect on cell viability under 

hypoxia (Fig. 6b), indicating that FoxO1 does not contribute to cell death induced by 

hypoxia in Min6 cells. 

 

In this study, we show for the first time that hypoxia induces MST kinase activity in 

Min6 cells, and we have identified hypoxia as a new signal that induces translocation of 

FoxO1 to the nucleus. It will therefore be very important to validate these results in the 

pancreatic islets or animal models. Considering the important roles of FoxO1 in β-cells, 

it will be extremely interesting to understand what is the downstream effect of nuclear 

translocation of FoxO1 in response to hypoxia. According to the level of stress, FoxO 

can play either positive or negative role in the cells, depending on its post-translational 

modifications (Calnan and Brunet, 2008). Further investigation is required to 

understand the role of Foxo1 in response to hypoxia in β-cells. 
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5 CONCLUSIONS 

Paper I 

• FIH-1 hydroxylates Notch ICD at two asparagine residues (N1945 and N2012) that are 

critical for Notch function. 

• FIH-1 negatively regulates Notch activity and accelerates myogenic differentiation. 

• Notch ICD enhances recruitment of HIF-1α to its target promoters and derepresses HIF-

1α function.  

• Notch ICD has a higher affinity than HIF-1α for FIH-1 and may enhance HIF-1α 

function by sequestering FIH-1 away from HIF-1α CTAD. 

 
Paper II 

• Induction of Notch target genes in response to hypoxia is cell type-specific. 

• Hypoxia can induce Hes1 gene expression through a Notch-independent mechanism. 

• This mechanism is HIF-1-dependent, but does not require binding of HIF-1 to HREs. 

• Two N-box motifs in the proximal region of the Hes1 promoter are critical for hypoxia-

inducible transcriptional regulation of Hes1 promoter activity. 

 
Paper III 

• Apoptosis induced by exposure to 1% O2 in Min6 cells is dependent on UPR activation 

and CHOP induction, but independent of HIF-1α. 

• Exposure to 1% O2 changes levels of expression of several Bcl-2 family proteins and 

activates the intrinsic mitochondrial apoptosis pathway specifically in Min6 cells. 

• Culturing of isolated pancreatic islets at normoxia leads to intracellular hypoxia, CHOP 

induction, and cell death. 

• Islets of diabetic db/db mouse are hypoxic. 

 
Paper IV 

• Hypoxia triggers nuclear translocation of FoxO1 in Min6 cells. 

• Hypoxia induces FoxO1 protein levels and inhibits AKT-dependent phosphorylation of 

the FoxO1 residue Ser253 in Min6 cells. 

• Hypoxia-mediated nuclear translocation of FoxO1 is dependent on MST1, but 

independent of JNK. 

• FoxO1 does not contribute to the reduced cell viability observed at hypoxia in Min6 

cells. 
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