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1. ZUSAMMENFASSUNG 

Hypoxie ist einer der Hauptstimuli für die Bildung neuer Blutgefäße (Neo-

Vaskulogenese). In einem hypoxischen Umfeld richten sich endotheliale 

kolonieformende Zellen (ECFCs) in tubulären Strukturen aus, welche sich mit dem 

bestehenden Blutgefäßsystem verbinden und so funktionelle perfundierte Gefäße 

bilden. Laut Lehrbuchmeinung hat die Bildung von neuen Gefäßen zur Folge, dass 

mesenchymale Stamm- und Progenitorzellen (MSPCs) angelockt werden, welche 

zur Gefäßstabilisierung beitragen. Stammzellen sind ein vielversprechendes 

Zelltherapeutikum zur Revaskularisierung von ischämischem Gewebe nach 

verschiedensten Erkrankungen wie Schlaganfall, Herzinfarkt und peripherer, 

arterieller Verschlusskrankheit (PAVK). Bis jetzt jedoch hat die klinische 

Applikation von endothelialen Progenitorzellen noch nicht die erwarteten 

klinischen Effekte erzielt. Ausgehend von vorangehenden Publikationen, die 

gezeigt haben, dass ECFCs in vivo MSPCs brauchen um stabile Gefäße zu 

bilden, entstand die Hypothese, dass MSPCs eine wichtige Rolle bei der 

vaskulogenen Reaktion auf hypoxische Stimuli spielen. In unserer Arbeit zeigen 

wir, dass hypoxische MSPCs in vivo in erster Linie die Neo-Vaskulogenese durch 

einen Mechanismus einleiten der vom hypoxieinduzierbaren Transkriptionsfaktor 

(HIF) abhängig ist und erst in zweiter Linie zur Gefäßstabilisierung beitragen.  

Adulte humane ECFCs und MSPCs wurden aus peripherem Blut beziehungsweise 

aus dem Knochenmark isoliert und unter humanisierten Bedingungen vermehrt. 

Wir untersuchten Phänotyp, Langzeitproliferation, HIF-Stabilisierung, 

Wundheilung, Migration und vaskulogene Funktionen der Progenitorzellen unter 

reduziertem Sauerstoff (5% O2), wie wir es in der Vene finden, unter hypoxischen 

Bedingungen (1% O2), wie im ischämischen Gewebe, und unter 

Standardkulturbedingungen (20% O2). Um ihre Interaktion in vivo zu testen, 

wurden ECFCs und MSPCs zusammen mit verschiedenen extrazellulären 

Matrices (Matrigel, Collagen/Fibronektin, humanes Thrombozyten-Gel) subkutan 

in immundefiziente NSG Mäuse (NOD.Cg-Prdcscid Il2rgtm1Wjl/SzJ) implantiert. Um 

die zellspezifische Rolle der Hypoxiesensorik während der Neo-vaskulogenese in 

vivo zu bestimmen, wurde in ECFCs und MSPCs HIF chemisch und genetisch 

inhibiert (YC-1 und mRNS). Um zu testen, ob HIF-1Ŭ -Zielproteine die 
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Anwesenheit von MSPCs ersetzen können, wurden ausgewählte 

Wachstumsfaktoren und Zytokine im Mausmodell erprobt. 

Proliferation und ïFunktion der Progenitorzellen waren mit sinkendem 

Sauerstoffgehalt reduziert. HIF-1Ŭ wurde von ECFCs nur unter 1% O2 stabilisiert, 

während MSPCs HIF-1Ŭ schon unter 5% O2 stabilisierten. ECFCs, die in eine 

hypoxische Umgebung in NSG Mäuse transplantiert wurden, stabilisierten kein 

HIF-1Ŭ in vivo, während MSPCs alleine oder in Kotransplantaten zusammen mit 

ECFCs schon nach einem Tag in vivo ein starkes nukleares HIF-1Ŭ-Signal 

zeigten. Ohne MSPCs gingen ECFCs alleine in vivo innerhalb von 24 Stunden in 

Apoptose. Durch Inhibierung des HIF-1Ŭ -Zielproteins VEGF (vaskulärer 

endothelialer Wachstumsfaktor) konnte die Neo-vaskulogenese blockiert werden. 

Interessanterweise konnte man durch Substitution von VEGF weder mit ECFCs 

alleine, noch mit ECFCs plus HIF-depletierten MSPC die Gefäßbildung initiieren. 

Das Hinzufügen einer komplexen Mixtur von Plättchenfaktoren in vivo konnte 

jedoch zum Teil die vaskulogene Funktion von MSPCs ersetzen. 

MSPCs reagieren schneller und sensitiver auf den niedrigen Sauerstoffgehalt 

durch Stabilisierung von HIF-1Ŭ. In der initialen Phase der Neo-vaskulogenese 

schützen MSPCs die ECFCs vor hypoxieinduzierter Apoptose und leiten unter 

Anderem auf diese Weise die Gefäßneubildung ein. Überraschenderweise findet 

die Neo-vaskulogenese unabhängig von endothelialer HIF Stabilisierung statt. 

Diese Resultate sprechen dafür, dass die Kotransplantation von MSPCs und 

ECFCs ein vielversprechendes zelluläres Therapeutikum für vaskuläre 

Regeneration ist. Die Beobachtung, dass VEGF alleine die gefäßinduzierende 

Funktion von MSPCs in vivo nicht ersetzen konnte, unterstreicht die Komplexität 

der hypoxieinduzierten Signaltransduktion. Die Tatsache, dass die HIF-1Ŭ 

Stabilisierung in MSPCs, jedoch nicht in ECFCs, eine entscheidende Rolle spielt, 

empfiehlt eine nähere Auseinandersetzung mit MSPCs als therapeutisches Ziel in 

der Regenerativmedizin und Anti-Tumortherapie. 
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2. ABSTRACT  

Hypoxia is a major stimulus of new vessel formation (neo-vasculogenesis). In a 

hypoxic environment endothelial colony-forming progenitor cells (ECFCs) arrange 

into tubular structures which can connect to the pre-existing vasculature and form 

functional perfused vessels. The current view is that mesenchymal stem and 

progenitor cells (MSPCs) are recruited subsequently to stabilize vessels. Stem cell 

therapy to re-vascularize ischemic tissue has been a promising tool for various 

therapeutic targets including stroke, myocardial infarction and peripheral artery 

disease. So far, clinical applications of endothelial progenitors have largely failed 

to meet medical needs. Previous work showing that ECFCs require MSPCs in vivo 

to form patent vessels has provoked the hypothesis that MSPCs have a decisive 

role in the vasculogenic response to hypoxia. This work demonstrates that ECFCs 

in hypoxic conditions in vivo need the presence of functional MSPCs not only to 

stabilize but primarily to initiate neo-vasculogenesis by a hypoxia-inducible 

transcription factor (HIF)-dependent mechanism.  

Adult human ECFCs were isolated from peripheral blood and MSPCs from bone 

marrow aspirates. Both cell types were isolated and expanded under humanized 

culture conditions. Progenitor cell phenotype, long-term proliferation, HIF 

stabilization, wound repair, migration and vasculogenic functions were monitored 

under severe hypoxia (1% O2), venous oxygen levels (5% O2) and standard 

ambient air culture conditions (20% O2). ECFC and MSPC crosstalk in vivo was 

studied in immune-deficient NSG mice (NOD.Cg-Prdcscid Il2rgtm1Wjl/SzJ) after 

subcutaneous implantation using various extracellular matrices (Matrigel, 

collagen/fibronectin, human platelet lysate gel). Chemical and genetic inhibition of 

HIF (YC-1, shRNA) was used to define the cell type-specific role of hypoxia 

sensing in MSPCs and ECFCs during vasculogenesis in vivo. To determine the 

capacity of downstream target proteins of HIF-1Ŭ to substitute for MSPC presence 

during vasculogenesis, selected growth factors and cytokines were tested. 

Progenitor proliferation and function in vitro were reduced with declining oxygen 

levels. HIF-1Ŭ was stabilized by ECFCs only at 1% O2, while MSPCs stabilized 

HIF-1Ŭ already at 5% O2. In an NSG mouse model, ECFCs transplanted into a 

hypoxic environment did not stabilize HIF-1Ŭ, while transplanted MSPCs alone or 

MSPCs in co-transplants showed strong nuclear HIF-1Ŭ stabilization as early as 1 
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day after transplantation. In the absence of MSPCs, ECFCs injected alone largely 

underwent apoptosis within 24h in vivo. Chemical as well as genetic inhibition of 

HIF-1Ŭ stabilization in MSPCs but not in ECFCs significantly abrogated vessel 

formation in vivo. Blocking the HIF-1Ŭ down-stream target VEGF resulted in 

inhibition of neo-vasculogenesis. Interestingly, substitution of VEGF alone could 

not restore vessel formation in vivo; neither when injected together with ECFCs 

alone nor in a model where ECFCs were co-transplanted with HIF-depleted 

MSPCs. Supplementation of a complex mixture of platelet-derived factors in vivo 

could only in part substitute the vasculogenic function of HIF-competent MSPCs.        

MSPCs react to a low oxygen environment by stabilizing HIF-1Ŭ faster and more 

sensitively than ECFCs. In the initial phase of vasculogenesis MSPCs promote 

vessel formation at least in part by rescuing ECFCs from hypoxia-induced 

apoptosis by a HIF-dependent trophic mechanism. Surprisingly, neo-

vasculogenesis can occur independently of endothelial HIF stabilization. These 

results argue in favor of MSPC/ECFC co-transplantation as a promising cellular 

therapy for vascular regeneration. The finding that VEGF alone could not 

compensate for the vasculogenic function of MSPCs in vivo highlights the 

complexity of the hypoxia-induced cytokine network. The fact that HIF stabilization 

in MSPCs but not in ECFCs is crucial to initiating vascular regeneration supports a 

shift of focus from endothelial cells to perivascular mesenchymal cells as a 

therapeutic target in regenerative medicine and anti-angiogenic therapy.  
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3. Abbreviations  

7-AAD 7-Aminoactinomycin D 

17-AAD 17-allylaminogeldanamycin  

4E-BP1 Eukaryotic initiation factor 4E binding protein  

AhR Aryl hydrocarbon receptor  

ALL Acute lymphatic leukemia 

AMP Adenosine monophosphate  

ANG-2 Angiopoietin-2 

ARD1 Arrest defective protein 1 

ATP Adenosin 5ô-triphosphat 

bFGF Basic fibroblast growth factor 

bHLH Basic-helix-loop-helix  

BM Bone marrow 

BMDAC Bone marrow-derived angiogenic cells  

BOECs Bood outgrowth endothelial cells 

CACs Circulating angiogenic cells 

CAR cells CXCL-12-abundant reticular cells 

CBP CREB binding protein 

CFU-EC  Colony-forming unit - endothelial cell 

CFU-F Colony-forming unit - fibroblast 

CH1 Cystin-histidin rich 

CITED2 

CBP/p300-interacting transactivator with glutamic acid (E) and aspartic acid (D)ï

rich tail 2 

CLL Chronic lymphatic leukemia  

CO2 Carbon dioxide  

CPDs Cumulative population doublings 

CREB cAMP response element-binding protein 

CVD Cardiovascular disease 

DAB Diaminobenzidine 

DAPI 4',6-diamidino-2-phenylindole 

DFO deferoxamine 

DMOG Dimethyloxallyl glycine  

DMSO Dimethylsulfoxide 

DNA Desoxyribonucleic acid 

e- Electron 

ECFCs Endothelial colony forming progenitor cells 

ECM Extracellular matrix  

ECs Endothelial cells 
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ECV E3 ubiquitin-protein ligase complex  

EGF Epidermal growth factor 

EGM Endothelial growth medium 

eIF-4E Eukaryotic initiation factor 4E  

EPCs Endothelial progenitor cells 

ERK Extracellular-signal regulated kinase  

ETC Electron transport chain 

FACS Fluorescence-activated cell sorting / scanning 

FADH Flavin adenine dinucleotide  

FBS Fetal bovine serum 

FIH Factor inhibiting hypoxia 

FSC Forward scatter 

GvHD Graft versus host disease 

H&E Hematoxylin and eosin 

H+ Proton 

HIF Hypoxia inducible factor 

HPP High proliferative potential 

HRE Hypoxia response element  

HSP90 Heat shock protein 90  

HSPCs Hematopoietic stem and progenitor cells  

HUVECs Human umbilical vein endothelial cells 

IGF Insulin-like growth factor 

IəB Inhibitory əB 

IL Interleukin 

LPP Low proliferative potential 

MAPK Mitogen-activated protein kinase  

MEK MAP/ERK kinase  

MEM Minimum essential medium 

MI Myocardial infarction 

MMP Matrix metallo-proteinase 

MNCs Mononuclear cells 

MS Multiple sclerosis 

MSCA-1 Mesenchymal stem cell antigen-1 

MSCs Multipotent mesenchymal stromal / stem cells 

MSPCs Mesenchymal stem / progenitor cells 

mTOR Mammalian target of rapamycin  

NADH Nicotinamide adenine dinucleotide  

NC Nucleated cells 

NED Nuclear export domain  
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NF-ʂB Nuclear factor-ʂB 

NLS Nuclear translocation sequence  

NOG 

mouse  

NOD/Shi-scid/IL-2Rɔ
null

; Non-obese diabetic (NOD) severe combined immuno-

deficient (Scid, mutation in human homologue PRKDC gene) IL-2 receptor ɔ 

truncaden (lack T-, B-, NK-, and dendritic cells) 

NSG 

mouse 

NOD.Cg-Prkdc
scid

 Il2rg
tm1Wjl

/SzJ; Non-obese diabetic (NOD) severe combined 

immuno-deficient (Scid, mutation in human homologue PRKDC gene) IL-2 receptor 

ɔ knock-out mouse (lack T-, B-, NK-, and dendritic cells) 

O2 Dioxygen 

ODD Oxygen dependent domain 

PAI-1 Plasminogen activator inhibitor-1 

PAS Per-ARNT-Sim 

PB Peripheral blood 

PBS Phosphate buffered saline 

PDGF Platelet-derived growth factor 

PDs Population doublings 

PECAM Platelet endothelial cell adhesion molecule 

PHD Prolyl hydroxylase 

pHPL Pooled human platelet lysate 

PI Propidium iodine 

PI3K Phosphatidylinositol 3-kinase  

PlGF Placental growth factor 

Plts Platelets 

RACK1 Receptor of activated protein kinase C  

RCC Renal clear cell carcinoma 

ROS Reactive oxygen species 

RT Room temperature 

RTK Receptor tyrosine kinase  

SC Stem cell 

SDF-1 Stromal derived factor-1 

SMA Smooth muscle actin 

SMC Smooth muscle cells 

SSC Side scatter 

TAD Trans-activation domains  

TCA Tri-carboxylic acid (cycle) 

TCR T cell receptor  

TGF Transforming growth factor 

Th1 Type1 helper Tcell  

Th2 Type2 helper Tcell  
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Treg Regulatory T cell 

TNF-Ŭ Tumor necrosis factor- Ŭ 

UC Umbilical cord 

UCB Umbilical cord blood 

VCAM Vascular cell adhesion molecule 

VEGF Vascular endothelial growth factor  

VEGFR-2 Vascular endothelial growth factor receptor-2 

VHL Von Hippel Lindau 

vWF Von Willebrand factor  

WAT White adipose tissue 

XRE Xenobiotic response-element 
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4. Introduction   

4.1. Introduction to cellular oxygen sensing  

Dependency on oxygen is a double-edged sword for all higher organisms. While 

oxygen availability enabled primitive protozoans to meet the high energy demands 

required for the development of complex multicellular organisms, toxic side 

products of the oxygen metabolism cause aging and cellular death. Additionally, 

deprivation of oxygen threatens the survival of eukaryotes. Consequently, oxygen-

dependent cells have developed mechanisms to sense and adapt to oxygen level 

changes. If these adaptive mechanisms fail, then a wide variety of diseases can 

develop. Therefore, the complex process of oxygen sensing is of fundamental 

biological importance and offers a promising therapeutic target for a diverse range 

of diseases.  
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Figure 1. Glucose Metabolism  (based on R.A. Gatenby & R.J. Gillies, Nature  Review s 

Cancer , 2004) (Gatenby, Gillies 2004)   

Glucose is transported into the cellular cytoplasm via the glucose transporters 1/3 (GLUT1/3) 

and subsequently metabolized to pyruvate by producing 2 molecules ñadenosin 5ô-triphosphateò 

(ATP). Under normoxic oxygen levels pyruvate is converted to Acetyl Coenzyme A (Ac-CoA). In 

the mitochondria Ac-CoA enters the tricarboxylic acid (TCA) cycle thereby hydroxylizing 

ñnicotinamide adenine dinucleotideò (NAD
+
) and ñflavin adenine dinucleotideò (FAD

+
) to NADH 

and FADH, respectively. Subsequently, NADH and FADH are oxidized by complex I (NADH 

dehydrogenase) and FADH to complex II (succinate dehydrogenase) of the ñelectron transport 

chainò (ETC). The respiratory process of the ETC leads to proton (H
+
) transfer out of the 

mitochondrial matrix. An ATPase converts ñadenosine monophosphateò (AMP) to ATP by 

pumping H
+
 back into the mitochondria. Thereby ATPases produce 36 ATP per molecule 

glucose. This process is known as ñoxidative phosphorylation ò. Under hypoxic conditions, 

hypoxia inducible factor-1Ŭ (HIF-1Ŭ) induces the up-regulation of GLUT1/3, which increases 

glucose uptake, hexokinase and lactate dehydrogenase A, which catalyze the cleavage of 

glucose to lactate. Additionally, the hypoxia-induced production of ñpyruvate dehydrogenase 

kinaseò inhibits the conversion of pyruvate to Acetyl-CoA by inactivating pyruvate 

dehydrogenase. This blocks pyruvate from entering the TCA cycle and instead leads to the 

secretion of the metabolite lactate. The conversion of glucose to lactate is known as ñanaerobic 

glycolysis ò.  

 

Even the simplest anaerobic organism produces energy in the form of ñadenosin 

5ô-triphosphateò (ATP) by converting glucose to lactic acid via a process termed 

anaerobic glycolysis (Figure 1). About 2.5 million years ago photosynthetic 

organisms appeared that converted solar energy and carbon dioxide (CO2) to 

glucose, releasing dioxygen (O2) as a side product. As oxygen accumulated in 

the atmosphere, specialized eukaryotes evolved containing organelles similar to 

endosomal prokaryotes, known as mitochondria. These mitochondria enabled 

eukaryotes to metabolize O2 and glucose to produce 18 times more ATP than 

through anaerobic glycolysis alone (Gatenby, Gillies 2004, Semenza 2007). In 

the presence of O2, cells bypass glycolysis by inhibiting the conversion of 

pyruvate to lactate and instead use pyruvate dehydrogenase to form Acetyl-

Coenzyme A (Ac-CoA) and enter the ñtricarboxylic acid cycleò (TCA cycle) in the 

mitochondria. This metabolic switch known as óPasteur effectô was first 

described in 1857 by Louis Pasteur, who found that oxygen enables yeast to 

consume more glucose accompanied by decreasing production of lactate 

(Gatenby, Gillies 2004, Racker 1974). During the TCA pyruvate is metabolized 
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in the mitochondrial matrix whereby electrons are transferred to the reducing 

agents ônicotinamide adenine dinucleotideó (NAD+) and ôflavin adenine 

dinucleotideó (FAD+) thereby producing NADH and FADH, respectively. In the 

mitochondria NADH passes two electrons (e-) to complex I (NADH 

oxidoreductase) and FADH to complex II (succinate oxidoreductase) of the 

ôelectron transport chainó (ETC) (Figure 1). After that the e-ós are passed on to 

complex III (cytochrome c oxidoreductase) and finally to complex IV 

(cytochrome c oxidase) where they react with O2 and release water (H2O). While 

an e- is transported through the ETC, complex I, III and IV release protons (H+) 

to the mitochondrial inter-membrane space, which results in an H+ gradient. The 

ATP-synthase (complex V) pumps H+ôs back to the matrix thereby converting 

adenosine monophosphate (AMP) to ATP. This respiratory process is called 

óoxidative phosphorylationô and produces 36 moles of ATP per mole of glucose 

(Figure 1) (Gatenby, Gillies 2004). Therefore, under sufficient oxygenation, 

healthy cells produce energy through the highly efficient oxidative 

phosphorylation. However, under low oxygen concentrations, eukaryotes can 

switch to anaerobic glycolysis producing lactic acid. The ability to switch 

between glycolysis and oxidative phosphorylation depending on O2 availability 

has enabled eukaryotes to adapt to their environment. The metabolism of O2 

and glucose allowed metazoans about 0.5 billion years ago to meet the high 

energy demands required to develop complex multicellular organisms (Gatenby, 

Gillies 2004, Semenza 2007).  

A side product of inefficient mitochondrial respiration, due to too high or low 

oxygen levels, are the highly ñreactive oxygen speciesò (ROS) leading to cellular 

toxicity and death, but can also activate adaptive mechanisms ( Chandel et al. 

1998, Guzy et al. 2005, Guzy, Schumacker 2006, Semenza 2007). Excess oxygen 

or mitochondrial dysfunction causes a fraction of electrons to escape the ETC at 

complex I and complex III and react with O2 prematurely, resulting in the formation 

of superoxide anions. Superoxide dismutase subsequently catalyzes the 

conversion to hydrogen peroxide (H2O2). These so called ROSô can oxidize lipids, 

enzymatic co-factors, RNA, DNA and proteins leading to their missfolding and loss 

of function. At the surface of the mitochondria a specialized group of proteins 

called B-cell lymphoma 2 (Bcl-2) detect the magnitude of damage and in turn 

initiate apoptosis (Guzy, Schumacker 2006). Paradoxically, production of ROS is 
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also increased at hypoxic conditions resulting in an increase of hypoxia response 

(see also Chapter 4.1.3.) (Chandel et al. 1998, Guzy et al. 2005, Guzy, 

Schumacker 2006, Semenza 2007). ROS production at hypoxic conditions is 

mediated by complex III by an as of yet unknown mechanism (Guzy et al. 2005). 

Presumably, the lack of oxygen causes a conformational change of the complex III 

structure, resulting in a direct electron transfer to O2 and therefore increased ROS 

production. In order to maintain oxygen homeostasis, metazoan organisms have 

developed an intra-cellular oxygen sensor complex.  

However, the dependency of metazoans on O2 and the physical properties of 

limited diffusion constrained organisms of size. The development of complex 

respiratory and circulatory systems (trachea, grill, lungs, heart, blood and 

vasculature) set the essential evolutionary steps to create larger and more 

compound animals. A labyrinth of blood vessels networking throughout the body 

evolved enabling blood circulation and therefore allowing O2, nutrients and 

immune cells access to all anatomical sites. Oxygen delivery from the highly 

oxygenated airways via saturated blood to the O2-consuming mitochondria is 

driven through diffusion in a gradient dependent manner. While ambient air 

oxygen of approximately 20% (140 mmHg) at sea level fills our lungs, arteries 

contain å7% O2 (49 mmHg), veins å5% O2 (35 mmHg) and in specialized niches 

found in the bone marrow one can find 1% O2 (7 mmHg) (Ward 2008). At this point 

it should be noted that in the scientific community standard culture conditions are 

commonly termed ónormoxiaô and a wide variety of oxygen concentrations are 

considered to be óhypoxiaô ( Forsythe et al. 1996a, Carmeliet et al. 1998, Kelly et 

al. 2003, Sowter et al. 2003, Tang et al. 2004, Manalo et al. 2005, Kim et al. 2006, 

Calvani et al. 2006, Mazzone et al. 2009, Fiegl et al. 2009, Decaris et al. 2009, 

Mazumdar et al. 2010, Tsai et al. 2011, Youn et al. 2011). In contrast to this 

notion, ambient air should not to be considered a normoxic condition for tissue 

cells. Therefore, standard culture conditions should instead be called óambient air 

environmentô. Since different cells reside in differently oxygenated regions, the 

normal physiological oxygen concentration of a specific cell type should be termed 

óphysiological normoxiaô or óeuoxiaô and a low pathological oxygen concentration 

óhypoxiaô. In this notion, the physiological normoxic conditions for venous 

endothelial cells are herein nominated to be 5% O2 and hypoxia to be < 1% O2 as 

implied by Ward et al. (Ward 2008).  



 18 

 

4.1.1. Hypoxia inducible transcription factors (HIFs)  

The transcription factor HIF plays a key role in the maintenance of oxygen 

homeostasis in all metazoans (Semenza 2007). Three distinct HIFs have been 

recognized so far. The first, HIF-1, was initially discovered by Semenza et al. as a 

DNA-binding protein that activates erythropoietin production in an oxygen-

dependent manner (Semenza, Wang 1992). Since its discovery in 1992, hundreds 

of target genes have been linked to HIF-1 activity including cell-type specific 

regulation of genes with critical roles in erythropoiesis (formation of red blood 

cells), angiogenesis (budding of capillaries from existing vessels), glucose 

metabolism, proliferation, migration and apoptosis ( Kelly et al. 2003, Pugh, 

Ratcliffe 2003, Semenza 2003, Hu et al. 2003, Semenza 2007, Semenza 2011). 

HIFs are heterodimers which are composed of an oxygen-regulated Ŭ-subunit 

(HIF-Ŭ) and a constitutively expressed ɓ- subunit (HIF-ɓ; also called aryl 

hydrocarbon receptor nuclear translocator, ARNT). Under normoxia (physiological 

oxygen levels) HIF-Ŭ is continuously synthesized and instantaneously degraded by 

the proteosome. Under hypoxia HIF-Ŭ is stabilized, translocates to the nucleus, 

binds to HIF-ɓ and acts as a transcriptional activator for target genes containing a 

hypoxia response element (HRE) (Figure 2) (Semenza, Wang 1992, Semenza 

2011). 
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Figure 2. Hypoxia inducible factor -1 (HIF-1) signaling pathway  (based on  G.L. Semenza, 

Science, 2007;  G.L. Semenza, NEJM, 2011 ) (Semenza 2007, Semenza 2011) 

Under physiological oxygen conditions, prolylhydroxylases 1-3 (PHD1-3) and factor-inhibiting 

HIF-1 (FIH-1) hydroxylize HIF-1Ŭ proline (Pro) and asparagine (Asn) residues, respectively. The 

hydroxylized amino acids are recognized by the von Hippel Lindau protein (pVHL) which recruits 

Elongin B, Elongin C, cullin-2 (Cul2), RING-box protein1 (Rbx1) and E2. Together these proteins 

form the E3 ubiquitin-protein ligase complex (ECV; Elongin B/ cullin-2/ VHL protein). Ubiquitin 

binds under consumption of adenosine-triphosphate (ATP) to the cystein of an E1 ubiquitin-

activating enzyme and is subsequently transferred to a cystein of the E2 ubiquitin-conjugating 

enzyme of the ECV. Thereafter, HIF-1Ŭ is proteolytically degraded.  

Under hypoxic conditions HIF-1Ŭ escapes hydroxylation and binds to heat shock protein 90 

(HSP90), p300 and cyclic adenosine-monophosphate (cAMP) response element-binding protein 

(CREB) binding protein (CBP). HIF-1Ŭ translocates to the nucleus and dimerizes with HIF-1ɓ. 

The binding of HIF-1Ŭ and HIF-1ɓ replaces the stabilizer HSP90 and is enhanced by p300/CBP. 

Together HIF-1Ŭ/HIF-1ɓ act as the HIF-1 transcription factor of genes with a hypoxia response 

element (HRE); including vascular endothelial growth factor (VEGF), transforming growth factor 

(TGF-ɓ), erythropoietin (EPO) and glucose transporter (GLUT) 1 and 3 (see also Table 2). The 

iron chelators dimethyloxaloylglycine (DMOG) or deferoxamine (DFO) inhibit PHD activity and 

thereby lead to a normoxic stabilization of HIF-1Ŭ. HIF-1Ŭ stabilization can be inhibited by 

blocking HSP90 (17-AAG, 17-allyl-aminogel-denamycin). The heterodimerization of HIF-1Ŭ/1ɓ 

can be inhibited by the antiseptic acriflavine. DNA-binding of HIF-1Ŭ can be blocked by the 

antracycline doxorubicin and the antibiotic echinomycin. 

 

The Hif-1Ŭ gene is encoded on human chromosome 14 (14q23.2). The protein 

HIF-1Ŭ is composed of 826 amino acids and weighs 116 kDa. HIF-1Ŭ contains an 

N-terminal basic-helix-loop-helix (bHLH) domain and two Per-ARNT-Sim 

homology domains (PAS-A and PAS-B), which are responsible for the binding to 

HIF-1ɓ and interaction with the HREs (Figure 3). The PAS domains are named 

after the proteins in which they occur: period circadian protein, aryl hydrocarbon 

receptor nuclear translocator protein, single-minded protein (Jiang et al. 1996). 

The middle part of the HIF protein is a very prolyl- and lysine-rich oxygen 

dependent domain (ODD). On its C-terminus HIF is composed of 2 trans-activation 

domains (TAD), TAD-N and TAD-C, which are the binding regions of the von 

Hippel Lindau protein (pVHL) and co-factor p300/cAMP response element-binding 

protein (CREB) binding protein (CBP) (Wang et al. 1995, Semenza 2003, 

Semenza 2004) . 
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Figure 3. Hypoxia inducible factor -1Ŭ (HIF-1Ŭ) structure  (modified from G.L. Semenza, 

Nature Reviews Cancer, 2003) (Semenza 2003) 

On its N-terminal side HIF-1Ŭ is composed of a basic-helix-loop-helix (bHLH) domain and two Per-

ARNT-Sim homology domains (PAS-A and PAS-B), which are binding sites for DNA, HIF-1ɓ, and 

HSP90. In the middle section of HIF-1Ŭ a region called the oxygen dependent domain (ODD) 

contains the prolyl (P402, P564) and lysine (K532) residues that are hydroxylized by prolyl 

hydroxylases (PHD)1-3 and arrest defective protein 1 (ARD1). The ODD contains the 

transactivation domain (TAD)-N and is the binding site for the von Hippel Lindau protein (pVHL). 

On its C-terminal side HIF-1Ŭ contains the nuclear translocation sequence (NLS) and the TAD-C, 

which contains the asparagin (N803) which, under normoxia, can be hydroxylized by factor 

inhibiting hypoxia (FIH) and under hypoxia bind to the co-factor p300/CBP. HIF-1Ŭ activity is 

inhibited by YC-1 (3-(5ô-hydroymethyl-2ôfuryl)-1-benzyl-indazole) which directly degrades the TAD-

C. Dimethyloxaloylglycine (DMOG) or deferoxamine (DFO) act as iron chelators which inhibit PHD 

activity and thereby lead to a normoxic stabilization of HIF-1Ŭ. 

 

The HIF system gains even more complexity when considering the fact that there 

are three known HIF-Ŭ isoforms: HIF-1Ŭ, HIF-2Ŭ (also called EPAS, endothelial 

PAS domain protein) and HIF-3Ŭ (Semenza 2007). HIF-1Ŭ is expressed in virtually 

all nucleated metazoan cells. HIF-2Ŭ is largely restricted to vascular endothelial 

cells, (Semenza 2011, Hu et al. 2003) but can also be found in kidney fibroblasts, 

hepatocytes, epithelial and pancreatic interstitial cells, cardiomyocytes and type II 

pneumocytes, tumor vascular cells, parenchymal cells, and infiltrating 

macrophages (Hu et al. 2003). Structurally, HIF-1Ŭ and HIF-2Ŭ share 48% amino 

acid homology and both can dimerize with HIF-1ɓ in an oxygen dependent manner 

(Hu et al. 2003). It is an ongoing debate in the field whether HIF-2Ŭ can also 

interact with its own HIF-2ɓ (Sekine et al. 2006). HIF-1Ŭ and HIF-2Ŭ each have 

unique cell-specific targets of gene expression (Kelly et al. 2003, Hu et al. 2003). 
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The precise function of HIF-3Ŭ still remains to be resolved, but there is evidence 

that HIF-3Ŭ has a negative regulatory function on HIF-1Ŭ and HIF-2Ŭ. It has been 

shown that the transcription of HIF-3Ŭ is directly mediated by HIF-1Ŭ stabilization. 

Heihhila et al. have recently demonstrated that HIF-3Ŭ acts in a negative feedback 

loop to inhibit HIF-1Ŭ translocation to the nucleus blocking transcriptional 

activation of the HRE promoters (Manalo et al. 2005, Heikkila et al. 2011).  

 

4.1.2. Oxygen -dependent regulation of HIF : under normoxia  

With sufficient oxygenation (normoxia) HIF-1Ŭ is hydroxylized by the prolyl-4-

hydroxylase (PHD) at the proline residues, P402 and P564, located in the ODD 

(Figure 3) (Jaakkola et al. 2001, Ivan et al. 2001, Berra et al. 2003). Three 

isoforms of PHDs have been identified: PHD1, PHD2 and PHD3. Originally, PHDs 

1-3 were found to be encoded by the egl-9 gene (responsible for normal egg 

laying in C. elegans) and are therefore also known as EGLN2, EGLN1 and EGLN3 

respectively (Appelhoff et al. 2004). All three PHDs can hydroxylize HIFs, 

however, there is a strong abundance of PHD2 to hydroxylate HIF-1Ŭ and PHD3 

to hydroxylate HIF-2Ŭ, respectively (Berra et al. 2003, Appelhoff et al. 2004). 

PHDs are considered to be the cellular oxygen sensors. 

PHDs are dioxygenases with an Fe(II) unstably bound to a histidine in its catalytic 

center. Dioxygenases hydroxylize amino acids by reducing molecular oxygen and 

therefore oxidizing the cofactor 2-oxoglutarat which releases CO2 after 

succination. Different metal salts (e.g. CoCl2) can compete with iron which 

inactivates the catalytic centre and therefore acts as a óhypoxia-mimeticô. Iron 

chelators, such as dimethyloxaloylglycine (DMOG) or deferoxamine (DFO) have 

the same effect (see Figure 2 and Figure 3) ( Jaakkola et al. 2001, Ivan et al. 

2001, Pugh, Ratcliffe 2003, Berra et al. 2003). 

The two hydroxylated prolines are recognized by the tumor suppressor protein 

pVHL, which is the substrate-recognition subunit of the E3 ubiquitin-protein ligase 

complex (ECV). The pVHL consists of a helix-domain (Ŭ-subunit) and a ɓ 

sandwich-domain (ɓ-subunit). The Ŭ-subunit of pVHL recruits the ubiquitin ligases 

Elongin B, Elongin C, cullin-2 (Cul2), RING-box protein1 (Rbx1) and E2, which 

together form the ECV (also called VBC-CR complex) (Figure 2) (Stebbins, Kaelin 
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& Pavletich 1999, Min et al. 2002). The hydroxylated prolines of HIF-1Ŭ are bound 

by the hydrophobic binding pocket of the pVHL ɓ-subunit (Min et al. 2002, Ohh et 

al. 2000). Additionally, an acetyltransferase ARD1 (arrest defective protein 1) 

stabilizes the pVHL bondage to HIF-1Ŭ by transferring its acetyl (Ac) from an Ac-

Coenzyme A (Ac-CoA) to the lysin K532 located in the ODD (Figure 3) (Semenza 

2003). The stable connection of pVHL to HIF mediates its ubiquitation. This 

process is catalyzed in three sequential steps by activating, conjugating, and 

ligating enzymes. Firstly, ubiquitin binds under consumption of ATP to the cystein 

of the E1 ubiquitin-activating enzyme and is subsequently transferred to a cystein 

of the E2 ubiquitin-conjugating enzyme of the ECV. The E3 ubiquitin protein ligase 

complex then transfers the activated ubiquitin from an E2 ubiquitin-conjugating 

enzyme to lysine residues (K532, K538, K547) of HIF-1Ŭ. Poly-ubiquitation recruits 

the 26S proteosome, which uses ATP to internalize HIF and degrades it into small 

peptides (Figure 2) (Hershko et al. 1983, Pickart 2004). 

Additionally, under normoxic conditions a second dioxygenase called factor 

inhibiting HIF (FIH) inhibits HIF trans-activation (Figure 3). FIH hydroxylates the 

asparaginyl residue N803 in the TAD-C of HIF-1Ŭ and, thereby, blocks the binding 

site of the co-activator p300/CBP. The co-factor p300/CBP is necessary for the 

dimerization of HIF-1Ŭ with 1ɓ, binding to the HRE promoters and the recruitment 

of RNA polymerase II. 

 

4.1.3. Oxygen -dependent regulation of HIF: under hypoxia  

Under hypoxic conditions, the limited oxygen availability reduces PHD and FIH 

hydroxylation function. Additionally, it has been shown that hypoxia-induced ROS 

production is involved in the inhibition of PHDs by preventing its redox cycling 

(Guzy, Schumacker 2006). Lack of prolyl hydroxylation by PHDs blocks pVHL 

binding and therefore inhibits proteolytic degradation of HIF-1Ŭ. Furthermore, the 

heat shock protein 90 (HSP90) stabilizes HIF-1Ŭ by binding to the PAS-B domain 

and protects it from unspecific degradation (Isaacs et al. 2002, Liu et al. 2007). 

HIF-1Ŭ accumulates in the cytoplasm and independently of HIF-1ɓ translocates to 

the nucleus via the nuclear localization sequence (NLS) (Kallio et al. 1998, Chilov 

et al. 1999). NLS motifs are short amino acid moieties that consist of highly 

conserved basic residues and tag a variety of proteins for nuclear transport. 
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Integrin 4 and 7 recognize and bind to the HIF-1Ŭ NLS sequence and transport it 

through the nuclear pores into the nucleus. Inside the nucleus, the integrins 

release HIF-1Ŭ in a GTP-dependent manner. The nuclear-located HIF-1ɓ leads to 

the dissociation of HSP90 from the PAS-B domain of HIF-1Ŭ (Chachami et al. 

2009). Subsequently, HIF-1ɓ dimerizes with HIF-1Ŭ through its bHLH- and PAS 

domains (Jiang et al. 1996, Chilov et al. 1999). Additionally, under hypoxia FIH 

can no longer hydroxylize the asparagine N803 of HIF-1Ŭ and the co-factor 

complex p300/CBP can bind to the TAD-C domain. In the nucleus, p300/CBP 

facilitates trans-activation of the HIF-1Ŭ/1ɓ complex. Furthermore, p300/CBP is a 

histone acetyltransferase which promotes the binding of the HIF-1Ŭ TAD-C domain 

to HREs and thereby mediates the recruitment of RNA polymerase II (Semenza 

2003, Semenza 2007, Semenza 2011). Thereby, the HIF-1Ŭ/1ɓ complex is a 

transcriptional activator for genes located in the HREs (Jiang et al. 1996, Semenza 

2003).  

 

4.1.4. Oxygen -independent regulation of HIF  

The transcriptional modulator called óCBP/p300-interacting transactivator with 

glutamic acid (E) and aspartic acid (D)ïrich tail 2ô (CITED2) is an oxygen-

independent negative regulator of HIF-1Ŭ with a high affinity for p300. The 

cytokine-inducible CITED2 and HIF-1Ŭ share a conserved sequence located in 

their trans-activation domains that can bind to the CH1 (cystin-histidin rich) domain 

of p300/CBP (Freedman et al. 2003). CITED2 competes with HIF-1Ŭ for p300 

binding and therefore blocks hypoxia-activated gene expression with a high affinity 

(Bhattacharya et al. 1999, Bhattacharya, Ratcliffe 2003).   

Additionally, the half-life of activated HIF-1Ŭ is regulated by an O2-independent 

mechanism. In the cytoplasm, the receptor of activated protein kinase C (RACK1) 

competes with HSP90 for the PAS-A domain of HIF-1Ŭ (Isaacs et al. 2002, 

Semenza 2007) . RACK1 is composed of a seven-bladed propeller structure that 

binds to residues 81-200 of HIF-1Ŭ and subsequently recruits Elongin C and 

Elongin B. These recruited enzymes act as an ECV and lead to the proteolytical 

degradation of HIF-1Ŭ even under hypoxic conditions. This mechanism of HIF-1Ŭ 

is similar to the destruction mediated by the pVHL pathway with the major 

difference being that it is independent of O2, PHD2 and pVHL. Therefore, the 
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HSP90 inhibitor 17- allylaminogeldanamycin (17-AAD) is a promising target for 

pharmacological induction of HIF-1Ŭ destruction (Semenza 2007, Liu et al. 2007).  

 

 

 

 

Figure 4. Hypoxia -independent hypoxia inducible factor -1Ŭ (HIF-1Ŭ) upregulation  (modified 

from G.L. Semenza, Nature Reviews Cancer, 2003 ; A. Goerlach & S. Bonello, Biochemical 

Journal, 2008  and H.K. Elzschig & P. Carmeliet, NEJM, 2011 ) (Semenza 2003, Gorlach, Bonello 

2008, Eltzschig, Carmeliet 2011) 

Activated receptor tyrosine kinases (RTKs) phosphorylate phosphatidyl inositol-3-kinase (PI3K) 

and the GTP binding protein rat sarcoma (RAS) which both lead to the activation of the protein 70 

S6 kinase (p70
S6K

). p70
S6K

 phosphorylates the protein S6 of the small ribosomal subunit (40S) and 

causes recruitment of the big ribosomal subunit (60S). Additionally, the inhibitory effect of the 

eukaryotic initiation factor 4E (eIF-4E) binding protein (4E-BP1) is blocked through the activated 

mammalian target of rapamycin (mTOR) and extracellular-signal regulated kinase (ERK) and 

causes the release of eIF-4E. eIF-4E together with the helicase eIF-4A and the linker eIF-4G 

unwind the RNA and facilitate translation by the ribosome. This leads to a hypoxia-independent 

increase in HIF-1Ŭ protein concentration. 

Furthermore, RTKs as well as reactive oxygen species (ROS) activate the nuclear factor (NF)-əB 

inhibitor (IəB) kinase (IKK) which phosphorylates IəB. Phosphorylated IəB releases and therefore 






















































































































































