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Introduction 

Blood vessels are crucial in the mammalian body for the delivery of oxygen, nutrients and 

signaling molecules, such as hormones, to cells and the removal of waste product from these 

cells. Endothelial cells (ECs) line the entire vasculature. In the healthy body, most ECs are 

quiescent; the cells hardly divide. Nonetheless, the endothelium performs many 

physiological functions, such as vasoregulation by producing vasoactive factors including 

nitric oxide (NO) and endothelin-1 (ET-1) required for adequate distribution of blood 

between the tissues; formation of a barrier between blood and surrounding tissues that allows 

optimal exchange of oxygen, nutrients and hormones; hemostasis; and the recruitment of 

leukocytes at sites of inflammation (3). Dysfunction of the endothelium is associated with 

many diseases, such as atherosclerosis, hypertension, thrombosis and improper inflammatory 

activation of tissues; endothelial barrier dysfunction leads to vascular leakage, which is 

related to pathological conditions, including sepsis (21), acute lung injury (47), and cancer 

(25). Improper functioning of tissues often results in inadequate perfusion and the need for 

additional blood supply. This can occur by neovascularization, a process in which endothelial 

cells play a central role. This thesis investigates the effect of long-term hypoxia on the 

response of endothelial cells that leads to improved vascularization. 

 

Formation of new blood vessels 

During embryogenesis, the initial blood vessels are formed through a process called 

vasculogenesis: the formation of a primitive blood vascular network through de novo 

assembly of angioblasts that subsequently - under the influence of blood flow - remodels into 

larger and smaller vascular structures (33, 61). The expansion of the primitive vasculature 

proceeds subsequently by sprouting and intussusceptive (splitting) angiogenesis, while 

pruning (removal) of excess vessel branches occurs to improve the efficiency of the blood 

distribution.  

 

Angiogenesis refers either to splitting angiogenesis or sprouting angiogenesis. Splitting 

angiogenesis or intussusceptive growth occurs via bridging of endothelial cells inside the 

vessel lumen and formation of an intravascular pillar, which subsequently can expand. As a 

consequence, the vessel can split into two parallel or branching vessels (50, 62). Sprouting 

angiogenesis is the outgrowth or sprouting of new blood vessels from existing ones and 

subsequent stabilization of the new vessels by mural cells (62). Sprouting angiogenesis is 

probably the predominant mechanism for blood vessel formation in healthy adults, for 

example during wound healing and the female reproductive cycle. However, postnatal 

vasculogenesis also contributes, which regards the incorporation and differentiation of highly 

proliferative endothelial progenitor cells in the endothelial lining of the new vasculature. 
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During pathological conditions, the ECs are activated by inflammatory cytokines and growth 

factors such as vascular endothelial growth factor A (VEGF-A). This results in leakiness of 

the microvessels. As a consequence, plasma proteins like fibrinogen leak from these vessels 

into the tissue and are converted into a fibrin matrix that serves both as sealing material to 

prevent leakage and pathogen intrusion and as a building block for a provisional (fibrin) 

matrix. At the same time, activated ECs degrade their basement membrane and the 

extracellular matrix (ECM) through the upregulation and secretion of proteases such as 

matrix metalloproteinases (MMPs) and the members of the plasmin-plasminogen activator 

(PA) pathway. The ECs migrate into the neighboring tissue through interactions between 

cellular adhesion molecules (integrins) and the matrix and develop into a leading ‘tip’ cell 

accompanied by so-called ‘stalk’ cells that follow the ‘tip’ cell. 

 

The tip and stalk cell phenotype is largely determined by delta-like 4 (Dll4)/Notch signaling; 

tip cells bind and respond to VEGF/VEGF receptor-2 signaling and express high levels of 

Dll4 compared with stalk cells, which express high levels of Notch. Dll4 on the tip cell 

activates Notch signaling in the stalk cells, thereby inhibiting Dll4 expression and thus tip 

cell phenotype in adjacent cells (27, 41, 77). The tip cell guides the forming sprout into the 

tissue toward gradients of chemotactic signals, whereas the proliferating stalk cells elongate 

the sprout, form a lumen and form tight junctions. 

  

Once the sprout is ready to anastomose/connect to blood vessels of the circulation or an 

adjacent sprout, both the explorative function of the tip cell as the proliferative behavior of 

stalk cells have to be suppressed. The VEGF-driven proliferation and survival of endothelial 

cells is indirectly inhibited by vascular endothelial (VE-)cadherin; VE-cadherin forms a 

complex with VEGF receptor-2 (VEGFR2) thereby reducing the VEGF signaling (52). The 

downregulated VEGF signaling leads to a normalized vascular phenotype and quiescent 

endothelial cell. Concurrently, mural cells including pericytes (in capillaries) and vascular 

smooth muscle cells (in larger blood vessels) proliferate, migrate, and differentiate, and are 

recruited to the immature vasculature to provide vessel stabilization and to regulate vessel 

perfusion. This remodeling phase also includes selective vessel ‘pruning’ to form a mature 

vascular network containing large and small vessels. Finally, a basement membrane is formed 

(15, 31, 38, 55, 62). 

 

The expanding vasculature requires outward remodeling of the proximal arteries in order to 

provide sufficient blood to the expanded microvessels. This process, called arteriogenesis, 

proceeds at exceptional rate during collateral growth by the enlargement and maturation of 

small preexisting arterial vessels that form ‘bridges’ between arteries (64). This process takes 

place under pathophysiological conditions, for example during occlusion of coronary 
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arteries; elevated shear force in the dormant collateral vessels leads to activation of the 

endothelium and subsequent attraction of monocytes, which results in a rapid outward 

remodeling of the initial vessel and a dramatic increase in blood flow (64).  

 

Pathological angiogenesis 

Angiogenesis is important for growth, development and proper wound healing. However, it 

is also associated with several pathological conditions, including rheumatoid arthritis, adult 

macular degeneration of the eye, and solid tumors (9), while it is impaired in tissue ischemia. 

Metabolic and inflammatory disorders are often accompanied by inadequate blood supply or 

enhanced metabolic demand, leading to hypoxia in the tissue. If arterial blood supply is 

insufficient, increasing the number of blood vessels in the tissues by angiogenesis augments 

the delivery of oxygen and nutrients to the cells. Not surprisingly, hypoxia is one of the most 

potent inducers of angiogenesis in vitro and in vivo (44, 54, 78). 

 

Perfusion insufficiencies 

Tissue ischemia, for example during coronary or peripheral artery diseases, is the result of 

narrowing of the arteries leading to inadequate perfusion, which are often caused by the 

formation of atherosclerotic plaques. Ischemia involves decreased levels of energy substrates 

(hypoxia), such as oxygen and glucose, and increased levels of toxic metabolites. Hypoxia 

stimulates the protein expression of the transcription factor Hypoxia Inducible Factor (HIF)-

1α expression, thereby induces VEGF, and triggers an angiogenic response in the ischemic 

tissue. This angiogenic response, however, is often not sufficient to prevent infarction. 

Another physiological response to myocardial ischemia is the remodeling of collateral blood 

vessels (arteriogenesis), also induced by HIF-1α and VEGF. The remodeling of collaterals 

increases the blood flow and decreases the myocardial infarction upon rupture of the 

atherosclerotic plaques and subsequent complete coronary occlusion. Unfortunately, for 

unknown reasons, not all patients develop collaterals. It is possible that genetic variation in 

the gene encoding HIF1A might affect the clinical presentation of artery diseases (70–72). 

 

Tumors 

Tumor cells are metabolically very active and proliferate fast. Therefore, tumor cells often 

rely on glycolysis for their energy generation. This switch is called the Warburg effect; 

anaerobic metabolism in the presence of oxygen, and is stimulated by the transcription factor 

HIF-1 (26). Tumor cells proliferate fast, therefore tumors frequently have hypoxic and 

avascular areas (20, 25, 45). The HIF-1α and HIF-2α subunits (described in detail below) are 

often highly expressed in tumors (5, 30, 49, 68), which are either induced by the hypoxic 

environment, or through the suppression of tumor suppressor genes and/or stimulation by 

oncogenes (35). The increased HIF-α protein expression stimulates angiogenesis in these 
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hypoxic area by inducing amongst others VEGF-A. High concentrations of VEGF-A 

stimulate massive neovascularization and cell proliferation. However, tumor endothelial cells 

do not form a single, uniform layer, but are irregular in shape, grow often on top of each 

other, and have intercellular gaps in the vessel wall, resulting in increased vessel leakiness 

(9). Not surprisingly, tumors often consist of oxygenated, acute hypoxic and chronic hypoxic 

areas with many small newly formed, leaky vessels and avascular areas. 

 

Cellular response to insufficient oxygen supply 

Cells can sense reduced oxygen levels and subsequently respond by altering gene expression. 

The most prominent mechanism for cells to respond to hypoxic stress is through the 

transcription factors hypoxia-inducible factors (HIFs). HIF is a heterodimer consisting of an 

α-subunit and a β-subunit (28, 57, 81). Three isoforms of the α-subunit exist in mammals; 

HIF-1α (67) encoded by HIF1A, HIF-2α (80) encoded by EPAS1, and HIF-3α (42) encoded 

by HIF3A. The α and β subunits are constitutively expressed, but under normal conditions 

(normoxia), when oxygen is present, the α-subunit is hydroxylated leading either to 

ubiquitination and subsequent degradation (when hydroxylated by prolyl-hydroxylase 

domain containing enzymes (PHDs) (29, 48)) or to blocking of the transcriptional activity of 

HIF-α (when hydroxylated by factor inhibiting HIF (FIH) (29, 34)). The hydroxylase activity 

of PHDs and FIH is dependent on the availability of oxygen, iron and 2-oxoglutarate (2-OG) 

(34, 66). Therefore, during hypoxia, due to lack of oxygen, HIF-α escapes hydroxylation and 

thereby degradation, which allows complex formation with HIF-1β and induces transcription 

of many genes in the nucleus (67, 82). These genes regulate processes such as proliferation, 

apoptosis/autophagy, DNA damage response, extracellular matrix metabolism, cell migration 

and invasion, cell survival, metabolism, inflammation, and an increase of oxygen delivery 

via erythropoiesis and angiogenesis (56, 68) in order to conserve energy, promote cell 

survival and increase oxygen delivery. 

 

An important target gene of the HIF complex is VEGF-A, a potent stimulator of angiogenesis 

(38, 69, 86). Hypoxia and the HIFs stimulate many angiogenic steps such as endothelial cell 

proliferation, the directed migration of endothelial cells, capillary sprouting, recruitment of 

pericytes, and the eventual inhibition of proliferation and migration once a functional sprout 

has been formed (31, 38, 62). Unfortunately, injection of high concentrations of VEGF 

induced tortuous and leaky newly formed vessels in rodents (53, 79), suggesting that 

stimulating angiogenesis is complicated. It has been proposed that the balance between HIF-

1α and HIF-2α regulates (excessive) sprouting and (extensive) elongation of new endothelial 

structures (Figure 1) (75). HIF-1α is a strong inducer of capillary sprout formation in 

particular by inducing VEGF-A transcription in many cells (86). HIF-2α has a more 

balancing role, not only by a more selective expression, but in particular because it induces 
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sprout stabilization (75). It has been suggested that HIF-2α regulates angiogenesis through 

the Dll4/Notch1 signaling pathway in mice. Deletion of Dll4, a target gene of HIF-2α, 

resulted in hypersprouting, but these capillaries were disorganized (17, 18, 75, 84). These 

observations are compatible with a capillary-stabilizing role of HIF-2α (75). However, 

whether HIF-2α regulates endothelial sprouting in a similar way in humans as in men, i.e. 

through Dll4 expression, is not known (Figure 1). 

 

Metabolic adaptation to hypoxia 

During hypoxia, the lack of oxygen promotes energy generation through glycolysis; 

upregulation of glycolysis enzymes is induced via HIF-1α-dependent mechanisms. Hence, 

HIF-1α induces the expression of genes involved in endothelial metabolism as well as 

angiogenesis. In addition, several other proteins, including Dll4 (7) and peroxisome 

proliferator activated receptor gamma (PPARγ) (32, 46) regulate both angiogenesis and 

glycolysis/glucose metabolism. Dll4 and PPARγ are HIF-2α-target genes, indicating that 

HIF-2α also regulates endothelial metabolism. As ECs rely for 85% on the glycolysis for 

their energy generation (7), it is suggested that mitochondria in endothelial cells play more a 

signaling role rather than bioenergetics function (i.e. ATP generation), through the 

 

 

 

 

Figure 1. The balancing effect of HIF-1α and HIF-2α on angiogenesis. Hypoxia induces the stabilization of both 

HIF-1α and HIF-2α. Although HIF-1α and HIF-2α regulate many similar genes, they regulate angiogenesis 

differently. HIF-1α stimulates sprouting and vascular leakage through amongst others VEGF-A. HIF-2α reduced 

sprouting and vascular leakage, but the mechanism is not yet known in human endothelial cells. 
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production of reactive oxygen species (ROS) and nitric oxide (NO) (16, 58). Not surprisingly, 

blocking glycolysis (7) reduces endothelial sprout formation. However, blocking 

mitochondrial complex I (65) also reduces endothelial sprouting. Moreover, the electron 

transport chain in the mitochondria contributes to the induction of HIF-α during hypoxia (8, 

13, 14, 24). These data suggest that modulation of mitochondrial ROS production affect 

sprouting in several ways. 

 

Short-term vs long-term hypoxia 

Upon exposure to hypoxia, the HIF complex is immediately formed and active. A short 

exposure (< 72 hours) to hypoxia highly upregulates the expression of VEGF-A leading to 

increased cell proliferation and angiogenesis (Figure 2) (37, 39, 44, 54, 74, 86). VEGF-A is 

also identified as vascular permeability factor in tumor cells (73) and on the one hand 

increases vascular leakage under hypoxic conditions in many tissues (4, 11, 40, 60). In 

hypoxia, vascular leakage is reduced by hypoxia in LPS-induced mouse lung and in human 

endothelial cell monolayers. (22, 76). 

 

Nonetheless, during some pathological conditions, hypoxia continues and results in chronic 

or prolonged hypoxia. Prolonged hypoxia in poorly diffused or healing tissues is often  

 

Figure 2. Effect of hypoxia on angiogenic processes. During short-term (hours to days) hypoxia (blue line shows 

oxygen availability), many angiogenic processes, such as endothelial cell proliferation (red line), endothelial 

sprouting (green line), and endothelial cell survival (yellow line) are increased compared with the normoxic situation 

(represented as a dotted line). This is accompanied by a rapid increase in HIF-1α protein (pink dashed line). 

However, during long-term (days to weeks) hypoxia, HIF-2α protein (black dashed line) is more abundantly present 

compared with HIF-1α protein. Unfortunately, the consequence of long-term hypoxia and HIF-2α as the dominant 

HIF is still a black box. 
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accompanied by reduced neovascularization (2, 19, 23, 63, 78). Limited expression of HIF-

1 and HIF-induced angiogenic factors has been observed in chronically hypoxic human leg 

muscle tissue at the time of limb amputation (83). Furthermore, exposure to hypoxia for more 

than 7 days significantly reduced capillary formation of endothelial cells in vitro (19, 23) and 

delayed wound healing in preclinical animal studies (Figure 2) (1, 6, 85). 

 

Although a lot is known about the effect of short-term hypoxia on HIF expression, 

angiogenesis and proliferation, the effect of prolonged hypoxia on HIF-1α and HIF-2α, 

endothelial sprouting and proliferation is still a black box. 

 

Tissue Engineering  

The majority of wounds heal through physiological tissue repair. But if tissue repair fails, 

tissue engineering or regenerative medicine and transplantation is necessary (51). Tissue 

engineering (87), the culture of cells on a biodegradable scaffold ex vivo, and implantation 

into the tissues has allowed select and limited progress toward the repair of some tissues. 

Unfortunately, oxygen diffusion is limited in a cellular tissue-engineered scaffold (36, 43), 

resulting in reduced (hypoxia) or lack of oxygen (anoxia) within the deeper regions of the 

scaffold (12, 43, 59). Moreover, the cell damaging hypoxia in the tissue-engineered graft 

often gives resistance to induce vascularization (12, 36, 43, 59). Usually, neovascularization 

is stimulated on the border between oxygenated and non-oxygenated i.e. hypoxic tissues. 

Consequently, the hypoxic core expands due to resistance to induce vascularization, 

eventually leading to a necrotic area. Therefore, it is important to either prevascularize tissue-

engineered scaffolds by creating a blood vessel network in a scaffold in vitro or create a 

scaffold with an environment (matrix composition, incorporation of blood vessel-generating 

cells and growth factors) that facilitates rapid angiogenesis when implanted in the body. 
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Aim of the study 

It is generally accepted that a short exposure to hypoxia stimulates angiogenesis, 

nevertheless, the endothelial response to hypoxia shifts from a pro- to an anti-angiogenic 

state as the hypoxia continues (Figure 2). Promoting neovascularization in tissues that 

experience prolonged hypoxia is a major problem in several pathological conditions and 

stimulation with angiogenic growth factors results in leaky and non-perfused vessels. 

Therefore, neovascularization has to be stimulated in prolonged hypoxic conditions in a 

controlled way. It has been suggested that HIF-2α, either positively or negatively, regulates 

many steps in the angiogenesis cascade, including loosening of the endothelial barrier, 

endothelial cell migration and proliferation, endothelial sprouting and vessel remodeling and 

stabilization. This indicates that HIF-2α regulates both the initiation and the maturation of 

the endothelial sprout into a functional vessel, but probably through different HIF-2α-

downstream targets. Therefore, manipulating specific downstream targets of HIF-2α 

provides a new to be further evaluated perspective for restoring reduced neovascularization 

in several pathological conditions. 

 

The main aim of this thesis is to evaluate the effect of hypoxia and HIF-2α on the regulation 

of both the initiation and the stabilization of the endothelial sprout during angiogenesis. 

Objectives of this study are: 1) to clarify the effect of prolonged hypoxia on HIF-2α 

expression and endothelial sprouting. 2) To unravel which HIF-2α-downstream genes and 

pathways regulate the initiation of sprouting. 3) To establish through which mechanisms 

hypoxia and HIF-2α regulate endothelial barrier function. 4) To explore the involvement of 

mitochondria in endothelial sprouting. 
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Outline of thesis 

The focus of this thesis is to understand how hypoxia and the HIFs regulate several steps of 

the angiogenesis cascade. In Chapter 2 the important role of HIF-1α and HIF-2α in the 

regulation of angiogenesis during embryogenesis and wound healing are reviewed and 

possible applications in tissue engineering are given. 

 

The effect of short-term (less than 7 days) or long-term (more than 14 days) hypoxia on the 

sprouting capacity of human microvascular endothelial cells (hMVECs) in vitro was 

investigated. Moreover, the involvement of HIF-1α and HIF-2α in the regulation of sprouting 

during prolonged hypoxia was investigated in Chapter 3. 

 

Endothelial sprouting was almost completely inhibited during prolonged hypoxic culturing 

of hMVECs, which was partially restored by silencing of HIF-2α. Chapter 4 describes the 

unraveling of HIF-2α-downstream genes and pathways that could regulate endothelial 

sprouting during prolonged hypoxia. 

 

The first step during angiogenesis is local loosening of the endothelial barrier. The role of 

HIF-2α in endothelial barrier function during hypoxia and possible mechanisms are examined 

in Chapter 5. 

 

Metabolism is regulated in hypoxia and upon HIF-2α silencing, comparable with the 

regulation of angiogenesis in hypoxia and upon HIF-2α silencing. Glycolysis is markedly 

increased, but a contribution of mitochondria is less clear. Chapter 6 investigates the effect 

of prolonged hypoxia on mitochondria and mitochondrial function. Moreover, the effect of 

blocking mitochondrial function on endothelial sprouting was investigated. 

 

Finally, in Chapter 7 the results are summarized and discussed in the context of previous 

and recent developments in the field of angiogenesis and hypoxia. Furthermore, a brief 

overview of the conclusion and future directions are provided. 
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Abstract 

In patients with chronic wounds, autologous tissue repair is often not sufficient to heal the 

wound. These patients might benefit from regenerative medicine or the implantation of a 

tissue-engineered scaffold. Both wound healing and tissue engineering is dependent on the 

formation of a microvascular network. This process is highly regulated by hypoxia and the 

transcription factors hypoxia-inducible factors-1α (HIF-1α) and -2α (HIF-2α). Even though 

much is known about the function of HIF-1α in wound healing, knowledge about the function 

of HIF-2α in wound healing is lacking. This review focuses on the function of HIF-1α and 

HIF-2α in microvascular network formation, wound healing, and therapy strategies. 

 

Keywords: Angiogenesis, HIF-1α, HIF-2α, hypoxia, tissue engineering, wound healing. 
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Introduction 

Injury causes damage to the blood vessels and thereby an interrupted blood flow. Deprivation 

of blood supply will rapidly cause tissue hypoxia, a lack of sufficient oxygen to meet the 

metabolic demand of the tissue. Subsequently, an oxygen gradient will arise between affected 

and non-affected tissue(s) that stimulates the migration and proliferation of endothelial cells 

(ECs) and fibroblasts, and adequate angiogenesis to reconstitute normal blood supply (93). 

As a result, the wound is revascularized and the oxygen concentration in the wound increases. 

If this process fails, a prolonged inadequate vascular supply of oxygen leads to chronic 

hypoxia and can cause non-healing or chronic wounds, such as venous or diabetic ulcers. 

These wounds generally occur in people older than 60 years of age and are caused by a 

combination of 1) the cellular and systemic changes of aging, 2) repeated ischemia-

reperfusion injury, and 3) chronic inflammatory environment due to prolonged infection. 

Acute wounds usually heal in older people without complications, but chronic wounds do 

not. If tissue repair fails, tissue engineering or regenerative medicine and transplantation is 

necessary (90). 

 

Tissue engineering, the culture of cells on a biodegradable scaffold ex vivo, and implantation 

has allowed select and limited progress toward the repair of some tissues. The onset of tissue 

engineering (147) promised the replacement of large or complex damaged organs and 

regeneration of tissues as bone, liver, skin and blood vessels (70). However, the development 

of complex tissues is very complicated and the lack of nutrient and oxygen delivery to and 

removal of waste products from developing tissues has limited the success rate of tissue 

engineering so far. Especially the delivery of oxygen to the highly metabolic active cells in 

the scaffold is a major problem resulting in reduced (hypoxia) or lack of oxygen (anoxia) 

within the deeper regions of the tissue-engineered scaffold (21, 81, 103). Therefore, it is 

important to either prevascularize tissue-engineered scaffolds by creating a blood vessel 

network in a scaffold in vitro or create a scaffold with an environment (matrix composition, 

incorporation of blood vessel-generating cells and growth factors) that facilitates rapid 

angiogenesis when implanted in the body. Unfortunately, this has not been realized yet, 

suggesting that angiogenesis is complicated. 

 

This review focuses on the role of hypoxia and angiogenesis in wound healing and after 

tissue-engineered scaffold implantation. Angiogenesis is highly regulated by hypoxia and the 

transcription factors HIF-1α and HIF-2α. Even though many studies and reviews have been 

published investigated the role of HIF-1α in wound healing (49), less is known about the role 

of HIF-2α in wound healing. 
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Angiogenesis 

Blood vessels can be formed by different processes. Vasculogenesis is the formation of blood 

vessel by endothelial progenitor cells; angiogenesis refers to the sprouting of new blood 

vessels from existing ones, and subsequent stabilization of these new vessels by mural cells; 

and arteriogenesis or collateral growth includes the maturation and enlargement of smaller 

preexisting arterial vessels through vascular remodeling forming collateral bridges between 

arterial networks.  

 

In the healthy body, endothelial cells (ECs) are quiescent; the cells hardly divide (less than 

once in 100-300 days), barely form new sprouts, but perform many physiological functions 

such as barrier between blood and surrounding tissues. Under pathological conditions, 

endothelial cells are activated by growth factors and inflammatory cytokines such as vascular 

endothelial growth factor A (VEGF-A), basic fibroblast growth factor (bFGF), platelet-

derived growth factor (PDGF), and tumor necrosis factor alpha (TNF-α), and the 

microvessels can become leaky. As a consequence, plasma proteins like fibrinogen and 

vitronectin leak from these vessels into the tissue and serve as building blocks for a 

provisional (fibrin) matrix. At the same time, activated ECs degrade their basement 

membrane and the extracellular matrix (ECM) through the upregulation and secretion of 

matrix metalloproteinases (MMPs) and the members of the plasmin-plasminogen activator 

(PA) pathway. Interestingly, many growth factors are sequestered in the ECM and are 

released from the ECM by these and other proteases. The ECs develop into a sprouting 

network of ‘stalk’ cells and a leading ‘tip’ cell. The ‘tip’ cell guides the forming tube that 

migrates into the tissue toward gradients of chemotactic signals, whereas the proliferating 

‘stalk’ cells elongate the tube, form a lumen and form tight junctions. Once the sprout is ready 

to anastomize with the circulation or an adjacent sprout, a normalized vascular phenotype is 

induced by inhibiting the proliferation and migration of the endothelial cells. Simultaneously, 

mural cells including pericytes (in capillaries) and vascular smooth muscle cells (in larger 

blood vessels) proliferate, migrate, and differentiate, and are recruited to the immature 

vasculature to provide vessel stabilization and to regulate vessel perfusion. Finally, a 

basement membrane is formed. The initial wound healing requires a lot of energy and the 

recruitment of substrates and oxygen, which is met by the formation of many microvessels 

(the so-called granulation tissue). Once the healing is completed, a selective ‘pruning’ of the 

vessels occur, which results in a mature system with larger and smaller vessels (29, 57, 68, 

100, 107). 

 

Angiogenesis in tissue repair 

The implantation of a tissue-engineered scaffold results in injury to the tissue, which activates 

the wound healing cascade. Wound healing and tissue repair consist of a highly organized 
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sequence of complex processes that can be divided into hemostasis, inflammation, 

proliferation, and remodeling phases (8, 18, 78, 105) (Figure 1). Injury causes damage to the 

tissue and vessels and therefore the first stage aims at controlling the local bleeding 

immediately, called hemostasis (seconds to hours after injury). The injured vessels constrict 

and deliver blood plasma, proteins and blood platelets into the wound site thereby forming a 

platelet plug. The damaged vessel and platelets activate the coagulation pathway resulting in 

the formation of a fibrin clot (71). This fibrin meshwork enforces the platelet plug, by which 

two important functions are combined: a firm sealing of the damaged blood vessel and the 

generation of a provisional repair matrix. Indeed, activated platelets release many cytokines 

including VEGF-A, PDGF, bFGF, and TNF-α (11, 18, 85, 89), which accumulate in the 

provisional matrix and create a chemotactic gradient that attracts many inflammatory and 

mesenchymal cells such as neutrophils, monocytes, macrophages, endothelial cells, and 

fibroblasts (73). 

 

Inflammatory phagocytic cells infiltrate the provisional matrix, and stimulate the 

inflammation phase (hours to days after injury) to control and remove the injury (84). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A schematic overview of the phases of wound healing over time. After the initial hemostasis phase, 

neutrophils and macrophages dominate the inflammation phase, whereas fibroblasts and endothelial cells are 

predominant during the proliferation phase. During the remodeling phase, fibroblasts and endothelial cells undergo 

apoptosis or exit the wound. Finally, the granulation tissue and vascular network remodel and mature, which can 

last for years. The dotted blue line indicates the time course of oxygen availability. 
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Neutrophils (accumulating within 1-2 days postinjury) and monocytes (2-3 days) digest 

foreign particles, bacteria and dead or dying cells and secrete many pro-inflammatory 

cytokines (33). Both the high metabolic demand of the phagocytes and the impaired supply 

of oxygen to the wound will cause hypoxia within the wound area. Accumulating monocytes 

differentiate during the inflammation phase into macrophages and these macrophages secrete 

growth factors and many pro-inflammatory cytokines thereby amplifying the inflammatory 

response. The macrophages and activated platelets in the wound site release pro-angiogenic 

factors (73) and induce the proliferation phase (2-10 days), which aims at regenerating the 

damaged tissue. This phase includes the proliferation and migration of different cell types 

such as fibroblasts and endothelial cells into the provisional matrix. Furthermore, hypoxic 

tissue cells surrounding the wound also start producing factors, in particular VEGF, which 

induces capillary sprouting (119, 145) and further attracts monocytes (26). The angiogenic 

factors induce ECs forming new capillary-like sprouts, which invade the sealing matrix and 

the hypoxic wound area. This results in the formation of a microvascular network throughout 

the wound providing the healing tissue with nutrients and oxygen. Fibroblasts in close 

proximity to the wound differentiate into myofibroblasts and invade the wound area. They 

contract to bring the edges of the wound together (46). During the remodeling/regeneration 

phase, a delicate balance between the expansion of microvessels and fibroblasts is needed to 

avoid scar formation or tissue weakening (25). Finally, the blood vessels in the granulation 

tissue mature to form a functional vascular network. The remodeling starts after 1-3 weeks 

and can last for years (8, 18, 78).  

 

Vascularization of a tissue-engineered scaffold 

The implantation of a cellularized tissue-engineered scaffold runs through a similar sequence 

of events as wound healing (8). After implantation a surrounding fibrin meshwork is formed 

from the fibrinous exudate around the scaffold. Furthermore, the lack of vascularization will 

soon cause hypoxia within the scaffold, which within a few days can cause cell death of the 

whole or the central part of the scaffold (103). Therefore, rapid revascularization is required 

to preserve the implanted cells. The prerequisites for and sequence of this process are 

comparable to that of wound healing. Central in this process is the cellular response to oxygen 

deprivation. 

 

Cell signaling after oxygen deprivation 

Albeit oxygen represents 21% of ambient air, within the mammalian body the oxygen 

concentrations vary from 13.5% in the lungs, 5-12.5% in the circulation to 0.6-5% in tissues 

(121, 124). Normally, the cardiovascular and respiratory systems ensure an adequate oxygen 

delivery to cells and tissues. The affected tissue area can become hypoxic (105), due to 
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interrupted blood supply after injury or high oxygen consumptions as occurs in inflammation 

(103). This can lead to cellular dysfunction and eventually cell death. 

 

Cells can sense reduced oxygen levels and respond to them by altering gene expression in 

such a way that it conserves energy, promotes cell survival and increases oxygen delivery. 

Both the mRNA transcription and the protein synthesis is altered (14, 65, 143). Many 

pathways are involved including Ca2+ signaling (118), mTOR and MAP kinase pathways (9, 

118), internal ribosome entry sites (IRES) (69), and the unfolded protein response (UPR) (14, 

108). But the most prominent mechanism for cells to respond to hypoxic stress is through the 

transcription factors hypoxia-inducible factors (HIFs). 

 

Regulation of Hypoxia-Inducible Factors 

HIF is a heterodimer consisting of an oxygen-sensitive α-subunit and a constitutively 

expressed β-subunit (53, 102, 137). Both subunits (Figure 2) are part of the basic Helix-Loop-

Helix PER-ARNT-SIM (bHLH-PAS) family of transcription factors and these domains are 

important for DNA binding and dimerization (137). The HIF-α subunits possess  

several domains including an oxygen-dependent degradation domain (ODDD) and two 

transactivation domains (Figure 2). Both the N-terminal transactivation domain (N-TAD)  

and the C-terminal transactivation domain (C-TAD) are essential for the regulation of  

HIF-dependent gene expression Both transactivation domains (N-TAD and C-TAD) are  

essential for the regulation of HIF-dependent gene expression (58, 102).  

  

Figure 2. A schematic representation of the domain structures of the HIFs. The figure shows the structural 

motifs basic-Helix-Loop-Helix (bHLH, in blue), PER/ARNT/SIM (PAS, in yellow), the oxygen-dependent 

degradation domain (ODDD, in green and also spanning the N-TAD region), the N-terminal and C-terminal 

transactivation domains (N-TAD and C-TAD, in pink), and the leucine zipper (LZIP, in white). The positions of the 

prolines hydroxylated by PHDs (prolyl-hydroxylase domain containing enzymes) are indicated by P and the 

asparagines hydroxylated by FIH (factor inhibiting HIF) are indicated by N. Adapted from (76). 
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Three isoforms of the α-subunit exist in mammals; HIF-1α (115) encoded by HIF1A, HIF-

2α (132) encoded by EPAS1, and HIF-3α (80) encoded by HIF3A, which is expressed as 

three splice variants with different protein lengths (HIF-3α667aa, HIF-3α669aa and HIF-3α363aa) 

(Figure 2). Also three paralogues exist of the HIF-β subunit, ARNT1 (aryl hydrocarbon 

receptor nuclear translocator), ARNT2 and ARNT3, but ARNT1 is the primary HIF-1β 

subunit involved in the hypoxic response (60). In the remaining chapters HIF-α refers to HIF-

1α and HIF-2α and HIF-1β refers to ARNT1. 

 

The HIF-α subunit is constitutively transcribed and translated, but has an extremely short 

half-life of 5 minutes due to constitutively degradation of the protein (53, 137). Under normal 

conditions (normoxia), when oxygen is present, (Figure 3), HIF-α is hydroxylated on two 

proline residues in the ODDD by prolyl-hydroxylase domain containing enzymes (PHDs) 

and in the C-TAD on an asparagine residue by factor inhibiting HIF (FIH) (Figure 2) (54, 

59). The proline residues are located in the conserved amino acid sequence LxxLAP; two of 

these sequences exist in HIF-1α (Pro402 and P564) and HIF-2α (Pro405 and Pro531), and 

one sequence exists in HIF-3α (Pro490). The hydroxylated proline residues form a binding 

site for the von Hippel Lindau tumor suppressor protein (pVHL), an E3 ubiquitin ligase, 

which results in ubiquitination of HIF-α and its subsequent degradation by the proteasome 

(54, 86). Hydroxylation on the asparagine residue Asn803 (for HIF-1α) and Asn847 (for HIF-

2α), blocks the interaction of HIF-α with the co-factors p300 and Creb-binding protein 

(CBP), and thereby inhibits the transcription of C-TAD regulated genes. Both PHDs and FIH 

belong to the evolutionary conserved α-ketoglutarate dependent Fe(II)-dioxygenases that 

require iron and ascorbate as co-factors to insert one oxygen atom into prolyl residues and 

the other oxygen atom to split α-ketoglutarate into succinate and CO2 (59, 113).  

 

During hypoxia, the HIF-α subunit escapes hydroxylation and thereby degradation (Figure 

3). Subsequently, HIF-α translocates to the nucleus where it forms a heterodimer with HIF-

β and this complex binds to the hypoxia-responsive elements (HREs), which contain the core 

sequence 5’-(A/G)CGTG-3’ of the HIF-responsive genes (115, 139). These genes regulate 

amongst others proliferation, apoptosis/autophagy, DNA damage response, extracellular 

matrix metabolism, cell migration and invasion, survival, metabolism, inflammation, and an 

increase of oxygen delivery via erythropoiesis and angiogenesis (101, 116). 

 

The HIF-α subunit can also be stabilized under normal oxygen conditions or by 

pharmacological tools despite normal oxygen availability. Inhibition of the enzymatic 

function of PHDs by nitric oxide, reactive oxygen species (ROS), iron chelators and several  
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Figure 3. A schematic representation of the oxygen-dependent regulation of HIF-α. During normoxia, HIF-α is 

hydroxylated by prolyl hydroxylase domain proteins (PHDs) on proline residues. These proline residues are 

recognized by the protein Von Hippel Lindau (pVHL), which results in proteasomal degradation. Upon hypoxia, 

HIF-α is not hydroxylated and subsequently translocated to the nucleus. In the nucleus HIF-α heterodimerizes with 

HIF-β, this allows the co-factors p300 and Creb-binding protein (CBP) to bind to the heterodimer. The complex 

binds to the hypoxia-responsive elements (HRE) and thereby inducing gene expression. Adapted from (154). 

 

metabolic intermediates of the tricarboxylic acid (TCA) cycle such as succinate and fumarate 

can stabilize HIF-α (59, 113, 150). Furthermore, loss-of-function mutations of pVHL, which 

can be present in specific kidney tumors, can cause stabilization of HIF-α (86). Finally, HIF-

α can be stabilized through the activation of the phosphatidylinositol-3-kinase (PI3K), MAP 

kinase and phospholipase Cγ (PLCγ) pathways upon binding of growth factors and cytokines 

such as epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1) (38, 153) to 

their tyrosine kinase receptors or G-protein coupled receptors. Moreover, proteins in the 

MAPK pathway can directly phosphorylate HIF-1α (106, 138), but it is not known whether 

this influences HIF-1α-induced gene transcription. 
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Function of Hypoxia-Inducible Factors 

HIF-1α and HIF-2α-induced gene expression under hypoxia share many similar target genes, 

but also have many unique target genes (51, 128, 140). HIF-1α and -2α regulate similar genes 

synergistically and can partly compensate each other in ECs during embryonic development. 

The C-TAD and N-TAD contribute to the regulation of gene transcription and both are 

necessary to optimally induce gene expression (51). The C-TAD is highly homologous 

between HIF-1α and HIF-2α and promotes the expression of HIF-1α/HIF-2α common genes 

while the N-TAD is less homologous and thus important for target gene specificity (51). The 

HIF-3α splice variants are also homologous to HIF-1α and -2α, but lack the C-TAD and the 

splice variant HIF-3α363aa also lacks the N-TAD (Figure 2). Therefore, HIF-3α363aa cannot 

induce gene expression and is thought to be an inhibitor of HIF-1α and -2α-induced gene 

expression. The splice variants HIF-3α667aa and HIF-3α669aa can induce gene expression but 

very weakly (45, 80, 146). 

 

Although HIF-1α and HIF-2α respond to similar stimuli in the cell, they often control 

different pathways. A central adaptation to hypoxia is the shift toward anaerobic glycolysis. 

HIF-1α guides this shift by promoting the expression of glucose transporters and glycolytic 

enzymes (51, 52, 56, 140). Moreover, during hypoxia, the mitochondria release ROS, which 

can cause DNA damage. HIF-2α suppresses aberrant ROS accumulation by regulating the 

expression of antioxidant enzymes, such as superoxide dismutase-2 (SOD2) and heme 

oxygenase 1 (HMOX1) (12, 114). Moreover, HIF-1α and HIF-2α have antagonistic effects 

on adult and embryonic angiogenesis (122), which will be discussed in detail below. 

 

HIFs and angiogenesis 

HIF-1α 

Prenatal knockout of HIF1A in mice was embryonic lethal due to neural, cardiac and 

angiogenic defects (28, 56, 66, 109). The HIF1A-/- embryos appeared normal at day E8.5, but 

at day E9.5 these embryos displayed vascular defects such as inadequate vessel formation 

and abnormal large endothelial-lined vascular structures that are not rescued by HIF-2α (20, 

56). The embryonic yolk sacs completely lacked organization in the branching of the 

vasculature, although the vessels were fully formed containing erythrocytes (109). Also, the 

dorsal aorta and atrium contained erythrocytes in HIF1A null embryos (66). 

 

HIF1A+/- heterozygote mice were born according a normal Mendelian ratio and appeared 

normal and healthy with normal hematocrit levels (28, 56, 149), but the mice displayed 

impaired pulmonary adaptation to chronic hypoxia (149).  
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Interestingly, endothelial-specific HIF1A-deficient mice developed normally, suggesting 

that for proper vascularization during embryonic development interaction with non-

endothelial cells was pivotal. However, these mice could barely form vessels in tumors or in 

a repair setting in vivo. Notwithstanding, erythrocytes were visible in the few vessels that 

developed, suggesting that those vessels were functional (128). In line with an impaired 

angiogenesis in a pathological setting, under reduced oxygen conditions the proliferation, 

migration, invasion and tube formation was hampered in HIF1A-deficient endothelial cells 

(123, 128) or embryonic stem cells (56). Moreover, HIF1A null endothelial cells could not 

form tubular networks in hypoxia in vitro (128). 

 

Clearly, HIF-1α stimulates processes involved in vessel sprouting and neovascularization 

such as endothelial cell proliferation, migration, and tube formation. 

 

HIF-2α/EPAS1 

While HIF-2α (also called EPAS1, endothelial PAS domain containing protein 1) is 

expressed more selectively than HIF-1α, its expression in endothelial cells is relatively strong 

(132). It is also encountered in several other cell types, such as hematopoietic cells (131) and 

keratinocytes (30).  

 

The generation of HIF2A-/- mice resulted in embryonic or perinatal lethality, but the severity 

of vascular defects depended on the genetic background of the mice. HIF2A-/- embryos 

intercrossed between mice with the same genetic backgrounds showed severe vascular 

defects and died before day E12.5 (35, 98, 114). However, HIF2A-/- embryos intercrossed 

from different mouse strains showed less severe vascular defects, but the degree of the defects 

varied. This is probably caused by compensating mechanisms (27, 98, 114, 131). The yolk 

sacs of HIF2A-/- embryos showed misarranged endothelial cells and smaller blood vessels 

that merged into extensive endothelial sheets. Some organs showed normal vascular 

development but in other organs the small vessels failed to remodel into larger vessels. And 

if large vessels were formed, they were leaky. Re-expression of HIF-2α in endothelial cells 

in HIF2A-/- embryos could rescue 30% of the embryos beyond day E12.5 and large vessels 

were observed that branched into progressively smaller sprouts (35).  

 

Postnatal whole body HIF2A deletion also resulted in reduced erythrocyte levels, hematocrit 

values and hemoglobin levels leading to anemia. Moreover, hematopoietic progenitor cells 

could less differentiate in postnatal HIF2A-/- mice (42). 

 

The HIF2A+/- heterozygote mice were born according a Mendelian ratio and showed no 

vascular defects in the heart, kidneys or retina and had normal hematocrit levels (19, 32, 98, 
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131), but the retinas in HIF2A+/- mice showed reduced neovascularization after oxygen-

induced retinopathy (32). 

 

Endothelial cell-specific HIF2A-/- mice exhibited increased acute vascular leakage in 

response to VEGF stimulation and defective tumor neovascularization (122). HIF-2α-

deficient endothelial cells displayed increased migration, invasion and tube formation, 

reduced adhesion, but no difference in proliferation or viability in vitro under hypoxic 

conditions (98, 122, 123). Also, more new vessels were formed in endothelial-specific 

HIF2A-/- mice, but these vessels failed to remodel into mature, functional blood vessels in 

vivo (123).  

 

Clearly, HIF-2α is involved in restricting angiogenesis-related processes like endothelial cell 

migration and sprouting and promotes vessel remodeling into mature, functional vessels. 

 

HIF-3α 

HIF-3α consists of three human splice variants HIF-3α667aa (in mouse HIF-3α), HIF-3α363aa 

(in mouse IPAS), and HIF-3α669aa (in mouse NEPAS), which are homologous to HIF-1α and 

HIF-2α, but they cannot induce gene expression or very weakly (45, 80, 146).  

Moreover, HIF-3α mRNA is increased after exposure to hypoxia, suggesting that the HIF-3α 

variants are targets of HIF-1α-induced gene expression (126). Both HIF-3α667aa and HIF-

3α363aa are not detectable in embryos (146), but are expressed in adult stages e.g. in the brain 

and eyes (80). HIF-3α669aa is exclusively expressed in the late embryonic stages and early 

postnatal stages with the highest expression in the vessels and the heart (146). 

 

Cells expressing HIF-1α and HIF-2α and one of the HIF-3α variants show decreased levels 

of hypoxia-induced gene expression (45, 80, 146). All the HIF-3α splice variants can bind 

directly to HIF-1α, HIF-2α and HIF-1β. The binding of HIF-3α to HIF-1α prevents the 

translocation of HIF-1α to the nucleus (45). Moreover, the binding of HIF-3α to HIF-1α, 

HIF-2α or HIF-1β inhibits the heterodimerization of HIF-1α-HIF-1β or HIF-2α-HIF-1β and 

thereby the HIF-1α/HIF-2α-mediated gene expression. Overexpression of HIF-1β reversed 

the HIF-3α-mediated suppression of gene expression (146). Apparently, the HIF-3α splice 

variants function as dominant negative regulators of HIF-1α and HIF-2α-mediated gene 

expression when HIF-1β is limiting. 

 

HIF-3α667aa/669aa
-/- mice were born according a Mendelian ratio. These mice appeared normal, 

were viable and fertile, but the lung formation was delayed and the lung remodeling was 

impaired. Moreover, the right atrium and ventricle was slightly enlarged, but the myocardium 

contained many microcapillaries (146). 
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Epithelial cells in the cornea, an avascular and hypoxic tissue, express high concentrations 

of HIF-3α363aa but hardly any HIF-1α. Silencing HIF-3α363aa in the cornea induces 

neovascularization (80).  

 

These data suggest that the splice variants of HIF-3α function as dominant negative regulators 

of HIF-1α and HIF-2α by binding to HIF-1α, HIF-2α and HIF-1β. However, the HIF-3α 

splice variants are not global repressors of the hypoxia-induced gene response, but more 

locally in various tissues such as the cornea. 

 

HIF-1β/ARNT 

Whole body ARNT-/- embryos are embryonic lethal and died before day E10.5 due to defects 

in angiogenesis, cardiogenesis, hematopoiesis and placentation (2, 3, 67, 82, 104). The 

embryos exhibited improper vessel formation, remodeling and maturation. The yolk sacs of 

ARNT-/- embryos at day E8.5 appeared normal and had a normal vascular development. At 

day E9.5 most of the embryonic yolk sacs contained no vasculature and other yolk sacs 

contained some vessels that were not filled with blood. Moreover, the yolk sacs showed 

defective endothelial remodeling; the endothelial cells were fused with each other and the 

few capillaries that were present in the yolk sacs fused into enlarged structures (82, 104). 

Also the heart and dorsal aorta contained less endothelial cells resulting in a disorganized 

vascular network. 

 

ARNT+/- heterozygote mice were born according a Mendelian ratio and all pups were viable 

(67, 104). 

 

90% of EC-specific ARNT-/- embryos died prenatal (148) and these embryos had no blood 

in their umbilical cords or placentas. Although the hearts and livers of these embryos showed 

lesions with hemorrhages and contained more areas lacking vasculature compared with wild-

type embryos, the development and functioning of most organs were not affected by ARNT 

deficiency in endothelial cells. Surprisingly, the live EC-specific ARNT-/- embryos and their 

yolk sacs were indistinguishable from wild-type embryos. These mice were fertile and 

appeared normal. 

 

These data suggest that HIF-1β seems to be involved in embryonic and yolk sac angiogenesis, 

but not in vasculogenesis. 

 

HIF-1α and HIF-2α expression during wound healing 

There is much known about the role of HIF-1α in wound healing. However, recently a paper 

was published investigating the role of HIF-2α in wound healing. 
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HIF-1α expression is increased after tissue injury through hypoxia-dependent and -

independent mechanisms. Immediately after injury, even before detectable hypoxia, TNF-α 

induces HIF-1α expression in primary inflammatory cells (5, 43). In the later inflammatory 

phase, hypoxia is present and stabilizes the HIF-1α protein (43). Moreover, during the 

inflammatory response, HIF-1α and HIF-2α play important roles in the secretion of pro-

inflammatory cytokines in macrophages (55, 99). 

 

In animal models, the effect of HIF-1α in multiple wounding models was examined. During 

spontaneous wound healing in the skin, HIF-1α was abundantly expressed in keratinocytes 

invading the provisional matrix and re-epithelializing the wound and HIF-1α is involved in 

the formation of new capillary sprouts invading the wound clot (37, 128). Moreover, in 

burned tissue, HIF-1α protein levels were increased resulting in the mobilization of 

circulating angiogenic cells, and in vessel formation at the healing margin of granulation 

tissue (151, 152). Burn wounds in mice with HIF1A deletion exhibited delayed wound 

closure and reduced vascularization (111). During acute gastric mucosal injury and 

esophageal ulcer induction, mainly the endothelial cells adjacent to the necrotic tissue of the 

wound bed and regenerating microvessels express increased HIF-1α protein levels (10, 125). 

 

Chronic wounds are characterized by persistent inflammation, lack of proliferative cells, and 

increased proteolytic activity preventing sufficient extracellular matrix deposition (6). 

Reduced levels of HIF-1α protein have been documented in a number of chronic conditions 

associated with impaired wound healing including diabetes and aging (17, 23, 152). In 

diabetic wounds, high glucose concentrations impair both HIF-1α stabilization via VHL-

mediated degradation although HIF-1α mRNA was expressed (17, 22, 79) and HIF-1α 

induced gene transcription by influencing the activity of the N-TAD and C-TAD. Therefore, 

despite the increased hypoxia in diabetic wounds, HIF-1α protein levels are decreased and 

the transcriptional activity was reduced. Moreover, during aging, PHD levels are upregulated 

leading to increased HIF-1α degradation even under hypoxic conditions (23). 

 

Surprisingly, the impaired wound healing in diabetic or aged wounds seems to be reversible; 

upon over-expression of a constitutively active form of HIF-1α, HIF-1α protein levels were 

increased in the granulation tissue, and the epithelial regeneration and angiogenesis in both 

the wound bed and proximal skin were improved. Moreover, the number of total vessels was 

increased and the overall diabetic wound healing was improved (17, 77, 79, 129).  

HIF-2α protein was stabilized at the wound margin in full-thickness dermal wounds with the 

highest expression after 5 days. Surprisingly, in contrast to HIF-1α, HIF-2α probably impairs 

wound healing since HIF2A-/- in keratinocytes showed increased migration and wound 



Review: Hypoxic signaling during tissue repair and regenerative medicine 

 

39 

healing (30). In addition, endothelial-specific deletion of HIF2A in mice resulted in increased 

sprouting, but less functional vessels (123). 

 

Tissue Repair / Tissue engineering 

Comparable to healthy tissue, injured tissue and tissue-engineered scaffolds require blood 

vessels for their oxygen and nutrient delivery and waste product removal. However, oxygen 

diffusion is limited in a cellular tissue-engineered scaffold (61, 81), and cells located more 

than 100 μm from the nearest capillary blood vessel experience hypoxia (21, 103). Therefore, 

new microvascular network formation is a critical component of wound healing and tissue 

regeneration (31, 48, 112, 133). Moreover, blood vessels transport signaling molecules such 

as angiogenic factors to stimulate endothelial sprouting during wound healing and reestablish 

a connection from the avascular zone to the circulation.  

 

Therapeutic angiogenesis 

Angiogenesis is dependent on a proper balance between pro- and anti-angiogenic factors (68) 

and between sprout-inducing and –inhibiting factors (100). An imbalance between these 

factors will cause chaotic, irregular, and leaky vessels with many avascular and hypoxic 

areas, a situation often observed in tumors (40, 44, 83). Tumor cells proliferate fast and 

therefore tumors frequently have hypoxic areas. These hypoxic areas stimulate tumor 

angiogenesis and the newly formed vessels are involved in the metastatic characteristics of 

tumors. Moreover, the hypoxic environment and leaky vessels counteract tumor therapy; 

chemotherapy cannot be delivered to the tumor due to poor perfusion of the vessels (40) and 

oxygen is required for the cytotoxic effect of ionizing radiation, which is inhibited in hypoxic 

environments (47). Therefore, a delegate balance between stimulating and inhibiting 

angiogenesis is very important. 

 

Inhibiting angiogenesis  

Therapeutic inhibition of angiogenesis appears to be very complicated. Inhibiting 

angiogenesis was thought to be a treatment for tumors. Even though in different tumor mouse 

models blocking VEGF or the VEGF receptor 2 (VEGFR2 or KDR) with inhibitors was 

shown to effectively reduce tumor vasculature or disrupt the existing vasculature, the tumors 

were more aggressive and invasive (83, 96). And after the treatment was stopped, the tumor 

vessels regrew to the same number and irregularity as before treatment (83). 

 

Although wound healing requires angiogenesis (48), excess connective tissue density and 

excessive newly formed vessels could reduce the overall quality of the healed wound, as 

demonstrated by the use of a broad-spectrum angiogenesis inhibitor (16). 
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Stimulating angiogenesis 

Also, the stimulation of angiogenesis is more complicated than initially thought. The 

formation of initial sprouting during angiogenesis is highly stimulated by growth factors and 

the majority of these factors are stimulated by hypoxia and the HIFs, which induce amongst 

others, the potent angiogenesis stimulator VEGF-A (68, 117). Hypoxia and the HIFs 

stimulate processes such as endothelial cell survival, proliferation, capillary sprouting and 

the directed migration of endothelial cells toward a chemotactic gradient, as well as the 

recruitment of pericytes and the eventual inhibition of proliferation and migration once a 

functional sprout has been formed (57, 68, 107). 

Injection of high concentrations of VEGF induced tortuous and leaky newly formed vessels 

in rodents (95, 130). Injection of high concentrations of VEGF, however, was not sufficient 

to induce neovascularization in the retina of primates (95). Moreover, treatment of wounds 

with VEGF did not improve wound healing, and high concentrations even impaired wound 

healing (136). 

 

It is thought that the usage of autologous stem cells could be beneficial for repairing or 

regenerating injured tissues. Recently, Sánchez Muñoz et al (110) showed in an artificial skin 

substitute model of fibroblasts and keratinocytes embedded in a fibrin matrix that capillary-

like structures were only formed when human umbilical cord endothelial cells were 

implanted in the fibrin matrix in combination with human adipose-derived mesenchymal 

stem cells. These capillary-like structures were lined with CD31+ and vWF+ cells, suggesting 

that these lining cells are endothelial cells. 

 

Angiogenesis and hypoxia as therapeutic tools in tissue engineering and tissue repair  

A prevascularized scaffold requires the isolation of cells from the patient, followed by in 

vitro expansion and conditioning of cells within the scaffold before implantation. However, 

stimulating the formation of a vascular network in vitro is complicated. It was thought that 

endothelial cells cultured in a matrix in the presence or absence of angiogenic factors in vitro 

could generate a primitive vascular network that would be sufficient to vascularize the 

scaffold. Although the primitive vascular network was formed and could form anastomoses 

with the host vessels (39, 134), the engineered vessels were only functional upon introduction 

of anti-apoptotic genes (112). During the transfer of a prevascularized tissue-engineered 

scaffold from an oxygenated in vitro environment to a less oxygenated in vivo implantation 

site, the oxygen level drops. Moreover, the generated vascular system has to connect to the 

vascular network of the patient soon after implantation to maintain viability of the seeded 

cells (48); the cells on the outside of the tissue-engineered scaffold consume high amounts 

of oxygen resulting in an oxygen gradient from the outside toward the inner part of the 
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scaffold, where almost no oxygen is available (21, 61, 103). The result is cell death and 

degradation of the non-perfused capillary network (41, 103). 

 

A similar oxygen gradient is present in injured tissues and this oxygen gradient stimulates 

the expression and secretion of cytokines and growth factors and therefore the migration and 

proliferation of endothelial cells and fibroblasts. Moreover, epithelialization is increased in 

hypoxia and angiogenesis is stimulated (93, 94, 119, 120) leading to revascularization in the 

newly formed granulation tissue and subsequent wound healing. Therefore, it has put forward 

that short term exposure to hypoxia stimulates tissue repair and angiogenesis (127). However, 

if the decreased oxygen levels persist inside the scaffold, the cells will die. Prolonged severe 

hypoxia decreases the proliferation rate and granulation tissue synthesis in fibroblasts in 

vitro, causes vascular degeneration and eventually endothelial cells will undergo apoptosis 

(6, 120). Moreover, clinical animal studies have shown that wound healing is delayed under 

prolonged hypoxia and low oxygen levels were found in non-healing chronic wounds. The 

delay in wound healing was due to reduced granulation tissue production and delayed 

epithelialization (4, 15, 144), and lack of oxidants required for the prevention of wound 

infection (7, 63, 64, 127). In vivo, oxygen levels between 0.5-1.5% were measured at the 

threshold between the epicenter of the wound and the granulation tissue; leukocytes were 

observed in this area whereas proliferating fibroblasts were only found in areas with higher 

oxygen levels. 

 

HIF-1α and HIF-2α as therapy? 

As mentioned above, tissue repair and tissue engineering require the formation of a mature 

vascular network and a proper connection to the host vessels. The induction of a mature 

vascular network is dependent on a precise balance of many pro- and anti-angiogenic factors. 

In this induction, HIF-1α and HIF-2α play in part different roles. Amongst many functions, 

HIF-1α is a strong inducer of capillary sprout formation in particular by inducing VEGF-A 

transcription in all cells (145). HIF-2α has a more balancing role not only by a more selective 

expression, but in particular because in endothelial cells it induces sprout stabilization (123) 

and its VEGF-inducing capacity is weaker than that of HIF-1α (92). 

 

Overexpression of HIF-1α by gene transfer (62) or by blocking HIF-1α degradation (36, 74, 

75, 97, 135) can stimulate angiogenesis and non-leaky vessels in multiple animal studies. 

Reduced levels of HIF-1α impair angiogenesis (151). Interestingly, overexpression of HIF-

1α in chronic wounds in diabetic or aged mice improved the healing, granulation tissue 

formation, and angiogenesis in both the wound bed and proximal skin (17, 77, 79). The iron 

chelator deferoxamine increased the binding of HIF-1α to its co-factor p300 and thereby 

normalized the high-glucose induced reduction in VEGF expression. This resulted in 
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increased neovascularization, granulation tissue formation and enhanced wound healing rate 

in diabetic mice (129). Therefore, topical application of deferoxamine might be a potential 

candidate for improving wound healing in diabetic patients that should be further evaluated. 

 

On the other hand, consistent increased levels of HIF-1α, but not HIF-2α, are associated with 

hypertrophic scars and system sclerosis. These scars express increased levels of profibrotic 

and growth factors and contain many hyperproliferative cells, excessive deposition of 

collagen and increased vasculature (1, 34). Furthermore, HIF-1α is highly expressed in many 

tumors due to hypoxia-dependent and –independent mechanisms and is correlated with tumor 

growth and a more aggressive tumor phenotype (13, 87, 116). Enhancement of HIF-1 activity 

might therefore be counterindicated in tumor or tumor-prone individuals. Indeed, several 

HIF-1 inhibitors are in clinical trials (88), and these inhibitors reduce tumor vascularization 

and tumor growth in mice (72). On the contrary, selective HIF-1 modulating agents, like PHD 

inhibitors already receive (clinical) interest as a means to increase erythropoietin production 

in the kidney and subsequent erythropoiesis (50, 91). 

 

HIF-2α was expressed in wounds with the highest expression a couple of days after 

wounding. This suggests an involvement in wound repair. Reducing HIF-2α expression in 

keratinocytes increased the rate of wound healing (30). Moreover, mice with an endothelial 

cell-specific HIF2A deletion produced increased numbers of small vessels and capillaries but 

failed to remodel them into mature, functional blood vessels. In addition, deletion of delta-

like 4 (Dll4), a target gene of HIF-2α, showed an increase in capillary formation but these 

capillaries were disorganized (123). These observations are compatible with a capillary-

stabilizing role of HIF-2α (123). This makes HIF-2α a potentially attractive target for 

modulating angiogenesis in tissue repair.  

 

HIF-2α can be modulated by direct stimulation of its expression or indirectly by influencing 

factors that modulate HIF-2α expression. For example, EC-specific deletion of KEAP1 

(Kelch-like ECH-associated protein 1) in mice reduced the hypoxia-induced HIF-2α and Dll4 

expression, while it increased Nrf2 (NF-E2–related factor 2) expression in murine retinas. 

The KEAP1-/- retinas showed hypersprouting, similar as observed when Dll4 was blocked in 

wild-type retinas. Silencing of KEAP1 also increased HIF-1α expression in hypoxia, 

suggesting that silencing KEAP1 disturbs the balance between HIF-1α and HIF-2α toward 

sprouting (142). An interesting alternative approach was reported by Chen et al (24), who 

silenced the tumor suppressor Int6/eIF3e in normoxic mice. Silencing of Int6/eIF3e resulted 

in a 2-fold increased expression of HIF-2α, without affecting HIF-1α. Mice injected with 

siRNA-Int6 showed enhanced neovascularization and excisional wound healing both in 

control and diabetic mice. This increase in neovascularization was completely abolished by 
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silencing HIF-2α simultaneously, suggesting that this improvement was dependent on HIF-

2α. In this particular condition, HIF-2α stimulated both vascular sprouting and stabilization. 

 

Before a translation to man can be made, an additional aspect has to be taken into account in 

particular regarding the use of HIF-modulating agents in chronic wounds. One has to consider 

that in advanced diabetes patients often the proximal arteries have also been affected, which 

interferes with an adequate blood supply to the chronic wound and may require additional 

treatment. Mice with an EC-specific HIF-2α deletion displayed less collateral arteries and 

smooth muscle recruitment to the collateral arteries after femoral artery ligation (123) 

indicating that HIF-2α also plays a arterial remodeling and improving blood supply. 

Moreover, albeit HIF-1α is highly expressed in limb muscles exposed to short term hypoxia, 

where it can function as a stimulator of wound healing, in limb muscles with chronic hypoxia 

HIF-1α is hardly expressed (141). This indicates that a precise balance between HIF-1α and 

HIF-2α is necessary for a proper induction of sprouting and maturation of blood vessels. 

 

Conclusions 

Almost every stage of normal wound healing is influenced by hypoxia and the HIFs. In 

response to hypoxia, HIF-1α and HIF-2α are stabilized and induce the expression of many 

downstream target genes involved in many processes including angiogenesis, proliferation 

and cell survival. HIF-1α stimulates angiogenic processes involved in vessel sprouting and 

neovascularization whereas HIF-2α promotes vessel remodeling into mature, functional 

vessels. Deficiency of HIF-1α can lead to non-healing chronic wounds whereas 

overexpression of HIF-1α can improve wound healing but could also induce hypertrophic 

scars and tumor growth. HIF-2α impairs wound healing and deficiency of HIF-2α improves 

wound healing. Modulation of HIF-1α or HIF-2α expression through both positive and 

negative regulators may provide a promising therapeutic to improve wound healing. 

However, the complexity of the HIF signaling pathway and existence of multiple HIF and 

PHD isoforms present a continuing challenge to the development of clinically effective 

targeted HIF therapies. But, manipulating specific downstream targets of HIF-1α and HIF-

2α could improve the wound healing in chronic hypoxic wounds and the success of tissue-

engineered scaffold implantation. 
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Abstract 

Background: During short-term hypoxia, Hypoxia Inducible Factors (particular their 

subunits HIF-1α and HIF-2α) regulate the expression of many genes including the potent 

angiogenesis stimulator VEGF. However, in some pathological conditions chronic hypoxia 

occurs and is accompanied by reduced angiogenesis.  

 

Objectives: We investigated the effect of prolonged hypoxia on the proliferation and 

sprouting ability of human microvascular endothelial cells and the involvement of the HIFs 

and Dll4/Notch signaling.  

 

Methods and Results: Human microvascular endothelial cells (hMVECs), cultured at 20% 

oxygen for 14 days and seeded on top of 3D fibrin matrices, formed sprouts when stimulated 

with VEGF-A/TNFα. In contrast, hMVECs precultured at 1% oxygen for 14 days were viable 

and proliferative, but did not form sprouts into fibrin upon VEGF-A/TNFα stimulation at 1% 

oxygen. Silencing of HIF-2α with si-RNA partially restored the inhibition of endothelial 

sprouting, whereas HIF-1α or HIF-3α by si-RNA had no effect. No involvement of 

Dll4/Notch pathway in the inhibitory effect on endothelial sprouting by prolonged hypoxia 

was found. In addition, hypoxia decreased the production of urokinase-type plasminogen 

activator (uPA), needed for migration and invasion, without a significant effect on its 

inhibitor PAI-1. This was independent of HIF-2α, as si-HIF-2α did not counteract uPA 

reduction.  

 

Conclusion: Prolonged culturing of hMVECs at 1% oxygen inhibited endothelial sprouting 

into fibrin. Two independent mechanisms contribute. Silencing of HIF-2α with si-RNA 

partially restored the inhibition of endothelial sprouting pointing to a HIF-2α-dependent 

mechanism. In addition, reduction of uPA contributed to reduced endothelial tube formation 

in a fibrin matrix during prolonged hypoxia. 

 

Keywords: angiogenesis, hypoxia, HIF-2α, human primary endothelial cells 
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Introduction 

Angiogenesis is important for growth, development and proper wound healing, but is also 

associated with several pathological conditions, such as tissue ischemia, solid tumors, 

rheumatoid arthritis and adult macular degeneration of the eye (6). Usually, these disorders 

are accompanied by loss of adequate blood supply or enhanced metabolic demand, leading 

to reduced oxygen tension (hypoxia) in the tissue. Not surprisingly, hypoxia is considered to 

be one of the most potent initiators of angiogenesis in vitro and in vivo (35, 43, 55). Despite 

the impact of hypoxia on continuing angiogenesis in tumors and expanding tissues, prolonged 

hypoxia in poorly perfused or healing tissues is often accompanied by a resistance to 

neovascularization (2, 15, 18, 48, 55). Limited expression of Hypoxia Inducible Factor-1 

(HIF-1) and HIF-induced angiogenic factors has been observed in chronically hypoxic 

human leg muscle tissue at the time of limb amputation (58). Resistance to vascularization 

may also become problematic when a tissue-engineered graft is implanted in the body. The 

graft soon encounters a severe and cell damaging hypoxia, which can only be counteracted 

by rapid restoration of perfusion, i.e. induction of neovascularization and connection to the 

circulating blood (7, 26, 34, 46). While angiogenesis may be induced at the border between 

graft and perfused host tissue, it does often not penetrate adequately into the grafted tissue. 

Therefore, there is a need of overcoming endogenous inhibitory factors that prevent induction 

of angiogenesis in severely hypoxic tissues. 

 

Despite the progress in knowledge on inhibiting angiogenesis (36, 40), little is known about 

the stimulation of angiogenesis during long-term hypoxia. Immediately upon hypoxia 

exposure HIF-1α is stabilized in cells and subsequently transferred to the nucleus, where it 

forms the transcription factor HIF-1 and induces the expression of many genes including 

VEGF-A. Exposure of endothelial cells to high concentrations of VEGF-A and other 

angiogenic growth factors induces tortuous and leaky newly formed vascular structures that 

are not adequately perfused (39, 57). However, besides the initiation of the angiogenesis 

process by the HIF-1α-mediated VEGF/VEGF receptor pathway (13, 47), the response of 

endothelial cells to hypoxia is more complex and involves the activation of both HIF-1α and 

HIF-2α. The balance between HIF-1α and HIF-2α has been proposed as a regulator of 

(excessive) sprouting and (extensive) elongation of new endothelial structures (52). 

Endothelial-specific deletion of HIF-2α pointed to a role of HIF-2α in the regulation of 

angiogenesis in mouse lungs. Moreover, HIF-2α was indicated as an important regulator of 

Dll4/Notch signaling pathway by hypoxia, thus modulating endothelial sprouting in mouse 

lungs (51, 52). Recently Gong et al (17) reported that HIF-2α was involved in hypoxia-

induced improvement of the endothelial barrier function of lung endothelial cells, a process 

involving VE-cadherin and the tyrosine phosphatase VT-PTP. These data were obtained in 
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short-term hypoxia, i.e. evaluation occurred within 1-2 days. Alternatively, Ginouvès et al 

(16), who evaluated prolonged hypoxia, suggested that downregulation of HIF-1α and HIF-

2α occurs after prolonged (7 days) hypoxia by upregulation and over-activation of prolyl 

dehydrogenases (PHDs), in particular to prevent HIF-induced apoptosis and cell death. This 

also may affect the induction of angiogenesis. These findings indicate a need for better 

understanding the effect of prolonged hypoxia on sprouting angiogenesis and the role of HIF-

2α therein.  

 

Previously we have described a model to study the formation of endothelial tubes by human 

microvascular endothelial cells (hMVECs) in 3D fibrin matrices (28). Endothelial tube 

formation required angiogenic growth factors, enhanced by TNFα and was dependent on 

pericellular proteolysis generated by the urokinase/plasmin system (28, 29, 37) or MMP14 

(9, 10, 24, 31, 53). Similar as other investigators (27, 35, 43), we observed previously a 

stimulation of tube formation in short-term hypoxia (30). Subsequently we created a method 

to study endothelial behavior in prolonged hypoxia by using a hypoxic workstation that 

allowed handling and culture medium refreshment of the cells in a continuous low oxygen 

atmosphere. Under these conditions a severely hampered endothelial tube formation by 

hMVECs was observed in prolonged hypoxia. Here we report on these observations and 

demonstrate that inhibition of HIF-2α expression, but not HIF-1α, can partly overcome the 

tube forming inhibition caused by prolonged hypoxia. 

 

Material and Methods 

Cell culture 

The study was executed in accordance with the Declaration of Helsinki and was approved by 

the University Human Subjects Committee of the VU University Medical Center. Written 

informed consent was obtained from all donors in accordance with the institutional 

guidelines. Human microvascular endothelial cells (hMVECs) were isolated from foreskin, 

kindly provided by the Department of Dermatology (VUmc, Amsterdam), cultured and 

characterized (CD31, vWF, Ulex europaeus lectin-1 binding, VE-cadherin) as previously 

described (20, 22). hMVECs were cultured on 1% gelatin-coated culture plates in culture 

medium consisting of Medium 199 supplemented with 100 U/ml penicillin and 100 mg/ml 

streptomycin (p/s), 2 mM L-glutamine (all Lonza, Verviers, Belgium), 5 U/ml heparin (Leo 

Pharmaceutical Products, Weesp, The Netherlands), endothelial cell growth factor (ECGF, 

crude extract from bovine brain), 10% heat-inactivated human serum (HSi, PAA 

Laboratories, Pasching, Austria) and 10% heat-inactivated newborn calf serum (NBCSi, 

Lonza). Medium was changed every 48 hours. Confluent cells were washed with 0.5 mM 

EDTA (Merck Millipore) in HBSS, trypsinized (0.05% trypsin in EDTA/HBSS, Lonza) and 
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seeded in a 1:3 density. Cells were cultured at 37°C in a water-saturated atmosphere of 95% 

air and 5% CO2. hMVECs were used until passage 10. Human lung microvascular endothelial 

cells (lung hMVECs) were cultured and characterized as previously described (20). 

 

Hypoxic cell culture 

Hypoxic cell culture conditions were maintained inside a custom designed hypoxic 

workstation (T.C.P.S., Rotselaar, Belgium), with CO2 and O2 controlled (via injection of N2), 

humidified incubators (Sanyo, Ettenleur, The Netherlands), placed inside a T4 glovebox 

(Jacomex, Dagneux, France) equipped with an O2X1 oxygen transmitter (GE Panametrics, 

Billerica, USA). The oxygen concentration inside the incubators were continuously 

monitored with an internal zirconia sensor and periodically checked with O2 test tubes 

(Drager Safety, Zoetermeer, The Netherlands). To prevent re-oxygenation during hypoxic 

culturing, all media and buffers were transferred into the hypoxic workstation through a lock 

and pre-incubated for 4h before use. For the long-term hypoxic culture of hMVECs, isolates 

were cultured for 2 passages (~14 days) inside the hypoxic workstation. 

 

PreSens Oxo Dish 

Medium containing 20% oxygen was added to a 24-wells Oxo Dish® (PreSens, Regensburg, 

Germany), which contains a sensor spot at the bottom of each well, in the hypoxic 

workstation. With 5 minute intervals, the decrease in oxygen concentration was measured 

with a SDR SensorDish® Reader (PreSens) connected to a computer. The increase in oxygen 

concentration after addition of 1% oxygen-containing medium to a 24-wells Oxo Dish® in 

atmospheric air followed a similar procedure. 

 

In vitro tube formation assay 

3D human tube formation was evaluated as previously described (28). 2 mg/mL fibrinogen 

(Stago bnl Leiden, The Netherlands) was dissolved in M199 medium + p/s. Thrombin (0.05 

U/mL) was added to the fibrinogen solution and 100 μL was immediately added to the wells 

of a 96-well plate. For polymerization, plates were incubated for one hour at room 

temperature followed by one hour at 37°C. Thrombin was inactivated by addition of serum-

supplemented culture (SSC) medium consisting of Medium 199 with p/s supplemented with 

10% HSi, 10% NBCSi and 2 mM L-glutamine. hMVECs, precultured for 14 days at 20% or 

1% oxygen, were seeded in a confluent density on top of the fibrin matrices. After 24 hours, 

and subsequently at 48h intervals, the hMVECs were stimulated with SSC medium with 10 

ng/ml tumor necrosis factor-α (TNFα, Sigma, St Louis, USA) and 25 ng/ml Vascular 

Endothelial Growth Factor (VEGF, Invitrogen, Carlsbad, USA) or 10 ng/ml TNFα and 10 

ng/ml basic fibroblast growth factor (bFGF, Preprotech, London, UK). The experiments were 

terminated by fixation with 2% paraformaldehyde/HBSS for two hours at room temperature. 
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The formation of tube-like structures into the fibrin matrices was analyzed by phase contrast 

microscopy and Optimas image analysis software (Media Cybernetics). 

When indicated, human recombinant uPA (hr-uPA; equivalent to 174,000 IU/mg; a gift from 

Dr Willem Nieuwenhuizen, Gaubius Institute Leiden) was added in different concentrations 

(from 2.5 to 20 ng/mL) to the SCC medium with VEGF and TNFα. 

 

ELISA 

For enzyme-linked immunosorbent assay (ELISA) determination of soluble uPA and PAI-1 

antigens, supernatants were collected from the 3D tube formation assay 72 hours after 

stimulation and assayed as previously described (28, 56). The monoclonal uPAR-blocking 

antibody H-2 came from Boehringer Mannheim, Penzberg, Germany (4) and was used to 

determine the overall internalization of the uPA:PAI-1 complex by blocking the uPA binding 

to uPAR, as previously described (29). 

 

Transfection method 

30x104 hMVECs (on 10 cm2) were transfected with 25 nM of indicated si-RNA (si-HIF-1α 

and si-HIF-2α were custom designed and obtained from Qiagen (Venlo, The Netherlands) 

and si-HIF-3α, si-uPA, si-uPAR, si-PAI-1 were ordered as FlexiTube from Qiagen) using 

DharmaFECT (GE Dharmacon Lafayette, CO). In short; hMVECs were transfected with 2 

mL 10% HSi/M199 containing 2.5 μL DharmaFECT transfection reagent Type 1 and si-

RNA. 18 hours after transfection, cells were refreshed with culture medium to start 

experiment. 

 

Proliferation Assay 

hMVECs were seeded in a density of 10x103 cells/cm2 on 1% gelatin-coated plates in 20% 

and 1% oxygen conditions (in triplicate wells for each condition). Every day phase-contrast 

pictures were taken with a Qimaging camera on a Zeiss microscope connected to a computer 

with Optimas image analysis software (Media Cybernetics). ImageJ was used to count the 

number of cells. Inside the hypoxic workstation, the camera was attached to the phase-

contrast microscope, and a similar procedure was followed to determine the hMVEC 

proliferation. In addition, cell division was quantified after incorporation with 5-ethynyl-2’-

deoxyuracil (EdU) (Invitrogen) and DAPI, over a 24 h period at normoxic or hypoxic 

conditions following manufacturer’s instruction. To avoid any effect of initial cell density 

equal numbers of cells that were precultured for a period of 14 day in normoxic or hypoxic 

conditions were used (8000 cells/cm2 seeded in Ibidi slides 80826 treated) and quantification 

using SlideBook 6 software (3i Intelligent Imaging Innovations, GmbH, Göttingen, 

Germany) occurred in six fields of duplicate wells using 3 different donors. 
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Western Blot 

15x104 hMVECs (on 5 cm2) were washed with PBS and lysed in Laemmli Sample Buffer 

(Bio-Rad, Hercules, USA) with 5% β-mercaptoethanol. Protein was separated on an 8% 

SDS-polyacrylamide gel and electrophoretically transferred onto nitrocellulose membrane 

(Amersham, Uppsala, Sweden) in a buffer of 192 mM glycine, 25 mM Tris (pH 8.3) and 10% 

(v/v) methanol. The membranes were blocked with 5% (w/v) non-fat milk in 137 mM NaCl, 

20 mM Tris (pH 7.6) and 0.1% Tween 20 (TBST) for 90 minutes, followed by overnight 

incubation at 4°C with the primary polyclonal antibodies (anti-HIF-1α 1:250 (Cayman 

chemical; 10006421), anti-HIF-2α 1:500 (Novus Biologicals; NB100-122)) in TBST + 5% 

non-fat milk. Subsequently, the blots were washed three times with TBST and incubated for 

90 minutes at room temperature with horseradish-conjugated goat-anti-rabbit antibodies 

(1:5000) or horseradish-conjugated goat-anti-mouse antibodies (1:5000) (Dako, Darmstadt, 

Germany) in TBST + 5% nonfat milk as a conjugate. The bands were visualized with 

enhanced chemiluminescence (Sigma) on a LAS3000 machine (Fujifilm, Japan). 

 

RNA isolation and quantitative Real-time PCR 

hMVECs were cultured for 14 days at normoxic or hypoxic conditions. Upon confluency, 

cells were starved for 18 hours in SSC medium and afterwards stimulated with VEGF (10 

ng/mL) and TNFα (10 ng/ml) in SSC medium for 24 hours. Total RNA was isolated by using 

the RNeasy Mini kit according to manufacturer’s protocol without the DNAse treatment 

(Qiagen). Subsequently copy DNA (cDNA) was synthesized of 1 μg RNA using the Cloned 

AMV First Strand cDNA Synthesis Kit from Invitrogen with poly(T)primers. β-2-

microglobulin was used as the endogenous reference gene. To measure gene expression, 

quantitative Real-time PCR (qRT-PCR) was performed in duplicate wells using SYBR Green 

in an ABI 7500 sequence detection system (Applied Biosystems, Foster City, USA). Briefly, 

10 μl mix was prepared using 20 ng cDNA, 100 nM forward primer, 100 nM reverse primer 

and MESA Green QPCR Mastermix Plus for Sybr Assay (Eurogentec, Seraing, Belgium). 

Protocol: 2 min 50°C, 10 min 95°C and 40 cycles (0:15 min 95°C, 1:00 min 60°C) and 

dissociation curve. Relative expression levels of target genes (see also S1 Table) were 

calculated with the reference gene β-2-microglobulin with the comparative Cq method, as 

described by Wong et al (60). 

 

Statistical analysis 

Statistical analysis was performed using repeated measures ANOVA or TWO-way ANOVA 

with Bonferroni post-hoc test. Numbers of replicates and significant P-values are indicated 

in the text or figures. P<0.05 was considered significant. Results are shown as mean ±SEM 

or ±SD. 
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Results 

Generating hypoxic cell culture conditions 

Human microvascular endothelial cells (hMVECs) isolated from the foreskin were 

precultured at ambient air/ 5% CO2 atmosphere (20% O2, further indicated as normoxia) or 

at 1% O2/ 5% CO2 (further indicated as hypoxia). The hypoxic conditions were maintained 

inside a custom-designed hypoxic workstation with CO2 and O2-controlled humidified 

incubators and a microscope inside the hypoxic workstation (Supporting Figure 1). To 

prevent reoxygenation, culture media, enzyme solutions and buffers were transferred into the 

workstation via a lock and pre-incubated at 1% oxygen before use. As revealed by PreSens 

Oxo dish® measurements, it takes several hours before oxygen levels of 500 μL (grey line; 

Supporting Figure 2A) in a 2 cm2 well drop from 20% to 1% oxygen. Moreover, the 

microscope inside the hypoxic station was used to monitor the cells, since a period of only 5 

minutes at ambient air will increase the oxygen levels of a small volume of hypoxic medium 

(250 μL; black line; Supporting Figure 2B) to 10% O2, which causes rapidly reoxygenation 

of the cells. 

 

Human endothelial cells are viable and proliferate in prolonged hypoxia 

As a model for chronic hypoxia, endothelial cells were cultured for 2 passages (~14 days) in 

hypoxic conditions preceding the experiments. After 14 days of culturing in 1% oxygen 

hMVECs were still viable (>98% trypan blue exclusion) and formed a tight confluent 

monolayer (Figure 1A). To determine whether their proliferative capacity was altered during 

prolonged hypoxia, cell numbers were daily monitored for several passages in normoxic and 

hypoxic conditions during a period of 17 days. Depending on the cell isolation used, no 

difference or even a slight increase in cell number was found in hypoxic cultured cells 

compared with normoxic cultured cells (Figure 1B). Similarly, quantification of EdU 

incorporation as measurement of cell proliferation controlled by DAPI staining revealed no 

significant difference in proliferation capacity between normoxic and hypoxic precultured 

cells (45.6% ± 7.8 and 52.0% ± 9.1 in normoxic and hypoxic cultures, respectively, n=3 

donors, see Supporting Figure 3).  

 

Prolonged hypoxia impairs endothelial sprout formation 

hMVECs, precultured for 14 days in normoxia or hypoxia, were seeded on top of 3D fibrin 

matrices and subsequently incubated at 20% O2 or 1% O2. The normoxic precultured cells 

formed sprouts in normoxia when stimulated with the combinations of VEGF-A/TNFα  

or bFGF/TNFα for 7 days (Figure 2A), whereas the normoxic precultured cells  

formed significantly less sprouts after 7 days in hypoxia upon VEGF-A/TNFα and 

bFGF/TNFα stimulation (60±6% and 59±10% inhibition respectively; Figure 2B). 
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Figure 1. Effect of hypoxia on human microvascular endothelial cell proliferation. hMVECs were cultured in 

normoxia (20% O2, grey circles) or hypoxia (1% O2, black squares) for 17 days. (A) Photos of confluent monolayers 

of hMVECs on day 17 are shown. The white scale bar represents 1 mm and the black scale bar represents 0.1 mm. 

(B) Photos were taken every day and analyzed with ImageJ software, the arrows indicate days that cells were 

passaged 1:3. Representative experiment out of 3 independent hMVEC donors, showing number of cells/cm2 as 

average of triplicate wells with SD.  

 

Sprout formation was even further inhibited when the cells were precultured in hypoxia and 

the experiment was performed in hypoxia upon VEGF-A/TNFα and bFGF/TNFα stimulation 

(93±2% and 94±2% inhibition respectively; Figure 2B). Moreover, the hypoxic precultured 

cells did not form sprouts in normoxia upon VEGF-A/TNFα and bFGF/TNFα stimulation 

(95±2% and 94±2% inhibition respectively). 

 

Regulation of HIFs in short-term and long-term hypoxia 

While in normoxic conditions HIF-1α and HIF-2α mRNA was abundantly expressed in 

hMVECs (Cq values 20.5±0.2 and 22.6±0.5 respectively), no HIF-1α or HIF-2α protein was 

detected by Western blotting (Figure 3C). Under non-stimulated conditions, HIF1A mRNA 

(further indicated with protein symbol HIF-1α) was significantly reduced after 24 hours  

of hypoxia and prolonged hypoxia (-1.9±0.2-fold and -2.2±0.5-fold respectively). 
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Figure 2. Prolonged hypoxia inhibits sprouting of endothelial cells into 3D fibrin matrices. hMVECs were  

precultured at 20% (black and dark grey bars) or 1% oxygen (light grey and white bars) for 14 days before seeded 

on top of 3D fibrin matrices. Subsequently, the hMVECs were stimulated with the combination of VEGF-A/TNFα 

(4 donors in 7 experiments) or bFGF/TNFα (5 donors in 10 experiments) either at 20% oxygen (black and white 

bars) or at 1% oxygen (dark grey and light grey bars) (each in quadruplicate). (A) Representative photos are shown 

of hMVECs 7 days after seeding and stimulation with VEGF-A/TNFα. Scale bars represent 1 mm. Photos are 

focused on the sprouts. (B) Tube length was quantified by using Optimas software and expressed as percentage of 

20% O2 with SEM. For statistical analysis repeated measures ANOVA with Bonferroni post-hoc test was used (** 

p<0.01 *** p<0.001). 
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Figure 3. Effect of hypoxia on the regulation of HIF mRNA and protein. mRNA was isolated from hMVECs 

precultured for 14 days at 20% O2 that were incubated for 24 hours in 20% O2 (black bar) or in 1% O2 (white bar) 

or precultured for 14 days at 1% O2 and incubated for 24 hours in 1% O2 (grey bar). Cells were either (A) not 

stimulated (4 independent donors) or (B) stimulated with VEGF-A/TNFα for 24 hours (4 independent donors) and 

expressed as mean fold change with SEM. Data was normalized to 20% O2. (C) Western blot analysis of whole cells 

lysates collected from cells precultured at 20% O2 for 14 days and incubated in hypoxia with or without VEGF-

A/TNFα for indicated hours (2 independent donors) or (D) western blot analysis of whole cell lysates collected from 

hMVECs precultured at 20% O2 for 14 days and incubated in hypoxia with VEGF-A/TNFα for indicated hours or 

hMVECs precultured in hypoxia for 14 days and stimulated with VEGF-A/TNFα for 24 hours (3 independent 

donors). For statistical analysis TWO-way ANOVA with Bonferroni post-hoc test was used (A and B) (* p<0.05 

**p<0.01 *** p<0.001). 

 

Although 24 hours of hypoxia did not alter EPAS1 mRNA (further indicated with protein 

symbol HIF-2α) expression (-1.3±0.1-fold), the levels were significantly reduced in 

prolonged hypoxia (-2.4±0.3-fold, see Figure 3A). Upon stimulation with VEGF-A/TNFα, 

HIF-1α mRNA was reduced in prolonged hypoxia (-2.0±0.3-fold) and a similar trend was 

also observed for HIF-2α mRNA expression (-1.7±0.4-fold, Figure 3B). Despite the 

reduction on mRNA level, both HIF-1α and HIF-2α proteins were increased in non-

stimulated cells after exposure to hypoxia, which was considerably higher (mainly HIF-1α 

protein) when VEGF-A/TNFα was present (Figure 3C). These increases were transient, in 
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particular for HIF-1α, which resulted in a marked shift in the balance between HIF-2α and 

HIF-1α after 48 hours and 14 days of hypoxia (Figure 3D). 

 

In contrast to HIF-1α and HIF-2α mRNA levels, hMVECs express low levels of HIF3A 

mRNA (further indicated with protein symbol HIF-3α) in normoxia (Cq values 29.3±0.6), 

which was significantly increased under non-stimulated conditions after 24 hours in hypoxia 

(3.3±0.5-fold). This increase was attenuated after a period of prolonged hypoxia (1.6±0.1-

fold, Figure 3A). Upon VEGF-A/TNFα stimulation, however, HIF-3α mRNA was 

significantly increased in prolonged hypoxia (7.0±1.6-fold, Figure 3B). 

 

Silencing of HIF-2α with si-RNA restores sprouting in prolonged hypoxia 

To investigate the roles of HIF-1α, HIF-2α and HIF-3α on (the inhibition of) endothelial 

sprouting, hMVECs were cultured in normoxia or prolonged hypoxia, transfected with si-

RNAs before seeding on top of 3D fibrin matrices and stimulated with bFGF/TNFα or 

VEGF-A/TNFα. HIF-1α and HIF-2α were silenced by transfection with specific si-RNA in 

20% oxygen (data not shown) and 1% oxygen (53±6% and 82±2% reduction respectively), 

whereas scrambled si-RNA did not silence HIF-1α or HIF-2α (14±6% induction and 6±10% 

reduction respectively; Figure 4A). Surprisingly, the HIF-2α-silenced cells showed a restored 

sprouting capacity in cells precultured in prolonged hypoxia (Figures 4B and 4C) upon 

bFGF/TNFα or VEGF-A/TNFα stimulation. This increase was significant compared with 

untransfected prolonged hypoxic precultured cells and prolonged hypoxic precultured cells 

transfected with the scrambled counterpart. Transfection with si-RNA of HIF-1α did not 

restore sprouting in prolonged hypoxia precultured (Figures 4B and 4C). Moreover, HIF-3α 

mRNA was almost completely silenced upon transfection with specific si-RNA (91%, Figure 

4A), but the sprouting in prolonged precultured hypoxic cells was not restored after 7 days 

with VEGF-A/TNFα or bFGF/TNFα stimulation (Figures 4B and 4C). 

 

Effect of hypoxia and HIF-2α on VEGF-A and DLL4/NOTCH signaling 

Two candidate pathways that were identified in animal studies as HIF-regulated mediators 

of endothelial sprouting are the VEGF/VEGF receptor pathway (regulated by HIF-1α) (13, 

47) and Dll4/Notch1 signaling pathway (regulated by HIF-2α) (51, 52). Under our 

experimental conditions neither DLL4 and NOTCH1, nor genes reflecting Dll4/Notch 

signaling, such as the members of the Hes and Hey family, were significantly affected by 

prolonged hypoxia in combination with VEGF-A/TNFα (Table 1). As previous Dll4/Notch 

studies (51, 52) were performed in mouse lungs and cultured mouse lung microvascular 

endothelial cells, we subsequently cultured human lung MVECs of two donors separately 

and exposed them to 1% oxygen for 24 hours. Similar as in human foreskin MVECs, 
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Figure 4. Knockdown of HIF-2α but not HIF-1α restores sprouting in prolonged hypoxia. hMVECs were 

precultured in hypoxia for 14 days and either untransfected (Un, black bar) or transfected with scrambled si-RNA 

(Scr, dark grey bar) or si-RNA against HIF-1α (si-H1, light grey bar), HIF-2α (si-H2, white bar) or HIF-3α (si-H3, 

hatched bar). Either mRNA was isolated to analyze the knock-down efficiency or the transfected hMVECs were 

seeded on top of 3D fibrin matrices. (A) The knock-down efficiency was expressed as mean with SEM (4 

independent donors) and untransfected was set as 100%. (B) Representative photos are shown of hMVECs 7 days 

after seeding and stimulation with bFGF/TNFα. Scale bars represent 1 mm. Photos are focused on the sprouts. (C) 

The tube length was quantified by using Optimas software and expressed as mean tube length (in mm/cm2) with 

SEM (3 independent donors, each in quadruplicate). For statistical analysis repeated measures ANOVA with 

Bonferroni post-hoc test was used (* p<0.05 **p<0.01). 
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Table 1. Effect of hypoxia on relative mRNA expression (hypoxia/normoxia) of DLL4-

NOTCH signaling genes in different human microvascular endothelial cells. 

 

Relative mRNA levels were expressed as mean fold change with SEM (column 2) or range (column 3) (relative to 

normoxic controls). Column 2 Human foreskin microvascular endothelial cells (hMVECs) were precultured for 14 

days in 1% oxygen (prolonged) and stimulated for 24 hours with VEGF-a/TNFα (4 independent donors). Column 

3 Human lung microvascular endothelial cells (lung hMVECs) were precultured at 20% oxygen and incubated for 

24 hours in hypoxia under basal conditions (2 independent donors). ND: not determined (* p<0.05 *** p<0.001). 

 

only a small increase in DLL4 and no increase in NOTCH1 mRNA were observed, with only 

minor effects on HEY1 and HEY2 mRNA expression. The VEGF-A mRNA expression was 

increased after a 24-hour exposure to hypoxia in human MVECs isolated from the foreskin 

or lungs, which was comparable to the VEGF-A levels found in mouse lungs. However, the 

mRNA expression of the FLT1 and KDR (further indicated with protein symbol VEGFR-

1/2) was not consistently changed in response to hypoxia (Table 1). This indicates that in 

human endothelial cells, hypoxia marginally changed the expression of the Dll4/Notch1 or 

VEGF/VEGF receptor system and that under our experimental conditions the activation of 

these pathways seem unlikely to be responsible for the inhibitory effect of prolonged hypoxia 

on endothelial cell sprouting. 

 

The uPA/uPAR/plasmin pathway is affected in prolonged hypoxia but independent of 

HIF activation 

The uPA/uPAR/plasmin system is a pivotal enzyme system involved in endothelial sprouting 

into fibrin (28, 42). In normoxia, the sprouting of endothelial cells was blocked by silencing 

uPA or uPAR with si-RNA (Supporting Figure 4), while si-SERPINE1 (plasminogen 

activator inhibitor-1 (PAI-1)) either enhanced tube formation 2-fold or caused cell 

detachment, depending on the hMVEC donor used (data not shown). This underlines the 

importance of the uPA/uPAR system in our model. Prolonged hypoxia reduced the mRNA 

Relative mRNA expression 

Gene hMVEC prolonged VT Lung hMVEC 24h basal 

VEGFA 3.49±0.22 *** 14.09±1.20 

FLT1 0.89±0.12 2.26±0.99 

KDR 0.85±0.10 0.43±0.97 

NOTCH1 0.93±0.04 0.71±0.06 

DLL4 0.93±0.11 1.37±0.47 

HES1 1.44±0.24 1.67±0.30 

HES2 1.03±0.08 ND 

HEY1 1.19±0.31 1.04±0.33 

HEY2 0.64±0.11 * 1.53±1.43 
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expression of uPA, although not significantly in VEGF-A/TNFα stimulated cells (-2.3±0.7, 

Figure 5A). Moreover, the mRNA expression of uPAR, PAI-1 or MMP-14 did not change 

(1.2±0.2-, 1.0±0.1- and 1.7±0.2-fold respectively) in this hypoxic condition. Similarly, the 

accumulation of uPA antigen was significantly decreased by prolonged hypoxia (from 

12.8±1.8 to 5.85±0.9 ng/72h/105 cells, Figure 5B), while PAI-1 antigen was only altered to a 

minor extent (4016±674 vs 3341±546 ng/72h/105 cells, Figure 5B). Blockage of uPA binding 

to uPAR by MoAb H-2 increased the accumulation of uPA to the same extent in hypoxic and 

normoxic hMVECs (ΔuPA antigen: 1.85±0.2 vs 1.9±0.0.25 ng/72h/105 cells, respectively; 2 

independent donors, data not shown), suggesting that the overall internalization of the 

uPA:PAI-1 complex via uPAR was not significantly affected. The reduction in the uPA 

Figure 5. Effect of prolonged hypoxia on the expression of genes involved in pericellular proteolysis. (A) 

hMVECs were cultured in normoxia (Un (20%), white bar) or prolonged hypoxia (Un (1%), black bar) for 14 days 

and transfected with si-HIF-2α (si-H2 (1%), light grey bar) or scrambled (scr (1%), dark grey bar) and stimulated 

for 24 hours with VEGF/TNFα. mRNA was isolated for analysis by qRT-PCR and the relative mRNA levels were 

expressed as mean fold change with SEM (4 independent donors). Data was normalized to 1% O2. (B) uPA and 

PAI-1 antigens were measured in hMVECs cultured in 20% O2 (white bar) or 1% O2 (black bar). Levels were 

expressed as ng/72h/105 cells with SEM (4 independent donors). (C) uPA antigen was measured in hMVECs 

cultured in 1% O2 and either untransfected (Un, black bar), or transfected with scrambled si-RNA (scr, dark grey 

bar), si-HIF-1α (si-H1, hatched bar), or si-HIF-2α (si-H2, light grey bar). Levels were expressed as ng/72h/105 cells 

with SEM (3 independent donors). For statistical analysis TWO-way (A) or repeated measures (C) ANOVA with 

Bonferroni post-hoc test, or paired student t test (B) was used (** p<0.005, *** p<0.001). 
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expression may explain the inhibition of sprouting in prolonged hypoxia. However, silencing 

of HIF-2α, which restored sprouting (Figure 4), did not restore, but even further decreased, 

the expression of uPA mRNA upon VEGF-A/TNFα stimulation (Figure 5A). Neither the 

uPAR nor the PAI-1 mRNA expression was significantly altered by silencing HIF-2α (-

1.2±0.2-fold and -1.6±02-fold respectively). Furthermore, neither si-HIF-2α nor si-HIF-1α 

changed the accumulation of uPA antigen (99±4% and 87±8% of control, respectively; 

Figure 5C) in hypoxic hMVECs, suggesting that hypoxia exerts two effects: one which 

involves downregulation of uPA, and one that involves expression of HIF-2α but occurs 

without further affecting uPA-mediated pericellular proteolysis. 

 

To evaluate whether addition of exogenous uPA could overcome the sprouting inhibition of 

prolonged hypoxia, we added different concentrations of human recombinant-uPA to the 

sprouting assay. Addition of 2.5-10 ng/ml hr-uPA markedly increased tube formation in 

hypoxia and normoxia (Figures 6A and 6B). At higher u-PA concentration (20 ng/ml) lysis 

of fibrin was observed, which interfered with the stability of the tubular structures. 

Figure 6. Addition of recombinant uPA increases endothelial sprouting. hMVECs were seeded on top of 3D 

fibrin matrices and stimulated with the combination of VEGF-A/TNFα and the indicated concentration of human 

recombinant uPA either in normoxia (grey circles) or hypoxia (black squares) (each in quadruplicate). (A) 

Representative photos are shown of hMVECs 7 days after seeding and stimulation with VEGF-A/TNFα. Scale bars 

represent 1 mm. Photos are focused on the sprouts. (B) Tube length of a representative experiment was quantified 

by using Optimas software and expressed as mm/cm2 with SEM. After addition of 20 ng/ml u-PA lysis of fibrin was 

observed, which interfered with the stability of the tubular structures. 
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Discussion 

The present study showed that, unlike short-term hypoxia, prolonged hypoxia (14 days 

preculturing and subsequent incubation at 1% oxygen) completely blocked the ability of 

hMVECs at 20% oxygen to form sprouts into a 3D fibrin matrix upon VEGF-A/TNFα 

stimulation, although the cells were viable. The inhibition of sprouting during long-term 

hypoxia was partially restored when endothelial cells were silenced for HIF-2α, but not for 

HIF-1α or HIF-3α. The reduced capacity of the endothelial cell sprouting could not be 

attributed to changes in the Dll4/Notch1 signaling pathway. In addition, hypoxia caused a 

decrease in uPA production; however, this effect was not influenced by HIF-1α or HIF-2α. 

As inhibition of uPA causes reduction of sprout formation, and addition of exogenous uPA 

enhanced it, reduced uPA production probably contributes - in addition to the HIF-2α-

dependent mechanism - to the hypoxia induced inhibition of endothelial tube formation. 

 

Prolonged hypoxia impairs endothelial sprout formation 

hMVECs that were precultured for 14 days at 1% oxygen were unable to form sprouts into a 

3D fibrin matrix, in spite of the stimulation with VEGF-A/TNFα. Although we showed that 

after 14 days hMVECs proliferated in a similar rate in normoxia and hypoxia, the TNFα that 

was added during the sprouting assay inhibited proliferation of the endothelial cells (28). 

Therefore, during the sprouting assay, tube formation is largely driven by migration and 

invasion. hMVECs, precultured in normoxia and exposed to 1% oxygen for 7 days, formed 

sprouts but significantly less compared with endothelial cells that were only exposed to 20% 

O2. This is contradictory to the general thought that hypoxia is a stimulator of angiogenesis 

(50, 61). As most in vitro studies only investigate the effect of short-term hypoxia on 

sprouting, this could explain the stimulation generally found (27, 30, 35, 43). To the best of 

our knowledge, limited data are presently available on endothelial sprouting during 

prolonged hypoxia; it was only shown that an exposure to hypoxia for more than 7 days 

significantly reduced the capillary formation of endothelial cells (15, 18). However, these 

cells were precultured at 20% oxygen. However, the hMVECs are stimulated with TNFα for 

24 hours and little proliferation occurs in endothelial cells stimulated with TNFα (28). 

 

Regulation of HIFs in hypoxia 

The reduced angiogenic capacity of microvascular endothelial cells after a prolonged hypoxic 

culturing could be due to a shift in the balance between HIF-1α and HIF-2α. Even though 

HIF-1α and HIF-2α proteins were quickly stabilized in response to hypoxia in hMVECs, 

HIF-1α has the highest expression between 4 and 8 hours in hypoxia, whereas HIF-2α protein 

levels remained high after 48 hours in hypoxia. This difference remained upon VEGF-A and 

TNFα stimulation, which markedly enhanced HIF-1α in particularly at 4 and 8 hours in 
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hypoxia. This increase in HIF proteins in hypoxia was mainly caused by protein stabilization, 

as mRNA levels of HIF-1α and HIF-2α decreased in hypoxia (Figure 3). A similar mRNA 

and protein expression pattern of HIF-1α and HIF-2α was found in human umbilical cord 

vein endothelial cells (HUVECs) or other cell types (3, 16, 44). Thus although some HIF-1α 

protein was present in long-term hypoxia, HIF-2α was the most dominantly expressed HIF 

in human microvascular endothelial cells exposed to prolonged hypoxia, which is in line with 

published data (1, 8, 58). Ginouvès et al (16) suggested that the decreased HIF-1α protein 

expression after 24 hours in hypoxia was due to an increased expression and activity of PHDs 

in prolonged hypoxia. As we also found that PHD2 and PHD3 mRNA expression was 

increased in short-term and long-term hypoxia (our unpublished data), a feedback loop 

through the increased expression of PHD2 or PHD3 could regulate both HIF-1α and HIF-2α 

expression. Moreover, the transcriptional activity of HIF-1α followed a similar trend as the 

HIF-1α protein expression pattern (16, 38). In line with this, we found that the HIF-1α protein 

expression correlated with the HIF-3α mRNA expression, which is thought to be a HIF-1α-

target gene (3, 33, 54). An upregulation of HIF-3α mRNA in response to hypoxia was also 

shown in HUVECs (3) and several tissues in rodents (32, 33). However, these studies only 

investigated the effect of short-term hypoxia (up to 48 hours). 

 

Silencing of HIF-2α with si-RNAs partly restores sprouting in prolonged hypoxia 

The inhibited endothelial sprouting under prolonged hypoxic conditions was partially 

restored upon silencing of HIF-2α, but not by silencing of HIF-1α indicating that HIF-1α and 

HIF-2α have different functions in human endothelial sprouting. HIF-1α stimulates 

angiogenesis-related processes such as endothelial sprouting and proliferation (5, 25, 49, 52), 

whereas HIF-2α stimulates vessel remodeling into mature and functional vessels (12, 41, 51, 

52) or strengthening of the endothelial barrier (17). To the best of our knowledge, our 

findings indicate for the first time that HIF-2α also restrains endothelial sprouting in a human 

setting, as found in vivo in animal studies (11, 52, 59). 

The third HIF-α protein, HIF-3α, has been reported to act - as alternatively spliced variants - 

as a competitive inhibitor of HIF-1α and HIF-2α (19, 21, 32) and could both stimulate (27) 

and inhibit angiogenesis (32) in mice. Whether HIF-3α regulates angiogenesis in humans is 

not known. Our study indicated that even though HIF-3α mRNA was significantly increased 

in response to hypoxia, we, like others (3), were unable to detect HIF-3α on protein level in 

hMVECs or HUVECs. Moreover, silencing of HIF-3α did not restore sprouting. Therefore, 

as HIF-3α protein levels were only detected in the lungs and brains of rodents (27), this points 

toward a species- or tissue-specific function of HIF-3α. 
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NOTCH signaling is not altered in prolonged hypoxia 

Two candidate pathways for the inhibition of sprouting in prolonged hypoxia are the HIF-

1α-regulated VEGF/VEGFR signaling pathway (13, 47) and the HIF-2α-regulated 

Dll4/Notch1 signaling pathway (14, 51, 52, 59). Our study showed that hypoxia increased 

the mRNA expression of VEGF-A in human MVECs isolated from the lung or foreskin to a 

similar extent as found in mice lungs (51, 52). However, this did not result in a similar 

increase in VEGFR-1 and VEGFR-2 mRNA expression in human MVECs as was found in 

mouse cells. Moreover, no or only slight changes in mRNA levels of DLL4 and Notch-

signaling genes (HES1/2 and HEY1/2) were found in our human lung and foreskin MVECs 

in response to hypoxia, whereas these genes were increased (e.g. DLL4 was increase 15-fold) 

in mouse endothelial cells and mouse lung (51, 52). It is not yet known whether this 

difference is related to species specificity. As it is unlikely that the involvement of these 

major pathways is different in man and mouse, it suggests that the response to hypoxia reveals 

differences in the extent to which the Dll4/Notch pathway is activated. 

 

Prolonged hypoxia reduces uPA production 

Local pericellular proteolysis is important to achieve endothelial cell matrix invasion and 

sprouting (23). We and other investigators (28, 42, 45) have shown that pericellular 

proteolysis by the uPA/uPAR/plasmin system plays a pivotal role in endothelial sprouting 

into fibrin. Sprouting of endothelial cells was inhibited by anti-uPA or anti-uPAR antibodies 

(29, 30) and similar results were found in the present study upon silencing of uPA or uPAR 

with si-RNA. Furthermore, the addition of uPA could compensate for the decrease in uPA 

antigen and markedly enhanced endothelial tube formation. However, as recombinant uPA 

was used, a direct comparison of the quantification of this effect with that by endogenous 

uPA should be made with caution. 

 

Other investigators have shown that - in the absence of plasminogen - MMP14 acts as a 

fibrinolysin and is able to stimulate pericellular proteolysis (24, 31). However, in our 

experimental conditions the uPA/uPAR/plasmin system is the far dominant proteolytic 

pathway enabling invasion into the fibrin matrix (29). As a consequence, the effect of uPA 

on sprouting in prolonged hypoxia need further in vivo underpinning.  

 

Manipulating downstream targets of HIF-2α to regulate endothelial sprouting 

The present study showed in human cells that, in addition to uPA reduction, HIF-2α restrains 

endothelial sprouting; the inhibited endothelial sprouting after prolonged hypoxic culturing, 

was partially restored upon silencing of HIF-2α in combination of VEGF-A and TNFα. 

Moreover, HIF-2α plays an important role in stimulating vessel remodeling and 

strengthening of the endothelial barrier. This indicates that both the initiation and the 
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maturation of the endothelial sprout into a functional vessel are regulated by HIF-2α. As these 

actions are probably regulated by different HIF-2α-downstream targets, it is important to 

investigate which targets influence which pathways. Therefore, manipulating specific 

downstream targets of HIF-2α provides a new to be further evaluated perspective for 

restoring reduced neovascularization in several pathological conditions, such as diabetic 

ulcers or other chronic wounds, or for improvement of vascularization of implanted tissue-

engineered scaffolds. 
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Supporting Figure 1. Hypoxic workstation. The workstation has an airtight workbench with continuous control 

of pO2 and temperature. The incubators have continuous control of pO2, pCO2, temperature and humidity. A 

microscope is placed inside the hypoxic station with a connection to the computer, which allows hypoxic culturing 

for weeks without re-oxygenation. 
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Supporting Figure 2. Time course of O2 tension at the bottom of the wells after changing the ambient oxygen 

environment from 20% to 1% oxygen. (A) The drop in oxygen levels over time of medium pre-incubated in 20% 

oxygen and transferred to 1% oxygen atmosphere (in 94% N2 and 5% CO2) when different amounts of culture 

medium were used in a 2 cm2 well. (B) Either 250 µL (black line) or 500 µL (grey line) was incubated in a 2 cm2 

plate and medium was changed at t=0h from 20% to 1% O2 (left) or 1% to 20% O2 (right). While it takes 2 hours 

for medium containing 20% O2 to reach a hypoxic level after transfer to 1% O2, a short incubation at 20% O2 

increases the oxygen level in medium rapidly from 1% to above 5% O2. Note that the measurements started 5 minutes 

after incubation. 
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Supporting Figure 3. Effect of hypoxia on human microvascular endothelial cell proliferation (EdU 

incorporation). hMVECs were precultured in normoxia (20% O2, white bar) or hypoxia (1% O2, black bar) for 14 

days. (A) Photos of EdU-positive (green fluorescent), proliferating hMVECs and cell nuclei are visualized with 

DAPI (blue) at 1% or 20% oxygen levels. (B) The number of EdU-positive hMVECs was quantitated using 

SlideBook 6 software and expressed as mean % EdU positive cells ± SD of 3 independent hMVEC donors. For 

statistical analysis paired student t test was used. 
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Supporting Figure 4. Knockdown of uPA or uPAR impairs sprouting in normoxia. hMVECs were 

precultured at 20% oxygen and transfected with si-RNA before seeded on top of 3D fibrin matrices. (A) 

Representative photos are shown of hMVECs 7 days after seeding and stimulated with VEGF-A/TNFα (2 

independent donors, each in quadruple). Scale bars represent 1 mm. Photos are focused on the sprouts. (B) 

hMVECs were either untransfected (black bar), transfected with scrambled (dark grey bar), si-uPA (light grey 

bar), si-uPAR (white bar). Tube length was quantified by using Optimas software and expressed as relative tube 

length (as % of Un) with SD. 
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Supporting Table 1. Primer sequences for qRT-PCR 

Protein name Gene Symbol Forward Primer Reverse Primer 

β-2-microglobulin (7) B2M TTTCATCCATCCGACATTG CGGCAGGCATACTCATCTTT 

HIF-1α (1) HIF1A CCAGTTAGGTTCCTTCGATCAGT TTTGAGGACTTGCGCTTTCA 

HIF-2α (1) EPAS1 AGCAGATGGACAACTTGTACCTGA TGTCGCCATCTTGGGTCAC 

HIF-3α (2) HIF3A AGAGAACGGAGTGGTGCTGT ATCAGCCGGAAGAGGACTTT 

DLL4 (7) DLL4 CGTCTGCCTTAAGCACTTCC GAAATTGAAGGGCAGTTGGA 

NOTCH1 (7) NOTCH1 CAGGGTGTGCACTGTGAGAT GACAGGCACTCGTTGACATC 

VEGF-A (6) VEGFA CTTGCCTTGCTGCTCTACCTCC CATCCATGAACTTCACCACTTCGT  

VEGFR1 (6) FLT1 ATCATTCCGAAGCAAGGTGTGAC  TCCTTCTATTATTGCCATGCGCT  

VEGFR2 (6) KDR TGGGAACCGGAACCTCACTATC  GTCTTTTCCTGGGCACCTTCTATT  

HES1 (7) HES1 TCCGGAGCTGGTGCTGAT TCCAGGACCAAGGAGAGAGGTA 

HEY1 (8) HEY1 AACTGTTGGTGGCCCTGAATC AATTCTTTGTGTTGCTGGGG 

HEY2 (8) HEY2 TTCAAGGCAGCTCGGTAACT GGGCATTTTACTTCCCCAAT 

uPA (3) PLAU ACTACTACGGCTCTGAAGTCACCA GAAGTGTGAGACTCTCGTGTAGAC 

uPAR (4) PLAUR CATGCAGTGTAAGACCAACGGGGA AATAGGTGACAGCCCGGCCAGAGT 

tPA (3) PLAT CCAGATCGAGACTCAAAGCC GACCCATTCCCAAAGTAGCA 

PAI-1 (3) SERPINE1 GCACAACCCCACAGGAAC TGCTTCAAACTTCTCTCCCAG 

MMP14 (5) MMP14 GCAGAAGTTTTACGGCTTGCAA CCTTCGAACATTGGCCTTGAT 
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Abstract 

Background: During prolonged hypoxic conditions, endothelial cells change their gene 

expression to adjust to the low oxygen environment. This process is mainly regulated by the 

Hypoxia Inducible Factors, HIF-1α and HIF-2α. Although endothelial cells do not form 

sprouts during prolonged hypoxic culturing, silencing of HIF-2α partially restores sprout 

formation. 

 

Objectives: The present study identifies novel HIF-2α-target genes that may regulate 

endothelial sprouting during prolonged hypoxia. 

 

Methods and Results: The gene expression profile of primary human microvascular 

endothelial cells (hMVECs) that were cultured at 20% oxygen was compared to hMVECs 

that were cultured at 1% oxygen for 14 days by using genome-wide RNA-sequencing. The 

differentially regulated genes in hypoxia were compared to the genes that were differentially 

regulated upon silencing of HIF-2α in hypoxia. Surprisingly, KEGG pathway analysis 

showed that metabolic pathways were enriched within genes upregulated in response to 

hypoxia and enriched within genes downregulated upon HIF-2α silencing. Moreover, 51 

HIF-2α-regulated genes were screened for their role in endothelial sprouting in hypoxia, of 

which four genes ARRDC3, MME, PPARG, and RALGPS2 directly influenced endothelial 

sprouting during prolonged hypoxic culturing. 

 

Conclusions: 51 novel HIF-2α-target genes were identified by using genome-wide RNA-

sequencing as potential regulators of endothelial sprouting in prolonged hypoxia. Only four 

genes played a role in sprout formation during prolonged hypoxia. The manipulation of these 

specific downstream targets of HIF-2α provides a new, but to be further evaluated, 

perspective for restoring reduced neovascularization in several pathological conditions, such 

as diabetic ulcers or other chronic wounds, for improvement of vascularization of implanted 

tissue-engineered scaffolds. 

 

Keywords: angiogenesis, hypoxia, HIF-2α-target genes, genome-wide RNA-sequencing  
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Introduction 

Angiogenesis, the formation of new blood vessels through endothelial sprouting, is important 

for tissue growth, development and proper wound healing. Nevertheless, angiogenesis is 

associated with several pathological conditions, such as tissue ischemia, solid tumors and 

adult macular degeneration of the eye (6). Usually, these disorders are accompanied by loss 

of adequate blood supply or enhanced metabolic demand, leading to reduced oxygen tension 

(hypoxia) in the tissue. Not surprisingly, hypoxia is considered to be one of the most potent 

initiators of angiogenesis in vitro and in vivo (32, 42, 54) through stabilization of the 

transcription factor Hypoxia Inducible Factor-1α (HIF-1α) and subsequent induction of 

vascular endothelial growth factor (VEGF) (14, 44). Nonetheless, in chronic hypoxic tissues 

often a resistance to induction of neovascularization is observed (1, 4, 15, 19, 45, 54) and 

limited expression of HIF-1 has been observed in chronic hypoxic human leg tissue (60). 

Therefore, there is a need of stimulating neovascularization and temporarily overcoming the 

endogenous inhibitory factors that prevent induction of angiogenesis in severely hypoxic 

tissues. 

 

Despite the progress in understanding the mechanisms and factors regulating angiogenesis 

(33, 39), the effects of long-term hypoxia on angiogenesis regulation and in particular the 

behavior of endothelial cells are still poorly understood. Hypoxia rapidly induces large 

amounts of VEGF-A via HIF-1 activation in all tissue cells, thus supplying a major 

angiogenesis-inducing factor in the environment. It activates VEGF receptors on the 

endothelium which induce proliferation and – often stimulated by additional inflammatory 

factors – cell migration and invasion. However, the transcriptional response of endothelial 

cells is more complicated and involves – together with additional factors – the involvement 

of HIF-1α and HIF-2α, which display a partly different spectrum of activation. HIF-1α has 

been studied extensively and induces mainly tortuous and leaky newly formed vascular 

structures that are not adequately perfused (38, 55), while HIF-2α (EPAS1), which is 

abundantly expressed in endothelial cells, induces stabilization of endothelial microvessels, 

and – in lung microvessels – improves endothelial barrier function (16). Indeed, endothelial-

specific deletion of HIF-2α pointed to a role of HIF-2α in the regulation of angiogenesis in 

mice (49, 50), which was suggested to occur through the induction of the Dll4/Notch 

signaling pathway. This data suggests that the endothelial cell has its own program to respond 

adequately to hypoxia, i.e. in such a way that finally a mature, sealed and stabilized new 

microvascular network is formed. Excess of HIF-1α response, as observed in many tumors, 

leads to abundant tortuous but not or suboptimal functioning microvessels. As the activation 

of HIF-1α and HIF-2α are in part transient and HIF-2α tends to be longer expressed, the 

balance between sprouting and stabilization may shift during prolonged hypoxia. This may 
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underlie our previous observation that prolonged hypoxia reduced the ability of endothelial 

cells to form sprouts. This was partly related to a reduction of urokinase-plasminogen 

activator generation, which reduces pericellular proteolysis by the uPA/uPAR/plasmin 

pathway and – independently – could be partially relieved by HIF-2α si-RNA (34). However, 

the si-HIF-2α-dependent restoration of sprouting in this study occurred independent of 

Dll4/Notch signaling. 

 

The current study investigates which genes and pathways are differentially regulated in 

prolonged hypoxia and downstream of HIF-2α in conditions that were previously shown to 

be favorable for induction of endothelial tubules, i.e. hMVECs seeded on a 3D-fibrin matrix 

and stimulated by VEGF-A/TNFα (28, 34). Many hypoxia-responsive genes have been 

identified using microarrays in different tumor cell lines (12, 22, 24, 25, 29, 41, 59) and 

human endothelial cells (32, 61). However, only short-term hypoxia (16-72 hours) under 

basal conditions was evaluated, but not prolonged hypoxic conditions (14 days). Therefore, 

we studied gene expression after long-term hypoxia and with and without silencing of HIF-

2α. By using genome-wide RNA-sequencing, 51 genes were identified in VEGF-A/TNFα-

stimulated cells that were regulated in a reversed way in hypoxia or by HIF-2α silencing and 

were screened for their ability to regulate sprouting of human endothelial cells in a 3D fibrin 

matrix. 

 

Material & Methods 

Cell culture 

The study was executed in accordance with the Declaration of Helsinki and was approved by 

the University Human Subjects Committee of the VU University Medical Center. Written 

informed consent was obtained from all donors in accordance with the institutional 

guidelines. Human microvascular endothelial cells (hMVECs) were isolated from foreskin, 

kindly provided by the Department of Dermatology (VUmc, Amsterdam), cultured and 

characterized (CD31, vWF, Ulex europaeus lectin-1 binding, VE-cadherin) as previously 

described (20, 21). hMVECs were cultured on 1% gelatin-coated culture plates in culture 

medium consisting of Medium 199 supplemented with 100 U/ml penicillin and 100 mg/ml 

streptomycin (p/s), 2 mM L-glutamine (all Lonza, Verviers, Belgium), 5 U/ml heparin (Leo 

Pharmaceutical Products, Weesp, The Netherlands), endothelial cell growth factor (ECGF, 

crude extract from bovine brain), 10% heat-inactivated human serum (HSi, Life 

Technologies) and 10% heat-inactivated newborn calf serum (NBCSi, Lonza). Medium was 

changed every 48 hours. Confluent cells were washed with 0.5 mM EDTA (Merck Millipore) 

in HBSS, trypsinized (0.05% trypsin in EDTA/HBSS, both Lonza) and seeded in a 1:3 
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density. Cells were cultured at 37°C in a water-saturated atmosphere of 95% air and 5% CO2. 

hMVEC were used until passage 10. 

 

Hypoxic cell culture 

Hypoxic cell culture conditions were maintained inside a custom designed hypoxic 

workstation (T.C.P.S., Rotselaar, Belgium), with a CO2 and O2 controlled (via injection of 

N2), humidified incubator (Sanyo, Ettenleur, The Netherlands), placed inside a T4 glovebox 

(Jacomex, Dagneux, France) equipped with an O2X1 oxygen transmitter (GE Panametrics, 

Billerica, USA). The oxygen concentration inside the incubator was continuously monitored 

with an internal zirconia sensor and periodically checked with O2 test tubes (Drager Safety, 

Zoetermeer, The Netherlands). To prevent re-oxygenation during hypoxic culture, all media 

and buffers were pre-incubated for 4h before use. For the long-term hypoxic culture of 

hMVECs, isolates were cultured for 2 passages (~14 days) inside the hypoxic workstation. 

 

In vitro tube formation assay 

3D human tube formation was evaluated as previously described (28). 2 mg/mL fibrinogen 

(Stago bnl, Leiden, The Netherlands) was dissolved in M199 medium + p/s. Thrombin (0.05 

U/mL) was added to the fibrinogen solution and 100 μL was immediately added to wells of 

a 96-well plate. For polymerization, plates were incubated for one hour at room temperature 

followed by one hour at 37˚C. Thrombin was inactivated by addition of serum-supplemented 

culture (SSC) medium consisting of Medium 199 with p/s supplemented with 10% HSi, 10% 

NBCSi and 2 mM L-glutamine. hMVECs, precultured for 14 days at 20% or 1% oxygen, 

were seeded in a confluent density on top of the fibrin matrices. After 24 hours, and 

subsequently at 48h intervals, the hMVECs were stimulated with SSC medium with 10 ng/ml 

tumor necrosis factor-α (TNFα, Sigma, St Louis, USA) and 25 ng/ml Vascular Endothelial 

Growth Factor (VEGF, Invitrogen, Carlsbad, USA) or 10 ng/ml TNFα and 10 ng/ml 

fibroblast growth factor-2 (FGF-2, Preprotech, London, UK). The experiments were 

terminated by fixation with 2% paraformaldehyde/HBSS for two hours at room temperature. 

The formation of tube-like structures from hMVECs into the fibrin matrices was analyzed by 

phase contrast microscopy and Optimas image analysis software. 

 

Transfection with si-RNA 

3x105 hMVECs were transfected with 25 nM of indicated si-RNA (si-HIF-2α was custom 

designed and obtained from Qiagen (Venlo, The Netherlands) and 51 genes for screening 

were ordered as Cherry-pick Library from GE Dharmacon (Lafayette, CO) using 

DharmaFECT transfection reagent Type 1. In short; hMVECs were transfected with 2 mL 

10% HSi/M199 containing 2.5 μL DharmaFECT transfection reagent Type 1 and si-RNA. 

18 hours after transfection, cells were refreshed with culture medium to start the experiment. 
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In prolonged hypoxia experiments the procedure was performed continuously in a 1% oxygen 

atmosphere. 

 

RNA isolation and genome-wide RNA-sequencing 

hMVECs were cultured for 14 days at normoxic or hypoxic conditions. Upon confluency, 

cells were starved for 18 hours in SSC medium and afterwards stimulated with VEGF (10 

ng/mL) and TNFα (10 ng/ml) in SSC medium for 24 hours. Total RNA was isolated by using 

the RNeasy Mini kit according to manufacturer’s protocol without the DNAse treatment 

(Qiagen).  

 

4 μg of RNA/sample with an RIN ≥9.8 was subjected to a double round of poly-A mRNA 

purification, fragmented, and primed for cDNA library synthesis using the TruSeq RNA 

sample preparation kit (FC-122-1001). All procedures were done according to the 

manufacturer’s instructions (Illumina). Following validation (Agilent 2100 Bioanalyzer, 

DNA High Sensitivity) and normalization (AUC 200- to 500-bp fragments), samples were 

clustered (TruSeq paired-end cluster kit v3-cBot-HS, PE-401-3001) followed by paired-end 

sequencing (100 bp; TruSeq SBS kit v3-HS 200 cycles, FC-401-3001) on a HiSeq2500. 

RNA-Seq reads were aligned to the preassembled reference genome (Illumina iGenome, data 

source UCSC assembly hg19; February, 2009) using TopHat (version 2.0.9) in combination 

with Bowtie (version 2.1.0) and SAMtools (version 0.1.18) using the default settings (56). 

Transcript assembly, abundance estimation (defined as fragments per kilobase of exon 

per million fragments mapped; FPKM), and differential expression was performed by 

sequential analysis of TopHat output (accepted_hits.bam). For this, transcripts were 

assembled using Cufflinks (version 2.1.1) under conditions (RABT assembly) (46) 

permitting the identification of novel unannotated transcripts (transcripts.gtf) and with 

correction for fragment bias to account for biases in library preparation (47). The assemblies 

to be compared were merged (Cuffmerge), generating a transcript index (merged.gtf). 

Subsequently, differential analysis of significant changes in transcript expression, splicing 

and promoter use was performed (Cuffdiff) in the different transfection couples (e.g. hypoxia 

vs. normoxia).  

 

Quantitative real-time PCR 

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was performed using 

identical RNA as used for the genome-wide RNA-sequencing. Copy DNA (cDNA) was 

synthesized of 1 μg RNA using the Cloned AMV First Strand cDNA Synthesis Kit from 

Invitrogen with poly(T)primers. β-2-microglobulin was used as the endogenous reference 

gene. To measure gene expression, qRT-PCR was performed in duplicate wells using SYBR 

Green in an ABI 7500 sequence detection system (Applied Biosystems, Foster City, USA). 
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Briefly, 10 μl mix was prepared using 20 ng cDNA, 100 nM forward primer, 100 nM reverse 

primer and MESA Green QPCR Mastermix Plus for Sybr Assay (Eurogentec, Seraing, 

Belgium). Protocol: 2 min 50°C, 10 min 95°C and 40 cycles (0:15 min 95°C, 1:00 min 60°C) 

and dissociation curve. Relative expression levels of target genes (see also Supplementary 

Table 1) were calculated with the reference gene β-2-microglobulin with the comparative Cq 

method, as described by Wong et al (64). 

 

Tube Formation Screening 

Four independent hMVEC donors were cultured in normoxia untill confluency, pooled 

together and seeded on top of 3D fibrin matrices. The hMVECs were transfected with specific 

si-RNA against the individual genes 4 hours after seeding and 18 hours later stimulated with 

VEGF-A/TNFα and transferred to hypoxia. 7 days after stimulation with VEGF-A/TNFα, 

two researchers evaluated the number of sprouts independently by eye and only the genes 

that were scored as more or less sprouts compared with the scrambled control by both 

researchers were selected for further investigation. In addition, invading cells and the 

formation of tubular structures of endothelial cells in the 3D fibrin matrix were analyzed by 

phase contrast microscopy. The total length of tube-like structures of triplicate wells was 

measured using 4 randomly chosen semi-dark field pictures/well using a Nikon FXA 

microscope equipped with a monochrome CCD camera (MX5). After threshold setting and 

skeletonization, the sprout formation was expressed as mm/cm2 using Optimas image 

analysis software (Adept Turnkey, Sydney, Australia). 

 

Statistical analysis 

Statistical analysis was performed using one-way ANOVA or TWO-way ANOVA with 

Bonferroni post-hoc test. Numbers of replicates and significant P-values are indicated in the 

text or figures. P<0.05 was considered significant. Results are shown as mean ±SEM or 

±range. 

 

Statistical analysis on genome-wide RNA-sequencing data was performed using significance 

analysis of microarrays (SAM) (57). Genes that were expressed at significantly different 

levels were defined by a FDR of < 5% and fold change > 1.5. For visualization of protein-

protein interactions and pathway analysis (Kyoto Encyclopedia of Genes and Genomes 

(KEGG) (66), STRING10 analysis was used (67). 
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Results 

HIF-2α regulates endothelial sprouting in prolonged hypoxia 

Endothelial cells formed sprouts into a 3D fibrin matrix under normoxic conditions within 7 

days upon stimulation with VEGF-A/TNFα. Sprout formation was decreased when the assay 

was performed under hypoxic conditions for 7 days (20% O2  1% O2) (Figure 1), similar 

as we previously showed (34). Furthermore, when hMVECs were precultured for 14 days in 

hypoxic conditions (1% O2/94% N2/5% CO2) without reoxygenation, sprout formation was 

severely hampered (Figure 1), independent of cell proliferation (34). Silencing HIF-2α with 

si-RNA partially restored endothelial sprouting in hypoxia and increased sprout formation in 

normoxia, indicating an inhibitory role of HIF-2α during sprout formation by prolonged 

hypoxic and normoxic cultured hMVECs (showed below). 

Figure 1. Prolonged hypoxia inhibits endothelial sprouting into 3D fibrin matrices. hMVECs were precultured 

at 1% or 20% O2 for 14 days before seeded on top of 3D fibrin matrices. Subsequently, the hMVECs were stimulated 

with the combination of VEGF-A/TNFα (n=5 donors in 7 experiments) either at 20% or 1% O2 (each in triplicate). 

(A-C) Representative photos are shown of hMVECs 7 days after seeding and stimulation with VEGF-A/TNFα. The 

scale bars represent 1 mm. Photos are focused on the sprouts. (D) Tube length was quantified by using Optimas 

software and expressed as percentage of 20% O2 with SEM. For statistical analysis one-way ANOVA with 

Bonferroni post-hoc test was used (* p<0.05 *** p<0.001). 
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Identifying oxygen-regulated genes and pathways 

In order to identify the underlying HIF-2α mechanisms and target genes that may be involved 

in the inhibition of the VEGF-A/TNFα-induced endothelial sprouting during prolonged 

hypoxia, the endothelial transcriptome was explored. Similar culture conditions were used as 

the in vitro 3D tube formation assay e.g. 14 days of normoxic or hypoxic preculturing 

followed by stimulation with VEGF-A/TNFα. 

 

Gene expression profiling of hMVEC cultures from four independent donors was performed 

by genome-wide RNA-sequencing analysis and the Tuxedo pipeline with default settings 

(56) was used. Data was analyzed as paired using SAM. The individual donors expressed 

between 12,000 and 13,000 known genes. In total, 2335 genes were significantly (FDR < 

5%) differentially regulated after 24h stimulation with VEGF-A/TNFα in hypoxia 

precultured hMVECs compared with normoxia precultured hMVECs. Of these 2335 genes, 

501 upregulated and 333 downregulated genes had an absolute fold change of > 1.5. The top 

25 most upregulated and top 25 most downregulated genes in prolonged hypoxia, ranked on 

basis of fold change, are shown in Table 1. These genes include PHD3 (EGLN3), HIF-3α 

(HIF3A) and GLUT1 (SLC2A1), which are known to be up-regulated in hypoxia in different 

cell types including endothelial cells (12, 23, 24, 32, 59, 61). Even though, VEGF-A was not 

present within the top 25 genes, it was significantly upregulated in hypoxia (3.5-fold). The 

list of all oxygen-regulated genes can be found at 

http://link.springer.com/article/10.1007%2Fs10456-016-9527-4#SupplementaryMaterial.  

 

To investigate which pathways are important in hypoxia signaling, we clustered the oxygen-

regulated genes on the basis of protein-protein interactions (Figure 2A) and subsequently 

categorized the genes into KEGG pathways important in angiogenesis (Table 2). The 

angiogenic pathways that were significantly altered by prolonged hypoxia in the presence of 

VEGF-A/TNFα included the HIF-1 signaling pathway, and several metabolic, cell cycle and 

amino acid biosynthesis pathways. When the upregulated and the downregulated genes by 

hypoxia were clustered separately and categorized into KEGG pathways, the upregulated 

genes showed an enrichment within cytokine-cytokine receptor interactions, such as TNFα, 

TGF-β and MAPK signaling pathways, and several metabolic pathways, such as 

glycolysis/gluconeogenesis, and carbon-, fructose- and mannose metabolism (Table 2, Figure 

2A). In contrast, the downregulated genes were categorized mainly in cell cycle, DNA 

replication and the p53 signaling pathways (Table 2, Figure 2A). Taken together, these data 

show that 834 genes are significantly differentially regulated in hypoxia. Many of the 

upregulated genes are enriched in metabolic pathways, whereas many of the downregulated 

genes are enriched in cell cycle pathways. 

http://link.springer.com/article/10.1007%2Fs10456-016-9527-4#SupplementaryMaterial
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Table 1. Top 25 genes with significantly induced or repressed gene expression in 

hypoxia precultured hMVECs after VEGF-A/TNFα stimulation. 

 Upregulated in Hypoxia  Downregulated in Hypoxia 

 Gene Gene ID Fold 

Change 

 Gene Gene ID Fold 

Change 

1 EGLN3 NM_022073.3 106.8 1 KYNU NM_003937.2 0.07 

2 TIMP4 NM_003256.3 25.9 2 RRM2 NM_001165931.1 0.11 

3 PPFIA4 NM_001304331.1 22.9 3 MYBL2 NM_002466.3 0.13 

4 PDE4C NM_000923.4 15.0 4 RGS5 NM_003617.3 0.15 

5 SLC8A3 NM_033262.4 11.3 5 IGF1 NM_001111283.2 0.16 

6 HIF3A NM_152794.3 11.1 6 MKI67 NM_002417.4 0.18 

7 MIR210 NR_029623.1 7.9 7 CXorf36 NM_176819.3 0.18 

8 ANKRD37 NM_181726.3 7.4 8 TOP2A NM_001067.3 0.19 

9 SLC2A1 NM_006516.2 7.3 9 CDC45 NM_001178010.2 0.19 

10 VAT1L NM_020927.2 7.1 10 HMOX1 NM_002133.2 0.19 

11 SERTAD4 NM_019605.3 7.0 11 GINS2 NM_016095.2 0.21 

12 IGFBP5 NM_000599.3 7.0 12 NDC80 NM_006101.2 0.22 

13 C1orf133 NW_011332687.1 6.9 13 PKMYT1 NM_004203.4 0.23 

14 PPP1R3G NM_001145115.2 6.7 14 MFSD2A NM_001136493.2 0.23 

15 PPARG NM_138712.3 6.5 15 CYP2S1 NM_030622.7 0.24 

16 CA2 NM_000067.2 6.5 16 CDK1 NM_001786.4 0.24 

17 PIM1 NM_001243186.1 6.0 17 SKA1 NM_001039535.2 0.24 

18 COL1A2 NM_000089.3 6.0 18 FAM83D NM_030919.2 0.25 

19 MT1M NM_176870.2 5.9 19 AURKB NM_004217.3 0.26 

20 F2RL3 NM_003950.2 5.8 20 NUF2 NM_145697.2 0.27 

21 ST8SIA6 NM_001004470.1 5.7 21 NID2 NM_007361.3 0.27 

22 KCTD16 NM_020768.3 4.9 22 DLGAP5 NM_014750.4 0.28 

23 LIMCH1 NM_014988.3 4.7 23 CDCA2 NM_152562.3 0.28 

24 SHH NM_000193.3 4.5 24 CEP55 NM_018131.4 0.28 

25 DACT1 NM_016651.5 4.5 25 PRRX1 NM_006902.4 0.29 

 

The relative gene expression was compared with the gene expression of hMVECs precultured in normoxia and 

stimulated with VEGF-A/TNFα (n=4 independent donors). 
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Figure 2. Significantly regulated genes by hypoxia or si-HIF-2α are involved in metabolism or cell cycle. Genes 

that were differentially regulated (FDR < 5%, absolute fold difference > 1.5) in hypoxia (A) or upon HIF-2α 

silencing (B) were clustered based on protein-protein interactions. The nodes represent the proteins and a shared 

function of the proteins are shown as interconnecting blue lines. The thickness of these lines indicates the confidence 

of the association. All genes (upper panels), or only the upregulated or the downregulated genes (lower panels) were 

clustered based on GO biological processes involved in metabolic or RNA/cell cycle pathways; genes involved in 

these pathways are indicated in red. 

 

Identifying HIF-2α-regulated genes and pathways 

HIF-2α silencing partially restored the endothelial sprouting (see below, Figure 5A) in long-

term hypoxia. HIF-2α mRNA was significantly silenced with si-RNA, while HIF-1α mRNA 

was not affected (Supporting Table 2). HIF-3α mRNA, in contrast, was significantly 

downregulated with an si-RNA of HIF-2α, but this is probably a non-specific effect as 

scrambled si-RNA similarly decreased HIF-3α mRNA expression (Supporting Table 2). The 

RNA-seq data revealed in total 6757 significantly (FDR < 5%) differentially regulated genes 

upon HIF-2α silencing compared with prolonged hypoxia (untransfected). However, 33% of 

these genes were also significantly regulated by transfection with scrambled si-RNA and 

were excluded for further analysis. Of the remaining genes, 449 upregulated and 715 

downregulated genes had an absolute fold change of > 1.5. The 25 most upregulated and 

most downregulated genes upon HIF-2α silencing, including HIF-2α mRNA (EPAS1), 

ranked on basis of fold change, are shown in Table 3. The list of all HIF-2α-regulated genes 

can be found at  

http://link.springer.com/article/10.1007%2Fs10456-016-9527-4#SupplementaryMaterial. 

http://link.springer.com/article/10.1007%2Fs10456-016-9527-4#SupplementaryMaterial
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Table 2. Hypoxia Pathway Analysis. 

 

The KEGG pathways involved in angiogenesis or metabolism with a p-value of < 0.05 are shown. Significance per 

pathway is shown in parenthesis. 

All Genes (834) Upregulated genes (501) Downregulated genes (333) 

HIF-1 signaling pathway (5.7E-07) Cytokine-cytokine receptor 

interaction (3.8E-06) 

Cell cycle (5.8E-07) 

p53 signaling pathway (9.3E-06) Glycolysis / Gluconeogenesis 
(7.7E-05) 

p53 signaling pathway (1.0E-05) 

Cytokine-cytokine receptor 

interaction (1.1E-04) 

HIF-1 signaling pathway (1.6E-04) HIF-1 signaling pathway (1.4E-03) 

Cell cycle (3.1E-04) Biosynthesis of amino acids (2.3E-

04) 

Glycine, serine and threonine 

metabolism (3.4E-03) 

Biosynthesis of amino acids (4.1E-04) TNF signaling pathway (8.9E-02) Homologous recombination (9.0E-

03) 

Glycolysis / Gluconeogenesis (5.5E-04) Inflammatory mediator regulation 

of TRP channels (1.7E-03) 

Arginine and proline metabolism 
(1.3E-02) 

Inflammatory mediator regulation 

of TRP channels (1.2E-03) 

Carbon metabolism (2.8E-03) VEGF signaling pathway (1.5E-02) 

Cysteine and methionine 

metabolism (2.7E-03) 

Calcium signaling pathway (2.8E-03) DNA replication (1.8E-02) 

FoxO signaling pathway (2.9E-03) Pentose phosphate pathway (3.0E-

03) 

Biosynthesis of unsaturated fatty 

acids (4.4E-02) 

TNF signaling pathway (3.2E-03) Hedgehog signaling pathway (6.3E-

03) 

 

Glycine, serine and threonine 

metabolism (4.0E-03) 

Fructose and mannose 

metabolism (6.4E-03) 

 

Proteoglycans in cancer (6.1E-03) FoxO signaling pathway (7.5E-03)  

Carbon metabolism (7.1E-03) Cysteine and methionine 

metabolism (9.8E-03) 

 

Pentose phosphate pathway (1.8E-02) Neuroactive ligand-receptor 

interaction (1.2E-02) 

 

Calcium signaling pathway (2.1E-02) Galactose metabolism (3.3E-02)  

Arginine and proline metabolism 
(2.5E-02) 

Proteoglycans in cancer (3.4E-02)  

VEGF signaling pathway (2.9E-02) TGF-beta signaling pathway (3.5E-

02) 

 

Rap1 signaling pathway 
(3.3E-02) MAPK signaling pathway (3.6E-02)  

Fructose and mannose metabolism 
(3.6E-02) 

NOD-like receptor signaling 

pathway (4.3E-02) 

 

Cell adhesion molecules (CAMs) 
(4.4E-02) 

Glycosaminoglycan biosynthesis 

- keratan sulfate (4.7E-02) 

 

Hedgehog signaling pathway (4.7E-02) Apoptosis (4.8E-02)  

Protein digestion and absorption 
(3.8E-02) 
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Table 3. Top 25 genes with significantly induced or repressed gene expression upon 

HIF-2α knock-down, but not upon scrambled si-RNA transfection, in hypoxia 

precultured hMVECs after VEGF-A/TNFα stimulation. 

Upregulated by si-HIF-2α Downregulated by si-HIF-2α 

 Gene Gene ID Fold 

Change 

 Gene Gene ID Fold 

Change 

1 PARP8 NM_001178055.1 4.1 1 MCHR1 NM_005297.3 0.11 

2 HIST2H2BA NR_027337.1 3.5 2 EPAS1 NM_001430.4 0.15 

3 HES4 NM_001142467.1 3.3 3 C20orf3 NM_020531.2 0.31 

4 TRAF1 NM_005658.4 2.9 4 MPZL1 NM_003953.5 0.36 

5 PRR5-

ARHGAP8 

NM_181333.3- 

NM_001017526.1 2.9 

5 

RASSF9 NM_005447.3 0.37 

6 PTP4A3 NM_032611.2 2.7 6 ARRDC3 NM_020801.3 0.40 

7 HOXD-AS2 NR_038435.1 2.7 7 KISS1 NM_002256.3 0.41 

8 NEURL3 NM_001285485.1 2.6 8 NOVA1 NM_002515.2 0.41 

9 ICAM4 NM_001544.4 2.5 9 FADS1 NM_013402.4 0.44 

10 CRIP1 NM_001311.4 2.5 10 CA12 NM_001218.4 0.45 

11 MYEOV NM_001293291.1 2.5 11 CTSO NM_001334.2 0.45 

12 C6ORF141 NM_001145652.1 2.5 12 TIMP4 NM_003256.3 0.45 

13 SPATS2L NM_015535.2 2.4 13 SLC39A10 NM_001127257.1 0.46 

14 CDT1 NM_030928.3 2.4 14 NFIB NM_001190737.1 0.46 

15 
ATF5/MIR4751 

NM_012068.5/ 

NR_039906.1 2.4 
15 

TCP11L2 NM_152772.2 0.47 

16 CDKN2A NM_000077.4 2.4 16 GMCL1P1 NR_003281.1 0.47 

17 TRAF4 NM_004295.3 2.4 17 MMD NM_012329.2 0.47 

18 TMEM91 NM_001098821.1 2.3 18 PCYOX1 NM_016297.3 0.47 

19 ISL2 NM_145805.2 2.3 19 MME NM_000902.3 0.47 

20 

CEBPB 

NM_001285879.1 

2.3 

20 MIR331/MIR

3685 

NR_029895.1/ 

NR_037456.1 0.48 

21 HCP5 NR_040662.1 2.3 21 LOC643401 - 0.48 

22 FBXO6 NM_018438.5 2.3 22 C7orf10 NM_001193311.1 0.49 

23 MIR31HG NR_027054.1 2.2 23 CAMK4 NM_001744.5 0.49 

24 NOP56 NM_006392.3 2.2 24 REPS2 NM_004726.2 0.49 

25 PLEKHF1 NM_024310.4 2.2 25 PPARG NM_138712.3 0.49 

 

The relative gene expression was compared with the gene expression of hMVEC precultured in hypoxia and 

stimulated with VEGF-A/TNFα (n=4 independent donors). 

 

Clustering of all si-HIF-2α-regulated genes based on protein-protein interactions was shown 

in Figure 2B and these genes were subsequently categorized into KEGG pathways important 

in angiogenesis (Table 4). In contrast to the many downregulated genes by hypoxia that were 

involved in RNA/cell cycle (Figure 2A), the genes involved in cell cycle, ribosome 

biogenesis and RNA transport were upregulated upon HIF-2α silencing (Table 4, Figure 2B). 

Moreover, metabolic genes were upregulated in hypoxia (Fig. 2a), but downregulated upon 
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HIF-2α silencing (Table 4, Figure 2B). These findings indicate that 1164 genes are 

significantly differentially regulated upon silencing of HIF-2α with si-RNA. Opposite to the 

oxygen-regulated genes, many of the si-HIF-2α upregulated genes are enriched in cell 

cycle/RNA processes, while the si-HIF-2α downregulated genes are involved in multiple 

metabolic pathways. 

 

Table 4. HIF-2α Pathway Analysis. 

All Genes (1164) Upregulated genes (449) Downregulated genes (715) 

Carbon metabolism (5.7E-04) Ribosome biogenesis in eukaryotes 
(4.1E-03) 

Fatty acid metabolism (4.0E-05) 

Biosynthesis of unsaturated fatty 
acids (8.2E-04) 

Vitamin B6 metabolism (6.1E-03) Biosynthesis of unsaturated fatty 
acids (6.6E-05) 

Fatty acid metabolism (1.3E-03) MAPK signaling pathway (6.6E-03) Metabolic pathways (9.4E-05) 

Citrate cycle (TCA cycle) (4.1E-03) RNA transport (3.9E-02) Carbon metabolism (2.6E-04) 

MAPK signaling pathway (4.1E-03) Cell cycle (4.1E-02) PPAR signaling pathway (2.7E-03) 

Metabolic pathways (7.5E-03) Estrogen signaling pathway (4.5E-02) Citrate cycle (TCA cycle) (2.7E-03) 

GnRH signaling pathway (9.5E-03)  Regulation of actin cytoskeleton 
(7.3E-03) 

p53 signaling pathway (1.1E-02)  p53 signaling pathway (8.6E-03) 

Oxytocin signaling pathway (1.2E-

02) 

 Axon guidance (1.2E-03) 

Sphingolipid metabolism (1.5E-02)  Osteoclast differentiation (1.2E-02) 

cGMP-PKG signaling pathway 
(1.6E-02) 

  Focal adhesion (1.3E-02) 

Axon guidance (2.1E-02)  Ether lipid metabolism (1.3E-02) 

Vascular smooth muscle 

contraction (2.8E-02) 

 Ribosome (1.6E-02) 

Glycerophospholipid metabolism 
(3.2E-02) 

 Fatty acid degradation (1.7E-02) 

Propanoate metabolism (3.2E-02)  Valine, leucine and isoleucine 
degradation (1.9E-02) 

Valine, leucine and isoleucine 

degradation (3.6E-02) 

 Sphingolipid metabolism (2.4E-02) 

PPAR signaling pathway (3.7E-02)  Propanoate metabolism (2.5E-02) 

Vitamin B6 metabolism (4.1E-02)  Starch and sucrose metabolism 
(3.1E-02) 

Wnt signaling pathway (4.1E-02)  GnRH signaling pathway (3.4E-02) 

Osteoclast differentiation (4.4E-02)  Endocytosis (4.1E-02) 

VEGF signaling pathway (4.7E-02)  Oxytocin signaling pathway (4.4E-

02) 

Pantothenate and CoA 
biosynthesis (4.9E-02) 

 Sulfur metabolism (4.7E-02) 

  Ras signaling pathway (4.8E-02) 

  Ubiquitin mediated proteolysis 
(4.8E-02) 

 

The KEGG pathways involved in angiogenesis or metabolism with a p-value of < 0.05 are shown. Significance per 

pathway is shown in parenthesis. 
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Identification of genes that may regulate endothelial sprouting in prolonged hypoxia 

To identify genes that may be involved in the regulation of endothelial sprouting during 

prolonged hypoxia, we set multiple criteria in our RNA-seq data: 1) genes should be 

significantly regulated (FDR < 5% and fold change > 1.5) in hypoxia 2) genes should be 

significantly regulated upon HIF-2α silencing but not by scrambled si-RNA and 3) genes 

should be regulated in opposite directions in hypoxia and after si-HIF-2α. These criteria 

resulted in 51 genes (Table 5), as potential candidates that may regulate endothelial sprouting 

into fibrin in hypoxia. Clustering of the genes based on protein-protein interactions did not 

reveal a significant enriched pathway. 

 

To examine which of these genes played a role in endothelial sprouting in hypoxia, an initial 

screening using specific si-RNAs of these genes was performed with a pool of four 

independent hMVEC donors. From this initial screening, 13 genes were selected as positive 

candidates, including 9 genes that were upregulated in hypoxia (highlighted in red in Table 

5) and therefore potential inhibitors of sprouting, and 4 genes that were downregulated in 

hypoxia and therefore possible stimulators of angiogenesis (highlighted in green in Table 5). 

 

Table 5. 51 genes were selected from genome-wide RNA-sequencing. 

Gene Name 
ACER2 NM_001010887.2 FER1L4 NR_119376.1 PTP4A3 NM_032611.2 

ANXA3 NM_005139.2 LOC100506746 NR_038841.1 RALGPS2 NM_152663.4 

ARRDC3 NM_020801.3 LOXL2 NM_002318.2 REPS2 NM_004726.2 

BNIP3L NM_004331.2 MCHR1 NM_005297.3 SDSL NM_138432.3 

C16orf59 NM_025108.2 MIR31HG NM_005297.3 SLC38A4 NM_018018.4 

CA12 NM_001218.4 MME NM_000902.3 SNX33 NM_153271.1 

CACNA1C NM_199460.3 NLRC3 NM_178844.3 TIMP4 NM_003256.3 

CCL28 NM_148672.3 NPR2 NM_003995.3 TM4SF18 NM_138786.3 

CCNG2 NM_004354.2 P4HA1 NM_000917.3 TMEM121 NM_025268.2 

CDKN2A NM_000077.4 PCDH10 NM_032961.2 TNFRSF10B NM_003842.4 

CDKN3 NM_005192.3 PDXP NM_020315.4 TRAP1 NM_016292.2 

DPY19L3 NM_207325.2 PLOD2 NM_182943.2 TSPAN2 NM_005725.5 

ENO3 NM_001976.4 PLXNA4 NM_020911.1 WDR66 NM_144668.5 

FAM102B NM_001010883.2 PMEPA1 NM_020182.4 WNT5A NM_003392.4 

FAM115C NM_001130025.1 PODXL NM_001018111.2 XRCC6BP1 NM_033276.3 

FAM160A1 NM_001109977.1 PPARG NM_138712.3 ZCWPW2 NM_001040432.3 

FAM189A2 NM_004816.3 PRRX1 NM_006902.4 ZNF292 NM_015021.1 

 

51 genes were significantly differentially regulated in hypoxia and upon HIF-2α silencing in opposite directions, but 

not by transfection with scrambled si-RNA. Through an initial sprouting screening, 13 genes were selected that 

altered endothelial sprouting upon silencing; these genes are highlighted in bolt. The genes that were upregulated in 

prolonged hypoxia are indicated in red and the genes that are downregulated in prolonged hypoxia are indicated in 

green. 
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Taken together, from the RNA-seq 51 genes are significantly differentially regulated in 

hypoxia and upon HIF-2α silencing in opposite directions, but not by scrambled si-RNA. 

Moreover, the initial screening using specific si-RNAs reveals 13 genes that are selected as 

potential regulators of angiogenesis. 

 

Involvement of the 13 genes in regulating endothelial sprouting 

The changes in relative mRNA expression of the selected genes were confirmed with 

quantitative real-time PCR (Figures 3A and 3B). The pattern of hypoxia down-/ si-HIF-2α 

up-regulated genes was consistently observed (Figure 3A), but the in hypoxia up-/si-HIF-2α 

down-regulated genes were only found in 2 out 4 genes and no differences were seen between 

si-HIF-2α and Scr (Figure 3B). Next, the role of the 13 selected genes from the initial 

Figure 3. Relative mRNA expression of 13 genes that were selected after the screening. hMVECs were cultured 

in normoxia for 14 days, not transfected and stimulated for 24 hours with VEGF-A/TNFα in normoxia (Un (20% 

O2), white bar) or cultured in prolonged hypoxia for 14 days, not transfected and stimulated for 24 hours with VEGF-

A/TNFα in hypoxia (Un (1% O2), black bar). Moreover, hMVECs were cultured in prolonged hypoxia for 14 days, 

transfected with si-HIF-2α (si-H2 (1% O2), light grey bar) or scrambled (scr (1% O2), dark grey bar) and stimulated 

for 24 hours with VEGF-A/TNFα in hypoxia. mRNA was isolated for analysis by qRT-PCR and the relative mRNA 

levels of the 13 candidate genes were expressed as mean fold change with SEM (n=4 independent donors). Data was 

normalized to 1% O2. (A) Nine genes that were upregulated in the RNA-seq analyses. (B) Four genes that were 

downregulated in the RNA-seq analyses. For statistical analysis TWO-way ANOVA with Bonferroni post-hoc test 

was used (* p<0.05 *** p<0.001). 
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screening in sprout formation was investigated in independent hMVEC donors instead of a 

pooled hMVEC batch, in short-term hypoxia, prolonged hypoxia and normoxia. Through 

efficient knock down of the mRNA with specific si-RNAs (Figure 4A), we found that 

silencing of ARRDC3, CDKN3, FAM189A2, MME, PLXNA4, PPARG, PTP4A3, 

RALGPS2, and ZNF292 resulted in an increased sprouting of more than 25% compared with 

scrambled si-RNA. Silencing of SNX33 resulted in a decreased sprouting of more than 25% 

 

Figure 4. Transfection efficiency of candidate genes and effect of their silencing on endothelial sprouting in 

short-term hypoxia. hMVECs were pre-cultured at 20% oxygen and silenced with one of the 13 genes selected 

from the screening. (A) mRNA was isolated to analyze the knock down efficiency of si-RNA. The knock down 

efficiency was expressed as mean with range (n=2 independent donors) and scrambled transfection was set as 100% 

(horizontal line). (B) hMVECs were seeded on top of fibrin matrices before transfection with si-RNA. Subsequently, 

the hMVECs were stimulated with the combination of VEGF-A and TNFα and transferred to hypoxia. Tube length 

of hMVECs 7 days after stimulation with VEGF-A/TNFα was quantified by using Optimas software and expressed 

as percentage of Scrambled with SEM (n=3 independent donors, each in triplicate). (C) Representative photos are 

shown of hMVECs 7 days after seeding and stimulation with VEGF-A/TNFα. The scale bars represent 1 mm. Photos 

are focused on the sprouts. The genes that were upregulated in prolonged hypoxia are expressed as black bars and 

the genes that were downregulated in prolonged hypoxia are expressed as white bars. For statistical analysis one-

way ANOVA with Bonferroni post-hoc test was used (** p<0.01 *** p<0.001). 
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Figure 5. Effect of silencing candidate genes on endothelial sprouting in prolonged hypoxia and normoxia. 

hMVECs were pre-cultured at 1% oxygen (A) or 20% oxygen (B) and silenced with one of the 13 genes selected 

from the screening. hMVECs were seeded on top of fibrin matrices before transfection with si-RNA. Subsequently, 

the hMVECs were stimulated with the combination of VEGF-A and TNFα. Tube length of hMVECs 7 days after 

stimulation with VEGF-A/TNFα was quantified by using Optimas software and expressed percentage of Scrambled 

with SEM (n=3 independent donors, each in triplicate). The genes that were upregulated in prolonged hypoxia are 

expressed as black bars and the genes that were downregulated in prolonged hypoxia are expressed as white bars. 

For statistical analysis one-way ANOVA with Bonferroni post-hoc test was used. 

 

compared with scrambled in short-term (7 days) hypoxia (Figures 4B and 4C). Furthermore, 

we examined whether silencing of these genes may restore sprouting in hMVECs in 

prolonged hypoxia. By using a similar threshold of 25% more sprouting compared to the 

scrambled control, we determined that silencing of ARRDC3, MME, PPARG, and 

RALGPS2 partially restored sprouting in prolonged hypoxia (Figure 5A). Finally, we 

investigated whether these genes also regulated endothelial sprouting under normoxic 

conditions. Silencing of ARRDC3, CDKN3, FAM189A2, MME, PLXNA4, PPARG, 

PTP4A3, RALGPS2, and TM4SF18 resulted in an increased sprouting of more than 25% 

compared with scrambled and silencing of SNX33 resulted in a decreased sprouting of more 

than 25% compared with scrambled (Figure 5B). Taken together, from the 13 candidate 

genes, silencing of ARRDC3, MME, PPARG, and RALGPS2 increases sprouting more that 

25% compared with scrambled in all conditions. 

 

Discussion 

This study identified HIF-2α-regulated genes that were involved in endothelial sprouting 

during hypoxia and normoxia and stimulated with VEGF-A/TNFα. Using genome-wide 

RNA-sequencing, we found that only 51 genes out of the ~12,000 known genes that were 

expressed in endothelial cells had an absolute fold change of > 1.5 and were significantly 

regulated (FDR < 5%) by both hypoxia and after HIF-2α silencing. Of these 51 genes, 13 



Identification of HIF-2α –regulated genes 

103 

candidate genes (ARRDC3, CA12, CDKN3, FAM189A2, MME, PLXNA4, PPARG, 

PTP4A3, RALGPS2, SNX33, TM4SF18, TMEM121, ZNF292) showed to regulate 

endothelial sprouting in short-term and long-term hypoxia and normoxia. Further 

examination showed that silencing of ARRDC3, MME, PPARG and RALGPS2 partly 

restored the prolonged hypoxia-induced inhibition of endothelial sprouting. 

 

Identifying oxygen- and HIF-2α-regulated genes involved in sprouting during 

prolonged hypoxia 

The RNA-sequencing showed that VEGF-A was 3.5-fold induced during prolonged hypoxia. 

Although an increased VEGF-A expression in response to hypoxia was published before (12, 

14, 23, 24, 32, 44, 59, 61), these studies only investigated short-term hypoxia (16-48h). 

Despite the increased VEGF-A expression during prolonged hypoxia and the stimulation 

with VEGF-A and TNFα during the sprouting assay, the hMVECs were unable to form 

sprouts in prolonged hypoxia (Figure 1). Moreover, the effects of prolonged hypoxia on 

VEGF receptors such as FLT1, KDR, NRP1, NRP2 were small (less than 15% reduction or 

induction), which is probably caused by the presence of exogenous VEGF-A (10 ng/mL) in 

both normoxia and hypoxia. Both the increased VEGF-A expression and addition of excess 

exogenous VEGF-A exclude that limited VEGF-A availability causes reduced sprouting in 

prolonged hypoxia. Therefore, hypoxia-responsive genes upon VEGF-A/TNFα stimulation 

were explored in more detail. 

 

The RNA-sequencing approach revealed 501 genes that were significantly upregulated in 

response to prolonged hypoxia. The top 10 of the genes with largest upregulation include 

EGLN3, HIF3A and SLC2A1. Upregulation of these genes in response to short-term hypoxia 

(16-72h) was also observed in microarrays using human endothelial cells (32, 61) or tumor 

cells lines (12, 23, 24, 59). In addition, we identified 333 genes that were significantly 

downregulated in response to prolonged hypoxia. The top 10 of the genes with largest 

downregulation include RRM2, MYBL2 and HMOX1, which is in line with the short-term 

hypoxia microarray studies (61).  

 

Through silencing of HIF-2α with specific si-RNA, the prolonged hypoxia-induced 

inhibition of endothelial cells was partially restored. HIF-2α has often been studied in human 

tumor cell lines and human cells without functional HIF-1α (12, 24, 41, 52, 53, 59). However, 

studies investigating gene regulation of HIF-2α in human endothelial cells with functional 

HIF-1α are absent. Our study examined HIF-2α-target genes by silencing of HIF-2α with si-

RNA in prolonged hypoxia, which had no effect on HIF-1α expression. Upon silencing of 

HIF-2α, 449 genes were significantly upregulated and 715 were significantly downregulated 

compared with the gene expression in normoxia. Genes that were significantly regulated 
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upon transfection with scrambled si-RNA in prolonged hypoxia were excluded from further 

analysis. Amongst the HIF-2α-regulated genes are LOXL2, RAB42 and MMP17, which have 

been identified as HIF-2α-target genes in short-term hypoxia (12, 41, 52).  

It should be mentioned that - because of the transient nature of siRNA transfection - si-RNA 

was added after the initial 2-week hypoxic preincubation at the onset of the 1-week evaluation 

of sprouting. Repeated transfections were avoided to limit cell damage or unwanted 

activation. Notwithstanding this limitation, our data clearly show partial rescue of prolonged 

hypoxia-induced inhibition of endothelial tube formation, but an underestimation of we the 

effect of si-HIF-2α cannot be excluded yet. 

 

Metabolic pathways are increased in hypoxia and decreased by si-HIF-2α 

KEGG pathway analysis revealed that the upregulated genes in long-term hypoxia were 

enriched in several metabolic pathways, such as glycolysis/gluconeogenesis, carbon-, 

fructose- and mannose metabolism (Table 2). During hypoxia, lack of oxygen prevents 

optimal functioning of the electron transport chain. However, inhibition of mitochondrial 

ATP production has very little effect on the endothelial cellular ATP level and did not affect 

endothelial sprouting at normoxic conditions (5, 43)(our own unpublished observations). As 

energy is mainly produced during glycolysis, it is functional that the glycolysis pathway is 

upregulated during hypoxia (26, 29, 35, 61). It has been suggested that glycolysis genes are 

dependent on HIF-1 and not HIF-2 (24). Many of metabolic genes were significantly 

downregulated in our HIF-2α-depleted hMVECs (Table 4). Although the HIF-2α-regulated 

metabolic pathways include fatty acid- and carbon metabolism, glycolysis genes are not 

significantly altered by silencing of HIF-2α. 

 

Cell cycle pathway is decreased in hypoxia and increased upon si-HIF-2α 

In contrast to the upregulated genes, the downregulated genes in long-term hypoxia were 

enriched within cell cycle and DNA replication pathways. This would suggest that 

endothelial cell proliferation was decreased in hypoxia. Although it has been shown that 

genes involved in cell cycle, DNA replication and DNA repair were also downregulated 

genes in response to short-term hypoxia in endothelial (35, 61) or tumor cells (32), we did 

not find significant differences in proliferation rates in hMVECs precultured for 14 days in 

hypoxia or normoxia (34). 

 

To our surprise, many cell cycle genes were upregulated in HIF-2α-depleted hMVECs, 

suggesting an increased proliferative capacity of the hMVECs. However, under our 

experimental conditions, the hMVECs are stimulated with TNFα, which is shown to inhibit 

proliferation in endothelial cells (28). Notwithstanding, the pathway analysis indicated that 
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hypoxia, through HIF-2α, induced metabolic reprogramming and preservation of energy 

through decreased cell cycle and DNA replication. 

 

Are ARRDC3, PPAR, RALGPS2, and MME involved in endothelial sprouting? 

Combining the data of the oxygen- and HIF-2α-regulated genes, only 51 genes overlapped 

in opposite direction. These include a few known hypoxia-responsive genes (12), such as 

BNIP3L, LOXL2, PPARG and P4HA1. Only LOXL2 was described in literature to be a HIF-

2α-regulated gene (12). However, further screening of the role of LOXL2 in endothelial 

sprouting showed that LOXL2 did not affect endothelial sprouting in hypoxia (Table 5). The 

tube formation screening revealed 13 genes that influenced sprouting during short-term 

hypoxia, but only 4 of these 13 genes (ARRDC3, MME, PPARγ and RALGPS2) also 

regulated endothelial sprout formation during prolonged hypoxia (compare Figures 4B and 

5A). 

 

It is suggested that arrestin domain containing 3 (ARRDC3), also identified as TLIMP, plays 

a role in membrane protein internalization, like most members of the arrestin family (3, 10, 

37). Its expression was found in several human cancer cell lines and multiple human tissues, 

and not in endothelial cells, but is -surprisingly- induced by PPARγ (37). In mammary tumor 

cells, repression of ARRDC3 enhanced the proliferation and migration (11). 

 

Peroxisome proliferator-activated receptor gamma (PPARG) is expressed in many tissues 

with highest expression in adipose tissue and is mainly involved in lipid and glucose 

metabolism (27). PPARG is also expressed in endothelial cells and is upregulated in response 

to short-term hypoxia (24-48h) (32, 61). Stimulation of PPARγ by agonists inhibited bFGF- 

and VEGF-stimulated angiogenesis, endothelial cell migration and proliferation (2, 40, 65). 

Moreover, these PPARγ agonists inhibited tumor cell proliferation and angiogenesis in vivo 

(40). However, in the lungs, loss of PPARγ result in decreased angiogenesis (58, 63).  

 

Ral GEF with PH domain and SH3 binding motif 2 or RalA exchange factor (RALGPS2) is 

a member of the RalGEF family of proteins. Unlike most RalGEF proteins, RALGPS2 has a 

Ras-independent function and is probably involved in actin polymerization and cytoskeleton 

organization through binding to actin filaments (9). RALGPS2 has highest expression in the 

testis or brain (8, 9). It is suggested that RALGPS2 functions as an inhibitor of RalA signaling 

and thereby decreases tumor cell proliferation and induces apoptosis (13, 36). The role of 

RALGPS2 in endothelial cells is probably different, because no cell death was observed 

during our 7-day tube formation assay. 
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It is known that membrane metalloendopeptidase (MME) plays a role during angiogenesis 

(17, 51). MME, also known as neutral endopeptidase or neprisylin (NEP), CD10 or common 

acute lymphoblastic leukemia antigen (CALLA), is a zinc-dependent metalloprotease 

enzyme involved in the cleavage and inactivation of certain peptide hormones involved in 

signal transduction (48, 51). Its expression has been found in many tumor cells (31) and 

several tissues including epithelial and endothelial cells (17, 18, 30). mRNA expression was 

increased in lung cancer cells and lung fibroblasts in response to hypoxia (29), but decreased 

in human pulmonary arterial smooth muscle cells, murine lungs (62) or murine lung and renal 

homogenates (7). Moreover, MME inhibits endothelial FGF-2-stimulated angiogenesis, 

proliferation and migration (17, 51). In our study, we showed that MME also inhibits VEGF-

stimulated angiogenesis. 

 

Conclusion 

In conclusion, this study identified four novel HIF-2α target genes that inhibit endothelial 

sprouting during prolonged hypoxia in vitro. Of these four genes, PPARγ and MME have 

previously been linked to angiogenesis, while ARRDC3 and RALGPS2 only have been 

shown to influence cell proliferation. PPARG is an interesting gene for further investigation; 

it induces the expression of ARRDC3 and plays a role in both angiogenesis and metabolism. 

In particular, the metabolism pathway was enriched amongst the upregulated genes in 

response to hypoxia. This suggests that PPARγ and ARRDC3 are potential targets to restore 

reduced neovascularization in several pathological conditions, such as diabetic or other 

chronic ischemic wounds, or for improvement of vascularization of implanted tissue-

engineered scaffolds. 
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Supporting Table 1. Primer sequences for qRT-PCR 

Gene Symbol Forward Primer Reverse Primer 

B2M (1) TTTCATCCATCCGACATTG CGGCAGGCATACTCATCTTT 

ARRDC3 GCGAAAGTACGCTGGACTGA TGAGGTAGCGAGTGGTGTCT 

CA12 ACTTATTTTGGTCCTGATGGGG TGGCCATTGTTGGTCAGGAG 

CDKN3 CTTGTCTTGTAGCTGCTTGTCTC TGCAGCTAATTTGTCCCGAAAC 

FAM189A2 (2) CTTGAGGACCAGGTCGAAGAGT CTCCTTTCAGTCTGTGTTGCAGC 

MME (2) CTTTAGTGCCCAGCAGTCCAAC CACCAGTCAACGAGGTCTCCAT 

PLXNA4 (2) TCGTGCGGATTGAGCCAGAATG  TGATGTGCTCCTTCCCTCCATG 

PPARG CGACCAGCTGAATCCAGAGT GATGCGGATGGCCACCTCTT 

PTP4A3 ACAAGCACAGGGATCTCGTT CTTCAGGTCCTCAATGAAGGTG 

RALGPS2 GCAGTCAGTCCTCTGTTGCT TCTGACCCGCATATTCTTCTGG 

SNX33 GCTTTGTGCGTTCTGGAGTG TGGTCTGTTTTGTGGGGTCC 

TM4SF18 ATGTTGCCAGAGTGAAAACTGC CTGTAAGGAAACGTCCAGCA 

TMEM121 (2) AGCACATAGCGCCGCAGAAGAT CGTTTTTGCCGACGAAGATGGC 

ZNF292 GTGTGAAGATGGCGGACGAA GCATATTCTAGGAGTGTCTGGCA 

 

Supporting Table 2. Gene expression data from RNA-sequencing; the HIFα subunits.  

Gene Name Hypoxia Si-HIF-2α Scrambled 

HIF-1α (HIF1A) 0.5-fold * 1.3-fold (ns) 1.1-fold (ns) 

HIF-2α (EPAS1) 0.7-fold * 0.15-fold ** 0.75-fold * 

HIF-3α (HIF3A) 11-fold ** 0.25-fold ** 0.4-fold ** 

 

The relative gene expression in prolonged hypoxia was compared with the gene expression in normoxia, the gene 

expression with si-HIF-2α and scrambled was compared with hypoxia upon VEGF-A/TNF-α stimulation (n=4 

independent donors). 
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Abstract 

Background: Endothelial cells (ECs) form a tight barrier to prevent vascular leakage. 

Although several studies reported that vascular leakage is increased during hypoxic 

conditions, other studies describe a protective effect. This raises the question how hypoxia 

specifically regulates adherens junction integrity and thus endothelial barrier function.  

 

Objectives: Here, we investigated how hypoxia and the hypoxia-mimetic 

dimethyloxalylglycine (DMOG) affect adherens junction integrity and barrier function of 

human endothelial monolayers and which mechanisms are involved.  

 

Methods and Results: The effect of hypoxia (1% O2) on the endothelial barrier was measured 

by transendothelial passage of HRP and electrical impedance (ECIS) of endothelial 

monolayers subjected to hypoxia. Exposure to hypoxia improved endothelial barrier 

function, as compared to normoxia (20% O2). This protective effect on the barrier was also 

present upon incubation with the hypoxia-mimetic DMOG. Hypoxia improved the 

endothelial barrier via a HIF-2α- (but not HIF-1α-) dependent process and increased 

accumulation of the adherens junction protein VE-cadherin at the cell margins. This was 

accompanied by decreased micromotion and lamellipodia formation by the cells, also 

pointing to stabilization of the junctions. Baseline contractile traction forces remained 

unaltered after hypoxia incubation, but were increased upon DMOG treatment, suggesting 

additional non-hypoxia related effects of DMOG.  

 

Conclusions: This study shows that hypoxia strengthens the endothelial barrier through 

stabilization of VE-cadherin and intercellular junctions. It is mediated by HIF-2α 

stabilization and is accompanied by reduced lamellipodia formation and motility of the 

endothelial monolayer.  

 

New & Noteworthy 

Conflicting data exist presently about the effect of hypoxia on endothelial barrier function. 

This study shows that hypoxia limits motility and lamellipodia formation in a human setting 

and strengthens the endothelial barrier through improved cell-cell interactions. The latter 

process is mediated through HIF-2α, but not HIF-1α, and results from stabilization of 

adherens junctions. The hypoxia-mimetic DMOG reflected these hypoxia effects partly, but 

displayed different contractile traction forces suggesting additional non-hypoxic effects. 

 

Keywords: Endothelial barrier function, hypoxia, HIF-2α, adherens junctions, DMOG 
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Introduction 

The endothelium, lining the entire vasculature, tightly controls the passage of inflammatory 

cells and solutes from the blood to the surrounding tissues. Dysfunction of this barrier leads 

to vascular leakage and edema, which is related to several pathological conditions, including 

sepsis (19), acute lung injury (31), and cancer (21). Vascular leakage is induced, amongst 

others, upon stimulation with vascular endothelial growth factor-A (VEGF-A) (14), which 

was identified as vascular permeability factor in tumor cells (44). VEGF-A expression is 

highly upregulated during hypoxic conditions and is therefore a strong link between hypoxia 

and vascular leakage. Nevertheless, conflicting data exist about the effect of hypoxia on 

vascular permeability. In the lungs (8) or brain (4, 28, 40, 42) of rodents, it was shown that 

hypoxia induces vascular leakage. Other investigators reported that the endothelial barrier 

was improved during hypoxic incubation of lung endothelial cells (20, 48). The brain 

endothelial barrier and the lung epithelial barrier depend both on tight junctions, while the 

importance of adherens junctions dominates in most continuous endothelia of the body. This 

raises the question whether the effect of hypoxia on the permeability of endothelial cells is 

dependent on adherens junction integrity. 

 

One of the major responses to hypoxia regards the activation of hypoxia inducible factors 

(HIFs). Immediately upon hypoxia exposure HIF-1α is stabilized in cells and transferred to 

the nucleus, where it forms the transcription factor HIF-1 and induces the expression of many 

genes involved in angiogenesis, proliferation, and energy metabolism (43). However, the 

response of endothelial cells to hypoxia is complex and involves the activation of both HIF-

1α and HIF-2α (47). Endothelial-specific deletion of HIF-2α suggests a role for HIF-2α in 

the regulation of angiogenesis in lungs. (46, 47). Furthermore, these mice expressed lower 

levels of extracellular matrix proteins and demonstrated increased microvessel leakiness; 

indicating that HIF-2α also plays an important role in the regulation of the endothelial barrier. 

Recently Gong et al (20) reported that HIF-2α promoted the hypoxia-induced improvement 

of endothelial barrier function of human lung endothelial cells, via the adherens junctions. In 

addition, indirect stabilization of HIF-2α through partial silencing of PHD2 resulted in 

increased VE-cadherin expression and reduced tumor vessel leakage in mice (32). Prolyl 

hydroxylase domain (PHD) proteins hydroxylate HIFs thereby targeting them for 

degradation. The hydroxylase activity is dependent on the availability of oxygen, iron and 2-

oxoglutarate (2-OG). Therefore, hypoxia leads to HIF stabilization by blocking the 

hydroxylase function of the PHDs. Moreover, the non-specific 2-OG-dependent dioxygenase 

inhibitor dimethyloxalylglycine (DMOG) is widely used as a hypoxia-mimetic in in vitro and 

in vivo studies (2, 12). Pre-incubation with DMOG, similar to hypoxia, protected against 

inflammation-induced loss of epithelial barrier function (10, 22, 36). 
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As present data about the effect of hypoxia on vascular permeability are ambiguous, this 

study investigates how hypoxia, and the hypoxia-mimetic DMOG, affect the overall integrity 

and barrier function of human endothelial cells in an isolated setting. Endothelial barrier 

properties are influenced by cell-cell and cell-matrix interactions, soluble mediators and 

biomechanics, such as innate monolayer forces (1). We examined whether hypoxia and 

subsequent HIF stabilization affected VE-cadherin expression and localization and thereby 

the stability of the adherens junctions. Moreover, the effect of hypoxia on endothelial 

micromotion, which reflects the occurrence of rapidly changing minute openings in the 

endothelial monolayer (16, 29), was determined. As changes in cell-matrix interactions and 

the actin cytoskeleton dynamics affect the stability and integrity of the barrier function and 

adherens junctions (27, 53), we investigated whether hypoxia incubation influenced the F-

actin cytoskeleton and contractile traction forces of the HUVEC monolayer, and thereby 

regulate endothelial barrier strengthening. 

 

Material and Methods 

Endothelial cell culture 

The study was executed in accordance with the Declaration of Helsinki and was approved by 

the University Human Subjects Committee of the VU University Medical Center. Written 

informed consent was obtained from all donors in accordance with the institutional 

guidelines. Human umbilical cord vein endothelial cells (HUVECs) were isolated from 

umbilical cords, kindly provided by Het Amstelland Ziekenhuis, Amstelveen, The 

Netherlands, as previously described (25, 34). HUVECs were cultured on 1% gelatin-coated 

culture plates in culture medium consisting of Medium199 supplemented with 100 U/ml 

penicillin and 100 mg/ml streptomycin (p/s), 2 mM L-glutamine (all Lonza, Verviers, 

Belgium), 5 U/ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 

endothelial cell growth factor (ECGF, crude extract from bovine brain), 10% heat-inactivated 

human serum (HSi, Life Technologies) and 10% heat-inactivated newborn calf serum 

(NBCSi, Lonza). Medium was changed every 48 hours. Confluent cells were washed with 

0.5 mM EDTA (Merck Millipore, Darmstadt, Germany) in HBSS, trypsinized (0.05% trypsin 

in EDTA/HBSS, both Lonza) and seeded in a 1:3 density. Cells were cultured at 37°C in a 

water-saturated atmosphere of 95% air and 5% CO2. For all experiments pools of 4 HUVECs 

donors in the second passage were used.  

 

Hypoxic cell culture 

Hypoxic cell culture conditions were maintained inside a custom designed hypoxic 

workstation (T.C.P.S., Rotselaar, Belgium), with a CO2 and O2 controlled (via injection of 

N2), humidified incubator (Sanyo, Ettenleur, The Netherlands), placed inside a T4 glovebox 
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(Jacomex, Dagneux, France) equipped with an O2X1 oxygen transmitter (GE Panametrics, 

Billerica, USA). The oxygen concentration inside the incubator was continuously monitored 

with an internal zirconia sensor and periodically checked with O2 test tubes (Drager Safety, 

Zoetermeer, The Netherlands). To prevent re-oxygenation during hypoxic culture, all media 

and buffers were pre-incubated for 4h before use. 

 

Protein analysis 

Equal numbers of HUVECs, cultured on 0.1 mg/ml collagen-coated wells (5 cm2 per 

condition), were serum starved in M199 + 1% human serum albumin (HSA; Sanquin Blood 

Supply, Amsterdam, The Netherlands) 1 hour prior to the experimental end point. After 

washing with PBS, the cells were lysed in Laemmli Sample Buffer (Bio-Rad, Hercules, USA) 

with 5% β-mercaptoethanol. Proteins were separated on an 8% SDS-polyacrylamide gel and 

electrophoretically transferred onto nitrocellulose membrane (Amersham, Uppsala, Sweden) 

in a buffer of 192 mM glycine, 25 mM Tris (pH 8.3) and 10% (v/v) methanol. The membranes 

were blocked with 5% (w/v) non-fat milk in 137 mM NaCl, 20 mM Tris (pH 7.6) and 0.1% 

Tween 20 (TBST) for 90 minutes, followed by overnight incubation at 4°C with the primary 

polyclonal antibodies (anti-HIF-1α 1:250 (Cayman chemical), anti-HIF-2α 1:500 (Novus 

Biologicals), anti-VE-cadherin 1:5000 (Sigma), anti-β-actin 1:100000 (Sigma) in TBST + 

5% non-fat milk). Subsequently, the blots were washed three times with TBST and incubated 

for 90 minutes at room temperature with horseradish-conjugated goat-anti-rabbit antibodies 

(1:5000) or horseradish-conjugated goat-anti-mouse antibodies (1:5000) (Both from Dako, 

Darmstadt, Germany) in TBST + 5% nonfat milk as a conjugate. The bands were visualized 

with enhanced chemiluminescence (Sigma) on a LAS3000 machine (Fujifilm, Japan). 

 

RNA isolation and quantitative Real-time PCR 

Confluent HUVECs were starved for 1 hour in M199 + 1% HSA before cell lysates were 

collected. Total RNA was isolated by using the RNeasy Mini kit according to manufacturer’s 

protocol without the DNAse treatment (Qiagen, Venlo, The Netherlands) and copy DNA 

(cDNA) was synthesized of 1 μg RNA using the Cloned AMV First Strand cDNA Synthesis 

Kit from Invitrogen (Invitrogen Corporation, San Diego, CA) with poly(T)primers. β-2-

microglobulin was used as the endogenous reference gene. To measure gene expression, 

quantitative real-time PCR (qRT-PCR) was performed in duplicate wells using SYBR Green 

in an ABI 7500 sequence detection system (Applied Biosystems, Foster City, USA). Briefly, 

10 μl mix was prepared using 20 ng cDNA, 100 nM forward primer, 100 nM reverse primer 

and Takyon Low ROX SYBR MasterMix blue (Eurogentec, Seraing, Belgium). Primer 

sequences are enlisted within Table 1. Protocol: 2 min 50°C, 10 min 95°C and 40 cycles 

(0:15 min 95°C, 1:00 min 60°C) and dissociation curve. Relative expression levels of target 
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genes were calculated with the reference gene β-2-microglobulin with the comparative Cq 

method, as described by Wong et al. (60). 

 

Evaluation of barrier function 

Barrier function of the HUVEC monolayer was evaluated using horseradish peroxidase 

(HRP) passage and electric cell-substrate impedance sensing (ECIS). For HRP 

measurements, HUVECs were seeded in confluent density on polyester ThinCerts® Cell 

cultures inserts (Greiner Bio-One, Frickenhausen, Germany) with a pore size of 3 µm that 

were coated with 5 μg/ml fibronectin (Roche Diagnostics, Mannheim, Germany) and 1% 

gelatin (Merck, Darmstadt, Germany) and cultured for 4 days to become highly confluent. 

After serum starvation in M199 supplemented with 1% HSA, HRP (Sigma Chemical Co., St 

Louis, MO) was added to the upper compartment in combination with 1 U/mL thrombin 

(Organon Technika, Boxtel, The Netherlands) or a vehicle control. Samples of the lower 

compartment were collected after 24 hours and volume changes were adjusted by addition of 

M199/1% HSA. Determination of HRP concentration was measured with a 

spectrophotometer after addition of sulfuric acid and tetramethylbenzidine 

(Millipore/Upstate, Temecula, CA). 

 

Electrical impedance was measured as previously described by Szulcek et al. with the use of 

an ECIS system (Applied Biophysics, Troy, NY) (53). In short, HUVECs were seeded on a 

0.1 mg/ml collagen type I-coated (Advanced BioMatrix, Poway, CA) ECIS array containing 

8-wells with each 10 individual gold electrodes (8W10E) or 8 wells with each a single 

electrode for micromotion analysis. Electrical resistance was continuously measured at 37°C 

with 5% CO2 in multiple frequency mode to be able to modulate the cell-cell (Rb) and cell-

matrix adhesion fraction (Alpha) of the impedance data introduced by Giaever and Keese 

(17, 31). The micromotion assays were conducted in a 4 kHz measuring mode. The small 

fluctuation within the confluent monolayers (micromotion) were quantified with the use of 

processing software developed in our laboratory on the basis of the publication of Opp et al. 

(38).  

 

Si-RNA transfections 

HUVECs in a 70% confluency were transfected with 25 nM of indicated siRNA (si-non-

targeting, siHIF-1α and siHIF-2α), which were custom designed by Qiagen (Qiagen, Venlo, 

The Netherlands). Cells were transfected with 2 mL 10% NBCSi/M199, containing 2.5 μL 

DharmaFECT transfection reagent Type 1 (GE Dharmacon Lafayette, CO) per 3x105 cells. 

Transfection medium was replaced 18 hours post transfection with regular culture medium. 
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Traction force microscopy 

Traction force microscopy substrates were produced as describe previously (28, 40) with 

some minor adjustments. In short, uncoated 20 mm glass bottom dishes (MatTek 

Corporation, Ashland, MA) were treated with 0.1 M NaOH for 1 hour and subsequently 

soaked in distilled water. After air drying the dishes, a thin film of 97% 3-

Aminopropyltriethoxysilane (APES; Sigma Aldrich, Steinheim, Germany) was added and 

incubated for 3 minutes. Subsequently, the dishes were washed extensively in distilled water 

and as the final step of the glass preparation 2 µm reference beads (1:1875 in water; 

FluoSpheres®; Molecular Probes, Eugene, OR) were cross-linked with 0.5% glutaraldehyde 

(Fluka, St. Gallen, Switzerland) in PBS. After 30 minutes and three subsequent washing 

steps, 24 µl of an Acrylamide (5.5%), BIS (0.05%), TEMED (0.05%; All BioRad, 

Veenendaal, The Netherlands) and 0.5% of ammonia persulfate (APS; Sigma Aldrich, Saint 

Louis, MO) mixture was added directly to the center of each dish. Before polymerization, the 

gel solution was covered by an 18 mm coverslip (Menzel, Braunschweig, Germany) to create 

a flat and even surface. After polymerization, the coverslip was removed and 200 µl of 1 mM 

sulfosuccinimidyl-6-[4´-azido-2´-nitrophenylamino] hexanoate (Sulfo-SANPAH; Thermo 

Scientific, Rockford, IL) in 0.1 M HEPES, pH 8.5, was added to the surface and activated by 

ultraviolet light for 3 minutes. Next, 200 µl of 0.2 µm sulfated top beads in water (1:200; 

FluoSpheres®; Molecular Probes, Eugene, OR) was added and incubated for 20 minutes to 

achieve binding. Afterwards, the gels were coated overnight at 4°C with a 0.1 mg/ml purified 

type I bovine collagen (PureCol®, Advanced BioMatrix, Carlsbad, CA) in 0.1 M HEPES. 

The subsequent day, the coated gels were washed twice with a 0.1 M HEPES solution, 

followed by an incubation step of 30 minutes at 37°C with M199. After aspiration of the 

M199, 50 µl of a concentrated cell suspension of trypsinized HUVECs was directly added to 

the center of each polyacrylamide (PA) gel. Finally, the dishes were incubated for 20 minutes 

at 37°C before 2 ml of culture medium was carefully added. This procedure resulted in 

compliant hydrogels of 1.2kPa as described previously (28) with a final thickness of ~100 

µm, as determined by the microscopic difference between top and reference beads. 

 

Before the start of the experiment HUVECs were serum starved for 1 hour in 1%HSA/M199. 

Afterwards, a single dish was transported to the Zeiss Axiovert 200 MarianasTM wide-field 

inverted microscope and mounted into a climate box. Within this box; temperature (37°C), 

CO2 (5%) and humidity (80%) were all controlled by the universal heating system and gas 

incubation system (ibidi, Planegg, Germany). With the use of a 40x Zeiss air objective (Carl 

Zeiss, Jena, Germany) both differential interference contrast (DIC) images of the cells and 

fluorescent images of the top and reference beads were obtained. With the use of Slidebook 

software (Intelligent Imaging Innovation, Denver, CO) a time-lapse experiment was 

conducted for three regions of interest in each dish. Each minute, images of the cells, top 
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beads and reference beads were taken interchangeably for all three positions. After a period 

of 15 consecutive images, the HUVEC monolayer was trypsinized (~0.25% trypsin) from the 

PA gel substrate to obtain an unloaded top bead pattern, after which a final image of all 

positions was captured. 

 

The calculation of displacement and traction fields were determined as described previously 

(55). In short, the calculation of traction forces was started with a drift correction (x-y axis) 

on the basis of the reference beads pattern for all obtained images. Next, for all three regions 

of interest within the dish, displacement fields were computed by comparing the peak pattern 

of the top beads images from baseline period with its reference image in the unloaded 

substrate condition with the use of particle image velocimetry (PIV). Therefore, all top bead 

images were cropped to an 832x832 pixel window and subsequently divided into blocks of 

16x16 pixels (spatial resolution of 2.5 µm2). Monolayer traction forces were subsequently 

calculated from the displacement fields by using a constrained two-dimensional fast Fourier 

transform algorithm in MATLAB, as described by Trepat et al. (51). In this calculation we 

included the pixel to micron ratio of 0.158 and the prior knowledge of the PA gels stiffness 

of 1.2 kPa (Young’s modulus) and the Poisson’s ratio of 0.48 (28). 

 

Immunofluorescence imaging 

Confluent HUVEC monolayers were cultured on 11 mm glass coverslips (Menzel, 

Braunschweig, Germany), which were coated with 0.5% glutaraldehyde-crosslinked collagen 

(Advanced BioMatrix, Poway, CA). After 1h of serum starvation in M199/1% HSA, cell 

fixation was achieved by incubation with 2% paraformaldehyde (Merck, Darmstadt, 

Germany) for 15 minutes on ice. Subsequently, cells were permeabilized with 0.05% triton-

x-100 (C2206, Sigma, Missouri, USA), washed and incubated overnight at 4°C with primary 

antibodies against VE-cadherin (VE-cadherin XP; Cell Signaling Technology, Danvers, MA, 

USA). Alexa 488 labeled secondary antibodies (Thermo Fisher Scientific, Waltham, MA, 

USA) in combination with direct staining of the F-actin by rhodamine-phalloidin (Invitrogen 

Corporation, San Diego, CA) were incubated for 1h at room temperature after thorough 

washing. After another washing step, the cells were sealed with Vectashield mounting 

medium containing DAPI (Vector Laboratories Inc, Burlingham, CA) for nuclear staining. 

Imaging was performed with the use of a Zeiss Axiovert 200 MarianasTM wide-field 

inverted microscope in combination with a cooled Sensicam CCD camera (Cooke, 

Tonawanda, NY) and a 10x and 63x Zeiss oil objective (Carl Zeiss, Jena, Germany). With 

the use of Slidebook software (Intelligent Imaging Innovation, Denver, CO) all images were 

captured and equally adjusted for contrast. The quantification of lamellipodia from the 10x 

F-actin images was accomplished by using the selective (equal of all conditions) mask 
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function in combination with the automatic particle analysis option of the open source image 

processing software ImageJ (National Institutes of Health, Bethesda, MD).  

 

Statistical analysis 

Results are shown as mean ± SEM unless indicated differently. Statistical analysis was 

performed using one-way ANOVA or TWO-way ANOVA with Bonferroni post-hoc test. 

Numbers of replicates and significant P-values are indicated in the text or figures. P<0.05 

was considered significant. 

 

Results 

Hypoxia and DMOG induce HIF stabilization and HIF target gene transcription 

Hypoxia (1% oxygen) incubation caused a transient increase in HIF-1α protein in human 

endothelial cells, while a strong HIF-2α protein induction lasted for at least 48 hours (Figure 

1A). Similar as hypoxia, DMOG quickly increased the protein expression of HIF-1α and 

Figure 1. Hypoxia and DMOG stabilize HIF proteins and induce target gene transcription. HUVECs were 

incubated with 1% oxygen (hypoxia) (black triangles), 1 mM DMOG (dark grey squares), or the 20% oxygen PBS 

control (light grey circles) for indicated hours before protein (A) or mRNA (B) was collected (3 pools of 4 HUVEC 

donors). Relative mRNA levels were expressed as mean fold change with SEM (B) and normalized to PBS 4 hours 

(for HIF-1α, HIF-2α, and HIF-3α) or PBS 24 hours (for GLUT1, FIH, PHD1, PHD2, and PHD3). For statistical 

analysis, Two-way ANOVA with Bonferroni post-hoc test was used (B) (* p<0.05, ** p<0.01, *** p<0.001).  



Chapter 5   

 

124 

HIF-2α (within 4 hours), but this increase disappeared after 24 h. The mRNA expression of 

HIF-1α and HIF-2α was not increased (Figure 1B) by hypoxia or DMOG, suggesting that the 

increased protein expression was due to protein stabilization. The HIF-regulated genes HIF-

3α, PHD2, PHD3 and GLUT1 were increased after exposure to hypoxia or DMOG, 

indicating that the stabilized HIF proteins were functional (Figure 1B). The PHD proteins 

and FIH regulate HIF protein expression in normoxia (23, 26). The expression of PHD1 and 

FIH, two HIF-regulating genes that are not under HIF-control, was not affected in hypoxia 

or with DMOG (Figure 1B). Together these data confirm that DMOG, in a similar way as 

hypoxia, stabilizes HIF-1α and HIF-2α protein and induces mRNA expression of the HIF-

regulated genes. 

 

Hypoxia and DMOG improve the endothelial barrier function through HIF-2α 

stabilization 

Using macromolecule passage and impedance sensing assay, we studied the effect of hypoxia 

and the hypoxia-mimetic DMOG on HUVEC monolayer integrity. 24 hours pre-incubation 

in 1% oxygen or stimulation with 1 mM DMOG significantly reduced the passage of the 

tracer horseradish peroxidase (HRP) (Figure 2A). The strong barrier protective effect was 

already observed under basal conditions and caused an almost 90% reduction in HRP passage 

under hypoxic conditions and a 48% reduced passage upon DMOG treatment. Upon 

stimulation with the vasoactive agent thrombin, transendothelial HRP passage increased 

substantially in all conditions. Nonetheless, hypoxia and DMOG incubation significantly 

reduced the transendothelial HRP passage compared with PBS. Moreover, endothelial 

resistance measurements during incubation with hypoxia or DMOG confirmed the HRP 

findings and showed a maximal increase of 225 Ohm in hypoxic conditions and 260 Ohm 

for DMOG (Figure 2B). The effect of DMOG was concentration dependent (data not shown). 

Incubation with 1 mM DMOG resulted in a maximal increase in endothelial resistance after 

14 h. 

 

To investigate whether HIF-1α and HIF-2α were involved in the effects of hypoxia and 

DMOG on endothelial permeability, HUVECs were depleted for these genes. Silencing of 

HIF-1α (80%) or HIF-2α (87%) (Figures 3A and 3B) in HUVECs had no significant effects 

on baseline endothelial resistance (Figure 3C). The hypoxia response was significantly 

ablated by the knock-down of HIF-2α (-300 Ohm, p< 0.001) and overlapped with the 

normoxic PBS control response (Figure 3D). The depletion of HIF-1α, however, did not 

reduce the endothelial resistance and even showed a tendency to amplify the hypoxia-induced 

improvement of barrier function (+50 Ohm, p> 0.05). Similar patterns were observed in the 

DMOG treated conditions, however no significant differences were observed. Moreover, the 
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Figure 2. Endothelial barrier function is improved by hypoxia and DMOG. (A) Macromolecule passage (horse 

radish peroxide, HRP) over HUVEC monolayers was measured after 24 hours pre-incubation with PBS (light grey), 

hypoxia (black), or DMOG (dark grey). The total passaged HRP was determined under basal conditions (control) 

and after a period of 60 minutes stimulation with 1U/ml of the vaso-active agent thrombin (4 pools of 4 HUVEC 

donors). The plotted bar graph represents the percentage of HRP which crossed the endothelial barrier in each 

specific condition relative to the HRP present within the total system. The expressed percentages below the x-axis 

are the relative values of passed HRP compared to the vehicle controlled condition (%). (B) Electrical resistance of 

HUVECs stimulated – indicated by a solid vertical line - with PBS (light grey), hypoxia (black) or DMOG (dark 

grey) were measured and expressed after correcting for the basal starting variation of each condition (3 pools of 4 

HUVEC donors). For statistical analysis, repeated measures ANOVA with Bonferroni post-hoc test was used (* 

p<0.05, ** p<0.01, *** p<0.001). 

 

characteristic decreasing phase of the DMOG response, which starts after 14 h incubation, 

seemed unaffected by the knock-down of the HIFs. Taken together, these data show that 

hypoxia incubation or DMOG exposure up to 14 h improve endothelial barrier function, 

which is regulated by HIF-2α and was not compensated by HIF-1α. Furthermore, the 

improvement in hypoxia is gradually, whereas the improvement upon DMOG treatment was 

transient with a maximal effect after 14 hours. 



Chapter 5   

 

126 

Figure 3. The hypoxia-induced barrier strengthening is mediated via HIF-2α. (A) Three independent HUVECs 

pools of 4 donors were silenced with si-RNA of HIF-1α (black) or HIF-2α (dark grey) and remaining mRNA levels 

were compared to a non-targeting control (light grey). (B) Representative western blots show the knock down 

efficiency of HIF-1α (upper panel) and HIF-2α (middle panel) depletion by siRNA treatment. Whole cell lysates are 

collected 72 hours after transfection of HUVECs under hypoxic conditions. (C) The 72 hours post-transfectional 

electrical resistance of endothelial cells is expressed relative to the untransfected control condition (%). The si-RNA 

knockdown of the HIFs and the non-targeting control was non-significantly (n.s.) effected by measurements on the 

ECIS. (D) Normalized electrical resistance of HUVECs transfected with si-RNA of HIF-1α, HIF-2α or the non-

targeting control was measured for 24 hours upon exposure (solid vertical line) to 1% oxygen (left) or 1 mM DMOG 

(right). HUVECs transfected with non-targeting si-RNA and treated with PBS in 20% oxygen are shown in dashed 

light grey line. HIF-1α- (black line) or HIF-2α-depleted (dark grey line) HUVECs were normalized to their own 

starting values. Data represents the mean ±SEM for 3 independent experiments. For statistical analysis, student t test 

(A), and repeated measures ANOVA with Bonferroni post-hoc test (D) were used (*** p<0.001). 

 

Cell-cell interactions are strengthened by hypoxia and DMOG treatment 

To elucidate the mechanism underlying the improved barrier function upon hypoxia and 

DMOG treatment, the endothelial resistance data described in Figure 2B was modeled 

yielding parameters for cell-cell interaction (Rb) and cell-matrix interaction (alpha) (16, 30). 

This analysis revealed that the improved barrier function in hypoxic conditions was 

completely caused by significantly improved cell-cell interactions (Rb: +65%, p<0.001, 

alpha: -6%, p>0.05) (Figure 4A). Similarly, the protective effect of DMOG on the endothelial 

barrier was predominantly caused by significantly altered cell-cell-interactions (Rb: +48%, 
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p<0.05). However, in contrast to hypoxia, the cell-matrix component was slightly affected 

by DMOG treatment (alpha: +8%, p>0.05). Since the cell-cell interactions appeared to be the 

dominant factor improving the endothelial barrier during hypoxia and DMOG treatment, we 

further evaluated the most important adhesive component in endothelial adherens junctions, 

 

Figure 4. Enhanced barrier function in hypoxia and DMOG is caused by improved cell-cell interactions. (A) 

Electrical resistance after treatment (solid vertical line) with hypoxia (left) and DMOG (right) was measured and 

compared to PBS control HUVECs after normalizing to their own starting value. Additionally, the attributable cell-

cell (dashed light grey line) and cell-matrix (dashed dark grey line) interactions were modulated and plotted on the 

right axis of both figures. (B) Representative immunofluorescence staining of VE-cadherin was shown to visualize 

focal adherens junctions in PBS-, hypoxia- and DMOG-treated HUVECs for indicated hours. Scale bars indicate 10 

µm. (C) VE-cadherin and VE-PTP mRNA expression and (D) VE-cadherin protein was measured in HUVECs 

treated with PBS, hypoxia or DMOG for indicated hours (3 pools of 4 HUVEC donors). The relative mRNA levels 

were expressed as mean fold change with SEM and normalized to the PBS control at 4 hours. (E) VE-cadherin and 

VE-PTP mRNA expression was measured in HUVECs depleted for HIF-1α and HIF-2α and incubated for 24 hours 

in hypoxia (2 pools of 4 HUVEC donors). The relative mRNA levels were expressed as mean fold change with the 

range and normalized to non-targeting transfected HUVECs. For statistical analysis, repeated measures ANOVA 

with Bonferroni post-hoc test (A) or Two-way ANOVA with Bonferroni post-hoc test (D) were used (* p<0.05, ** 

p<0.01, *** p<0.001).  
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VE-cadherin. Immunofluorescence staining revealed that hypoxia gradually increased the 

amount of VE-cadherin present at the cell-cell junctions (Figure 4B). However, this was not 

reflected in total cellular VE-cadherin protein level suggesting mainly a difference in 

localization (Figure 4D). Similarly, DMOG stimulation showed a transient trend of increased 

VE-cadherin staining, while total VE-cadherin protein was also not altered (Figures 4B and 

4D). Although VE-cadherin mRNA expression was increased after 24 h exposure to hypoxia 

or DMOG (1.4±0.3 and 2.0±0.3 fold, respectively; Figure 4C), silencing of HIF-1α and HIF-

2α with specific si-RNA hardly affected VE-cadherin mRNA expression after 24 hours in 

hypoxia (1.7±1.0-fold and -1.26±0.2-fold respectively; Figure 4E). This data suggests that 

the effects of hypoxia on endothelial permeability are only related to VE-cadherin 

localization, but not to its transcription in our experimental conditions. 

 

Subsequently, we investigated another effector of adherens junction stabilization, VE-PTP. 

While mRNA levels of VE-PTP were increased more than 2-fold in hypoxia and up-regulated 

more than 3-fold by DMOG (Figure 4C), silencing of HIF-2α resulted in a slight tendency to 

a decreased VE-PTP mRNA expression (-1.74±0.96-fold) after 24 hours in hypoxia, whereas 

depletion of HIF-1α tended to increase VE-PTP mRNA levels (2.34±2.54-fold). However, 

both effects did not reach statistical significance. 

 

As these data point to a stabilization of adherens junctions by hypoxia, we wondered whether 

hypoxia affected the mobility and micromotion of endothelial cells in a confluent monolayer. 

Differential interference contrast (DIC) microscopy movies showed that exposure to hypoxia 

or DMOG indeed decreased the motility in HUVECs and reduced membrane ruffling 

(Supporting Movie 1, online). Subsequently, the micromotion of endothelial cells, i.e. the 

variance of the normalized endothelial resistance in HUVEC monolayers, was quantified and 

showed a markedly decreased cellular micromotion after 24 h exposure to hypoxia (PBS: 

7.8±1.9, hypoxia: 1.1±0.4, DMOG: 5.4±1.3; p < 0.05) (Figure 5A). This was accompanied 

by a reduced number and size of lamellipodia upon hypoxia treatment (p=0.06) (Figure 5B). 

 

Hypoxia affects F-actin organization, but not the generated traction forces  

Subsequently, we investigated whether the hypoxia-induced improvement of endothelial 

barrier function was accompanied by a change in traction forces. Time course of the F-actin 

cytoskeleton organization revealed that hypoxia caused a relative decrease in cortical F-actin 

at 8 and 24 h, which reached significance at 24 h (PBS: 100%, hypoxia: 52.3±2.0%) and an 

increase in shear fiber-like structures, especially after 24 and 48 h (Figure 6A). DMOG-

stimulated HUVECs developed a stronger cortical F-actin ring and showed more pronounced   
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Figure 5. Cell motility is severely hampered after 24 hours of hypoxia. (A) Electrical resistance measurements 

were conducted in rapid time collect-mode to monitor the natural occurring cellular movement previously described 

as micromotion (53). After 24-hours pre-incubation with PBS (light grey), 1% oxygen (black) or 1 mM DMOG 

(dark grey) a thirty-minute measurement period was started for each well. All values were normalized to the average 

of the whole 30 minute period. The variance of the micromotion signal of three independent HUVECs pools was 

represented in the right panel. (B) Phalloidin staining of the F-actin cytoskeleton (in white) was used to quantify the 

number and average size of the lamellipodia (Mask indicated in yellow within the same image) of HUVEC 

monolayers treated with PBS, hypoxia or DMOG (for 24 hours). Scale bars indicate 100 µm. For statistical analysis, 

Dunn's Multiple Comparison Test was used (* p<0.05). 

 

short actin fibers in close proximity to the cell nucleus; the mean F-actin intensity was not 

altered (Figure 6A). These differences in the organization of the F-actin by hypoxia and 

DMOG may be due to an altered distribution of contractile forces. maps were generated and 

plotted over the DIC images (Figure 6B). Quantification of the TF maps revealed that 24 h 

exposure to hypoxia did not alter traction forces as compared to control cells. In contrast, 

traction forces were increased in DMOG-treated HUVECs. Force fluctuations of the DMOG-

treated HUVECs was significantly decreased, leading to increased stability (p=0.03, PBS: 
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19.7±1.4, Hypoxia:17.4±1.2, DMOG:14.4±0.7), whereas this response was absences after 

hypoxia incubation. 

 

Figure 6. Hypoxia induces alterations in F-actin organization and traction forces. (A) Phalloidin staining of the 

F-actin cytoskeleton from HUVECs incubated with 1% oxygen (hypoxia), 1 mM DMOG or the PBS control for 

indicated hours. The upper graph expresses the quantification of the depicted immunofluorescence images, whereas 

the lower graph shows the corrected F-actin intensity measured in 4 independent HUVECS pools after 24 h pre-

incubation. (B) Traction force microscopy was performed on 24 hour pre-treated HUVECs of which whole 

monolayer contractility was followed over time in combination with differential interference contrast (DIC) imaging 

of the cells. Traction force (TF) maps were generated and plotted over the DIC images. Quantification of the root 

mean square (RMS) traction forces in Pascal were plotted of PBS- (light grey), hypoxia- (black) and DMOG-treated 

(dark grey) HUVECs. Scale bars in both figures indicate 10 µm. For statistical analysis, Dunn's Multiple Comparison 

Test (A), and repeated measures ANOVA with Bonferroni post-hoc test (B) were used (* p<0.05). 



Hypoxia strengthens the endothelial barrier via HIF-2α 

131 

Next, traction force microscopy was used to assess differences in monolayer contractility 

after 24 hours of stimulation with either hypoxia or DMOG. To that end, traction force (TF)  

 

In conclusion, these data suggest that the improved barrier function upon hypoxia and DMOG 

treatment occur through improved cell-cell interactions and are mediated via HIF-2α. In 

hypoxia this is accompanied by increased VE-cadherin accumulation in the adherens 

junctions and decreased micromotion. DMOG mimics hypoxia, but has additional effects, 

which result in a transient increase in permeability; it also has a small additional effect 

through increased cell-matrix interaction. 

 

Discussion 

The present study showed that hypoxia strengthened the endothelial barrier in HUVECs, 

leading to decreased vascular permeability in vitro. The protective effect on the endothelial 

barrier was caused by improved cell-cell interactions, which was mediated through 

stabilization of HIF-2α and amongst others increased VE-cadherin expression in the adherens 

junctions. This was accompanied by decreased cell motility, micromotion and lamellipodia 

formation in hypoxia. The hypoxia-mimetic DMOG also strengthened the endothelial barrier 

in HUVECs in a HIF-dependent manner through improved cell-cell interactions. However, 

DMOG had additional effects; it slightly improved the cell-matrix interactions, altered the F-

actin cytoskeleton and baseline tractions forces in the endothelial monolayer.  

 

Hypoxia decreases vascular permeability in HUVECs in vitro 

We showed that hypoxia decreased vascular permeability of HUVECs under basal conditions 

(Figures 2A and 2B). Although this was previously published (20, 48), it was still surprising 

to us; hypoxia induces the expression of VEGF, characterized as vascular permeability factor, 

which induces vascular leakage (44). Furthermore, hypoxia induces vascular leakage in the 

brain in vitro (28) and in vivo in rodents (4, 28, 40, 42). Hypoxia-induced vascular leakage 

in the brain is mediated via VEGF-A-induced activation of the matrix metalloproteinase 

MMP-9 and subsequent mediated occludin degradation affecting tight junction integrity (4, 

42). However, in contrast to the endothelium in brain, retina and testis, which have a very 

high electrical resistance due to a closed belt of tight junctions, most continuous endothelia 

are sealed by a belt of adherence junctions, while the tight junctions form mosaic structures 

with interruptions allowing the free passage of albumin and solutes (6, 33). Tissue specific 

differences are also revealed by ablation of VE-cadherin, the major pivotal protein of 

adherens junctions, which did affect vascular leakage in lung or heart vasculature, but not in 

the brain (15). In lung edema the process is complicated as it involves both disruption of the 

adherens junction- dependent endothelial barrier and the epithelial cell layer integrity, which 
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is primarily tight junction dependent. This complexity may contribute to the differences in 

the reported effects of hypoxia on lung vascular leakage (8, 20). 

 

HIF-2α regulates endothelial barrier strengthening via VE-cadherin in adherens 

junctions 

The stabilizing effect of hypoxia on endothelial barrier function was regulated by HIF-2α but 

not HIF-1α, as depletion of HIF-2α resulted in ablated hypoxia-induced improved endothelial 

barrier function in HUVECs during the 24 hours measurement (Figure 3D). This correlates 

with the role of HIF-1α and HIF-2α in angiogenesis; HIF-1α stimulates angiogenesis-related 

processes such as endothelial sprouting, which requires loosening of the endothelial barrier 

(7, 24, 41, 47), whereas HIF-2α stimulates vessel maturation and strengthening of the 

endothelial barrier thereby preventing vascular leakage (11, 20, 38, 46, 47). The protecting 

role of HIF-2α in barrier function was also shown in epithelial inflammatory diseases (18). 

However, the role of HIF-2α can be contextual, as it also has been reported that an intestinal 

epithelial cell-specific deletion of HIF-2α protects mice from colitis induces by dextran 

sulfate sodium (56). 

 

In response to hypoxia, the mRNA expression of VE-cadherin and VE-PTP was increased in 

HUVECs (Figure 4C). Moreover, VE-cadherin protein was increased in the adherens 

junctions (Figure 4B). This could point toward more stable endothelial adherens junctions. 

Increased expression of VE-PTP mRNA was found in response to hypoxia and HIF-2α 

stabilization in lung endothelial cells (20) and human hepatoma carcinoma cells (37). 

Interestingly, Gong et al (20) reported that silencing of VE-PTP increased vascular leakage 

in hypoxia, in line with its function as a stabilizer of the endothelial junctions (15, 35). 

Phosphorylation of VE-cadherin, for example by VEGF, triggers the dissociation of VE-

cadherin and VE-PTP, resulting in increased vascular permeability (13, 15, 35). Moreover, 

VE-PTP also counterbalances the activation of TIE-2 by ANGPT1 and thereby destabilizes 

junctions in response to VEGF stimulation (15, 45, 55). Therefore, in normoxia, inhibition 

of VE-PTP resulted in decreased vascular permeability upon VEGF stimulation, whereas in 

unstimulated conditions inhibition of VE-PTP had no effect on vascular permeability (15, 

45). Although our data did not provide a statistical significant underpinning of the role of 

VE-PTP in hypoxia-regulated barrier improvement, they do not exclude that the improved 

cell-cell interactions upon hypoxia and DMOG treatment are caused by increased VE-PTP, 

through HIF-2α, and VE-cadherin expression, as previously suggested by Gong et al (20). 

 

Effect of hypoxia on micromotion, actin cytoskeleton and traction forces 

We found a marked decrease in motility of HUVECs incubated in hypoxia, which was 

observed in all HUVEC donors tested (Supporting Movie 1 + Figure 5A). This was 
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accompanied by a reduction in filamentous actin and lamellipodia size and number, without 

significantly affecting the generation of traction forces after incubation in hypoxia (Figure 

6A). In line with our study, Mazzone et al (32) showed that endothelial cells isolated from 

PHD2-haplodeficient mice, thereby mimicking hypoxia through stabilization of HIF-2α, had 

reduced motility and lamellipodia formation. Moreover, Tet-inducible PHD2 knockout in 

HeLa cells significantly reduced cell migration, however this was related to a more prominent 

F-actin staining which contradicts our observations (52). The hypoxia-mimetic DMOG (24 

hours) had no effect on lamellipodia number and size. However, the DMOG-stimulated 

HUVECs developed a strong cortical F-actin ring and more pronounced short actin fibers in 

close proximity to the cell nucleus. It was shown that DMOG incubation (overnight) in 

HUVECs resulted in decreased extended lamellipodia and F-actin fibers that were 

concentrated subcortically (54). From these data, it is clear that the 2-oxoglutarate analogue 

DMOG has pleiotropic effects, in addition to mimicking hypoxia. Nevertheless, the DMOG-

induced tight VE-cadherin band along the cell boundaries, which was also observed in 

hypoxia, indicated strong cell-cell contacts (54). 

 

DMOG as a hypoxia-mimetic? 

DMOG is widely used to mimic the hypoxia response through stabilization of HIF-1α and 

HIF-2α (2, 3, 12). We confirmed that HIF-1α and HIF-2α were stabilized upon DMOG 

treatment and HIF-regulated genes were induced (Figure 1). Moreover, DMOG treatment 

improved the barrier function through improved cell-cell contacts, similar to hypoxia. 

However, the effect of DMOG is transient, which is observed in HIF protein stabilization 

(Figure 1A) and the bell-shaped transendothelial resistance curve (Figure 2B). This is not 

observed upon hypoxia incubation. To the best of our knowledge, DMOG is often studied in 

relation to angiogenesis and wound healing (2, 5, 50, 57) and only a few studies are published 

investigating the effect of DMOG on barrier function; they found a protective effect of 

DMOG on epithelial barrier function (10, 22, 36), but no time-dependent effect. DMOG-

incubation only influenced inflammation-induced epithelial permeability, and not 

unstimulated permeability. Probably epithelial cells, especially colon epithelial cells, are less 

susceptible to DMOG exposure.  

 

We found that the hypoxia-induced improvement of barrier function was mediated through 

HIF-2α and improved cell-cell interactions. Although, the DMOG-induced protection of 

barrier function was also regulated through HIF-2α and improved cell-cell interactions, 

additional effects on the cell-matrix interactions, traction force fluctuations and probably 

related rearrangement of F-actin cytoskeleton were shown. As it was previously shown that 

cytoskeleton rearrangement was regulated via HIF-1α (54), we doubt whether these 

additional DMOG effects influence the barrier function. 
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From our and literature data, one may question whether DMOG is a true hypoxia-mimetic. 

Although hypoxia and DMOG both stabilize HIF-1α and HIF-2α and induce HIF-target gene 

expression, we found different kinetics between DMOG- and hypoxia-mediated effects and, 

more seriously, additional effects of DMOG that were not observed in hypoxia. These effects 

are probably HIF-independent. As DMOG is a pan 2-OG-dependent hydroxylase inhibitor, 

this suggests that DMOG has additional effects (other than through inhibition of PHDs and 

HIFs) (9, 39). For example, HIF-independent effects of DMOG have been reported for p62 

degradation and NFκB activation (17, 49). Moreover, Elvidge et al. (12) showed that hypoxia 

and DMOG regulate some genes in a parallel fashion, and some genes differently. Thus, 

DMOG can mimic several aspects of hypoxia and HIF induction, in particular in short-term 

experiments, but because of its pleiotropic effects, it is not a true hypoxia-mimetic. 

 

Perspective 

In conclusion, this study demonstrates that hypoxia incubation limits endothelial 

micromotion and strengthens the endothelial barrier through improved cell-cell interactions. 

This latter process is mediated through HIF-2α, but not HIF-1α, and is the result of 

stabilization of adherens junctions. It helps limiting vascular leakage and stabilizing new 

capillary sprouts in hypoxic conditions. However, published data on very tight endothelia 

depending on tight junctions indicate that hypoxia can be detrimental for such barriers. 

Altogether, the final effect of hypoxia on macromolecular extravasation and angiogenesis 

will be contextual and also includes the effect of massive local production of the 

permeability-inducer VEGF-A by hypoxia-exposed non-endothelial cells. Better 

understanding the contribution of endothelial cells may help to improve the treatment of 

edema-related disease and related pharmacological interventions. 
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S1 Table. Primer sequences for qRT-PCR 

Protein name Gene Symbol Forward Primer Reverse Primer 

β-2-microglobulin (5) B2M TTTCATCCATCCGACATTG CGGCAGGCATACTCATCTTT 

HIF-1α (1) HIF1A CCAGTTAGGTTCCTTCGATCAGT TTTGAGGACTTGCGCTTTCA 

HIF-2α (1) EPAS1 AGCAGATGGACAACTTGTACCTGA TGTCGCCATCTTGGGTCAC 

HIF-3α (3) HIF3A AGAGAACGGAGTGGTGCTGT ATCAGCCGGAAGAGGACTTT 

FIH-1 (4) HIF1AN ACAGTGCCAGCACCCACAA GCCCACAGTGTCATTGAGCG 

PHD1 (4) ELGN2 GGCGATCCCGCCGCGC CCTGGGTAACACGCC 

PHD2 (4) EGLN1 GCACGACACCGGGAAGTT CCAGCTTCCCGTTACAGT 

PHD3 (4) EGLN3 GGCGTCTCCAAGCGACAC GCCACCATTGCCTTAGACCT 

GLUT1 (2) SLC2A1 CATCAATGCCCCCCAGAA AAGCGGCCCAGGATCAG 

VE-cadherin CHD5 CGGCGCCAAAAGAGAGATTG CACGCTTGACTTGATCTTGCC 

VE-PTP PTPRB CAGTGGGCAGAACATTCCC TGTATTTTCGTCCAGGCACCA 

 

 

Available online: 

 

 

Supporting movie 1. Monolayer motility is severely hampered in hypoxic- and DMOG-stimulated conditions. 

Differential interference contrast (DIC) imaging of a HUVEC monolayer after 24 hours pre-treated with PBS in 

20% O2, PBS in 1% O2 or 1 mM of DMOG, respectively. The cells were studied using a 40x objective for a period 

of 15 minutes in which each minute a frame was captured. 
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Abstract 

Background: Endothelial sprouting is severely hampered under prolonged hypoxia, which is 

partly explained by an induction of HIF-2α. As hypoxia also interferes with the functioning 

of mitochondria, a potential role of mitochondria in endothelial sprouting was investigated. 

 

Objective: To study the effect of prolonged hypoxia on mitochondrial density and function, 

and whether inhibition of the respiratory system or mitochondrial ATP production can 

explain a reduced endothelial sprouting in prolonged hypoxia. 

 

Results: Fourteen days culturing of human microvascular endothelial cells (hMVECs) at 1% 

oxygen resulted in a lower gene expression of mitochondrial enzymes (reduction of ~10-

20%) and an increase in transcription of glycolysis-related genes (~50% of the genes). 

Prolonged hypoxia also reduced mitochondrial volume density by 40±16%, which was 

accompanied by a 45% lower routine and maximal respiration. While a 24h exposure to 

hypoxia did not alter the production of mitochondrial reactive oxygen species (mitoROS), 

prolonged hypoxia caused a reduction of mitoROS by 59±8%. Blocking mitochondrial ATP 

synthase by oligomycin did not affect endothelial sprouting, while inhibition of individual 

complexes of the respiratory system caused cell toxicity, or complex IV caused a small non-

significant negative effect on endothelial sprouting. 

 

Conclusion: Mitochondrial density, respiration and ROS generation are reduced in hMVECs 

after 2-weeks exposure to hypoxia. Mitochondrial ATP generation is dispensable for 

endothelial sprouting. It is unlikely that reduced mitochondrial ATP production determines 

the markedly reduced endothelial sprouting by hMVECs exposed to prolonged hypoxia. 

However, a small contribution of ROS during sprouting cannot be fully excluded. 

 

Keywords: hypoxia, mitochondria, tube formation, endothelial cells 
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Introduction 

In all cells, hypoxia rapidly causes stabilization of hypoxia-induced factor-1α (HIF-1α), 

which - in complex with HIF-1β - induces a broad spectrum of genes that enable the cell to 

cope with lack of oxygen. Among these genes, an upregulation of genes involved in the 

glycolytic pathway occurs (33, 38) and a reduction in those involved in aerobic metabolism. 

This shift in metabolism from oxidative phosphorylation to glycolysis contributes to survival 

in hypoxic conditions (21, 23, 31, 37). The current dogma in endothelial physiology is that 

the majority (85%) of energy required for endothelial cell (EC) function in culture is derived 

from glycolysis (5). This process is relatively inefficient as pyruvate is converted to lactate 

and shuttled outside the cell, rather than used for oxidative phosphorylation inside 

mitochondria. As such, mitochondria have typically been assigned a more signaling role, 

through the production of reactive oxygen species (ROS) and nitric oxide (NO) in endothelial 

cells (11, 34). Nonetheless, the volume density of mitochondria in endothelial cells is around 

4% (4), similar to low-oxidative skeletal muscle fibers, but quite different from the 25 to 32% 

in metabolically active cells like cardiomyocytes and hepatocytes (3, 4, 30).  

 

The importance of energy production in angiogenesis has been highlighted by multiple 

studies (5, 12), which show that blocking glycolysis (and therefore downstream oxidative 

phosphorylation as well) reduced angiogenic sprouting and network formation. Moreover, 

blocking mitochondrial function had no effect on endothelial sprouting (5). Nonetheless, 

Schleicher et al reported that blocking mitochondrial complex I decreased endothelial cell 

motility and capillary formation (35). While it is well known that acute transition to hypoxia 

causes induction of angiogenesis in particular by VEGF-A induction, prolonged hypoxia, 

which is accompanied in endothelial cells by a predominant HIF-2α induction relative to 

HIF-1α, stabilizes vessels and reduces sprouting (39). In accordance with this finding, we 

have shown that under prolonged hypoxia, endothelial sprouting in vitro is severely 

hampered, while cell viability and proliferation were not reduced (28). 

 

Here, we studied the effect of prolonged hypoxic culturing of endothelial cells on 

mitochondrial density and function, and whether a lower mitochondrial function may 

contribute to the changes in endothelial sprouting in long-term hypoxia. We evaluated 

whether blocking the electron transport system and mitochondrial ATP production caused a 

reduction in sprouting. We found that long-term culturing of endothelial cells in hypoxia 

resulted in a reduced nuclear mitochondrial gene expression and reduced mitochondrial 

density, structure and function. However, neither inhibition of mitochondrial respiration nor 

mitochondrial ATP production inhibited the formation of sprouts. 
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Material & Methods 

Cell culture 

The study was executed in accordance with the Declaration of Helsinki and was approved by 

the University Human Subjects Committee of the VU University Medical Center. Written 

informed consent was obtained from all donors in accordance with the institutional 

guidelines. Human microvascular endothelial cells (hMVECs) were isolated from foreskin, 

kindly provided by the Department of Dermatology (VUmc, Amsterdam), cultured and 

characterized as previously described (17, 18). In short, hMVECs were cultured on 1% 

gelatin-coated culture plates in culture medium consisting of Medium 199 supplemented with 

100 U/ml penicillin and 100 mg/ml streptomycin (p/s), 2 mM L-glutamine (all Lonza, 

Verviers, Belgium), 5 U/ml heparin (Leo Pharmaceutical Products, Weesp, The 

Netherlands), endothelial cell growth factor (ECGF, crude extract from bovine brain), 10% 

heat-inactivated human serum (HSi, Life Technologies, Bleiswijk, The Netherlands) and 

10% heat-inactivated newborn calf serum (NBCSi, Lonza). Medium was changed every 

48hrs. Confluent cells were washed with 0.5 mM EDTA (Merck Millipore, Billerica, USA) 

in Hanks’ Balanced Salt Solution (HBSS), trypsinized (0.05% trypsin in EDTA/HBSS, 

Lonza) and seeded in a 1:3 density. Cells were cultured at 37°C in a water-saturated 

atmosphere of 95% air and 5% CO2. Experiments were performed when hMVEC were 

between passage 7 and 10. 

 

Hypoxic cell culture 

Hypoxic cell culture conditions were maintained inside a custom-designed hypoxic 

workstation (T.C.P.S., Rotselaar, Belgium), with a CO2 and O2 controlled (via injection of 

N2), humidified incubator (Sanyo, Etten-leur, The Netherlands), placed inside a T4 glovebox 

(Jacomex, Dagneux, France) equipped with an O2X1 oxygen transmitter (GE Panametrics, 

Billerica, USA). The oxygen concentration inside the incubator was continuously monitored 

with an internal zirconia sensor and periodically checked with O2 test tubes (Drager Safety, 

Zoetermeer, The Netherlands). To prevent re-oxygenation during hypoxic culture, all media 

and buffers were pre-incubated for 4hrs before use. For the long-term hypoxic culture of 

hMVECs, the cells were cultured for 2 passages (~14 days) inside the hypoxic workstation, 

and remained in 1% oxygen atmosphere throughout the subsequent evaluations. 

 

RNA isolation and genome-wide RNA-sequencing 

hMVECs were cultured for 14 days at normoxic or hypoxic conditions. Upon confluency, 

cells were starved for 18hrs in serum-supplemented culture (SSC) medium consisting of 

Medium 199 with p/s supplemented with 10% HSi, 10% NBCSi and 2 mM L-glutamine and 

subsequently stimulated with 10 ng/mL tumor necrosis factor-α (TNFα, Sigma, St Louis, 
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USA) and 10 ng/ml Vascular Endothelial Growth Factor-A (VEGF-A, Invitrogen, Carlsbad, 

USA) in fresh SSC medium for 24hrs. Total RNA was isolated by using the RNeasy Mini kit 

according to manufacturer’s protocol without the DNAse treatment (Qiagen, Venlo, The 

Netherlands). Sample preparation for RNA-sequencing and analysis was performed as 

described in (27). 

 

Immunofluorescence experiments 

Gelatin-coated Ibidi slides (80826, Planegg, Germany) were used to culture hMVECs for 

immunofluorescence staining. Samples were fixated with 4% paraformaldehyde/HBSS 

(PFA) and stained for mitochondria using TOM20 (FL-145: SC: 11415, Santa Cruz, Dallas, 

USA), and nuclei using DAPI. In addition, mitochondrial superoxide production in live-cells 

was measured using MitoTracker Red (CM-H2XRos, M-7513, Invitrogen) according to the 

manufacturer instructions. Images were acquired with a fully automated MarianasTM Zeiss 

200M inverted fluorescence microscope (Intelligent Imaging Innovations, Denver, CO, 

USA) using 10x air and 40x oil lenses, respectively. The standard acquisition protocol 

included 3D stacks, fixed exposure times and correction for background fluorescence. Sum 

intensity of fluorescence per cell was assessed using dedicated software (Slidebook 5.5, 

Intelligent Imaging Innovations, Denver, CO, USA) in order to compare mitochondrial 

fluorescence signal intensities between hMVECs cultured at 20% oxygen and hMVECs 

cultured at 1% oxygen. Images were analyzed from confluent wells to obtain an average 

intensity value per hMVEC donor.  

 

Mitochondrial respiration 

Mitochondrial function in hMVECs was assessed using high-resolution respirometry 

(Oroboros, Innsbruck, Austria). 5x105 hMVECs were resuspended in 2 mL SSC medium 

and routine respiration was measured before the addition of oligomycin (2.5 µM) to 

determine leak respiration. Step-wise titration of FCCP (< 1 μM steps) was performed to 

determine maximal electron transport system (ETS) capacity. Residual oxygen consumption 

(ROX) was determined after the addition of rotenone (0.1 µM), antimycin A (2.5 µM) and 

azide (1 mM) and subtracted from all values. O2 consumption responsible for ATP 

production (Routine - Leak) and reserve capacity (ETS - Routine) were calculated. All 

measurements were performed at 20% oxygen, because respiration at a stable oxygen tension 

of 5% was technically not possible. All experiments using the hMVECs of different donors 

were performed in duplicate and subsequently averaged. 

 

Determination of cell number  

To analyze cell survival after various treatments, hMVECs were seeded in a density of 3x104 

cells/cm2 on 1% gelatin-coated culture plates (in duplicate wells for each condition). The 
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following day, the hMVECs were stimulated with the indicated mitochondrial blockers. 

48hrs after stimulation, the cells were fixated with 2% PFA for two hours at room 

temperature, incubated with crystal violet for two hours at room temperature, and dried 

overnight. Phase-contrast photos were taken with a Qimaging camera on a Zeiss microscope 

connected to a computer with Optimas image analysis software (Media Cybernetics, 

Rockville, USA). ImageJ was used to count the number of cells. 

 

In vitro tube formation assay 

3D human tube formation was evaluated as previously described (24). 2 mg/mL fibrinogen 

(Stago bnl, Leiden, The Netherlands) was dissolved in M199 medium + p/s. Thrombin (0.05 

U/mL) was added to the fibrinogen solution and 100 μL was immediately added to wells of 

a 96-well plate. For polymerization, plates were incubated for one hour at room temperature 

followed by one hour at 37˚C. Thrombin was inactivated by addition of SSC medium. 

hMVECs were seeded in a confluent density on top of the fibrin matrices. After 24hrs, and 

subsequently at 48hr intervals, the hMVECs were stimulated with SSC medium containing 

10 ng/ml TNFα and 25 ng/ml VEGF-A with or without indicated mitochondrial blockers. 

The experiments were terminated by fixation with 2% PFA for two hours at room 

temperature. The formation of tube-like structures from hMVECs into the fibrin matrices was 

analyzed by phase contrast microscopy and Optimas image analysis software (28). 

 

Statistical analysis 

Statistical analysis was performed using paired t-test or two-way ANOVA with Bonferroni 

post-hoc test. Numbers of replicates and significant P-values are indicated in the text or 

figures. P < 0.05 was considered significant. Results are shown as mean ±SEM. 

 

Results 

Nuclear gene expression of mitochondrial proteins is reduced in hypoxia 

Human microvascular endothelial cells (hMVECs) formed sprouts into a 3D fibrin matrix 

under normoxic conditions upon stimulation with VEGF-A/TNFα within 7 days. However, 

when hMVECs were precultured for 14 days in hypoxic conditions (1% O2/94% N2/5% 

CO2) without reoxygenation, sprout formation was almost completely blocked upon 

stimulation with VEGF-A/TNFα (28). In order to identify metabolic changes in response to 

prolonged hypoxia that could underlie the inhibited endothelial sprouting, we performed 

whole genome analysis of hMVECs that were incubated for 24hrs with the combination of 

VEGF-A and TNFα (similar to the culture conditions in the in vitro 3D tube formation assay). 

The genes that were significantly upregulated in response to hypoxia were clustered in the 

metabolic pathways of glycolysis, ribose phosphate metabolism, and regulation of 
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biosynthesis (Figure 1A). In addition, the genes that were significantly downregulated in 

response to hypoxia were enriched in - amongst others - lipid metabolism, mitochondrion 

organization, and the electron transport system (Figure 1B).  

 

Genes encoding for enzymes involved in glycolysis were upregulated in response to hypoxia: 

14 out of 18 glycolytic genes were significantly upregulated (average increase 54±13%), in 

accordance with an increased glycolytic demand. In contrast, the expression of only 2 out of 

11 genes encoding for Krebs cycle enzymes were significantly decreased after long-term 

hypoxia (average decrease 7±2%; Figure 2). Interestingly, the expression of nuclear genes 

encoding for subcomplexes I to V of the mitochondria was reduced during prolonged 

hypoxia; on average ~50% (33 out of 74) of the mitochondrial genes located on nuclear DNA 

showed a small (approximately 10%) but significant decrease (Figure 2). Also, 5 out of 10 

genes encoding for outer-membrane proteins (TOMs) showed a significant decreased 

expression after hypoxia with an average decrease of 11±2%. Genes involved in 

mitochondrial dynamics and protein quality control system (fission/fusion), such as 

Mitofission 1 and 2 (MFN1/2), Dynamin 1 like (DNM1L), and Optic atrophy protein 1 

(OPA1), were not consistently altered during prolonged hypoxia. A disparity in gene 

 

Figure 1. Predicted protein-protein interactions show different protein clusters. Genes that were significantly 

differentially upregulated (FDR < 5%) in hypoxia (A) or downregulated in hypoxia (B) were clustered based on 

protein-protein interactions. The nodes represent the proteins and a shared function of the proteins are shown as 

interconnecting lines. The thickness of these lines indicates the confidence of the association. The genes were 

clustered based on GO biological processes involved in metabolic processes; genes involved in these pathways are 

indicated in red. 
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Figure 2. Heatmap of metabolic and mitochondrial genes in prolonged hypoxia cultured hMVECs after 

VEGF-A/TNFα stimulation. The relative gene expression was compared with the gene expression of hMVECs 

precultured in normoxia and stimulated with VEGF-A/TNFα (n=5 independent donors). Color schemes represent 

relative change in percentage. For statistical analysis paired t-test was used (* p < 0.05). 
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expression of anti-oxidants was observed after long-term hypoxia: whereas gene expression 

of some antioxidants, such as glutathione peroxidase 7 (GPX7) and catalase (CAT), or 

reactive oxygen species (ROS) producers like NADPH oxidase 4 (NOX4), were upregulated 

in response to prolonged hypoxia, the expression of other antioxidants, such as glutathione 

peroxidase 1 (GPX1) and glutathione synthetase (GSS), were downregulated in response to 

hypoxia. However, the gene expression of the majority of antioxidants was unaltered during 

prolonged hypoxia (Figure 2). 

 

Hypoxia reduced the mitochondrial volume density 

The above mentioned reduction of genes of the different mitochondrial complexes and outer-

membrane proteins suggests a reduction in the number of mitochondria. Staining with an 

anti-TOM20 antibody, as measure of the mitochondrial content, in hMVECs revealed a 

reduced mitochondrial network (Figure 3). Quantification of the mitochondrial network 

showed that the sum intensity per cell was significantly decreased to 40±16% during 

prolonged hypoxia (Figure 3F). Not only the number of mitochondria was reduced, also the 

morphology of the mitochondria was changed. In normoxia, mitochondria showed a tubular, 

interconnected network after staining and had a spherical shape (Figures 3A and 3D), also 

after VEGF-A/TNFα stimulation (data not shown). Prolonged hypoxic culturing of 

endothelial cells resulted in a markedly alteration in location and shape: mitochondria were 

mainly located around the nucleus and the tubular network shrunk and became fragmented 

(Figures 3B and 3E).  

Figure 3. Evaluation of mitochondrial network between hMVECs cultured for 14 days in normoxia and 

hypoxia. (A-E) Representative photos of TOM20 staining, visualizing mitochondrial network, in fixated hMVECs 

precultured for 14 days in normoxia (A,D) or hypoxia (B,E). Representative photos are shown in 10x magnification 

(A-C) and 40x magnification (D-E). Scale bars represent 100 µm. (F) The sum intensity per cell is quantified under 

normoxic or hypoxic conditions (n=5 independent donors). For statistical analysis paired t-test was used (* p < 0.05). 
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ROS production drops after prolonged hypoxia 

We further evaluated whether exposure to 1% oxygen affected mitochondrial ROS 

production in endothelial cells. One may anticipate that a decrease in oxygen tension leads 

to lower production of ROS. However, exposure to 1% oxygen for 24hrs had no effect on 

ROS, i.e. superoxide, production (101±42% of superoxide production by normoxic cells; 

Figures 4A and 4B), while long-term exposure to hypoxia (14 days) resulted in a significantly 

decreased mitochondrial superoxide production (40.6±8.2% of normoxic cultured cells, p < 

0.01; Figures 4C and 4D). 

 

Mitochondrial respiration is reduced in hypoxia 

Figure 5A shows a representative example of the assay of mitochondrial respiration in intact 

endothelial cells. Routine respiration, which reflects the sum of leak respiration and 

respiration used for ATP generation, was reduced to 44% (p < 0.05) of normoxic values after 

long-term hypoxia, while leak respiration values were reduced simultaneously to 46% of 

normoxic controls (p < 0.01; Figure 5B). Stimulation of the normoxic or hypoxic precultured 

hMVECs for 24hrs with VEGF-A and TNFα did not significantly affect the mitochondrial 

routine and leak respiration, but partial restored the maximal respiration under hypoxic 

conditions to that of the normoxic value (Figure 5B). 

Figure 4. ROS production is decreased during long-term hypoxia. (A-C) Representative live-cell photos of 

MitoTracker Red, visualizing mitoROS, in hMVECs precultured for 14 days at 20% O2 (black and grey bars) or 1% 

O2 (white bar) and subsequently exposed to 20% O2 (black bar) or 1% O2 (grey and white bars) for 24hrs. Scale bars 

represent 100 µm. (D) ROS production is quantified and expressed as % of 20% O2 with SEM (n=3 independent 

donors). For statistical analysis paired t-test was used (* p < 0.05). 
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Figure 5. Respiration is decreased in hMVECs cultured in prolonged hypoxia. (A) A typical example of a 

respiration measurement in an oxograph (at ambient air) is shown. (B) Routine (ATP + leak respiration), leak (after 

addition of oligomycin) and ETS max (after addition of FCCP) respiration was measured in hMVECs cultured for 

14 days in normoxia (black and grey striped bars) or prolonged hypoxia (white and white striped bars). Background 

respiration was measured after addition of sodium azide, rotenone, or antimycin A. The hMVECs were either not 

stimulated (black and white bars) or stimulated for 24hrs with VEGF-A and TNFα (+VT; grey striped and white 

striped bars) (n=6-8 independent donors). For statistical analysis paired t-test was used (* p < 0.05). 
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Sprouting and mitochondrial function 

Inhibition of mitochondrial ATP synthesis by low concentrations of oligomycin (2.5 µM), an 

inhibitor of mitochondrial complex V or ATP synthase, had no effect on cell survival as 

established from the cell number (3.2% reduction). Oligomycin treatment of VEGF-A/TNFα-

stimulated hMVECs did not affect endothelial sprouting of normoxic hMVECs (90±12% of 

control; Figures 6B and 6C). This suggests that ATP generation by the mitochondrial 

respiratory system is dispensable for endothelial sprouting.  

While exposure to oligomycin and hypoxia (1% oxygen, see also (28)) did not affect 

endothelial viability and proliferation, inhibition of complex IV (cytochrome c oxidase) of 

the respiratory system by sodium azide caused cell death in 2 out of 5 different hMVEC 

donors. The hMVEC donors that did not display cell death after exposure to 1 mM sodium 

azide, showed decreased mitochondrial respiration (81±6% reduction) and reduced 

endothelial sprouting (35±14% reduction in comparison with untreated hMVECs; Figure 

6C). 

 

Inhibition of complexes I (by 0.1 µM rotenone) or III (by 2.5 µM antimycin A) caused 

considerable cell death (2 out of 4 and 2 out of 3 different hMVEC donors, respectively) 

exceeding that observed by azide. This suggests that derailment of the respiratory system, 

which is known to generate ROS, may further affect the viability and sprouting of hMVECs. 

 

Discussion 

We have previously shown that endothelial sprouting was largely inhibited when hMVECs 

were long-term cultured in hypoxia (28). In accordance with other cell types, hMVECs 

showed a clear metabolic shift toward glycolysis accompanied by a reduced oxidative 

phosphorylation upon exposure to prolonged hypoxia. Gene expression of many 

mitochondrial genes was decreased and glycolytic enzyme expression increased. Functional 

measurements (overall lower mitochondrial density and basal respiration) confirmed these 

findings during long-term hypoxia. Inhibition of ATP synthase (mitochondrial complex V) 

did not affect endothelial sprouting, while inhibition of complex IV of the mitochondrial 

electron transport system resulted in part of the cultures in cell death and in the other cultures 

in a small and non-significant reduction of hMVEC sprouting capacity. 

 

Hypoxia-mediated downregulation of mitochondrial protein 

We performed pathway analysis on the significantly up- and downregulated genes from the 

RNA-sequencing analysis in response to prolonged hypoxia and found enrichment in several 

metabolic pathways, such as glycolysis, ribose phosphate metabolism, and lipid metabolism. 

An increase in glycolysis in response to hypoxia has been demonstrated in many other cell 
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Figure 6. Blocking mitochondrial complex V has no effect on endothelial sprouting. hMVECs were cultured at 

20% oxygen and seeded on top of 3D fibrin matrices. Subsequently, the hMVECs were stimulated with the 

combination of VEGF-A/TNFα with or without oligomycin (n=7 independent donors) and azide (n=3 independent 

donors, each in quadruplicate). (A) The 5 subcomplexes of the mitochondrial respiratory system are shown including 

the agents that block the mitochondrial complexes. (B) Representative photos are shown of hMVECs stimulated 

with or without oligomycin 7 days after seeding and stimulation with VEGF-A/TNFα. Photos are focused on the 

sprouts. Scale bar represents 1 mm. (C) Tube length was quantified by using Optimas software and expressed as 

percentage of control with SEM. For statistical analysis paired student t-test was used. 
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types (22, 25, 29, 42) and has been suggested to be HIF-1α-dependent (19). In endothelial 

cells this response is not only mediated by HIF-1α, but also by HIF-2α (27, 40). Furthermore, 

during prolonged hypoxia, multiple genes involved in mitochondrial organization and the 

electron transport system were significantly decreased. The RNA-sequencing analysis 

revealed that the gene expression of ~50% of the nuclear localized mitochondrial genes was 

significantly decreased, similar to findings in macrophages (13).  

 

Interestingly, we observed a significantly fragmentation of the mitochondrial network during 

prolonged hypoxic culturing (Figure 3E). Fragmented mitochondria are more prone to 

apoptotic signaling and damage (32). However, our previous data (28) showed that viability 

and proliferation of hMVECs were not affected by prolonged culturing in 1% oxygen 

atmosphere. Mitochondrial networks are maintained through the complex coordination of 

fission and fusion regulated by a number of proteins. Our results indicate that mitochondrial 

fission and fusion was not accompanied by different expression of key mitochondrial 

proteins, such as OPA1 and MFN1 and 2 (Figure 2). Post-translational modification of these 

proteins and subcellular location are more likely to underlie the observed mitochondrial 

fragmentation (15). It is currently unknown whether the process of hypoxia-induced 

mitochondrial fragmentation is different in endothelial cells compared to other cell types. 

 

Oxygen consumption was still significantly decreased when prolonged hypoxic hMVEC 

cultures were transferred for measuring oxygen consumption in an environment with ample 

oxygen availability. It is likely that the decreased oxygen consumption during long-term 

hypoxia is a result of the decreased mitochondrial density and fragmented network. In 

accordance, it was shown in HL-1 mouse cardiomyocytes that exposure to 2% oxygen for 

24hrs resulted in reduced oxygen consumption, and decreased mitochondrial complex I and 

IV enzyme activity (1). However, specific deactivation of mitochondrial complex I, as 

observed in hypoxia (2) cannot be ruled out. 

 

Moreover, a lower expression of pyruvate dehydrogenase kinase 1 (PDK1) is known to 

reduce mitochondrial oxygen consumption in hypoxia (31). Indeed, we observed that the 

gene expression of PDK1 was significantly increased in response to hypoxia, which could 

contribute to the reduced basal respiration in prolonged hypoxia. 

 

Angiogenesis and mitochondrial function 

During hypoxia, mitochondria, in particularly radicals generated from activities in the 

electron transport system, can contribute to the induction of HIF-1α and HIF-2α (6, 7, 9, 10, 

16). In this respect, direct inhibition of the redox-sensitive HIF Prolyl Hydrolases (PHDs), 

which stabilizes HIF-1α, has been suggested (7, 26). Moreover, mice that lack functional 
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HIF-2α display mitochondrial dysfunction, altered levels of Krebs cycle intermediates, 

lactate and ketones, dysregulation of mitochondrial β-oxidation and enhanced generation of 

ROS (36). As HIF-2α plays an important role in both mitochondrial function and endothelial 

sprouting, it is possible that mitochondria may modulate endothelial sprouting through 

altered generation of ROS. Indeed, in our hMVECs, the generation of superoxide was 

markedly decreased in prolonged hypoxia. However, the action of radicals is complex as also 

HIF-1α inhibiting properties have been attributed to them, such as the oxidation of sulfhydryl 

groups on HIF-1α subunit, which limit its transcriptional activity (20, 41). 

 

Inflammatory cytokines and growth factors activate endothelial cells and thereby increase 

the endothelial glycolytic flux (5), similar to endothelial cells exposed to hypoxia. We found 

increased expression of multiple glycolytic genes in response to hypoxia, such as glucose 

transporter-1, aldolase A and C, hexokinase 2, and triosephosphate isomerase 1. An enhanced 

glycolytic ATP production has been demonstrated in other studies (40), which sustains the 

increased need for sprouting and the angiogenic response. Furthermore, blocking 

mitochondrial ATP synthase with oligomycin had no effect on endothelial sprouting in 

normoxic cells (Figure 6), as previously observed (5). This indicates that endothelial cells 

generate sufficient ATP through glycolysis to form sprouts.  

 

Our data demonstrated that mitochondrial superoxide production was decreased during 

prolonged hypoxia (Figure 4). The effect of hypoxia on ROS production is probably time-

dependent; short-term (hours) hypoxia increases ROS production in human cancer cell lines 

(8–10), whereas a longer exposure to hypoxia (more than 24hrs) decreases ROS production 

(our study and (23)). If ROS would be essential for sustaining endothelial sprouting, the 

reduced mitochondrial ROS production might contribute to the reduced sprouting in 

prolonged hypoxia. It has been shown that a decreased ROS production reduced tumor 

angiogenesis in a mural fibroblast cell line (14). However, such conclusion seems premature 

in our study as the effects of ROS do not only depend on mitochondrial ROS production but 

also on other membrane bound and cytoplasmic proteins such as NADPH oxidases (in 

particular NOX4 and NOX2) and uncoupled eNOS. While the expression of mitochondrial 

genes from complex I and III were decreased, NOX4 gene expression was increased during 

prolonged hypoxia. Further analysis of mitochondrial ROS production by inhibiting 

individual complexes of the respiratory system was hampered by the fact that a considerable 

part of cultures from different donors showed toxicity and cell death by such inhibitors during 

the 7-day sprouting assay. The incubation period may explain the absence of toxicity 

observed for antimycin A by De Bock et al (4), who evaluated endothelial sprouting in human 

umbilical vein endothelial cells (HUVECs) after 24hrs. In addition, differences in species, 
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donor and vessel type from which the endothelial cells were derived may influence the 

toxicity as well as the source and degree of ROS production. 

 

Conclusion 

Angiogenesis is an energy consuming process, but endothelial cells generate sufficient ATP 

through glycolysis to form sprouts. Inhibition of mitochondrial ATP production did not 

interfere with sprouting under normoxic conditions. Prolonged hypoxia reduced 

mitochondrial content, respiration and ROS production in hMVECs. Although we cannot 

fully exclude yet that impaired mitochondria may affect endothelial sprouting through 

reduced production of ROS, our data did not provide evidence for a direct role of 

mitochondrial content or mitochondrial ATP generation on endothelial sprouting.  
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Hypoxia represents the lack of sufficient oxygen to meet the metabolic demand of the tissue, 

which is either caused by reduced oxygen supply or by an increased energy consumption of 

the local cells. Although a short exposure to hypoxia stimulates angiogenesis (78, 91), 

prolonged hypoxia in poorly perfused or healing tissues is often accompanied by a resistance 

to induce neovascularization (2, 27, 33, 70, 84). It has been suggested that the balance 

between stimulating capillary sprouting through HIF-1α (11, 36, 72, 80) and 

stabilizing/inhibiting the endothelial sprouts through HIF-2α (20, 30, 63, 79, 80) is important 

for proper angiogenesis (80, 91). Although many studies described the stimulatory role of 

HIF-1α in angiogenesis, the role of HIF-2α in the angiogenesis process had hardly been 

investigated at the onset of the studies of this thesis. Therefore, our study focused on the 

effect of hypoxia and HIF-2α on the initiation of endothelial sprouting. 

 

Endothelial sprouting in hypoxia is regulated through uPA and HIF-2α 

In this thesis, we showed that prolonged hypoxia inhibited human endothelial sprouting in 

vitro and that this inhibition was regulated through a HIF-2α-dependent and a HIF-2α-

independent mechanism (i.e. via urokinase-type plasminogen activator (uPA) – plasmin 

system). When bound to its receptor uPAR and activated from its pro-enzyme, uPA is a major 

regulator of pericellular proteolysis of invading leukocytes (35) and endothelial cells that 

sprout into a fibrin matrix (41, 64). Very recently, an interesting additional role of uPA in 

endothelial sprouting was put forward, suggesting a stimulatory role of nuclear uPA in 

promoting transcription of VEGF receptor-2 (82). 

 

In the prolonged hypoxic conditions that we applied, the availability of uPA decreased 

parallel to the decrease in sprouting. The role of uPA was further underpinned by the finding 

that subsequent addition of exogenous uPA under hypoxic conditions markedly enhanced 

endothelial sprouting. However, as recombinant uPA was used to increase the tube formation, 

a direct comparison of the quantification of this effect with that by endogenous uPA should 

be made with caution. Moreover, we cannot exclude at present that the choice of the 

temporary repair matrix, fibrin, in our spouting assay affects the relative sensitivity of 

endothelial sprouting for the changes in uPA.  

 

In addition to the effect of uPA, that acted in a HIF-independent way, endothelial sprouting 

in prolonged hypoxia was also significantly reduced by HIF-2α. Silencing of HIF-2α partially 

restored endothelial sprouting during prolonged hypoxia, which was in agreement with the 

findings of Skuli et al (80). Deletion of HIF-2α resulted in high vessel density (80), but no 

adequate perfusion (80) and increased vascular permeability (30) in mice. To the best of our 

knowledge, our findings indicate for the first time that HIF-2α also restrains endothelial 

sprouting in a human setting, as found in vivo in animal studies (18, 80, 87). 



Chapter 7  

166 

Effect of short and long-term hypoxia on HIF expression and angiogenesis 

Endothelial cells formed many sprouts into a 3D fibrin matrix upon stimulation with VEGF-

A/TNFα when precultured for 14 days in 20% oxygen (normoxia). A 7-day exposure to 

hypoxia (1% O2) resulted in significantly less sprout formation. Surprisingly, when 

endothelial cells were precultured at 1% O2 for 14 days no sprouts were formed, although the 

cells were viable and proliferative (Chapter 3). The migratory (our unpublished results) 

capacity of the endothelial cells was likewise reduced after prolonged hypoxic culturing. This 

is, however, contradictory to the general thought that hypoxia is a stimulator of angiogenesis 

(78, 91). As most in vitro studies only investigate the effect of short-term hypoxia (within 48 

hours) on sprouting, this could explain the stimulation generally found (40, 42, 51, 65).  

 

We have focused in particular on the possibility that the reduced angiogenic capacity of 

microvascular endothelial cells is due to a shift in the balance between HIF-1α and HIF-2α 

(Figure 1). Although both HIF-1α and HIF-2α proteins were quickly stabilized in response 

to hypoxia, HIF-1α protein stabilization was maximal between 4 and 8 hours after the onset 

of hypoxia, whereas HIF-2α protein levels remained maximal up to 48 hours of hypoxia and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Effect of long-term hypoxia on angiogenic processes. During short-term (hours to days) hypoxia (blue 

line shows oxygen availability), many angiogenic processes, such as endothelial cell proliferation (red line), 

endothelial sprouting (green line), and endothelial cell survival (yellow line) are increased compared with the 

normoxic situation (represented as a dotted line). This is accompanied by a rapid increase in HIF-1α protein (pink 

dashed line). However, during long-term (days to weeks) hypoxia, HIF-2α protein (black dashed line) is more 

abundantly present compared with HIF-1α protein. Moreover, during long-term hypoxia, endothelial sprouting is 

decreased, whereas cell proliferation and endothelial cell survival were not affected or even increased compared 

with the normoxic situation. However, if long-term hypoxia is accompanied by lack of nutrient availability, 

endothelial cell proliferation will decrease and cell may die. 
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elevated for many days thereafter. A similar protein expression pattern of HIF-1α and HIF-

2α was found in human umbilical cord vein endothelial cells (HUVECs) and other cell types 

(4, 29, 66). This suggests that although some HIF-1α protein was present in long-term 

hypoxia, HIF-2α was the most dominantly expressed of the HIFα subunits in human 

microvascular endothelial cells exposed to prolonged hypoxia (1, 16, 58, 86). The dominantly 

expression of HIF-2α in prolonged hypoxia correlates with the suggested role of HIF-2α in 

restraining angiogenesis. 

 

NOTCH signaling is not altered in prolonged hypoxia 

A major mechanism that limits VEGF-mediated capillary sprouting is the activation of 

Notch-1 by VEGF-induced delta-like 4 (Dll4). Deletion of DLL4, which is a target gene of 

HIF-2α, resulted in hypersprouting and disorganized capillaries (25, 26, 93). These 

observations are compatible with a capillary-stabilizing role of HIF-2α (80). Hence, changes 

in the HIF-2α-regulated Dll4/Notch expression and activity (measured as Notch-induced 

gene expression) could explain the inhibition of sprouting in prolonged hypoxia (26, 79, 80, 

87). However, no or only slight changes in mRNA levels of DLL4 and Notch-signaling genes 

were found in our human microvascular endothelial cells in response to hypoxia, whereas 

these genes were increased in mouse endothelial cells and mouse lung tissue (79, 80). It 

seems implausible that this difference is related to species specificity, as it is unlikely that 

the involvement of these major pathways is different in man and mouse. However, both our 

normoxic and hypoxic cultured cells were exposed to a relatively high concentration of 

VEGF-A (10 ng/ml), by which already a steady balance between VEGF-induced sprouting 

and Dll4/Notch modulation was reached. This would suggest that inhibition of Notch 

signaling might stimulate sprouting to a similar degree in normoxia and in hypoxia. On the 

basis of our experiments, we expect that the response to hypoxia reveals other effects on 

sprouting than differences in the extent to which the Dll4/Notch pathway is activated. 

 

HIF-2α-downstream genes affect endothelial sprouting during prolonged hypoxia 

We further explored the endothelial transcriptome by using genome-wide RNA-sequencing 

to reveal genes downstream of HIF-2α-signaling that could regulate endothelial sprouting 

during prolonged hypoxia. Of the 834 genes that were significantly differentially regulated 

during prolonged hypoxia and 1164 genes that were significantly differentially regulated 

upon HIF-2α silencing (but not by interference with a scrambled si-RNA construct), only 51 

genes were significantly differentially regulated in both conditions in opposite directions 

(Chapter 4). Evaluation of these 51 genes revealed that silencing of four individual genes 

directly stimulated endothelial sprouting, i.e. ARRDC3, MME, PPARG, and RALGPS2. 
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Arrestin domain containing 3 (ARRDC3), has not been linked to angiogenesis so far. It is 

expressed in several human cancer cell lines and reduces cell proliferation and migration 

(19). Surprisingly, ARRDC3 expression is induced by PPARγ (61). Peroxisome proliferator-

activated receptor gamma (PPARG) is mainly involved in lipid and glucose metabolism (37), 

but also inhibits angiogenesis, endothelial cell migration and proliferation (3, 62, 90) in vitro 

and in vivo. Ral GEF with PH domain and SH3 binding motif 2 or RalA exchange factor 

(RALGPS2) has also not been associated with angiogenesis yet. It is suggested that 

RALGPS2 inhibits RalA signaling and thereby decreases tumor cell proliferation and induces 

apoptosis (22, 60). Several studies indicated that membrane metalloendopeptidase (MME) 

plays a role during angiogenesis (31, 83). Its expression has been found in many tumor cells 

(49) and several tissues including epithelial and endothelial cells (31, 32, 45). Moreover, 

MME inhibits endothelial angiogenesis, proliferation and migration (31, 83). 

 

Mitochondrial ATP production is dispensable for endothelial sprouting during 

prolonged hypoxia 

Genes enriched in mitochondrial organization and electron transport system were 

significantly downregulated in response to hypoxia. In addition, the RNA-sequencing 

analysis revealed that the gene expression of ~50% of the mitochondrial genes was 

significantly decreased (Chapter 6), similar to findings in macrophages (24) and human 

pulmonary endothelial cells (51). Furthermore, the mitochondrial network, visualized as 

TOM20 immunofluorescence staining, was likewise significantly decreased in our study. 

This occurred despite the fact that endothelial cells contain few mitochondria (only 4% of 

cytoplasmic volume) and rely for 85% on the glycolysis for their energy generation (7). The 

decline in mitochondria was remarkable, because PPARG gene expression, which promotes 

biogenesis of functional mitochondria through induction of PGC-1α in several peripheral 

tissues, including adipose and muscle cells (56), was significantly upregulated in response to 

hypoxia in our endothelial cells. PGC-1α is hardly expressed in endothelial cells, suggesting 

that PPARγ might have a different function in endothelial cells. In parallel to the reduced 

mitochondrial content, mitochondrial function, i.e. oxygen consumption, in the presence of 

oxygen, was also decreased in endothelial cells that were exposed to long-term hypoxia, 

which could be a consequence of the reduced mitochondrial network. 

 

The role of mitochondria in endothelial sprouting is not clear. The mitochondrial electron 

transport system has been suggested to contribute to the induction of HIF-1α and HIF-2α 

during hypoxia, through amongst others the generation of reactive oxygen species (ROS) (9, 

14, 15, 34). Moreover, mice that lack functional HIF-2α showed mitochondrial dysfunction, 

including altered levels of Krebs cycle intermediates, dysregulation of mitochondrial β-

oxidation and enhanced generation of ROS (76). Whether such mitochondrial ROS 
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production can contribute to endothelial stalk cell phenotype as recently described for 

cytosolic NADPH oxidase activity, is still unclear (8). Nonetheless, ROS production in 

endothelial cells is significantly decreased after prolonged hypoxia.  

 

Blocking the mitochondrial ATP production by addition of oligomycin, an inhibitor of 

mitochondrial complex V, did not affect endothelial sprouting in normoxia. This indicates 

that endothelial cells generate sufficient ATP through glycolysis to form sprouts. ROS 

production was decreased in prolonged hypoxia-cultured endothelial cells. It was shown that 

an altered ROS production reduced tumor angiogenesis (28), and ROS signaling is important 

in multiple angiogenic steps (95). It is therefore possible that the limited ROS production 

also contributed to the reduced endothelial sprouting during prolonged hypoxia. This would 

fit with the general idea that in endothelial cells mitochondria play a more signaling role 

through the production of (ROS) and nitric oxide (NO) rather than bioenergetics function 

(17, 44, 67). 

 

Hypoxia decreases vascular permeability in human endothelial cells in vitro 

We showed that hypoxia decreased vascular permeability of human endothelial cells under 

basal non-stimulated conditions (Chapter 5). Although this finding is in line with recent 

studies (30, 81), it was still surprising to us. Hypoxia induces the expression of VEGF, 

characterized as vascular permeability factor, which induces vascular leakage (77). 

Furthermore, it has been well documented that hypoxia induces vascular leakage in the brain 

in vitro (43) and in vivo in rodents (5, 43, 69, 75). However, brain and several other types of 

endothelium have different barrier properties than most continuous endothelia. In contrast to 

the endothelium in brain, retina and testis, which have a closed belt of tight junctions, most 

continuous endothelia are sealed by a belt of adherens junctions (10, 53). Tissue specific 

differences are also revealed by ablation of VE-cadherin, the major pivotal protein of 

adherens junctions, which did affect vascular leakage in lung or heart vasculature, but not in 

the brain (23). In lung edema, the leakage process is complicated as it involves both 

disruption of the adherens junction-dependent endothelial barrier and the epithelial cell layer 

integrity, which is primarily tight junction-dependent. This complexity may contribute to the 

differences in the reported effects of hypoxia on lung vascular leakage (12, 30).  

 

The stabilizing effect of hypoxia on endothelial barrier function was regulated by HIF-2α and 

not HIF-1α, as only depletion of HIF-2α resulted in ablated hypoxia-induced improved 

endothelial barrier function in endothelial cells. This correlates with the role of HIF-1α and 

HIF-2α in angiogenesis; HIF-1α stimulates angiogenesis-related processes such as 

endothelial sprouting, which requires loosening of the endothelial barrier (11, 36, 72, 80), 

whereas HIF-2α stimulates vessel maturation and strengthening of the endothelial barrier 
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thereby preventing vascular leakage (20, 30, 63, 79, 80). The strengthening of the endothelial 

barrier in response to hypoxia occurred within a few hours, which indicates that HIF-2α 

stabilization during hypoxia is quick, as we observed previously. 

 

In response to hypoxia, total VE-cadherin mRNA expression and protein expression in the 

adherens junctions was increased. This could point toward more stable endothelial adherens 

junctions. Gong et al (30) reported that silencing of VE-PTP increased vascular leakage in 

hypoxia, in line with its function as a stabilizer of the endothelial junctions (23, 59). Although 

our data did not provide a statistical significant underpinning of the role of VE-PTP in 

hypoxia-regulated barrier improvement, we found an increased expression of VE-PTP 

mRNA in response to hypoxia. We therefore cannot exclude that the improved cell-cell 

interactions upon hypoxia are caused by increased VE-PTP, through HIF-2α, and VE-

cadherin expression. This indicates that hypoxia through HIF-2α expression strengthens the 

endothelial barrier via stabilization of the adherens junctions. This limits vascular leakage 

and stabilizes new capillary sprouts in hypoxic conditions. 
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Conclusion 

We demonstrated that during prolonged hypoxia many steps of the angiogenesis cascade are 

inhibited; i.e. vascular leakage, endothelial cell migration, and endothelial sprouting are 

decreased. Prolonged hypoxia had no effect on endothelial cell proliferation. The effect on 

vascular leakage was regulated by HIF-2α through stabilization of adherens junctions, 

probably through expression of VE-PTP and subsequent redistribution of VE-cadherin 

(Figure 2). Furthermore, the decreased endothelial sprouting was partially restored by 

silencing HIF-2α. In addition, silencing the HIF-2α-downstream genes, ARRDC3, MME, 

PPARG or RALGPS2, increased endothelial sprouting, similar to the effects observed by 

silencing HIF-2α (Figure 2). Finally, during prolonged hypoxia the expression of genes 

involved in oxidative metabolism were decreased, which was reversed by silencing HIF-2α. 

HIF-2α only partially restored endothelial sprouting. Probably a HIF-2α-independent 

mechanism, via uPA, also restrains endothelial sprouting in vitro during prolonged hypoxia 

through facilitating the degradation of the extracellular matrix and/or regulation of the VEGF 

receptor-2 transcription. 

 

Figure 2. Summary of the main findings described in this thesis. 
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Future perspectives 

The knowledge gained from our study might be helpful for improving vascularization in 

tissue engineering applications or regenerative medicine. Whereas most wounds heal 

properly through tissue repair, chronic wounds require tissue engineering and/or 

transplantation (57, 92). Unfortunately, oxygen delivery is often limited in a cellularized 

tissue-engineered scaffold and the subsequently developed hypoxic core often gives 

resistance to induce neovascularization (13, 39, 50, 68). Therefore, there is a need of 

overcoming endogenous inhibitory factors that prevent induction of angiogenesis in severely 

hypoxic tissues. 

 

HIF-1α and HIF-2α have been interesting therapeutic targets for, amongst others, cancer 

therapy for many years (38, 48, 52, 54, 89). Many molecules or natural components have 

been identified that inhibit the HIF pathway through inhibition of HIF-α mRNA transcription, 

protein translation, dimerization with HIF-1β, or binding to DNA (38, 48, 52, 54, 89). 

Although some of these agents are in clinical trials and could potentially inhibit tumor 

growth, they are not-specific HIF inhibitors and may have many side effects (47). Up to now, 

no selective HIF-1α inhibitor has been clinically approved (52). Recently, a specific HIF-2α 

inhibitor has been identified. This inhibitor blocks the dimerization of HIF-2α with HIF-1β 

specifically (55, 73, 74, 96) and is in phase I clinical trial (97). Nonetheless, these agents 

inhibit the complete HIF-2α signaling pathway. Therefore, manipulating specific 

downstream targets of HIF-2α provides a potential new treatment that needs further 

evaluation. 

 

One HIF-2α-target gene that might influence vascular leakage and endothelial sprouting, is 

membrane metalloendopeptidase (MME). Silencing of MME in prolonged hypoxia restores 

endothelial sprouting, which correlates with an increased mRNA expression during 

prolonged hypoxia. Moreover, high expression of MME is associated with reduced 

angiogenesis in the cornea of mice (31), inhibited migration of lung fibroblasts (83), and 

reduced vascular leakage (12, 88). This indicates that MME, similar to HIF-2α, is a vessel 

stabilizer. MME is involved in the cleavage and inactivation of certain peptide hormones 

involved in signal transduction (71, 83). It is suggested that MME cleaves growth factors, a 

possible mechanism through which MME might decrease vascular permeability and capillary 

sprouting (31). It would be interesting for the future to study the effect of MME on the barrier 

function or the effect of MME on the metabolism in human endothelial cells. 

 

Hence, incorporation of anti-MME antibodies within a tissue-engineered scaffold or in the 

cells in the scaffold might overcome the inhibition of neovascularization in a hypoxic 
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environment. However, more challenges exist; the newly formed vessels have to be stabilized 

by mural cells to prevent vascular leakage. It has been shown that HIF-2α is involved in the 

stabilization of the newly formed vessels by recruiting mural cells to the vessels (20, 63, 85). 

Whether MME is also involved in the recruitment of mural cells has not been investigated 

yet.  

 

Another challenge that has to be investigated is the role of hypoxia and HIF-2α in 

anastomosis formation, which is required for perfusion of the newly formed microvessel. To 

continually provide sufficient oxygen and nutrients to the cellularized tissue-engineered 

scaffold, a connection to the host vasculature is of key importance. This issue has not been 

examined in this thesis. Several microvessel models have been described that study 

anastomosis between adjacent sprouts (46, 94). It is important to evaluate if hypoxia, HIF-2α 

and MME influence anastomosis, and how this process is modulated by hypoxia sensitive 

monocytes/macrophages (21). 

 

Altogether, this thesis provided new insights in HIF-2α downstream targets that inhibit 

endothelial sprouting during prolonged hypoxia; MME is an interesting target that should be 

evaluated in more detail. MME inhibitors are tested in the clinic (6) to treat cardiovascular 

diseases and ideally, these inhibitors stimulate capillary sprouting without affecting 

neovessel stabilization and anastomosis formation. Our experiments have been performed in 

a human in vitro setting, and therefore the translation to human in vivo situations cannot be 

made directly. For applications in tissue engineering, an important issue is the origin of the 

endothelial cells, both with regard to the original tissue and to that of the original donor. To 

circumvent the complications that are associated with allogenic transplantation, the 

expansion of circulating endothelial progenitor cells (late outgrowth type) isolated from 

individual patients may be helpful. Therefore, the evaluation of e.g. the inhibiting role of 

MME on endothelial sprouting can best be investigated in such a setting. Overall, our study 

made a small but significant step toward a better understanding of sprouting angiogenesis in 

prolonged hypoxic conditions, and provides a new perspective for controlled application of 

neovascularization in tissue engineering. 

 

  



Chapter 7  

174 

References 

 

1.  Albina JE, Mastrofrancesco B, Vessella JA, Louis CA, Henry WL, Reichner JS. HIF-1 expression 
in healing wounds: HIF-1alpha induction in primary inflammatory cells by TNF-alpha. Am J Physiol Cell Physiol 

281: C1971–7, 2001. 

2.  Alizadeh N, Pepper MS, Modarressi A, Alfo K, Schlaudraff K, Montandon D, Gabbiani G, 

Bochaton-Piallat M-L, Pittet B. Persistent ischemia impairs myofibroblast development in wound granulation 

tissue: a new model of delayed wound healing. Wound repair Regen 15: 809–16, 2007. 

3.  Aljada A, O’Connor L, Fu Y-Y, Mousa SA. PPAR gamma ligands, rosiglitazone and pioglitazone, 

inhibit bFGF- and VEGF-mediated angiogenesis. Angiogenesis 11: 361–7, 2008. 

4.  Augstein A, Poitz DM, Braun-Dullaeus RC, Strasser RH, Schmeisser A. Cell-specific and hypoxia-

dependent regulation of human HIF-3α: inhibition of the expression of HIF target genes in vascular cells. Cell Mol 
Life Sci 68: 2627–42, 2011. 

5.  Bauer AT, Bürgers HF, Rabie T, Marti HH. Matrix metalloproteinase-9 mediates hypoxia-induced 
vascular leakage in the brain via tight junction rearrangement. J Cereb Blood Flow Metab 30: 837–48, 2010. 

6.  Bayes-Genis A, Barallat J, Richards AM. A Test in Context: Neprilysin: Function, Inhibition, and 
Biomarker. J Am Coll Cardiol 68: 639–53, 2016. 

7.  De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, Cantelmo AR, Quaegebeur A, 
Ghesquière B, Cauwenberghs S, Eelen G, Phng L-K, Betz I, Tembuyser B, Brepoels K, Welti J, Geudens I, 

Segura I, Cruys B, Bifari F, Decimo I, Blanco R, Wyns S, Vangindertael J, Rocha S, Collins RT, Munck S, 

Daelemans D, Imamura H, Devlieger R, Rider M, Van Veldhoven PP, Schuit F, Bartrons R, Hofkens J, Fraisl 

P, Telang S, Deberardinis RJ, Schoonjans L, Vinckier S, Chesney J, Gerhardt H, Dewerchin M, Carmeliet P. 

Role of PFKFB3-driven glycolysis in vessel sprouting. Cell 154: 651–63, 2013. 

8.  Brandes RP, Harenkamp S, Schürmann C, Josipovic I, Rashid B, Rezende F, Löwe O, Moll F, 

Epah J, Eresch J, Nayak A, Kopaliani I, Penski C, Mittelbronn M, Weissmann N, Schröder K. The Cytosolic 
NADPH Oxidase Subunit NoxO1 Promotes an Endothelial Stalk Cell Phenotype. Arterioscler Thromb Vasc Biol 

36: 1558–65, 2016. 

9.  Brunelle JK, Bell EL, Quesada NM, Vercauteren K, Tiranti V, Zeviani M, Scarpulla RC, Chandel 

NS. Oxygen sensing requires mitochondrial ROS but not oxidative phosphorylation. Cell Metab 1: 409–14, 2005. 

10.  Bundgaard M, Frøkjaer-Jensen J, Crone C. Endothelial plasmalemmal vesicles as elements in a 

system of branching invaginations from the cell surface. Proc Natl Acad Sci U S A 76: 6439–42, 1979. 

11.  Carmeliet P, Dor Y, Herbert J, Fukumura D, Brusselmans K, Dewerchin M, Neeman M, Bono F, 

Abramovitch R, Maxwell P, Koch C, Ratcliffe P, Moons L, Jain R, Collen D, E. K. Role of HIF-1alpha in 

hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis. Nature 394: 485–90, 1998. 

12.  Carpenter TC, Stenmark KR. Hypoxia decreases lung neprilysin expression and increases pulmonary 

vascular leak. Am J Physiol Lung Cell Mol Physiol 281: L941–8, 2001. 

13.  Carrier RL, Rupnick M, Langer R, Schoen FJ, Freed LE, Vunjak-Novakovic G. Perfusion improves 

tissue architecture of engineered cardiac muscle. Tissue Eng 8: 175–88, 2002. 

14.  Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker PT. Mitochondrial 

reactive oxygen species trigger hypoxia-induced transcription. Proc Natl Acad Sci U S A 95: 11715–20, 1998. 

15.  Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM, Schumacker 

PT. Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha 
during hypoxia: a mechanism of O2 sensing. J Biol Chem 275: 25130–8, 2000. 

16.  Cowburn A, Alexander L, Southwood M, Nizet V, Chilvers E, Johnson R. Epidermal Deletion of 
HIF-2α Stimulates Wound Closure. J Invest Dermatol 134: 801–8, 2014. 

17.  Davidson SM. Endothelial mitochondria and heart disease. Cardiovasc Res 88: 58–66, 2010. 



Discussion and future perspectives 

 

175 

18.  Dioum EM, Clarke SL, Ding K, Repa JJ, Garcia JA. HIF-2alpha-haploinsufficient mice have blunted 
retinal neovascularization due to impaired expression of a proangiogenic gene battery. Invest Ophthalmol Vis Sci 

49: 2714–20, 2008. 

19.  Draheim KM, Chen H-B, Tao Q, Moore N, Roche M, Lyle S. ARRDC3 suppresses breast cancer 

progression by negatively regulating integrin beta4. Oncogene 29: 5032–47, 2010. 

20.  Duan L-J, Zhang-Benoit Y, Fong G-H. Endothelium-intrinsic requirement for Hif-2alpha during 

vascular development. Circulation 111: 2227–32, 2005. 

21.  Eubank TD, Roda JM, Liu H, O’Neil T, Marsh CB. Opposing roles for HIF-1α and HIF-2α in the 

regulation of angiogenesis by mononuclear phagocytes. Blood 117: 323–32, 2011. 

22.  Ezzeldin M, Borrego-Diaz E, Taha M, Esfandyari T, Wise AL, Peng W, Rouyanian A, Asvadi 

Kermani A, Soleimani M, Patrad E, Lialyte K, Wang K, Williamson S, Abdulkarim B, Olyaee M, Farassati 

F. RalA signaling pathway as a therapeutic target in hepatocellular carcinoma (HCC). Mol Oncol 8: 1043–53, 2014. 

23.  Frye M, Dierkes M, Küppers V, Vockel M, Tomm J, Zeuschner D, Rossaint J, Zarbock A, Koh 

GY, Peters K, Nottebaum AF, Vestweber D. Interfering with VE-PTP stabilizes endothelial junctions in vivo via 
Tie-2 in the absence of VE-cadherin. J. Exp. Med. ( December 7, 2015). doi: 10.1084/jem.20150718. 

24.  Fuhrmann DC, Wittig I, Heide H, Dehne N, Brüne B. Chronic hypoxia alters mitochondrial 
composition in human macrophages. Biochim Biophys Acta 1834: 2750–60, 2013. 

25.  García-Pascual CM, Ferrero H, Zimmermann RC, Simón C, Pellicer A, Gómez R. Inhibition of 
Delta-like 4 mediated signaling induces abortion in mice due to deregulation of decidual angiogenesis. Placenta ( 

April 15, 2014). doi: 10.1016/j.placenta.2014.03.019. 

26.  García-Pascual CM, Zimermann RC, Ferrero H, Shawber CJ, Kitajewski J, Simón C, Pellicer A, 

Gómez R. Delta-like ligand 4 regulates vascular endothelial growth factor receptor 2-driven luteal angiogenesis 
through induction of a tip/stalk phenotype in proliferating endothelial cells. Fertil Steril 100: 1768–76, 2013. 

27.  Gawlitta D, Fledderus JO, van Rijen MHP, Dokter I, Alblas J, Verhaar MC, Dhert WJA. Hypoxia 
impedes vasculogenesis of in vitro engineered bone. Tissue Eng Part A 18: 208–18, 2012. 

28.  Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ, Mansuy D, Pouysségur J, Yaniv M, 
Mechta-Grigoriou F. JunD reduces tumor angiogenesis by protecting cells from oxidative stress. Cell 118: 781–

94, 2004. 

29.  Ginouvès A, Ilc K, Macías N, Pouysségur J, Berra E. PHDs overactivation during chronic hypoxia 

“desensitizes” HIFalpha and protects cells from necrosis. Proc Natl Acad Sci U S A 105: 4745–50, 2008. 

30.  Gong H, Rehman J, Tang H, Wary K, Mittal M, Chatturvedi P, Zhao Y, Komorova YA, Vogel SM, 

Malik AB. HIF2α signaling inhibits adherens junctional disruption in acute lung injury. J Clin Invest 125: 652–64, 

2015. 

31.  Goodman OB, Febbraio M, Simantov R, Zheng R, Shen R, Silverstein RL, Nanus DM. Neprilysin 

inhibits angiogenesis via proteolysis of fibroblast growth factor-2. J Biol Chem 281: 33597–605, 2006. 

32.  Graf K, Koehne P, Gräfe M, Zhang M, Auch-Schwelk W, Fleck E. Regulation and differential 

expression of neutral endopeptidase 24.11 in human endothelial cells. Hypertension 26: 230–5, 1995. 

33.  Griffith CK, George SC. The effect of hypoxia on in vitro prevascularization of a thick soft tissue. 

Tissue Eng Part A 15: 2423–34, 2009. 

34.  Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD, Simon MC, Hammerling U, 

Schumacker PT. Mitochondrial complex III is required for hypoxia-induced ROS production and cellular oxygen 
sensing. Cell Metab 1: 401–8, 2005. 

35.  van Hinsbergh VWM, Engelse MA, Quax PHA. Pericellular proteases in angiogenesis and 
vasculogenesis. Arterioscler Thromb Vasc Biol 26: 716–28, 2006. 



Chapter 7  

176 

36.  Iyer N V., Kotch LE, Agani F, Leung SW, Laughner E, Wenger RH, Gassmann M, Gearhart JD, 

Lawler a. M, Yu a. Y, Semenza GL. Cellular and developmental control of O2 homeostasis by hypoxia-inducible 

factor 1alpha. Genes Dev 12: 149–162, 1998. 

37.  Janani C, Ranjitha Kumari BD. PPAR gamma gene - A review. Diabetes Metab Syndr 9: 46–50, 2014. 

38.  Jung H-J, Seo I, Jha BK, Suh S-I, Suh M-H, Baek W-K. Minocycline inhibits angiogenesis in vitro 

through the translational suppression of HIF-1α. Arch Biochem Biophys 545: 74–82, 2014. 

39.  Kellner K, Liebsch G, Klimant I, Wolfbeis OS, Blunk T, Schulz MB, Göpferich A. Determination 

of oxygen gradients in engineered tissue using a fluorescent sensor. Biotechnol Bioeng 80: 73–83, 2002. 

40.  Kobayashi S, Yamashita T, Ohneda K, Nagano M, Kimura K, Nakai H, Poellinger L, Ohneda O. 

Hypoxia-inducible factor-3α promotes angiogenic activity of pulmonary endothelial cells by repressing the 

expression of the VE-cadherin gene. Genes Cells 20: 224–41, 2015. 

41.  Koolwijk P, van Erck MG, de Vree WJ, Vermeer MA, Weich HA, Hanemaaijer R, van Hinsbergh 

VW. Cooperative effect of TNFalpha, bFGF, and VEGF on the formation of tubular structures of human 
microvascular endothelial cells in a fibrin matrix. Role of urokinase activity. J Cell Biol 132: 1177–88, 1996. 

42.  Kroon ME, Koolwijk P, Vecht B Van Der, Hinsbergh VWM Van, Dc W. Urokinase receptor 
expression on human microvascular endothelial cells is increased by hypoxia : implications for capillary-like tube 

formation in a fibrin matrix. Blood 96: 2775–2783, 2000. 

43.  Kuhlmann CRW, Tamaki R, Gamerdinger M, Lessmann V, Behl C, Kempski OS, Luhmann HJ. 

Inhibition of the myosin light chain kinase prevents hypoxia-induced blood-brain barrier disruption. J Neurochem 

102: 501–7, 2007. 

44.  Lacza Z, Pankotai E, Busija DW. Mitochondrial nitric oxide synthase: current concepts and 

controversies. Front Biosci (Landmark Ed 14: 4436–43, 2009. 

45.  Llorens-Cortes C, Huang H, Vicart P, Gasc JM, Paulin D, Corvol P. Identification and 

characterization of neutral endopeptidase in endothelial cells from venous or arterial origins. J Biol Chem 267: 
14012–8, 1992. 

46.  López J a, Zheng Y. Synthetic microvessels. J Thromb Haemost 11 Suppl 1: 67–74, 2013. 

47.  Lu X, Kang Y. Hypoxia and hypoxia-inducible factors: master regulators of metastasis. Clin Cancer Res 

16: 5928–35, 2010. 

48.  Ma J, Han LZ, Liang H, Mi C, Shi H, Lee JJ, Jin X. Celastrol inhibits the HIF-1α pathway by 

inhibition of mTOR/p70S6K/eIF4E and ERK1/2 phosphorylation in human hepatoma cells. Oncol. Rep. ( May 23, 

2014). doi: 10.3892/or.2014.3211. 

49.  Maguer-Satta V, Besançon R, Bachelard-Cascales E. Concise review: neutral endopeptidase (CD10): 
a multifaceted environment actor in stem cells, physiological mechanisms, and cancer. Stem Cells 29: 389–96, 2011. 

50.  Malda J, Rouwkema J, Martens DE, Le Comte EP, Kooy FK, Tramper J, van Blitterswijk CA, 
Riesle J. Oxygen gradients in tissue-engineered PEGT/PBT cartilaginous constructs: measurement and modeling. 

Biotechnol Bioeng 86: 9–18, 2004. 

51.  Manalo DJ, Rowan A, Lavoie T, Natarajan L, Kelly BD, Ye SQ, Garcia JGN, Semenza GL. 

Transcriptional regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood 105: 659–69, 2005. 

52.  Masoud GN, Li W. HIF-1α pathway: role, regulation and intervention for cancer therapy. Acta Pharm 

Sin B 5: 378–389, 2015. 

53.  Mehta D, Malik AB. Signaling mechanisms regulating endothelial permeability. Physiol Rev 86: 279–

367, 2006. 

54.  Melillo G. Targeting hypoxia cell signaling for cancer therapy. Cancer Metastasis Rev 26: 341–52, 2007. 



Discussion and future perspectives 

 

177 

55.  Metelo AM, Noonan HR, Li X, Jin Y, Baker R, Kamentsky L, Zhang Y, van Rooijen E, Shin J, 
Carpenter AE, Yeh J-R, Peterson RT, Iliopoulos O. Pharmacological HIF2α inhibition improves VHL disease-

associated phenotypes in zebrafish model. J Clin Invest 125: 1987–97, 2015. 

56.  Miglio G, Rosa AC, Rattazzi L, Collino M, Lombardi G, Fantozzi R. PPARgamma stimulation 

promotes mitochondrial biogenesis and prevents glucose deprivation-induced neuronal cell loss. Neurochem Int 55: 

496–504, 2009. 

57.  Mustoe T. Understanding chronic wounds: a unifying hypothesis on their pathogenesis and implications 

for therapy. Am J Surg 187: 65S–70S, 2004. 

58.  Nauta TD, Duyndam MCA, Weijers EM, van Hinsbergh VMW, Koolwijk P. HIF-2α Expression 

Regulates Sprout Formation into 3D Fibrin Matrices in Prolonged Hypoxia in Human Microvascular Endothelial 
Cells. PLoS One 11: e0160700, 2016. 

59.  Nottebaum AF, Cagna G, Winderlich M, Gamp AC, Linnepe R, Polaschegg C, Filippova K, Lyck 

R, Engelhardt B, Kamenyeva O, Bixel MG, Butz S, Vestweber D. VE-PTP maintains the endothelial barrier via 

plakoglobin and becomes dissociated from VE-cadherin by leukocytes and by VEGF. J Exp Med 205: 2929–45, 

2008. 

60.  O Santos A, Parrini MC, Camonis J. RalGPS2 Is Essential for Survival and Cell Cycle Progression of 

Lung Cancer Cells Independently of Its Established Substrates Ral GTPases. PLoS One 11: e0154840, 2016. 

61.  Oka S, Masutani H, Liu W, Horita H, Wang D, Kizaka-Kondoh S, Yodoi J. Thioredoxin-binding 

protein-2-like inducible membrane protein is a novel vitamin D3 and peroxisome proliferator-activated receptor 
(PPAR)gamma ligand target protein that regulates PPARgamma signaling. Endocrinology 147: 733–43, 2006. 

62.  Panigrahy D, Singer S, Shen LQ, Butterfield CE, Freedman DA, Chen EJ, Moses MA, Kilroy S, 

Duensing S, Fletcher C, Fletcher JA, Hlatky L, Hahnfeldt P, Folkman J, Kaipainen A. PPARgamma ligands 

inhibit primary tumor growth and metastasis by inhibiting angiogenesis. J Clin Invest 110: 923–32, 2002. 

63.  Peng J, Zhang L, Drysdale L, Fong GH. The transcription factor EPAS-1/hypoxia-inducible factor 

2alpha plays an important role in vascular remodeling. Proc Natl Acad Sci U S A 97: 8386–91, 2000. 

64.  Pepper MS, Sappino AP, Stöcklin R, Montesano R, Orci L, Vassalli JD. Upregulation of urokinase 

receptor expression on migrating endothelial cells. J Cell Biol 122: 673–84, 1993. 

65.  Phillips P, Birnby L, Narendran A. Hypoxia induces capillary network formation in cultured bovine 

pulmonary microvessel endothelial cells. Am J Physiol 268: 789–800, 1995. 

66.  Poitz DM, Augstein A, Hesse K, Christoph M, Ibrahim K, Braun-Dullaeus RC, Strasser RH, 

Schmeißer A. Regulation of the HIF-system in human macrophages--differential regulation of HIF-α subunits under 

sustained hypoxia. Mol Immunol 57: 226–35, 2014. 

67.  Quintero M, Colombo SL, Godfrey A, Moncada S. Mitochondria as signaling organelles in the 
vascular endothelium. Proc Natl Acad Sci U S A 103: 5379–84, 2006. 

68.  Radisic M, Malda J, Epping E, Geng W, Langer R, Vunjak-Novakovic G. Oxygen gradients correlate 
with cell density and cell viability in engineered cardiac tissue. Biotechnol Bioeng 93: 332–43, 2006. 

69.  Ren C, Li N, Wang B, Yang Y, Gao J, Li S, Ding Y, Jin K, Ji X. Limb Ischemic Perconditioning 
Attenuates Blood-Brain Barrier Disruption by Inhibiting Activity of MMP-9 and Occludin Degradation after Focal 

Cerebral Ischemia. Aging Dis 6: 406–417, 2015. 

70.  Rissanen TT, Vajanto I, Hiltunen MO, Rutanen J, Kettunen MI, Niemi M, Leppänen P, Turunen 

MP, Markkanen JE, Arve K, Alhava E, Kauppinen RA, Ylä-Herttuala S. Expression of Vascular Endothelial 

Growth Factor and Vascular Endothelial Growth Factor Receptor-2 (KDR/Flk-1) in Ischemic Skeletal Muscle and 
Its Regeneration. Am J Pathol 160: 1393–1403, 2002. 

71.  Roques BP, Noble F, Daugé V, Fournié-Zaluski MC, Beaumont A. Neutral endopeptidase 24.11: 
structure, inhibition, and experimental and clinical pharmacology. Pharmacol Rev 45: 87–146, 1993. 



Chapter 7  

178 

72.  Ryan HE, Lo J, Johnson RS. HIF-1 alpha is required for solid tumor formation and embryonic 

vascularization. EMBO J 17: 3005–15, 1998. 

73.  Scheuermann TH, Li Q, Ma H-W, Key J, Zhang L, Chen R, Garcia JA, Naidoo J, Longgood J, 

Frantz DE, Tambar UK, Gardner KH, Bruick RK. Allosteric inhibition of hypoxia inducible factor-2 with small 

molecules. Nat Chem Biol 9: 271–6, 2013. 

74.  Scheuermann TH, Stroud D, Sleet CE, Bayeh L, Shokri C, Wang H, Caldwell CG, Longgood J, 

MacMillan JB, Bruick RK, Gardner KH, Tambar UK. Isoform-Selective and Stereoselective Inhibition of 
Hypoxia Inducible Factor-2. J Med Chem 58: 5930–41, 2015. 

75.  Schoch HJ, Fischer S, Marti HH. Hypoxia-induced vascular endothelial growth factor expression 
causes vascular leakage in the brain. Brain 125: 2549–57, 2002. 

76.  Scortegagna M, Ding K, Oktay Y, Gaur A, Thurmond F, Yan L-J, Marck BT, Matsumoto AM, 
Shelton JM, Richardson J a, Bennett MJ, Garcia JA. Multiple organ pathology, metabolic abnormalities and 

impaired homeostasis of reactive oxygen species in Epas1-/- mice. Nat Genet 35: 331–40, 2003. 

77.  Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF. Tumor cells secrete a 

vascular permeability factor that promotes accumulation of ascites fluid. Science 219: 983–5, 1983. 

78.  Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial growth factor induced by hypoxia may 

mediate hypoxia-initiated angiogenesis. Nature 359: 843–5, 1992. 

79.  Skuli N, Liu L, Runge A, Wang T, Yuan L, Patel S, Iruela-Arispe L, Simon MC, Keith B. 

Endothelial deletion of hypoxia-inducible factor-2alpha (HIF-2alpha) alters vascular function and tumor 

angiogenesis. Blood 114: 469–77, 2009. 

80.  Skuli N, Majmundar AJ, Krock BL, Mesquita RC, Mathew LK, Quinn ZL, Runge A, Liu L, Kim 

MN, Liang J, Schenkel S, Yodh AG, Keith B, Simon MC. Endothelial HIF-2α regulates murine pathological 
angiogenesis and revascularization processes. J Clin Invest 122: 1427–43, 2012. 

81.  Solodushko V, Parker JC, Fouty B. Pulmonary microvascular endothelial cells form a tighter 
monolayer when grown in chronic hypoxia. Am J Respir Cell Mol Biol 38: 491–7, 2008. 

82.  Stepanova V, Jayaraman P-S, Zaitsev S V, Lebedeva T, Bdeir K, Kershaw R, Holman KR, 
Parfyonova Y V, Semina E V, Beloglazova IB, Tkachuk VA, Cines DB. Urokinase-type Plasminogen Activator 

(uPA) Promotes Angiogenesis by Attenuating Proline-rich Homeodomain Protein (PRH) Transcription Factor 

Activity and De-repressing Vascular Endothelial Growth Factor (VEGF) Receptor Expression. J Biol Chem 291: 
15029–45, 2016. 

83.  Sumitomo M, Shen R, Nanus DM. Involvement of neutral endopeptidase in neoplastic progression. 

Biochim Biophys Acta 1751: 52–9, 2005. 

84.  Tandara A, Mustoe T. Oxygen in wound healing--more than a nutrient. World J Surg 28: 294–300, 
2004. 

85.  Tian H, Hammer RE, Matsumoto a. M, Russell DW, McKnight SL. The hypoxia-responsive 
transcription factor EPAS1 is essential for catecholamine homeostasis and protection against heart failure during 

embryonic development. Genes Dev 12: 3320–3324, 1998. 

86.  van Weel V, Seghers L, de Vries MR, Kuiper EJ, Schlingemann RO, Bajema IM, Lindeman JHN, 

Delis-van Diemen PM, van Hinsbergh VWM, van Bockel JH, Quax PH a. Expression of vascular endothelial 

growth factor, stromal cell-derived factor-1, and CXCR4 in human limb muscle with acute and chronic ischemia. 
Arterioscler Thromb Vasc Biol 27: 1426–32, 2007. 

87.  Wei Y, Gong J, Thimmulappa RK, Kosmider B, Biswal S, Duh EJ. Nrf2 acts cell-autonomously in 
endothelium to regulate tip cell formation and vascular branching. Proc Natl Acad Sci U S A 110: E3910–8, 2013. 

88.  Wick MJ, Loomis ZL, Harral JW, Le M, Wehling CA, Miller YE, Dempsey EC. Protection against 
vascular leak in neprilysin transgenic mice with complex overexpression pattern. Transgenic Res. ( July 1, 2016). 

doi: 10.1007/s11248-016-9969-x. 



Discussion and future perspectives 

 

179 

89.  Xia Y, Choi H-K, Lee K. Recent advances in hypoxia-inducible factor (HIF)-1 inhibitors. Eur J Med 
Chem 49: 24–40, 2012. 

90.  Xin X, Yang S, Kowalski J, Gerritsen ME. Peroxisome proliferator-activated receptor gamma ligands 
are potent inhibitors of angiogenesis in vitro and in vivo. J Biol Chem 274: 9116–21, 1999. 

91.  Yamakawa M, Liu LX, Date T, Belanger AJ, Vincent K a, Akita GY, Kuriyama T, Cheng SH, 
Gregory RJ, Jiang C. Hypoxia-inducible factor-1 mediates activation of cultured vascular endothelial cells by 

inducing multiple angiogenic factors. Circ Res 93: 664–73, 2003. 

92.  Yannas I V, Burke JF, Orgill DP, Skrabut EM. Wound tissue can utilize a polymeric template to 

synthesize a functional extension of skin. Science (80- ) 215: 174–6, 1982. 

93.  Yuasa Y, Nagasaki H, Oze I, Akiyama Y, Yoshida S, Shitara K, Ito S, Hosono S, Watanabe M, Ito 

H, Tanaka H, Kang D, Pan K-F, You W-C, Matsuo K. Insulin-like growth factor 2 hypomethylation of blood 

leukocyte DNA is associated with gastric cancer risk. Int J Cancer 131: 2596–603, 2012. 

94.  Zheng Y, Chen J, Craven M, Choi NW, Totorica S, Diaz-Santana A, Kermani P, Hempstead B, 

Fischbach-Teschl C, López J a, Stroock AD. In vitro microvessels for the study of angiogenesis and thrombosis. 
Proc Natl Acad Sci U S A 109: 9342–7, 2012. 

95.  Zhou Y, Yan H, Guo M, Zhu J, Xiao Q, Zhang L. Reactive oxygen species in vascular formation and 
development. Oxid Med Cell Longev 2013: 374963, 2013. 

96.  Zimmer M, Ebert BL, Neil C, Brenner K, Papaioannou I, Melas A, Tolliday N, Lamb J, 
Pantopoulos K, Golub T, Iliopoulos O. Small-molecule inhibitors of HIF-2a translation link its 5’UTR iron-

responsive element to oxygen sensing. Mol Cell 32: 838–48, 2008. 

97.  Peloton Therapeutics [Online]. http://pelotontherapeutics.com/. 

 



180 

 



  
 

Summary 

 

 

 
  



182 

 



                                                       Summary  

183 

Tissue engineering or regenerative medicine refers to the culture of cells on a biodegradable 

scaffold ex vivo and subsequent implantation to repair tissues that cannot heal through tissue 

repair. The onset of tissue engineering promised the replacement of large or complex 

damaged organs and regeneration of tissues. Unfortunately, oxygen diffusion is limited in a 

cellular tissue-engineered scaffold, resulting in reduced (hypoxia) or lack (anoxia) of oxygen 

within the deeper regions of the scaffold. Moreover, the severe and cell damaging hypoxia in 

the tissue-engineered graft often gives resistance to induce vascularization. Consequently, 

the hypoxic core expands due to resistance to vascularization, eventually leading to a necrotic 

area. Therefore, there is a need of overcoming either the excess of inhibitory factors or the 

lack of stimulatory factors that result in reduced induction of angiogenesis in severely 

hypoxic tissues. 

 

Angiogenesis is important for growth, development and proper wound healing, but is also 

associated with several pathological conditions. Metabolic and inflammatory disorders are 

often accompanied by inadequate blood supply or enhanced metabolic demand, leading to 

hypoxia in the tissue. Not surprisingly, hypoxia is considered to be one of the most potent 

initiators of angiogenesis in vitro and in vivo. Although a short exposure to hypoxia 

stimulates angiogenesis, prolonged hypoxia in poorly perfused or healing tissues is often 

accompanied by a resistance to induce neovascularization. It is suggested that the balance 

between stimulating capillary sprouting and stabilizing the endothelial sprout is important for 

proper angiogenesis. This is regulated through the Hypoxia Inducible Factors (HIF) -1α and 

-2α. Although HIF-1α and HIF-2α regulate many similar genes in response to hypoxia, their 

role in angiogenesis is different; HIF-1α stimulates angiogenesis-related processes such as 

endothelial sprouting and proliferation, whereas HIF-2α stimulates vessel remodeling into 

mature and functional vessels or strengthening of the endothelial barrier. 

 

The main aim of this thesis is to evaluate the effect of hypoxia and HIF-2α on the regulation 

of both the initiation and the stabilization of the endothelial sprout during angiogenesis. 

Objectives of this study are: 1) to clarify the effect of prolonged hypoxia on HIF-2α 

expression and endothelial sprouting (discussed in Chapter 3). 2) To unravel which HIF-2α-

downstream genes and pathways regulate the initiation of sprouting (discussed in Chapter 

4). 3) To establish through which mechanisms hypoxia and HIF-2α regulate endothelial 

barrier function (discussed in Chapter 5). 4) To explore the involvement of mitochondria in 

endothelial sprouting (discussed in Chapter 6). 

This thesis starts with a short introduction on angiogenesis, hypoxia and the HIFs (Chapter 

1), followed by the aim and objectives of the study. Chapter 2 discusses the role of HIF-1α 

and HIF-2α in the regulation of angiogenesis during embryogenesis and wound healing and 

possible application in tissue engineering.  
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During hypoxia, HIF-1α and HIF-2α are stabilized and regulate the expression of many genes 

involved in amongst others angiogenesis. However, during some pathological conditions, 

prolonged hypoxia occurs and is accompanied by reduced angiogenesis. In Chapter 3 we 

investigated the effect of prolonged hypoxia on the proliferation and sprouting ability of 

human microvascular endothelial cells and the involvement of the HIFs. Prolonged hypoxic 

precultured endothelial cells lose their ability to form sprouts. Two independent mechanisms 

contribute; silencing of HIF-2α with si-RNA partially restores the inhibition of endothelial 

sprouting during prolonged hypoxia pointing to a HIF-2α-dependent mechanism. In addition, 

reduction of uPA contributes to reduced endothelial tube formation in a fibrin matrix during 

prolonged hypoxia. We used recombinant uPA to increase the tube formation, therefore a 

direct comparison of the quantification of this effect with that by endogenous uPA should be 

made with caution.  

In Chapter 4, we identified novel HIF-2α-target genes that may regulate endothelial 

sprouting during prolonged hypoxia. Many genes are significantly differentially regulated in 

hypoxia or upon HIF-2α silencing, identified by using genome-wide RNA-sequencing. Only 

51 genes are regulated by both mechanisms in opposite directions. Evaluation of these 51 

genes reveals that four genes directly affect endothelial sprouting, i.e. ARRDC3, MME, 

PPARG, and RALGPS2. 

Endothelial cells form a tight barrier to prevent vascular leakage. The effect of hypoxia on 

the vascular leakage is controversial. Chapter 5 investigates how hypoxia and the hypoxia-

mimetic dimethyloxalylglycine (DMOG) affect adherens junction integrity and barrier 

function of human endothelial monolayers and which mechanisms are involved. We show 

that hypoxia and DMOG both reduce vascular leakage, which was dependent on HIF-2α but 

not HIF-1α. HIF-2α stabilizes adherens junctions through VE-cadherin. 

Mitochondria have been reported to contribute to the induction of HIF-1α and HIF-2α during 

hypoxia, but the involvement of mitochondria during endothelial sprouting is not clear. 

Therefore, we investigate the effect of prolonged hypoxia on mitochondria number and 

respiration and the involvement of mitochondria in endothelial sprouting in Chapter 6. 

Mitochondrial enzyme expression is reduced during prolonged hypoxia, which results in a 

lower mitochondrial density, a lower maximal capacity of the electron transport system, and 

reduced production of oxygen radicals. However, according to our data, it is unlikely that 

reduced mitochondrial ATP production determines the markedly reduced endothelial 

sprouting by endothelial cells exposed to prolonged hypoxia. 

Finally, Chapter 7 summarizes and discusses the results of this thesis in the context of 

previous and recent developments in the field of angiogenesis and hypoxia. Furthermore, a 

brief overview of the conclusions and future directions are provided. 
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This thesis shows that hypoxia and HIF-2α influence multiple steps of the angiogenesis 

cascade. HIF-2α plays an important role in endothelial sprouting as well as stimulating vessel 

remodeling and strengthening of the endothelial barrier. As these actions are probably 

regulated by different HIF-2α-downstream targets, it is important to investigate which targets 

influence which pathways. Therefore, manipulating specific downstream targets of HIF-2α 

provides a new to be further evaluated perspective for restoring reduced neovascularization 

for example during tissue engineering. 
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De meeste wonden genezen door wondheling. Echter, chronische open wonden helen vaak 

niet goed. Transplantatie van huidweefsel kan dan nodig zijn om de wond te laten sluiten. 

Hiervoor moet vaak gebruik worden gemaakt van gekweekte huid, een techniek die tissue 

engineering heet. Deze vorm van regeneratieve medicijnen maakt gebruik van cellen van de 

patiënt zelf om afstoting te voorkomen. Deze lichaamseigen cellen worden opgekweekt in 

een lab, waarbij ze in een 3D structuur, de scaffold, worden geplaatst. Echter is de 

zuurstofdiffusie binnen een scaffold met cellen gelimiteerd, waardoor vermindering 

(hypoxie) of het ontbreken van (anoxie) zuurstof binnen in een scaffold optreedt. 

Aanhoudende hypoxie is schadelijk voor de cellen en zal opgeheven moeten worden door 

zuurstoftoevoer via ingroei van de bloedvaten in een scaffold. Helaas remt langdurige 

hypoxie de uitgroei van bloedvaten, een proces dat angiogenese heet. Om te voorkomen dat 

de cellen en de scaffold afsterven, moet angiogenese gestimuleerd worden door ofwel het 

overschot aan remmende factoren ofwel het tekort aan stimulerende factoren tegen te gaan 

in hypoxische weefsels. 

 

Angiogenese is belangrijk voor groei, ontwikkeling en wondgenezing, maar is ook 

geassocieerd met verschillende pathologische condities. Meestal gaan deze pathologische 

condities samen met veminderde bloedtoevoer of verhoogde metabolisme van de cellen, 

waardoor hypoxie ontstaat in de weefsels. Hypoxie zet de weefsels aan tot de productie van 

een stimulerende factor voor angiogenese zowel in vitro als in vivo. Hoewel een korte periode 

van hypoxie angiogenese inderdaad stimuleert, blijkt aanhoudende hypoxie juist angiogenese 

te remmen. Er is voorgesteld dat de balans tussen het stimuleren van capillaire uitgroei en 

het stabiliseren van deze structuren een belangrijke rol speelt in angiogenese. De Hypoxie 

geInduceerde Factoren (HIF) -1α en -2α worden door hypoxie geactiveerd en ze reguleren 

de expressie van veel genen tijdens hypoxie. Echter, ze reguleren angiogenese verschillend; 

HIF-1α stimuleert angiogenese-gerelateerde processen zoals uitgroei van capillaire 

structuren en proliferatie, terwijl HIF-2α de vaatjes stabiliseert en de vaatwand versterkt. 

 

Het doel van dit proefschrift is om het effect van hypoxie en HIF-2α te bestuderen op de 

regulatie van de initiatie en stabilisatie van de capillaire uitgroei tijdens angiogenese. De 

doelstellingen van deze studie zijn: 1) het effect van langdurige hypoxie op HIF-2α en 

capillaire uitgroei van endotheelcellen beter te begrijpen (Hoofdstuk 3). 2) Uitzoeken welke 

HIF-2α-geïnduceerde genen de initiatie van capillaire uitgroei reguleren (Hoofdstuk 4). 3) 

Uitvinden door welke mechanismen hypoxie en HIF-2α invloed hebben op de functie van de 

vaatwand (Hoofdstuk 5). 4) Ophelderen wat de functie van mitochondriën in capillaire 

uitgroei tijdens langdurige hypoxie is (Hoofdstuk 6). 
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Dit proefschrift begint met een korte introductie over angiogenese, hypoxie en de HIFs 

(Hoofdstuk 1), gevolgd door het doel en doelstellingen van de studie. Vervolgens 

bediscussiëren we in detail in Hoofdstuk 2 wat de rol van HIF-1α en HIF-2α in de regulatie 

van angiogenese tijdens embryogenese en wondheling is. We geven ook een mogelijke 

toepassing voor tissue engineering.  

Endotheelcellen liggen aan de binnenkant van een bloedvat en vormen een barrière tussen 

het bloed en het omliggende weefsel. Hoewel endotheelcellen sprouten of uitgroeien door 

verscheidene stimuli (zoals hypoxie), verliezen endotheelcellen die langdurig gekweekt zijn 

in de hypoxie hun vermogen om te sprouten (Hoofdstuk 3). Hier zijn twee onafhankelijke 

mechanismen bij betrokken; het tijdelijk uitschakelen van HIF-2α met si-RNA (si-HIF-2α) 

heft de remming van capillaire sprouting gedeeltelijk op tijdens langdurige hypoxie. Dit wijst 

op een HIF-2α-afhankelijk effect. Bovendien draagt een verminderde uPA expressie bij aan 

de remming van capillaire sprouting in een fibrine matrix tijdens langdurige hypoxie. We 

hebben echter recombinant uPA gebruikt om de capillaire sprouting te stimuleren, daarom 

kan een directe vergelijking met endogeen uPA niet gemaakt worden.  

In Hoofdstuk 4 hebben we nieuwe HIF-2α target genen geïdentificeerd die mogelijk de 

capillaire sprouting tijdens langdurige hypoxie kunnen reguleren. Met behulp van genome-

wide RNA-sequencing hebben we veel genen geïdentificeerd die significant verschillend 

gereguleerd worden in hypoxie en met si-HIF-2α. Slechts 51 genen worden gereguleerd door 

beide mechanismen in omgekeerde richting. Verdere analyse van deze 51 genen onthult dat 

vier genen direct capillaire sprouting beïnvloeden; dat zijn ARRDC3 MME, PPARG, en 

RALGPS2. 

Endotheelcellen vormen een stevige barrière om vaatlekkage tegen te gaan. Het effect van 

hypoxie op de vaatlekkage is echter controversieel. Hoofdstuk 5 bestudeert hoe hypoxie en 

de hypoxie-mimetica dimethyloxalylglycine (DMOG) de adherens junction integriteit en de 

barrière funcite van humane endotheelcellen beïnvloeden. Hypoxie en DMOG verminderen 

beide de vaatlekkage in een endotheelmonolaag, wat afhankelijk is van HIF-2α maar niet 

HIF-1α. Bovendien stabiliseert HIF-2α de adherens junction via VE-cadherine. 

Mitochondriën spelen een rol bij het induceren van HIF-1α en HIF-2α tijdens hypoxie, maar 

of ze betrokken zijn bij capillaire sprouting is niet duidelijk. Daarom is in Hoofdstuk 6 het 

effect van langdurige hypoxie op het aantal en de energieopwekking van mitochondriën 

alsook hun betrokkenheid bij capillaire sprouting bestudeerd. De expressie van 

mitochondriële enzymen is verlaagd in langdurige hypoxie, wat resulteert in een lagere 

mitochondriële dichtheid, een lagere maximale capaciteit van het energie genererende 

electronentransport systeem, en verminderde productie van zuurstofradicalen. Op basis van 

onze data, is het echter onwaarschijnlijk dat verminderde mitochondriële energie productie 

verklaart waarom de capillaire uitgroei sterk verlaagd is in langdurige hypoxia. 
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Als laatste hebben we in Hoofdstuk 7 de resultaten van het proefschrift samengevat en 

bediscussieerd in de context van angiogenese en hypoxie. Bovendien is een kort overzicht 

van de conclusies en toekomstvisie gegeven. 

 

In dit proefschrift hebben we laten zien dat hypoxie en HIF-2α verschillende onderdelen van 

het angiogenese proces beïnvloeden. HIF-2α speelt een belangrijke rol bij de capillaire 

sprouting, maar ook vaatremodelering en vaatstabilisatie. Deze acties worden waarschijnlijk 

door verschillende HIF-2α mechanismen gereguleerd, daarom is het belangrijk om te 

onderzoeken welke HIF-2α target genen welke mechanismen beïnvloeden. We hebben ook 

HIF-2α target genen geïdentificeerd die de capillaire sprouting direct reguleren. Op deze 

manier hoeft HIF-2α, die ook betrokken is bij tumor groei, niet gemanipuleerd te worden. 

Daardoor kan men specifiek en gecontroleerd verschillende functies van HIF-2α beïnvloeden 

om de angiogenese te stimuleren in een langdurig hypoxische omgeving, zoals die vaak 

optreedt na implantatie van een tissue engineered weefsel. 
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Op 15 februari 2012 begon ik aan mijn promotie-onderzoek. Nu, precies 5 jaar later, sta ik 

mijn proefschrift te verdedigen. Ik wil graag een aantal mensen bedanken die mij geholpen 

hebben met het tot stand komen van dit proefschrift. 

 

Als eerste wil ik de Koolwijk-groep heel erg bedanken. Dimitar, Ester, Marloes, Josien, en 

natuurlijk Michiel, jullie hebben me heel erg geholpen op het lab met alle experimenten en 

met jullie kritische vragen tijdens de meetings. Ik kon altijd bij jullie terecht voor vragen over 

experimenten. We hebben veel tijd met elkaar doorgebracht op het lab en hebben naast de 

wetenschappelijke gesprekken ook veel leuke en gezellige gesprekken gehad. 

 

Beste prof. V.W.M. van Hinsbergh, beste Victor, bedankt voor het begeleiden van mijn 

proefschrift. Jij hebt mij geleerd om kritisch en out-of-the-box te kijken naar mijn 

experimenten en conclusies. Je zette je wetenschappelijke kennis op een creative manier in 

om het meeste uit mijn artikelen en presentaties te halen. Beste dr. P. Koolwijk, beste Pieter, 

ook jou wil ik bedanken voor het begeleiden van mijn promotie-onderzoek. Jij hebt me de 

afgelopen jaren veel vrijheid gegeven om mijn eigen richting op te gaan binnen dit project 

en mezelf te kunnen ontwikkelen. Dankzij jouw netwerk-skills heb ik aan veel verschillende 

projecten kunnen mee werken en zijn er veel samenwerkingen geweest binnen mijn project. 

 

Uiteraard wil ook mijn promotiecommissie: prof. A.W. Griffioen, prof. S. Gibbs, prof. M.C. 

Harmsen, prof. C.B. Oudejans, prof. R.O. Schlingemann, en prof. A.J. Zonneveld heel erg 

bedanken voor het zorgvuldig lezen van mijn proefschrift en deelname aan de oppositie 

tijdens mijn verdediging. 

 

Ik wil ook nog speciaal mijn paranimfen bedanken: 

Astrid, mijn zusje en huisgenoot, ’s avonds na werk bespraken we altijd wat we hadden mee 

gemaakt die dag; de leuke momenten werden nog een keer herleefd en de frustraties konden 

worden weggepraat. Met heel veel plezier woon ik al meer dan 3 jaar met je samen en ik ben 

heel blij dat jij me bij staat tijdens mijn verdediging. 

Erik, wij zijn zo goed als tegelijk aan dit promotie-traject begonnen en zijn zo goed als 

tegelijk geëindigd. Ik vond het heel gezellig om kamergenoten te zijn, samen te lunchen, 

samen naar meetings en congressen te gaan, en zelfs samen aan een project te werken. Met 

veel bewondering keek ik hoe je naast je promotie onderzoek ook nog op topniveau kon 

schaatsen.  

 

Natuurlijk wil ik ook even mijn kamergenoten bedanken.  

Constantijn, wij waren met Erik (Valent) de eersten die kamer C178 ‘bewoonden’. Jij werkte 

maar parttime als PhD student, maar zo voelde dat niet; iedereen was namelijk altijd naar jou 
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op zoek! Maar als je aanwezig was op de kamer, had je mooie verhalen en veel grapjes. 

Pleuni, het is bewonderenswaardig hoe jij naast je promotie-onderzoek kon trainen voor de 

Iron Man en deze zelfs hebt voltooid. Ook al rook onze kamer altijd naar zwembad, 

fietskleren, of eten (waardoor ik ook altijd honger had), heb ik heel erg genoten van onze 

lunches, koffiepauzes, en alle leuke gesprekken. Erik van P., je begon als een 

overenthousiaste arts die alles tegelijk wilde doen. Je vergat nog wel eens een meeting of 

plande een afspraak dubbel in, maar het kwam altijd goed. Ik heb genoten van je 

enthousiasme, onze wetenschappelijke en niet-wetenschappelijke gesprekken en “café 

schmokkel-pauzes”. Paul, tijdens mijn laatste promotiejaar waren we kamergenoten. En 

terwijl Erik, Erik, en ik de laatste experimenten voor ons proefschrift aan het doen waren, 

was jij druk met het aanvragen van beurzen en het aankomende vaderschap. We konden het 

goed met elkaar vinden en je had goede tips voor het afronden van mijn proefschrift. 

 

Ook de overige collega’s van de afdeling fysiologie, bedankt voor alle hulp, gezelligheid, 

TPO-weekenden, en uitjes. Melissa, Constantijn en Rick, het was heel leuk om met jullie het 

TPO-weekend in 2013 naar Zuid-Limburg te organiseren. De buren Josine en Rob W., 

bedankt voor alle gezelligheid. Afdelingshoofden Geert Jan Tangelder en Jolanda van der 

Velden, maar ook Aimée, Andreas, Ariëlle en Duncan bedankt voor alle ondersteunende 

hulp. Alle collega’s van de vaatgroep die ik nog niet genoemd heb; Alexander, Aziz, Ed, 

Femke, Geerten, Jan, Jeroen, Joanna, Jurjan, Lynda, Manon, Nina, Pan, Peter, René, Robert, 

en Zeineb. En natuurlijk de andere collega’s van Fysiologie (ik hoop dat ik niemand vergeten 

ben): Alice, Anoek, Aref, Barbara, Bianca, Charissa, Chris, Coen, Danielli, Diederik, Dop, 

Elza, Emmy, Frances, Ger, Gerrina, Hans, Ilse, Ingrid, Isabelle, Kakkhee, Kim, Maike, 

Marian, Marloes vd B., Martijn, Max, Michiel H., Nazha, Nicky, Nicole, Rob J., Rosalie, 

Ruud, Silvia, Stefan, Sylvia, Ton, Vaishali, Vasco, Walter, Wies, Willem. 

 

Mijn dank gaat ook uit naar alle collega’s van A-Skin en het NIRM project voor de 

samenwerking en hun suggesties tijdens onze maandelijkse meetings. Even als naar iedereen 

met wie ik heel prettig heb samen gewerkt tijdens mijn promotie-onderzoek. Daarnaast heb 

ik ook hulp gehad van studenten; Daan, Jorien, Rocio en Inci. Bedankt voor al jullie hulp bij 

mijn onderzoek. 

 

Voordat ik mijn vrienden en familie ga bedanken, wil ik eerst Jelske bedanken voor het 

ontwerpen van de voorkant van mijn proefschrift. Ik ben er heel blij mee en het past heel 

goed bij mij. Verder wil ik mijn huisgenoten van BP10 bedanken voor alle steun de afgelopen 

jaren en alle etentjes en gezelligheid. Ook wil ik al mijn vrienden van volleybal bedanken; 

de kampioenschappen, trainingen, wedstrijden en feestjes waren een leuke en goede afleiding 
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na een dag hard werken. Ik wil ook nog Anneli bedanken. We zijn al meer dan 25 jaar goede 

vriendinnen en door je relativerende vermogen was je een grote steun de afgelopen jaren. 

 

Ik wil mijn dankwoord eindigen met het bedanken van mijn familie die er altijd voor me 

geweest is. Mike, mijn zwager en huisgenoot, ook wij bespraken elke avond de hoogte- en 
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