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Abbreviations 

ARNT Aryl hydrocarbon receptor 
nuclear translocator 

FKBP  Rapamycin-associated protein 
HIF-1   Hypoxia-inducible factor 1 
IGF  Insulin-like growth factor 
IUGR  Intrauterine growth retardation 
NADPH  Nicotinamide adenine 

dinucleotide phosphate 
(reduced) 

NF-κB  Nuclear factor-κB 
NO•   Nitric oxide 
NOS  Nitric oxide synthase 

P   Partial pressure 
PI3K   Phosphoinositol 3-kinase 
PTEN  Phosphatase and tensin 

homologue 
pVHL   von Hippel–Lindau protein 
REF-1  Redox factor 1 
ROS  Reactive oxygen species 
TAD  Transactivation domain 
TAD-C  Carboxy-terminal TAD 
TAD-N  Amino-terminal TAD 
VEGF  Vascular endothelial growth 

factor 
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Abstract 
 
 
 Hypoxia-inducible factor 1 (HIF-1) is a transcriptional activator regulated by oxygen 

concentration that plays essential roles in mammalian physiology and disease pathogenesis. 

Molecular oxygen is essential for the survival of all aerobic organisms; HIF-1 is essential for 

maintaining the oxygen homeostasis in both normal and cancer cells. This review will 

summarize some of what is currently known about HIF-1 including its structure, function, and 

regulation under normal and pathological conditions. 
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1. Introduction 
 

Oxygen homeostasis represents an important organizing principle for human 

development and physiology. The essential requirement for oxidative phosphorylation to 

generate ATP is balanced by the risk of oxidative damage to cellular lipids, nucleic acids, and 

proteins. As a result, cellular O2 concentrations are tightly regulated through response pathways 

that affect the activity and expression of different cellular proteins [1]. HIF-1 plays a major role 

in maintaining the cellular oxygen homeostasis. Oxygen concentrations regulate the expression 

and transcriptional activity of HIF-1 [2]. HIF-1 is a basic helix-loop–helix protein consisting of 

HIF-1α and HIF-1β subunits [3]. HIF-1 expression and HIF-1 transcriptional regulation of HIF-1 

activity occurs at multiple levels. Whereas HIF-1α mRNA is constitutively expressed in tissue 

culture cells, it is markedly induced by hypoxia or ischemia in vivo [4]. A wide spectrum of 

studies have shown that HIF-1 is a major player in human diseases that involve O2 homeostasis 

and hypoxia such cardiovascular disorders, pulmonary hypertension, pregnancy disorders, and 

cancer. 

 
 
2. Structure 
 

HIF-1 is a heterodimer composed of HIF-1α and HIF-1β subunits [3](Figure 1). Whereas 

HIF-1β is constitutively expressed, HIF-1α expression is induced in hypoxic cells with an 

exponential increase in expression as cells are exposed to O2 concentrations of less than 6% [4], 

which corresponds to a partial pressure (P) of O2 of approximately 40 mm Hg at sea level [3,5]. 

The amino-terminal half of HIF-1α (amino acids 1–390) is necessary and sufficient for 

dimerization with HIF-1β and for DNA binding (Figure 1). HIF-1α is ubiquitinated and 

subjected to proteasomal degradation in non-hypoxic cells [6–8]. A Pro–Ser–Thr rich protein 
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stabilization domain is located between amino acids 429 and 608 of HIF-1α [7,9]. HIF-1α 

protein have also two transactivation domains (TADs) in the carboxy-terminal half of HIF-1α 

(amino acids 531–575 and 786–826) interact with coactivators such as CBP, p300, SRC-1 and 

TIF2 (Figure 1) [10]. 

 
 
Figure 1. Structure HIF-1. The HIF-1α and HIF-1β subunits are shown with the basic helix-

loop-helix (bHLH) and PER-ARNT-SIM (PAS) domains that are required for 
dimerization and DNA binding. Also shown for HIF-1α are the amino-terminal (N) 
and carboxyterminal (C) nuclear localization signal (NLS) and TAD; the Pro–Ser–Thr 
rich protein stabilization domain (PSTD; also known as the oxygen-dependent 
degradation domain); and sites of interaction with VHL, and p300 and CBP. The 
double-headed arrow indicates that reduction of Cys800, which is mediated by 
thioredoxin (TRX) and redox factor 1 (REF-1), is required for the interaction of TAD-
C with cofactor p300 or CBP. The relevant amino acides residues are indicated 
numerically. Adapted from [11]. 

 
 
 
3. Function and Regulation 
 

Vascular endothelial growth factor (VEGF) plays an essential role in physiological 

responses to reduced O2 availability (hypoxia). VEGF expression is induced when most cell 

types are subjected to hypoxia, thus providing a mechanism by which tissue perfusion can be 

optimized on demand. Hypoxia also results in the rapid accumulation of HIF-1α in the nucleus 
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where it dimerizes with HIF-1β and binds to the core DNA sequence 5`-RCGTG-3` leading to 

the transcriptional activation of VEGF and several dozen other known target genes (Table 1)[12].  

Under hypoxic conditions, the fraction of HIF-1α that is ubiquitinated decreases 

dramatically, resulting in an accumulation of the protein. The von Hippel-Lindau (VHL) protein 

binds to the protein stabilization domain and plays a critical role in the ubiquitination of HIF-1α. 

Exposure of cells to cobalt chloride or iron chelators (e.g. desferrioxamine) induces HIF-1α 

expression and inhibits HIF-1α ubiquitination by dissociating VHL from HIF-1α [8,9,13]. p53 

also interacts with HIF-1α and by doing so recruits the MDM2 ubiquitin protein ligase, which 

reduces the induction of HIF-1α expression under hypoxic conditions [14]. Activation of the 

signal transduction pathway involving phosphoinositolb3-kinase (PI3K) and the serine/threonine 

kinases protein kinase B (AKT) and FKBP-rapamycin-associated protein (FRAP) has also been 

shown to induce expression of HIF-1α protein and vascular endothelial growth factor (VEGF) 

mRNA under non-hypoxic conditions [15]. In addition to increased steady-state levels of HIF-1α 

protein in hypoxic cells, the two transactivation domains (TADs) in the carboxy-terminal half of 

HIF-1α interact with coactivators such as CBP, p300, SRC-1 and TIF2 and activate HIF-1α 

transcription [10]. 

Table 1. Direct HIF-1 target genes. Adapted from [12] 

Glucose/Energy Metabolism and Cell Proliferation/Viability 
Adenylate Kinase 3, Aldolase A, Aldolase C, Enolase 1 (ENO1), Glucose Transporter 1, Glucose 

Transporter 3, Glyceraldehyde-3-phosphate Dehydrogenase, Hexokinase 1, Hexokinase 2, Insulin-
like Growth Factor 2 (IGF-2), IGF Binding Protein 1 (IGFBP-1), IGFBP-3, Lactate Dehydrogenase 
A, Phosphoglycerate Kinase 1, Pyruvate Kinase M, p21, Transforming Growth Factor _3(TGF_3) 

Erythropoiesis and Iron Metabolism 
Ceruloplasmin, Erythropoietin, Transferrin, Transferrin Receptor 

Vascular Development/Remodeling and Vasomotor Tone 
1B-Adrenergic Receptor, Adrenomedullin, Endothelin-1, Heme Oxygenase 1, Nitric Oxide Synthase 
2, Plasminogen Activator Inhibitor 1, Vascular Endothelial Growth Factor (VEGF), VEGF Receptor 

FLT-1 
Other 

p35 
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4. Hypoxia signaling pathways and HIF-1 
 

The mechanisms by which mammalian cells sense decreased O2 concentration and 

transduce this signal to induction of HIF-1 activity is still under extensive investigation. One 

well established mechanism of O2 sensing by HIF-1 is that, HIF-1α and pVHL is regulated 

through hydroxylation of a proline residue of HIF-1α  (Pro 564) by a prolyl hydroxylase enzyme 

[16]. In the absence of oxygen, this enzyme is inactive: the unmodified prolyl-HIF-1α no longer 

interacts with pVHL and accumulates. The absolute requirement for oxygen of this prolyl 4-

hydroxylase indicates that this enzyme may function as a direct oxygen sensor (figure 2)[17]. As 

HIF-1 accumulates in response to hypoxia: HIF-1 activates transcription of genes encoding 

proteins that will either increase O2 delivery (VEGF, erythropoietin) or achieve metabolic 

adaptation under conditions of reduced O2 availability. 

 
Figure 2. The role of prolyl 4-hydroxylase in the stabilization of HIF-1α in hypoxia. In 

normoxia, HIF-1α is modified by prolyl 4-hydroxylase and recognized by VHL, 
hence being targeted for proteasome degradation. B = elongin B; C= elongin C; 
CUL2 = cullin 2; VHL = von Hippel-Lindau protein.Adapted from [18]. 

 
 
 
 Reactive oxygen species (ROS) production also has been proposed as important regulator 

of HIF-1. Two opposing model are under extensive investigation (figure 3). The first model 
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proposes that a NADPH oxidase converts O2 into ROS. A decrease in PO2 would result in 

reduced formation of ROS, which would relieve the inhibition of signal transduction pathway 

leading to HIF-1 activation (figure 3A). On the other hand, the second model suggests that, 

hypoxia results in increased production of ROS in the mitochondria, where HIF-1 activation 

directly correlated with changes in ROS (figure 3B). Many studies showed this correlation 

between ROS production and HIF-1 regulation for example; antioxidants attenuated the ROS 

signal and abolished the transcriptional activation response of HIF-1 [19-22]. 

 

 
 
Figure 3. Potential oxygen sensors involved in the stabilization of HIF-1α in hypoxia. (A) A 

NADPH oxidase-like enzyme produces reactive oxygen species (ROS) in normoxia 
that induce HIF-1α degradation. (B) The mitochondrial respiratory chain produces 
ROS in hypoxia that induces HIF-1α stabilization. Adapted from [18]. 
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Nitric oxide (NO•) is another player in regulating HIF-1 activity and expression .NO• also 

was found to have dual effects. On one hand, it was observed that different NO• donors and 

overexpression of NOS upregulate HIF-1 activity in normoxia [23-25]. On the other hand, NO• 

inhibits HIF-1 transcriptional activity in hypoxia [26].  

 
 
5. HIF-1 in Disease and Cancer 
 
 In diseases that involve O2 homeostasis impairment and hypoxia conditions, HIF-1 comes 

as a main player and marker of such condition, also it becomes as a target for therapy strategies. 

For example in myocardial ischemia atherosclerosis leads to arterial stenosis, impaired perfusion 

of the downstream vascular bed, and ischemia. When oxygen and glucose deprivation 

irreversibly affect myocardial viability, the end result is an infarction (heart attack). Myocardial 

ischemia induces VEGF expression, HIF-1α mRNA and protein expression are induced and 

precede VEGF expression during acute ischemia and early infarction in the human heart . Thus, 

it is possible that variation in ischemia-induced HIF-1 activity may underlie the observed 

variation in VEGF expression and represent an important risk factor for myocardial infarction. In 

addition, therapeutic strategies designed to increase HIF-1α expression may promote 

angiogenesis within ischemic myocardium [27,28]. On the opposite side, local inhibition of HIF-

1 activity in the lung might represent a therapeutic strategy for treating or preventing pulmonary 

hypertension in at risk individuals [29]. During pregnancy a leading cause of fetal and neonatal 

morbidity and mortality is intrauterine growth retardation (IUGR). Decreased placental 

perfusion, resulting in placental and fetal hypoxia, is believed to be a major cause of IUGR. 

Fetal and maternal insulin-like growth factors (IGFs) play an important role in regulating fetal 

growth. IGF binding protein 1 (IGFBP-1) is a negative regulator of IGF activity. IGFBP-1 
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expression, which is induced by hypoxia via a HIF-1 binding site in the gene promoter, is greatly 

increased in the cord blood of newborn children with IUGR [30]. 

Hypoxia is an important selective force in the clonal evolution of tumors and HIF-1α is 

overexpressed in common human cancers Increased expression of VEGF is essential for the 

establishment of angiogenesis in most solid tumors. Many studies showed that, increased VEGF 

expression is required to initiate and sustain tumor angiogenesis. Increased VEGF levels result 

from the synergistic effects of tumor hypoxia and tumor-specific genetic alterations (mutations) 

involving oncogenes and tumor suppressor genes. Increased VEGF expression results in the 

formation of dysfunctional vasculature that cannot adequately perfuse the entire tumor. Cellular 

adaptation to hypoxia is therefore a requirement of tumor progression independent of 

angiogenesis. As a result, most solid tumors have the seemingly paradoxical characteristic that 

poor clinical outcome is significantly correlated with both vascular density and tumor hypoxia. 

An example for this correlation is that in human gliomas, there is a significant association 

between tumor grade, vascularization, and HIF-1α overexpression [31]. 

 Although microenvironmental tumor hypoxia is undoubtedly an important mechanism of 

HIF activation in tumors, many studies in cell culture have demonstrated that other aspects of 

cancer enhance the activation of HIF by hypoxia, or activate HIF by oxygen-independent 

mechanisms. These studies have demonstrated activation of HIF in response to inactivation of a 

number of different tumor suppressor genes, in response to activation of several different 

oncogenes, and in response to activation of diverse growth factor pathways[32].  
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6. Conclusion 
 
 Studies and data presented above showed that HIF-1 is highly involved in different 

biochemical, physiological and pathological aspects of human disease and cancer, and this make 

HIF-1 a good candidate target for therapy. Also the new trend in the involvement of ROS in the 

function and regulation of HIF-1, suggests that current research to develop new therapies for 

cancer and human disease through manipulating and controlling the expression of many 

antioxidant enzymes that alter ROS production, would be a very promising approach.   
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