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The oxygen-sensing system is a complicated and elaborate system containing large molecular components, including

hypoxia-inducible factors (HIFs) as the central regulator of oxygen homeostasis, prolyl hydroxylases (PHDs), Von Hippel-

Lindau protein (pVHL) as the modulator of ubiquitin-mediated proteolysis, and the co-factors and downstream targets as

functional contributors. It should be recognized that the PHDs-HIF-pVHL axis remains the best-characterized and central

signaling in the oxygen sensing pathway, although novel mechanisms continue to be illuminated. In this entry, we

summarize the current knowledge about canonical hypoxia signaling, including the function of HIF transcription factors,

prolyl hydroxylation of HIFs, and pVHL.
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1. HIF Transcription Factors: The Central Regulator of Oxygen
Homeostasis

The capacity to recognize and adapt to variations in oxygen is meaningful for cellular and whole-organism homeostasis

and survival. Nearly all mammalian cells respond to reduced oxygen availability by controlling the transcription factor HIF

. Of the 3 encoded HIF isoforms in humans (i.e., HIF-1, HIF-2, and HIF-3), the transcriptional responses to HIF-1 and

HIF-2 isoforms, specifically, have been the most studied.

HIF-1 is a heterodimer of basic-helix-loop-helix-Per-ARNT-Sim proteins-HIF-1α (encoded by HIF1A) and HIF-1β (encoded

by aryl hydrocarbon receptor nuclear translocator or ARNT) . HIF-1α mediates the HIF complex’s oxygen sensitivity and

interacts with HIF-1β by an authorized Per–ARNT–Sim (PAS) domain . Both HIF-1α and HIF-1β comprise an N-terminal

basic-helix-loop-helix domain responsible for DNA binding and C-terminal transactivation domains which induce gene

expression . The HIF-2α and HIF-3α complexes with HIF-1β are known as HIF-2 and HIF-3 respectively. HIF-α proteins

are oxygen-sensitive in that they contain an oxygen-dependent degradation (ODD) domain with target prolyl residues

whose hydroxylation mediates interaction with pVHL, and also the C-terminal transactivation domain, which contains the

target asparaginyl residue  (Figure 1). When oxygen is present, hydroxylation of the prolyl or asparaginyl residue by

a prolyl hydroxylase or factor-inhibiting HIF (FIH) results in pVHL binding and subsequent HIF proteasome-dependent

degradation. Under hypoxic conditions, pVHL-mediated degradation does not occur, and HIF-1α stabilization allows the

generation of the HIF-1 heterodimer, which is translocated to the nucleus and occupies hypoxia-responsive elements

(HREs)-containing gene promoters and their transcriptional enhancers . Human HIF-1 has been identified as a protein

complex binding to a regulatory DNA sequence at the EPO locus . Cooperation with other DNA-binding proteins can

coactivate HIF, fine-tuning HIF targets .

Figure 1. Regulation of hypoxia-inducible factor (HIF)-1α and HIF-2α. The schematic illustrates different modes of

regulation of HIF-1α and HIF-2α. Under conditions of normoxia, prolyl hydroxylation regulated by EglN1-3 or asparaginyl

hydroxylation regulated by factor inhibiting HIF (FIH) promote binding of HIF-α subunits to the von Hippel–Lindau (VHL)
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HIF for proteasomal degradation. Under hypoxic conditions, the hydroxylation of HIF-α is inhibited, permitting interaction

with the acetyltransferases p300 and CREB-binding protein (CBP) and further increasing transcription of HIF target

genes. EPO, erythropoietin; HRE, hypoxia-responsive element, VEGF, vascular endothelial growth factor; TGF-α,

transforming growth factor α; GLUT1, glucose transporter 1.

HIF-1 and HIF-2 both transduce positive transcriptional responses to hypoxia, although their transcriptional targets, the

kinetics of activation, and oxygen dependence differ . These variations might partly be attributed to different

transcriptional feedback circles. For example, an antisense HIF transcript might negatively modulate HIF-1α expression by

destabilizing HIF-1α mRNA . Despite binding to an identical DNA sequence at HREs, HIF-1 and HIF-2 may direct

largely distinct transcriptional systems . For instance, many metabolic responses are dependent on HIF-1,

whereas cell differentiation, reparative pathways, and more complex adaptive responses to hypoxia, including induction of

erythropoiesis, are dependent on HIF-2 . Interestingly, HIF-1 and HIF-2 also have different patterns of genomic

distribution concerning their transcriptional targets. While HIF-1 generally binds to DNA at sites in close proximity to target

gene promoters, HIF-2 frequently binds to transcriptional enhancers that lie at a distance from the target gene promoter

, and this pattern is maintained across cell types with quite different complements of HIF target genes . Although

some HREs can be recognized by both HIF-1 and HIF-2, very little cross-competition is observed, so that a HRE can be

bound by only one HIF. The two isoforms have distinct chromatin binding patterns , which may be connected post-DNA

binding mechanisms that mediate transcriptional selectivity . Together with cell-type-specific expression of HIF-α

isoforms, DNA binding selectivity generates highly distinct functional outputs for HIF-1 and HIF-2.

To date, investigation of the human transcriptional targets and tissue/cell-type specificity of HIF-3 expression has been

much less complete since there are several splicing isoforms of HIF-3A gene products . Some studies report that HIF-

3α might negatively regulate HIF-1α and HIF-2α . For instance, a splice variant, inhibitory PAS protein domain (IPAS),

competitively binds to HIF-1/2α, preventing binding to DNA and inhibiting the HIF-1-mediated transcriptional response 

. On the other hand, a study on zebrafish Hif-3α, an orthologue to HIF-3, reported that overexpressed Hif-3α directs an

extensive positive transcriptional response . Furthermore, of more than 150 genes that were found to be upregulated

by Hif-3α in zebrafish embryos, almost 100 were also Hif-1 targets. These experiments also suggest that Hif-3α might

preferentially target specific hypoxia pathways, such as the Janus kinase (JAK)–STAT and NOD-like receptor (NLR)

signaling, and that at least some of the targets of zebrafish Hif-3 might also be responsive to HIF-3 in human cells .

Genes controlled directly or indirectly by HIF mediate an extensive spectrum of biological outputs. At the cellular level,

responses to HIF include effects on differentiation, migration, cytoprotection, apoptosis, cycle control, and mitochondrial

function . At the organ or organism level, coordinated responses to altered HIF activity include metabolic

regulation, erythropoiesis, angiogenesis, tissue remodeling, and wound healing . The aforementioned

transcriptional adaptations enable normal cells or tissues to survive in a severely oxygen-deficient environment. On the

other hand, in the context of cancer, these processes can facilitate tumor progression . Distinctly, in solid tumors,

certain regions usually undergo hypoxic status due to abnormal blood vessel development . Accordingly, this was

accompanied by elevated HIF-α levels in many solid tumors. HIF activation remodels cellular metabolic oxidative

mechanisms, enabling cells to mitigate toxic reactive oxygen species and preserve the synthesis of macromolecules in

response to oxygen availability. Hypoxia and accumulation of HIF is also involved in resistance to chemotherapy and

radiotherapy and worse prognosis in cancer patients . The HIF-mediated reprogramming of varied and numerous

cellular processes such as metabolism, proliferation, angiogenesis, metastasis, invasion, epithelial–mesenchymal

transition (EMT), anti-apoptosis, growth factor signaling, and stem cell maintenance , underscores

the significant role of HIF in cancer progression and tumorigeneses.

2. Prolyl Hydroxylation: The Adaptive Mediator of HIFs

Identification of HIF-α proteins as the oxygen-dependent subunits of HIF prompted subsequent efforts to define the

molecular mechanisms of oxygen sensing upstream of the HIF signal transduction pathway . As a first step, domains

within the HIF-α polypeptide that could confer oxygen-regulated instability onto heterologous proteins were characterized

. Surprisingly, these domains did not seem to be regulated by protein phosphorylation pathways, which had been

widely predicted to transduce the oxygen-sensitive signal .

In the presence of oxygen, HIF-α is trans-4-hydroxylated at prolyl residues (Pro402 and Pro564 in HIF-1α; Pro405 and

Pro531 in HIF-2α; Pro492 in HIF-3α) , resulting in a >1000-fold increase in affinity for pVHL. Further analyses

identified pVHL as the recognition component of an E3 ubiquitin ligase complex that targets HIF-α for proteasomal

destruction by binding to the domains of HIF-α that confer oxygen-regulated instability . pVHL is required for the

oxygen-dependent proteolysis of HIF-α . Post-translational hydroxylation of specific amino acid residues in HIF-α is the

critical oxygen-regulated event promoting HIF-pVHL association . Mechanistically, prolyl hydroxylation of HIF-α is
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coupled to the oxidative decarboxylation of prolyl hydroxylase creating a ferryl intermediate at the catalytic site . HIF

prolyl hydroxylation and degradation are highly efficient, so that HIF is very labile and barely detectable in normoxia. As

oxygen level decreases, prolyl hydroxylation diminishes, thus enabling HIF levels to rise and the hypoxic response to be

“switched on.” 

3. pVHL: The Proteolysis Modulator of HIFs

The physiological and pathological function of pVHL has constantly been explored since the first description of VHL

disease in the early 1990s by William G. Kaelin Jr. and colleagues . VHL syndrome is an autosomal-dominant,

hereditary neoplastic disease associated with clear cell renal cell carcinoma (ccRCC), central nervous system

hemangioblastomas, and pheochromocytoma . The disease is caused by germline mutations in VHL, a tumor-

suppressor gene located on chromosome 3p25.1 . Patients who inherit a single faulty copy of VHL develop the disease

only after spontaneous inactivation or loss of the second, wild-type VHL allele. The leading cause of death in patients with

VHL disease is ccRCC . The product of VHL, pVHL, is a 30 kDa protein with multiple functions. The best-documented

of these functions relates to its role as the substrate-recognition component of an E3 ubiquitin ligase complex that also

contains elongin B, elongin C, cullin-2, and RING-box protein 1 . This complex is best known for its ability

to target HIFαs for polyubiquitination and proteasomal degradation  (Figure 1), although it has been reported to

target other substrates including atypical protein kinase C, N-Myc downstream-regulated gene 3 (NDRG3), Akt,

erythropoietin receptor (EPOR), transcription factor B-Myb, actin cross-linker filamin A (FLNA), centrosomal protein 68

(CEP68), ceramide kinase-like protein (CERKL), and hsRPB7 . In addition, by developing an in vitro VHL-

capture-based binding assay combined with a genome-wide screening strategy, we have demonstrated that the zinc

fingers and homeoboxes 2 (ZHX2) and the Scm-like with four malignant brain tumor domains 1 (SFMBT1) transcription

factors served as novel pVHL substrates in ccRCC .

An increasing amount of evidence indicates the existence of HIF-independent pathways in the VHL-supervised

background, as the simple inhibition of the HIF system might not be sufficient to prevent tumor progression. Therefore, the

discovery of additional pVHL targets is critical for the development of new therapeutics. In ccRCC, a novel pVHL

substrate, TANK binding kinase 1 (TBK1), an essential kinase involved in the innate immune response, was recently

discovered . We found that VHL-deficient kidney tumors display elevated TBK1 phosphorylation. Through genetic

ablation, pharmacologic inhibition, or new carbon-based proteolysis targeting chimera specifically, TBK1 was

depleted/inhibited in vitro, suppressing VHL-deficient kidney cancer cell proliferation while having no effect on VHL wild-

type cells. Similarly, TBK1 depletion abrogates kidney tumorigenesis in an orthotopic xenograft tumor model .

Mechanistically, hydroxylation on Pro48 of TBK1 triggers both pVHL and phosphatase PPM1B binding, leading to TBK1

de-phosphorylation. TBK1 contributes to kidney cancer cell growth by phosphorylating p62/SQSTM1 on Ser366, thus

stabilizing p62. In this way, TBK1, distinct from its innate immune signaling role, might serve as a novel target with

therapeutic potential for cancers with VHL loss.

It is essential to note that pVHL targets other proteins in an E3 ubiquitin-ligase-independent manner with or without

oxygen signal involvement. Proteins subjected to this regulatory fashion by pVHL are, for example, TBK1, aldehyde

dehydrogenase 2 (ALDH2), p53, AKT, and Caspase Recruitment Domain Family Member 9 (Card9) . In

summary, these findings highlight the critical role of pVHL in the oxygen-signaling pathway and the control of the

abundance or activity of its substrates in the context of disease.
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