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Abstract 

The hypoxia inducible factor (HIF) pathway and the ubiquitin system represent major cellular 

processes that are involved in the regulation of a plethora of cellular signaling pathways and 

tissue functions. The ubiquitin system controls the ubiquitination of proteins, which is the 

covalent linkage of one or several ubiquitin molecules to specific targets. This ubiquitination 

is catalysed by approximately 1000 different E3 ubiquitin ligases and can lead to different 

effects, depending on the type of internal ubiquitin chain linkage. The best-studied function is 

the targeting of proteins for proteasomal degradation. The activity of E3 ligases is 

antagonised by proteins called deubiquitinating enzymes (or deubiquitinases), which 

negatively regulate ubiquitin chains. This is performed in most cases by the catalytic removal 

of these chains from the targeted protein. The HIF pathway is regulated in an oxygen-

dependent manner by oxygen-sensing hydroxylases. Covalent modification of HIF subunits 

leads to the recruitment of an E3 ligase complex via the von Hippel-Lindau (VHL) protein and 

the subsequent polyubiquitination and proteasomal degradation of HIF subunits, 

demonstrating the regulation of the HIF pathway by the ubiquitin system. This unidirectional 

effect of an E3 ligase on the HIF pathway is the best-studied example for the interplay 

between these two important cellular processes. However, additional regulatory mechanisms 

of the HIF pathway through the ubiquitin system are emerging and, more recently, also the 

reciprocal regulation of the ubiquitin system through components of the HIF pathway. 

Understanding these mechanisms and their relevance for the activity of each other is of 

major importance for the comprehensive elucidation of the oxygen-dependent regulation of 

cellular processes. This review describes the current knowledge of the functional 

bidirectional interplay between the HIF pathway and the ubiquitin system on the protein level. 
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1 Introduction 

Tissues and cells require a sufficient supply of oxygen for their metabolic needs to produce 

the appropriate amount of energy for all necessary cellular biological processes to occur [1-

3]. If the cellular oxygen demand is not met by its supply (hypoxia), the cells have to adjust in 

order to survive [1, 3]. Hypoxia occurs throughout a wide range of physiological and 

pathophysiological conditions, such as development, cardiovascular disease, chronic 

inflammation and cancer [2, 4, 5]. Therefore, it is vital for cells to be able to continuously 

"sense" their local, available oxygen levels. The hypoxia-inducible factor (HIF) pathway is the 

major signaling pathway responsible for cellular oxygen sensing and adaptation to hypoxia 

[1, 2]. 

 The ubiquitin system provides a key cellular mechanism for the regulation of protein 

fate and function [6, 7]. Most signaling pathways and cellular processes are affected by the 

ubiquitin system and thousands of proteins are ubiquitinated within cells [8]. The ubiquitin 

system impacts on biological processes through the regulation of protein degradation, 

interaction, localization and activity [8]. 

 This review describes the functional interplay between these two major cellular 

processes. We focused on the mutual, direct regulation between the two main constituents of 

the ubiquitin system, the E3 ubiquitin ligases and the deubiquitinases, and the components 

of the HIF pathway on the protein level. 

1.1 The HIF pathway 

Four different cellular oxygen sensors are currently known. All of them are protein 

hydroxylases that belong to the Fe(II)- and 2-oxoglutarate-dependent dioxygenase 

superfamily and use molecular oxygen as an essential co-substrate [1, 9]. Beside Fe(II), a 

reducing agent such as ascorbate is required as co-factor by the hydroxylases [10]. 

However, ascorbate itself is dispensable and can be replaced for example by glutathione 

[11]. Three of the hydroxylases are prolyl-4-hydroxylase domain (PHD) proteins 1-3 and one 

is the asparagine hydroxylase factor inhibiting HIF (FIH) [1]. These enzymes regulate the 
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heterodimeric HIF transcription factor through hydroxylation of its three  subunits (HIF-1, -

2, -3) [1, 12]. In normoxia, prolyl-4-hydroxylated HIF is bound by the von Hippel-Lindau 

(VHL) protein, the ligand-recognizing component of the E3 ubiquitin ligase cullin 2/elongin B 

& C/Rbx-1 (RING-box protein 1) complex [13-17]. Following its recruitment through VHL, the 

E3 ligase catalyzes the polyubiquitination of HIF, leading to its proteasomal degradation 

[13-18]. FIH-dependent asparagine hydroxylation of HIF inhibits its interaction with the 

transcriptional co-activators p300/CBP, attenuating HIF transactivation activity [1, 2]. In 

hypoxia, the molecular oxygen availability is limited for the hydroxylases, reducing the 

number of HIF hydroxylation events [1]. Stabilized HIF forms together with HIF-1/ARNT 

the active heterodimeric transcription factor HIF. Both subunits recruit transcriptional co-

activators, including histone acetyltransferases, and enhance the expression of specific 

genes, leading to the adaptation of cells to hypoxia [2]. Lorenz Poellinger majorly contributed 

to the elucidation of the function of ARNT as important component of the HIF heterodimer 

and the recruitment of p300/CBP as co-activators [19-21]. Furthermore, his group was 

among the pioneers demonstrating that HIF-1 is regulated through polyubiquitination and 

the ubiquitin-proteasome pathway [18]. These findings opened up the field of the HIF 

pathway for the analysis of its functional interplay with the ubiquitin system. 

1.2 The ubiquitin system 

The post-translational, covalent attachment of ubiquitin proteins (Ub’s) to substrate proteins 

is called ubiquitination [8]. Ub’s are attached to their targets through a concerted mechanism 

involving ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s) and 

ubiquitin ligases (E3s) (Fig. 1) [22]. An isopeptide bond is formed between an Ub and a 

substrate protein, leading to monoubiquitination [8]. Subsequently, further ubiquitin proteins 

can be linked to the attached Ub, leading to polyubiquitination. Mono- and polyubiquitination 

can have diverse effects, depending on the linkage sites between the Ub proteins (Fig. 1). 

Seven different lysyl residues (K 6, 11, 27, 29, 33, 48, 63) as well as the N-terminus (M 1) of 

an Ub protein can be used for the formation of Ub chains [8]. Ub chains can contain only one 
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specific or several different types of linkages, which differently affects their three-dimensional 

structure [8, 22]. Furthermore, one Ub protein can be modified with several other Ub 

proteins, leading to branched Ub chains [8]. Subsequent binding of proteins containing 

ubiquitin-binding domains (UBDs) to specific Ub chains translates the diverse chain 

structures into different downstream effects [8]. For example, Ub chains linked through K48 

can target substrate proteins for proteasomal degradation. A prime example for a K48 Ub 

chain-dependent regulation of protein degradation is the prolyl-4-hydroxylation-dependent, 

VHL-mediated polyubiquitination and subsequent proteasomal degradation of HIF-1 [1]. 

K63-linked and linear (M1-linked) Ub chains in turn play, among other processes, an 

important role in signal transduction, serving as recruitment scaffolds for downstream 

signaling proteins, e.g. in inflammatory pathways [22]. 

The outcome of Ub chain modifications is not only dependent on the type of attached 

Ub chain. Another key aspect for downstream events is the selection of specific substrate 

proteins. This is regulated through the E3 ligases [23]. Of note, Ub chains that are not 

attached to substrates have also been identified (referred to as unanchored Ub chains). 

These chains serve as recruitment platforms for signaling proteins [8]. It is estimated that 

over 1000 E3s exist within a cell, alongside 35 E2s and 2 E1 enzymes [6, 7]. E2s are 

responsible for adequate Ub conjugation and can influence which Ub lysine residue is used 

during Ub chain formation, affecting the outcome of downstream signaling events [7]. E1 

enzymes are responsible for the ATP-dependent activation of Ub for the subsequent 

ubiquitination event through E2s and E3s [6]. 

 Like many other post-translational modifications, ubiquitination is reversible [23]. A 

superfamily of isopeptidases has been identified as negative regulators of ubiquitination, 

called deubiquitinases (DUBs; also called deubiquitinating enzymes), counteracting the 

function of E3 ligases [23-25]. Approximately 100 DUBs are encoded in the human genome. 

These can be divided into seven subfamilies based on their structures: ubiquitin-specific 

proteases (USPs), ubiquitin C-terminal hydrolases (UCHs), ovarian tumor proteases (OTUs), 

Josephins, the JAB1/MPN/MOV34 family (JAMMs), monocyte chemotactic protein-induced 
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proteins (MCPIPs) and the motif interacting with Ub-containing novel DUB family (MINDYs) 

[23, 24, 26]. All DUBs of these subfamilies are cysteine proteases except the JAMM 

subfamily members, which are zinc metalloproteases [23, 26]. Removal of Ub chains from 

proteins by DUBs prevents proteasomal degradation, leading to the stabilization of these 

proteins or negatively regulates signaling pathways through removal of the recruitment sites 

(Ub chains) for downstream proteins (such as in NF-B signaling pathways) [22, 23]. DUB 

activity can further contribute to Ub homeostasis through recycling of ubiquitin from proteins 

that are degraded [23]. Overall, DUBs affect many different signaling pathways and key 

biological processes, which has sparked major interest in their function, the regulation of their 

activity as well as in their potential as novel therapeutic targets. 

2 Functional interplay between the HIF pathway and E3 ligases 

2.1 Hydroxylases and E3 ligases 

Beside the direct regulation of HIF hydroxylase activity through the availability of O2, their 

abundance is also of major importance for their impact on the HIF transcription factors. This 

was highlighted by the observation that the expression of PHD2 and PHD3 is regulated by 

HIF, leading to increased PHD2 and PHD3 protein levels in hypoxia, reducing HIF protein 

levels and serving as a negative feedback loop in hypoxic conditions [27]. E3 ligases 

catalyzing the attachment of K48-linked Ub chains can affect the half-life and protein amount 

of the HIF hydroxylases and hence indirectly impact on the extent of the HIF transcription 

factor level and activity (Fig. 2A). But these hydroxylases have also been demonstrated to 

affect signaling pathways other than the HIF pathway, which might also be affected by the 

regulation of hydroxylase abundance [28-31]. 

The seven-in-absentia homologue (Siah) RING-type E3 ubiquitin ligases Siah1 and 

Siah2 regulate the stability of the HIF hydroxylases PHD1, PHD3 and FIH through 

polyubiquitination [32-37]. Of note, the human genome encodes for two Siah homologues 

(Siah1 and Siah2), whereas in mice three functional Siah genes have been identified 

(Siah1a, Siah1b, Siah2) [38, 39]. The substrate-binding domain (SBD) of human Siah2 
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shows a high affinity for PHD3, while the SBD of human Siah1 only weakly interacts with it 

[35]. But in human glioma cells also Siah1 has been linked to the regulation of PHD3 protein 

levels and in the human breast cancer cell line MCF7 both Siah1 and 2 are involved in PHD3 

protein degradation [36, 37]. Silencing of either one of the two Siah E3 ligases resulted in 

increased PHD3 protein levels [36]. Murine Siah1a and Siah2 have both been reported to 

regulate the protein levels of PHD1 and PHD3, but the destabilizing effect of Siah2 for PHD1 

and PHD3 was stronger [32]. Furthermore, Siah2-dependent regulation was higher for PHD3 

than for PHD1 and PHD3 exhibited also a stronger affinity for Siah2 [32]. The higher 

susceptibility of PHD3 for Siah2-mediated degradation has in part been attributed to a 

missing N-terminal region in PHD3, which is present in PHD1 and PHD2 [33]. Interestingly, 

vitamin K3 inhibits Siah2, leading to increased PHD3 and decreased HIF-1 protein levels 

[40]. Of note, Siah1 E3 ligase activity regulates besides the PHDs also FIH protein levels 

[34]. In hypoxia, genetic deletion of murine Siah2 led to an increased half-life of PHD3 and 

decreased HIF-1 levels, while combinatorial deletion of Siah1a and Siah2 completely 

abrogated hypoxia-dependent HIF-1 stabilization [32]. Furthermore, Siah2-mediated 

degradation of PHD3 was increased in hypoxia through increased Siah2 transcript levels 

[32]. However, in the human breast cancer cell line MCF7, hypoxia did not affect Siah1 or 

Siah2 protein levels [36]. Moreover, Siah2-mediated degradation of PHD3 was increased in 

hypoxia through p38 MAPK-dependent Siah2 phosphorylation, indicating a different 

mechanism for a hypoxia-dependent regulation of Siah2 [41]. Overall, the regulation of HIF 

hydroxylases through Siah E3 ligases seems to be complex and context-specific and it would 

be of interest to identify the mechanisms leading to the contrasting observations. 

PHD1 is also regulated by the cullin 3-based E3 ligase speckle-type POZ protein 

(SPOP). SPOP mediates PHD1 polyubiquitination and proteasomal degradation, and 

increased PHD1 levels and loss of SPOP were linked to prostate cancer growth [42]. Studies 

of zebrafish proteins demonstrated that the E3 ligases mindbomb (mib) mib and mib2 

interact with and polyubiquitinate FIH, but the relevance and outcome of this modification is 

unclear [43, 44]. 
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While most of the hydroxylases have been reported to be regulated by E3 ligases, it 

is noteworthy that for PHD2, the main regulator of HIF no E3-dependent regulation has to 

our knowledge been reported so far. Furthermore, this is in agreement with our previous 

work demonstrating that the ubiquitin system is dispensable for the regulation of PHD2 

protein levels and that PHD2 is regulated through the prolyl cis/trans isomerase FKBP38 and 

the proteasome [45, 46]. It is intriguing that all hydroxylases seem to be regulated by the 

ubiquitin system but the key regulator of HIF is not. It remains to be determined why 

evolution led to this apparent deviation of the regulation of the HIF pathway by the ubiquitin 

system at this critical signaling node. 

Besides the regulation of the hydroxylases through E3 ligases, a reciprocal regulation 

has also been proposed. The ankyrin repeat and SOCS box protein 4 (ASB4), the substrate-

recognizing protein of the cullin/elongin B & C/Roc ubiquitin ligase complex, has been 

reported to be hydroxylated by FIH and it was postulated that ASB4 hydroxylation promotes 

its substrate binding [47]. 

2.2 HIF transcription factor subunits and E3 ligases 

The best-characterized E3-dependent regulatory mechanism of HIF subunits is its VHL-

dependent regulation and has been expertly reviewed elsewhere [15-17]. Beside this 

mechanism, other E3 ligases have also been reported to regulate HIF. Their interaction 

with the HIF pathway on the protein level is the focus of this chapter (Fig. 2B). Of note, a 

recent investigation of VHL-independent degradation of HIF-1 in hypoxia indicates that 

ubiquitination is absolutely required for this regulation, highlighting further the importance of 

the interplay of the HIF pathway and the ubiquitin system [48]. To our knowledge, the 

regulation of E3 ligases by HIF through protein:protein interaction has not been reported so 

far. 

Several E3 ligases affect HIF subunits through mechanisms involving heat shock 

proteins. We and others have previously shown that heat shock protein 90 (Hsp90) binds to 

HIF-1, affecting its stabilization [19, 49-53]. The receptor of activated protein C kinase 
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(RACK1) mediates HIF-1 degradation in an oxygen-independent manner [54-57] and 

competes with Hsp90 for its HIF-1 binding site, recruiting the cullin 2/elongin B & C/Rbx-1 

E3 ligase complex to target HIF-1 for proteasomal degradation [54, 55]. As negative 

regulator of this mechanism the mammalian septin family member SEPT9_v1 has been 

described, a specific interactor of HIF-1 but not HIF-2, that prevents the HIF-1 interaction 

with RACK1 [56]. A second negative regulator is the proteolytically released intracellular 

domain of the receptor-tyrosine kinase ErbB4 that interacts with HIF-1 and suppresses 

RACK1-dependent HIF-1 degradation [58]. The E3 ligase cullin 5 has also been implicated 

in an Hsp90-mediated, oxygen-independent regulation of HIF-1 protein levels [59]. The E3 

ligase CHIP (carboxyl terminus of Hsc70-interacting protein), also known as STUB1 (STIP1 

homology and U-box containing protein 1), regulates the proteasomal degradation of HIF-1 

in an Hsp70-dependent manner [60]. This regulation is independent of HIF-1 hydroxylation 

and is mediated by the interaction of Hsp70 with HIF-1 and the subsequent recruitment of 

CHIP [60]. Of note, this Hsp-mediated mechanism stands in contrast to the RACK1-

dependent regulation of HIF, which depends on the competition for binding sites with Hsp90 

and not its recruitment. This demonstrates different modes of actions for the functional 

interplay of Hsp’s and E3’s in the regulation of HIF. Interestingly, Hsp70- and CHIP-mediated 

degradation was selective for HIF-1 mediating its degradation during prolonged hypoxia 

[60]. CHIP is also involved in the regulation of HIF-1 degradation during high glucose 

conditions (such as diabetes) when methylglyoxal (MGO) accumulates, leading to rapid 

degradation of HIF-1 in hypoxia [61]. MGO stimulates the association of HIF-1 with 

HSP40/70, enhancing the recruitment of CHIP and resulting in HIF-1 polyubiquitination 

followed by proteasomal degradation [61]. During nutrient deprivation, CHIP induces the 

conjugation of K63-linked polyubiquitin chains to HIF-1, targeting it for chaperon-mediated 

autophagy [62, 63]. The CHIP-dependent regulation of HIF was further investigated as 

potential therapeutic target. Overexpression of microRNA miR-21 in human umbilical cord 

blood-derived mesenchymal stem cells (UCBMSCs) led to decreased CHIP levels, 
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increasing HIF-1 and neovascularization in critical limb ischemia [64]. In conclusion, Hsp’s 

play an important role in the E3-dependent regulation of HIF, indicating a more general 

mechanism. 

Beside the Hsp-mediated recruitment of E3 ligases to HIF, also phosphorylation 

mediates E3 binding. The E3 ligase F-box/WD repeat-containing protein 7 (Fbw7) is 

recruited to HIF-1 through HIF-1 phosphorylation by glycogen synthase kinase-3 (GSK-3), 

leading to HIF-1 proteasomal degradation [65, 66]. 

For other E3 ligases, it is unknown if the recruitment to HIF is regulated. The kelch-

like 20 protein (KLHL20; also called KLEIP) is part of an E3 ligase complex and is induced by 

HIF-1 [67]. In addition, it directly interacts with HIF-2 but not HIF-1 affecting HIF-2 

protein levels [68]. The molecular mechanism of the KLHL20-dependent regulation of HIF-2 

is unclear. Of note, KLHL20 knockout mice die due to respiratory failure, which was 

associated with reduced HIF-2 and VEGF mRNA levels in the embryonic lung [69]. The E3 

ligase hypoxia-associated factor (HAF), also known as squamous cell carcinoma antigen 

recognized by T cells (SART1), targets HIF-1 but not HIF-2 for degradation independent of 

the oxygen level [70]. Interestingly, HAF is also capable of binding HIF-2, but this 

association results in increased HIF-2 transcriptional activity [71, 72]. Therefore, it has been 

suggested that HAF mediates a switch from HIF-1 to HIF-2 target genes, eventually 

promoting tumor progression [71-74]. In the clear cell renal cell carcinoma (ccRCC) cell lines 

RCC4 and RCC10, the mutant VHL prevents HAF-dependent degradation of HIF-1 

presumably through competition for HIF-1 binding sites [75]. 

Interestingly, mouse double minute 2 homolog (Mdm2; also called Hdm2), a major 

regulator of the tumor suppressor p53, and breast cancer susceptibility gene 1 (BRCA1), a 

tumor suppressor itself, have both been associated with the regulation of HIF subunits. 

Mdm2 decreases HIF-1 protein levels through HIF-1 polyubiquitination and proteasomal 

degradation, but in contrast to this Mdm2-dependent regulation was also connected with 

increased HIF-1 protein levels and activity [76-82]. Mdm2 has been described to directly 
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bind to HIF-1 but others found that Mdm2 is recruited to HIF-1 through p53 [76, 80, 81, 83-

85]. Another member of the p53 gene family, the transcription factor TAp73, also recruits 

Mdm2 to HIF-1, leading to its proteasomal destruction independent of cellular oxygen levels 

[82, 86]. The functional interplay between Mdm2 and HIF-1 has been linked to the 

regulation of tumor angiogenesis [76, 82, 86]. The regulation of HIF by Mdm2 is interesting 

as it connects the regulation of both the HIF and the p53 pathway. But the involved 

mechanism seems to be complex and might be context specific. The E3 ligase BRCA1 is 

frequently mutated in breast cancer and has been described to regulate HIF-1 protein levels 

in breast cancer cells [87]. BRCA1 directly interacts with and stabilizes HIF-1 through 

inhibition of HIF-1 proteasomal degradation [87]. But it is unclear if BRCA1-dependent 

ubiquitination is involved in this mechanism [87]. However, in stromal fibroblasts BRCA1 

knockdown led to upregulation of HIF-1 indicating a cell type specific regulation [88]. In 

breast cancer tumors BRCA1 mutations were associated with increased HIF-1 levels [89-

91]. 

HIF-1 polyubiquitination has mainly been described as the conjugation of K48-linked 

Ub chains required for the subsequent targeting for proteasomal degradation. But the E3 

ligase TNF receptor-associated factor 6 (TRAF6) mediates the conjugation of HIF-1 with 

K63-linked polyubiquitin chains [92, 93]. While the above described CHIP-induced K63-linked 

polyubiquitination of HIF-1 results in its chaperon-mediated autophagy, TRAF6-dependent 

K63 polyubiquitination stabilizes HIF-1 by preventing its proteasomal degradation [63, 92, 

93]. Furthermore, the E3 ligase Pellino3 has been described as negative regulator of TRAF6-

mediated HIF-1 stabilization and HIF-dependent transcription [93]. No indications have 

been found for a TRAF6-dependent regulation of HIF-2 [92]. Moreover, TRAF6 expression 

and its activity have been reported to be increased by hypoxia, mediating the 

monoubiquitination of histone H2AX [94]. This in turn leads to the recruitment of ataxia-

telangiectasia mutated (ATM) and the subsequent phosphorylation of H2AX (H2AX) [94]. 

HIF-1 specifically interacts with H2AX preventing HIF-1 nuclear export and degradation, 
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enhancing HIF-mediated gene expression [94]. Because TRAF6 is an important signaling 

component of major pro-inflammatory signaling pathways (such as the IL-1 signaling 

pathway), the observed interaction between TRAF6 and HIF-1 indicates that TRAF6 is a 

novel important signaling node for the integration of inflammatory signaling and the HIF 

pathway. It will be of interest to investigate whether the observed TRAF6:HIF-1 interaction 

affects inflammatory signaling. 

3. Functional interplay between the HIF pathway and deubiquitinases 

3.1 Hydroxylases and deubiquitinases 

Recent investigations have shed first light on the functional interaction and potential mutual 

regulation of oxygen-sensing hydroxylases and deubiquitinases (Fig. 2A). Investigating the 

effect of hypoxia on NF-B activity, it has been observed that the stability of the 

deubiquitinase CYLD is regulated by the human papillomavirus (HPV)-encoded protein E6 in 

an oxygen-dependent manner [95]. Hypoxia stimulated an E6-dependent ubiquitination and 

subsequent degradation of CYLD in HPV-infected cells, activating in turn NF-B [95]. While 

the underlying mechanisms remained unclear, protein hydroxylation has been postulated to 

play a role [95]. 

We previously identified several proteins of the IL-1 signaling pathways as potential 

targets of PHD1 and FIH, including the deubiquitinase OTU domain-containing ubiquitin 

aldehyde-binding protein 1 (OTUB1) [96]. A subsequent study from our group demonstrated 

that OTUB1 is a bona fide FIH target protein, which is hydroxylated on asparagine 22 [31]. 

This hydroxylation impacts on OTUB1 substrate targeting, affecting in turn cellular energy 

metabolism [31]. This demonstrates functional relevance of the asparagine hydroxylation of 

this DUB and links OTUB1 with the regulation of energy metabolism. Another link between 

the hydroxylases and the ubiquitin pathway was made by the investigation of the interactome 

of PHD3 and FIH, demonstrating that especially FIH interacted with several proteins of the 
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ubiquitin system, including deubiquitinating enzymes [97]. It would be interesting to 

investigate these interactions in more detail. 

An indirect effect of prolyl hydroxylation on a deubiquitinating enzyme was shown for 

USP9x, which no longer interacts with its target protein FOXO3a following FOXO3a 

hydroxylation by PHD1, affecting FOXO3a-dependent regulation of Cyclin D1 [30]. 

To our knowledge, a DUB regulating HIF hydroxylases has not been reported yet. But 

based on the identified interactions and the reported regulation of hydroxylases by E3 

ligases, it seems likely that such regulations also occur. 

3.2 HIF transcription factor subunits and deubiquitinases 

HIF subunits have been shown to be regulated by numerous different E3 Ub ligases. As 

DUBs oppose the function of E3 ligases, it is not too surprising that also several different 

DUBs have now been associated with the regulation of HIFubiquitination [25]. So far, DUBs 

from four out of the seven described DUB subfamilies have been identified to be involved in 

the regulation of HIF (Fig. 2B). To our knowledge, it is currently unclear whether DUBs are 

affected by HIF subunits through protein:protein interaction. 

Most of the deubiquitinases that regulate HIF belong to the USP subfamily, with 

more than 50 enzymes the largest subfamily of DUBs [98]. HAUSP (USP7), USP8, USP28, 

VDU2 (USP20), USP9x, USP19 and USP52 have all been described to regulate HIF-1. 

HAUSP has recently been reported as hypoxia-regulated DUB that stabilizes HIF-1 protein 

through deubiquitination [99]. Hypoxia induces K63-linked polyubiquitination of HAUSP, 

which enhances its activity towards HIF-1 [99]. Another member of the USP family, USP8, 

also deubiquitinates HIF-1 [100]. USP8 binds to the PAS domains of HIF-1 and HIF-2 

and is implicated in the regulation of both proteins [100]. The USP8-mediated 

deubiquitination of HIF-1 has been linked to the regulation of ciliogenesis [100]. USP28 is a 

negative regulator of the GSK-3-dependent Fbw7-mediated polyubiquitination and 

subsequent degradation of HIF-1, affecting cell migration and angiogenesis [66]. VDU2 

(pVHL-interacting deubiquitinating enzyme 2) interacts with and deubiquitinates HIF-1 and 
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is itself ubiquitinated in a VHL-E3 ligase-dependent (but oxygen-independent) manner [101, 

102]. USP9x affects the ubiquitination status of HIF-1 indirectly by regulating the 

degradation of VHL [103]. USP9x deubiquitinates Smurf1, an E3 ligase targeting VHL, 

protecting Smurf1 from degradation and leading to reduced VHL protein levels [103]. USP9x 

further affects glycolysis and cell proliferation through the regulation of VHL [103]. 

While the DUBs HAUSP, USP8, USP28, VDU2 and USP9x have been described to 

regulate HIF by catalyzing the removal of Ub chains, the following DUBs of the USP protein 

family regulate HIF-1 through mechanisms independent of their enzymatic activity. USP19 

interacts with the bHLH and PAS domain at the N-terminus of HIF-1 and reduction of 

USP19 expression impairs HIF-1 stabilization under hypoxic conditions [104]. The 

underlying mechanism remains to be uncovered [104]. A different mechanism of DUB-

dependent regulation of HIF-1 has been reported for USP52, a non-protease homologue of 

USP that lacks a cysteine residue in its active site [105]. USP52 prevents HIF-1 mRNA 

degradation via its AU-rich 3’-UTR and co-localization with P-bodies (processing bodies), 

contributing to the mRNA stabilization and thereby indirectly to increased protein levels [106]. 

A member of the UCH family, UCHL1, interferes with the VHL-dependent 

polyubiquitination of HIF-1 through its interaction with and the deubiquitination of HIF-1 

promoting pulmonary metastases [107]. 

So far, the only DUB of the OTU family known to regulate HIF is OTUD7B, also called 

Cezanne. This DUB is specific for K11-linked Ub chains and negatively regulates K11-linked 

Ub chains of HIF-1 affecting its degradation in a VHL-dependent but proteasome-

independent manner [108]. Of note, these investigations identified a third type of Ub chains 

(K11-linked chains) that are attached to HIF-1, but the responsible E3 ligase remains to be 

elucidated. Cezanne has further been linked to the regulation of the stability of the 

transcription factor E2F1, affecting HIF2A transcription independent of hypoxia [109]. 

Interestingly, it has been reported that Cezanne expression is induced in hypoxia but this 

might be cell type specific [108, 110]. 
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The monocyte chemotactic protein-induced protein 1 (MCPIP1; also called Regnase-

1) of the MCPIP family, a CCCH Zn finger–containing protein, deubiquitinates HIF-1 

preventing its degradation and impacting on HIF-1 target gene expression [111]. HIF-2 is 

affected by MCPIP1 on the transcript level and HIF-2 in turn also regulates MCPIP1 

expression [112]. The underlying mechanisms are unclear, but MCPIP1 might regulate HIF-

2 transcripts via its endonuclease activity [112]. 

4. Conclusions 

Hypoxia represents a major threat to cellular energy homeostasis and survival. To enable 

cells to react appropriately to changes in oxygen supply, cellular oxygen sensing evolved, 

allowing for the adaptation of cellular energy metabolism and other biological processes to 

survive this environmental stress condition. The HIF pathway is the master regulator of the 

cellular adaptive response to low oxygen conditions and it is regulated on multiple levels by 

the ubiquitin system. Taking into account that the HIF pathway is a particularly rapid turnover 

system, it is likely more prone to changes in Ub-mediated stability than other pathways. 

Furthermore, the Ub-dependent regulation of hydroxylase protein levels provides an 

additional intervention point for the fine tuning of HIF-dependent gene expression due to the 

direct dependence of HIF degradation and HIF-mediated transactivation on hydroxylase 

activity. But interestingly, PHD2 is the only hydroxylase that does not seem to be regulated 

by the ubiquitin system. This apparent uncoupling of the regulation of the HIF pathway from 

the ubiquitin system at this key HIF signaling node would be of interest for further 

investigations. The extent of the ubiquitin system-dependent regulations of the HIF pathway 

beside the well-characterized VHL-dependent mechanism is only beginning to be unraveled 

and it will be important to analyze the relative contributions of each of the here described 

mechanisms. Another key question concerns the relevance of the described HIF regulators 

under physiological conditions compared with pathophysiological conditions. Of note, it is 

emerging that the oxygen-sensing hydroxylases also affect proteins of the ubiquitin system, 

demonstrating a mutual regulation of these systems. This is especially important, as proteins 
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of the ubiquitin system often impact on a plethora of different biological processes and 

signaling pathways. Oxygen-dependent regulation of such promiscuous proteins seems to be 

especially suited, because a single hydroxylation event of such a protein could influence very 

quickly a large number of different processes, which can be of great advantage for the 

response to life-threatening environmental stress conditions such as hypoxia. 
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Figures: 

 

Fig. 1. The ubiquitin system. For the ubiquitination of a protein ubiquitin (Ub) is activated by 

an E1 Ub-activating enzyme, transferred to an E2 Ub-conjugating enzyme and covalently 

attached to a substrate protein by an E3 Ub ligase. This leads to the conjugation of a single 

Ub molecule (mono-ubiquitination) or ubiquitin chains (poly-ubiquitination) with isopeptide 

bonds between internal Ub lysine residues. Linear chains are generated through a linkage 

between the C-terminal glycine and the N-terminal methionine (M1) of Ub molecules. As 

indicated, differentially conjugated chains have various functional implications [22]. The 

opposing enzymes of E3 ligases are deubiquitinases (DUBs) that proteolytically remove Ub 

molecules or chains from substrate proteins. Approximate numbers of the components of the 

ubiquitin system are indicated in the table. PPi, inorganic diphosphate. 
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Fig. 2. Functional interplay between the HIF pathway and the ubiquitin system. The 

names of involved E3 ligases, proteins of E3 ligase complexes or DUBs are indicated along 

the arrows. (A) Mutual regulation of oxygen-sensing hydroxylases, E3 ligases and 

deubiquitinases (DUBs). Only direct regulations on the protein level were considered. (B) 

Regulation of HIF subunits by E3 ligases and DUBs. Direct regulations of target proteins 

are indicated by black writing alongside the arrows, non-enzymatic and/or indirect regulations 

(e.g. of mRNA expression or stability) are indicated by grey writing. A HIF-dependent 

regulation of E3 ligases or DUBs through protein:protein interaction has not been reported so 

far. HIF-dependent regulations of gene expression were not taken into account. 

  



20 

 

REFERENCES 

[1] W.G. Kaelin, Jr., P.J. Ratcliffe, Oxygen sensing by metazoans: the central role of the HIF 

hydroxylase pathway, Mol Cell 30 (2008) 393-402. 

[2] G.L. Semenza, Hypoxia-inducible factors in physiology and medicine, Cell 148 (2012) 399-408. 

[3] C.C. Scholz, C.T. Taylor, Targeting the HIF pathway in inflammation and immunity, Curr Opin 

Pharmacol 13 (2013) 646-653. 

[4] S.P. Colgan, C.T. Taylor, Hypoxia: an alarm signal during intestinal inflammation, Nat Rev 

Gastroenterol Hepatol 7 (2010) 281-287. 

[5] H.K. Eltzschig, D.L. Bratton, S.P. Colgan, Targeting hypoxia signalling for the treatment of 

ischaemic and inflammatory diseases, Nat Rev Drug Discov 13 (2014) 852-869. 

[6] B.A. Schulman, J.W. Harper, Ubiquitin-like protein activation by E1 enzymes: the apex for 

downstream signalling pathways, Nat Rev Mol Cell Biol 10 (2009) 319-331. 

[7] S.J. van Wijk, H.T. Timmers, The family of ubiquitin-conjugating enzymes (E2s): deciding 

between life and death of proteins, Faseb J 24 (2010) 981-993. 

[8] D. Komander, M. Rape, The ubiquitin code, Annu Rev Biochem 81 (2012) 203-229. 

[9] R.H. Wenger, D. Hoogewijs, Regulated oxygen sensing by protein hydroxylation in renal 

erythropoietin-producing cells, Am J Physiol Renal Physiol 298 (2010) F1287-1296. 

[10] K.J. Nytko, P. Spielmann, G. Camenisch, R.H. Wenger, D.P. Stiehl, Regulated function of the 

prolyl-4-hydroxylase domain (PHD) oxygen sensor proteins, Antioxid Redox Signal 9 (2007) 

1329-1338. 

[11] K.J. Nytko, N. Maeda, P. Schläfli, P. Spielmann, R.H. Wenger, D.P. Stiehl, Vitamin C is 

dispensable for oxygen sensing in vivo, Blood 117 (2011) 5485-5493. 

[12] Y. Makino, R. Cao, K. Svensson, G. Bertilsson, M. Asman, H. Tanaka, Y. Cao, A. Berkenstam, L. 

Poellinger, Inhibitory PAS domain protein is a negative regulator of hypoxia-inducible gene 

expression, Nature 414 (2001) 550-554. 

[13] K. Tanimoto, Y. Makino, T. Pereira, L. Poellinger, Mechanism of regulation of the hypoxia-

inducible factor-1 alpha by the von Hippel-Lindau tumor suppressor protein, EMBO J 19 

(2000) 4298-4309. 

[14] T. Pereira, X. Zheng, J.L. Ruas, K. Tanimoto, L. Poellinger, Identification of residues critical for 

regulation of protein stability and the transactivation function of the hypoxia-inducible 

factor-1alpha by the von Hippel-Lindau tumor suppressor gene product, J Biol Chem 278 

(2003) 6816-6823. 

[15] W.G. Kaelin, Jr., The von Hippel-Lindau tumour suppressor protein: O2 sensing and cancer, 

Nat Rev Cancer 8 (2008) 865-873. 

[16] U. Lendahl, K.L. Lee, H. Yang, L. Poellinger, Generating specificity and diversity in the 

transcriptional response to hypoxia, Nature reviews. Genetics 10 (2009) 821-832. 

[17] C.M. Robinson, M. Ohh, The multifaceted von Hippel-Lindau tumour suppressor protein, 

FEBS Lett 588 (2014) 2704-2711. 

[18] P.J. Kallio, W.J. Wilson, S. O'Brien, Y. Makino, L. Poellinger, Regulation of the hypoxia-

inducible transcription factor 1alpha by the ubiquitin-proteasome pathway, J Biol Chem 274 

(1999) 6519-6525. 

[19] K. Gradin, J. McGuire, R.H. Wenger, I. Kvietikova, M.L. Whitelaw, R. Toftgard, L. Tora, M. 

Gassmann, L. Poellinger, Functional interference between hypoxia and dioxin signal 

transduction pathways: competition for recruitment of the Arnt transcription factor, Mol Cell 

Biol 16 (1996) 5221-5231. 

[20] P.J. Kallio, I. Pongratz, K. Gradin, J. McGuire, L. Poellinger, Activation of hypoxia-inducible 

factor 1alpha: posttranscriptional regulation and conformational change by recruitment of 

the Arnt transcription factor, Proc Natl Acad Sci U S A 94 (1997) 5667-5672. 

[21] P.J. Kallio, K. Okamoto, S. O'Brien, P. Carrero, Y. Makino, H. Tanaka, L. Poellinger, Signal 

transduction in hypoxic cells: inducible nuclear translocation and recruitment of the 

CBP/p300 coactivator by the hypoxia-inducible factor-1alpha, EMBO J 17 (1998) 6573-6586. 



21 

 

[22] Y. Estornes, M.J. Bertrand, IAPs, regulators of innate immunity and inflammation, Semin Cell 

Dev Biol 39 (2015) 106-114. 

[23] D. Komander, M.J. Clague, S. Urbe, Breaking the chains: structure and function of the 

deubiquitinases, Nat Rev Mol Cell Biol 10 (2009) 550-563. 

[24] M. He, Z. Zhou, A.A. Shah, H. Zou, J. Tao, Q. Chen, Y. Wan, The emerging role of 

deubiquitinating enzymes in genomic integrity, diseases, and therapeutics, Cell Biosci 6 

(2016) 62. 

[25] A.S. Schober, E. Berra, DUBs, New Members in the Hypoxia Signaling clUb, Front Oncol 6 

(2016) 53. 

[26] A. Pinto-Fernandez, B.M. Kessler, DUBbing Cancer: Deubiquitylating Enzymes Involved in 

Epigenetics, DNA Damage and the Cell Cycle As Therapeutic Targets, Front Genet 7 (2016) 

133. 

[27] D.P. Stiehl, R. Wirthner, J. Köditz, P. Spielmann, G. Camenisch, R.H. Wenger, Increased prolyl 

4-hydroxylase domain proteins compensate for decreased oxygen levels. Evidence for an 

autoregulatory oxygen-sensing system, J Biol Chem 281 (2006) 23482-23491. 

[28] E.P. Cummins, E. Berra, K.M. Comerford, A. Ginouves, K.T. Fitzgerald, F. Seeballuck, C. 

Godson, J.E. Nielsen, P. Moynagh, J. Pouyssegur, C.T. Taylor, Prolyl hydroxylase-1 negatively 

regulates IkappaB kinase-beta, giving insight into hypoxia-induced NFkappaB activity, Proc 

Natl Acad Sci U S A 103 (2006) 18154-18159. 

[29] X. Zheng, S. Linke, J.M. Dias, X. Zheng, K. Gradin, T.P. Wallis, B.R. Hamilton, M. Gustafsson, 

J.L. Ruas, S. Wilkins, R.L. Bilton, K. Brismar, M.L. Whitelaw, T. Pereira, J.J. Gorman, J. Ericson, 

D.J. Peet, U. Lendahl, L. Poellinger, Interaction with factor inhibiting HIF-1 defines an 

additional mode of cross-coupling between the Notch and hypoxia signaling pathways, Proc 

Natl Acad Sci U S A 105 (2008) 3368-3373. 

[30] X. Zheng, B. Zhai, P. Koivunen, S.J. Shin, G. Lu, J. Liu, C. Geisen, A.A. Chakraborty, J.J. Moslehi, 

D.M. Smalley, X. Wei, X. Chen, Z. Chen, J.M. Beres, J. Zhang, J.L. Tsao, M.C. Brenner, Y. Zhang, 

C. Fan, R.A. DePinho, J. Paik, S.P. Gygi, W.G. Kaelin, Jr., Q. Zhang, Prolyl hydroxylation by 

EglN2 destabilizes FOXO3a by blocking its interaction with the USP9x deubiquitinase, Genes 

Dev 28 (2014) 1429-1444. 

[31] C.C. Scholz, J. Rodriguez, C. Pickel, S. Burr, J.A. Fabrizio, K.A. Nolan, P. Spielmann, M.A. 

Cavadas, B. Crifo, D.N. Halligan, J.A. Nathan, D.J. Peet, R.H. Wenger, A. Von Kriegsheim, E.P. 

Cummins, C.T. Taylor, FIH Regulates Cellular Metabolism through Hydroxylation of the 

Deubiquitinase OTUB1, PLoS Biol 14 (2016) e1002347. 

[32] K. Nakayama, I.J. Frew, M. Hagensen, M. Skals, H. Habelhah, A. Bhoumik, T. Kadoya, H. 

Erdjument-Bromage, P. Tempst, P.B. Frappell, D.D. Bowtell, Z. Ronai, Siah2 regulates stability 

of prolyl-hydroxylases, controls HIF1alpha abundance, and modulates physiological 

responses to hypoxia, Cell 117 (2004) 941-952. 

[33] K. Nakayama, S. Gazdoiu, R. Abraham, Z.Q. Pan, Z. Ronai, Hypoxia-induced assembly of prolyl 

hydroxylase PHD3 into complexes: implications for its activity and susceptibility for 

degradation by the E3 ligase Siah2, Biochem J 401 (2007) 217-226. 

[34] H. Fukuba, T. Takahashi, H.G. Jin, T. Kohriyama, M. Matsumoto, Abundance of aspargynyl-

hydroxylase FIH is regulated by Siah-1 under normoxic conditions, Neurosci Lett 433 (2008) 

209-214. 

[35] A. Gopalsamy, T. Hagen, K. Swaminathan, Investigating the molecular basis of Siah1 and 

Siah2 E3 ubiquitin ligase substrate specificity, PLoS One 9 (2014) e106547. 

[36] M.G. Adam, S. Matt, S. Christian, H. Hess-Stumpp, A. Haegebarth, T.G. Hofmann, C. Algire, 

SIAH ubiquitin ligases regulate breast cancer cell migration and invasion independent of the 

oxygen status, Cell Cycle 14 (2015) 3734-3747. 

[37] H. Shi, B. Zheng, Y. Wu, Y. Tang, L. Wang, Y. Gao, H. Gong, J. Du, R. Yu, Ubiquitin ligase Siah1 

promotes the migration and invasion of human glioma cells by regulating HIF-1alpha 

signaling under hypoxia, Oncol Rep 33 (2015) 1185-1190. 



22 

 

[38] N.G. Della, P.V. Senior, D.D. Bowtell, Isolation and characterisation of murine homologues of 

the Drosophila seven in absentia gene (sina), Development 117 (1993) 1333-1343. 

[39] G. Hu, Y.L. Chung, T. Glover, V. Valentine, A.T. Look, E.R. Fearon, Characterization of human 

homologs of the Drosophila seven in absentia (sina) gene, Genomics 46 (1997) 103-111. 

[40] M. Shah, J.L. Stebbins, A. Dewing, J. Qi, M. Pellecchia, Z.A. Ronai, Inhibition of Siah2 ubiquitin 

ligase by vitamin K3 (menadione) attenuates hypoxia and MAPK signaling and blocks 

melanoma tumorigenesis, Pigment Cell Melanoma Res 22 (2009) 799-808. 

[41] A. Khurana, K. Nakayama, S. Williams, R.J. Davis, T. Mustelin, Z. Ronai, Regulation of the ring 

finger E3 ligase Siah2 by p38 MAPK, J Biol Chem 281 (2006) 35316-35326. 

[42] L. Zhang, S. Peng, X. Dai, W. Gan, X. Nie, W. Wei, G. Hu, J. Guo, Tumor suppressor SPOP 

ubiquitinates and degrades EglN2 to compromise growth of prostate cancer cells, Cancer Lett 

390 (2017) 11-20. 

[43] J.H. So, J.D. Kim, K.W. Yoo, H.T. Kim, S.H. Jung, J.H. Choi, M.S. Lee, S.W. Jin, C.H. Kim, FIH-1, a 

novel interactor of mindbomb, functions as an essential anti-angiogenic factor during 

zebrafish vascular development, PLoS One 9 (2014) e109517. 

[44] L.C. Tseng, C. Zhang, C.M. Cheng, H. Xu, C.H. Hsu, Y.J. Jiang, New classes of mind bomb-

interacting proteins identified from yeast two-hybrid screens, PLoS One 9 (2014) e93394. 

[45] S. Barth, J. Nesper, P.A. Hasgall, R. Wirthner, K.J. Nytko, F. Edlich, D.M. Katschinski, D.P. 

Stiehl, R.H. Wenger, G. Camenisch, The peptidyl prolyl cis/trans isomerase FKBP38 

determines hypoxia-inducible transcription factor prolyl-4-hydroxylase PHD2 protein 

stability, Mol Cell Biol 27 (2007) 3758-3768. 

[46] S. Barth, F. Edlich, U. Berchner-Pfannschmidt, S. Gneuss, G. Jahreis, P.A. Hasgall, J. Fandrey, 

R.H. Wenger, G. Camenisch, Hypoxia-inducible factor prolyl-4-hydroxylase PHD2 protein 

abundance depends on integral membrane anchoring of FKBP38, J Biol Chem 284 (2009) 

23046-23058. 

[47] J.E. Ferguson, 3rd, Y. Wu, K. Smith, P. Charles, K. Powers, H. Wang, C. Patterson, ASB4 is a 

hydroxylation substrate of FIH and promotes vascular differentiation via an oxygen-

dependent mechanism, Mol Cell Biol 27 (2007) 6407-6419. 

[48] R. Wang, P. Zhang, J. Li, H. Guan, G. Shi, Ubiquitination is absolutely required for the 

degradation of hypoxia-inducible factor--1 alpha protein in hypoxic conditions, Biochem 

Biophys Res Commun 470 (2016) 117-122. 

[49] E. Minet, D. Mottet, G. Michel, I. Roland, M. Raes, J. Remacle, C. Michiels, Hypoxia-induced 

activation of HIF-1: role of HIF-1alpha-Hsp90 interaction, FEBS Lett 460 (1999) 251-256. 

[50] J.S. Isaacs, Y.J. Jung, E.G. Mimnaugh, A. Martinez, F. Cuttitta, L.M. Neckers, Hsp90 regulates a 

von Hippel Lindau-independent hypoxia-inducible factor-1 alpha-degradative pathway, J Biol 

Chem 277 (2002) 29936-29944. 

[51] D.M. Katschinski, L. Le, D. Heinrich, K.F. Wagner, T. Hofer, S.G. Schindler, R.H. Wenger, Heat 

induction of the unphosphorylated form of hypoxia-inducible factor-1alpha is dependent on 

heat shock protein-90 activity, J Biol Chem 277 (2002) 9262-9267. 

[52] D.M. Katschinski, L. Le, S.G. Schindler, T. Thomas, A.K. Voss, R.H. Wenger, Interaction of the 

PAS B domain with HSP90 accelerates hypoxia-inducible factor-1alpha stabilization, Cell 

Physiol Biochem 14 (2004) 351-360. 

[53] N.O. Ibrahim, T. Hahn, C. Franke, D.P. Stiehl, R. Wirthner, R.H. Wenger, D.M. Katschinski, 

Induction of the hypoxia-inducible factor system by low levels of heat shock protein 90 

inhibitors, Cancer Res 65 (2005) 11094-11100. 

[54] J.H. Baek, Y.V. Liu, K.R. McDonald, J.B. Wesley, H. Zhang, G.L. Semenza, Spermidine/spermine 

N(1)-acetyltransferase-1 binds to hypoxia-inducible factor-1alpha (HIF-1alpha) and RACK1 

and promotes ubiquitination and degradation of HIF-1alpha, J Biol Chem 282 (2007) 33358-

33366. 

[55] Y.V. Liu, J.H. Baek, H. Zhang, R. Diez, R.N. Cole, G.L. Semenza, RACK1 competes with HSP90 

for binding to HIF-1alpha and is required for O(2)-independent and HSP90 inhibitor-induced 

degradation of HIF-1alpha, Mol Cell 25 (2007) 207-217. 



23 

 

[56] S. Amir, R. Wang, J.W. Simons, N.J. Mabjeesh, SEPT9_v1 up-regulates hypoxia-inducible 

factor 1 by preventing its RACK1-mediated degradation, J Biol Chem 284 (2009) 11142-

11151. 

[57] S. Yu, Z. Xu, C. Zou, D. Wu, Y. Wang, X. Yao, C.F. Ng, F.L. Chan, Ion channel TRPM8 promotes 

hypoxic growth of prostate cancer cells via an O2 -independent and RACK1-mediated 

mechanism of HIF-1alpha stabilization, J Pathol 234 (2014) 514-525. 

[58] I. Paatero, A. Jokilammi, P.T. Heikkinen, K. Iljin, O.P. Kallioniemi, F.E. Jones, P.M. Jaakkola, K. 

Elenius, Interaction with ErbB4 promotes hypoxia-inducible factor-1alpha signaling, J Biol 

Chem 287 (2012) 9659-9671. 

[59] E.S. Ehrlich, T. Wang, K. Luo, Z. Xiao, A.M. Niewiadomska, T. Martinez, W. Xu, L. Neckers, X.F. 

Yu, Regulation of Hsp90 client proteins by a Cullin5-RING E3 ubiquitin ligase, Proc Natl Acad 

Sci U S A 106 (2009) 20330-20335. 

[60] W. Luo, J. Zhong, R. Chang, H. Hu, A. Pandey, G.L. Semenza, Hsp70 and CHIP selectively 

mediate ubiquitination and degradation of hypoxia-inducible factor (HIF)-1alpha but Not HIF-

2alpha, J Biol Chem 285 (2010) 3651-3663. 

[61] C.F. Bento, R. Fernandes, J. Ramalho, C. Marques, F. Shang, A. Taylor, P. Pereira, The 

chaperone-dependent ubiquitin ligase CHIP targets HIF-1alpha for degradation in the 

presence of methylglyoxal, PLoS One 5 (2010) e15062. 

[62] J.V. Ferreira, H. Fofo, E. Bejarano, C.F. Bento, J.S. Ramalho, H. Girao, P. Pereira, STUB1/CHIP is 

required for HIF1A degradation by chaperone-mediated autophagy, Autophagy 9 (2013) 

1349-1366. 

[63] J.V. Ferreira, A.R. Soares, J.S. Ramalho, P. Pereira, H. Girao, K63 linked ubiquitin chain 

formation is a signal for HIF1A degradation by Chaperone-Mediated Autophagy, Sci Rep 5 

(2015) 10210. 

[64] Y. Zhou, Y. Zhu, L. Zhang, T. Wu, T. Wu, W. Zhang, A.M. Decker, J. He, J. Liu, Y. Wu, X. Jiang, Z. 

Zhang, C. Liang, D. Zou, Human Stem Cells Overexpressing miR-21 Promote Angiogenesis in 

Critical Limb Ischemia by Targeting CHIP to Enhance HIF-1alpha Activity, Stem cells (Dayton, 

Ohio) 34 (2016) 924-934. 

[65] J.M. Cassavaugh, S.A. Hale, T.L. Wellman, A.K. Howe, C. Wong, K.M. Lounsbury, Negative 

regulation of HIF-1alpha by an FBW7-mediated degradation pathway during hypoxia, J Cell 

Biochem 112 (2011) 3882-3890. 

[66] D. Flügel, A. Görlach, T. Kietzmann, GSK-3β regulates cell growth, migration, and 
angiogenesis via Fbw7 and USP28-dependent degradation of HIF-1α, Blood 119 (2012) 1292-

1301. 

[67] W.C. Yuan, Y.R. Lee, S.F. Huang, Y.M. Lin, T.Y. Chen, H.C. Chung, C.H. Tsai, H.Y. Chen, C.T. 

Chiang, C.K. Lai, L.T. Lu, C.H. Chen, D.L. Gu, Y.S. Pu, Y.S. Jou, K.P. Lu, P.W. Hsiao, H.M. Shih, 

R.H. Chen, A Cullin3-KLHL20 Ubiquitin ligase-dependent pathway targets PML to potentiate 

HIF-1 signaling and prostate cancer progression, Cancer Cell 20 (2011) 214-228. 

[68] Y. Higashimura, T. Terai, R. Yamaji, T. Mitani, M. Ogawa, N. Harada, H. Inui, Y. Nakano, Kelch-

like 20 up-regulates the expression of hypoxia-inducible factor-2alpha through hypoxia- and 

von Hippel-Lindau tumor suppressor protein-independent regulatory mechanisms, Biochem 

Biophys Res Commun 413 (2011) 201-205. 

[69] N. Woik, C.T. Dietz, K. Schaker, J. Kroll, Kelch-like ECT2-interacting protein KLEIP regulates 

late-stage pulmonary maturation via Hif-2alpha in mice, Dis Model Mech 7 (2014) 683-692. 

[70] M.Y. Koh, B.G. Darnay, G. Powis, Hypoxia-associated factor, a novel E3-ubiquitin ligase, binds 

and ubiquitinates hypoxia-inducible factor 1alpha, leading to its oxygen-independent 

degradation, Mol Cell Biol 28 (2008) 7081-7095. 

[71] M.Y. Koh, R. Lemos, X. Liu, G. Powis, The Hypoxia-Associated Factor Switches Cells from HIF-

1α– to HIF-2α–Dependent Signaling Promoting Stem Cell Characteristics, Aggressive Tumor 

Growth and Invasion, Cancer Res 71 (2011) 4015-4027. 

[72] M.Y. Koh, V. Nguyen, R. Lemos, Jr., B.G. Darnay, G. Kiriakova, M. Abdelmelek, T.H. Ho, J. 

Karam, F.A. Monzon, E. Jonasch, G. Powis, Hypoxia-induced SUMOylation of E3 ligase HAF 



24 

 

determines specific activation of HIF2 in clear-cell renal cell carcinoma, Cancer Res 75 (2015) 

316-329. 

[73] Z. Guan, C. Ding, Y. Du, K. Zhang, J.N. Zhu, T. Zhang, D. He, S. Xu, X. Wang, J. Fan, HAF drives 

the switch of HIF-1alpha to HIF-2alpha by activating the NF-kappaB pathway, leading to 

malignant behavior of T24 bladder cancer cells, Int J Oncol 44 (2014) 393-402. 

[74] M.Y. Koh, M. Gagea, T. Sargis, R. Lemos, Jr., G. Grandjean, A. Charbono, V. Bekiaris, J. Sedy, 

G. Kiriakova, X. Liu, L.R. Roberts, C. Ware, G. Powis, A new HIF-1alpha/RANTES-driven 

pathway to hepatocellular carcinoma mediated by germline haploinsufficiency of SART1/HAF 

in mice, Hepatology 63 (2016) 1576-1591. 

[75] A. Ordonez-Navadijo, E. Fuertes-Yebra, B. Acosta-Iborra, E. Balsa, A. Elorza, J. Aragones, M.O. 

Landazuri, Mutant versions of von Hippel-Lindau (VHL) can protect HIF1alpha from SART1-

mediated degradation in clear-cell renal cell carcinoma, Oncogene 35 (2016) 587-594. 

[76] R. Ravi, B. Mookerjee, Z.M. Bhujwalla, C.H. Sutter, D. Artemov, Q. Zeng, L.E. Dillehay, A. 

Madan, G.L. Semenza, A. Bedi, Regulation of tumor angiogenesis by p53-induced degradation 

of hypoxia-inducible factor 1alpha, Genes Dev 14 (2000) 34-44. 

[77] J.I. Bardos, N.M. Chau, M. Ashcroft, Growth factor-mediated induction of HDM2 positively 

regulates hypoxia-inducible factor 1alpha expression, Mol Cell Biol 24 (2004) 2905-2914. 

[78] H.D. Skinner, J.Z. Zheng, J. Fang, F. Agani, B.H. Jiang, Vascular endothelial growth factor 

transcriptional activation is mediated by hypoxia-inducible factor 1alpha, HDM2, and 

p70S6K1 in response to phosphatidylinositol 3-kinase/AKT signaling, J Biol Chem 279 (2004) 

45643-45651. 

[79] J. Fang, C. Xia, Z. Cao, J.Z. Zheng, E. Reed, B.H. Jiang, Apigenin inhibits VEGF and HIF-1 

expression via PI3K/AKT/p70S6K1 and HDM2/p53 pathways, Faseb J 19 (2005) 342-353. 

[80] A.L. Nieminen, S. Qanungo, E.A. Schneider, B.H. Jiang, F.H. Agani, Mdm2 and HIF-1alpha 

interaction in tumor cells during hypoxia, J Cell Physiol 204 (2005) 364-369. 

[81] S. Joshi, A.R. Singh, D.L. Durden, MDM2 regulates hypoxic hypoxia-inducible factor 1alpha 

stability in an E3 ligase, proteasome, and PTEN-phosphatidylinositol 3-kinase-AKT-dependent 

manner, J Biol Chem 289 (2014) 22785-22797. 

[82] I. Amelio, S. Inoue, E.K. Markert, A.J. Levine, R.A. Knight, T.W. Mak, G. Melino, TAp73 

opposes tumor angiogenesis by promoting hypoxia-inducible factor 1alpha degradation, Proc 

Natl Acad Sci U S A 112 (2015) 226-231. 

[83] D. Chen, M. Li, J. Luo, W. Gu, Direct interactions between HIF-1 alpha and Mdm2 modulate 

p53 function, J Biol Chem 278 (2003) 13595-13598. 

[84] G.A. LaRusch, M.W. Jackson, J.D. Dunbar, R.S. Warren, D.B. Donner, L.D. Mayo, Nutlin3 

blocks vascular endothelial growth factor induction by preventing the interaction between 

hypoxia inducible factor 1alpha and Hdm2, Cancer Res 67 (2007) 450-454. 

[85] Y.M. Lee, J.H. Lim, Y.S. Chun, H.E. Moon, M.K. Lee, L.E. Huang, J.W. Park, Nutlin-3, an Hdm2 

antagonist, inhibits tumor adaptation to hypoxia by stimulating the FIH-mediated 

inactivation of HIF-1alpha, Carcinogenesis 30 (2009) 1768-1775. 

[86] M. Stantic, H.A. Sakil, H. Zirath, T. Fang, G. Sanz, A. Fernandez-Woodbridge, A. Marin, E. 

Susanto, T.W. Mak, M. Arsenian Henriksson, M.T. Wilhelm, TAp73 suppresses tumor 

angiogenesis through repression of proangiogenic cytokines and HIF-1alpha activity, Proc 

Natl Acad Sci U S A 112 (2015) 220-225. 

[87] H.J. Kang, H.J. Kim, J.K. Rih, T.L. Mattson, K.W. Kim, C.H. Cho, J.S. Isaacs, I. Bae, BRCA1 plays a 

role in the hypoxic response by regulating HIF-1alpha stability and by modulating vascular 

endothelial growth factor expression, J Biol Chem 281 (2006) 13047-13056. 

[88] A.F. Salem, A. Howell, M. Sartini, F. Sotgia, M.P. Lisanti, Downregulation of stromal BRCA1 

drives breast cancer tumor growth via upregulation of HIF-1alpha, autophagy and ketone 

body production, Cell Cycle 11 (2012) 4167-4173. 

[89] P. van der Groep, A. Bouter, F.H. Menko, E. van der Wall, P.J. van Diest, High frequency of 

HIF-1alpha overexpression in BRCA1 related breast cancer, Breast Cancer Res Treat 111 

(2008) 475-480. 



25 

 

[90] M. Yan, M. Rayoo, E.A. Takano, S.B. Fox, BRCA1 tumours correlate with a HIF-1alpha 

phenotype and have a poor prognosis through modulation of hydroxylase enzyme profile 

expression, Br J Cancer 101 (2009) 1168-1174. 

[91] P. van der Groep, P.J. van Diest, Y.H. Smolders, M.G. Ausems, R.B. van der Luijt, F.H. Menko, 

J. Bart, E.G. de Vries, E. van der Wall, HIF-1alpha overexpression in ductal carcinoma in situ of 

the breast in BRCA1 and BRCA2 mutation carriers, PLoS One 8 (2013) e56055. 

[92] H. Sun, X.B. Li, Y. Meng, L. Fan, M. Li, J. Fang, TRAF6 upregulates expression of HIF-1alpha and 

promotes tumor angiogenesis, Cancer Res 73 (2013) 4950-4959. 

[93] S. Yang, B. Wang, F. Humphries, A.E. Hogan, D. O'Shea, P.N. Moynagh, The E3 ubiquitin ligase 

Pellino3 protects against obesity-induced inflammation and insulin resistance, Immunity 41 

(2014) 973-987. 

[94] A.H. Rezaeian, C.F. Li, C.Y. Wu, X. Zhang, J. Delacerda, M.J. You, F. Han, Z. Cai, Y.S. Jeong, G. 

Jin, L. Phan, P.C. Chou, M.H. Lee, M.C. Hung, D. Sarbassov, H.K. Lin, A hypoxia-responsive 

TRAF6-ATM-H2AX signalling axis promotes HIF1alpha activation, tumorigenesis and 

metastasis, Nat Cell Biol 19 (2017) 38-51. 

[95] J. An, D. Mo, H. Liu, M.S. Veena, E.S. Srivatsan, R. Massoumi, M.B. Rettig, Inactivation of the 

CYLD deubiquitinase by HPV E6 mediates hypoxia-induced NF-kappaB activation, Cancer Cell 

14 (2008) 394-407. 

[96] C.C. Scholz, M.A. Cavadas, M.M. Tambuwala, E. Hams, J. Rodriguez, A. von Kriegsheim, P. 

Cotter, U. Bruning, P.G. Fallon, A. Cheong, E.P. Cummins, C.T. Taylor, Regulation of IL-1beta-

induced NF-kappaB by hydroxylases links key hypoxic and inflammatory signaling pathways, 

Proc Natl Acad Sci U S A 110 (2013) 18490-18495. 

[97] J. Rodriguez, R. Pilkington, A. Garcia Munoz, L.K. Nguyen, N. Rauch, S. Kennedy, N. Monsefi, 

A. Herrero, C.T. Taylor, A. von Kriegsheim, Substrate-Trapped Interactors of PHD3 and FIH 

Cluster in Distinct Signaling Pathways, Cell Rep 14 (2016) 2745-2760. 

[98] Y. Ye, H. Scheel, K. Hofmann, D. Komander, Dissection of USP catalytic domains reveals five 

common insertion points, Mol Biosyst 5 (2009) 1797-1808. 

[99] H.T. Wu, Y.C. Kuo, J.J. Hung, C.H. Huang, W.Y. Chen, T.Y. Chou, Y. Chen, Y.J. Chen, Y.J. Chen, 

W.C. Cheng, S.C. Teng, K.J. Wu, K63-polyubiquitinated HAUSP deubiquitinates HIF-1alpha and 

dictates H3K56 acetylation promoting hypoxia-induced tumour progression, Nat Commun 7 

(2016) 13644. 

[100] A. Troilo, I. Alexander, S. Muehl, D. Jaramillo, K.P. Knobeloch, W. Krek, HIF1alpha 

deubiquitination by USP8 is essential for ciliogenesis in normoxia, EMBO Rep 15 (2014) 77-

85. 

[101] Z. Li, D. Wang, X. Na, S.R. Schoen, E.M. Messing, G. Wu, Identification of a deubiquitinating 

enzyme subfamily as substrates of the von Hippel-Lindau tumor suppressor, Biochem 

Biophys Res Commun 294 (2002) 700-709. 

[102] Z. Li, D. Wang, E.M. Messing, G. Wu, VHL protein-interacting deubiquitinating enzyme 2 

deubiquitinates and stabilizes HIF-1alpha, EMBO Rep 6 (2005) 373-378. 

[103] C. Zhang, Z. Peng, M. Zhu, P. Wang, X. Du, X. Li, Y. Liu, Y. Jin, M.A. McNutt, Y. Yin, USP9X 

destabilizes pVHL and promotes cell proliferation, Oncotarget 7 (2016) 60519-60534. 

[104] M. Altun, B. Zhao, K. Velasco, H. Liu, G. Hassink, J. Paschke, T. Pereira, K. Lindsten, Ubiquitin-

specific protease 19 (USP19) regulates hypoxia-inducible factor 1alpha (HIF-1alpha) during 

hypoxia, J Biol Chem 287 (2012) 1962-1969. 

[105] V. Quesada, A. Diaz-Perales, A. Gutierrez-Fernandez, C. Garabaya, S. Cal, C. Lopez-Otin, 

Cloning and enzymatic analysis of 22 novel human ubiquitin-specific proteases, Biochem 

Biophys Res Commun 314 (2004) 54-62. 

[106] J.S. Bett, A.F. Ibrahim, A.K. Garg, V. Kelly, P. Pedrioli, S. Rocha, R.T. Hay, The P-body 

component USP52/PAN2 is a novel regulator of HIF1A mRNA stability, Biochem J 451 (2013) 

185-194. 

[107] Y. Goto, L. Zeng, C.J. Yeom, Y. Zhu, A. Morinibu, K. Shinomiya, M. Kobayashi, K. Hirota, S. 

Itasaka, M. Yoshimura, K. Tanimoto, M. Torii, T. Sowa, T. Menju, M. Sonobe, H. Kakeya, M. 



26 

 

Toi, H. Date, E.M. Hammond, M. Hiraoka, H. Harada, UCHL1 provides diagnostic and 

antimetastatic strategies due to its deubiquitinating effect on HIF-1α, Nat Commun 6 (2015) 

6153. 

[108] A. Bremm, S. Moniz, J. Mader, S. Rocha, D. Komander, Cezanne (OTUD7B) regulates HIF-

1alpha homeostasis in a proteasome-independent manner, EMBO Rep 15 (2014) 1268-1277. 

[109] S. Moniz, D. Bandarra, J. Biddlestone, K.J. Campbell, D. Komander, A. Bremm, S. Rocha, 

Cezanne regulates E2F1-dependent HIF2alpha expression, J Cell Sci 128 (2015) 3082-3093. 

[110] A. Luong le, M. Fragiadaki, J. Smith, J. Boyle, J. Lutz, J.L. Dean, S. Harten, M. Ashcroft, S.R. 

Walmsley, D.O. Haskard, P.H. Maxwell, H. Walczak, C. Pusey, P.C. Evans, Cezanne regulates 

inflammatory responses to hypoxia in endothelial cells by targeting TRAF6 for 

deubiquitination, Circ Res 112 (2013) 1583-1591. 

[111] A. Roy, M. Zhang, Y. Saad, P.E. Kolattukudy, Antidicer RNAse activity of monocyte 

chemotactic protein-induced protein-1 is critical for inducing angiogenesis, Am J Physiol Cell 

Physiol 305 (2013) C1021-1032. 

[112] J. Ligeza, P. Marona, N. Gach, B. Lipert, K. Miekus, W. Wilk, J. Jaszczynski, A. Stelmach, A. 

Loboda, J. Dulak, W. Branicki, J. Rys, J. Jura, MCPIP1 contributes to clear cell renal cell 

carcinomas development, Angiogenesis (2017). 

 


