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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway 
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and cross-
referenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions 
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics research-
ers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioin-
formaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by 
systems biologists building predictive models of normal and disease variant pathways.

The development of Reactome is supported by grants from the US National Institutes of Health (P41 
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and 
the European Molecular Biology Laboratory (EBI Industry program).
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Cellular response to hypoxia ↗

Stable identifier: R-HSA-1234174

Compartments: cytosol, nucleoplasm

Oxygen plays a central role in the functioning of human cells: it is both essential for normal metabolism 
and toxic. Here we have annotated one aspect of cellular responses to oxygen, the role of hypoxia-indu-
cible factor in regulating cellular transcriptional responses to changes in oxygen availability.

In the presence of oxygen members of the transcription factor family HIF-alpha, comprising HIF1A, 
HIF2A (EPAS1), and HIF3A, are hydroxylated on proline residues by PHD1 (EGLN2), PHD2 (EGLN1), and 
PHD3 (EGLN3) and on asparagine residues by HIF1AN (FIH) (reviewed in Pouyssegur et al. 2006, Se-
menza 2007, Kaelin and Ratcliffe 2008, Nizet and Johnson 2009, Brahimi-Horn and Pouyssegur 2009, Ma-
jmundar et al. 2010, Loenarz and Schofield 2011). Both types of reaction require molecular oxygen as a 
substrate and it is probable that at least some HIF-alpha molecules carry both hydroxylated asparagine 
and hydroxylated proline (Tian et al. 2011).

Hydroxylated asparagine interferes with the ability of HIF-alpha to interact with p300 and CBP while hy-
droxylated proline facilitates the interaction of HIF-alpha with the E3 ubiquitin ligase VHL, causing ubi-
quitination and proteolysis of HIF-alpha. Hypoxia inhibits both types of hydroxylation, resulting in the 
stabilization of HIF-alpha, which then enters the nucleus, binds HIF-beta, and recruits p300 and CBP to 
activate target genes such as EPO and VEGF.
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Cytosolic HIF1AN (FIH1) hydroxylates asparagine residues of Hypoxia-inducible 
Factor Alpha (HIF1A,HIF2A) ↗

Location: Cellular response to hypoxia

Stable identifier: R-HSA-1234164

Type: transition

Compartments: cytosol

HIF1AN (FIH, FIH-1) forms a homodimer that hydroxylates an asparagine residue on HIF1A and HIF2A 
(Hewitson et al. 2002, Lando et al. 2002, Metzen et al. 2003, Koivunen et al. 2004, Lancaster et al. 2004). 
The hydroxylation of the asparagine interferes with the interaction between HIF1A/HIF2A and p300, a 
histone acetylase, and therefore inhibits the ability of HIF1A/2A to activate transcription of target genes 
(Lando et al. 2002). Because molecular oxygen is a substrate of the reaction, hypoxia is a negative regulat-
or of this reaction and thereby increases transcriptional activation of target genes by HIF1A/2A.
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Oxygen-dependent proline hydroxylation of Hypoxia-inducible Factor Alpha ↗

Location: Cellular response to hypoxia

Stable identifier: R-HSA-1234176

Compartments: cytosol, nucleoplasm

HIF-alpha subunits, comprising HIF1A (Bruick and McKnight 2001, Ivan et al. 2001, Jaakkola et al. 2001), 
HIF2A (Percy et al. 2008, Furlow et al. 2009), and HIF3A (Maynard et al. 2003), are hydroxylated at proline 
residues by the prolyl hydroxylases PHD1 (EGLN2), PHD2 (EGLN1), and PHD3 (EGLN3) (Bruick and McK-
night 2001, Berra et al. 2003, Hirsila et al. 2003, Metzen et al. 2003, Tuckerman et al. 2004, Appelhoff et al. 
2004, Fedulova et al. 2007, Tian et al. 2011). The reaction requires molecular oxygen as a substrate and so 
it is inhibited by hypoxia. PHD2 (EGLN1) is predominantly cytosolic (Metzen et al. 2003) and is the key 
determinant in the regulation of HIF-alpha subunits by oxygen (Berra et al. 2003).

HIF-alpha subunits hydroxylated at proline residues are bound by VHL, an E3 ubiquitin ligase in a com-
plex containing ElonginB, Elongin C, CUL2, and RBX1. VHL ubiquitinates HIF-alpha, resulting in de-
struction of HIF-alpha by proteolysis. Hypoxia inhibits proline hydroxylation and interaction with VHL, 
stabilizing HIF-alpha, which transits to the nucleus and activates gene expression.
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Regulation of gene expression by Hypoxia-inducible Factor ↗

Location: Cellular response to hypoxia

Stable identifier: R-HSA-1234158

Compartments: nucleoplasm

HIF-alpha (HIF1A, HIF2A (EPAS1), HIF3A) is translocated to the nucleus, possibly by two pathways: im-
portin 4/7 (Chachami et al. 2009) and importin alpha/beta (Depping et al. 2008). Once in the nucleus HIF-
alpha heterodimerizes with HIF-beta (ARNT) (Wang et al. 1995, Jiang et al. 1996, Tian et al. 1997, Gu et al. 
1998, Erbel et al. 2003) and recruits CBP and p300 to promoters of target genes (Ebert and Bunn 1998, Kal-
lio et al. 1998, Ema et al. 1999, Gu et al. 2001, Dames et al. 2002, Freedman et al. 2002).
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