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Animals respond to the challenge of limited oxygen availability by a coordinated response that works

to increase oxygen supply and minimize tissue damage. The chronic hypoxic response is mediated by

the a,b-hypoxia inducible transcription factor (HIF) that enables the expression of a gene array.

Because this array includes genes encoding for proteins that regulate processes including red blood

cell and blood vessel formation, manipulation of the HIF system has potential for the treatment of

ischemic diseases, anaemia and tumours. Hydroxylase enzymes act as oxygen sensors by regulating

both the lifetime of HIF-a and its transcriptional activity. This tutorial review aims to provide a non-

expert introduction to the HIF field by providing a background to current work, summarising

molecular knowledge on the HIF system, and outlining opportunities for therapeutic intervention.

1. Physiological background

The mechanism by which animals adapt to conditions of

limiting oxygen has been a long-standing physiological pro-

blem. More than a century ago, physiologists observed that

limited oxygen availability, such as at high altitude, resulted in

an increase in red blood cells. Evidence that the effect was

mediated via an effector molecule, later identified as erythro-

poietin (EPO), came from animal work in which serum from

anaemic rabbits was shown to elicit erythropoiesis after injec-

tion into normal rabbits. These fundamental observations led

ultimately to the purification of EPO and cloning of the EPO

gene. Recombinant EPO is now very widely used for the

treatment of anaemia. Although EPO is normally produced

continuously in order to ensure renewal of red blood cells, its

rate of production is increased when oxygen becomes limiting,

including at altitude, in tumours, and with CO poisoning.1

2. DNA binding and transcriptional activation

by HIF

The expression of eukaryotic genes, including EPO, is regu-

lated by multiple transcription factors (TFs) some of which

may regulate transcription in response to external stimuli. TFs

are modular in structure and contain DNA binding and trans-

activating domains. The trans-activating domains enable bind-

ing of the TF to other proteins involved in transcription or its

regulation. Some TFs, or TF complexes, contain sensing

domains that regulate the activity or level of the transcription

factor, sometimes in response to binding of a small molecule.

Here we discuss aspects of transcriptional regulation that are

hypoxia and EPO associated.

Studies with transgenic mice demonstrated that there were

sequences on both the 30 and 50 sides of the EPO gene that

regulated its expression, some in a hypoxia dependent manner.

Liver cell lines that expressed EPO in an oxygen dependent

manner were then identified and used to narrow down

sequences that were responsible for the hypoxic regulation of

EPO. A sequence (to the 30-side) that enhanced EPO

expression under hypoxic conditions (up to 1000 fold) termed

the hypoxia response element (HRE) was identified along

with other sequences that are important for hypoxic regulation
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(Fig. 1).2 The core conserved region within the HRE

is a pentanucleotide sequence 30-(A/G)CGTG-50 that is re-

peated with some genes. DNA affinity chromatography led to

the characterisation of hypoxia inducible factor (HIF), as a

heterodimeric a,b-TF. The overall DNA binding and

dimerisation domains of HIF-a and -b are not unique, being

observed in other TFs. The oxygen dependency of

HIF activity relies on post-translational modifications to

HIF-a that occur in a central oxygen dependent degradation

domain (ODD) and a C-terminal trans-activation domain

(CAD). HIF-b is not known to be directly regulated by

oxygen. Hypoxic regulation by the HIF system is not limited

to EPO but involves an array of human genes revealing a

complex and coordinated response to chronic hypoxia (Fig. 2)

(for reviews see ref. 3–6).

Both HIF-a and -b subunits are basic helix–loop–helix

(bHLH) and PAS [PER (period circadian protein), ARNT

(aryl hydrocarbon receptor nuclear translocator), SIM (single-

minded protein)] domain containing TF proteins (Fig. 3). The

basic sequences in bHLH-PAS proteins bind to DNA and the

helix–loop–helix domain enables dimerisation of the HIF-a
and -b subunits (Fig. 4). PAS domains are also involved in

HIF-a/b dimerisation (Fig. 5). Nuclear localisation sequences

target HIF-a to the nucleus.3–6

The tertiary structures of sections of HIF-a have been

investigated (Fig. 4 and 5). An NMR structure of the HIF-

2a PAS-B domain (residues 240–350) reveals a fold comprising

several a-helices flanked by a five stranded anti-parallel b-sheet
(Fig. 5a).7 Titration experiments showed that the HIF-2a
PAS-B domain interacts with the HIF-b PAS domain but

Fig. 1 Simplified overview of the HIF system including reactions of the HIF hydroxylases. Under normoxic conditions, PHDs and FIH

downregulate and inactivate HIF-a subunits. In hypoxia, the activity of the HIF hydroxylases is reduced so enabling HIF-a to escape PHD and

FIHmediated control. HIF-a translocates to the nucleus, dimerises with HIF-b via PAS domains leading to a transcriptionally active complex. The

functional heterodimeric HIF then binds to hypoxia response elements (HREs) in the regulatory regions of target genes using bHLH regions of

both subunits. PAS = PER ARNT SIM (see text), bHLH= basic helix1 loop helix2, ODDD= oxygen dependent degradation domain, CAD=

transactivation domain, Elon B = elongin B, Elon C = elongin C, Rbx1 = ring-box 1, Cul2 = cullin 2, Ub = ubiquitin, E2 = E2 ligase,

CITED2 = CBP/p300-interacting transactivator with ED-rich carboxy-terminal domain 2.
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not with the PAS domain from PAS kinase. These observa-

tions suggest that the HIF-2a PAS-B domain is folded in such

a way as to interact specifically with the HIF-b PAS domain

and not PAS domains from other proteins. HIF-1a/2a PAS-B

have sequence identity ofB75% (Fig. 5); homology modelling

and mutational studies imply similar folding of PAS-B in the

two HIF-a isoforms.7

HIF-b is also known as the aryl hydrocarbon receptor

nuclear translocator (ARNT) and is a ubiquitous nuclear

protein that is involved in the transcription of genes

other than those involved in the hypoxic response. Dimerisa-

tion of HIF-b/ARNT with the aryl hydrocarbon receptor

forms a complex that senses the dioxin pollutants.

Detailed information on the interaction of the HIF hetero-

dimer and the HRE is not yet available; studies on

the interactions between other bHLH proteins and response

elements reveal that a conserved His-Glu-Arg triad binds

to the major groove of the DNA (Fig. 4). HIF-b likely binds

in a similar way though the triad appears not to be conserved

in HIF-a. Other factors are involved in the regulation of

Fig. 2 HIF target genes. The complete number of genes transcriptionally activated by HIF may exceed 200 as demonstrated by microarray

analyses. c-Met, tyrosine-kinase product of the met proto-oncogene; WAF1, protein implicated in p53 transcriptional regulation; Nip3, novel

immunogenic protein 3, and NIX, Bnip3-like protein X, are members of the Bcl2 family of cell-death factors; DEC1 and DEC2, differentiated

embryo chondrocyte 1 and 2; ETS is a DNA-binding domain that defines a family of transcription factors; p35srj, 35 kDa serine/glycine-rich

junction; NUR77, orphan nuclear receptor; CITED2, CBP/p300-interacting transactivator with ED-rich carboxy-terminal domain 2. Figure

updated from ref. 5 and 6.
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HIF target gene transcription. Methylation at the cytosine-5-

position of the conserved 30-(A/G)CGTG-50 sequence blocks

HIF binding providing one possible mechanism for cell-type

specificity.8 Co-transcriptional activator proteins are necessary

for the expression of HIF target genes. One important inter-

action in the hypoxic response involves binding of the p300/

CBP (CREB binding protein) transcriptional coactivators to

the HIF-a CAD.

3. How HIF activity is regulated by oxygen—the

HIF hydroxylases

Under conditions of normal oxygen supply (normoxia) only

very low levels of HIF-a, if any, can be detected by western

blotting (antibody staining). HIF-1/2a (B100 kDa proteins)

contain a large central regulatory region ofB200 residues that

regulates their oxygen dependent degradation. Within this

oxygen dependent degradation domain (ODDD) there are

two sites for oxygen dependent prolyl hydroxylation (Pro402

in the N-terminal ODDD, NODDD; Pro564 in the C-terminal

ODDD of human HIF-1a, CODDD)9,10 (for reviews see ref. 3

and 4). Both of these sites contain an LXXLAP motif that is

highly conserved in other metazoans. Hydroxylation at the

trans-4-position of either NODDD or CODDD proline resi-

dues is sufficient to target HIF-a to a ubiquitin ligase (an E3

type, a multi-protein complex with five subunits, pVHL,

elongins B and C, Cul2 and Rbx1) that results in attachment

of ubiquitin protein molecules.11 The oxygen in the hydroxy-

group was shown to arise from molecular oxygen providing a

direct link between oxygen availability and HIF-1a stability.12

As for other proteins labelled with ubiquitin, ubiquitinylation

targets HIF-a to the proteasome (a large protease in the

cytoplasm that degrades proteins labelled with ubiquitin)

where it is hydrolysed into peptides. Under hypoxic condi-

tions, the rate of prolyl hydroxylation of the NODDD and

CODDD is slowed, HIF-a can avoid hydroxylation and can

translocate to the nucleus where it is able to dimerise with

HIF-b and enable the hypoxic response.

The targeting component of the ligase that joins ubiquitin to

HIF-a is the von Hippel–Lindau protein elongin B/C complex

Fig. 3 Domain architectures of human HIF-1a, -2a, -3a and HIF-b. The bHLH and PAS domains are involved in DNA binding and dimerisation

whilst ODDD and transactivation domains (N/C-TAD), in degradation and recruitment of transcriptional coactivators.

Fig. 4 Cartoon showing binding of the homodimeric Max (MYC-associated protein X) and USF (upstream stimulatory factor) transcription

factors to the same recognition sequence (CACGTG) suggesting how a functional HIF complex could bind to the hypoxic response element. (a)

View from an NMR structure of the bHLH of Max (PDB: 1RO5),58 (b) view from a crystal structure of Max in complex with target gene promoter

E-Box (50-CACGTG-30) DNA sequences (PDB: 1AN2), (c) view from a crystal structure of USF bHLH in complex with DNA (PDB: 1AN4).59
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(VCB).11 Prior to the observation of HIF-a prolyl hydroxyla-

tion, the oxygen dependent nature of complex formation

between HIF-a and VCB had been an important step in

identifying the oxygen sensing mechanism. In vitro studies

have shown that 4-prolyl hydroxylated CODDD peptides

bind B1000 fold more tightly to the VCB complex

than non-hydroxylated CODDD. X-Ray diffraction analyses

have revealed that the post-translationally introduced alcohol

is positioned to bind via hydrogen-bonds to the side chains

of Ser111 and His115 of the von Hippel–Lindau protein in

VCB (Fig. 6).13 In the absence of the VCB template,

NMR studies reveal this region of HIF-a as disordered.

The hydroxylated CODDD prolyl residue has a C4

exo-conformation in the VCB complex as observed in the

collagen triple-helix fold.

Oxygen dependent post-translational hydroxylation of HIF-

a also occurs within the CAD region.14 Hydroxylation at the

b-position of Asn803 (HIF-1a CAD) significantly decreases

binding of HIF-a to the cysteine/histidine rich (CH-1) domain

of the transcriptional co-activator complex CBP/p300 so dis-

abling HIF mediated transcription. In the HIF-a–CBP/p300

complex,15,16 HIF-1a Asn803 is part of an a-helix; hydroxyla-
tion is proposed to disrupt the hydrophobic binding interac-

tions between HIF-a and CH-1 (Fig. 6).

In summary, two types of oxygen dependent post-transla-

tional hydroxylations of HIF-a have been identified. Prolyl-

hydroxylation ‘makes’ a protein–protein interaction that sig-

nals for HIF degradation. Asparaginyl hydroxylation ‘breaks’

a protein–protein interaction so disabling HIF mediated tran-

scription. Both the HIF-a prolyl and asparaginyl hydroxyla-

tions are catalysed by oxygenases that employ Fe(II) as a

cofactor and 2-oxoglutarate (2OG) and oxygen as cosub-

strates. The 2OG oxygenases couple the two electron oxida-

tion of 2OG into succinate and carbon dioxide to the two

electron oxidation of a substrate (Fig. 7). Substrate oxidation

is carried out by an Fe(IV)QO intermediate17 (reviewed in ref.

18). To date in humans the only type of substrate oxidation

identified has been hydroxylation. In microorganisms and

plants, the 2OG oxygenases catalyse a range of oxidative

transformations, including desaturations and oxidative ring

closures, in the secondary metabolism of, for example, anti-

biotics and flavonoids.

Fig. 5 PAS domains of HIF-a and HIF-b. (a) View from an NMR structure of the heterodimeric complex of HIF-2a PAS-B (residues 240–350)

and HIF-b PAS-B (residues 356–470) (PDB: 2A24).7 (b) View from a crystal structure of the PAS domain of Drosophila clock protein PERIOD

(PDB: 1WA9).60 (c) Sequence alignment of PAS domains of HIF-a isoforms and Drosophila PERIOD circadian protein. Secondary structures for

PAS-A were assigned on the basis of PAS-A of the Drosophila PERIOD and those of PAS-B were assigned on the basis of PAS-B of Drosophila

PERIOD/HIF-2a structures.
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4. The HIF hydroxylases

There are three human prolyl hydroxylases (PHD1–3, also

known as EGLN 1–3 enzymes).19,20 All are selective for the

HIF-a CODDD over the NODDD with PHD3 being the most

selective, accepting almost exclusively CODDD in in vitro stu-

dies. PHD2 is thought to be the most important of the PHDs in

catalysing HIF-a hydroxylation under normoxic conditions in

healthy tissue. A recent report has demonstrated that another

human prolyl hydroxylase can carry out HIF-a hydroxylation,

but its relevance to the hypoxic response is not yet established.21

As for other 2OG oxygenases, the available evidence implies

catalysis by factor inhibiting HIF (FIH, the HIF-a asparaginyl

hydroxylase) and PHD2 proceeds via 2OG binding followed by

that of the substrate then, finally, oxygen. Kinetic and biophy-

sical analyses have revealed that PHD2 has unusually tight

binding constants for Fe(II) and 2OG, compared to FIH and

most other 2OG oxygenases studied (reviewed in ref. 4). The

binding constants for long HIF-a fragment substrates for

PHD2 and FIH are in the o0.1–10 range.22–24 Oxygen binding

to the HIF hydroxylases appears to be within the normal range

for 2OG oxygenases. Overall these properties appear to make

the HIF hydroxylases suitable for their role as oxygen sensors.

Crystal structures of PHD225 and FIH26,27 have revealed

that their overall folds follow those involved in other 2OG

oxygenases (Fig. 8). Both contain the canonical double-

stranded-b-helix fold that has been observed in all 2OG

oxygenases identified to date. They also both contain the

highly, but not fully, conserved 2His-1carboxylate HXD...H

triad of iron binding residues. The structure of PHD2 reveals a

narrow entrance to the active site consistent with the high

affinity for Fe(II) and 2OG. Kinetic assays coupled with the

structural analyses suggest that the NODDD/CODDD selec-

tivity of the 3 PHDs is partly determined by two non-con-

served regions at their C-termini or a mobile loop region that

may fold to enclose the active site upon substrate binding.

FIH–HIF-1a CAD fragment complex structures have been

reported.27 They reveal that residues 795–803 of CAD bind in

a groove at the FIH active site and adopt an extended

conformation linked to FIH by hydrogen bonds and hydro-

phobic interactions (Fig. 8). CAD Asn803 and Ala804 form an

inverse g-turn, stabilized by a hydrogen bond between the

backbone carbonyl of Val802 and NH of Ala804. Asn803 of

the CAD is enclosed and its 3-pro-S Asn hydrogen that must

be oxidised projects directly towards the iron.

5. HIF target genes and the hypoxic response

The transcriptional control over the hypoxic genes that is

elicited by HIF is probably the most well-defined molecular

mechanism for O2 homeostasis in multicellular organisms.

HIF has been termed a master regulator for the hypoxic

response.6 More than 70 HIF regulated genes have been

directly identified by demonstration that HIF binds to an

associated HRE (reviewed in ref. 4–6). Array analyses imply

that the number will be substantially larger, possibly up to 200

or more genes that are up or down regulated by hypoxia or

hypoxia mimics.28 It is uncertain how many of these genes

have functional HREs. The large number of genes that are

HIF regulated is consistent with the complex nature of the

hypoxic response.

Functions associated with maximising oxygen delivery,

preventing damage or optimizing metabolism for hypoxia

can be assigned to some of the HIF target genes.6 Significantly

Fig. 6 Views from structures of key oxygen dependent components of the HIF system. Inset diagrams provide closer views. (a) The HIF–VCB

interaction; VCB shows exquisite discrimination between hydroxylated and non-hydroxylated proline containing ODDDs. This is mediated by two

hydrogen bonds formed between the alcohol of the hydroxylated proline and two residues of pVHL (Ser111 and His115). The a-domain of pVHL

binds to elongin C and Cul2 whereas the b-domain interacts with hydroxylated HIF-a (PDB: 1LQB). (b) The HIF–p300 interaction; upon binding

to p300, HIF-1a CAD forms two a-helices which are connected by an intervening loop (PDB: 1L3E). Hydroxylation at the pro-S b-carbon of

Asn803 may provide a steric clash with Ile338 of p300. Note the conformational changes of Asn803 (inset) when bound to p300 (cyan sticks) and

FIH (green sticks).
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expression of genes encoding for glycolysis enzymes are HIF

regulated as well as those increasing red blood cell production

(EPO) and angiogenesis (blood vessel formation from a pre-

existing bed of vessels). There is also evidence that TCA cycle

activity is downregulated in hypoxic conditions (reviewed in

ref. 6). Given that the HIF hydroxylases are Fe(II) dependent it

is notable that a number of HIF related genes encode for Fe(II)

related proteins including transferrin, transferrin receptor

(both involved in iron transport), haem oxygenase, inducible

NO synthase, tyrosine hydroxylase, and procollagen prolyl-

hydroxylase (CPH) a-subunit (like the HIF hydroxylases,

CPH is a 2OG oxygenase).

6. Factors affecting HIF levels and activity

Cells become adapted to hypoxia after extended periods and

lose the ability to stabilise HIF-a, only inducing HIF-a when

made severely hypoxic. Two of the PHDs (PHD2 and 3) are

themselves hypoxically regulated providing a feedback me-

chanism that may enable for the more rapid degradation of

HIF-a upon reoxygenation of hypoxic cells. Regulation of

PHD levels, and as a consequence HIF-a levels, provides a

possible mechanism for adjusting the set-point of the HIF

system, an important consideration if the hypoxic response is

to operate in the very different cellular environments encoun-

tered in humans.

Various other feedback and modulating processes may

regulate HIF levels via regulation of the activity of the HIF

hydroxylases (discussed in ref. 29). Factors to be considered

for which there is already evidence, include: (i) the intrinsic

catalytic activity of the HIF hydroxylases under different

conditions, (ii) the forms of HIF and the HIF hydroxylases

present in a given cell type; modifications may occur via the

production of different transcripts or post-translational mod-

ifications such as phosphorylation, (iii) the levels of, and the

rates of production and degradation of HIF, the HIF hydro-

xylases and associated proteins involved in transcription and

transport, (iv) the availability of the Fe(II) cofactor for the

Fig. 7 Outline mechanism and active sites of the HIF hydroxylases. (a) Outline mechanism for the HIF hydroxylases. Fe(II) is octahedrally

coordinated at the enzyme active site by the conserved HXD...H triad and the remaining coordination sites are occupied by water molecules.

Crystal structures of FIH and other 2OG-dependent oxygenases in the presence/absence of the substrate molecule suggest that the cofactor 2OG

and then the substrate (HIF-a) bind sequentially to the active site. This is followed by binding of molecular oxygen which is proposed to replace the

remaining water molecule from the iron centre, leading to decarboxylation of 2OG and a highly reactive Fe(IV)QO intermediate. The latter is

responsible for hydroxylating the peptide substrate. In the case of FIH, binding of the substrate displaces the water molecule from Fe(II). Views

from (b) the PHD and (c) the FIH active sites.
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HIF hydroxylases, (v) the redox state of the cell; in addition to

exogenous iron supply, Fe(II) availability is regulated by the

redox state of the cell which affects the Fe(II) : Fe(III) ratio; as

for CPH activity, PHD and (with some substrates) FIH

activity is stimulated by ascorbate presumably via stabilising

the Fe(II) state, (vi) the number and availability of HRE

sequences for HIF binding; availability of HREs may be

regulated by changes to chromatin structure (e.g. cytosine

methylation) or protein (e.g. histone modification), and (vii)

small molecules (e.g. succinate, fumarate, NO) (Fig. 9).

From a medicinal perspective, the possibility of endogenous

and exogenous regulation of HIF activity by small molecules is

attractive. Succinate dehydrogenase and fumarate hydratase

mutants causing increases in fumarate and succinate levels are

characteristic of some tumour cells.30 Because fumarate and,

to a lesser extent, succinate are PHD inhibitors these muta-

tions may contribute to activation of the hypoxic response via

HIF hydroxylase inhibition. The interfaces between NO and

the HIF system appear complex. Under normoxic conditions,

NO upregulates HIF (possibly via hydroxylase inhibition

involving direct interaction) whereas under hypoxic conditions

it downregulates HIF.

The links between the HIF system and reactive oxygen

species (ROS) are a subject of ongoing discussion.31 Mito-

chondrial electron-transport chain inhibitors inhibit hypoxi-

cally mediated HIF stabilisation. It has been proposed that

mitochondria produce a HIF hydroxylase inhibitor;32 alter-

natively it could be that the set-point for oxygen dependency

of the HIF hydroxylases is changed, for example, by altered

local oxygen availability or by one of the potential regulatory

factors described above. Mitochondrial respiration accounts

for 490% of oxygen consumption in humans. It is proposed

that under hypoxia NO can reduce mitochondrial O2 con-

sumption via inhibition of cytochrome C oxidase (redox centre

IV in the mitochondrial electron-transport chain) making

more O2 available for oxygenases such as the PHDs.33 The

transcription factor JunD enables upregulation of antioxi-

dants and deletion of JunD leads to HIF stabilisation in

processes proposed to be mediated directly or indirectly via

increased ROS.34 One possibility is that the ROS inhibit the

HIF hydroxylases by irreversible active site oxidation.

Recent studies reveal that HIF-1a can be degraded in a

PHD/pVHL-independent mechanism via interaction of the

receptor of activated protein kinase C (RACK1) with the

Fig. 8 Ribbon representation of the crystal structures of HIF hydroxylases. Overall structures of (a) monomeric PHD2 (cyan, PDB: 2G19); (b)

FIH (pale cyan) bound to HIF-1a CAD (PDB: 1H2K) and (c) dimeric FIH (bright orange, PDB: 1H2N) showing the conserved double-stranded

b-helix fold in dark blue (PHD2) and lemon green (FIH), the iron and 2OG binding sites (residues highlighted in white sticks) and orange spheres

for iron centre.
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PAS-A domain of HIF-1a.35 It is proposed that RACK1

forms a ubiquitin ligase complex similar to that formed by

pVHL by recruiting elongin C plus other subunits and trigger

for the proteasomal degradation of HIF-1a in a parallel yet

O2-independent pathway. However, the question of how

rapidly and efficiently HIF-1a is destroyed in this pathway

relative to the HIF/PHD pathway as a function of oxygen

availability remains to be investigated.

Ongoing studies are identifying other factors that impact on

the HIF system. HIF could be stabilised by promoting degra-

dation of PHD3 via the ubiquitin ligase seven in absentia

homologue 2 (Siah2).36 G-protein-coupled receptor agonists,

including angiotensin II and thrombin, have been shown to

induce HIF-1 in vascular smooth muscle cells.37 Inhibition of

PHDs by the NADPH oxidase mediated ROS production was

proposed to be a regulatory mechanism of HIF-1 induction

under angiotensin II treatment. Other studies have shown that

angiotensin II might suppress SM-20 (a rat homologue of

PHD3) mRNA expression in a rat pheochromocytoma cell

line and thereby promote HIF stabilisation.

It is important to appreciate that although the available

evidence suggests that regulation of HIF levels is an impor-

tant, and under some conditions probably dominant mechan-

ism in the adaptation of cells to hypoxia, there are other

transcriptional regulation systems that are regulated by oxy-

gen including the NFkB TF (NF = nuclear factor) inflam-

matory response system. One connection between the HIF and

NFkB systems is provided by the observation that PHD1

interacts with IkB kinases that regulate NFkB activity by

regulating levels of the IkBa protein that in turn inhibits

NFkB activity.38

7. Other substrates for the HIF hydroxylases and

related human 2OG oxygenases

One important question has been whether the HIF hydroxy-

lases have alternative substrates. Some of the PHDs have been

reported to interact with other proteins including OS-9 (a

protein commonly expressed in the endoplasmic reticulum

with an unassigned function),39 ING4 (a tumour suppressor

protein),40 RNA polymerase II41 and IkB kinase-b,38 (an

enzyme involved in regulating the inflammatory response).

As yet prolyl-hydroxylation of these potential targets has not

been directly demonstrated by, e.g. mass spectrometry.

Protein interaction screens led to the identification of an-

kyrin repeat domain (ARD) proteins as potential FIH sub-

strates.42 The ARD is a 33-residue loop–helix–turn–helix

motif that is amongst the most common of structural motifs

Fig. 9 Major factors that (may) affect the HIF system. ROS, reactive oxygen species; iNOS and eNOS, inducible and endothelial nitric oxide

synthase; RNI, reactive nitrogen intermediates; Siah2, seven in absentia homolog 2; ARD1, arrest-defective protein 1; SSAT2, spermidine/

spermine N1-acetyltransferase 2; HSP90, heat shock protein 90; RACK1, receptor of activated protein kinase C 1; pVHL, von Hippel–Lindau

tumour suppressor protein; VDU2, pVHL-interacting deubiquitinating enzyme 2; HDAC, histone deacetylases; PI3K, phosphoinositide-3-kinase;

MAPK, mitogen-activated protein kinase; CITED2, CBP/p300-interacting transactivator with ED-rich carboxy-terminal domain 2; SUMO, small

ubiquitin-related modifier.
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in human cells. To date, FIH has been reported to catalyze the

hydroxylation of ARD proteins from the NFkB and Notch

ARD protein families (intracellular notch domain proteins

and some NFkB proteins are TFs, involved in the inflamma-

tory response and development).43 Recently, the ARD of a

SOCS (suppressor of cytokine signalling) box protein (ASB4)

has also been reported as an FIH substrate.44 The link with

Notch proteins is notable because HIF-1a is recruited to notch

responsive promoters under hypoxic conditions (indepen-

dently of HIF-b). Collectively these results suggest that

ARD hydroxylation by FIH may be common; they imply that

hydroxylation of cytoplasmic proteins may be much more

ubiquitous than previously believed.

The significance of ARD hydroxylation in terms of effects

on non-HIF pathways is unclear. Like some post-translational

modifications, such as phosphorylation, it may have different

consequences in different contexts. Crystallographic analyses

on hydroxylated mouse notch 1 have revealed that asparaginyl

hydroxylation enables an additional hydrogen bond.43 It may

be that as procollagen prolyl-hydroxylation works to stabilise

the collagen triple helix, asparaginyl hydroxylation may

stabilise the ARD fold. ARD proteins compete with HIF-a
for FIH in the cytoplasm, and hydroxylated ARDs bind less

tightly than non-hydroxylated. It has been proposed that the

hydroxylation status of all ARDs accessible to FIH regulates

the quantity of FIH free to hydroxylate HIF-a. Regulation by

a motif common to a pool of proteins has not been widely

considered in terms of signalling and may apply in other

pathways.

The PHDs appear to belong to a relatively small sub-family

of human 2OG oxygenases.20,25 There is some evidence that

other prolyl hydroxylases may accept HIF-a as a substrate but

the relevance of these observations to oxygen sensing in the

hypoxic response has not yet been demonstrated. In contrast

FIH is one of a significantly larger sub-family of homogenous

genes/proteins.45 Prior to the assignment of FIH as a HIF

hydroxylase, these proteins had been proposed to form a

group of zinc dependent TFs, termed the JmjC TFs. Subse-

quent to the functional assignment of FIH and the solution of

its crystal structure, it was clear that these proteins were much

more likely to be Fe(II) dependent 2OG oxygenases. An

important advance was made when one of these proteins

(JHDM1A) was shown to be a 2OG dependent Ne-methyl-

lysine demethylase.46 Subsequent work has shown that the Jmj

2OG oxygenases are a ubiquitous family of histone demethyl-

ases with likely 425 human members. The Jmj and related

demethylases are only the second family of histone demethyl-

ases to be identified after the FAD dependent lysyl demethyl-

ases. Different lysyl demethylases display different selectivity

both for lysyl methylation status (mono-, di-, or trimethyl) and

histone sequence. Their mechanisms likely operate via hydro-

xylation on the methyl group followed by fragmentation. The

discovery of 2OG dependent histone demethylases has opened

up a new sub-field in chromatin biochemistry that is beyond

the scope of this review. However, it is worth noting that

whilst the oxygen dependence of the Jmj demethylases offers

the potential for them to act as sensors, they are not necessa-

rily sensors since other factors may compensate for variations

in oxygen availability. The human AlkB homologue (ABH)

enzymes are related to the E. coli enzyme AlkB that catalyses

demethylation of N-methylated DNA and RNA bases and

also have the potential to regulate transcription, and transla-

tion, in an oxygen dependent manner.47 Recently the fat mass

and obesity protein (FTO) has been shown to be homologous

to the ABHs and to catalyse nucleic acid N-demethylation,

raising the possibility of links between oxygen availability and

obesity.48

8. Diseases associated with HIF

HIF regulated genes such as EPO (for the treatment of

anaemia) and VEGF (targeted for tumour treatment) are

already the subject of therapies. Because of the pivotal role

of HIF itself in oxygen homeostasis it is attracting interest

from a therapeutic perspective. Ischemic diseases, e.g. coron-

ary heart disease, result from a restricted blood supply leading

to a lack of oxygen. For ischemic disease, upregulation of HIF

activity is desirable. In contrast, tumours are normally hypoxic

leading to upregulation of HIF; thus for tumour therapy it is

desirable to starve the tumours of oxygen/other nutrients by

down-regulating HIF activity. There is evidence that renal cell

carcinomas (RCCs) selectively overexpress the gene encoding

for HIF-2a rather than that for HIF-1a; inhibition of HIF-2a
was shown to be sufficient to suppress tumour growth.49 Mice

in which HIF-2a was ablated were reported to display anae-

mia implying HIF-2a as the predominant HIF isoform reg-

ulating EPO in adults. Other examples of HIF-a isoform

selective gene regulation are reported, for example, HIF-1a
selective regulation of carbonic anhydrase IX.50 However,

further work is required to achieve a molecular understanding

of how selectivity is achieved. Beyond the scope of this

introductory review, there are also links between the HIF

system and other signalling systems, such as the inflammatory

response, that may influence selectivity.

Two inherited mutations to PHD2 have been linked with

familial erythrocytosis (an abnormally high red blood

count).51 One of these, Pro317, is located two residues away

from one of the Fe(II) binding residues (Asp315) and is located

close to the apparently unusually narrow entrance to the

PHD2 active site. The other, Arg371, is also close to another

of the triad of metal-binding residues, His374. Both mutations

have been shown to result in a decrease in catalytic activity,

but they may also effect the in vivo stability of PHD2.

von Hippel–Lindau (VHL) disease is an autosomal domi-

nant inherited cancer syndrome that is characterized by RCCs

and tumours. VHL syndrome occurs at a frequency of B1 in

35 000 humans and is caused by mutations in the VHL gene

including point mutations resulting in VHL variants. The lack

of wildtype VHL results in HIF overproduction and the

subsequent overexpression of HIF target genes. Abnormal

increases in red blood cell production, or polycythaemia,

endemic in the Chuvash population (in Russia) also arise from

VHL mutations. However, these VHL mutations do not result

in tumours but cause venous abnormalities and a tendency

towards thrombosis. Why different VHL mutations lead to

different phenotypes is currently unknown.
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9. Possibilities for therapeutic intervention

Basic research on oxygen sensing and the HIF system has

uncovered opportunities for therapeutic intervention that can

be divided into those that upregulate or those that down-

regulate HIF target genes/proteins. Knowledge of the HRE

sequences can be used to selectively target the expression of

exogenous genes to hypoxic tissues, either for imaging or to

deliver therapeutic genes. However, the effects of HIF-silen-

cing are not straightforward, and do not necessarily corre-

spond with a decrease in tumour size or vasculature. The

potential for use of elements of the HIF system for employing

either the HRE or ODDD components has been elegantly

demonstrated by work on mice.52 Use of polyamides that bind

to specific regulatory sequences is a possible route to achieving

regulation of a subset of HIF target genes.53

Screens to identify small molecules that downregulate HIF-

a have been carried out (for a review see ref. 54). These have

led to molecules that target HIF associated molecules, though

how selective these targets are to HIF and the hypoxia

response is not clear. Inhibitors of the mammalian target of

rapamycin (mTOR) result in lowered HIF, and are in clinical

development as anti-cancer agents. Curcumin, which is present

in some spices, is reported to promote HIF-a degradation.

Inhibitors of heat shock protein 90 (HSP90) that stabilises

HIF-1a via a PHD/pVHL independent manner, also reduce

HIF-1a levels. Promoting the activity of the HIF hydroxylases

in cancer cells may reduce the availability of HIF; treatment

with 2OG has shown decreased VEGF production in Hep3B

cells,55 though it is unclear if 2OG will be limiting in vivo and

there is a possibility that in some tumours succinate and

fumarate compete for 2OG binding to the PHDs.30 Ensuring

PHD activity is not limited by ascorbate, or the actual in vivo

reducing agent—if there is one, may also help to suppress HIF

levels.

Other potential small molecule targets to block HIF func-

tion include blocking HIF-a/b dimerisation and preventing

HIF from binding to its cotranscriptional activators, specifi-

cally p300. The natural product chetomin, a disulfide contain-

ing diketopiperazine (epidithiodiketopiperazine), is a potent

blocker of binding of HIF-a to p300 both with isolated

proteins and in cells.56

In the case of upregulating HIF for the treatment of

ischemic disease or anaemia (by upregulating EPO), blocking

either the HIF–VHL interaction or the activity of the HIF

hydroxylases are two clear possibilities. Studies with peptides

and the 2OG analogue, N-oxalylglycine (first used as a pro-

collagen prolyl hydroxylase inhibitor) verified these ap-

proaches.20 Further evidence that targeting the HIF

hydroxylases will be a therapeutically viable approach comes

from the use of Co(II) as a hypoxia mimic—at least in part, the

ability of Co(II) to act in this way results from inhibition of the

HIF hydroxylases. Indeed, Co(II) has been used as a clinical

treatment for anaemia prior to the advent of EPO, but has

toxic effects that are probably unrelated to its HIF-based

mechanism of action. Recent efforts have focused on identify-

ing other organic inhibitors of the HIF hydroxylases.52,57

Most, if not all, of those reported act as 2OG competitors

and chelate to the active site Fe(II) in a bidentate manner. It

will clearly be desirable to develop inhibitors that are selective

for the HIF hydroxylases over other 2OG oxygenases. To

what extent selectivity in terms of HIF target genes is desirable

is uncertain and may depend on the therapeutic goal. Indeed,

for some applications induction of the hypoxic response in a

manner as close as possible to the natural response may be

desirable; if so the points of oxygen sensing, including the HIF

hydroxylases, may be a preferred target.
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