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The physiological regulation of the red cell mass depends
upon enhanced transcription of the erythropoietin (Epo)
gene in response to hypoxia. Studies of Epo gene expression
have been useful in investigating the mechanism by which
cells and tissues sense hypoxia and respond with
biologically appropriate alterations in gene expression. It
is likely that oxygen sensing involves a heme protein in
which cobalt and nickel can substitute for iron in the
porphyrin ring. Indirect evidence suggests that the sensor
is present in all cells and is a multi-subunit assembly
containing an NAD(P)H oxidase capable of generating
peroxide and reactive oxygen intermediates, which serve as
signaling molecules. The up-regulation of Epo gene
transcription by hypoxia is mediated by at least two known
DNA-binding transcription factors, hypoxia-inducible
factor 1 (HIF-1) and hepatic nuclear factor 4 (HNF-4),
which bind to cognate response elements in a critical 3′

enhancer approximately 50 bp in length. HIF-1 binding is
induced by hypoxia as well as by cobalt. The activation of
HIF-1 by hypoxia depends upon the selective protection of
its α subunit from ubiquitin-dependent proteolysis by
means of a mechanism that involves redox chemistry and
perhaps phosphorylation. HNF-4 is an orphan nuclear
receptor that is constitutively expressed in kidney and liver
and which cooperates with HIF-1 to give maximal hypoxic
induction. In hypoxic cells, p300 or a related family
member forms a macromolecular assembly with HIF-1 and
HNF-4, enabling transduction from the Epo 3′ enhancer to
the apparatus on the promoter responsible for the
initiation of transcription.

Key words: erythropoietin, hypoxia, gene regulation, oxygen sensin
HIF-1, HNF-4, p300.
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Adaptation to hypoxia in cells, tissues and the organism a
whole depends in large part on changes in the expressio
genes expressing a diverse group of physiologically relev
proteins. Examples include erythropoietin, vascular endothe
growth factor, tyrosine hydroxylase (the rate-limiting step 
dopamine synthesis) and glycolytic enzymes. Understand
this process requires insights into the mechanisms underly
oxygen sensing, the transduction of the hypoxic signal and
resulting impact of this signaling process on the assembly
transcription factors that regulate these genes. Genes tha
induced by hypoxia appear to share a common mode
transcriptional regulation. This induction depends up
activation of a heterodimeric transcription factor, HIF-1, whic
binds to a consensus sequence in an enhancer.

Erythropoietin (Epo) is a 30.4 kDa glycoprotein hormon
produced in the kidney and liver in response to hypoxia
circulates in the plasma and binds to receptors specific
expressed on erythroid progenitor and precursor cells, enab
them to proliferate and differentiate into red blood cel
Several considerations make Epo an ideal paradigm 
studying oxygen-dependent gene regulation. Investigation
Epo gene expression has been greatly facilitated by the us
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two human hepatoma cell lines, which have been shown 
produce Epo in a physiologically regulated manner: inductio
in response to hypoxia (Goldberg et al. 1987). Epo mRNA
levels are induced 50- to 100-fold by physiologically relevan
levels of hypoxia. Finally, the Epo gene offers an opportunity
to investigate the basis for tissue-specific and developmen
specific expression.

Oxygen sensing and signal transduction
It is likely that most if not all tissues and cells share a

common mechanism for oxygen sensing and signa
transduction (Bunn and Poyton, 1996). A number of genes a
induced not only by hypoxia, the physiological stimulus, bu
also by certain transition metals (cobalt, nickel and manganes
and by iron chelators such as desferrioxamine. Moreover, th
hypoxic induction is abated in the presence of carbo
monoxide. There is strong, albeit indirect, evidence that th
sensing mechanism utilizes a heme protein which bind
oxygen and in which the iron atom of the heme can be replac
by cobalt and nickel, thereby mimicking the hypoxic state
(Goldberg et al.1988).



1198

the
me
r
tive

)H
the
ng
ein
pon
ial
of
tic

 of
e

istic
en-

ith

d
eo,
th
sor
s,
n.

H. F. BUNN AND OTHERS
Any model based on oxygen sensing via a heme protein
predicts that iron should impact significantly on the hypox
induction of genes such as Epo. If the effect of cobalt a
nickel depends on incorporation into the heme moie
increased levels of iron should competitively inhibit th
stimulatory effects of these metals on Epo gene expression
have provided experimental support for this prediction (Ho a
Bunn, 1996). Furthermore, since iron catalyzes the conver
of peroxide to other more reactive oxygen intermediates via
the Fenton reaction, it may significantly alter levels 
chemical messengers in the oxygen-sensing pathway. This
plausible explanation of the observation of Wang and Seme
(1993b) that the iron-chelating agent desferrioxamine activa
HIF-1 DNA-binding activity and Epo mRNA expression.

Acker and his colleagues (Acker et al. 1989, 1992; Acker,
1994; Acker and Xue, 1995) have obtained spectral evide
that the sensor is a cytochrome-b-like flavohemoprotein and
that the signal transduction process involves alterations in
levels of reactive oxygen intermediates (Fandrey et al. 1994;
Görlach et al. 1994). These findings suggest that the oxyg
sensor is an NAD(P)H oxidase which, under normox
conditions, converts O2 to H2O2 (Fig. 1). Hydrogen peroxide
is subsequently converted to hydroxyl radicals (OH•) and
hydroxide (OH−) through the iron-dependent Fenton reactio
These reactive oxygen intermediates could then act as chem
messengers which suppress the expression of genes induc
hypoxia (Fandrey et al.1994). A deficiency of iron may lower
production of these reactive oxygen intermediates, ther
mimicking a hypoxic environment. In the model depicted 
Fig. 1, cobalt leads to the induction of HIF-1 and hypox
NADP
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Fig. 1. Model of the hypoxia-sensing and
signaling pathway based on the neutrophil
macrophage NAD(P)H oxidase. It is likely that
oxygen is sensed by a heme protein. Cobalt may
simulate deoxy-heme by substituting for iron in
the protoporphyrin of this heme protein. A flavin
group (FL) is likely to participate in the transfer of
electrons that enables oxygen to be reduced to
superoxide (•O2−)via the oxidation of NADPH to
NADP. In neutrophil/macrophage activation,
cytosolic proteins p47, p67 and Rac participate in
a macromolecular assembly. However, there is no
evidence that these molecules or gp91 or p22
participate in the oxygen-sensing and signal
transduction pathway. The formation of reactive
oxygen intermediates (ROI) from peroxide is
catalysed by iron in the iron-dependent Fenton
reaction. It is likely that these oxidizing
equivalents mediate the degradation of HIF-1α
subunits in the proteosome, thereby preventing the
formation of the activated HIF-1 heterodimer that
is required for the induction of hypoxia-responsive
gene expression.
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responsive genes through its replacement of iron in 
porphyrin ring of the heme oxygen sensor. Since cobalt he
binds O2 with extremely low affinity, the oxygen senso
containing cobalt would generate decreased levels of reac
oxygen intermediates (Görlach et al. 1994), mimicking a
hypoxic environment and activating HIF-1.

Blood neutrophils and macrophages have an NAD(P
oxidase (phox) that may be a useful model system for 
universal oxygen sensor (Babior, 1992). In the resti
neutrophil or macrophage, a heterodimeric flavohemoprot
resides on the plasma membrane in an inactive state. U
engulfing bacteria, or when challenged with various artific
stimulating agents, this complex is activated by binding 
cytosolic proteins, p47, p67 and Rac, enabling the cataly
conversion of oxygen to superoxide anion, the precursor
oxidants needed to kill the invading microorganism. Th
above-mentioned proteins per seare unlikely to be involved in
the oxygen sensor (Wenger et al. 1996). However, phox
resembles the putative oxygen sensor in a number of heur
respects (for a review, see Bunn and Poyton, 1996). Oxyg
sensing cells showing spectral evidence of a cytochrome-b-like
flavohemoprotein contain proteins that cross-react w
antibodies to phox subunits (Youngson et al.1993; Acker and
Xue, 1995; Kummer and Acker, 1995; Wang et al.1996). Like
gp91phox and p22phox, the oxygen sensor is likely to be boun
to the plasma membrane (Ganfornina and Lopez-Barn
1991). Experiments with iodonium inhibitors indicate that bo
the neutrophil/macrophage oxidase and the oxygen sen
require a flavin moiety for redox function. In both system
phosphorylation seems to be critical for signal transductio
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These tantalizing leads may be useful in the protein purificat
and/or genetic cloning of the oxygen sensor.

Assembly of transcription factors on the Epo enhancer
Hypoxic induction of the physiologically relevant gene

mentioned in the Introduction depends in large part on
heterodimeric transcription factor, hypoxia-inducible factor
(HIF-1). HIF-1 is activated in cells exposed to hypoxia, cob
or iron chelators, enabling it to bind to a consensus seque
(5′-TACGTGCT-3′) first identified in the Epo 3′ enhancer
(Semenza et al.1991) (Fig. 2). HIF-1 is composed of 120 kD
α and 91–94 kDa β subunits (Wang and Semenza, 1995
Recent cloning of the α and β genes (Wang et al. 1995a)
showed that HIF-1 is a heterodimer composed of ba
helix–loop–helix proteins in the PAS family of transcriptio
factors. HIF-1α is a novel protein, whereas HIF-1β is the
previously cloned and characterized aryl hydrocarbon rece
nuclear translocator (ARNT) (Hoffman et al.1991).

HIF-1 activity can be induced by hypoxia in a variety of no
erythropoietin-producing cells, as demonstrated by its bind
specifically to an HIF-1 consensus oligonucleotide (Wang a
Semenza, 1993c) and transactivating a reporter gen
containing HIF-1 sequence(s) (Maxwell et al. 1993). HIF-1
activation, irrespective of stimulus, depends on de novoprotein
synthesis (Semenza and Wang, 1992) and is markedly affe
by inhibitors of protein kinases and phosphatases (Wang 
Semenza, 1993a; Wang et al. 1995b). Treatment of hypoxic
cell extracts with alkaline phosphatase (Wang and Seme
1993a) abolishes binding of DNA to HIF-1, suggesting th
phosphorylation may be required. A heuristic prototype of t
functional importance of phosphorylation in hypoxia-induce
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Fig. 2. A model of the assembly of transcription factors on the′
enhancer of the erythropoietin (Epo) gene. The five exons of the 
gene are depicted as rectangles, and the coding regions are sho
red. In hypoxic cells, the HIF-1 αβ heterodimer is activated and bind
to an HIF-1 consensus sequence on the enhancer. Downstream o
site, the nuclear receptor HNF-4 binds constitutively to tandem re
hormone response elements (HRE). HNF-4 also binds to the β subunit
of HIF-1. Both the α and β subunits of HIF-1 bind to the
transcriptional activator p300, providing a mechanism for interact
with the transcription-initiating complex (TIC), triggering Epo mRN
expression. P, promoter.
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transcription can be found in a nitrogen-fixing bacterium
Rhizobium meliloti, whose oxygen sensor is a heme prote
containing a protein kinase domain (Gilles-Gonzalez et al.
1991, 1994).

In order to understand the mechanism by which HIF-1 
activated, it is necessary to monitor carefully how hypox
impacts on the expression of its subunits. The steady-st
levels of both HIF-1α mRNA and ARNT mRNA are not
significantly affected by oxygen tension (Gradin et al. 1996;
Huang et al.1996; Wood et al.1996). We have found that, at
the protein level, the ARNT subunit remains abundan
irrespective of the oxygenation level of the cell. In contrast, t
HIF-1α subunit cannot be detected in oxygenated cells or
those pretreated with H2O2 prior to deoxygenation (Huang et
al. 1996). HIF-1α protein can only be detected in
deoxygenated cells or in those exposed to inducers, such
cobalt or iron chelators, which also activate HIF-1 (Semen
and Wang, 1992; Wang and Semenza, 1993b). These
observations suggest that the activation of HIF-1 depends u
an increase in the amount of HIF-1α protein in deoxygenated
cells (Huang et al.1996).

We have recently demonstrated that, in cells exposed to 2
O2, the HIF-1α subunit is remarkably unstable, owing to
ubiquitin-mediated degradation in proteosomes. Low oxyg
tension and iron chelation abrogate this process, there
allowing the HIF-1α subunit to accumulate so that it can form
a stable heterodimer that can participate in transcription
regulation. Furthermore, we have identified a large interi
domain in HIF-1α which contains two sequences rich in
proline, glutamate, serine and threonine (PEST) and which
responsible for the rapid proteolysis induced by oxygen (L. 
Huang, J. Gu and H. F. Bunn, unpublished observations). Wh
this element is deleted, the protein is stable and capable
trans-activation, even in oxygenated cells. These experime
demonstrate a critical role for regulated degradation in t
function of a physiologically important transcription factor.

Downstream of the HIF-1 binding site, the Epo 3′ enhancer
contains two tandem consensus steroid hormone respo
elements (HREs) separated by 2 bp (Fig. 2). Mutations at th
hexanucleotides either abolish or markedly inhibit hypox
induction of reporter genes (Blanchard et al. 1992; Semenza
and Wang, 1992; Pugh et al.1994; Galson et al.1995). Nuclear
proteins from a variety of cells, during both normoxia an
hypoxia, bind strongly to these tandem repeats (Blanchardet
al. 1992; Semenza and Wang, 1992). A variety of hormon
whose biological actions depend upon binding to nucle
receptors had no effect on the hypoxic induction of a repor
gene containing the Epo promoter and Epo enhan
(Blanchard et al.1992). These negative results suggested th
these response elements bound to an orphan nuclear rece
i.e. a DNA-binding protein that shares structural homolog
with hormone-binding nuclear receptors but lacks a know
ligand. In screening a variety of in vitro transcribed and
translated orphan receptors (Galson et al. 1995), hepatic
nuclear factor 4 (HNF-4) was of particular interest since 
expression is limited to renal cortex and liver, sites of Ep
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production, and also intestine. The binding of HNF-4 to t
Epo enhancer in Hep3B nuclear extracts was documented
the addition of an antibody to HNF-4 which supershifted o
of the prominent bands in mobility shift assays. The function
importance of HNF-4 was demonstrated by both transient 
stable transfection experiments – both overexpression of w
type HNF-4 and the use of a dominant negative mutant wh
bound to DNA but lacked the C-terminal activation doma
(Galson et al.1995). These studies suggest that the binding
HNF-4 to the Epo enhancer contributes importantly both to 
high level induction of the Epo gene and to tissue specific
It will be important to ascertain whether HNF-4 has a natu
ligand and, if so, whether the ligand is modulated 
oxidation–reduction chemistry.

As shown in Fig. 2, the C-terminal portion of HIF-1α binds
specifically to p300 (Arany et al. 1996), a general
transcriptional activator that participates in a number 
biological functions such as induction of tissue-speci
expression, regulation of the cell cycle and stimulation 
differentiation pathways. This very large protein, which 
closely homologous to cyclic AMP response element (CREB
binding protein (CBP), does not bind to DNA but does intera
with a number of other proteins including cell cycle pock
proteins and the adenovirus protein E1A. Hypoxic inducti
of endogenous Epo and vascular endothelial growth fac
(VEGF) mRNA as well as an Epo reporter gene was inhibi
by E1A but not by a mutant E1A that fails to bind to p30
Moreover, over-expression of p300 enhanced hypo
induction. Recently, we have utilized the yeast two-hybr
interaction trap to demonstrate specific binding between HN
4 and HIF-1β and also between HIF-1β and p300. It is likely
that HNF-4, like other nuclear receptors that have been te
(Chakravarti et al. 1996; Kamei et al. 1996), also binds to
p300. Thus, as depicted in Fig. 2, we propose that the HI
heterodimer, activated by hypoxia, participates in 
macromolecular assembly with p300 (or a related fam
member) and with HNF-4 to transduce a signal to the E
promoter, enabling activation of transcription. It is very like
that such a combinatorial process applies to other genes 
are induced by hypoxia. For example, the hypoxic inducti
of the lactate dehydrogenase A (LDH-A) gene depends on b
its HIF-1 site in the promoter and a nearby CREB-binding s
(Firth et al. 1995), with a likely potential for activating
transcription through CBP or p300.

This work was supported by Grant ROI DK 41234-09 fro
the National Institutes of Health.
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