
INTRODUCTION

THE AVAILABILITY OF MOLECULAR OXYGEN allows complex
multicellular organisms to exist in many different envi-

ronments. Sophisticated systems have evolved to utilize oxy-
gen and prevent reactive oxygen cell damage during adapta-
tion to oxygen-rich environments. Over 90% of oxygen
intake is consumed as an electron sink through oxidative
phosphorylation in the mitochondria to produce ATP, the
ubiquitous biological energy source. Organisms use the resid-
ual fraction of oxygen molecules to carry out other important
biochemical reactions, such as oxygenation and hydroxyla-
tion, which generate a group of biologically active substances
that maintain important cellular functions. Metabolic shifts in
the evolution from anaerobic toward aerobic organisms con-

ferred the ability to sense a decrease in environmental oxygen
concentrations through a well conserved hypoxic response
pathway (36, 46, 56). This pathway facilitates acclimation to
hypoxia-evoked physiological stress by modulating the ex-
pression of specific genes, and plays a central role not only in
various physiological events during ontogenetic processes,
including neovascularization and angiogenesis (26, 33, 41),
but also in pathophysiological events such as tumorigenesis
(6, 8, 28, 42). Despite considerable efforts devoted to under-
standing this system, the molecular mechanisms used by cells
in higher eukaryocytes to sense and respond to changes in
oxygen availability were unclear until recently.

In the early 1990s, a novel hypoxia-inducible transcription
factor, hypoxia-inducible factor-1 (HIF-1), was identified by
its binding at the 39 region of the hypoxia response element
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ABSTRACT

Cells in a low oxygen, or hypoxic, microenvironment must have the ability to sense oxygen levels in the nu-
cleus in order to maintain oxygen homeostasis by gene regulation. Hypoxia inducible factor-1 (HIF-1) serves
as a molecular bridge between the sensation and utilization of oxygen, and thus functions as a key player in
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(HRE) of the erythropoietin gene after hypoxic exposure (48,
52). This information increased our understanding of molecu-
lar acclimation to a wide range of alterations in environmen-
tal oxygen concentrations (36, 46, 55). At present, many pro-
cesses involved in oxygen homeostasis are believed to be
mediated by a family of HIFs, which transcriptionally regu-
late the expression of several dozen target genes (46, 55).
These genes encode proteins involved in angiogenesis, ery-
thropoiesis, glucose metabolism, and cellular proliferation. In
the last few years, a surprisingly simple and conceptually
attractive model of oxygen sensing has emerged. Oxygen-
dependent hydroxylation of HIF is a reversible molecular
switch activated by low oxygen concentrations in the sur-
rounding environment (5, 11, 22, 23). This mechanism allows
HIFs to function as a molecular bridge between external oxy-
gen stimuli and intracellular effectors.

STRUCTURE OF HIF-1, ESSENTIAL FOR
ACCLIMATION TO HYPOXIA

HIF-1 is a heterodimeric transcription factor consisting of
two distinct components, the oxygen-sensitive a subunit
(HIF-1a) and constitutively expressed b subunit [HIF-1b,
also known as the aryl hydrocarbon receptor nuclear translo-
cator (ARNT)], both of which are members of the PAS
(Per/ARNT/Sim) protein family (53, 54). Semenza et al. ini-
tially identified this factor by its DNA binding activity to the
erythropoietin 39 HRE in hypoxia-treated Hep3B cells and
extracted the dimer from nuclear fractions (48). This pro-
tein–DNA interaction was later observed in various cell types
under hypoxia and lies at the heart of oxygen sensing and sig-
nal transduction mechanisms in a variety of organisms (46,
55). In addition to this ubiquitously expressed protein, at least
two other HIFs, designated as HIF-2a (10, 58) and HIF-3a

(17, 37), have been cloned. These HIF family members show
expression patterns that are more cell type-specific than HIF-
1a, although the patterns do partially overlap (51, 58). HIF-
2a has many biochemical properties similar to HIF-1a, most
significantly the ability to bind HIF-1b and induce hypoxic
gene expression (57, 58). The HIF-3a locus has recently been
shown to produce several splice variants (37), one of which
encodes an inhibitory PAS domain protein that may act as a
negative regulator of hypoxia-inducible gene expression
through competitive inhibition of HIF-1a by binding to HIF-
1b (31, 32).

Analysis of the full-length cDNA clone of HIF-1a allows
us to predict the structural features of this protein and, thus,
its biological functions. Its N-terminal domain contains a
basic helix–loop–helix domain and a PAS domain that are es-
sential for dimerization with HIF-1b and binding to the con-
served HRE DNA sequences (59-RCGTG-39) (54). The C-ter-
minal portion of HIF-1a contains several regulatory domains
responsible for oxygen-dependent gene expression. These in-
clude two separate transactivation domains, TAD-N (N-termi-
nal transactivaton domain; residues 531–575) and TAD-C (C-
terminal transactivation domain; residues 786–826), which
bind general transcriptional coactivators such as CBP/p300,
SRC-1 and TIF-2 (2, 7). The two transactivation domains

flank an inhibitory domain (residues 576–785), which, when
deleted, increases the function of the transactivation domains
under normoxic conditions (39, 46). Nuclear localization sig-
nals, identified at both N- and C-termini (residues 17–74 and
residues 718–721, respectively), translocate HIF-1a into the
nucleus, independent of dimerization with HIF-1b (25). The
oxygen-dependent degradation domain (ODD, residues
401–603) is a critical component of HIF-1a and is involved
in HIF-1a protein stability. Under normoxic conditions, the
ODD causes rapid degradation of HIF-1a protein through the
ubiquitin-proteasome pathway (22, 23). This ODD contains
two PEST-like motifs at residues 499–518 and 581–600,
which may also regulate HIF-1a protein degradation (54).

OXYGEN-DEPENDENT REGULATION
OF HIF-1a SUBUNIT

Until recently, mechanisms by which organisms sense al-
terations in oxygen concentration and subsequently induce
HIF-1 activity remained obscure. The first key finding was
evidence that von Hippel–Lindau tumor suppressor gene
product, pVHL, binds directly with the ODD of HIF-1a

under normoxic conditions, which leads to ubiquitin-depen-
dent proteolysis of HIF-1a (35, 36). In contrast, hypoxia pre-
vents the binding of HIF-1a by pVHL protein, causing rapid
accumulation of HIF-1a in the nucleus within a few minutes.
pVHL forms an E3 ubiquitin ligase complex with elongin B,
elongin C, Cul2, and Rbx1 (also called as ROC1 or Hrt1) that
is similar to SCF (Skp1/Cdc53 or Cullin/F-box protein) com-
plexes. This complex specifically recognizes HIF-1a as a
substrate (38). Cells lacking functional pVHL express a high
level of HIF-1a even under normoxia, which induces expres-
sion of many HIF-1-dependent genes (36, 38). Moreover, he-
reditary VHL disease is well known to be associated with
highly vascularized tumors in retinal and central nervous sys-
tem hemangioblastomas, in part driven by inhibition of HIF-
1a degradation (24).

The next important step toward understanding how pVHL
is able to distinguish normoxic from hypoxic HIF-1a protein
was the identification of two specific prolyl residues (Pro402
and Pro564) embedded within the LXXLAP motif of the
ODD in HIF-1a that are hydroxylated as a function of in-
creased oxygen availability (22, 23). This oxygen-dependent
modification is enzymatic and requires a prolyl-4-hydroxy-
lase, a member of a subfamily of novel protein hydroxylases
distinct from those involved in collagen stabilization (5, 11).
In mammals, three homologues [termed as HIF-prolyl hy-
droxylase (HPH) 3, 2, and 1] of C. elegans Egl-9 have been
cloned based on sequence similarity to collagen-modifying
prolyl hydroxylases. They show specific activities for ODD
in both HIF-1a and HIF-2a (5, 20). The HPHs belong to the
extended superfamily of dioxygenases, and require molecular
oxygen and 2-oxoglutarate as cosubstrates (5, 11). In the ac-
tive sites of the HPHs, the carboxylate of an aspartate residue
and two histidine residues bind iron. The HPH must be in its
ferrous state in order to capture oxygen through a vitamin C-
dependent reduction. Under normoxic conditions, hydroxyla-
tion serves as a recognition element for pVHL, resulting in
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rapid degradation of HIF-1a subunits. Hypoxia diminishes
the hydroxylase activity of the HPHs and allows HIF-1a pro-
tein to escape from pVHL-associated proteolytic destruction,
accumulate rapidly in the nucleus, and subsequently activate
target gene expression (5, 19).

Modulation of HIF-1a protein stability by pVHL demon-
strates one pathway for HIF-1 activation in response to hy-
poxia. However, oxygen tension has been reported to affect
not only HIF-1a protein degradation, but also the subcellular
localization, DNA-binding capability, and transactivation
functions of HIF-1. This indicates that multiple steps regu-
lated by HIF-1 are necessary for transmission of extracellular
hypoxic signals into the nucleus (25, 36, 46, 56). Indeed, pre-
vious reports show that the C-terminal transactivation domain
(TAD-C) of HIF-1a, when fused to a heterologous DNA-
binding domain, is stable and shows hypoxic induction of
downstream gene expression. This suggests a distinct oxy-
gen-regulated pathway of HIF-1 activation through TAD-C
(43). Recent evidence indicated that hydroxylation of a criti-
cal asparagine residue (Asn803and Asn851 in HIF-1a and
HIF-2a, respectively) within the TAD-C occurs in an oxygen-
dependent manner, and in turn renders TAD-C unable to asso-
ciate with the CH1 domain of the CBP/p300 transcriptional
coactivators (29). This reinforces the importance of TAD-C in
the oxygen-dependent modulation of HIF-1 activity. Subse-
quently, Lando and colleagues determined that the asparagine
hydroxylase involved in the catalytic reaction is identical to
factor-inhibiting hypoxia-inducible factor-1 (FIH-1), initially
identified by Semenza and coworkers as a novel HIF-1 bind-
ing protein and later shown to repress TAD-C functions (29,
30). FIH-1 is a 2-oxoglutarate-dependent dioxygenase that
uses molecular oxygen to modify its substrate. This is similar
to the aforementioned prolyl hydroxylase, and thus appears to
serve as another oxygen-dependent system controlling HIF-1
activity. In addition, structural analysis of FIH-1 reveals that
it forms a homodimer, which is essential for substrate recog-
nition and enzymatic activity. This provides new clues toward
understanding oxygen-dependent HIF-1 regulation and the
kinetic differences among related hydroxylase enzymes in-
cluding prolyl and lysyl hydroxylase (9, 21). Two distinct
types of oxygen-dependent enzymatic reactions involved in
HIF-1 activation may lead to a more complete understanding
of the evolutionary processes wherein aerobic organisms ac-
quired the ability to sense and adapt to subtle alterations in
oxygen concentrations. Further investigation will determine
if other oxygen-dependent, enzymatically mediated post-
translational modifications of HIF-1 are involved.

THE ROLE OF HYPOXIAAND HIF
IN APOPTOSIS AND

CELL CYCLE REGULATION

Mammalian cells can respond differentially to wide
ranges of oxygen concentration through alterations in both
metabolic states and growth rates. A growing body of evi-
dence indicates that hypoxia alters cellular proliferation in
two distinct ways by programmed cell death and cell cycle ar-
rest (44, 49). In transformed and/or immortalized cells, apop-

tosis is the predominant response to hypoxia, occurring via
activation of a p53 tumor suppressor gene product-dependent
pathway (44, 49). These alterations are believed to take place
through the direct action of p53 in apoptotic pathways. How-
ever, accumulation and transcriptional activation of p53 pro-
tein are observed only under near-anoxic conditions, not
under hypoxia (15, 27). Recent studies have suggested a role
as well for HIF-1 in hypoxia-induced apoptosis (6, 26). Bio-
chemical analyses have demonstrated that the tumor suppres-
sor p53 has the potential to associate directly with HIF-1a

subunits, leading to stabilization and activation of p53 under
hypoxia (4, 50). Supporting data for this interaction have
emerged within the last year, when Hansson and colleagues
determined that the DNA-binding domain of p53 binds two
specific motifs adjacent to and within the ODD domain of
HIF-1a and that this interaction occurs irrespective of HIF-
1a hydroxylation status (18). Moreover, another report
showed that HIF-1a null cells accumulate more p53 protein
than wild-type cells at low oxygen concentrations. This sug-
gests that the expression of HIF-1a may cause p53 protein to
accumulate in hypoxic cells, and thus induce apoptosis
through p53 activation (1). In addition to the possible effects
of HIF-1a on p53 activity, HIF may be a player in another as-
pect of p53-dependent apoptosis through transcriptional acti-
vation of a HIF-1 target gene, Nip3. The proapoptotic protein
Nip3 can bind with antiapoptotic Bcl-2 family members such
as Bcl-2 and Bcl-XL and may promote apoptosis by seques-
tering these factors (40). These data, in conjunction with a re-
cent report showing that the phosphorylated form of HIF-1a

binds to HIF-1b, whereas the dephosphorylated form associ-
ates with p53 (50), indicate that HIF-1 may play a role in hy-
poxia-induced apoptosis. Further investigation will determine
the critical oxygen concentration for increased expression
and transcriptional activation of p53, and in what manner
HIF-1 affects p53-dependent apoptotic pathways.

It is important to know whether p53 is involved in regula-
tory mechanisms of hypoxia-induced cell cycle arrest in non-
transformed, nonimmortalized cells, and what role HIF-1
plays in this process. Recent studies from our laboratory pro-
vide new insight into the effects of hypoxic stress on cells
and, specifically, cell cycle progression (14). Although sev-
eral lines of contradicting data as to the effects of p53 on G1
arrest under hypoxia have been reported, p53-null cells show
an accumulation of cells at the G1 phase under hypoxia (12,
15, 16). Our detailed cell cycle analyses have revealed that
p53 is not an essential factor in hypoxia-induced cell cycle ar-
rest in two different primary cell types.We found that, under
hypoxic conditions, the numbers of cells in G1 phase in p53
null cultures are increased relative to wild-type cultures. This
change may be attributable to enhanced HIF-1 activity by in-
activation of p53, rather than the direct action of p53, because
expression and transcriptional activity of p53 change little
under hypoxia.

We observed that HIF-1a null, p53 wild-type cells do not
show any hypoxia-induced G1 arrest. Rather, S-phase entry is
accelerated, indicating that HIF-1, but not p53, plays an es-
sential role in the regulation of cell cycle progression under
hypoxia. Surprisingly, cells lacking functional copies of both
p53 and HIF-1a did not display any change in the proportion
of cells entering S-phase, as was seen in HIF-1a null cells.
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These cells appear to lose the ability to sense and respond to
hypoxia. Collectively, these data strongly suggest that two
transcription factors, HIF-1 and p53, cooperate to regulate
the cell cycle progression through distinct mechanisms, but
that HIF-1 serves as the primary determinant for cell cycle
regulation under hypoxia (Fig. 1).

Previous studies have indicated that hypoxia-induced cell
cycle arrest is accompanied by a decreased activity of certain
cyclin–cyclin-dependent kinase (CDK) complexes and hy-
pophosphorylation of retinoblastoma (Rb) protein, leading to
inhibition of cell cycle progression (12). However, little in-
formation has been available as to the role of HIF-1 in the
regulation of cell cycle machinery. An exception is one report
that showed cyclin G2, a negative regulator of cell cycle pro-
gression via binding with protein phosphatase 2A in certain
cell types, is induced by hypoxia through HIF-1 activation (3,
59). Our recent studies elucidated the critical role of HIF-1 in
the regulation of cell cycle progression under hypoxia, by
showing that the induction of HIF-1 activation prevents G1/S
transition through at least two distinct mechanisms (14).
First, the expression of two cyclin-dependent kinase in-
hibitors (CKIs), p21Cip1 and p27Kip1, is increased transcrip-

tionally in a HIF-1-dependent manner. Sustained expression
of these CKIs is observed in wild-type cells, but not in HIF-
1a null cells. p21Cip1 and p27Kip suppress cyclin/CDK2 activ-
ity, and thus can reduce the ratio of phosphorylated to de-
phosphorylated Rb protein, resulting in cell cycle arrest at the
G1/S interface.

Collectively, these data clearly indicate that CKIs function
with HIF-1 to regulate the cell cycle in response to hypoxia.
Secondarily, HIF-1 may regulate cyclin E, but not cyclin A
protein levels; both of these bind CDK2 and modulate its ki-
nase activity dependent upon cell cycle phase. In our recent
studies, hypoxic cells lacking HIF-1a displayed enhanced
and sustained accumulation of cyclin E, but not cyclin A,
without any effect on CDK2 protein expression, relative to
wild-type cells (14). In accordance with changes in cyclin E
expression, cyclin E/CDK2 kinase activity in HIF-1a-defi-
cient cells was also increased, resulting in somewhat retarded,
but still substantial, cell growth, even under hypoxia. Thus,
HIF-1 could serve as a primary gatekeeper at the G1/S transi-
tion in two distinct ways: through the action of CKIs and the
regulation of cyclin E expression. More detailed investigation
will reveal whether other HIF-1-dependent regulatory mecha-
nisms of the cell cycle, including cyclin G2, are involved.

ACTIVATION OF HIF-1 IN
TUMOR PROGRESSION

Microenvironmental hypoxia is a hallmark of tumor pro-
gression. This is attributable to a decrease in capillary density
and functional disorganization of the vasculature surrounding
proliferating tumor cells. Although hypoxia alone has nega-
tive effects on cellular proliferation (15, 44), the acclimation
to decreased oxygen concentration transcriptionally activates
many genes involved in angiogenesis, anaerobic metabolism
and the cell cycle, through the activation of HIF-1 (33, 46,
55). Recent immunohistochemical analyses using an antibody
specific for the HIF-1a subunit revealed high-level expres-
sion of the protein in various types of human cancers, includ-
ing mammary gland, prostate, lung, colon, and brain, sug-
gesting critical roles of HIF-1 in tumor formation (51). In
addition, clinical studies have shown that HIF-1a immuno-
staining is pronounced in aggressive tumors (13).

In addition to the effects of intratumoral hypoxia, genetic
alterations in a number of tumor suppressor genes and onco-
genes have also been implicated in the normoxic activation of
HIF-1 pathways in the multistep process of tumor develop-
ment. Effected molecules include pVHL, PTEN (phosphatase
and tensin homologue deleted on chromosome 10), Ha-ras,
v-Src, and p53, and comprise a diverse and complex array of
pathways that involve not only protein stabilization, but also
phosphorylation, nuclear translocation, and transcriptional
cofactor recruitment of HIF-1a (4, 24, 47, 55).

Regardless of the stimulus for HIF-1a activation, tumor
progression appears to favor sustained HIF-1a expression,
inasmuch as HIF-1 acts as a major regulator of angiogenesis
and anaerobic energy metabolism under certain conditions.
Among over two dozen HIF-1 target genes, vascular endothe-
lial growth factor (VEGF) is the most prominent and plays
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FIG. 1. A proposed model of oxygen-dependent regula-
tion of cell cycle progression at the G1/S interface. HIF-1
and p53 are activated by a decrease in oxygen concentration
with different optimal threshold. Under moderate hypoxia,
HIF-1 acts as a central regulator of cell cycle, and evokes G1
arrest through induction of CKI transcripts. Severe hypoxia, on
the other hand, leads to activation of p53 and subsequent apop-
tosis and/or cell cycle arrest in the cell type-specific manners.
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important roles in tumor neovascularization, which supplies
sufficient amounts of oxygen and nutrients to tumor cells to
allow tumor propagation and metastasis (34). Furthermore,
induction of anaerobic glycolytic enzymes and genes in-
volved in glucose uptake allows the tumor to maintain energy
production independent of oxidative phosphorylation and
survive with a limited oxygen supply. Indeed, tumor cells,
along with other highly proliferative cells, have been shown
to use glycolytic pathways, rather than oxidative phosphory-
lation for ATP production. This might be due to constitutive
HIF-1 expression even under normoxia (56). Further support
for the view that HIF-1 is a positive regulator of tumor pro-
gression comes from studies of experimental tumors using
mouse hepatoma cells either wild-type or null for HIF-1b
(34). Tumors lacking HIF-1b grow more slowly and form a
defective vascular network relative to wild-type HIF-1b cells
when injected into mice, although both cell types are able to
proliferate on tissue culture dishes under either normoxia or
hypoxia. These results indicate that loss of HIF-1 activity
suppresses tumor angiogenesis, but not tumor proliferation,
due to reduced production of angiogenic factors such as
VEGF. Another recent study used peptides to block the inter-
action between HIF-1a and p300. These cells displayed
tumor growth retardation, as well as decreased angiogenesis
(28). Our previous results are consistent with the concept of
HIF-1 as a positive modulator of tumorigenesis in which tu-
mors derived from HIF-1a null mouse embryonic stem cells
showed a significant reduction in size. However, alterations
in vascular density within tumors were not observed in HIF-
1a null tumors (41, 42, 45). Collectively, these data suggest
HIF-1 activation has different effects on tumor progression
with a variable net outcome under different conditions.

CONCLUSION

Hypoxia plays an important role in various types of patho-
physiological conditions, such as cancer, as well as physio-
logical and developmental processes. HIF-1 is a central regu-
lator of cellular hypoxic response and controls expression of
critical hypoxia-responsive genes, allowing cells to acclimate
to different oxygen concentrations. Recent studies of HIF-1
regulatory systems provide new clues as to how organisms
sense alterations in oxygen concentration and transmit this
information to downstream effectors. It remains to be deter-
mined how HIF-1 functions in the maintenance of cell and
organ integrity, how loss of HIF-1 function alters cellular
mechanisms, and how other transcription factors, including
other HIFs, cooperate to control gene expression. As new in-
formation is collected, we will gain a more complete picture
of the effect of oxygen on biological processes.
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