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Abstract

Mitochondria can initiate cell death or activate genes that promote cell survival in response to low oxygen.
The BCL-2 family of proteins regulate cell death in response to anoxia (0-0.5% O). By contrast, under hypoxia
(0.5-3% O,), mitochondrial oxidative stress activates hypoxia-inducible factors (HIFs) to promote cell survival.
In this review, we discuss how mitochondria, BCL-2 proteins, and HIFs are crucial for cellular responses to low

oxygen. Antioxid. Redox Signal. 11, 2673-2683.

Introduction

HE ABILITY OF MAMMALS to maintain oxygen homeostasis
is essential for their survival. Because of this, mammals
have evolved ways to ensure that optimal oxygen concen-
trations are delivered to cells and tissues. Physiologic re-
sponses to low-oxygen environments include increased
production of the hormone erythropoietin to enhance red
blood cell mass and hemoglobin concentration in the blood;
increased neurotransmitter release from the carotid body
to increase breathing; and pulmonary vascular constriction to
increase blood flow to the better-oxygenated regions of the
lung (8). The physiologic adaptations that allow mammals to
survive hypoxia have been well understood for many years.
Much progress also has been made in understanding the
molecular mechanisms that allow cells to adapt and survive
in low-oxygen environments, but many questions remain.
Oxygen plays a role in a variety of cellular processes, in-
cluding sterol and fatty acid synthesis, and is critical for oxi-
dative phosphorylation (8). Thus, it is not surprising that
changes in oxygen availability can have drastic effects on the
function of a cell. Several studies indicate that low-oxygen
conditions can induce apoptosis (76, 86). This occurs when
oxygen levels decrease to at, or below, 0.5% (anoxia). When
oxygen levels are 0.5-3% (hypoxia), cells do not undergo
apoptosis. Instead, hypoxia activates a variety of cellular
events that ultimately lead to cell survival.

Low oxygen triggers signal-transduction pathways in-
volved in both cell death and survival (Fig. 1). Anoxia acti-
vates proapoptotic BCL-2 proteins and caspases to initiate
apoptosis. The adaptive cellular events that occur in response
to hypoxia are mediated largely by the transcription factor
hypoxia-inducible factor-1 (HIF-1) (91). HIF-1 induces the

expression of multiple antiapoptotic BCL-2 proteins to pro-
mote cell survival (2, 13, 81). Interestingly hypoxia increases
production of mitochondrial reactive oxygen species (ROS),
which serve as signaling molecules to activate HIF-1. In this
review, we discuss the mechanisms underlying anoxia-
induced apoptosis and hypoxia-induced cell survival.

Anoxia Initiates Mitochondria-Dependent Cell Death
Overview of apoptosis

Cells can activate cell death through a process known as
apoptosis. Apoptosis is a genetically programmed form of
cellular suicide and is essential for normal development and
tissue homeostasis (21). Apoptosis, unlike necrosis, removes
excess or damaged cells without harming surrounding cells
and is an ATP-dependent process (26, 55). Appropriate con-
trol of apoptosis is important for normal functioning, and
unregulated apoptosis has been linked to a variety of disease
states. Excess apoptosis is thought to contribute to neurode-
generative diseases, whereas insufficient apoptosis can lead to
diseases such as cancer (9, 59). Apoptosis can be activated by a
variety of apoptotic cues, including ligand activation of death
receptors, growth-factor withdrawal, oncogenes, and anoxia.
Depending on the death stimulus, cells can activate apoptosis
through two pathways, the extrinsic or the intrinsic pathway
(Fig. 2) (33, 94). Both pathways lead to activation of cysteine-
dependent aspartate-directed proteases, termed caspases,
which cleave an array of cellular proteins, resulting in cell
death.

Critical elements of the extrinsic pathway include mem-
brane receptors, adaptor proteins such as TNFR-associated
death domain protein (TRADD), and caspase-8. A classic ex-
ample of apoptosis through this pathway involves tumor
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Mitochondria as signaling organelles in low
oxygen conditions.
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FIG. 1. Mitochondria act as signaling organelles in low-
oxygen conditions. Hypoxia (0.5-3% oxygen) increases mi-
tochondrial ROS that activate transcription of adaptive
genes. Anoxia (0-0.5% oxygen) initiates mitochondrial outer
membrane permeabilization (MOMP) to activate cell death.

necrosis factor (TNF) binding to its receptor, TNFR1 (47).
Binding of TNF induces formation of a homotrimeric complex
of ligand-bound receptors. This complex then associates with
TRADD and caspase-8. This leads to cleavage and activation
of caspase-8, resulting in activation of downstream caspases
(71). Caspase-8 also cleaves the BH3-only protein BID, which
can amplify the apoptotic signal by activating the intrinsic
pathway.

The intrinsic pathway, also known as the mitochondrial
pathway, is initiated by many stimuli, including anoxia. This
pathway involves disruption of the mitochondrial outer
membrane and is regulated primarily by the BCL-2 family
of proteins (17). Disruption of the mitochondrial outer mem-
brane results in the release of apoptogenic proteins from
the intermembrane space of the mitochondria to the cyto-
sol. These factors include cytochrome ¢, Smac/Diablo, and
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apoptosis-inducing factor (AIF) (51). In healthy cells, cyto-
chrome c is a protein in the mitochondrial electron-transport
chain that functions as a mobile electron carrier. When re-
leased into the cytosol, cytochrome c interacts with APAF-1
and pro-caspase-9 to form the apoptosome in an ATP-
dependent manner (57, 60). Once formed, the apoptosome
activates caspase-9, which subsequently activates down-
stream executioner caspases, resulting in apoptosis. The
release of Smac/Diablo promotes caspase activation by
eliminating inhibitory of apoptosis protein (IAP) function
(25). AIF contributes to a caspase-independent cell death and
is important in developmental apoptosis (95).

The BCL-2 family of proteins

The BCL-2 family of proteins are master regulators of
the intrinsic apoptotic pathway. The BCL-2 family of proteins
are divided into three subclasses defined by function and
conserved sequence within the BCL-2 homology (BH) do-
mains (18). These family members can have either pro- or
antiapoptotic function. The antiapoptotic members include
BCL-2, BCL-X;, BCL-w, MCL-1, and A1l and have sequence
conservation in all four BH domains. Overexpression of any of
these proteins protects cells from apoptosis triggered by a
variety of cytotoxic stimuli (19). The proapoptotic members
are further divided into two classes, the multidomain mem-
bers, which possess homology in BH1-3 and include BAX,
BAK, and BOK, and those that contain sequence homology
only in the BH3 domain (Fig. 3). BAX and BAK are ubiqui-
tously expressed, whereas BOK is more cell-type specific.
Once activated, BAX and BAK initiate apoptosis through the
intrinsic pathway by causing mitochondrial outer membrane
permeabilization (MOMP) (1, 22). Thus, cells deficient in BAX
and BAK do not undergo MOMP and are resistant to apo-
ptosis (102). The BH3-only members are the third subset of
BCL-2 proteins and include BID, BIM, PUMA, BAD, NOXA,
BIK, BMF, and HRK. The BH3 domain itself is significant in
that it is necessary for binding to antiapoptotic proteins. The

Extrinsic and intrinsic pathways of cell death.
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FIG. 2. Extrinsic and intrinsic path-
ways of cell death. Initiation of the
extrinsic apoptotic pathway through
FasL results in activation of capase-8.
Activated caspase-8 cleaves and acti-
vates executioner caspases-3 and -7,
resulting in cell death. Caspase-8 can
also cleave and activate Bid, resulting
in initiation of the intrinsic apoptotic
pathway. Initiation of the intrinsic
apoptotic pathway occurs when BH3-
only proteins diminish the prosur-
vival function of antiapoptotic BCL-2
family members resulting in BAX/
BAK-dependent mitochondrial outer-
membrane permeabilization (MOMP).
MOMP results in cytochrome c release,
apoptosome formation, caspase-9 acti-
vation, and cell death.
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proteins



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2730&iName=master.img-000.jpg&w=216&h=151
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2730&iName=master.img-001.jpg&w=324&h=240

MITOCHONDRIAL REGULATION OF HYPOXIC RESPONSES

2675

Structure of the BCL-2 Family of Proteins

FIG. 3. Structure of the BCL-2 family of proteins.
Antiapoptotic BCL-2 proteins, which include BCL-2,
BCL-X;,, BCL-w, MCL-1, and Al, contain BH1 to 4
domains. The proapoptotic members are further di-
vided into two groups: those that contain only one
BH3 domain (BH3-only proteins) and others contain-
ing multiple BH3 domains. The BH3-only proteins
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a-helical conformation of the BH3 domain inserts into a hy-
drophobic groove of antiapoptotic proteins, thereby negating
their activity and promoting apoptosis (79, 80).

It is well established that the BH3-only proteins and the
antiapoptotics are upstream regulators of BAX and BAK, yet
the exact mechanism by which these proteins induce apo-
ptosis is not completely understood. Currently, two models
explain how these proteins regulate BAX and BAK activity.
The indirect-activation model postulates that, in healthy cells,
antiapoptotics associate with BAX and BAK and repress their
activity. With a death stimulus, BH3-only proteins interact
with the antiapoptotics, thereby displacing them from BAX
and BAK, resulting in MOMP (105). A second model, the
direct-activation model, proposes that antiapoptotic family
members prevent cell death by disrupting signaling upstream
of BAX and BAK, mainly by binding to the activator BH3-only
proteins (BID, BIM, and PUMA) and negating their function
(15, 16, 52, 56). With a death stimulus, a subset of BH3-only
proteins, termed sensitizers, can bind antiapoptotic proteins,
thereby displacing activators and allowing them to induce
apoptosis (56).

Anoxia activates the intrinsic apoptotic pathway

During anoxia, when oxygen levels decrease to at or below
0.5% oxygen, evidence suggests that most cells will commit to
apoptosis (76, 86). Because apoptosis is an ATP-dependent
process and cells can not generate ATP through oxidative
phosphorylation in an anoxic environment, glycolytic ATP is
required for anoxia-induced apoptosis. If cells are deprived of
glucose and oxygen, cells will die through necrosis. Interest-
ingly, cells remain viable in hypoxia. The initial studies
demonstrating that anoxia induces the intrinsic apoptotic
pathway show that severe oxygen deprivation causes a de-
crease in the mitochondrial membrane potential. This was
followed by the release of cytochrome ¢ from the mitochon-
dria into the cytosol and activation of caspase-9 (68). Treat-
ment with the pan-caspase inhibitor zZVAD did not prevent
cytochrome c release, indicating that cytochrome c is released
independent of caspase activity. Furthermore, overexpression
of the antiapoptotic protein BCL-X;, prevented cytochrome c
release, caspase-9 activation, and cell death. Studies show also
that BCL-2 is able to prevent anoxia-induced cell death (78).

The antiapoptotic proteins BAX and BAK have also been
implicated in anoxia-induced apoptosis. In response to an-
oxia, BAX has been shown to translocate from the cytosol to
the mitochondria (84). Additionally, fibroblasts lacking BAX
and BAK are resistant to anoxia-induced apoptosis (76). Ge-
netic loss of caspase-9 or APAF-1, which are required proteins
for apoptosome formation, also protects cells from anoxia-
induced apoptosis (93). The extrinsic pathway can feed into
the intrinsic pathway through BID and amplify the death
response. However, BID-null fibroblasts die in anoxia (7).
Collectively, these data demonstrate that anoxia initiates ap-
optosis through the intrinsic apoptotic pathway.

Multiple proteins diminish the prosurvival
function of antiapoptotic BCL-2 proteins
to initiate anoxia-induced cell death

A key step in initiating the intrinsic apoptotic pathway is to
prevent the prosurvival function of antiapoptotic BCL-2
proteins. Negation of their activity is largely mediated by the
BH3-only proteins. Whereas MCL-1 is degraded by the pro-
teasome during anoxia, BCL-X, and BCL-2 protein levels re-
main stable, and inhibition of their function likely occurs
through BH3-only binding. The BH3-only protein BAD was
shown selectively to bind BCL-X;, BCL-2, and BCL-w,
thereby inhibiting the prosurvival function of these anti-
apoptotic proteins (52, 56). However, Bad-null cells still un-
dergo cell death in response to anoxia (7). BIM, BID, and
PUMA inhibit the prosurvival function of all the antiapopt-
otic proteins, yet the individual loss of any of these proteins
does not provide protection against anoxia. It is likely that a
combination of BH3-only proteins, or a novel BH3-only pro-
tein, prevents the prosurvival activity of BCL-X, BCL-2, and
BCL-w (7).

MCL-1 protein levels decrease in response to anoxia, and
this is dependent on the proteasomal pathway. Loss of MCL-1
as the result of DNA damage, adenoviral infection, and
growth-factor withdrawal has been shown to cause apoptotic
cell death (66, 105). Although MCL-1 protein levels decrease,
MCL-1 mRNA levels increase during anoxia (7). MCL-1
degradation does not occur during hypoxia, which also does
not cause cell death. MCL-1 protein levels decrease in
Bax~/~ /Bak™/~ cells cultured in anoxia. This indicates that the
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loss of MCL-1 occurs upstream of BAX and BAK activation. In
response to DNA damage, NOXA has been shown to bind to
MCL-1, causing its degradation through the proteasomal
pathway (20). However, MCL-1 degradation has been shown
in Noxa-null fibroblasts in response to anoxia (7). Ad-
ditionally, Noxa-null cells die in response to anoxia. However,
contradictory data report that anoxia increases both mRNA
and protein expression of NOXA and that suppression of
NOXA reduces anoxic cell death in an osteosarcoma cell line
(44). It is likely that anoxia activates different BH3-only pro-
teins in different cells that bind and diminish the prosurvival
activity of antiapoptotics to initiate BAX/BAK-mediated cell
death (Fig. 4).

The confusing role of BNIP3 in cell death

BCL-2/E1B 19-kDa interacting protein (BNIP3) is regulated
by HIF-1 during anoxia. BNIP3 has two hypoxia-response
elements (HREs) in its promoter region, and HIF-1 binds to
HRE2. Conditions that stabilize HIF-1«, such as 0.1% oxygen,
CoCl,, and deferoxamine mesylate, increase BNIP3 expres-
sion. BNIP3 is a unique proapoptotic BCL-2 protein that
heterodimerizes with BCL-2 and BCL-X; at mitochondrial
and nonmitochondrial sites and neutralizes their function (83,
99). Initially, BCL-2 overexpression delays BNIP3 activity,
but this is eventually overcome. Unusually, the transmem-
brane domain, and not the BH3 domain, has proven to be
essential for the proapoptotic function of BNIP3. Further-
more, the BNIP3 BH3 domain does not cause cytochrome c
release (56).

A clear role for BNIP3 during anoxia has proven difficult to
determine. BNIP3-induced cell death has characteristics that
are both consistent and inconsistent with apoptosis. Trans-
fection of BNIP3 into MCF7 or Rat-1 fibroblasts resulted in
apoptosis as defined by DNA fragmentation, yet cell death
occurred much slower when compared with more-potent
inducers such as Bid (48 h vs. 12h). Bax "/~ / Bak~/~ MEFs are
resistant to BNIP3 overexpression, which is consistent with
apoptosis. Additionally, mitochondrial dysfunction has been
associated with BNIP3-induced cell death, including mem-
brane depolarization, permeability transition pore opening,
and increased ROS production. Whether cytochrome c is re-
leased remains an area of controversy. The role of caspases in

Anoxia activates Bax/Bak-dependent cell death.
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FIG. 4. Anoxia activates BAX/BAK-dependent cell death.
BH3-only proteins are activated during anoxia and inhibit
prosurvival BCL-2 proteins. Inhibition of prosurvival pro-
teins results in BAX and BAK activation, mitochondrial outer
membrane permeabilization (MOMP), and cell death.
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BNIP3-induced cell death also is controversial. Some studies
show that the pan-caspase inhibitor Z-VAD-FMK failed to
protect cells, whereas other studies show complete protection
(37, 99). Studies have shown little evidence of caspase-3
cleavage and caspase-3~/~ MEFs were not protected from
BNIP3 (99). Additionally, Apafl '~ and caspase-9~/~ MEFs
were sensitive to BNIP3-induced cell death (99). Despite up-
regulation of BNIP3 during anoxia and the role of BNIP3 in
cell death, it is unlikely that BNIP3 mediates cell death in
response to anoxia, because knockdown of BNIP3 did not
protect MEFs, HeLa, or RKO cells from anoxia-induced apo-
ptosis (76). Recent studies have shown that BNIP3 can induce
autophagy as a survival mechanism, yet it has been reported
that BNIP3 is not involved in autophagy during anoxia (77).
Conversely, Tracy et al. (98) showed that, in the absence of the
RB tumor suppressor, BNIP3 induces autophagic cell death
during anoxia. The exact role of BNIP3 during anoxia is not
clear.

The role of p53 in anoxia-induced apoptosis

Several studies suggest that p53 mediates anoxia-induced
apoptosis [reviewed in (38)]. The transcription factor p53 is
stabilized by anoxia (32, 58) and controls the expression of
apoptotic genes such as Puma, Noxa, Bid, and Bax (70, 72,74, 88,
106). However, oxygen deprivation results in p53 interaction
with the transcriptional repressor mSin3A, indicating that p53
transcriptional activity may not be functional during anoxia
(49). p53 also is thought to control apoptosis by a transcription-
independent mechanism. It has been shown to bind directly to
antiapoptotic proteins and to diminish their prosurvival func-
tion. For example, co-transfection experiments identify BCL-X{,
and BCL-2 as binding partners of p53 (69). The specific contact
regions between BCL-X, and p53 were mapped to codons 239
to 248 of the DNA-binding domain of p53. Whereas wild-type
p53 was able to induce cytochrome c release from isolated
mitochondria, mutations in the DNA-binding domain of p53
prevented this phenotype. The addition of BCL-X, is able to
prevent cytochrome c release. The p53-BCL-Xy, interaction is
hypothesized to free BCL-X. from BAK, allowing MOMP.
Thus, p53 acts similar to BH3 proteins.

Initial studies showed that p53 is required for anoxia-
induced apoptosis in oncogene-transformed cells (50). In
contrast, anoxia-induced apoptosis has been shown to be in-
dependent of p53 but dependent on BAX/BAK in oncogene-
transformed cells (6). One possibility to reconcile these op-
posite studies is that anoxia-induced apoptosis in transformed
cells occurs only when coupled with acidosis (89). p53 has
been shown to be upregulated in certain cell lines when
coupled with acidosis (75). Thus, p53-mediated anoxic cell
death is likely restricted to oncogenically transformed cells
when coupled with acidosis.

Hypoxia Promotes Cell Survival Through HIFs
Structure and regulation of HIFs

HIF-1 was originally identified by its binding to the hypoxia-
response element (HRE) of the erythropoietin gene after
hypoxic exposure (101). HIF-1 is a heterodimeric transcription
factor consisting of an o (HIF-1«) and a § subunit [HIF-1f/aryl
hydrocarbon receptor nuclear translocator (ARNT)]. The sta-
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bility of the HIF-1a subunit is sensitive to oxygen concentra-
tions, whereas the HIF-1f subunit is constitutively stable (43).
Both components are members of the Per/ARNT/Sim (PAS)
family of proteins (101). Since its original identification, two
additional HIF family members have been identified: HIF-2«
and HIF-3 (73, 101, 104). Whereas HIF-1« is ubiquitously
expressed, HIF-2o¢ and HIF-30 are localized to specific cell
types (34, 67, 103). HIF-20. is biologically similar to HIF-1« and
binds to HIF-1f (103, 104). HIF-30 has many splice variants,
one of which may negatively regulate hypoxia-inducible gene
expression (63, 64, 67).

HIF-1« is hydroxylated at prolines 402 and 564 within the
oxygen-dependent degradation (ODD) domain, and this is
dependent on oxygen availability (39, 41). A family of proline
hydroxylation enzymes, termed PHDs, catalyze this reaction
(4, 27). Hydroxylation of HIF-1« requires iron in ferrous form
(Fe*™), oxygen, and 2-oxoglutarate as cofactors. The hydrox-
ylated prolines are recognized by and serve as binding sites
for the von Hippel-Lindau (VHL) ubiquitin E3 ligase complex,
which targets the protein for degradation by the 26S proteo-
some (39—41). HIF activity also is regulated in the nucleus by
factor-inhibiting HIF-1 (FIH-1) in an oxygen-dependent
manner. FIH was originally identified by Semenza and col-
leagues (61) as a novel HIF-binding partner. FIH is a 2-
oxoglutarate-dependent dioxygenase and functions similarly
to the prolyl hydroxylases in that it uses molecular oxygen
to modify its substrates. In normal-oxygen conditions, FIH-1
inactivates HIF by hydroxylating asparagine residues in the
carboxy-terminus transactivation domain (C-TAD) of HIF,
thus preventing binding between HIF and its coactivator,
CBP/p300 (53, 54). Therefore, FIH regulates the DNA binding
and transcriptional activity of HIF. During hypoxia, proline
hydroxylation of HIF-u is inhibited, preventing its recognition
by VHL-mediated proteosomal degradation. Thus, HIF-«
rapidly accumulates and binds to HIF-1f to activate tran-
scription. Low oxygen availability also inhibits FIH activity.
In the absence of FIH activity, HIF binds to CBP/p300, al-
lowing the transcription of target genes.

Many studies have focused on the precise mechanism for
HIF regulation during hypoxia. More than 90% of oxygen
intake is consumed by the mitochondria for oxidative phos-
phorylation. Therefore, the mitochondria have been impli-
cated as potential oxygen sensors that can regulate a variety of
hypoxic responses, including the regulation of HIF activity.
The initial experiments designed to test the role of the mito-
chondria in HIF activation used respiration-incompetent p°
cells. A subset of the respiratory-chain protein subunits are
encoded by the nuclear genome, yet 13 of these subunits are
encoded by mitochondrial DNA (mtDNA) (12). Ethidium
bromide (EtBr) preferentially inhibits mitochondrial DNA
synthesis by targeting the mitochondrial DNA polymerase
(97). Culturing cells in relatively low levels of EtBr is a method
used to generate cells that are deficient in mtDNA. These cells
are termed p° cells and do not have a functional electron-
transport chain. p° cells, which fail to respire, are unable to
activate HIF-1o in hypoxic conditions (10, 11). Interestingly,
HIF-10 is stabilized in p° cells exposed to anoxia. This indi-
cates that HIF-1« is regulated by different mechanisms in
hypoxia versus anoxia (90). Additionally, this provides evi-
dence that the proteins of the electron-transport chain are
required for hypoxic stabilization of HIF-1o. Anoxic stabili-
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FIG. 5. Oxygen availability regulates HIFs. Oxygen is re-
quired as a substrate for hydroxylation of the HIF-« subunit.
Oxygen also is consumed by mitochondrial complex IV.
Thus, in certain conditions, an increase in oxygen con-
sumption by complex IV results in reduced availability of
oxygen for hydroxylation of the HIF-o subunit.

zation of HIF is likely caused by direct inhibition of the PHDs
due to the absence of oxygen.

Two models have been proposed as possible mechanisms
by which the mitochondria activate HIF during hypoxia. The
conversion of oxygen to water at complex IV for the genera-
tion of ATP is a major sink for oxygen in a cell (87). This,
combined with the requirement of oxygen as a substrate for
PHD activity, is the basis for the first model (Fig. 5). This
model hypothesizes that during hypoxia, much of the oxygen
in the cell is directed to the mitochondria, resulting in an in-
tracellular oxygen gradient. This would result in the seques-
tration of oxygen away from the PHDs, therefore limiting
their ability to hydroxylate HIF-1« (23, 36). However, data
that contradict this model shows that HIF is stabilized during
hypoxia in respiration-incompetent cells that are not p° cells,
are able to stabilize HIF-1a during hypoxia (5).

The second model proposes that mitochondria-generated
ROS increase during hypoxia to prevent HIF-1o protein deg-
radation (Fig. 6) (reviewed in ref. 48). Interestingly, cytosolic
ROS increases during hypoxia (10). Cells deficient in the mi-
tochondrial electron-transport chain proteins cytochrome c or
Rieske iron-sulfur protein (RISP) do not show an increase in
ROS in response to hypoxia, and these cells are unable to
stabilize HIF-1a (5, 35, 65). Treatment with the mitochondria-
targeted antioxidant MitoQ prevents HIF activation (84), but
recent studies indicate that MitoQ also affects respiration (85).
The strongest evidence supporting the ROS model involves
the use of cells deficient in cytochrome b, an electron-transport
chain protein encoded by mitochondrial DNA (3). Cells de-
ficient in cytochrome b are able to generate ROS but are re-
spiratory deficient. These cells are able to stabilize HIF-1a
protein during hypoxia. However, depleting the RISP by
using RNAi in cytochrome b cells attenuates both ROS gen-
eration and HIF-la protein stabilization during hypoxia.
Furthermore, MitoQ prevents HIF-1a protein stabilization in
the respiratory-deficient cytochrome b-null cells. These re-
sults indicate that ROS generated from complex III activate
HIFs (Fig. 7).
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FIG. 6. Mitochondria-generated
ROS activate HIF-mediated transcrip-
tion. Mitochondrial ROS inhibit the
hydroxylation of HIF through a yet-
unidentified mechanism. In the absence
of hydroxylation, HIF-« is not recog-
nized by VHL; thus, it is not targeted
for degradation by the proteosome.
HIF-o. heterodimerizes with HIF-1p
and, in the nucleus, binds to hypoxic
response elements (HREs), resulting in
the transcription of genes such as
VEGF.

HIF and cell survival

The BCL-2 proteins integrate signals of survival and death.
The decision to commit to one fate or the other is dependent
largely on the balance between pro- and antiapoptotic BCL-2
proteins. HIF has been shown to increase the expression
of antiapoptotic BCL-2 family members and to decrease the
expression of proapoptotic family members. For example,
HIF-1a has been shown to increase the expression of the an-
tiapoptotic protein MCL-1 in HepG2 cells (81). Analysis of the
MCL-1 promoter sequence revealed a putative HIF-1 binding
site. HIF-1 was able to bind to this promoter sequence and

induce transcription. Furthermore, overexpression of MCL-1
protected HepG2 cells from apoptosis. HIF-1o also was shown
to regulate BCL-Xy, (13). This was demonstrated in a prostate
cancer PC-3 cell line with constitutively high HIF-1a levels.
Knockdown of HIF-1o in this cell line was correlated with a
dramatic decrease in BCL-X expression. This occurred
in parallel with sensitization to apoptosis and caspase-3 acti-
vation. It was further shown that HIF-1o directly regulates
BCL-Xy, transcription by binding to an HRE in the BCL-X|,
promoter (—865 to —847). HIF-1a expression has been corre-
lated with BCL-2 expression, yet direct regulation is not
known (2). Thus, HIF activation plays an important role in
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triggering cellular protection through the regulation of anti-
apoptotic proteins.

HIF also was shown to decrease expression of proapoptotic
BCL-2 proteins. Hypoxia caused a decrease in mRNA and
protein levels of BAD and BID in human colon cancer cells
(28). Whereas HIF-1a was dispensable for the downregula-
tion of BAD, it was required for the downregulation of
BID. HIF was able to bind to the BID promoter in region
—8484 to —8475. Furthermore, hypoxia caused a proteosome-
independent decrease in BAX expression. The loss of BAX
expression was the result of reduced translational efficiency
but was not correlated to HIF activity. Both BID and BAX
downregulation was confirmed in tumors in vivo, and forced
expression of BID in hypoxic cells resulted in increased
sensitivity to apoptosis (28). Collectively, these studies dem-
onstrate that HIF can directly regulate the activity of both
pro- and antiapoptotic family members to tip the balance
toward cell survival.

In addition to the BCL-2 family of proteins, HIF also has
been implicated in the regulation of other proteins involved in
apoptosis. Survivin is a structurally unique protein of the IAP
family. Both HIF-1a and survivin were found to be over-
expressed in non-small cell lung cancer, and their expression
increased in A549 cells cultured in hypoxia (14). Inhibition of
HIF-1o by RNAi decreased survivin expression. Another
member of this family, IAP-2, has been shown to be upregu-
lated during hypoxia but independent of HIF activity (24).
Thus, hypoxia activates cell-survival pathways through acti-
vation of HIF.

A newly identified regulator of HIF-1 and survival is DJ-1
(CAP1/RS/PARKY). Loss of DJ-1 leads to cell death in neu-
rodegenerative disease, whereas gain of function results in
cell survival in cancer. Loss-of-function mutations in the
human DJ-1 gene have been associated with early onset of
Parkinson disease (46). DJ-1 is overexpressed in lung cancer
and positively correlates with activated AKT (45). Loss- and
gain-of-function experiments revealed that DJ-1 promotes
cell survival by inhibiting PTEN, thereby enhancing AKT
phosphorylation. Activated AKT can prevent BAX/BAK-
dependent release of cytochrome ¢ (62). Overexpression of
DJ-1 also prevents oxidative stress—induced cell death (96).
Recently, Mak and colleagues (100) demonstrated that DJ-1
expression is critical for AKT and mTOR activation during
hypoxia (100). This sustains HIF-1o protein stability. In con-
trast, the loss of DJ-1 impairs transcription of HIF-1 target
genes. Mouse embryonic fibroblasts or cancer cells deficient in
DJ-1 are highly sensitized to anoxia-induced apoptosis. DJ-1-
deficient dopaminergic neurons also show enhanced sensi-
tivity to oxygen and glucose deprivation (82). Collectively,
these results indicate that DJ-1 is an important regulator of
survival in low-oxygen conditions.

Both anoxia and hypoxia regulate tumorigenesis

Accumulation of oncogene expression coupled with loss of
tumor suppressors promotes deregulated proliferation, re-
sulting in the formation of a small tumor. Low-oxygen mi-
croenvironments are a hallmark of solid tumors. This is due in
part to deregulated growth, which overrides the ability of the
vasculature to supply sufficient oxygen (38). In addition,
tumor blood vessels are structurally and functionally im-
paired compared with normal tissue vasculature. New blood
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vessels recruited to tumors are disorganized and have a
variety of abnormalities, including leakiness (42). As a result,
tumors have both anoxic and hypoxic regions. Cell death is
prominent in areas farthest from the tumor vasculature,
where anoxia causes apoptosis. Anoxia-induced apoptosis
serves as a safeguard against tumor development. Anoxia
also provides a selective pressure for tumor growth (31).
Anoxia will select for tumor cells that have mutations in p53 or
overexpress antiapoptotic BCL-2 proteins, because these on-
cogenically transformed cells are resistant to anoxia-induced
cell death (31). Thus, anoxia provides a selective pressure in
tumors for the expansion of cells that have lost apoptotic
potential.

For a small tumor to grow, it requires adaptation to hyp-
oxia and development of new blood vessels in anoxic regions.
HIFs directly control the transcription of genes involved in
glycolytic metabolism, angiogenesis, and metastasis (92).
Multiple studies have shown that loss of HIFs prevents tumor
formation. Because mitochondrial ROS regulate HIFs, anti-
oxidants should prevent tumorigenesis in an HIF-dependent
manner. Dang and colleagues (30) demonstrated that the
antioxidant N-acetylcysteine prevents tumor growth, which
can be rescued by a constitutively active HIF-1 (30).

Well-oxygenated tumors have a better prognosis than do
tumors in low-oxygenated regions, independent of treatment.
This indicates that low-oxygen microenvironments may not
be a by-product of tumorgenicity but may actually contribute
to tumor progression. The best evidence comes from a recent
study in which ectopically expressed myoglobin (Mb) in A549
human lung carcinoma cells was used to keep cells from
becoming hypoxic (29). Mb is a cytosolic hemoprotein pres-
ent in skeletal and heart muscle. This protein binds oxygen
reversibly and facilitates oxygen transport from the blood
to the mitochondria or acts as an oxygen reservoir during
hypoxic conditions. Mb expression in A549 cells prevented
the hypoxic response in vitro. Mb expression also delayed
tumor engraftment and reduced tumor growth after xeno-
transplantation into mice. Mb-expressing tumors showed
little or no hypoxia, minimal HIF-1« levels, and a homoge-
neously low vessel density. Mb-mediated tumor oxygenation
promoted differentiation of cancer cells and suppressed me-
tastasis. Constitutively active HIF-1o rescued tumor growth in
Ab549 cells expressing Mb. As a control, point mutations in Mb
that prevented oxygen binding allowed tumor growth and
metastasis. This study provided evidence that hypoxia is not
just a side effect, but actually a driving force for tumor growth.

In summary, it is clear that mitochondria are decision
makers for cell death and cell survival during anoxia and
hypoxia, respectively. Anoxia (0-0.5% oxygen) induces apo-
ptosis through the intrinsic apoptotic pathway. Hypoxia (0.5%
to 3% oxygen) promotes cell survival through mitochondrial
ROS-dependent activation of HIFs and their target genes. The
signaling events that occur in response to anoxia and hypoxia
are significant to human disease in which anoxia selects for
apoptosis-resistant cells in tumors and hypoxia allows tumor
growth. A firm understanding of these events will allow better
therapeutic strategies in the treatment of cancer.
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