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The hypoxia-inducible factor (HIF) fam-
ily of bHLH-PAS (basic helix-loop-helix 
per/arnt/sim domain) transcription fac-
tors are crucial for responding to changes 
in cellular oxygen levels.1 Mitochondria 
are the powerhouse of oxygen consump-
tion in eukaryotic cells, generating 
chemical energy in the form of adenosine 
triphosphate (ATP). Recent studies have 
highlighted the importance of mitochon-
dria for relaying hypoxic signals to regu-
late HIF function in mammalian cells.2 
In addition, other studies have described 
a role for multiple HIF-1 transcriptional 
targets (e.g., pyruvate dehydrogenase 
kinase 1, BNIP3, lactate dehydrogenase A, 
complex IV and miRNA210) in control-
ling cellular oxygen consumption and 
metabolism by regulating mitochondrial 
function.3 In this way, HIF transcriptional 
activity indirectly controls mitochondrial 
function, and mitochondria indirectly 
regulate HIF transcriptional function in 
response to hypoxia. Despite more than a 
decade of advances in HIF research, the 
precise molecular mechanisms for how 
mitochondria interface with the cellular 
HIF/oxygen-sensing machinery are yet to 
be unravelled.

We envisage that yet-undiscovered 
molecular mechanisms exist that allow 
mitochondria to rapidly respond to fluc-
tuations in cellular oxygen levels, enabling 
cells to continuously control metabolic out-
put and conserve energy. Mitochondria-
mediated responses to changes in cellular 
oxygen may not wholly depend on tran-
scriptional events in the nucleus, which 
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could take several hours to relay. Indeed, 
we have been exploring the possibility that 
HIFs themselves are associated with mito-
chondria, since a previous study described 
the association of HIF-1α protein with 
mitochondria in cultured (rat) cardiac 
myocytes in response to hypoxia precon-
ditioning.4 Confirming these observations 
using subcellular fractionation analyses 
and purified mitochondria, we have found 
that endogenous HIF-1α protein local-
izes with both nuclear and mitochondrial 
fractions in response to hypoxia (1% O

2
) 

and is detected in the mitochondrial frac-
tions within 2 h of exposure (Fig. 1). 
Moreover, exposure of cells to the 2-oxo-
glutarate analog dimethyloxalylglycine 
(DMOG), which leads to the rapid stabi-
lization of HIF-1α protein by blockade of 
the prolyl hydroxylase domain enzymes, 
also promotes the localization of HIF-1α 
with mitochondrial fractions in normoxia 
(Fig. 1B). We have estimated that probably 
less than 5% of the total HIF-1α protein 
stabilized overall in the cell is associated 
with mitochondrial fractions, presenting 
a challenge for evaluating endogenous 
mitochondria-associated HIF-1α protein 
in situ in cells using standard immunos-
taining techniques. Of course, taking 
particular care to purify mitochondria 
by subcellular fraction and sucrose gradi-
ent and assessing appropriate subcellular 
marker proteins to validate protein local-
ization is essential. Interestingly, we have 
found that HIF-1α protein stabilized in 
normoxia by inhibition of proteasomal 
degradation using MG132 is also detected 

in mitochondrial fractions and is hydrox-
ylated at Pro564 (Fig. 1C). Collectively, 
our data suggest several exciting possibili-
ties; that HIF-1α protein is (1) escorted to 
mitochondria and/or (2) imported into 
mitochondria and/or (3) localized and 
stabilized within mitochondria.

Although HIF-1α is best known as the 
regulatory component of the HIF-1 tran-
scription factor, clearly the HIFs may have 
other functions outside the nucleus. The 
possibility that the HIFs and components 
of the cellular oxygen-sensing machin-
ery interface directly with mitochondria 
presents a complementary mechanism for 
controlling mitochondrial function and 
metabolism when cellular oxygen levels 
fluctuate.
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Figure 1. HIF-1α protein localizes with mitochondria. (A) HCT116 cells were incubated in normoxia (Norm) or hypoxia (1% O2, Hyp) for 8 h.  
Subcellular fractionation was performed, and the fractions (Nuc, nuclear; Cytos, cytosolic; Mito, mitochondrial) were analyzed by protein gel blot for 
HIF-1α. Cytochrome c and α-tubulin were used as subcellular fractionation controls. (B and C) HL-1 mouse cardiomyocytes were exposed to (B) DMOG 
(1 mM) for the times indicated or (C) MG132 (10 μM) and DMOG (1 mM), as indicated, for 4 h. Subcellular fractionation was performed and fractions 
(Total; Cytos, cytosolic; Mito, mitochondrial) were analyzed by protein gel blot for HIF-1α protein and hydroxylated (Pro564) HIF-1α protein. Analysis 
of lamin B (nuclear marker), α-tubulin (cytoplasmic marker) and voltage-dependent anion-selective channel protein 1, VDAC1 (mitochondrial marker) 
was performed to assess the efficiency of subcellular fractionation.


