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ABSTRACT: Hypoxia inducible factor-1 (HIF1) is a stress-responsive nuclear transcription
factor that is activated with a decrease in oxygen availability. HIF1 regulates the expression of
genes involved in a cell’s adaptation to hypoxic stress, including those with mitochondrial specific
function. To gain a more comprehensive understanding of the role of HIF1 in mitochondrial
homeostasis, we studied the link between hypoxia, HIF1 transactivation, and electron transport
chain (ETC) function. We established immortalized mouse embryonic fibroblasts (MEFs) for
HIFla wild-type (WT) and null cells and tested whether HIFla regulates mitochondrial
respiration by modulating gene expressions of nuclear-encoded ETC components. High-
throughput quantitative real-time polymerase chain reaction was performed to screen nuclear-
encoded mitochondrial genes related to the ETC to identify those whose regulation was HIF1a-
dependent. Our data suggest that HIF1a regulates transcription of cytochrome ¢ oxidase (CcO)
heart/muscle isoform 7al (Cox7al) under hypoxia, where it is induced 1.5—2.5-fold, whereas
Cox4i2 hypoxic induction was HIF1a-independent. We propose that adaptation to hypoxic stress

of CcO as the main cellular oxygen consumer is mediated by induction of hypoxia-sensitive tissue-specific isoforms. We suggest
that HIF1 plays a central role in maintaining homeostasis in cellular respiration during hypoxic stress via regulation of CcO

activity.

ypoxia is defined as a state in which the level of oxygen

drops below normal in cells or tissues." Hypoxia causes
stress within a cell that disrupts homeostasis, and these hypoxia-
induced disruptions are associated with all of the leading causes
of death in the United States, including cardiovascular disease,
strokes, and cancer.”® Because of the detrimental effects of
decreased oxygen tension, primarily at the level of energetics,
organisms have developed a programmed response to this
condition.* This response is predominantly aimed at increasing
the level of glucose utilization at the cellular level and the
stimulation of erythropoiesis and angiogenesis at organismal
levels.” This occurs primarily through the transcriptional
regulation of genes involved in these processes, such as those
for glycolytic enzymes and transporters (Gapdh and Slc2al),
erythropoietin (Epo), and vascular endothelial growth factor
(Vegfa). The transcriptional response to hypoxia is primarily
regulated by a subset of the PAS superfamily of proteins, the
hypoxia inducible factors."

Hypoxia inducible factors (HIFs), which include HIFle,
HIF2a, HIF3a, aryl hydrocarbon receptor nuclear translocator
(ARNT, also known as HIF1f), and ARNT2, are transcrip-
tional regulators whose activity is sensitive to decreases in
oxygen availability.z’3 HIFla, HIF2a, and HIF3a are primarily
cytoplasmic and, under normal oxygen tension conditions, are
quickly degraded by the ubiquitin pathway. This degradation is
dependent upon protein motifs, termed oxygen-dependent
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degradation domains (ODDs), found near the carboxy
terminus of the protein.” The hydroxylation of conserved
residues within the ODD by oxygen-requiring prolyl hydrox-
ylase domain-containing proteins (PHDs) targets HIFs for
proteasomal degradation. Under hypoxic conditions, HIFs are
stabilized and translocate to the nucleus where they are free to
form dimers with ARNT or ARNT?2. These heterodimers bind
genomic DNA at sites called hypoxia response elements
(HREs) to modulate transcription.’ Though HIFs are the
primary mediators of the cellular response to hypoxic stress,
HIF-independent signaling pathways also play a significant role
following exposure to low levels of oxygen.>®

Hypoxia directly impacts mitochondrial function by limiting
the availability of oxygen necessary to complete the electron
transport chain (ETC). Mitochondria utilize approximately
90% of cellular oxygen and, in return, generate approximately
90% of the total cellular energy (ATP) in normal tissues.”®
Aerobic respiration involves three distinct phases: oxidation of
substrates (e.g, glucose), electron transport, and oxidative
phosphorylation (OXPHOS). In this process, reducing
equivalents, primarily derived from the tricarboxylic acid
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(TCA) cycle, are transferred to the ETC and ultimately to O,.
The energetically favorable movement of electrons within the
ETC is coupled to the production of an electrochemical
gradient across the inner membrane of the mitochondria, which
is used to drive ATP synthesis. The critical role of oxygen in
this process makes the ability to cope with changes in oxygen
tension a metabolic priority. To maintain necessary energy
levels under hypoxic stress, eukaryotic cells adapt by switching
to anaerobic metabolism and substrate level phosphorylation.
Most of the regulation necessary to make this metabolic switch
is provided by HIF1 via transcriptional regulation of a battery of
genes, including glycolytic enzymes, glucose transporters, and
pyruvate dehydrogenase kinase.” HIF1 also impacts mitochon-
drial function via transcriptional regulation of Bcl-2/adenovirus
E1B 19 kDa-interacting protein3 (Bnip3) expression.'”'" In
addition, HIF1 negatively regulates mitochondrial biogenesis
and O, consumption by activating the transcription of genes
that regulate c-Myc and by suppressing mitochondrial gene
expression nontranscriptionally.”'*

The respiratory chain in the inner mitochondrial membrane
contains four enzyme complexes (I—IV) through which
electrons pass on their way to reducing O, to water. Complex
I is termed NADH-ubiquinone oxidoreductase and reduces
ubiquinone at the expense of NADH, resulting in the net
transfer of four protons across the inner membrane. Complex
II, also known as succinate dehydrogenase, consists of only four
peptides and is thus the simplest of all the complexes of the
ETC. Complex II is also a TCA cycle enzyme and directly links
the oxidation of succinate to fumarate with the reduction of
ubiquinone to ubiquinol but does not translocate protons
across the inner membrane. Complex III (also known as
ubiquinone-cytochrome-c oxidoreductase) enzymatically cou-
ples proton transfer to the oxidization of ubiquinol and the
reduction of cytochrome c. Finally, complex IV, cytochrome ¢
oxidase (CcO), completes the ETC by transferring the
electrons from cytochrome ¢ to O, and utilizing the exergonic
oxygen reduction reaction to pump protons.

Mammalian CcO crystallizes as a dimer, with each monomer
containing 13 subunits, where subunits 1—3 are encoded by the
mitochondrial genome. The other 10 subunits are nuclear-
encoded proteins with COX4, COX6A, COX6B, COX7A, and
COX8 having tissue- and species-specific isoforms.'>™'¢ COX4,
specifically isoform 1 (Cox4il), has been implicated in the
allosteric inhibition of CcO via binding of ATP to the matrix
domain."”'® Hypoxia was shown to upregulate Cox4i2 isoform
expression in liver and lung, which can alter CcO activity, ATP
levels, and ROS production and is proposed as a mechanism for
protecting tissues from oxidative damage.'”*° Cox6a isoforms
are postulated to participate in mammalian thermogenesis by
decreasing H'/e™ ratios and increasing respiration and heat
production.'® Cox7al is expressed tissue-specifically in heart
and skeletal muscle, and Cox7a2, a liver-type isoform, is
expressed ubiquitously. Though it has been suggested that
Cox7a isoforms are associated with glucose uptake, total body
aerobic capacity, StAR expression, and steroidogenesis, very
little is known about the function of this isoform pair.*"**

To gain a more comprehensive understanding of the link
between hypoxic stress, HIFla activation, and mitochondrial
function, we generated two immortalized cell lines [Hifla, wild
type (WT) and null] and measured extracellular oxygen levels
(indicative of oxygen consumption rates) after exposure to
mitochondrial modulators. Following challenge, the cells were
also assessed for changes in mitochondrial function and the
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expression of genes that encode proteins that are important for
ETC and OXPHOS via a comprehensive qPCR screen. The
results revealed HIFla-responsive genes within the ETC,
especially in complex IV, subunit 7al of cytochrome ¢ oxidase
(Cox7al). Finally, the results suggest that Hifla plays a central
role in regulating the specific activity of CcO under various
experimental conditions. This most likely involves various
mechanisms, such as allosteric regulation, the redox status of
the cell, and, in cells that express both subunits, complex
composition.

B EXPERIMENTAL PROCEDURES

Mouse Embryonic Fibroblast (MEF) Isolation.
Hifla™/%* transgenic mice were generous gifts from R.
Johnson (University of Cambridge, Cambridge, U.K.). Mice
used in this study were kept at the animal housing facility under
strict hygienic and pathogen-free conditions approved by the
University Laboratory Animal Resource regulatory unit. All
procedures were performed with the approval of the Michigan
State University Committee on Animals Use and Care.
Genotype-specific homozygous male and female mice were
mated, and the females were kept isolated until day 14 of
gestation (vaginal plug detection day was considered as day 0).
Dams were anesthetized in a CO, chamber for 90 s and then
sacrificed using cervical dislocation. Embryos were surgically
removed from the uterine horns and processed for fibroblast
isolation using a protocol adapted from previous reports.”®
Briefly, after surgical excision, embryos were transferred to a
sterile cell culture hood, washed with 70% ethanol and PBS,
cleaned (removal of liver, limbs, and head), diced, incubated
with trypsin/EDTA at 37 °C for 30 min, and then passed
through a 22 gauge needle onto a 10 cm plate and placed in a
37 °C incubator.

Cell Culture. High-glucose (Glc) MEF medium was
Dulbeco’s modified Eagle’s medium (DMEM) (cat 11965,
Gibco, Grand Island, NY) containing glucose (4500 mg/L)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 units/mL penicillin, 100 pug/mL streptomycin, 2
mM L-glutamine, 0.1 mM nonessential amino acids, and 10
mM HEPES (pH 7.8). Galactose (Gal) MEF medium was
glucose-free DMEM (cat 11966, Gibco) supplemented with 10
mM galactose and all additives described above. All cell culture
work, unless otherwise specified, was performed under standard
cell culture conditions (5% CO,, 35% humidity, and 37 °C) in
a NAPCO (Winchester, VA) model 7000 incubator for
normoxic conditions (21% O,) or in an O,-controlled glovebox
(Coy Laboratory Products Inc., Grass Lake, MI) for hypoxic
conditions (1% O,).

MEF Cell Line Generation and Genotyping. Freshly
isolated MEF cells were plated in 10 cm plates at ~70%
confluency with Glc medium changed daily. Cells were then
immortalized by transfection with a plasmid construct (pRNS)
containing the SV-40 large T antigen (a generous gift from C.
C. Chang, Michigan State University) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) following the manufacturer’s
instructions. Positive stable integrants were selected with 300
ug/mL G418 (Gibco). G418 resistant cells were split and
infected with either LacZ recombinant (Ad-CMV-b-Gal) or Cre
recombinase (Ad-CMV-Cre) adenovirus (Vector BioLabs,
Philadelphia, PA) at 4000 multiplicity of infection for 48 h.
Cells were then plated at very low densities (100 cells/15 cm
plate), and when individual colonies became visible, clones
were isolated and genotyped. Four WT and four null clones for
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Hifla were pooled in equal numbers to generate two cell lines,
Hifla WT and Hifla null. For genotyping, cell lines were
grown to confluency in a 6 cm plate, rinsed and scraped with
cold PBS (4 °C), and collected by centrifugation. Genomic
DNA extraction and genotyping were performed on the cell
pellet as previously described (primer F, TTG GGG ATG AAA
ACA TCT GC; primer R, GCA GTT AAG AGC ACT AGT
TG).** The size of the amplified gene for Hifla WT was 962
bp.
Nuclear Protein Preparation. MEF cells were grown in 15
cm plates to confluency under normoxic (21% O,) or hypoxic
(1% 0O,) conditions or with 150 uM CoCl, for 24 h, and
protein extracts were prepared as described previously.” Briefly,
cells were washed with cold PBS (4 °C) and removed from the
plate surface by being scraped in cold (4 °C) PBS and collected
by centrifugation. Nuclear fractions were prepared by lysing the
cells in 10 mM Tris (pH 7.5), 1.5 mM MgCl,, 10 mM KCl
supplemented with Complete-mini EDTA-free protease in-
hibitor tablets (Roche Applied Science, Indianapolis, IN), 2
mM DTT, 1 mM Na;VO,, and 0.4 mM PMSF and kept on ice
for 10 min. Nuclei were collected by centrifugation (12000g for
10 min) and resuspended in 20 mM Tris (pH 7.5), 0.42 M
KCl, 20% glycerol, and 1.5 mM MgCl, supplemented as
described above and rotated for 45 min at 4 °C. Insoluble
material was removed by centrifugation (20000g for 10 min),
and the protein concentrations of the supernatant were
determined using the Bio-Rad (Hercules, CA) Bradford assay
kit and BSA standards.>® Protein samples were analyzed for
HIF1la stabilization through Western blotting.

Mitochondrial Protein Preparation. MEF cells were
grown in 15 cm plates to confluency under normoxic (21% O,)
or hypoxic (1% O,) conditions for 24 h, and mitochondria were
isolated using a protocol adapted from a previous report.”®
Briefly, cells were washed with cold PBS (4 °C) and removed
from the plate surface by being scraped in solution A (0.25 M
sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, and 0.1 mM PMSE).
Samples were then subjected to three freeze/thaw cycles with
mixing by pipet for each thaw, and insoluble material was
removed by centrifugation (700g for 10 min at 4 °C). The
supernatant was further cleared by centrifugation (10000g for
15 min at 4 °C) and aspirated, and the pellet was resuspended
in solution A. Mitochondrial protein concentrations were
determined using the Bio-Rad Bradford assay kit and BSA
standards.”> Protein samples were analyzed for CcO enzyme
activity.

Western Blotting. Protein samples were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) and transferred to a nitrocellulose membrane.
Western blots were performed with rabbit antibodies against
HIFla (NB100-479, Novus Biologicals, Inc., Littleton, CO)
and f-actin (SC-7210, Santa Cruz Biotechnology, Inc., Dallas,
TX). Proteins were visualized with horseradish peroxidase-
conjugated goat anti-rabbit IgG (sc-2004, Santa Cruz
Biotechnology, Inc.) and an ECL Western blot system (Pierce,
Rockford, IL).

Oxygen Consumption Rate (OCR) Measurements.
OCR was measured using an XF24 Extracellular Flux Analyzer
(Seahorse Bioscience, Billerica, MA) as described in the
manufacturer’s instructions. Hifla WT and null cells,
preadapted to medium glucose levels for 24 h, were plated in
Glc or Gal medium at a density of 40000 cells/well and were
allowed to adhere to the plate for 24 h. The culture medium
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was then replaced with specific XF24 assay medium. Glc XF24
assay medium consisted of DMEM base (cat DS030, Sigma-
Aldrich, St. Louis, MO) supplemented with 25 mM glucose, 31
mM NaCl, 1 mM sodium pyruvate (Atlanta Biologicals, Inc.,
Flowery Branch, GA), 2 mM GlutaMAX (Gibco), and 15 mg/L
phenol red (Sigma-Aldrich). Gal XF24 assay medium consisted
of DMEM base (cat D5030, Sigma-Aldrich) supplemented with
10 mM galactose instead of glucose and all additives described
above. Measurement of OCR was started 90 min after
switching XF24 assay medium, and the inhibitors of ETC
and OXPHOS system were injected in the following order:
oligomycin A (1 uM), CCCP (1.5 uM for WT and 0.75 uM for
null cells), and rotenone (0.5 yM)/antimycin A (0.5 uM). The
concentration of CCCP for each cell line was optimized by
measuring OCR in different nutrient environments, Glc or Gal
XF24 assay medium. After OCR had been measured, cells were
washed with cold PBS and lysed in buffer [10 mM Tris-HCl
(pH 7.5) and 0.1% Triton X-100] by being frozen and thawed.
The total protein amounts in each well were determined using
a Bio-Rad Bradford assay kit and BSA standards.”> The OCR
(picomoles per minute) was divided by total protein amounts
for each well, and spare respiratory capacity was calculated by
manufacturer’s software, the XF Mito Stress Test Report
Generator.

RNA Isolation and Quantitative Real-Time PCR
(qPCR). RNA was isolated from the two different cell strains
cultured in different carbon sources and at different oxygen
tensions using TRIzol reagent via the manufacturer’s
instructions (Invitrogen). RNA pellets were resuspended in
ddH,O and quantified spectrophotometrically (260 nm). Total
RNA (2 pg) was reverse transcribed by SuperScript III using an
anchored oligo-(dT),, primer as described by the manufacturer
(Invitrogen). The resulting cDNA was diluted in ddH,O and
used as a template for high-throughput qPCR (HTP qPCR)
and manual gPCR. Primer pairs were designed to amplify 104
nuclear genes that encode specific mitochondrially related
proteins (Table S1 of the Supporting Information). In total, 40
ETC complex I, 4 ETC complex II, 16 ETC complex III, 15
ETC complex IV, and 19 ETC complex V genes were assayed.
Five uncoupling proteins, three chaperone, three housekeeping
reference, and five control genes (one stress-responsive gene
and four HIFla-responsive genes) were also examined.

HTP qPCR mixtures consisting of 2 yL of ¢cDNA, each
primer at 0.3 uM, and 2X Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA) were aliquoted into 384-
well plates using a Biomeck 2000 Laboratory Automation
Workstation (Beckman Coulter Inc., Fullerton, CA). Amplifi-
cation was conducted using an Applied Biosystems PRISM
7900HT Sequence Detection System. Quantification was
determined using the comparative C; method (AACy)
(Applied Biosystems). The geometric mean of the expression
of three housekeeping genes (Actb, Hprt, and Ppia) was used to
control for differences in RNA loading, quality, and ¢cDNA
synthesis. Fold changes in expression were calculated with HTP
qPCR results using the AACt method with the WT Glc
control (WT Glc Ctrl) group for each time point (4 and 24 h)
being scaled to equal 1. Cluster version 3.0 was used to
generate average linkage files, and Maple Tree version 0.2.3.2
BETA (http://sourceforge.net/projects/mapletree/) was used
to create colored dendrograms from the linkage files, where red
indicates upregulation and green indicates downregulation.”’

Manual qPCR was performed with 25 uL reactions (S pL of
cDNA template, each primer at 0.3 yM, 3 mM MgCl,, 200 uM
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dNTPs, 0.6 unit of AmpliTaq Gold, and 10X SYBR Green PCR
Buffer) and amplified using an Applied Biosystems PRISM
7000 Sequence Detection System. The Hprt housekeeping gene
was a reference, and expression levels of key genes (Slc2al,
Vegfa, Cox4il, Cox4i2, Bnip3, Cox6al, Cox6a2, Cox7al, and
Cox7a2) were calculated using the AAC; method. Fold
changes of Sic2al, Vegfa, and Bnip3 were calculated compared
to the WT Glc control group (WT Gle Ctrl) for 24 h being
scaled to equal 1. Fold changes of Cox4il, Cox4i2, Cox6al,
Cox6a2, Cox7al, and Cox7a2 were expressed compared to the
WT Glc Ctrl of one isoform of each Cox subunit for 24 h being
scaled to equal 1.

Measurement of CcO Enzyme Activity. CcO activity was
determined as previously described with slight modifications.*®
Bovine heart cytochrome ¢ was dissolved in assay buffer (40
mM phosphate buffer and 0.5% Tween 80) at 0.4 mg/mL and
was reduced using sodium dithionite. The fully reduced
cytochrome ¢ was confirmed by the ratio of absorbance at
550 and 565 nm, and the change in absorbance at 550 nm was
recorded as a function of time for the CcO assay. After the
absorbance at 550 nm of reduced cytochrome ¢ (4,.4) had been
recorded, isolated mitochondria were added and the
absorbance at 550 nm was recorded every S s for 3 min. The
initial CcO activity was calculated using the expression

(AAbs,;,/min) X (total assay volume)
/[19.6 mM ™" x (mitochondrial volume)

X (mitochondrial concentration)]

with units of micromoles per minute per milligram. The specific
activity was calculated as a turnover number in inverse minutes,
dividing CcO activity in micromoles per minute per milligram
protein by mitochondrial CcO concentration in micromoles per
milligram protein. The absorbance for CcO activity was
measured using a SpectraMax M2 spectrophotometer (Molec-
ular Devices, Sunnyvale, CA).

Mitochondrial CcO Measurement. The concentration of
cytochrome aa; (CcO) was determined as previously
described® by measuring the visible difference spectra
(dithionite-reduced minus ferricyanide-oxidized) of the deter-
gent-solubilized mitochondria from 500 to 700 nm. The peak at
605 nm represented the reduced minus oxidized peak of
cytochrome a. The concentration of CcO was calculated using
the extinction coeflicient for reduced—oxidized CcO of 24
mM™" em™" at 605—630 nm.

Statistical Analysis. The result of spare respiratory capacity
was analyzed for significant differences by analysis of variance
(ANOVA) followed by Tukey’s post hoc test.

B RESULTS

Creation of Hifla WT and Null Cells. The genotype of
the Hifla WT and Hifla null cells was confirmed by PCR, and
the extent of recombination was approximately 100% in the
nulls (Figure 1A). To confirm the functional deletion of the
Hifla gene, HIF1a protein levels following exposure to control
conditions (Ctrl), 150 uM CoCl, (Co), or hypoxia (1% O,,
Hyp) for 24 h were examined by Western blot analysis (Figure
1B). Hifla null cells did not express HIFla protein under
CoCl, or hypoxia, confirming that recombination-induced
functional deletion of Hiflar gene was approximately 100%.

Cellular Respiration in Hifla WT and Null Cells under
Different Energy Sources. To determine the role of HIFla
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Figure 1. Genotype and protein comparisons of Hifla WT and null
cells. (A) Hifla WT and null cells were harvested; DNA was extracted,
and PCR-based genotyping was performed using Hifla primers
described in Experimental Procedures. (B) Hifla WT and null cells
were exposed to control conditions (Ctrl), 150 uM CoCl, (Co?*), or
1% O, (Hyp) for 24 h. Nuclear protein was extracted and separated by
SDS—PAGE, transferred to a nitrocellulose membrane, and probed
with a HIF1a-specific (top) or f-actin-specific (bottom) antibody (n =
2).

in cellular respiration, the extracellular oxygen flux of each cell
line in different nutrients was measured to calculate OCR
(Figure 2). OCR was monitored in the presence of ETC and
OXPHOS inhibitors, oligomycin (a), CCCP (b), and
rotenone/antimycin (c), in Hifla WT and null cells in Glc
and Gal media (Figure 2A). It is important to note that spare
respiratory capacity was described as maximal respiration [i.e.,
the OCR in the presence of CCCP (44.9 min in Figure 2A)]
divided by a basal respiration (OCR at 9.9 min in Figure 2A)
times 100 (Figure 2B). The Hifla WT cells in both Glc and
Gal media had spare respiratory capacities significantly higher
than those of Hifla null cells in the Gal media (WT Glc, 182%;
WT Gal, 222%; null Gal, 100%). The Hifla null cells in the Glc
media showed a spare respiratory capacity of 158%, but this was
not significant when compared to that of null cells in the Gal
media. Similar results were also observed in the two cell types
and under different conditions when pericellular oxygen
consumption was measured using a SensorDish Reader
(PreSens Precision Sensing GmbH, Regensburg, Germany)30
(data not shown).

Screening HIF1-Dependent mRNA Expression of
Nuclear-Encoded Mitochondrial Genes. The oxygen
consumption data suggest that the cellular respiration efficiency
in the two cell types is inherently different. To further elucidate
the role of HIFla in mitochondrial function, HTP qPCR was
utilized to screen the expression levels of 104 nuclear-encoded
genes associated with the ETC and mitochondrial function.
Hifla. WT and null cells were exposed to control (Ctrl)
conditions or 1% O, (Hyp) in both Glc and Gal media for 4
and 24 h (Figure 3A). Compared to the 24 h time point, the 4
h time point showed a high percentage of downregulated genes.
Five groupings of differentially expressed genes are indicated in
Figure 3A. Group 1 has many genes that were upregulated at 4
h and downregulated at 24 h, including the complex I genes
Ndufc2, Ndufs4, and Ndufb3. Group 2 contains the positive
control HIFla-regulated genes (Bnip3, Slc2al, and Vegfa)
along with CybSr2, Cox6a2, and Cox7al, which, in particular,
show a classic HIF1a-regulated expression pattern (Figure3B).
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Figure 2. Measurement of oxygen consumption rate (OCR) from
Hifla WT and null cells. (A) OCR, calculated as picomoles per
minute per protein amount in the XF24 assay medium of Hifla WT
and null cells grown in Glc or Gal media, measured after exposure to
(a) oligomycin (1 uM), (b) CCCP (1.5 uM for WT and 0.75 uM for
null cells), and (c) rotenone (0.5 uM)/antimycin A (0.5 uM). Lines
indicate average values # standard errors (n 3). (B) Spare
respiratory capacity as a percentage calculated with maximal
respiration (OCR at 44.9 min) and basal respiration (OCR at 9.9
min) by the manufacturer’s software, the XF Mito Stress Test Report
Generator. Data were analyzed for significant differences by ANOVA
followed by Tukey’s post hoc test. A number sign indicates significant
differences at p < 0.0S.

Most of the group 3 genes were downregulated at 4 h and
upregulated at 24 h without showing a distinct HIF1a-regulated
expression pattern, such as Lonpl, Cox4i2, and CybSrl. There
was a small group of genes (group 4) that showed greater
upregulation in the null than in the WT cell line at both 4 and
24 h time points. This group includes the mitochondrial
uncoupling protein (UCP4) gene, Slc25427, and ATP synthase
subunits AtpSj2 and AtpScl. Finally, group S is primarily
composed of genes whose expression was downregulated at
both 4 and 24 h regardless of cell type, in particular the ETC
complex II genes Sdha, Sdhc, and Sdhd.

HIF1-Dependent Gene Expression of Nuclear-En-
coded Mitochondrial CcO Genes. Manual qPCR was
performed on select genes that were dependent upon HIFla-
mediated regulation in HTP qPCR. Classic HIF1a-regulated
genes Slc2al, Vegfa, and Bnip3 showed the expected higher
level of expression in the Hifla WT cells in response to a 24 h
hypoxia treatment compared to control and Hifla null cells
(Figure 4A). Several genes associated with CcO showed
differential patterns of gene expression among the different
isoforms (Figure 4B—D). Cox4il had a higher level of
expression when cells were exposed to Gal media and hypoxia.
Cox4i2 had a higher level of expression in Hifla null cells under
hypoxia than in WT cells regardless of sugar sources. The level
of Cox6al expression was higher in Hifla null cells regardless

3743

4 hours 24 hours

g;‘;r"—vﬁw Loty r"ﬁH’_:

NN_001033305  ndue
Nicoteds - ha
1
2
3
4
|
|
|
LL
i 5
&
NM_175015 alp5g3
S NM 011671 uco2
B 4 hours 24 hours
WT _ Hifla-/- WT  Hifla-/-
[ 1 1 | 1
NM_011400 slc2a1
NM_009760 bnip3
NM_001025257 vegfa
NM_177216 cyb5r2
NM_009943 cox6a2
NM_009944 cox7a1l

23 2 0 +2 243

Figure 3. Dendrograms. Gene expression fold changes calculated with
HTP qPCR results using the AACy method for Hifla WT and null
cells exposed to control conditions (C) and 1% O, (H) in high-
glucose media (Glc) or galactose media (Gal) at 4 and 24 h. The cell
and medium control group (e.g, WT Glc) at each time point was
scaled to 1. Red indicates upregulation, green downregulation, and
black no data. (A) Genes are separated into five groups based on
clustering and expression profiles. (B) Group 2 contains known
HIFla-regulated genes Slc2al, Bnip3, and Vegfa.

of nutrient type, while the level of Cox6a2 expression was
higher in Gal media regardless of cell type (WT and null cells).
In agreement with Figure 3, Cox7al displayed a classic HIF1a-
dependent expression pattern, being upregulated by hypoxia in
the Hifla WT, especially an increase in Glc media, but not the
Hifla null cells. Cox7a2 expression did not change between cell
types or in response to treatments.
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Figure 4. Gene expression of control and select mitochondrial genes. Known HIF1a target genes (A) and selected CcO subunit genes (B—D) were
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Table 1. CcO Enzyme Activity

CcO activity CcO protein concentration
oxidation of cytochrome ¢ [{4m01 min~" (mg of [CcO] [protein] [CcO] specific activity

nutrient MEF oxygen protein) '] (mM) (mg/mL) (umol/mg) (s
glucose WT Ctrl 0.0435 2.7 x 1074 5.7 471 x 107° 154
Hyp 0.0320 37 x 107 6.0 6.11 x 107° 8.7

Hifla—/— Ctrl 0.0409 3x 107t 5.6 5.55 X 107° 12.3

Hyp 0.0391 2.5 x 107 52 4.80 x 107° 13.6

galactose ~ WT Ctrl 0.0476 21%x 107 47 4.54 x 107° 17.5
Hyp 0.0520 1.7 x 107* 3.6 4.67 X 107 18.5

Hifla—/—  Ctl 0.0418 24 x 107 4.4 549 x 107 12.7

Hyp 0.0944 9.1 X 107° 2.5 3.68 X 107° 2.7

HIF1a-Dependent Regulation of CcO Activity. The
results of transcriptional CcO subunit expressions suggest that
HIFla plays a role in modulating the expression of Cox7al
and, potentially, other critical subunits. A biochemical assess-
ment of the CcO activity was performed to determine if its
activity was influenced by changes in Hifla genotype. Hifla
WT and null cell lines were exposed to control conditions and
1% O, for 24 h in both Glc and Gal media, and mitochondria
were isolated. CcO activity and quantity were assessed in these
isolated mitochondria (Table 1). The specific activity of CcO
remained fairly constant in both cell strains and different
treatment paradigms, with two exceptions. The WT cells
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showed a decrease in CcO activity following hypoxic exposure
in Glec-containing media that was not evident in Gal-containing
media. In addition, the null cells grown in Gal media showed an
almost 3-fold increase in CcO specific activity under hypoxic
stress. This increase reflects both an increase in enzyme activity
and a decrease in enzyme concentration under these
conditions. These data suggest that loss of HIFla signaling
removes the cell’s ability to regulate CcO activity under hypoxic
stress and that maintenance of this activity below a given
threshold is important for mitochondrial viability. However, the
observed changes in CcO activity under some conditions may
not be explained by changes in CcO isoform composition
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oxidase PDB 2dyr.

because Cox7al transcripts constitute <1% of total subunit 7a
transcripts in our cell lines (Figure 4D) even after hypoxic
induction (see Discussion).

COX7A Subunit and CcO Protein Structure. The
hypoxia-induced expression of Cox7al appears to be HIFla-
dependent, and loss of HIFla signaling affects the capacity of
mitochondria to regulate oxygen consumption and CcO specific
activity following hypoxic stress. In cells that express significant
amounts of both isoforms, HIFla might alter the subunit
composition of CcO upon hypoxia exposure to maintain CcO
activity within acceptable limits to sustain mitochondrial
viability. To begin to gain a mechanistic understanding of this
role, protein sequence alignment and structural visualization
were performed. COX7A1 and COX7A2 are highly conserved
across multiple species (e.g, human, 59.7% identical and 79.1%
similar; mouse, 58.4% identical and 72.7% similar). The
structure of bovine CcO, a 13-subunit enzyme that is highly
homologous to that of the mouse, shows the location of the L-
shaped COX7A subunit in blue and an associated cardiolipin
molecule in green (Figure S). This membrane-embedded face
of CcO is an area that appears to interact with complex III
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(cytochrome bc,) when they associate with complex I to form a
supercomplex.®' Part of the interaction appears to be mediated
by cardiolipin and COX7A, and thus, the sequence variation
between the 7A1 and 7A2 isoforms might well be expected to
influence this interaction. The region of most sequence
divergence is the N-terminus, at the bottom of the L and not
completely resolved in the crystal structure. In addition, the
protein sequences show distinct differences at specific residues
along the surface of the helix comprising most of the subunit
(ie, R27K, A29P, N,524, V,57A, C,62T, C,69A, and
C,72E,). COX4, COX6A, COX7A, and COX8 are also
rendered, and these subunits impact the conformation for
interaction with cytochrome bcl (not shown). Given these
sequence differences and hypoxic-responsive gene COX4
localization at the same side with COX7A, switching COX7A
subunits under hypoxic stress might allow CcO to alter its
interactions with other ETC complexes during the formation of
supercomplexes.”>> In addition, because a number of these
residues are cysteines, the switch from COX7A2 to COX7A1
might render the CcO more redox sensitive or serve to protect
it from oxidative damage while under hypoxic stress.'®>*
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B DISCUSSION

In this study, we demonstrate a role of HIFla in the basal
oxygen utilization rate and the ETC function of MEF cells and
establish HIFla regulation of genes associated with cyto-
chrome ¢ oxidase (CcO). Gene expression changes for CcO
components occur in response to hypoxia, and the extracellular
oxygen concentrations (oxygen consumption rate data) support
an apparent constitutive modulation of mitochondrial function
by HIFla. This study adds to the growing body of evidence
that the hypoxia signaling system (especially HIF1a) regulates
ETC biogenesis and processes associated with mitochondrial
function, such as energy production, reactive oxygen species
homeostasis, autophagy/apoptosis, and oxygen consumption.
Addition of exogenous glucose to cultured cells will increase
the rate of glycolysis and inhibit OXPHOS, a phenomenon
known as the Crabtree effect.*> A change from Glc to Gal in
culture media increases the respiration rate and cytosolic pH,
increases the rate of cellular oxygen consumption, and results in
mitochondrial remodeling.***® In human primary myotubes,
Gal medium enhances aerobic metabolism and decreases the
rate of anaerobic glycolysis.>” Our results support these
observations with an increased spare respiratory capacity in
the Hifla WT cells (Figure 2B) and dramatic changes in ETC
gene expression profiles in response to Gal (Figure 3).**~** For
example, after 24 h, expression profiles show genes upregulated
in response to Gal only in the presence of HIFla (e.g,
Ndufal0), in the absence of HIFla (e.g., AtpSl), and regardless
of HIFla status (e.g, Surfl). Cox8a showed upregulation in
response to glucose only when HIF1a was present, while Ucpl
conversely showed upregulation only in Hifla null cells.
Rossignol et al. found no greater levels of mitochondria in
HeLa cells grown with galactose than those grown with
glucose; however, there were significant galactose-induced
changes in mitochondrial protein expression in both HelLa
and MRCS5 fibroblast cells.** MRCS fibroblast cells had
significantly increased protein quantities for complex I, II, and
IV subunits, while complex III protein levels were not
increased. In our 24 h study, the complex III genes were
almost all downregulated in the HIF1a null cells with mixed
responses in regard to Gal (e.g, Ugcrcl, Uqcrh, and Ugqerq).
The uniqueness of the complex III response to Gal is a point of
interest as the role of ROS generated at complex III has been
implicated in HIF stabilization and signaling, though this is
debated.**"** Clearly, there is a complex interaction between
HIFla and carbon substrate availability on mitochondrial
function, OXPHOS, and gene expression of ETC components.
There is ample evidence that hypoxia alters mitochondrial
function and oxygen utilization.*”*> HIF1 influences mitochon-
drial function by suppressing both the TCA cycle and
respiration and controls mitochondrial biogenesis and
autophagy.g’43 Few studies, however, have examined HIF1-
dependent changes in the expression of specific ETC genes. A
Cox4 isoform exchange (Cox4il to Cox4i2) in response to
hypoxia was reported to be coordinated by HIF1. HIF1
upregulates Cox4i2 mRNA expression and concurrently
increases the level of Cox4il degradation through an increased
level of expression of Lonpl, a mitochondrial protease.20 Our
results show an upregulation of Lonpl and Cox4i2, but the
increased level of Cox4i2 was observed in Hifla null, as well as,
WT cells (Figures 3 and 4). These results are in agreement with
a previously published report that also found that Cox4i2 is
upregulated under hypoxia via a novel oxygen-responsive
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element (ORE) separate from an HRE.'”*" We observed a
higher level of expression of Cox4il in both WT and Hifla null
cells grown with Gal, supporting the idea that Cox4il
expression is independent of HIF1a. There is some indication
that Cox4i2 is expressed in only certain tissues, while Cox4il is
ubiquitously expressed and is the isoform responsible for ATP
regulation of CcO activity.">'”'®

Our results indicate that Cox7al is a HIF1-regulated gene
(Figures 3 and 4), and the S000 bp sequence on the mouse
Cox7al gene (NC_00073.5:30964250 to 30969250 bp) prior
to the start codon reveals at least six possible HREs.”® One of
these HREs (5'-GCGTG-3’) occurs within the 92 bp segment
immediately upstream of the major transcription start site (—80
bp), which in the bovine Cox7al gene is considered to be the
basal promoter region responsible for most of the gene
expression and activity.* Evidence indicates that the level of
Cox7al mRNA expression in human skeletal muscle decreases
significantly with age and is positively related with glucose
uptake, total body aerobic capacity, and PGC-la mRNA
expression.”’ Cox7al knockout male mice displayed tissue-
specific differences in resting ATP levels and reduced CcO
specific activity and respiratory control ratio in skeletal muscle
from wild-type mice.***® In addition, a significant increase in
ROS production has been observed in response to Cox7a2
overexpression similar to the increased ROS production
observed with the Cox4i2 replacement of Cox4il under
nonhypoxic conditions.”® Because ROS is produced by the
transfer of an electron to O, at complex I or complex III,
changes in CcO structure that produce ROS are most probably
manifested by limitations in CcO activity.*” Moreover,
cardiolipin, which interacts with COX7A near the site of the
cytochrome bc, interface, is critical for CcO assembly and
organizing components in supercomplexes and consequently
improves CcO function.'® Taken together, this information
shows a potential link among Cox7a subunits, CcO activity, and
hypoxia, but further experimentation is needed to determine
the impact of Cox7a subunit switching on supercomplex
formation, ETC efficiency, and cellular energetics under various
oxygen tensions in cell systems that express measurably levels
of both Cox7a isoforms.

The CcO activity (Table 1) and cellular respiration (Figure
2) in Hifla null cells suggest that HIFla stabilization under
hypoxia is necessary to maintain homeostasis in cellular
oxidative metabolism. As previously described, cellular
respiration was measured under nonhypoxic conditions and
the respiration capacity in Hifla null cells was not changed by a
mitochondrial uncoupler with either carbon source while WT
cells adapted to each nutrient type. CcO activity, however, was
increased almost 3-fold in Hifla null cells grown in Gal media
following hypoxic stress. This increase was not observed in
Hifla WT cells. These results suggest two things. First, the
Hifla null cells are at maximal respiration normally. This
inability to maintain spare respiratory capacity suggests the
Hifla null cells are partially uncoupled or lack the necessary
regulatory mitochondria-to-nuclear signaling to maintain
reserve respiratory capacity. This might be partially explained
by the upregulation of UCP4 in the null cells (Figure 2). This
loss of spare respiratory capacity might also help explain why
these cells lose mitochondrial mass under stress (i.e., hypoxia +
GAL media). Second, HIFla plays a role in regulating overall
CcO activity to maintain optimal efficiency and limit ROS
generation. Galactose forces the cells to become more reliant
on oxidative phosphorylation to meet energy demands, and
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hypoxia limits the cell’s ability to produce ATP through
complex IV. Under these conditions (i.e., hypoxia + GAL
media), cells must modulate the efficiency of oxidative
phosphorylation to maintain cellular energetics and limit
oxidative stress. The results suggest that this adaptation is
dependent upon HIFle, and in its absence, CcO activity
becomes unregulated and damages the mitochondria. This is
evident from the increase in specific activity and the decrease in
mitochondrial mass under these conditions. This might stem
from the cell’s inability to upregulate glycolytic capacity in the
absence of HIF1la. Therefore, the higher CcO activity in Hifla
null cells in Gal media under hypoxia shows an adapted
response to cope with a stronger dependence on energy
production via oxidative phosphorylation.

In conclusion, our study indicates a significant difference in
oxygen utilization by Hifla WT and Hifla null MEF cells in
response to a mitochondrial uncoupler. These cell lines show
differences in ETC gene expression profiles under different
nutrient types and oxygen concentrations. Most importantly,
we have identified HIFla as a regulator of CcO activity and
Cox7al gene expression. Given their location within the crystal
structure, we suggest a possible role for these hypoxia-induced
isoform changes to translate into structural changes in a
supercomplex formation depending on redox state or oxidative
stress. Altogether, this study indicates that HIFla is critical for
mitochondrial respiration control and transcriptional regulation
of CcO components to achieve cellular adaptation in an
oxygen-limiting environment.
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