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Abstract
Subunit 7a of mouse cytochrome c oxidase (Cox) displays a contractile muscle-specific isoform,
Cox7a1, that is the major cardiac form. To gain insight into the role of this isoform, we have
produced a new knockout mouse line that lacks Cox7a1. We show that homozygous and
heterozygous Cox7a1 knockout mice, although viable, have reduced Cox activity and develop a
dilated cardiomyopathy at 6 weeks of age. Surprisingly, the cardiomyopathy improves and
stabilizes by 6 months of age. Cox7a1 knockout mice incorporate more of the “liver-type” isoform
Cox7a2 into the cardiac Cox holoenzyme and, also surprisingly, have higher tissue ATP levels.
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1. Introduction
Mitochondrial1 genetic disease can be divided into those due to mutations in the
mitochondrial genome and those associated with mutations in nuclear-encoded genes for
mitochondrial proteins. A number of mitochondrial genome mutations are occasionally
associated with cardiomyopathy, e.g. MELAS (Mitochondrial Encephalopathy Lactic
Acidosis and Stroke-like episodes (Deschauer et al., 2001)), sometimes as the most
prominent pathological feature (Silvestri et al., 2001). However, isolated cardiomyopathy is
almost unknown with these maternally inherited disorders. On the other hand, mutations in
many genes have been associated with dominantly inherited dilated cardiomyopathy and
mouse models have been developed for a large number of them. Most of these involve
mutations in structural proteins of the cardiac myofibrillary contractile structure, as
summarized in Table 1. Other dilated cardiomyopathy genes affect ionic regulation of
cardiac contractility: sodium-channel gates type V, alpha subunit, more frequently
associated with long QT syndrome (SCN5A (Olson et al, 2005), Scn5A (Papadatos et al.,
2002), phospholamban (PLN (Schmitt et al., 2003), and Pln (Luo et al., 1994)). Surprisingly,
there have been only a small number of studies linking isolated dilated cardiomyopathy to
mutations in nuclear-encoded genes for mitochondrial proteins. Examples for such mouse
models are knockout of mitochondrial heat shock protein Hsp40 (Hayashi et al., 2006),
heart-specific knockout of mitochondrial thioredoxin reductase TrxR2 (Conrad et al., 2004),
and knockout of mitochondrial creatine kinase (Nahrendorf et al., 2005). Maternally
inherited pure cardiomyopathy is rarely observed (Casali et al., 1999).

Mitochondrial energy generation is essential for the functional health of cardiac tissue and is
provided by the oxidative phosphorylation (OxPhos) complexes located in the mitochondrial
inner membrane. Cytochrome c oxidase (Cox), the terminal protein complex of the
mitochondrial electron transport chain (ETC), consists of 13 proteins, 3 encoded by the
mitochondrial genome and 10 encoded by the nuclear genome. Cox is the proposed rate-
limiting enzyme of the ETC in intact cells (Villani et al., 2003; Acin-Perez et al., 2003), and
it contains at least five subunits with tissue-specific isoforms, uniquely among the electron
transport complexes, suggesting a regulatory role in modulating energy metabolism. These
are Cox4i1/Cox4i2; Cox6a1/Cox6a2; Cox6b1/Cox6b2; Cox7a1/Cox7a2; Cox8a/Cox8b/
Cox8c. The Cox7a isoforms are part of the subunit 6a/7a/8 trio where the more restricted
member is expressed primarily in heart and skeletal muscle (Kadenbach et al., 1987; Lomax
and Grossman, 1989; Lenka et al., 1998).

We present here a new knockout mouse line that lacks the “heart-type” isoform of
cytochrome c oxidase subunit 7a (Cox7a1; Cox7ah in previous terminology), which is
expressed in heart and skeletal muscle in mammals. It might be anticipated that mild
mutations in the heart-type isoforms for subunits 6a (Cox6a2), 7a (Cox7a1), or 8 (Cox8b)
would be better tolerated than Cox mutations in genes without isoforms and could survive to
show cardiac myopathy. We find indeed that Cox7a1 null mice are viable and fertile,
producing increased amounts of the Cox7a2 isoform. Cox7a1 null mice demonstrate dilated
cardiomyopathy in heterozygotes and homozygotes and, unusually, the cardiomyopathy
tends to improve with age. We present here the initial characterization of Cox7a1 null
animals, which includes the surprising discovery that knockout animals show higher ATP
levels than do wild-type.

1Non-standard Abbreviations and Acronyms
Cox, cytochrome c oxidase; OxPhos, oxidative phosphorylation; ETC, electron transport chain
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2. Materials and Methods
2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated
otherwise.

2.2 Generation of cytochrome c oxidase subunit 7a isoform 1 (heart-type) knockout mice
The Cox7a1 gene is located on chromosome 7 (see NCBI sequence NT_039413.6) and
contains three exons (for mRNA sequence see NCBI reference sequence NM_009944.3),
which were replaced by homologous recombination with the Neo cassette as part of the
pPNT vector (Tybulewicz et al., 1991). Upstream (5’) and downstream (3’) genomic DNA
of the Cox7a1 gene was amplified with the Expand Long Template PCR System (Roche,
Indianapolis, IN, USA) in conjunction with buffer 3 according to the manufacturer's
instructions (all PCRs were 50 μL reactions and nucleotide, primer, and template DNA
concentrations were used as recommended). Since the 5’-genomic sequence was not
available at the time we generated the knockout mice, 5’-genomic DNA was first amplified
by ‘one way PCR’ using Cox7a1 exon I-specific outer primer P1 (5’-
CTGGAAGAGCTTCTGCTTCTCTGCCAC-3’) and nested primer P2 (5’-
TTCTAAGTGGCTTCTGGTAGATGAGC-3’) together with primers QT, Qinner, and Qouter
as described (Hüttemann et al., 2007). PCR fragments were cloned into the pGEM-T Easy
vector (Promega, Madison, WI, USA) and sequenced, allowing the design of upstream 5’-
forward primers. To generate the 5’-arm for homologous recombination a plasmid clone was
used as template DNA (100 ng) with Eco RI restriction site-containing forward primer P3
(5’-TTTTTTGAATTCCCCCGCCCCTC-3’) and reverse primer P2 (touch-up PCR with 2
min initial denaturation at 93 °C; 5 cycles: 30 sec, 93 °C; 30 sec, 50 °C; 2 min, 69 °C; 25
cycles: 30 sec, 93 °C; 30 sec, 60 °C; 2 min, 69 °C), following restriction digestion with
EcoR I and Bgl II, the latter of which cleaves internally, resulting in a 1381 bp fragment,
which was cloned into the EcoR I/BamH I sites of the pPNT vector (since the Bgl II site of
the fragment and the BamH I site of the vector were used for cloning, which contain
matching sticky ends, these sites were lost in the targeting vector and the recombinant). To
generate the 3’-arm for homologous recombination a 6139 bp fragment was generated with
an outer PCR (2 min initial denaturation at 93 °C; 30 cycles: 30 sec, 93 °C; 30 sec, 60 °C; 10
min, 69 °C; 300 ng of total genomic DNA were used as template DNA) using primers P4
forward (5’-GTGACACCAAGAAGCTTGGAGGAC-3’) and P5 reverse (5’-
GTCTCTGACCTCTGACCTTCAACC-3’), followed by a nested PCR with 1 μL of a 1:20
dilution of the outer PCR as template and restriction site-containing nested primers P6
forward with a Xho I site (5’-AAACCCGGCTCGAGCCTGTGTGTCTCTG-3’) and P7
reverse with a Not I site (5’-GGAGCATGGCGGCCGCCATGGATGTATCCT-3’) (touch-
up PCR with 2 min initial denaturation at 93 °C; 5 cycles: 30 sec, 93 °C; 30 sec, 52 °C; 10
min, 69 °C; 25 cycles: 30 sec, 93 °C; 30 sec, 65 °C; 10 min, 69 °C). The product with the
expected size was obtained as judged by agarose gel electrophoresis, and the DNA was
digested with Xho I and Not I and cloned into the corresponding restriction sites of the
pPNT vector. Correct orientation and sequence were confirmed by sequencing. Finally,
vector DNA, which contained the upstream and downstream sequences of the Cox7a1 gene
flanking the Neo cassette in the pPNT vector, was linearized with Not I, resulting in a
14,868-bp fragment, and electroporation of R1 mouse embryonic stem cells was performed
as a paid service at the Transgenic Animal Model Core (TAMC), University of Michigan
(Ann Arbor, MI, USA). Recombinant clones that had undergone homologous recombination
in the correct locus were identified using a genotyping protocol (see next section). Positively
identified clones were microinjected into C57BL/6J blastocysts at the TAMC. Chimeric
animals with a high contribution from the ES cell clone and low contribution from the host
embryo as judged by coat color contribution (embryonic stem cells derived from 129 mice
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produce agouti fur) were selected. Animals were genotyped (see below) and breeding was
continued for more than 8 generations using C57BL/6J mice.

2.3. Cox7a1 genotyping
Genomic DNA was isolated from punched ear tissues or mouse tails with the Wizard
Genomic DNA Purification Kit (Promega). PCR genotyping was performed using the
Expand Long Template PCR System (Roche) in conjunction with buffer 3 according to the
manufacturer's instructions (all PCRs were 25 μL reactions with 100 ng template DNA, and
nucleotide and primer concentrations were used as recommended). Two separate PCRs were
performed to identify the wild-type and the recombinant alleles using primer pairs P8/P9 and
P8/P10, respectively: forward primer P8 (5’-
CGCCCATTTCACATTCTCAGCACTGGAG-3’), wild-type reverse primer P9 located in
Cox7a1 exon I (5’-AAGAGCTTCTGCTTCTCTGCCAC-3’), recombinant-specific reverse
primer P10 located in the Neo gene (5’-ACGGTATCGCCGCTCCCGATTCGCAG-3’).
PCR conditions were 2 min initial denaturation at 93 °C; 13 cycles: 18 sec, 93 °C; 40 sec, 54
°C; 2 min, 69 °C; 22 cycles: 18 sec, 93 °C; 35 sec, 55 °C; 2 min, 69 °C plus 4 sec per each
new cycle. PCR products were loaded and separated on a 1% agarose gel containing
ethidium bromide, and wild-type and recombinant PCR products were observed at about 0.7
and 1 kb, respectively.

2.4. Isolation of heart mitochondria
Mice were sacrificed by cervical dislocation and heart mitochondria were isolated
aCoxrding to Sayen et al. (Sayen et al., 2003) with minor changes. Briefly, to increase yield
two mouse hearts of the same genotype were combined for each isolation and rapidly
minced in ice-cold MSE buffer (220 mM mannitol, 70 mM succrose, 2 mM EGTA, 5 mM
MOPS (pH 7.4), 2 mM taurine) supplemented with 0.2% fatty acid-free bovine serum
albumin. Heart tissue was homogenized with a polytron-type tissue grinder at 11,000 rpm
for 2.5 sec, followed by 2 strokes at 500 rpm with a loose Potter-Elvehjem tissue grinder.
The homogenate was centrifuged at 500xg for 5 min at 4 °C and the supernatant was
collected. The mitochondria were pelleted by centrifugation twice at 3,000×g for 5 min at 4
°C. The final pellet was rinsed and resuspended in 50 μL MSE buffer. Protein concentration
was determined using the Bio-Rad Dc protein determination kit (Bio-Rad, Hercules, CA,
USA).

2.5. Enzyme activity assays via spectrophotometer
Cytochrome c oxidase (Cox) and citrate synthase (CS) activities were determined in tissue
homogenates at 30 °C. For Cox activity measurements, homogenized tissue samples
described above for mitochondrial isolation were solubilized with 0.1% (w/v) dodecyl
maltoside (DDM). The Cox activity was analyzed in 40 mM phosphate buffer (pH 7.2), the
reaction was started by addition of 30 μM reduced cytochrome c, and changes of absorbance
at 550 nm were recorded; enzyme activity was calculated using an extinction coefficient of ε
= 19.6 mM−1 cm−1 and expressed as nmol oxidized cytochrome c /min/mg protein.

Citrate synthase (CS) activity was analyzed as described (Chowdhury et al., 2000). Briefly,
0.05 mg of homogenized tissue was solubilized with 0.1% of DDM in media containing 100
mM Tris–Cl (pH 8.1), 0.1 mM dithionitrobenzoic acid, and 50 μM acetyl-CoA. The reaction
was started with 0.5 mM oxaloacetic acid and changes of absorbance at 412 nm were
recorded for 1 min. Enzyme activity was calculated from the absorbance data using an
extinction coefficient of ε = 13.6 mM−1 cm−1.
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2.6. 2D-gel electrophoresis and Western blot analysis
Blue native (BN)-PAGE (Schagger, 2001) was used for the separation of native
mitochondrial OxPhos complexes as described (Klement et al., 1995). Isolated mitochondria
were solubilized using 4 g of DDM/g of protein for 15 min on ice in a buffer containing 1.75
M aminocaproic acid, 2 mM EDTA, and 75 mM Bis-Tris (pH 7.0). Samples were
centrifuged for 20 min at 20,000xg and Serva Blue G dye was added to the collected
supernatant (0.1 g/g DDM). Protein aliquots of the samples were separated on 5-13% (w/v)
polyacrylamide gradient minigels. To analyze the small Cox subunits, the first-dimension
band of Cox was dissected, incubated for 1h in denaturing buffer (1% (w/v) SDS, 1% (v/v)
mercaptoethanol), and separated in the second dimension on a high resolution Kadenbach
gel (Tris-glycine SDS-PAGE) containing urea (Kadenbach et al., 1983). The gel was silver
stained (Silver staining kit, Bio-Rad).

For standard Western analysis Tricine SDS-PAGE (Schagger and Von Jagow, 1987) was
performed on 10% (w/v) polyacrylamide slab minigels using samples denatured for 30 min
at 30 °C in sample lysis buffer (2% (v/v) mercaptoethanol, 4% (w/v) SDS, 10mM Tris-Cl
and 10% (v/v) glycerol). Proteins were transferred onto PVDF membranes (0.2 μm, Bio-
Rad, Hercules, CA) using semi-dry electrotransfer at 0.7 mA/cm2 for 1h. The membranes
were blocked in 5% nonfat dry milk (NFDM) in PBS containing Tween 20 (0.1% v/v)
(PBST) for 2h, washed with PBST for 10 min, and incubated with primary antibodies. The
primary monoclonal antibodies (MitoSciences, Eugene, OR, USA) were diluted in PBST as
follows: anti-F1a subunit of ATP synthase (1:5,000), anti-core1 subunit of complex III
(1:5,000), anti-Cox subunit I (1:5,000), anti-Cox subunit 4 (1:1,000), anti-SDH 70 kD
subunit (1:5000), and anti-NDUFB6 subunit of complex I (1:3,000). We also used
monoclonal anti-GAPDH (1:1,000) as cytosolic marker (G8795, Sigma-Aldrich) and
polyclonal anti-MnSOD (1:3,000) as oxidative stress marker (ab13534, Abcam, Cambridge,
MA, USA). The membranes were washed three times in PBST for 10 min and incubated
with secondary antibody (1:10,000 in PBST) for 1h. Anti-F1a, anti-core1, anti-Cox I, anti-
Cox4, anti-NDUFB6 and anti-GAPDH were incubated with anti-mouse IgG conjugated with
horseradish peroxidase (HRP) and anti-MnSOD with anti-rabbit IgG conjugated with HRP
(GE Healthcare, Piscataway, NJ, USA) secondary antibody. The membranes were washed
three times in PBST, the signal was detected by the chemiluminescence method (ECL+ kit,
GE Healthcare), and band intensities were quantified using the program ImageQuant version
5.1 (Molecular Dynamics, Sunnyvale, CA, USA).

2.7. Polarographic measurements
Cox activity was determined in a closed 200 μL chamber equipped with a micro Clark-type
oxygen electrode (Oxygraph system, Hansatech, Norfolk, UK) in 10 mM K-HEPES (pH
7.4), 40 mM KCl, 1% Tween 20, 2 μM oligomycin, 1 mM PMSF, 10 mM KF, and 2 mM
EGTA. Tissue samples were sonicated and measurements were performed at 25 °C in the
presence of 20 mM ascorbate and increasing amounts of cow heart Cyc from 0-30 μM, and
in the presence of 5 mM ADP, an allosteric activator of Cox, or 5 mM ATP, an allosteric
inhibitor of Cox, after incubation with an ATP regenerating system, as described (Lee,
Salomon, Ficarro, Mathes, Lottspeich, Grossman, Huttemann, 2005). Enzymatic activity is
defined as oxygen consumed [μM]/(min·protein [mg]). Protein concentration was
determined with the Dc protein assay kit (Bio-Rad).

2.8. ATP assay
The bioluminescent method in conjunction with the boiling method was used to determine
ATP levels in heart tissue samples as described (Lee et al., 2005).
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2.9. Isolation of mRNA and quantitative PCR
Total RNA was extracted from snap frozen cardiac tissue from 19 week old male mice of
each genotype using TRIzol reagent (Invitrogen Corporation, Carlsbad, CA, USA)
according to the manufacturer's protocol. DNase was applied to the RNA samples according
to the manufacturer's protocol for the RQ1 RNase-Free DNase kit (Promega Corporation).
cDNA for each genotype was produced from 2 μg of each mRNA sample according to the
ProtoScript AMV First Strand cDNA Synthesis Kit protocol (New England BioLabs,
Ipswich, MA, USA) using oligo d(T) primers. Primers were purchased from Integrated DNA
Technologies (Coralville, IA, USA) and were analyzed using PrimerQuest and
OligoAnalyzer 3.1 (Integrated DNA Technologies). Primers were tested for efficiency with
a 1:2 series dilution of wild-type cDNA ranging from 250 ng/μL to 1.0 ng/μL in 25 μL
reactions (12.5 μL Brilliant II Sybr Green Master Mix (Stratagene, La Jolla, CA, USA), 5
μL H2O, 100 nM forward and reverse primers, and 2.5 μL template) on a Stratagene
MX3000P qPCR machine. Denaturation at 95 °C for 10 min was followed by 40 cycles of
amplification, which included denaturation at 95 °C for 30 sec and annealing at 60 °C for 1
min. Threshold cycle (CT) values were determined by a software-calculated threshold for
each primer used (Stratagene). Following amplification, a melting curve was performed by
raising the temperature from 55 °C to 95 °C and measuring every 0.5 °C interval for
fluorescence change. All primer pairs were shown to have reaction efficiencies between 90
and 110% as well as a single specific product, inferred by observation of one peak in
melting curve analysis.

Transcript levels of genes of interest from the heterozygous and knockout Cox7a1 genotypes
were compared to the Gapdh (Mus musculus glyceraldehyde 3-phosphate dehydrogenase)
gene as the reference housekeeping gene in the wild-type genotype as internal standard.
Gapdh was shown to be an appropriate reference gene by the 2-ΔC

T method (Livak,
Schmittgen, 2001), and was the most stable according to geNorm version 3.5
(Vandesompele et al. 2002) out of Gapdh, B2m, Rpl13, and Actb. Primers were: Gapdh
forward 5’-ACATCAAGAAGGTGGTGAAGCAGG-3’ and reverse 5’-
ATCGAAGGTGGAAGAGTGGGAGTT-3’; Cox7a1 (heart-type) forward 5’-
AAAACCGTGTGGCAGAGAAG-3’ and reverse 5-CCAGCCCAAGCAGTATAAGC-3’;
Cox7a2 (liver-type) forward 5’-GCTATGGCTGCATTTCCCAAGAAG-3’ and reverse 5’-
ACTCATCAGATTCCTGGTCCATCG-3’; cytochrome c somatic (Cycs) forward 5’-
AGCCACGCTTTACCCTTCGTTCTT-3’ and reverse 5-
CCACTATCACTCATTTCCCTGCCATTCTC-3’; core 1 of complex III (Mt-Co1) forward
5’-AGCAGAATTAGGTCAACCAGGTGC-3’ and reverse 5’-
TGGGACAAGTCAGTTTCCAAAGCC-3’; MnSOD (Sod2) forward 5’-
GATGTTACAACTCAGGTCGCTCTTC-3’ and reverse 5’-
CAGCAACTCTCCTTTGGGTTCTC-3’; complex I Ndufb6 forward 5’-
GTCTCTTCGCTGTTTCTCATGTGC-3’ and reverse 5’-
TATCCTGGGCTTCGAGCTAACAATGG-3’; Tfam forward 5’-
CAGATGGCTGAAGTTGGACGAAGTG-3’ and reverse 5’-
GGCTTTGAGACCTAACTGGTTTCTTG-3’. Twenty μL quantitative PCR reactions (10
μL 2X Power SYBR® Master Mix (Applied Biosystems, Foster City, CA, USA), 6.8 μL
H2O, 300 nM primers, 2.0 μL cDNA template) were run on the Applied Biosystems
StepOnePlus™ Real-Time PCR System (Applied Biosystems) using the standard run
protocol. The primer efficiencies on the StepOnePlus were observed to be comparable to
those on the Stratagene MX3000P. Each gene of interest was run on all three genotypes in
triplicate with a positive control and a no template negative control. Relative levels of
transcripts were calculated using the 2-ΔΔC

T method (Livak, Schmittgen, 2001), using CT
data generated by the StepOnePlus analysis software. All PCR data are presented as mean ±
standard deviation.
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DNA isolation for comparing the relative amounts of mitochondrial and nuclear DNA was
carried out on the cell homogenate fractions left over after RNA isolation, using the TRIzol
method according to the manufacturer's instructions (Invitrogen). Relative amounts of
mtDNA were determined with primers mMitoF1: CTAGAAACCCCGAAACCAAA and
mMitoR1: CCAGCTATCACCAAGCTCGT and compared with endogenous levels of
mB2M (NT_039207) using primers mB2MF1: ATGGGAAGCCGAACATACTG and
mB2MR1: CAGTCTCAGTGGGGGTGAAT.

2.10. Echocardiography
Cardiac function in mice was determined by echocardiography. Animals were scanned while
under 2% isoflurane anesthesia with a 30 MHz frequency probe (Vevo 770, Visual Sonics,
Toronto, Ontario, Canada). Image acquisition and measurements and calculations used
VisualSonics software (version 2.3). Hemodynamic parameters including heart rate, cardiac
output, left ventricular mass, left atrium dimension, ejection fraction, and fractional
shortening were acquired in a paraternal long-axis view. Ventricular wall thickness (septal
and posterior wall) and internal dimensions were measured using the leading edge technique
as recommended by the American Society for Echocardiography (Gardin et al., 2002). For
determination of diastolic function, the ratio of Doppler mitral inflow E wave velocity to
tissue Doppler left ventricular lateral wall e’ velocity was calculated for each animal.
Female wild type mice were used as controls for echo imaging.

2.11. Light microscopy
Routine histology was performed on fresh, 4% paraformaldehyde fixed tissue. Sections were
cut at 5 μm and stained with trichrome to especially study the amounts of collagen in the
heart.

2.12. Electron microscopy
Cardiac tissue was incubated overnight in Karnovsky's fixative and this was then replaced
with Karnovsky's storage buffer. Several 1-mm3 pieces of heart wall were transferred to
70% ethanol and embedded in plastic resin. One-micrometer-thick sections were prepared
and stained with toluidine blue. The thin sections were stained with osmium tetroxide and
uranylic acid and examined with a Zeiss 910 electron microscope (Seattle, WA, USA).
Random pictures of each section were taken at 5000× to count the number of mitochondria
and at 1000× to count the number of dark and light fibers. The fine structure of the
mitochondria was examined at 31,000×.

3. Results
3.1. Generation of knockout mice

Chimeric animals were obtained after electroporation of our construct (Fig. 1A) into mouse
R1 embryonic stem cells. We have replaced exon I, which contains the start ATG, and exons
II and III, with the neo cassette. Cox7a1 transcripts could no longer be detected by PCR or
qPCR (Fig. 1B) in the knockout. About half the wild-type amount of Cox7a1 was detected
in heterozygotes. Cox7a2 transcript levels show an upward trend in heterozygotes and
knockouts (Fig. 1B), although not reaching significance. At the protein level, however, a
clear increase in Cox7a2 was seen in hearts of knockout animals (see section 3.4 and Fig 4).

3.2. Visual and microscopic characterization of Cox7a1 knockout
The knockout mice look normal, are born in the expected Mendelian ratios, and seem
normally active in their cages. There have been 4 spontaneous deaths among about 75 mice
(at about 60, 80, 100, and 160 days), which is much higher than the usual incidence of
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spontaneous death in our mouse colonies but we do not have a database for comparison. The
fertility of the mice is comparable (litter size 3.9 ± 1.45; n=10) to the litter size of the
C57BL/6J controls in our colony (4.0 ± 1.51; n=8).

Light microscopy did not reveal any changes in the cardiac tissue. The amount of collagen
surrounding vessels was similar in the Cox7a1-/- and the wild types. When examined in the
electron microscope (Fig. 2), the surface area and the number of mitochondria per section at
constant magnification did not differ between the Cox7a1-/- and control hearts (209.8 ± 36.8,
242.2 ± 70.2; p=0.38, n=5 each). There was no difference in the size of the mitochondria
between the two genotypes. However, there was a difference noted in the number of “dark”
mitochondria between the two groups: 8.5% dark mitochondria in the wild types and 9.8%
in the Cox7a1-/- (Fig. 2). A given fiber is entirely composed of one or the other, i.e., there is
no mixing in a given fiber. Dark mitochondria are dense but otherwise unremarkable. Their
cristae look the same as those of light mitochondria and they do not have superimposed
inclusions. There is no evidence of myocyte degeneration, abnormal glycogen storage, or
any other changes to suggest a metabolic problem.

3.3. Biochemistry
We employed blue native polyacrylamide gel electrophoresis (BN-PAGE) for detailed
analysis of the impact of the Cox7a1 knockout on the content and subunit composition of
heart Cox. This technique allows for separation of intact multisubunit protein complexes,
and thus is ideally suited for study of OxPhos complexes. Initial analysis of the in-gel
stained proteins revealed no significant difference between the content of Cox holoenzyme,
as well as of other OxPhos complexes, in heart mitochondria of wild-type and knockout
mice (data not shown). For determination of Cox subunit composition, we dissected the Cox
bands from the first dimension of a native gel and resolved them under denaturing
conditions by SDS-PAGE to separate individual subunits. An 18% acrylamide gel
containing urea was used to allow for separation of the two Cox7a isoforms, which differ by
only 0.3 kDa and normally comigrate. Proteins were visualized by silver staining (Fig. 3).
As expected, in heart from wild-type both 7a1 (major portion) and 7a2 (residual amount)
were detected. The 7a1 isoform migrated as an apparent double-band with the 7b subunit;
the proper migration of 7a2 was confirmed by using liver Cox as an internal control. In
contrast, the 7a1 band was completely absent in the Cox from knockouts. Interestingly, the
isoform loss was compensated by upregulation of 7a2, which was approximately 5-fold
increased compared to wild-type.

In addition to the qualitative determination of Cox content by BN-PAGE above, we
investigated the amount of mitochondrial proteins by SDS/PAGE and Western blotting.
Samples of heart homogenates were evaluated for enzyme activity, probed with antibodies
to representative subunits of OxPhos complexes, or examined for transcript level by qPCR
(see Materials and Methods). A trend to increased amounts in the heterozygote and null
were commonly seen, reaching significance in some cases. Results are shown here for citrate
synthase activity (Fig. 4A) as an indicator of mitochondrial mass and transcript levels of
Ndufb6 (Fig. 4B). A similar trend was seen for amounts of mtDNA per nuclear genome (Fig.
4C).

Cox activity was reduced in heterozygote (HT) and null (KO) animals. Measured
spectrophotometrically relative to citrate synthase activity, and in the absence of allosteric
nucleotides, Cox activity was reduced 26 and 53%, respectively, in HT and KO mice (Fig.
5A). Cox was also analyzed polarographically in heart tissue homogenates with added
adenine nucleotides and increasing amounts of cytochrome c. Heart tissue was harvested
from 20-week males from the same litter. At maximal turnover, Cox activity in the presence
of allosteric inhibitor ATP was decreased by 9% and 32% in the heterozygotes and
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knockouts, respectively (Fig. 5B, open symbols). In the presence of allosteric activator ADP,
heterozygotes and knockout mice showed a 7% and 42% decrease in Cox activity (Fig. 5B,
closed symbols). Surprisingly, ATP levels were significantly higher in knockout hearts
compared to wild-type (p < 0.01) and appeared intermediate in amount when examined in
heterozygotes (Fig. 5C).

3.4. Echocardiography
Heart weights determined by echocardiography increased significantly, about 15-20% in the
knockout at 4-6 months compared to wild type at 4 months of age (Table 2). This weight
increase was present by 6–9 weeks: for example, wild type male hearts at 9 weeks showed
ECHO-determined left ventricular weights of 87.8 ± 15.6 mg whereas Cox7a1-/- hearts at 6
weeks weighed 115.7 ± 10.9 mg (mean ± SD; p < 0.05).

Cardiac echocardiography demonstrated dilated cardiomyopathy and reduced systolic and
diastolic function in Cox7a1 KO mice (Fig. 6). At one month of age Cox7a1 KO mice
exhibited a 15-20% enlargement of the left ventricular (LV) cavity dimension, which was
accompanied by a 1.5-fold higher calculated left ventricular mass (Fig. 6A). LV diastolic
dysfunction, as assessed by LV tissue Doppler, was not associated with significant
enlargement of the left atrium (Table 2, Fig. 6B). Mice heterozygous for Cox7a1 also
displayed dilated cardiomyopathy that was similar in severity to Cox7a1 KO mice (Table 2).

Serial echocardiography demonstrated that impaired cardiac systolic and diastolic function
tended to improve with age for Cox7a1 null mice (not shown). However, LV ejection
fraction and tissue Doppler measurements suggested impairment in all Cox7a1 KO mouse
hearts examined by echocardiography. Ejection fraction impairment was also seen in
heterozygotes.

4. Discussion
We have shown that homozygous and heterozygous Cox7a1 knockout mice develop a
dilated cardiomyopathy at 6 weeks of age, although one that improves by 6 months of age
and thereafter stabilizes. In the future this will be further assessed by cardiac monitoring,
with and without exercise stress. Since heterozygotes also showed cardiomyopathy, one
would expect humans with Cox7A1 mutations to have a dominantly inherited
cardiomyopathy. Although the null mice seem to have an increased rate of sporadic death,
we show that they are able to survive knockout of “heart/skeletal muscle-type” gene
Cox7a1, in part by producing more of the “liver-type” isoform Cox7a2 (Fig. 3), and in part
by producing more ATP (Fig. 5C). We note that these mice have not been subjected to any
exogenous stress or cardiovascular fitness regimens.

Two features of these mice are surprising and will need to be explored in future work. The
first is the production of higher ATP levels in a mouse that is missing the dominant cardiac
isoform of Cox subunit 7a (with appropriate overall reduction of Cox activity (Figs. 5A, B)).
The second surprising feature is the that KO mice develop cardiomyopathy despite their
production of more ATP than wild-type. Energy restriction is known to underlie the
development of cardiomyopathy (Huss and Kelly, 2005; Marin-Garcia and Goldenthal,
2008; Burelle et al., 2010). Increased ATP production can result from the relatively modest
contribution of an increased number of mitochondria. We indeed observe a trend in these
unstressed samples of increased mitochondrial material in heterozygous and knockout
animals for most components examined. These include activity of citrate synthase (Fig. 4A),
transcripts such as for Ndufb6 (Fig. 4B), MnSOD, core 1, somatic cytochrome c, and Tfam,
ROS production (not shown), and relative amount of mtDNA (Fig. 4C). By analogy with
ragged red fiber disease, a marked proliferation of mitochondria observed in muscle fibers
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carrying certain mtDNA mutations (Sarnat and Marin-Garcia, 2005), we suggest that a
response to reduced energy production per mitochondrion can elicit mitochondrial
proliferation to provide increased net energy production without high membrane potential,
with dilation being a space accommodation and therefore an adaptive response. A recent
study documented increased ATP production during a novel response to stress of
mitochondrial hyperfusion (Tondera et al., 2009). In addition to increased mitochondrial
mass as an explanation for increased tissue ATP levels one might speculate that some of the
metabolic flux, which is mainly driven by fatty acids in normal heart, is shifted to
glycolysis. The development of cardiomyopathy may result from damage accompanying
ATP production under stress conditions.

There is one other study that analyzed a mouse line lacking a Cox subunit isoform gene, i.e.,
heart/skeletal muscle-specific subunit 6a22 (Radford et al., 2002). Cox activity was reduced
to 23% compared to wild-type animals. In contrast to our finding of a replacement of 7a1
with 7a2 in the knockouts, the Cox6a2 knockout mice did not show increased levels of
isoform 6a1, likely explaining the more severe decrease in Cox activity due to incomplete
assembly. Interestingly, Cox6a2 knockout animals did not develop dilated cardiomyopathy,
and echocardiograms showed normal left ventricular function (Radford et al., 2002). Using
isolated heart preparations the authors found that hearts lacking Cox6a2 could not be
subjected to standard perfusion conditions and these had to be omitted. However, using
heterozygous animals instead, they showed similar cardiac performance for most parameters
they analyzed except for stroke work at high left atrial pressure, which was reduced in hearts
derived from Cox6a2+/- animals (Radford et al., 2002).

An interesting disease model utilized a targeted muscle knockout of Cox10, which encodes
the protoheme:heme-O-farnesyl transferase required for biosynthesis of heme a, to
recapitulate a mitochondrial disease (Diaz et al., 2005). These mice had <5% Cox activity in
their muscle at 2.5 months but differed only slightly from wild-type in maximum force
development and fatigability, suggesting a significant ability for glycolysis to support
energetic load, at least in the short term. Cox10 knockouts die by 5-7 months of age. By
contrast, the Cox7a1 knockout mice develop a cardiomyopathy over early times and then
show an improvement. This may reflect the more benign nature of this knockout, possibly
resulting from the compensating increase of Cox7a2. Taken together, these results may point
to a limitation of glycolysis to support energetic load over a longer term.

The heart-type mRNAs of subunits 6a, 7a, and 8 are transcribed in contractile muscle only,
whereas the liver-type isoforms are transcribed to various degrees in all tissues including
heart and skeletal muscle (Preiss et al., 1994). The expression of the liver-type mRNAs of
Cox, including Cox6a1 and Cox7a2, is regulated post-transcriptionally by binding of
glutamate dehydrogenase to the 3’-untranslated region of the mRNAs (Preiss et al., 1994;
Schillace et al., 1994; Preiss et al., 1995). Since the 3’-mRNA sequence regions required for
glutamate dehydrogenase binding do not show significant homology among subunits 6a, 7a,
and 8 (Preiss and Lightowlers, 1993), it is possible that post-transcriptional regulation
affects subunits 6a and 7a differently, perhaps allowing more 7a2 protein to be translated
and incorporated into the holoenzyme.

Loss of Cox7a1 leads to a subunit switch in Cox, resulting in a non-canonical “hybrid”
enzyme containing two heart isoforms (6a and 8) and a liver isoform of subunit 7a. Our
model, therefore, represents a valuable tool for study of the role of tissue-specific isoforms
of Cox since this combination does not normally occur. Mammalian Cox functions as a
dimer (Tsukihara et al., 1995). It is not clear in the wild-type holoenzyme whether the Cox

2Note that designation of the “heart/muscle” isoform for subunits 6a and 7a is reversed, e.g., 6a2 and 7a1 are the heart-type isoforms.
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dimer contains both 7a isoforms of the same tissue type or whether a mixed dimer (hybrid)
can be formed. An interesting possibility would be regulatory control by forming the dimer
mixture.

The apparent stabilization in older mice of the dilated cardiomyopathy may be related to the
increased Cox7a2 expression in the knockouts. This is possible because both rodent (Kuhn-
Nentwig and Kadenbach, 1985b; Kuhn-Nentwig and Kadenbach, 1985a) and human (Van
Kuilenburg et al., 1992; Bonne et al., 1993) heart contain liver- and heart-type isoforms as
the minor and major fraction, respectively. Interestingly, cow, sheep, dog, and rabbit heart
only expresses the heart-type isoform (Linder et al., 1995). However, despite the increased
Cox7a2 expression in the knockouts, the systolic and diastolic function of all Cox7a1 null
mice is impaired. It is interesting to consider that the mildly reduced ejection fraction and
impaired diastolic function observed in these mice could provide a clinically relevant model
for examining idiopathic dilated cardiomyopathy in humans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Nuclear Cox subunit Cox7a1 knockout leads to dilated cardiomyopathy

• Non-tissue specific subunit Cox7a2 increases to partially compensate

• Knockout shows reduced Cox activity but increased ATP production
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Fig. 1. Cox7a1 knockout mouse
A) Schematic representation of the knockout strategy. The PCR-based amplification of the
3′- and 5′-Cox7a1 regions (outer PCR: arrows with dotted lines) was followed by a nested
PCR with primers containing the indicated restriction sites (sphere-tailed arrows). Two
fragments are generated, the 800-bp promoter region to the end of intron I (1381-bp
fragment), and the 6139-bp region spanning from intron III to the calpain gene. These
fragments were cloned into the respective sites of the pPNT vector (pPNT7a1), leading to a
replacement of exons I to III by the neo cassette in the recombinant. B) Relative transcript
level of Cox7a isoforms in each genotype. Determination by qPCR is relative to Gapdh.
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Fig 2. Electron microscope images of cardiac sections
Tissues from (A) Cox7a1+/+ and (B) Cox7a1-/- mouse hearts were examined in thin sections
after staining with osmium tetroxide and uranylic acid as described in Methods. Darker
mitochondria (white arrowhead) of unknown etiology were present in the -/- hearts in greater
numbers than the more usual structures seen in wild-type sections (white arrow).
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Fig. 3. Lack of Cox7a1 (Cox7aH) in the Cox7a1 knockouts is complemented by increased Cox7a2
(Cox7aL) isoform incorporation into the Cox holoenzyme
For 2D-gel electrophoresis, heart and liver mitochondria were isolated from Cox7a1
knockout (KO) and wild-type mice (WT) from two pooled hearts and a liver each. OxPhos
complexes were solubilized using dodecyl maltoside and run on BisTris 5-13% blue native
PAGE in the first dimension. Bands corresponding to Cox were dissected and resolved by 6
M urea/18% SDS-PAGE (Lee et al., 2005), optimized for the separation of smaller Cox
subunits 7 (VII) a, b, c, and 8 (VIII). Cox subunits were visualized by silver staining. In the
absence of Cox7a1 in the knockouts, significantly increased protein levels of the liver-type
isoform were observed (arrow).
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Fig. 4. Mitochondrial components trend upwards in heterozygote and null mice
A) Citrate synthase (CS) activity was measured as described in Materials and Methods.
There was a trend in which CS activity was 29% and 17% increased in the heterozygotes
and the Cox7a1 knockouts, respectively. However, differences were not statistically
significant (p=0.13 WT-HT; p=0.27, WT-KO) (n=4). B) Ndufb6 gene expression was
measured by qPCR as described. *, p<0.05. C) MtDNA content of Cox7a1+/+, Cox7a1+/-

and Cox7a1-/- was determined by qPCR as described in Materials and Methods, relative to a
single copy nuclear gene (mouse β-2 microglobulin) using total DNA.
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Fig. 5. Cox activity and ATP levels in Cox7a1 heterozygous and knockout mice
A) Cox activity is decreased in hearts of heterozygous and knockout mice. Cox activity of
heart homogenates was determined with the spectrophotometric method and standardized to
citrate synthase activity. Wild-type (WT) was set to 100%. Heterozygotes (HT) and Cox7a1
knockout mice had 26% and 53% reduced Cox activities, respectively. Note that
measurements were performed in the absence of allosteric Cox activity modulators ADP and
ATP (n=4; *, p<0.5; **, p<0.01). B) Cox activity is decreased in heart tissue of Cox7a1
knockout mice. Cox activity was determined in heart tissue homogenates of wild-type (WT,
squares), heterozygote, (HT, circles), and Cox7a1 knockout mice (KO, triangles) in the
presence of allosteric Cox inhibitor ATP (open symbols) and allosteric activator ADP
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(closed symbols) with the polarographic method by increasing the amount of substrate
cytochrome c. Cox activity is defined as consumed O2 [nmol]/min/protein [mg]. Shown are
representative measurements (n = 4 each; standard deviation < 5% at maximal turnover). C)
ATP levels are increased in the Cox7a1 knockout mice. ATP concentrations of heart median
cross-sections were determined with the bioluminescence method. ATP levels are 7% and
33% increased in the heterozygotes (HT) and Cox7a1 knockouts (KO) in comparison to the
wild-types (WT), respectively. ATP at 100% is equivalent to 170 μg ATP/mg of solubilized
protein (n = 6 animals in each group, measured in triplicates each; **, p < 0.01).
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Fig 6. Echo analysis of wild-type and Cox7a1-/- mice
Two-dimensional and M-mode imaging of the left ventricle in the long-axis view
demonstrates LV chamber enlargement and impaired contractility for Cox7a1-/- mice.
Spectral Tissue Doppler imaging of the LV lateral wall demonstrates diminished e’ wave
velocities and a’ wave for Cox7a1-/- mice, consistent with LV diastolic dysfunction.
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Table 1

Human and mouse cardiomyopathy genes involved in the cardiomyofibrillary contractile structure.

Protein Human gene/Clinical study Reference Mouse gene/Mouse model Reference

Cardiac myosin binding protein 3 MYBPC3 1

Cysteine and glycine rich protein 3 CSRP3 2 Csrp3 12

Desmin DES 3 Des 13

Lamin A/C LMNA 4 Lmna 14

LIM-Domain binding 3 LDB3 5 Ldb3 15

Myosin light chain 2 MYL2 6 MYL2 transgene 16

Myosin heavy chain 7 MYH7 7 Myh7 17

Sarcoglycan delta SGCD 8 Sgcd 18

Titin TTN 9 Ttn 19

Tropomyosin TPM1 10 Tpm1 20

Troponin T2 TNNT2 11 Tnnt2 21

References: 1, Dhandapany et al, 2009; 2, Knoll et al., 2002; 3, Dalakas et al., 2000; 4, Fatkin et al., 1999; 5, Vatta et al., 2003; 6, Poetter et al.,
1996; 7, Kamisago et al., 2000; 8, Tsubata et al., 2000; 9, Satoh et al., 1999; 10, Olson et al., 2001; 11, Thierfelder et al., 1994; 12, Arber et al.,
1997; 13, Li et al., 1996; 14, Mounkes et al., 2005; 15, Zheng et al., 2009; 16, Szczesna-Cordary et al., 2005; 17, Geisterfer-Lowrance et al., 1996;
18, Coral-Vazquez et al., 1999; 19, Radke et al., 2007; 20, Muthuchamy et al., 1999; 21, Tardiff et al., 1998.
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Table 2

Comparison of echocardiographic findings in CcO7a1 null (KO) mice at indicated weeks of age and wild-type
at 4 weeks.

WT KO

Age (months) 4 4-6

Number 4 9

FS %* 27.7 ± 3.1 17.7 ± 2.1

EF %* 54.0 ± 5.0 36.9 ± 3.8

LVPWd (mm) 0.8 ± 0.1 0.76 ± 0.04

LV mass (mg)* 98.4 ± 9.0 121.8 ± 7.6

SV (mcl) 32.7 ± 2.6 36.1 ± 3.8

HR (bpm)* 364.8 ± 15.2 329.0 ± 9.7

CO (ml/min) 11.9 ± 0.7 11.8 ± 1.2

LV E/e’* 4.2 ± 0.2 5.0 ± 0.3

FS, fractional shortening; EF, ejection fraction; LVPWd, left ventricular posterior wall dimensions; LV, left ventricle; SV, stroke volume; HR,
heart rate; CO, volume of blood ejected into aorta/min; LV E/e’, index of left atrial pressure.

*
p < 0.01 WT vs KO; 2-tailed t-test).
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