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Mitochondrial complex | (Cl) deficiency is the most common mito-
chondrial enzyme defect in humans. Treatment of mitochondrial
disorders is currently inadequate, emphasizing the need for exper-
imental models. In humans, mutations in the NDUFS6 gene, encod-
ing a Cl subunit, cause severe Cl deficiency and neonatal death. In
this study, we generated a Cl-deficient mouse model by knock-
down of the Ndufs6 gene using a gene-trap embryonic stem cell
line. Ndufs69Y9' mice have essentially complete knockout of the
Ndufs6 subunit in heart, resulting in marked Cl deficiency. Small
amounts of wild-type Ndufs6é mRNA are present in other tissues,
apparently due to tissue-specific mRNA splicing, resulting in milder
Cl defects. Ndufs69Y9* mice are born healthy, attain normal weight
and maturity, and are fertile. However, after 4 mo in males and 8
mo in females, Ndufs6°9* mice are at increased risk of cardiac
failure and death. Before overt heart failure, Ndufs69/9* hearts
show decreased ATP synthesis, accumulation of hydroxyacylcarni-
tine, but not reactive oxygen species (ROS). Ndufs69Y9' mice de-
velop biventricular enlargement by 1 mo, most pronounced in
males, with scattered fibrosis and abnormal mitochondrial but
normal myofibrillar ultrastructure. Ndufs69Y9t isolated working
heart preparations show markedly reduced left ventricular systolic
function, cardiac output, and functional work capacity. This re-
duced energetic and functional capacity is consistent with a known
susceptibility of individuals with mitochondrial cardiomyopathy to
metabolic crises precipitated by stresses. This model of CI defi-
ciency will facilitate studies of pathogenesis, modifier genes, and
testing of therapeutic approaches.

mouse model | mitochondrial diseases

M itochondria generate the majority of energy required for
cellular function and survival. Defects in mitochondrial
oxidative phosphorylation (OXPHOS) cause a wide range of
diseases, collectively affecting ~1/5,000 births (1). OXPHOS
dysfunction was first identified in neuromuscular disorders but
symptoms can potentially affect any organ, with any age of onset
and any mode of inheritance (2). The heart, being highly energy
dependent, is particularly vulnerable to OXPHOS defects, with
cardiac involvement recognized in about a third of children and
up to 80% of adults with OXPHOS disorders (3, 4). Complex I
(CI) deficiency is the most common OXPHOS disorder and has
a wide range of clinical presentations, including neurodegen-
eration, muscle weakness, cardiac failure, liver failure, and early
death, often in childhood (5, 6). As identified by Cochrane re-
view, “there is currently no clear evidence supporting the use of
any intervention in OXPHOS disorders” (7). Thus, there is an
urgent need for suitable animal models to study pathogenic
mechanisms and novel therapeutic approaches. Such models can
also shed light on the wide range of common, complex diseases
to which mitochondrial dysfunction contributes (8).

www.pnas.org/cgi/doi/10.1073/pnas.1113987109

Despite the high prevalence of OXPHOS disorders, relatively
few genetic models have been developed. Until recently, the only
mouse model of CI deficiency exhibited decreased expression
of apoptosis-inducing factor (AIF), a mitochondrial protein first
identified as a cell death mediator (9-11). AIF is also thought to
be involved in the assembly and/or stabilization of CI (12), but
the highly variable symptoms in individual AIF mice and the role
of AIF in cell death complicate interpretation of the pathogen-
esis and potentially the treatment response in AIF mouse models.
A recent report of patients with pathogenic AIF mutations found
no evidence of CI deficiency (13), further complicating its role in
CI biogenesis in humans.

It is desirable to have “pure” mouse models of CI deficiency to
investigate pathogenic mechanisms and trial novel treatment
approaches. Fourteen of the 45 CI subunits are highly conserved
across species and represent core subunits (14), whereas the 31
supernumerary subunits were gained at different evolution-
ary stages. Analysis of mutations in CI patients suggests that
knockouts of the 7 nuclear-encoded core subunit genes are likely
to be embryonic lethal (15). Recently, the first CI subunit
knockout model was generated by knocking out the Ndufs4 gene,
which is in the third most conserved group of CI subunits (14).
Patients with NDUFS4 mutations typically have two null-type
mutations and develop the neurodegenerative condition, Leigh
syndrome (15). Ndufs4 knockout mice develop encephalomyop-
athy and die within 7 wk (16). A brain-specific Ndufs4 knockout
showed a nearly identical phenotype to the systemic knockout
with death by 7 wk (17). These are useful models but do not
develop the characteristic neuropathology of Leigh syndrome and
the early lethality means they can only be used in short-term
treatment studies.

We and others have described children with mutations in the
NDUFS6 subunit gene (18, 19), all of whom died in the first
month of life. The NDUFS6 gene is in the second most conserved
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group of CI subunit genes (14) and all patients had null-type
mutations. The aim of the present study was to generate and
characterize a Cl-deficient mouse model by knockdown of the
Ndufs6 gene using gene-trap embryonic stem cell (ESC) lines
(20). Ndufs62”¢" mice have reduced expression of the Ndufs6
subunit resulting in different degrees of CI deficiency in various
tissues, but most pronounced in the heart. The resultant car-
diomyopathy has a markedly diminished functional capacity
and a predisposition to heart failure.

Results

Generation of Ndufs6%9t Mice. Ndufs62"8" mice were generated by
knockdown of the Ndufs6 gene using gene-trap ESC lines (20).
The mutagenesis vector generates a fusion protein between the
N terminus of Ndufs6 and a p-galactosidase—neomycin resistance
(B-GEOQO) cassette (Fig. S14). Immunocytochemical staining
shows mitochondrial localization of fusion protein in Ndufs6*/&
ESC (Fig. S1B) and SDS/PAGE immunoblotting confirms ex-
pression of fusion protein (Fig. S1C). Blue native polyacrylamide
gel electrophoresis (BN-PAGE) immunoblotting of mitochon-
dria demonstrates that the fusion protein migrates at the
expected size for the tetramer (~550 kDa) and is not assembled
into CI (Fig. S1D). Mice heterozygous for the mutation were
generated on a mixed 129/0Ola and C57BL/6 background using
standard methods of host embryo microinjection, chimera pro-
duction, and germ-line transmission (21).

Phenotype of Ndufs69'9* Mice. At 4 wk of age, offspring of het-
erozygous parents were present in an ~1:2:1 Mendelian ratio (91
wild-type, 168 heterozygous, and 91 homozygous, > = 0.56, P >
0.7), indicating that no fetal loss was caused by the gene-trap
insertion. Both male and female Ndufs68/¢' mice were fertile.
However, Ndufs68/¢" females produced smaller litters and pups
had a lower neonatal survival rate compared with offspring from
unaffected females (Fig. S24). For the first 4 mo of life, Ndufs65/¢"
mice had an apparently normal general phenotype, with normal
weight gain (Fig. S2B). However, from 4 mo in males and 8 mo in
females, Ndufs65/%' mice were prone to rapid onset weight loss
and sudden death. For ethical reasons, mice over these ages were
therefore killed when they lost >20% of their maximum weight.
Long-term survival in Ndufs6®/' males was about half that of
females (Fig. S3).

From as early as 30 d of age, cardiac enlargement was evident in
Ndufs6®/¢" mice and more pronounced in males, with a near-
doubling of heart weight (Fig. 14) and the heart-to-body weight
ratio (Fig. 1B), associated with increased myocardial mRNA ex-
pression of Anp (atrial natriuretic peptide), but not f-MHC (beta
myosin heavy chain) (Fig. 1C). However, cardiac enlargement was
more severe in mice with weight loss, particularly males, with heart
weight 3.2-fold and the heart-to-body weight ratio 3.9-fold that
of wild-type mice, accompanied by pronounced up-regulation of
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myocardial Anp and B-MHC mRNA expression (Fig. 1). The
combined left and right atrial weight in Neufs68/¢ with weight loss
(31.7 + 5.2 mg) also exceeded that in wild-type (6.3 + 0.7 mg) or
Ndufs6®/¢" without weight loss (8.2 + 1.0 mg; P < 0.001). This
constellation of findings was consistent with the onset of overt
cardiac failure in mice with weight loss. Because cardiac en-
largement in Ndufs6%"" mice was more prominent in males, and
cardiac failure may produce potentially confounding effects on
myocardial energetics and ultrastructure, we focus on the phe-
notype of male mice without failure in the next sections.

ClI Deficiency. Ndufs6®/#' mice had a partial knockdown of the
Ndufs6 gene, with small amounts of wild-type mRNA (between 1
and 34%) detected in all tissues studied (Fig. 24). This resulted
in reduced expression of Ndufs6 protein in various tissues, es-
pecially the heart (Fig. 2B). CI activity was also decreased most
markedly in heart, representing ~10% of normal CI activity (Fig.
2C). BN-PAGE immunoblotting showed a reduced amount of
fully assembled CI in various tissues (Fig. 2D), presumably due
to the decrease in Ndufs6 protein. Ndufs6/¢" mice had an iso-
lated CI defect as the cardiac activities of OXPHOS complexes
IL, III, and IV (CIIL, CIII, and CIV) were normal (Fig. 34).
Isolated heart mitochondria from Ndufs65"8" mice showed a de-
creased capacity to generate ATP from substrates oxidized via CI
but not via CII (Fig. 3B).

To examine whether fatty acid metabolism was affected by CI
deficiency, acylcarnitine levels were measured in mouse hearts.
Ndufs6%"8" mouse hearts showed a general increase in hydrox-
yacylcarnitines with chain length C6 to C18, with significantly
greater levels of OHC6 and OHCS than wild-type (Fig. 3C).
However, reactive oxygen species (ROS) production by isolated
heart mitochondria did not differ between Ndufs6¢7¢' and wild-

type (Fig. 3D).

Cardiac Morphology and Echocardiography. In fixed hearts sec-
tioned transversely at ventricular midcavity level, Ndufs62" mice
showed increases in chamber dimensions and wall thickness (Fig.
4A4), plus higher left and right ventricular free wall and septal
weights (Fig. 4B). Furthermore, left ventricular end-systolic and
end-diastolic diameters and posterior wall thickness were in-
creased, and fractional shortening reduced in Ndufs65/# mice on
echocardiography (Fig. 4C and Table 1).

Myocardial Ultrastructure. Compared with wild-type mice (Fig.
5A4), left ventricular myocardium of Ndufs6®/' mice showed
scattered areas of fibrosis (Fig. 5B), but the ultrastructure of
myofibers and nuclei appeared normal on transmission electron
microscopy (Fig. 5 C and D). However, compared with wild-type
mice (Fig. 5E), mitochondrial morphology was abnormal in
Ndufs6878" mice, with the central area frequently denser than
the periphery (Fig. 5F), due to narrowing of both the matrix
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Fig. 1. Cardiac enlargement. (A) Wet whole heart weight and (B) heart-to-body weight ratio in wild-type mice and in Ndufs69Y* mice with or without
weight loss; n = 9-15 per subgroup. (C) Myocardial mRNA expression of Anp and p-MHC; n = 3-9 per subgroup. *P < 0.05, **P < 0.01, wild-type vs. Ndufs69Y9t
mice without weight loss; *#P < 0.01, *##P < 0.001, Ndufs6%Y9* mice with vs. without weight loss; ¥P < 0.05, male vs. female Ndufs69Y9* mice without weight
loss; 5P < 0.05, 555P < 0.001, male vs. female Ndufs69Y9* mice with weight loss. Wt, weight.
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Fig. 2. Ndufs6é expression and Cl deficiency. (A) Wild-type (WT) Ndufsé
mRNA levels measured by quantitative real-time PCR in tissues of male
Ndufs69Y9t mice (4 mo). Results are expressed as percentage of wild-type
levels. (B) SDS/PAGE immunoblotting to detect Ndufsé protein expression
in isolated mitochondria of the same tissues. The Cll 70-kDa subunit (Sdha)
was used as loading control. (C) Cl activity in tissues of male Ndufs69¥9t mice
(4 mo). Results are expressed as percentage of wild-type levels relative to
citrate synthase. (D) BN-PAGE immunoblotting to detect the amounts of
fully assembled CI in the mitochondria of the same tissues. Level of fully
assembled Cll was used as loading control. fs6, Ndufs6; SC, supercomplex.

(6.3 £ 0.2 vs. 19.8 + 0.5 nm; P < 0.001) and intercristal spaces
(7.8 £ 0.2 vs. 15.5 + 0.4 nm; P < 0.001). In association with this
altered morphology, mitochondrial area in Ndufs6®/®" mice
(0.62 + 0.03 pm?) was smaller than in wild-type mice (0.82 +
0.06 pm?; P < 0.01).

Isolated Heart Function. At the baseline preload, left ventricular
peak systolic pressure was ~12 mmHg lower and end-diastolic
pressure ~7 mmHg higher in Ndufs6*’¢' mice, whereas aortic
output, coronary flow, and left ventricular stroke volume,
contractility (+8P/8T) and relaxation (—6P/8T) were 40-60%
lower than in wild-type mice. These differences were sus-
tained when left atrial filling pressure was systematically varied
between 5 and 25 mmHg to define the Frank-Starling relation-
ship (Table S1). Notably, with increased left atrial filling, re-
sultant demand-induced increases in cardiac output (Fig. 64)
and external work (Fig. 6B) were markedly attenuated in
Ndufs6*"' mice. Furthermore, Ndufs¢*"¢' hearts were situated at
the lower end of a highly linear stroke volume—-external work
relationship (Fig. 6C).

Discussion

In this study, we generated a mouse model of mitochondrial CI
deficiency, in which insertion of a gene-trap vector disrupted
expression of the Ndufs6 gene, leading to decreased levels of
Ndufs6 protein. Ndufs6%/¢" mice had primarily a cardiac pheno-
type, manifested as a cardiomyopathy associated with a doubling
of heart weight, impaired systolic function, and a reduction in
functional capacity. Males were most severely affected, with a
propensity to develop cardiac failure and diminished survival
after 4 mo of age.

In Ndufs65/¢" mice, the amount of intact CI and CI activity
were decreased in all tissues tested but, similar to NDUFS6
patients (18), CII, CIII, and CIV activities were unaffected.
However, residual CI activity showed an unexpected tissue var-
iation, with CI activity lowest in heart, at ~10% of the wild-type
value. Levels of wild-type Ndufs6 mRNA were low in Ndufs65/%"
mice but, surprisingly, appreciable residual amounts of wild-type
mRNA were present in tissues such as brain, a finding which
contrasts with the apparent systemic CI defect seen in patients

Ke et al.
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Fig. 3. Mitochondrial functional parameters. (A) Activity of complexes I-IV
in mouse heart, expressed relative to citrate synthase (CS) activity; n = 6-8.
(B) ATP synthesis rates in isolated heart mitochondria via substrates oxidized
by ClI (M/G, malate and glutamate) versus substrates oxidized via Cll (S/R,
succinate and rotenone); n = 4. (C) Heart hydroxyacylcarnitine levels; n = 8.
(D) H,0, production in isolated heart mitochondria; n = 4. All mice were
4-mo-old males. *P < 0.05, **P < 0.01, ***P < 0.001; wild-type vs. Ndufs69v9t
mice. Data expressed as mean + SEM.

with NDUFS6 mutations (18). The likely mechanism for this
tissue variability is that some wild-type mRNA is formed by
splicing over the gene-trap vector sequence. The virtual absence
of wild-type mRNA in Ndufs65"#" hearts and the severe cardiac
phenotype suggest that such splicing occurs in brain, but not
heart. Analysis of midgestation Ndufs65" mouse embryos
showed low levels of wild-type Ndufs6 mRNA in both heart and
brain (Fig. S4). However, as development proceeds, it appears
that the extent of tissue-specific splicing may increase in some
tissues, but not others. We are not aware of splicing over the
gene-trap vector sequence being described previously in gene-
trap mice, but tissue-specific splicing codes are starting to be
identified (22). Importantly, whereas cardiac muscle has a high
energy requirement and is dependent on OXPHOS for normal
function, the cardiac specificity of the Ndufs6"8" phenotype is
unlikely to be due simply to high reliance on CI activity or dif-
ferent energy substrate preferences in heart. In a mouse model
of systemic CI deficiency (i.e., Ndufs4~'~ mice), animals die from
neurological disease without overt heart disease (16, 17).

In Ndufs6£"¢" mice, we did not observe the crippled CI species
seen in the fibroblasts of NDUFS6 patients (18). This could be
due to the partially assembled CI species in the tissues of
Ndufs6878" mice being less stable than those in patient fibroblasts
and thus becoming undetectable after mitochondrial isolation or
because tissues dense with mitochondria and reliant on high
rates of OXPHOS (such as heart) have more rapid clearance of
partially assembled CI. Alternatively, the lack of this assembly
intermediate in our model may suggest that Ndufs6 plays a
somewhat different role in the assembly or stability of CI in mice
and humans. We note that the Ndufs6—BGEO fusion protein is
stable in heterozygous ESC (Fig. S1C) and in heterozygous and
homozygous mutant hearts (Fig. S5). However, the presence of
the fusion protein does not appear to contribute to pathogenicity
as it is not incorporated into assembled CI (Fig. S1D), and
heterozygous mice lack any detectable phenotype.

The decreased CI activity in Ndufs6®/®" hearts resulted in
a decreased rate of mitochondrial ATP synthesis with CI sub-
strates but no apparent increase in ROS generation. A general
increase in hydroxyacylcarnitines with chain length of C6 to C18

PNAS | April 17,2012 | vol. 109 | no.16 | 6167

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113987109/-/DCSupplemental/pnas.201113987SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113987109/-/DCSupplemental/pnas.201113987SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113987109/-/DCSupplemental/pnas.201113987SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113987109/-/DCSupplemental/pnas.201113987SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113987109/-/DCSupplemental/pnas.201113987SI.pdf?targetid=nameddest=SF1

L T

z

1\

BN AS PN AN D

FS =47%

Ndufs69st

4 1 Wildtype
z I Ndufs6ost
23
9]
2
22
o
= Kkk
D Tk
1
- !—[
0

Left ventricular Septum Right ventricular
free wall free wall

Ndufs69'st

S FS=15%

=== _ .}

Fig. 4. Cardiac phenotype. (A) Cross-sections of perfusion-fixed hearts from wild-type and Ndufs69Y9" male mice. (B) Regional heart weights of male wild-
type and Ndufs69Y9t mice. ***P < 0.001, wild-type vs. Ndufs69Y*. (C) M-mode echocardiographic images of left ventricle obtained with the Vevo 2100 system
in wild-type and Ndufs6%¥9t male mice. ED, end-diastolic diameter; ES, end-systolic diameter; FS, fractional shortening.

was observed in Ndufs68”€" hearts (Fig. 3C), presumably due to
an increased mitochondrial NADH/NAD™ ratio inhibiting the
NAD™*-dependent oxidation of 3-hydroxy fatty acyl-CoA species
in the B-oxidation spiral.

Male Ndufs6%"#" mice showed a more severe phenotype than
females in regard to cardiac enlargement, propensity to develop
cardiac failure, and survival rate. Sex differences with OXPHOS
defects have also been reported in mouse models of mitochon-
drial disease affecting the assembly of CIV. Thus, in Sco2 mutant
mice, males have earlier onset of muscle weakness (23), whereas
in muscle-specific Cox10 knockout mice, females have a more
beneficial response to up-regulation of the PGC-1a pathway (24).
Furthermore, in human mitochondrial disease, typically more
male patients are affected (male/female ratio: 1.5:1) (3). It is also
well documented that male mice in a range of nonmitochondrial
models of cardiac disease often show more severe phenotypes in
parameters such as cardiac hypertrophy, cardiac fibrosis, and
survival (25). These sex-related differences are presumably re-
lated to a sex hormone effect, as estradiol has been reported to
stimulate mitochondrial biogenesis (26), whereas androgens ap-
pear to promote cardiac enlargement and fibrosis (27).

In male Ndufs6*"¢ mice, occurrence of heart failure and sud-
den death spanned a relatively wide time interval (Fig. S3). This
variability could be a stochastic process or due to environmental
modifiers, although the latter seems unlikely as mice were
housed with minimal variation in diet, temperature, and patho-
gen exposure. Whether variability is influenced by one or more
modifier genes that segregate in the mixed genetic background

Table 1. Left ventricular wall thickness, chamber dimensions,
and fractional shortening in wild-type and Ndufs6%Y9* male mice
of similar age

Wild type (n = 9) Ndufs69Y9t (n = 6) P
PWT, mm 0.85 + 0.04 1.08 + 0.07 <0.01
ED, mm 3.67 + 0.14 458 + 0.29 <0.01
ES, mm 2.19 + 0.12 3.84 + 0.33 <0.001
FS, % 40 + 1 16 + 3 <0.001
Age, wk 114419 93+22 0.5

Data are presented as mean + SEM. ED, end-diastolic diameter; ES, end-
systolic diameter; FS, fractional shortening; PWT, end-diastolic posterior wall
thickness.
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could be tested in future gene mapping studies using Ndufs6&"e"
mice bred on different genetic backgrounds.

Echocardiographic and isolated heart studies indicated that
resting systolic function was substantially impaired even in
Ndufs65"8" mice without cardiac failure. This impairment was par-
ticularly striking, given that myocardial ultrastructural changes

Ndufs69vst
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Fig. 5. Myocardial ultrastructure. Masson's trichrome staining of cardiac
muscle in wild-type mice (A) and Ndufs69Y9* mice (B), showing fibrosis in the
latter as blue staining (arrow). Ultrastructure of myofibers and the nucleus
are normal in left ventricular myocardium of wild-type mice (C) and Ndufs69%9*
mice (D), but mitochondria in the latter contain central dense areas (arrows).
Compared with wild-type mice (E), higher power reveals that myocardial mi-
tochondria of Ndufs¥9* mice have tightly packed central cristae with di-
minished matrix space (F). [Scale bars, 0.1 mm (A and B); 1 pm (C-F)].
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than wild-type mice (P < 0.01 at each preload level).

appeared to be restricted to scattered fibrosis and smaller mi-
tochondria with abnormal morphology. Furthermore, the in-
ability of hearts from Ndufs65"¢" mice to increase external work in
response to increased filling demonstrated that Ndufs6 de-
ficiency-induced cardiomyopathy markedly limited Frank-Star-
ling properties and reduced functional work capacity. Thus,
Ndufs6*#' mice are anticipated to be vulnerable to energy deficits
and myocardial injury during conditions of high work stress or
ischemia reperfusion. This is consistent with the observation that
patients with mitochondrial cardiomyopathy often have pro-
longed periods of clinical stability but are susceptible to acute
metabolic decompensation precipitated by fasting, infection, or
other stresses (28, 29). This metabolic fragility is also seen in
OXPHOS disorders affecting other tissues. For example, brain
magnetic resonance imaging studies in patients with OXPHOS
disorders indicated a decline in phosphorylation potential, im-
plying a similar low energy reserve (30) to that seen in Ndufs6&"¢"
mouse hearts. These observations emphasize that prevention or
minimizing the impact of metabolic stresses is a key approach to
maintaining the stability of patients with OXPHOS disorders.

Although Ndufs65"# mice resembled many of the biochemical,
morphological, and functional features of human patients, they
did not recapitulate all of them. Compared with NDUFS6
patients who die within the first week of life, Ndufs65/%" mice can
survive for more than 4 mo, presumably because the CI de-
ficiency is heart specific rather than systemic, and cardiac ad-
aptation may be possible until reserve capacity is ultimately lost.
All NDUFS6 patients (except one) diagnosed so far did not have
a specific cardiac assessment due to the system-wide severity of
the disease causing early death (18, 19). Hence, cardiac in-
volvement in these patients cannot be excluded. Indeed, we re-
cently showed that cardiac problems are present in one-third of
children with OXPHOS disorders, with boys affected more than
girls (3). Ndufs6€”¢" mice will be a useful model to study the
pathogenesis induced by mitochondrial cardiomyopathy and
potentially for the identification of modifier genes and for testing
therapeutic approaches, because these mice have a relatively
longer lifespan than NDUFS6 patients.

Methods

Generation of Gene-Trap (Ndufs699") Mice. The AR01380 ESC line was pur-
chased from the International Gene Trap Consortium (www.genetrap.org).
Ndufs69Y9t mice were generated at the Transgenic Animal Service of
Queensland (Brisbane, Australia) using standard methods. Mice were bred
and maintained following an approved protocol by the Murdoch Childrens
Research Institute (MCRI) Animal Ethics Committee. Details are in S/ Methods.

Immunocytochemistry, Collagen Staining, and EM. To assess the mitochondrial
localization of fusion protein, gene-trap ESC were stained with either mouse

Ke et al.

anti-p-Gal monoclonal antibody (1:200; Promega) followed by antimouse
IgG Alexa 488 (1:200; Molecular Probes) or rabbit anti-MnSOD polyclonal
antibody (1:400; Assay Designs) followed by antirabbit IgG Alexa 546 (1:400;
Molecular Probes). Details are in S Methods. To visualize interstitial collagen
deposition, hearts were immersion fixed with 10% (wt/vol) formalin (Sigma)
for 24 h, with 4 pM paraffin sections, then stained with Masson’s trichrome
stain (Sigma). For electron microscopy, hearts were perfusion fixed with
2.5% (vol/ivol) glutaraldehyde and 4% (wt/vol) paraformaldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4), then immersed in the same fixative for
24-48 h at 4 °C. Tissue blocks were excised from the left ventricular free wall
and prepared using standard procedures, as previously described (31, 32).

Mitochondrial Morphometry. Mitochondrial quantitation was performed on
transmission electron micrographs from two wild-type and two Ndufs69Yst
mice using Image J software (National Institutes of Health). The mitochon-
drial area was measured at low power (4,900x) in mitochondria situated
adjacent to longitudinally sectioned myofibrils. Widths of the matrix and
intercristal space in central and peripheral regions of mitochondria from
Ndufs6%¥9t mice were measured at higher power (27,500x) in mitochondria
with parallel cristae. Between 59 and 149 measurements were acquired
per variable.

Longevity Study. Mice were monitored up to 1y. Details are in S/ Methods.

Enzyme Activity Assay. Mouse tissues were homogenized and assays per-
formed on postnuclear supernatants as described previously (5), except that
assay temperatures were 25 °C.

Mitochondrial Isolation. Mice (4 and 17-21 mo) were killed by cervical dis-
location and tissues collected for mitochondrial isolation. Mitochondria were
isolated from tissues (except brain) as previously described (33). Brain mi-
tochondria were isolated as per Sims et al. (34), except digitonin was de-
creased to 3.1 mg/g initial wet brain weight. Protein concentrations were
measured using BCA (Sigma) (35).

Western and Blue-Native PAGE Blot. Western blot analysis was similar to the
protocol of Calvo et al. with minor modifications (36), using a rabbit poly-
clonal Ndufs6 antibody. BN-PAGE was performed on isolated mitochondria
from various tissues as previously described (37), using a rabbit polyclonal
antibody to the Cl 39-kDa subunit. Details are in S/ Methods.

Acylcarnitine Measurement. Acylcarnitine species were analyzed from ~10 mg
of heart tissue using an electrospray tandem mass spectrometry approach.
Details are in SI Methods.

RNA Isolation and Quantitative PCR Analysis. Details are in S/ Methods.

Mitochondrial Functional Assays. Myocardial ATP synthesis assay was per-
formed on freshly isolated mitochondria (6.25 pg/mL) incubated with either
10 mM malate and 10 mM glutamate (Cl substrate), or 10 mM succinate and
5 uM rotenone (ClI substrate) as described previously (5), but without the
of digitonin treatment. ATP concentrations were measured with the ATP
Bioluminescence CLSII kit (Roche Diagnostics) using a FLUOstar OPTIMA
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microplate reader (BMG Labtechnologies). ROS production (H,0,) in live
mitochondria (25 pg/mL) was assessed using the fluorescent probe Amplex
Red via the protocol of Morten et al. with minor modifications (38). H,0,
production was measured fluorometrically (excitation 540 nm, emission 590
nm) over a 20-min period on a FLUOstar OPTIMA microplate reader.

Echocardiography. Echocardiography was performed on anesthetized mice
using a 12-MHz phased array transducer and Vivid | ultrasound machine (GE
Medical Systems) or a 40-MHz linear array transducer and Vevo 2100 ultra-
sound system (VisualSonics). Details are in SI Methods.

Cardiac Function. Isolated working heart studies were performed to exclude
neural and humoral influences and to control heart rate, preload, and
afterload. The heart-to-body weight ratio of Ndufs6979 mice in these studies
was almost double that of wild-type mice (11.4 + 1.5 vs. 6.5 + 0.3 mg/g; P =
0.005). Left ventricular Frank-Starling relationships were measured over
a left atrial filling pressure range of 5-25 mmHg, as previously described
(39). Details are in S/ Methods.
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Statistics. Data were analyzed using GraphPad Prism 4. Differences were
considered significant at P < 0.05. Data between two groups were compared
with an unpaired T test. Data from more than two groups were evaluated with
one-way ANOVA followed by Tukey’s post hoc analysis. A log-rank test was
used for Kaplan-Meier survival analysis. All data are presented as mean + SEM.
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