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Utilizzando un approccio biochimico e genetico combinato, siamo riusciti ad
identificare il difetto genetico alla base del deficit di complesso | mitocondriale in 3
di 12 pazienti nella nostra coorte. | soggetti indagati in questo studio provengono
da differenti aree geografiche: Inghilterra, Francia, Medio Oriente, Israele, India e
Pakistan. Clinicamente presentano fenotipi differenti: sindrome di Leigh, acidosi
lattica congenita, cardiomiopatia ipertrofica, encefalopatia, ritardo dello sviluppo,
malattia di Alpers.

Dopo aver escluso la presenza di mutazioni nel DNA mitocondriale estratto da
muscolo (analisi effettuata dal laboratorio diagnostico al National Hospital for
Neurology, Queen Square, London), i fibroblasti dei pazienti sono stati sottoposti a
indagine biochimica che ha confermato il difetto nell’attivita del complesso | in tutti i
pazienti anche in questo tessuto, inoltre sono state effettuate analisi in Blue Nativo.
L’'uso di anticorpi diretti verso diverse subunita del complesso | ha evidenziato la
presenza di sub-complessi dell’oloenzima da ~1MDa in alcuni pazienti; mentre in
altri, sono stati osservati vari livelli di riduzione dell'oloenzima. L’analisi del profilo
di migrazione del complesso | su gel Blue Nativi ha indirizzato lo screening
genetico verso un gruppo selezionato di geni, gia associati a deficit di complesso I.
Due pedigree sono stati analizzati su un Affymetrix 10K SNP chip array e analizzati
con l'approccio del mappaggio dellomozigosi, basato sull'ipotesi che gli individui
affetti avessero ereditato due copie dello stesso allele ancestrale mutato
(autozigosi). Successivamente, un’analisi bioiformatica (con I'implementazione dei
database Maestro e MitoCarta) ha permesso la selezione di un gruppo di geni
candidati che potessero contenere il difetto genetico, tenendo in considerazione
anche i risultati ottenuti dallo studio in Blue Nativo.

Lo screening genetico ha identificato una nuova delezione frameshift di 8bp
(c.377_384del; Q126fsX2) nel gene NDUFS4, come causa della malattia in un
paziente proveniente da una famiglia analizzata mediante mappaggio
dell’omozigosi. Sua cugina si € rivelata essere eterozigote per la stessa mutazione,
ma nessun altro difetto venne identificato, lasciando questo caso di deficit di
complesso | irrisolto. Nel secondo pedigree analizzato mediante mappaggio
dell’omozigosi, €& stata individuata una mutazione omozigote in un nuovo fattore di
assemblaggio del complesso | mai associato in precedenza con malattie
nelluomo. La mutazione ¢.1054C>T; R352W in FOXRED1 segregava con Il
fenotipo nella famiglia e non & stata riscontrata in 268 alleli controllo. L’analisi
Western blot ha mostrato una riduzione dei livelli proteici di FOXRED1 in fibroblasti
del paziente e il ripristino dell’attivita del complesso | dopo trasduzione con vettori
lentivirali mediante il cDNA wild-type di FOXRED1. Infine, mediante
sequenziamento dei geni candidati, due nuove mutazioni in eterozigosi composta
sono state identificate in NDUFAF1: c.631C>T; R211C e c.733G>A; G245R.

In sintesi, lo studio ha consentito di identificare difetti genetici in (i) una subunita
del complesso |: NDUFS4, gia associata con deficit di complesso I; (ii) un nuovo
fattore di assemblaggio del complesso |: FOXRED1; (iii) e di identificare due nuove
mutazioni in un altro fattore di assemblaggio: NDUFAF1. In conclusione, il nostro
approccio combinato si € rivelato efficiente nell’identificazione del difetto genetico
in pazienti affetti da deficit di complesso |.
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ABSTRACT

Using biochemical and genetic approaches we have been able to identify the
genetic defect underlying mitochondrial complex | deficiency in 3 patients out of the
12 patients in the cohort. The patient cohort investigated in this study is genetically
heterogeneous, originating from several different geographical areas: England,
France, the Middle East, Israel, India and Pakistan. They presented with different
clinical phenotypes: Leigh syndrome, congenital lactic acidosis, hypertrophic
cardiomyopathy, encephalopathy, developmental delay, Alpers’ disease.

After having excluded the mitochondrial DNA molecule for carrying mutations in
muscle (analysis carried out by the diagnostic laboratories’ staff, at the National
Hospital for Neurology, Queen Square, London), a biochemical investigation was
undertaken in patients’ fibroblasts: the complex | activity defect was confirmed in
this tissue as well for all the patients, and Blue Native studies were carried out.
Antibodies against several subunits of complex | identified various subassemblies
of the ~1MDa holoenzyme in several patients; in some others various degrees of
reduction in holo-complex | content were observed. Analysis of the complex |
pattern on Blue Native gels led the genetic screening towards a subset of genes,
already known to be involved in complex | deficiency.

Two families were also run on the Affymetrix 10K SNP chip array and then a
homozygosity mapping approach was undertaken on the assumption that the
affected individuals inherited two copies of the same ancestral mutated allele from
a common ancestor (autozygosity). A subsequent bioinformatics analysis (also
involving the implementation of the Maestro and MitoCarta databases) allowed the
selection of a subgroup of genes that could possibly bear the genetic defect; this
was done taking into account the Blue Native complex | pattern as well.

Genetic screening identified a novel 8bp frameshift deletion (c.377_384del;
Q126fsX2) in the NDUFS4 gene as cause of the disease in a patient from the first
pedigree analyzed by homozygosity mapping. Her cousin was heterozygous for the
same defect, but no other mutation has been identified, leaving this complex |
deficiency case unsolved. In the second pedigree analyzed by homozygosity
mapping approach, a homozygous mutation in a novel complex | assembly factor
never previously linked to human disease has been identified. The ¢.1054C>T,;
R352W mutation in FOXRED1 segregated with disease in the family and was not
found in 268 healthy control alleles. Western blot analysis showed a reduced
steady-state level of FOXRED1 in patient fibroblasts and restoration of complex |
activity after lentiviral transduction of patient fibroblasts with wild-type FOXRED1
cDNA. Finally, by candidate gene sequencing, two novel compound heterozygous
mutations in NDUFAF1 were identified in a third patient: ¢.631C>T; R211C and
c.733G>A; G245R.

In summary, this study allowed the identification of mutations in (i) one complex |
subunit, NDUFS4, already associated with complex | deficiency; (ii) one novel
complex | assembly factor: FOXRED1; (iii) and NDUFAF1, a known complex |
assembly factor whose mutations give a similar complex | Blue Native pattern to
the one observed in our patient. In conclusion our combined approach proved to be
efficient in the identification of the genetic defect in patients affected with complex |
deficiency.
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INTRODUCTION

1 INTRODUCTION

1.1 Mitochondria and Mitochondrial Proteome

Mitochondria are ubiquitous, essential-for-survival organelles that provide energy
substrates (such as ATP) for intracellular metabolic pathways. They are
characterised by the presence of two membranes, an outer and an inner, which
delimit two aqueous compartments: the inter membrane space, in between the two
membranes, and the matrix, enclosed by the inner membrane which also forms
cristae protruding into it. Several metabolic pathways are hosted in mitochondria,
including the Krebs cycle, B-oxidation, lipid and cholesterol biosynthesis and
oxidative phosphorylation. They also play an important role in cell signalling,
particularly in signalling for apoptotic cell death. Given its fundamental role in the
human body, defects of mitochondrial function can have disastrous consequences.

Mitochondrial DNA (mtDNA) is a maternally inherited circular genome of
approximately 16 kb with a copy number of about 100 per cell [1,2]. Typically, an
individual or cell contains only one variant or haplotype of the mitochondrial
genome, a state known as homoplasmy. Somatic and germ line mutations can
cause two or more variants to co-exist (heteroplasmy) and can impair
mitochondrial oxidative phosphorylation (OXPHOS) when they exceed a threshold.
Segregation of heteroplasmic mtDNA variants is usually a random process in both
the germline and in somatic cells, dependent on mtDNA turnover and copy number
[3]. However, some pathogenic mtDNA mutations can have skewed segregation
patterns affecting the onset and severity of disease. These segregation patterns
are mutation and tissue-specific but independent of the biochemical defect. The
human mitochondrial proteome is thought to contain more than 1500 proteins [4,5];
but only about 1% are synthesized inside the organelle, the vast majority are
synthesized in the cytosol. The mitochondrial DNA codes for 13 OXPHOS subunits
(assembled into complexes I, I, IV and V), 22 transfer RNA and specific ribosomal
RNAs, necessary for endogenous mitochondrial protein synthesis. All the other
proteins involved in the structure and assembly of the OXPHOS complexes,
enzymes involved in catabolism and anabolism of energetic substrates,
transporters and proteins for mitochondrial fusion and fission are encoded by the
nuclear genome. Import mechanisms are then engaged to transfer these proteins
inside the organelle, into the appropriate compartment.

1.2 Mitochondrial Respiratory Chain and Oxidative
Phosphorylation System

Accommodated in the mitochondrial inner membrane there are the five OXPHOS
complexes (complexes |-V), as shown in Fig. 1. The complexes | to IV are
oxidoreductases which, with the exception of complex Il, couple electron transport

1
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with translocation of protons across the inner mitochondrial membrane. According
to the chemiosmotic coupling hypothesis, the electron transport chain and oxidative
phosphorylation are coupled by a proton gradient across the inner mitochondrial
membrane. This proton motive force is used by ATP synthase (complex V) for ATP
synthesis from ADP and phosphate [6].

The overall organisation of the OXPHOS complexes in the mitochondrial cristae is
widely described and known as the “solid-state model”, which proposes stable
interactions between the OXPHOS complexes within entities named
supercomplexes [7]. This theory is confirmed by a number of studies, such as
electron microscopy analysis [8], and flux control experiments [9]; furthermore point
mutations in genes encoding one of the subunits of one OXPHOS complex may
affect the stability of another complex. The I+lll,+IV,_, supercomplex is called a
respirasome because it can autonomously carry out respiration in the presence of
ubiquinone and cytochrome c; however, respiratory supercomplexes are believed
to co-exist in the membrane with single OXPHOS complexes [7]. This association
into higher order supercomplexes likely mediates substrate channelling leading to
enhanced stability, higher electron transfer rates, greater catalytic efficiency, and
sequestration of reactive intermediates.

Comglex 1 Complex II Comglex TII Comglex IV Complex ¥

........

© c O
S 202 2H+ H0O
2H+ Cytochrome ¢ oxidase
Cytochrome bl cornplex (bovine)
(bovie)

H

HAD+O OH+

ou [T7AT] >0 [ZE1T]

PPPi PPi Pi&DP

FIGURE 1: Representation of the structural subunits of the OXPHOS complexes.
The complexes in this figure belong to different species (Thermos thermophilus,
Escherichia coli and Bos taurus), the reactions are indicated by the arrows and the
boxes.

1.2.1 Complex I: NADH:ubiquinone oxidoreductase

It is the first and the biggest complex of the respiratory chain (RC), and catalyses
NADH oxidation by transferring electrons to Coenzyme Qqo. It is composed of 45
subunits with an overall mass of ~980kDa. The electron transfer is coupled to the
pumping of 4 electrons from the matrix towards the inter membrane space.




INTRODUCTION

1.2.2 Complex Il: Succinate CoQ Reductase

It catalyses the oxidation of FADH, by transferring electrons to Coenzyme Qqo. It is
comprised of succinate dehydrogenase and 3 other hydrophobic subunits and
provides another entry point to transport high potential electrons in the
mitochondrial respiratory chain besides complex |. So, mitochondrial complexes |
and Il do not operate in series but cooperate for the same result.

1.2.3 Complex lll: Ubiquinol-Cytochrome ¢ Reductase

Mitochondrial complex Ill catalyses the reduction of one molecule of Coenzyme
Q10 with two molecules of cytochrome c. It contains 10 polypeptides, haem groups
and iron-sulphur clusters. The electron flow is coupled to the transfer of 2 protons
towards the inter membrane space.

1.2.4 Complex IV: Cytochrome c Oxidase

It is composed of 13 subunits and transfers electrons from cytochrome c to oxygen,
coupled to the transfer of two protons across the inner membrane. During this step
molecular oxygen is reduced, forming two molecules of water.

1.2.5 Complex V: ATP Synthase

Complex V (ATP synthase) of the mitochondrion comprises 17 subunits encoded
by nuclear DNA and two subunits (ATPase 6 and ATPase 8) encoded by mtDNA. It
is a highly conserved enzyme and is powered by the transmembrane proton
electrochemical gradient generated by the redox reactions of complexes I-IV.

The efflux of protons from the mitochondrial matrix to the inter membrane space
creates an electrochemical gradient (proton gradient) across the membrane, which
is often called the proton-motive force. This gradient has two components: a
difference in proton concentration (an H* gradient) and a difference in electric
potential, with the matrix side having a negative charge. The energy is stored
largely as the difference of electric potentials in mitochondria [10].

ATP synthase releases this stored energy by completing the circuit and allowing
protons to flow down the electrochemical gradient, back to the mitochondrial matrix
[11]. This enzyme is like an electric motor as it uses the proton-motive force to
drive the rotation of part of its structure and couples this motion to the synthesis of
ATP. The amount of energy released by oxidative phosphorylation is high,
compared with the amount produced by anaerobic fermentation. Glycolysis
produces only 2 ATP molecules, but between 30 and 36 ATPs are produced by the
oxidative phosphorylation of the 10 NADH and 2 succinate molecules made by
converting one molecule of glucose to carbon dioxide and water, while each cycle
of beta oxidation of a fatty acid yields about 14 ATPs. These ATP yields are
theoretical maximum values; in practice, some protons leak across the membrane,
lowering the yield of ATP [12].



INTRODUCTION

1.3Biochemical Assessment of Complex | Deficiency

The most common defect of the mitochondrial OXPHOS system is complex |
deficiency, which accounts for ~1/3 of all cases of OXPHOS disorders [13].
Complex | deficiency like all OXPHOS disorders can cause almost any symptom in
any tissue or organ, with any age of onset, and showing any mode of inheritance
[14]. Therefore the diagnosis of such a disorder should rely on many different
parameters, first of all the multi-organ involvement, typical of a metabolic disease
manifestation. The starting point for an accurate diagnosis is the biochemical
examination, which is typically achieved by spectrophotometric assay of tissue
biopsy material or cultured patient fibroblasts.

For a diagnosis of isolated complex | deficiency, the activity of complex | relative to
the activity of either citrate synthase, an enzyme involved in the Krebs cycle, or
mitochondrial complex Il should be markedly reduced compared to controls (e.g.
<30%) while the activity of the other complexes should be within or close to their
reference range [15,16]. It is good practice to express the results in ratios because
the activity values have to be normalised by an indicator of the mitochondrial
content: either the number of OXPHOS systems by normalising to complex I
activity, or the Krebs cycle activity by normalising to citrate synthase; these two
enzymes are the commonest used for these purposes. Furthermore, the enzyme
assay measures the redox activity of the peripheral arm of complex |, meaning that
mutations that affect the proton pumping function of the membrane arm may show
“normal” activity. A normal enzymatic result, therefore, does not eliminate the
possibility of complex | deficiency. A clear complex | deficiency by biochemical
analysis, however, guides future molecular studies.

1.4 Complex | Function, Structure and Assembly

Electron microscopy studies of purified complex | revealed the L-shaped structure
of the enzyme consisting of a hydrophobic membrane arm and a peripheral arm
that protrudes into the mitochondrial matrix [17] (Fig. 2). The membrane arm
houses the hydrophobic mtDNA encoded subunits whereas the core nuclear
encoded subunits all reside in the peripheral arm. NADH is oxidized at a site near
the tip of the peripheral arm and electrons are transferred via flavin
mononucleotide (FMN) and a chain of iron—sulphur clusters to the ubiquinone
reduction site near the base of the peripheral arm. The membrane domain utilizes
the energy released by the redox reactions within the peripheral arm to pump
hydrogen ions into the intermembrane space to contribute to the electrochemical
gradient that drives ATP synthesis [18,19]. Homologues of mammalian complex |
can be found in bacteria, with the bacterial complex formed from three
evolutionarily conserved modules; the electron input module (N), electron output
module (Q), and the proton translocation module (P).
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FIGURE 2: Schematic graph of mammalian mitochondrial complex | structure. The
matrix arm and the membrane arm form an L-shaped structure. It is composed of
three conserved functional modules: the NADH dehydrogenase module (N
module), the electron transfer module (Q module) and the proton translocation
module (P module). The positions of 14 core subunits are indicated, all of which
are highly conserved from prokaryotes to eukaryotes (picture taken from Mimaki M.
et al. Biochim Biophys Acta 2011 Sep 2).

The exact positions of each subunit within this structure have not yet been fully
defined; however, treatment with mild chaotropic agents can dissociate the
complex into four subcomplexes (la, 1B, IA, and ly), allowing for the identification of
subunits within each subcomplex [20-22]. In addition, the crystal structure from the
bacterium Thermus thermophilus has defined the relative positions of the eight
subunits that comprise the peripheral arm of complex | in this organism [18,23].
Although it is not known exactly how each subunit is assembled to form mature
complex | in humans, in the last few years a model for its assembly has developed
[24,25]. In addition, a number of assembly factors are required for assembly to
proceed effectively.

Human complex | consists of 45 different subunits (Fig. 3), 14 of which are crucial
for its catalytic function and are conserved in all species that have a complex I,
including bacteria [26]. Seven of these “core” subunits are hydrophobic and
encoded by the mtDNA (ND1, ND2, ND3, ND4, ND4L, ND5 and ND6), whereas
the other seven are hydrophilic and encoded by the nuclear DNA (nDNA)
(NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7, NDUFS8). They
have been defined as the “minimal enzyme”, while other subunits are often referred
to as “supernumerary”. The minimal enzyme includes the core subunits of complex
| considered essential for catalysing electron transfer from NADH to ubiquinone,
and for the generation of the proton motive force.
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FIGURE 3: Diagram of complex | showing mtDNA-encoded subunits (yellow), core
nuclear-encoded subunits (green), supernumerary subunits (blue), and the 13
complex | assembly factors (pink). Proteins that have been reported with
pathogenic mutations are bordered in bold. The number of patients reported with
mutations in each nuclear-encoded gene is indicated and the numbers of different
pathogenic mutations are indicated in parentheses (picture taken from Tucker EJ.
et al. IUBMB Life 2011 Jul 15). [Data updated to April 2011]

These genes are the most conserved across species, from mammals to bacteria,
and the encoded proteins contain all the known redox centres of the enzyme, as
well as substrate binding sites. However, yeasts such as Saccaromyces cerevisiae
do not bear complex | but have rotenone-insensitive NADH-quinone
oxidoreductases which are composed of a single subunit and FAD as cofactor and
no iron-sulphur clusters. Also, in mitochondria of certain fungi and plants, complex |
and rotenone-insensitive NADH-quinone oxidoreductases coexist. The function of
the remaining 31 mammalian complex | subunits, all encoded by the nDNA and
considered “supernumerary”, is still poorly understood but it is believed that they
play a role in complex | assembly, stabilization, and/or functional regulation.

The human complex | assembly model is derived from Blue Native studies on
complex | deficient patient cells, initially performed by Antonicka et al. [27].
Conversely to what was found in the fungus Neurospora crassa, in which the
matrix and membrane arms are assembled via independent pathways, with two
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separate intermediates forming the membrane arm [28], in humans both matrix and
membrane arm subunits are found together in early-stage intermediates.

In a separate study, by using radiolabelling techniques it was found that the
hydrophobic mtDNA-encoded subunits assembled into different intermediates and
their subsequent integration into complex | required relatively long chase times
[29]. Furthermore, a number of nuclear-encoded subunits appeared to assemble
directly into mature pre-existing complex | (and its supercomplex forms) [29]. The
observation that newly synthesized subunits can be interchanged with pre-existing
counterparts in the mature complex | suggests that a subunit exchange mechanism
model is preferable to a static model to explain the complex | assembly and
homeostasis [24].

In addition to the structural components of complex |, there are a number of known
and putative assembly factors, which gather 45 subunit proteins, one flavin
mononucleotide and 8 iron—sulphur clusters through the intricate process of
assembling the final ~980kDa holoenzyme [30]. To date, 9 known complex |
assembly factors have been described and associated with mutations (NDUFAF1,
NDUFAF2, NDUFAF3, NDUFAF4, C200RF7, CBORF38, NUBPL, FOXRED1, and
ACAD?9). It is likely that many more assembly factors of complex | will be identified,
bearing in mind that the much smaller complex IV, which has only 13 subunits,
requires more than 15 assembly factors for its assembly. Studies in S. cerevisiae
led to the identification of over 20 factors [31,32] for complexes IV and V. However,
the absence of complex | in S. cerevisiae has impeded similar studies and, to date,
only three complex | assembly and maturation factors have been identified by
using this comparison approach in either Neurospora crassa or Yarrowia lipolytica
which have conserved mitochondrial complex | through evolution:
NDUFAF1/CIA30 [33], NDUFAF2/B17.2L [34], NUBPL/Ind1 [35].

Assembly of complex | has been extensively studied in both the fungus N. crassa
and in human cells [36,30,33,37] and these studies, together with the phylogenetic
profiling work of Mootha and colleagues [4], have led to the identification of 25
complex | assembly factors (Table 2). Sixteen of these have already been
associated with human disease, including 9 complex | deficiency syndromes and
one mitochondrial disorder with multiple respiratory chain deficiencies [38-40].
Interestingly, mutations in 7 of these putative complex | assembly factors have
been linked to non-mitochondrial diseases, such as peroxisomal disorders, organic
acidaemias and a ketone body utilisation defect (Table 2). It is not clear whether
reduced complex | activity may be involved in the pathogenesis of any of these
disorders. In contrast to the assembly chaperones described for complex IV, which
play a role in the incorporation of prosthetic groups (e.g. COX10, COX11, SCO1,
SCO2) or the maturation and membrane insertion of subunits encoded by
mitochondrial DNA (e.g. SURF1 and OXA1), the molecular role of the complex |
chaperones is still not clear. Whilst the precise mechanism of complex | assembly
is still debated, a consensus view has recently been proposed of a dynamic
multidirectional process that includes the possibility of direct subunit exchange into
pre-existing mature complex | [30].
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The role of only some of these assembly factors has been elucidated. NDUFAF1
appears to be involved at an intermediate stage of complex | assembly, in contrast
to C200RF7, NDUFAF3 and NDUFAF4 which are needed early in the assembly
process, and NDUFAF2 which has a role in the late stages [30]. Tandem affinity
purification experiments demonstrated that NDUFAF1 co-purifies with two other
putative complex | assembly factors ECSIT and ACAD9 [40,37]. Possible functions
of the various putative complex | assembly factors/chaperones include assembly of
iron—sulphfur clusters that are important complex | prosthetic groups (e.g. NUBPL,
also called hulnd1) [41], translational co-activation of complex | subunits (as has
been suggested for C200RF7 for ND1) and direction of nuclear-encoded complex |
subunits to the correct intramitochondrial compartment (i.e. to the matrix side of the
enzyme or to the intermembrane space) [30]. However, full understanding of
complex | assembily is far from achieved and there are likely to be many additional
assembly factors involved in the process that are yet to be discovered.

At the early stages of complex | assembly, newly translated mtDNA-encoded
subunits assemble into a number of distinct membrane arm intermediates [29].
This step is chaperoned by C200RF7, which is has been proposed to be a
translational activator of ND1, also involved in the insertion of ND1 into the
membrane, or to aid the assembly of ND1 into an early membrane arm
intermediate. C200RF7 also has a predicted SAM-dependent fold and it may
methylate proteins, RNA, or DNA within mitochondria [42,43]. As far as protein
methylation is concerned, only 2 complex | methylated subunits have been
detected [44]. One of them is NDUFS2, which harbours a methylated arginine, and
the other is NDUFB3. At least two highly conserved histidines (possibly 3) are
methylated in NDUFB3 [45], and this subunit is located in the membrane arm of
complex | containing ND1. Although the interaction of C200RF7 with NDUFB3 and
its subsequent methylation remain to be investigated further, it is possible that this
post-translational modification of the subunit plays a role in the assembly or
stability of the mature complex I. However, a patient with combined complex | and
IV deficiency was recently described to bear a C200RF7 defect; notably
decreased complex IV was also observed by knockdown of C200RF7 expression
in control cells using lentiviral-mediated RNAi [46]. These findings raise the
possibility that C200RF7 may play a role in the post transcriptional modification of
one or several proteins of importance for complex | and IV function and/or
assembly [46,47].

The formation of the peripheral matrix arm begins with the assembly of NDUFS3
together with NDUFS2 and the subsequent integration of subunits NDUFS7 and
NDUFS8 to form intermediate 2 (Fig. 4). These four subunits are part of the 14
“core” mammalian subunits (each of which has a homologue in complex | from
Escherichia coli) and form part of the evolutionarily conserved hydrogenase
module. The crystal structure of the peripheral arm of complex | from Thermus
thermophilus revealed that the orthologues of NDUFS2 (Ngo4), NDUFS3 (Nqo5),
NDUFS7 (Ngo6), and NDUFS8 (Nqo9) lie adjacent to one another [23], consistent
with their proposed early assembly into intermediate 2.
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It has been shown that pathogenic mutations in the genes encoding either
NDUFAF3 (C3ORF60) or NDUFAF4 (C60ORF66) result in fatal neonatal
mitochondrial disease with severe complex | enzymatic deficiency and the
accumulation of two sub-complexes of undetermined size that may be stalled early
assembly intermediates [36,48]. Further studies proved that both proteins tightly
associate with each other [36] and to the subunits that form intermediate 2. Their
membrane localisation also suggests that NDUFAF3 and NDUFAF4 may be
involved in membrane anchoring of an early intermediate complex, which contains
the complex | subunits NDUFS2, NDUFS3, NDUFS7 and NDUFS8. With the
addition of further subunits, including possibly NDUFA9 [27,49], NDUFAF3 and
NDUFAF4 promote the maturation of intermediate 2 to form intermediate 3, which
is then anchored to the membrane (Fig. 4). Both NDUFAF3 and NDUFAF4 appear
to remain associated with intermediates 4 (~400kDa), 5 (~650kDa), and 6
(~830kDa) as complex | is assembled, but are dissociated just before the formation
of the mature holo-complex (Fig. 4) [36].

NDUFV1, 2,3
NOUFS2.3 npursz,s ! i NDUFS1, 4,6
., g NDUFA12 NDUFAF2  scaps
' 4 - -
2,, & Fe-S . res @~ d NDNESS p Ecsit
ALADS ¥ | WX NDUFAF1
NDUFA9 Ecsit

("._‘l'_‘..\')rf,r'? ND1 NDUFAF1 NL)UH‘\FE? NDUFAF4 e f/'.l

Y L E 4 4 4 S
N i w— -

~400kDa  ~460 kDa NDUFAT3  ND4 ~830 kDa
NDUFAF4 ND1 ND2 ~650 kDa  NDS NDUFA1,2,6,10 Complex |
ND3 -
AlF
ND6 @ FOXRED1 ?
NDUFB6 j

FIGURE 4: Current model of human complex | assembly. Intermediates 1-6
correspond to the NDUFS3 containing intermediates described by Vogel and
colleagues [50]. Entry points of structural subunits (black) are indicated. During the
early stages of assembly, subunits NDUFS2, 3, 7, and 8 form an evolutionarily
conserved hydrogenase module (Q module) as part of intermediate 2. With the
addition of NDUFA9 (and possibly other subunits), intermediate 3 is assembled
and subsequently anchored to the membrane by the assembly factors NDUFAF3
(C30RF60) and NDUFAF4 (C60RF66). The Fe-S clusters are then added by IND1
(NUBPL) at this stage and during the formation of the ~830 kDa assembly.
Intermediate 3 is assembled with intermediate “a” (which contains ND1) to form
the ~400 kDa intermediate 4. The ~460 kDa intermediate “b” is assembled from
the membrane arm subunits ND2, ND3, ND6, and NDUFB6 and is associated with
the assembly factors NDUFAF1 (CIA30) and ECSIT and possibly ACADS.
Intermediate 4 and “b” assemble together, with the addition of ND4 and ND5
resulting in the formation of the ~830 kDa intermediate 6. The assembly factors
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NDUFAF1, NDUFAF2 (B17.2L), ECSIT, NDUFAF3, NDUFAF4 and ACAD9 remain
associated with this intermediate until the last stage of assembly, where
intermediate “d” (which contains the N module) is assembled to form mature
complex I. AIF and FOXRED1 entry points are yet to be defined. (picture amended
from Mckenzie M. and Ryan MT. IUBMB Life 2010 Jul;62(7):497-502 Review).

The next step in the complex | assembly is the joining of intermediate 4 (a ~400
kDa sub-complex containing at least NDUFS2, NDUFS3, NDUFS7, NDUFS8, and
ND1) with a second membrane arm intermediate of ~460 kDa containing at least
ND2, ND3, and ND6 [29]. Two assembly factors, NDUFAF1 (CIA30) and ECSIT
(Evolutionary conserved signalling intermediate in Toll pathways), are involved at
this stage of assembly (Fig. 4). The complex | intermediate associated protein
CIA30 was originally isolated with a membrane arm intermediate from the fungus
N. crassa [33]. Pathogenic mutations in the gene encoding NDUFAF1, which result
in isolated complex | deficiency and cardiomyopathy in 2 patients, result in the loss
of ND2 and stall the holo-complex | formation at the ~400 kDa and ~460 kDa
intermediates, highlighting the importance of NDUFAF1 for the assembly/stability
of these intermediates [51,52]. Recently, the mRNA level and the protein
expression of NDUFAF1 were found to decrease in muscles from mice lacking
testicular nuclear receptor 4 (TR4) [53]. A chromatin immunoprecipitation assay
indicated that TR4 directly binds to NDUFAF1 promoter. Since TR4 is a key
transcriptional regulator of many signalling pathways, TR4 could modulate complex
| activity via transcriptionally regulating NDUFAF1 [53]. On the other hand, ECSIT
was originally identified as a cytosolic protein involved in the inflammatory
response and embryonic development [54,55], but was later found in complexes of
similar size to the NDUFAF1 intermediates [56]. Furthermore, knock-down of
ECSIT using RNA interference reduced the levels of both mature complex | and
NDUFAF1 protein [56]. However, NDUFAF1 knock-down has only a minor effect
on the levels of ECSIT-associated complexes [56], suggesting that although
NDUFAF1 and ECSIT are found in the same intermediates, they may have
independent functions in complex | biogenesis.

Together with NDUFAF1 and ECSIT, ACAD9 has also been shown to be
associated with these two assembly factors and the ~460kDa and ~850kDa
subassemblies of complex I. Acyl-CoA dehydrogenase 9 (ACAD9) was initially
cloned and identified as a member of the acyl-CoA dehydrogenase family [57].
Contrary to its previously proposed involvement in fatty acid oxidation, a new role
for ACAD9 in OXPHOS was recently discovered: quite a few complex | deficient
patients have been recently described to bear ACAD9 defects [40,58,59] but no
biochemical evidence of disturbed fatty acid oxidation, suggesting that the primary
in vivo role of ACADS is in the assembly of complex I.

As complex | assembly proceeds, the two main membrane arm intermediates

previously described, are assembled together to form intermediate 5, at which
stage NDUFA13 is incorporated [50]. The subunits ND4 and ND5 are then
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assembled into the growing complex, possibly together with other subunits in a
small membrane arm intermediate [24]. The resulting ~830 kDa intermediate 6
remains associated with NDUFAF1 and has been shown by coimmunoprecipitation
to contain ND1, ND2, ND3, ND6, NDUFB6, NDUFA6, NDUFA9, NDUFS3, and
NDUFS7 (but not NDUFS5) [51]. In addition, studies suggest that NDUFA1,
NDUFA2, NDUFA6 [50], NDUFB8, and NDUFA10 [29] are assembled into
intermediate 6 at this stage.

Studies such as whole genome subtraction, carried out in the aerobic yeasts
Yarrowia lipolytica and Debaryomyces hansenii (which both contain complex 1),
identified NDUFAF2 (B17.2L) as a putative complex | assembly protein [34].
NDUFAF2 shares 17% identity with NDUFA12/B17.2, a structural subunit of
complex |, and null mutations in NDUFAF2 cause progressive encephalopathy in
patients with a dramatic loss of mature complex | and the accumulation of
intermediates of ~830 kDa containing the subunits NDUFS2 and NDUFS3 [60,34].
Notably, the stability of this intermediate appears crucial, with the assembly factors
NDUFAF1, ECSIT, NDUFAF2, NDUFAF3, and NDUFAF4 all associated with this
complex (Fig. 4). These findings suggest that NDUFAF2 is associated with the
~830kDa complex and required in the late stage of complex | assembly.

The last step for the completion of a fully assembled complex | is the final insertion
of the N module, which by in vitro import studies has been shown to contain the
subunits NDUFS1, NDUFV1, NDUFV2, NDUFV3, NDUFS4, NDUFS6, and
NDUFA12 and a flavin mononucleotide (FMN) [29]. This last module is a ~300 kDa
intermediate and provides the entry point for electrons into complex | [61]. During
the final stages of assembly, this small intermediate assembles with intermediate 6
to form mature complex | (Fig. 4). At this point, the assembly factors NDUFAF1,
ECSIT, NDUFAF2, NDUFAF3, and NDUFAF4 are dissociated from the nascent
holoenzyme (these proteins are not found associated with the mature
holoenzyme). The subunit NDUFS5 is also incorporated into (the near) mature
complex | at this stage (Fig. 4); the fact that this subunit is not present in any
assembly intermediates suggests that it is assembled at a very late stage [49].

Complex | also requires the incorporation of iron—sulphfur (Fe-S) clusters to exert
its function. This step is most likely carried out by at least one assembly factor:
NUBPL/Hulnd1 (iron—sulphfur protein required for NADH dehydrogenase), also
known as NUBPL (Nucleotide-binding protein-like protein). Complex | contains
eight Fe-S clusters, and NUBPL is a mitochondrial protein which binds Fe-S
clusters via a conserved CxxC motif [35]; NUBPL is important for the assembly of
these clusters into various subunits of the holoenzyme [35,41]. NDUFS7 and
NDUFS8 contain Fe-S clusters and are assembled in intermediate 2; NDUFS1
and NDUFV1 also contain Fe-S clusters and are found in intermediate 4. NUBPL
is important for delivering Fe-S clusters to complex | subunits during their
assembly into intermediate complexes, in particular intermediate 2 and
intermediate 4 (Fig. 4).

11



INTRODUCTION

In recent years, many new assembly factors have been discovered, including in
patients with pathogenic mutations in assembly factor genes. These studies have
helped to define the different roles of the assembly factors in complex | biogenesis;
however, in most cases, their exact biochemical function remains unclear. AlF
(apoptosis-inducing factor), for example, was recently identified as a mitochondrial
pro-apoptotic protein and in mice with a partial AIF deficiency, Harlequin (Hq) mice,
the levels of AIF are reduced by ~80% due to a fortuitous retroviral insertion in the
first intron of the X-chromosomal AIF gene encoding AIF. These mice display
reduced levels of complex | and complex | subunits along with defects in complex
I-driven mitochondrial respiration [62-64]. Recently, a pathological mutation in the
human X-linked AIFM1 gene encoding AIF was identified in 2 infant male patients
with progressive mitochondrial encephalopathy [65]. Surprisingly, fibroblasts from
the patients showed a reduction of respiratory chain complex Il and complex IV
activity, but not of complex | activity.

Furthermore, AlIF has never been associated with any complex | subunits; however
it exhibits NADH and NADPH oxidase activity [66] and can form stable NADH-
associated dimers [67], suggesting a possible role in redox-dependent substrate
delivery to complex I. The findings in the patient's cells will require the
interpretation of the role of AIF in complex | biogenesis.

1.5 Mitochondrial Disease

Mitochondrial diseases are a heterogeneous group of diseases displaying a
variable degree of dysfunction of the mitochondrial OXPHOS system, which is
demonstrated by rigorous morphologic investigations, and biochemical and genetic
methods. The birth prevalence of mitochondrial diseases is ~1/5000 [13], and they
cause a wide spectrum of clinical phenotypes. Usually, organs with high energy
demand, such as brain, muscle and heart are the most affected, together or in
isolation, and symptoms generally arise at birth, infancy or adulthood, less often in
utero.

Isolated deficiency of complex | is the most commonly identified biochemical defect
in childhood-onset mitochondrial disease [15], and accounts for ~1/3 of all cases of
OXPHOS disorders [13]. Despite the existence of some mitochondrial myopathies,
characterised by the isolated defect of the skeletal muscles, the ubiquitous nature
of the mitochondria, as well as the high metabolic demand of the tissues that most
rely on the OXPHOS activity, convey the multisystem nature of mitochondrial
disease, with impairment of the central nervous system, neurosensory organs,
endocrine apparatus, heart, liver and gastrointestinal and hematopoietic systems.
Patients with a defect in a nuclear DNA (nDNA)-encoded complex | structural gene
may display basal ganglia and/or brainstem lesions, respiratory abnormalities,
muscular hypotonia, failure to thrive, seizures, cardiomyopathy and lactic acidemia
[68]. In general, prenatal development is normal and children are born at term with
no obvious organ anomalies or dysmorphic features. However, most children
develop symptoms during the first year of life and then suffer from rapid disease
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deterioration, resulting in a fatal outcome [69]. The clinical presentations may vary,
from infantile Leigh syndrome, to childhood MELAS (Mitochondrial
Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes), to adult-onset
encephalomyopathic syndromes of variable severity.

Inherited isolated complex | deficiency can result from mutations in either mtDNA-
or nDNA-encoded complex | structural subunits or nDNA-encoded complex |
assembly factors [26]. To date, genetic defects causing inherited isolated complex |
deficiency have been reported for all seven mtDNA-encoded complex | subunits
[70]. Mutations in nDNA-encoded complex | subunits are frequently inherited in an
autosomal recessive fashion, meaning that both parents have to be heterozygous
carriers, and thus far disease-causing mutations have been demonstrated in genes
encoding 13 complex | subunits [71-83]. Finally, inherited isolated complex |
deficiency can be caused by mutations in nDNA-encoded proteins involved in
complex | assembly and/or stabilization. Mutations have been found in: NDUFAF1
[51,52], NDUFAF2 [60], NDUFAF3 [36], NDUFAF4 [48], CBORF38 [4], C200RF7
[46], FOXRED1 [38], NUBPL [39] and ACAD?9 [40].

Up to now, most of the mutations in nuclear genes encoding complex | subunits
(NDUFV1, NDUFA1, NDUFA10, NDUFS1, NDUFS2, NDUFS3, NDUFS4,
NDUFS7, NDUFS8, NDUFAF2) have been shown to cause neurological disease
(Leigh or Leigh-like syndrome), together with some assembly factor genes
(C200RF7, CBORF38 and FOXRED1); while heart involvement has been reported
in patients harbouring mutations in three other nuclear genes encoding complex |
subunits (NDUFS2 and NDUFV2, NDUFA11) and three assembly factors genes
(NDUFAF1, ACAD9 and FOXRED1) (see Table 1 for full phenotypes and
references). To date, no simple explanation accounts for this clinical variability. The
NDUFV1, NDUFV2, NDUFS1, NDUFS2, and NDUFS3 genes all encode subunits
that are presumably involved in the catalysis of electron transfer from NADH to
ubiquinone. The possibility that only part of these mutations results in superoxide
overproduction has been proposed to explain specific cardiac involvement, since
superoxide overproduction is known to readily trigger cardiomyocyte hypertrophy.
On the other hand, differences in residual complex | activity compromising cell
specific functions should be also considered [75].
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TABLE 1: All complex | subunits and assembly factor mutations reported so far.
For each mutation, the genetic/proteic defect and the clinical phenotype including
the biochemical values are reported.Unless differently specified, the values are
referred to the control mean.

1.6 Genetics of Complex | Deficiency

The many causes of complex | deficiency mean that it may potentially be
transmitted by any mode of inheritance, including autosomal dominant, autosomal
recessive, and X-linked as well as maternal inheritance. The molecular diagnosis
of patients with human complex | deficiency is challenging, owing to the large
number of potential disease-causing genes, the large degree of clinical
heterogeneity among patients and the paucity of genotype:phenotype correlations.
The range of clinical presentations in complex | deficiency due to nuclear DNA
mutations have been reviewed elsewhere [15,68] and are summarized in Table 1.
For a complete list of all the mtDNA mutations associated with complex | deficiency
see online: http://www.mitomap.org/MITOMAP.

One of the classical presentations is Leigh syndrome, a fatal progressive
encephalopathy characterized by bilateral brain lesions affecting the brain stem
and/or basal ganglia. Despite being a distinct clinical presentation, Leigh syndrome
associated with isolated complex | deficiency can result from mutations in at least
14 different genes (see Table 1). Furthermore, mutations in the same gene can
present with very different clinical phenotypes. For example, the first patient with
pathogenic mutations in C200RF7 presented with lethal infantile mitochondrial
disease and died within the first week of life [46]. In contrast, patients have since
been reported with mutations in this gene causing mild Leigh syndrome with
survival beyond 20 years of age [84]. Likewise, mutations found in NDUFAF1 led to
fatal infantile cardiomyopathy in a young infant [52], but an initially severe
hypertrophic cardiomyopathy later improved in a 20-year-old man who first
presented at 15 months [51]. A limited number of complex | related genes may be
associated with a specific clinical phenotype. For example, most patients reported
with mutations in ACAD9 present with cardiomyopathy and/or exercise intolerance
[40,58,59], and patients with mutations in NDUFAF2 present a particular MRI
pattern, with brainstem lesions without changes in thalami and basal ganglia on
T2-weighted images [85]. Given the small number of patients reported with
mutations in each gene, however, it is difficult to draw definitive conclusions about
any genotype:phenotype correlations.

1.6.1 mtDNA mutations

Mutation pathogenicity can be difficult to prove, especially for mutations found in
mtDNA since they are often present in heteroplasmic state, and cause disease
only when they exceed a certain threshold. Interestingly, recent studies report that
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the prevalence of pathogenic mtDNA mutations is 1/200 individuals in the general
population, much higher than expected, although not all mtDNA mutations are
common, most are rare or even private to individual families [86]. It is likely that
some of these individuals may develop milder forms of mitochondrial disease later
in life that do not meet the clinical picture for mitochondrial disease diagnosis.
Despite the maternal inheritance of the mtDNA, pathogenic mtDNA mutations often
arise sporadically and can cause complex | deficiency in families with no suspicion
of maternal inheritance [87,88]. Recently, published next generation sequencing
and cohort studies found causative mtDNA mutations in 20-30% of patients
[39,88,89]. These studies suggest that although the small mtDNA molecule
accounts for the complex | deficiency in a substantial number of cases, the majority
of cases still have a nuclear genetic basis.

1.6.2 Nuclear DNA Subunit Mutations

Thus far, mutations in 13 of the 38 nuclear-encoded complex | subunits have been
described to cause complex | deficiency, including all the seven core nuclear
encoded subunits and six of the supernumerary subunits. The first cases of nuclear
gene defects underlying complex | deficiency were reported in 1998, in the genes
encoding the core subunit NDUFS8 and the supernumerary subunit NDUFS4
[78,77]. To date, a total of about 100 individuals have been reported with causative
genetic defects in nuclear-encoded complex | subunits. Among them, ~60% had
mutations in core complex | subunits and ~40% had mutations in supernumerary
subunits. The fact that most defects are detected in core subunits may reflect a
bias in selecting core subunits for sequencing, or that mutations within these genes
have more severe consequences. Indeed, it is conceivable that “null mutations”,
including nonsense, frameshift and splice site mutations and large gene
rearrangements, that cause very little, if any, protein to be expressed, are rare in
the core complex | subunit genes and may not be compatible with life.
Furthermore, 80% of the mutations identified in core complex | subunit genes were
missense mutations and 29% of the mutations identified within supernumerary
complex | subunits were missense mutations. This indicates that missense
mutations in supernumerary subunits are more likely to be tolerated and may not
manifest as clinical disease, in contrast to missense mutations in core subunits.

1.6.3 Assembly Factor Mutations

The first patient with pathogenic mutations in a complex | assembly factor was
identified in 2005 [34]. Since this initial report, a total of 47 patients from 27
different families have been described with mutations in complex | assembly
factors and there are now nine complex | assembly factors in which mutations are
known to cause disease. The most common mutation type found in complex |
assembly factors is missense, being 60%, however there seem to be a distribution
by type in different genes: for example, there are now 11 pathogenic mutations
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described within the ACAD9 gene, 10 of which are missense mutations; in
contrast, there are 8 different pathogenic mutations now described in NDUFAF2,
all of which are null-type mutations. This may suggest that defects in some proteins
that leave them partially functional, such as ACAD9, are not as tolerable as
perturbations to some others, like NDUFAF2. As more diagnoses are made and
more data become available, it is likely to become clear which of the complex |
assembly factors play the most critical roles in complex | assembly. Table 2 lists all
the known and putative complex | assembly factors reported so far. Most of the
genes reported in the table have been proposed to have a role in complex |
assembly as a result of the studies carried out by Pagliarini and colleagues, who
did a phylogenetic profiling, which uses shared evolutionary history to identify
functionally related proteins [90].

TABLE 2: List of the 26 genes that have already been associated with complex |
assembly or that have been inferred to be linked with the complex | assembly
process. COPP = Complex One Phylogenetic Profile, these proteins were listed in
the MitoCarta catalogue and are cathegorized as COPP Tier 1: 17 MitoCarta
genes following phylogenetic signature with known complex | genes: absent in 11
species (S. pombe, A. gossypii, C. glabrata, S. cerevisiae, C. hominis, C. parvum,
P. falciparum 3D7, T. annulata, T. parva, G. lamblia, E. cuniculi), present in a
bacterial genome, present in = 1 plant-like species (A. thaliana, O. sativa, D.
discoideum, C. merolae) and present in = 2 other yeasts (Y. lipolytica, C. albicans,
P. stipitis, D. Hansenii). Other genes have been linked to complex | assembly
because of one or more cases of human disease, or there is a homologue in
another species or a mouse model displays a complex | deficiency phenotype.
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Human Mouse Human | Protein |Maestro Disease Number of
Aliases | Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) -
(Families)
NADH Homologue of N.
dehydrogenase 9 : Mitochondrial Dunning et al.
ubiquinone) 1 Complex| crassa complex | complex | (2007) [51];
NDUFAF1 | Ndufaf1 CIA30 15 1 7.2636 | assembly factor jassembly factor; L 2(2) ’
alpha (mid stage)  causes human complex deficiency Fassone et al.
ubcomplex, e (252010) (2011) [52]
| deficiency
ssembly factor 1
NADH
B17.2, ue;}yﬂirrc:gre]gf\?e 8.3464 Complex | iGenetic subtraction Mgg;holggrllal ?%I(\)/,';’; [e?f 4?{'
NDUFAF2 | Ndufaf2 | NDUFA12 a 5 3 _ assembly factor [studies; causes human np 10 (9) ’
mimitin Ipha (late stage) |complex | deficiency deficiency Calvo et al
ubcomplex, - (252010) (2010) [39];
ssembly factor 2
NADH
ehydrogenase 6.3325 ) . Neonatal
I Complex | ICOPP Tier 1; causes
4733401H1 ubiquinone) 1 4.1386 ’ complex | Saada et al.
NDUFAF3|™ “gric | ©30M60 Lioha 3 4 41386 as(zzr:l‘bzafazt)or fruman complex | deficiency 5(3) (2009) [36]
ubcomplex, N y stag y (252010)
ssembly factor 3
NADH
ehydrogenase Mitochondrial
1110007M ubiquinone) 1 Complex | ICauses human complex | Saada et al.
NDUFAF4\ ™ o4rik | €066 Libha g & 26658 | Jssembly factor complex | deficiency |  deficiency T (2008) [48]
ubcomplex, (252010)
ssembly factor 4
chromosome 8 Complex | ICOPP Tier 1; causes synlaerggmhe +
c80RF38 [P210030N0\ 5 40214lpen reading 8 8 3.8034 PSsemblyfactor, \\ o omplex | complex | 2(1) |Pagliarini etal.
2Rik putative phytoene|, .. . - (2008) [4]
frame 38 deficiency deficiency
synthase (256000)

17




INTRODUCTION

Human Mouse Human | Protein |Maestro Disease Number of
Aliases Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) -
(Families)
Neonatal
Putative methyl- complex | Sugiana et al
231000312 chromosome 20 7.9214 transferase; ICOPP Tier 1; causes deficiency (2%08) [46]: ’
C200RF7 : FLJ22324 lopen reading 20 3 5.8411 |possible ND1 human complex | (252010) and 5(2) X
2Rik - - . Gerards et al.
frame 7 _ translational deficiency Leigh (2010) [84]
coactivator syndrome
(256000)
Mitochondrial
FAD-dependent Probable complex | Calvo et al.
oxidoreductase _ chaperone ICOPP Tier 1; causes deficiency (2010) [391'_
FOXRED1| Foxred1 H17 ) 1 3 7.9112 protein required fhuman complex | (252010) and 2(2) '
domain - . Fassone et al.
. _ for complex | deficiency Leigh
containing 1 . (2010) [38]
function syndrome
(256000)
Needed for
. 6.1646 insertion of Fe-S Homologue of N. Mitochondrial
nucleotide 5.1418 clusters into Fe- 012558 complex | complex | Calvo et al
NUBPL Nubpl IND1  |pinding protein- 14 5 _ s assembly factor; Lt 1(1) )
- IS-containing deficiency (2010) [39]
like _ causes human complex
icomplex | | defici (252010)
_ ) eficiency
subunits
ACAD9 He et[zli ](.2007)
IComplex | deficiency ’
acyl-CoA 6.6405 lassembly factor; Causes human (611126) and 'EIZO(;J;A(I)S) Fioa]{‘
ACAD9 Acad9 [MGC14452dehydrogenase 3 4 - lsome activity in - Mitochondrial 7(7) "
: 3.5026 ) complex | deficiency Haack et al.
family, member 9 fatty acid beta- complex | (2010) [59];
- loxidation deficiency Gerards et ‘I
(252010) erards et al.
(2011) [58];
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Human Mouse Human | Protein |Maestro Disease Number of
Aliases Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) -
(Families)
Cytosolic
6.0053 signalling protein [Co-purifies with
. ECSIT homolog ’ involved in NDUFAF1; Mouse
ECSIT Ecsit SITPEC Drosophila) B 3 6.0053 §mune model: embryonic lethal None known B )
- response day 7.5)
pathways
10.0319 Putative methyl-
7.9516
9410091C1 chromosome 2 transferase
C20RF56 8Rik MidA  lopen reading 2 6 - required for COPP Tier1 None known - -
frame 56 - icomplex |
- function
4-hydroxy-2- Catalyzes final Primary
0610010D2 Not in [step in metabolic ) hyperoxaluria Belostotsky et
DHDPSL " g | HOGAT pxoglutarate 10 3 | Maestro pathway of COPP Tier 1 type ll, HP3 | 4@ |4 (2010) [92]
aldolase 1 .
hydroxyproline (613616)
. Key enzyme for
oxcrz | Oxet2a/ | goopr [3-0x0acid CoA 1 2 53157 |ketone body COPP Tier 1 None known ; ;
Oxct2b transferase 2 .
catabolism
Key enzyme for Succinyl-
33.5145 ketone body CoA:3-oxoacid
5-oxoacid CoA _ catabolism CoA Kassovska-
OXCT1 Oxct1 ScoT transferase 1 5 5 _ (transfers CoA COPP Tier1 transferase | 14 patients |Bratinova et al.
_ moiety from (SCOT) (1996) [93]
_ succinate to deficiency
acetoacetate) (245050)

19




INTRODUCTION
Human Mouse Human | Protein |Maestro Disease Number of
Aliases Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) o
(Families)
. : Catalyzes third Isovaleric
VD Wd | ACAD2 [SOVAISVFCOA | 45 5 " ktepin leucine COPP Tier 1 acidemia  |>70 subjects \’(‘1’;'3?;’[32?"
ydrog ~ atabolism (243500) '
5.9903
Involved in beta-
DCl Doi Ecry Proy-CoAdelta | 4 1 | 30.487 Pidationof COPP Tier 1 None known - -
isomerase 1 unsaturated fatty
facids
Catalyzes
methylcrotonoyl- 16269 gar;b;)r(]})/lll?:trlgtgr?)fll McC2 Gallardo et al
MCCcC2 Mccc2 MCCB [CoA carboxylase 5 4 - CoA 10 3- COPP Tier 1 deficiency 7 (6) (2001) [95]; ’
 (beta) 16.2556 methylglutaconyl- (609014)
ICoA
lvcerol-3- Catalyzes initial
O hate -4.3375 land committing
GPAM | Gpam | GpaT1 PNOSP 10 3 _ stepin COPP Tier 1 None known - -
acyltransferase, -
_ glycerolipid

mitochondrial

biosynthesis
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Human Mouse Human | Protein |Maestro Disease Number of
Aliases Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) o
(Families)
66155 ISimilar to .
_ Glutaric
chromosome 7 members of aciduria type IlI Sherman et al
C70RF10 |AF397014 | DERP13 ppen reading 7 6 - ICaiB/baiF CoA- COPP Tier 1 (GA ﬁ’lp 7 (5) (2008) [96] ’
frame 10 P transferase ’
-4.4216 ) . 231690)
protein family
Peroxisomal
lenzyme:
-5.659 |interconverts Alpha-
laioha-methviacyl- _ pristanoyl-CoA methylacyl-CoA Ferdinandusse
AMACR | Amacr | RAce QP viacykl 5 5 ~ land C27-bile COPP Tier 1 racemase 5 (5) et al. (2000)
ICoA racemase L X
_ acylCoAs deficiency [97];
_ between their (604489)
(R)-and (S)-
stereoisomers.
0.4795 Peromsc?mal
lenzyme: involved Refsum
PHYH Phyh PAHX phytanoyl-CoA 2- 10 5 : in alpha-oxidation COPP Tier 1 disease (see =100 Mihalik et a{.
hydroxylase of 3-methyl (1997) [98];
— 266500)
branched fatty
- acids
LYRM5 Lyrm5 - LYR r_nc_>t|f 12 1 Not in Unknc_;wn COPP Tier 1 None known - -
containing 5 Maestro function
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Human Mouse Human | Protein |Maestro Disease Number of
Aliases Protein Name Function Evidence Patients References
Genes Genes Chr Isoforms | Score (OMIM) (Families)
IComponent of
large (39S)
LACTB Lactb MRPL56 |actamase, beta 15 2 -1.0143 subunit of COPP Tier 1 None known - -
mitochondrial
ribosome
ICombined
IOXPHOS
41.2378 deficiency
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1.7 Mouse Models for Nuclear DNA-encoded Mitochondrial
Complex | Deficiency

In order to study the effect of therapeutic compounds, many disease models have
been described, both at the cell and organism level. Many attempts to create
mouse models for OXPHOS deficiencies have failed because of embryonic
lethality [99].

1.7.1 The Harlequin mouse

Attempts to create Aif (apoptosis inducing factor)-null mice by homologous
recombination have been unsuccessful because Aif's mitochondrial function is
indispensible for cell survival during either early or advanced embryogenesis,
depending on the knockout strategy and the genetic background [100]. This
problem has been bypassed by producing the Harlequin (Hq) mice, which bear an
ectopic proviral insertion in intron 1 of the X-linked Aif gene, leading to a 80%
decrease in Aif expression and a substantial reduction in complex | activity [101].
This hypomorphic Aif mutation is tolerable and has no major effect on mouse
development yet impacts severely on the aging organism [100]. Hq mice develop
progressive ataxia and blindness due to the progressive loss of terminally
differentiated cerebellar and retinal neurons. Moreover, signs of severe oxidative
stress and degenerating mitochondria were detected in the brain of Hg mice [100].
Complex | dysfunction was revealed in the degenerating Hq tissues (retina,
cerebellum, thalamus, cortex, optical nerves), less so in the skeletal muscle and
not at all in other organs (heart, liver, testis) [100], unraveling a hitherto
unexplained organ-dependent heterogeneity in the manifestation of genetically
determined mitochondrial defects. Apoptosis-inducing factor (AlIF) is a flavoprotein
located in the mitochondrial intermembrane space [102] that contributes to
apoptosis, but it also plays a role in neuronal cell survival by maintaining
mitochondrial structure [103]. Although AIF itself is not part of complex I, it seems
to play a crucial role in complex | biogenesis and/or maintenance [104].

Clinically, hemizygous males (Hqg/Y) and homozygous females (Hg/Hq) exhibit a
heterogeneous phenotype, with a wide intrapopulation variation in onset and
severity of the symptoms [104]. These mice develop progressive cerebellar ataxia
at 3 months of age, with loss of cerebellar neurons (interestingly readily evidenced
at 15 days of age) occurring in all but 8% of the mice [104], in contrast to the
human patients with AIF mutations, who presented with an early-onset progressive
mitochondrial encephalomyopathy and neurological and psychomotor development
abnormalities [65]. Hearts of Harlequin mice have a higher risk of hypertrophic
cardiomyopathy and are highly sensitised to ischaemia-reperfusion injury
[105,106]. Ocular pathology includes ocular hypoplasia in 20% and absence of the
optic nerve in 40% of the mice [104,101]. Biochemical measurements show a
reduction of complex | activity in cerebellum, cerebrum, skeletal muscle, retina and
optic nerves and, to a lesser extent, in spinal cord and kidney, in contrast to the
patients who displayed complex Il and IV deficiency in fibroblasts and multiple RC
deficiencies in muscle [65]. Normal complex | activity is observed in Hq mouse
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heart, liver and testes. At the histology level, Hq mutant mice are normal until 3
months of age. At 4 months, hallmarks of early neuronal and retinal degeneration
are noted [101], as well as astrocytosis with extensive vascular proliferation [64].
Retinal cell loss appears at 4 months of age, progressing to blindness at 10
months [101]. Heterozygous females are histologically and clinically normal until 26
months of age [101].

1.7.2 The NDUFS4-knock out mouse

In 2008 the Palmiter group created the first complex | deficient mouse, the
“Ndufs4-knock out (KO) mouse”, by deleting the second exon of the gene using
loxP flanking in embryonic stem cells, after which heterozygous mice were
interbred to create the homozygous mutant KO mouse [107]. In humans, the
NDUFS4 gene localizes at chromosome 5 and encodes the complex | 18 kDa
subunit (AQDQ) protein, located in the peripheral arm of the complex [108]. The
NDUFS4 gene is considered to be a mutational hotspot. KO mice show a
significant failure to thrive and reversible hair loss, but there are no additional major
clinical symptoms until about the fourth to fifth week of life. By postnatal day 30
(P30), the mice become lethargic and are unable to maintain body temperature
(~2°C lower than that of wild type mice). By P35 they have become severely ataxic
and show muscle weakness. Some of the older KO mice have defective vision,
including the development of cataracts and the inability to open their eyes
completely, and, by P35, the mice are deaf. Approximately 30% of the mice
develop epilepsy. Between P35 and P50, KO mice stop grooming and gaining
weight, display worsening of ataxia and eventually die. Mice heterozygous for the
deleted NDUFS4 gene are indistinguishable from wild type mice [107]. Complex |
activity in the liver of mutant mice is approximately half that of controls, other
complexes show normal activity, except for a minor decline in complex IlI activity.
Blue native gel electrophoresis shows that the amount of intact complex | is
reduced in mitochondria of KO mice.

Southern blot analysis indicates a normal mitochondrial genome number;
histological evaluation of KO muscle fibers show normal mitochondrial
ultrastructure, but large subsarcolemmal clusters are present in the soleus but not
in the extensor digitorum longus. Mitochondrial morphology is normal, and there is
no sign of ragged red fibres (RRFs), in keeping with the histological findings in
human patients with NDUFS4 mutations. Human patients with the NDUFS4
mutations show failure to thrive, hypotonia, and basal ganglia abnormalities, and
almost all patients have elevated lactate levels [109,110]. NDUFS4 KO mice
exhibit a clinical pattern of failure to thrive, lethargy, and elevated lactate and
brainstem symptoms, such as hypothermia, deafness and blindness, which are
commonly seen in Leigh syndrome. As in mice, in patients with NDUFS4 mutations
there is a failure of assembly of a normal, functional complex | in the inner
mitochondrial membrane, which leads to reduced complex | content and activity
[108].
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1.8 Approaches to Treatment of Complex | Deficiency

Current strategies being developed to treat mitochondrial disease include (1) gene
therapy (replacement or repair), (2) controlled regulation of specific transcriptional
regulators, (3) metabolic manipulation (ROS scavenging, normalisation of the
mitochondrial membrane potential (Ay), restoration of the endoplasmic reticulum
Ca®* content and/or normalisation of mitochondrial Ca®* sequestration during
hormonal stimulation) and (4), in the case of complex | deficiency of mtDNA origin,
alteration of the balance between wild-type and mutated mtDNA (e.g. by exercise
training) (Fig. 5). The effect of some of these interventions has already been
explored in humans, while others are still at the level of single-cell research.

The risk of oxidative damage can be reduced by supplementation with scavenging
enzymes or molecules to decrease mitochondrial ROS levels and downstream
oxidative damage. This can be done by overexpression of naturally occurring
scavenging enzymes such as SODs [111-113], supplementation with naturally
occurring antioxidants such as glutathione [114,115] or treatment with scavenging
compounds targeted to the mitochondria by lipophilic cation delivery. Examples of
such compounds include MitoQiq [116], SkQs [117], and resveratrol [118].
Nutritional cofactor treatment by combined administration of multiple compounds
(i.e., riboflavin + carnitine) has already been tested in patients with mitochondrial
disease and proved to improve exercise capacity/tolerance and muscle tone and
decrease serum lactate and pyruvate levels [119]. Unfortunately, high-dose vitamin
and cofactor treatment and high-fat diet are well-tolerated with short-term
application but ineffective in the longer-term [120].

Complex | deficiency - molecular basis and pathology

Affected organs Features

Brain
Eyes
Nervous

Development

Narmal gestation and birth weight
Early onset

Rapid deterioration

Failure to thrive

Neurological

Psychomotor retardation
Seizures

Basal ganglia/brain stem lesions
Ataxia
Dystonia

Heart

Muscular

Exercise intolerance

Muscle weakness
Hypertrophic cardiomyopathy
Dysphagia

Atypical eye movements

Other

Lethargy

Optic atrophy
Respiratory abnormalities
Kidney failure

Liver failure

Lactic acidaemia

I Various cellular abnor‘mam§
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FIGURE 5: The molecular basis and pathology of complex | deficiency. Left:
complex | is part of a system of five enzyme complexes (CI-CV) embedded in the
mitochondrial inner membrane, which together perform OXPHQOS. In this system,
complex | oxidizes NADH to transfer electrons to acceptor ubiquinone via a series
of Fe-S clusters. In turn, this leads to proton translocation across the mitochondrial
inner membrane to maintain a proton gradient required for complex V to produce

ATP. Complex | is assembled from nuclear subunits translated by cytosolic

ribosomes (Ribo) and mitochondrial subunits translated by the mitochondrial
ribosome (MitoRibo). Disturbances in the assembly and/or stability of the complex
can result in reduced conversion of NADH to NAD", reduced proton translocation,
increased release of ROS, and can ultimately lead to reduced ATP production and

the accumulation of lactate. Deficiency of complex | can lead to various cellular
abnormalities and apoptosis, which translates into a heterogeneous disease
phenotype (right). Affected organs are primarily those with energy-demanding
tissue, such as the nervous system, muscle, liver and kidneys. Complex |
deficiency is generally an early onset, progressive multisystem disorder featuring
severe neurological and muscular problems (picture taken from Nouws J et al.
Brain. 2011 Oct).

Notably, patients bearing mutations in ACAD9 are riboflavin responsive; this is a
major breakthrough in the complex | deficiency field. After riboflavin treatment,
complex | activity increased from 17 to 47% in the patient described by Gerards et
al. [58]. However, riboflavin treatment has not extensively been documented.
Previous reports showed clinical and biochemical improvements in small groups of
patients with complex | deficiency [121,122], but not in a larger study of 16 patients
[123]. Until now, riboflavin responsive complex | deficiency has only been
described in patients with predominantly myopathic presentations. It is therefore
unlikely that riboflavin will be beneficial for all patients with complex | deficiencies,
but it may be for a well-defined subgroup. Riboflavin supplements are likely to
increase intra-mitochondrial FAD concentration favouring FAD binding, which is
important for the catalytic activity of flavoproteins as well as for their folding,
assembly and/or stability [124,125]. It has been suggested that raising the
intramitochondrial FAD concentration may compensate for a decreased folding
capacity of mutant flavoproteins [126]. It is probable that the defect identified in the
patients disturbs ACAD9 folding or its catalytic activity which may result in a
reduction in FAD binding; riboflavin supplementation might compensate the defect
by increasing the FAD binding and therefore contributing to an amelioration of the
patient’'s complex | deficiency. An alternative or additional effect of riboflavin
treatment in patients might be enhancement of the assembly of complex | and
complex IV [127], which, together with complex lll, are part of the respiratory chain
supercomplexes.

Another treatment with CGP37157, a benzothiazepine drug inhibiting the

mitochondrial sodium/calcium (Na'/Ca®*) exchanger, restored mitochondrial Ca®*
uptake and ensuing Ca®*-stimulated mitochondrial ATP production in cybrid cells
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with the tRNALys mutation associated with MERRF syndrome (Myoclonic Epilepsy
with Ragged Red Fibers) [128]. Similarly, this compound normalised the hormone-
induced increase in mitochondrial Ca®* concentration, Ca*'-stimulated
mitochondrial ATP production and ATP-dependent restoration of the resting ca”
concentration in fibroblasts of children with isolated complex | deficiency due to a
mutation in the NDUFS7 gene [129] or the NDUFS4 gene [130,131].

In conclusion, theoretically interventions to mitigate or cure mitochondrial disorders
can occur at the genetic, metabolic, or cell biological level and may include
prevention of disease transmission from mother to child, gene therapy, exercise
training, metabolic manipulation, and regulation of transcription [132]. However, a
deeper understanding of complex | deficiency biology, along with more cellular,
animal, and clinical studies is required to provide better clinical support and to
develop efficient treatments.
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2 AIM OF THE THESIS

Mitochondrial diseases are a heterogeneous group of diseases displaying a
variable degree of dysfunction of the mitochondrial OXPHOS system, which is
demonstrated by rigorous morphologic investigations, and biochemical and genetic
methods. Isolated deficiency of complex | is the most commonly identified
biochemical defect in childhood-onset mitochondrial disease [15], and accounts for
~1/3 of all cases of OXPHOS disorders [13]. This study aims to elucidate the
genetic defect underlying the clinical phenotype and the biochemical impairment in
a cohort of 12 complex | deficient patients.

The research project has been organised as follows:

Collection of clinical data, patients’ consent to study their tissues and DNA,
biochemical analysis of the mitochondrial respiratory chain activity and
mitochondrial DNA (mtDNA) sequencing on patients’ muscles (carried out
by the diagnostic laboratories’ staff, at the National Hospital for Neurology,
Queen Square, London). In this phase all the clinical information about the
patients and their families and the grade of impairment of the respiratory
chain activity via the analysis of the muscle tissue were gathered. The
sequencing of the mtDNA excluded any pathogenic mutation in the
molecule, leaving the search for the mutation focused on the nuclear
genome only.

Analysis of the holo-enzyme complex | in its native form via Blue native gel
electrophoresis and enzymatic test of mitochondrial complex | activity in
patients’ fibroblasts. During this phase a few more clues regarding the
biochemical defect were collected so that a first hypothesis regarding the
underlying genetic defect in these patients could be made.

Considering the pattern of the complex | assembly and the subassemblies,
an initial screening was performed of nuclear genes that were considered
good candidates, based on review of the literature and the patients’
clinical/biochemical features. Also, homozygosity mapping analysis was
carried out in suitable pedigrees to search for homozygous regions in the
genome that were shared between the affected subjects. This was
followed by bioinformatics analysis to prioritise the genetic screening by
ranking the genes on the basis of their function, mitochondrial localisation
and biological pathway.
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Identification of the specific molecular defect in patients by candidate gene
sequence analysis, proof of segregation in the patients’ pedigrees and
sequencing of ethnically-matched controls. At this stage the presence of
the mutation was confirmed in patients and parents and excluded in
controls. An amino acid conservation table was also produced for each
mutation.

To further characterize the pathogenic effect of the identified mutations,
functional studies were carried out on patients and control fibroblasts.
These studies included Western blot to determine the levels of the mutant
protein, complementation and silencing studies via lentiviral transduction to
restore or reproduce the biochemical phenotype observed in the patient,
and sub-mitochondrial localisation to verify the sub-cellular localisation of
the protein.
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3 MATERIALS and METHODS

3.1Patient Cohort

In this study a cohort of 12 paediatric patients (from 11 families) with isolated
complex | deficiency was investigated.

= Families 1-3: 4 girls from the Middle East area presenting with the same clinical
phenotype were recruited for analysis.

Patient 1 (family 1): MRI revealed bilateral signal abnormality in the basal
ganglia suggestive of Leigh syndrome. Plasma lactate was normal at
1.4mmol/l, but CSF lactate was mildly elevated at 2.8mmol/l, as was the
CSF protein at 0.48g/L. Together these results were taken as Leigh
syndrome presentation. Biochemical analysis of a muscle biopsy revealed
isolated deficiency of respiratory chain complex |. PDHc activity was
normal in cultured skin fibroblasts. She died at 5 months of age.

Patient 2 (family 1) is the first cousin of Patient 1, this baby girl was born to
double first cousin parents who have two healthy older children. She
showed metabolic acidosis with increased blood concentrations of lactate
(2.6 — 6.8 mmol/l). The CSF lactate was normal at 1.5 mmoll/l,
subsequently developed recurrent episodes of hypoglycaemia associated
with lactic acidosis and vomiting. She developed severe hypoglycaemia.
Muscle biopsy was performed at 6 years and revealed a moderate
increase in intracytoplasmic lipid deposition, with no ragged red fibres or
COX negative fibres. Biochemical analysis demonstrated multiple
respiratory chain deficiencies in muscle

Patient 3 (family 2) was the fourth child of healthy unrelated parents. She
presented with generalised hypotonia, persistent lactic acidosis and Leigh
syndrome. Biochemical analysis of a muscle biopsy revealed isolated
deficiency of respiratory chain complex I. She developed respiratory failure
and died at 3 months of age.

Patient 4 (family 3) had cardiomyopathy and a persistent lactic acidosis
and biochemistry examination suggested disturbed fatty acid oxidation.
Muscle histology revealed excess lipid deposition within the muscle fibres.
There were no ragged red fibres or any COX negative fibres. Biochemical
analysis of the muscle demonstrated isolated deficiency of complex I.

= Family 4: Patient 5 is the sixth child of healthy Iranian-Jewish first cousin
parents. Two sisters and three brothers are unaffected. Pregnancy was
uneventful, but soon after birth severe truncal hypotonia was noted. There have
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never been any voluntary movements. During the first year, he was extremely
irritable with prolonged periods of inconsolable crying. Muscle biopsy was
performed at 4 months of age because of persistent elevation of lactate in
plasma (6.8 mM, normal 2.1 mM) and CSF (4.3 mM, normal 1.8 mM). Muscle
histology was normal, but biochemical analysis revealed isolated deficiency of
complex | in muscle mitochondria (7% of the control mean, normalized for
citrate synthase activity), with normal activity of other respiratory chain enzyme
complexes. He developed progressive microcephaly, and brain MRI at 8
months revealed delayed myelination, ventricular dilatation and abnormal signal
in the thalami and basal ganglia. Myoclonic jerks were present from 1 year but
at 5 years responded to lamotrigine and clonazepam therapy. Eye movements
have always been roving, with no evidence of visual function, and visual evoked
potentials demonstrated absent cortical responses at 6 months of age. Bilateral
optic atrophy was noted at 2 years. Hearing appears to be normal.
Echocardiography revealed mild non-obstructive left ventricular hypertrophy.
Poor feeding was present from birth, and from 5 years he has been fed by
gastrostomy tube. He has had persistent hepatomegaly with normal liver
transaminases and no signs of liver failure or cholestasis. He has had severe
scoliosis from 5 years, treated with a corset. He was treated with riboflavin,
uridine, creatine, lipoic acid, dichloroacetate and thiamine, without any obvious
clinical response. He was 10 years old at the time of enrolment into the study.

Family 5: Patient 6, the first child of healthy unrelated French parents, was born
at 37 weeks of gestation weighing 3.17 kg. The neonatal period was
unremarkable, and early developmental milestones were normal. She was first
presented to medical attention at 6 months with an episode of respiratory-
syncytial-virus-positive bronchiolitis, which was managed conservatively with
nasogastric tube feeding. Following discharge, she became more unwell, with
pallor, poor feeding, sweating and weight loss of 380 g. At 6.5 months, she
presented to the emergency department in cardiogenic shock (O, saturation of
90%, heart rate of 180 beats/min and hepatomegaly palpable at 5 cm below the
inferior costal margin). Initial blood gas values revealed metabolic acidosis (pH
6.86; base deficit, 22 mM). Before retrieval to the regional cardiac intensive care
unit, she was intubated and ventilated; given intraosseous volume replacement,
antibiotics and bicarbonate; and started on dopamine infusion. Echocardiogram
demonstrated pericardial effusion, biventricular hypertrophy and mild to
moderate left ventricular (LV) dysfunction (fractional shortening, 25%). Both
atria were enlarged, and there was evidence of diastolic impairment. Apical
views showed trabeculation suggestive of noncompaction of the left ventricle
(NCLV). Coronary artery anatomy was normal. Despite positive pressure
ventilation and inotropic support with dopamine and adrenaline, she remained
hypotensive and acidotic (pH 7.2; base deficit, 19 mM), with an elevated blood
lactate level (9 mM; reference, <2 mM). The acidosis did not improve, and
cardiac function continued to deteriorate. Veno-arterial extracorporeal
membrane oxygenation (ECMO) was commenced on day 2 of her critical
illness.
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The combination of echocardiographic appearances and persistent lactic
acidosis on full ECMO support led to the suspicion of an inborn error of
metabolism. Urine organic acid analysis demonstrated marked excretion of
lactate, pyruvate, ketones and Krebs cycle intermediates (fumarate, malate and
2-oxoglutarate), as well as moderately increased levels of glutarate and 3-
hydroxyglutarate. This profile was consistent with, although not diagnostic of, a
mitochondrial respiratory chain disorder. Plasma acylcarnitine analysis revealed
moderately elevated hydroxybutyrylcarnitine but no other abnormalities. Cranial
ultrasound results were normal, and electroencephalographic findings were
consistent with a sedated critically unwell infant.

Muscle biopsy showed no ragged-red or cytochrome-c-oxidase negative fibres,
but there was increased lipid deposition. Electron microscopy demonstrated
accumulation of enlarged and abnormal mitochondria. Spectrophotometric
analysis of respiratory chain enzyme activities revealed severe isolated
deficiency of complex | in skeletal muscle, with 25% residual activity compared
to the lowest control (Patient 6 complex | activity, 0.026; reference range, 0.104-
0.268 (ratio to citrate synthase activity). The activities of complexes II+lll and IV
were normal. Forty-eight hours after continuous veno-venous haemofiltration
was stopped, blood lactate levels rose to 17-18 mM despite maximal medical
treatment for low cardiac output, including inotropes, cooling, sedation and
muscle relaxation. Cardiac reserve was minimal. On day 24 of her critical
illness, she had cardiorespiratory arrest requiring two doses of epinephrine.
Output was briefly re-established, but she died later that night.

Postmortem examination revealed an enlarged globular heart (weight, 93 g;
weight expected for age, 34 g). Sections from the myocardium showed
myocardial hypertrophy without evidence of disarray, but with foci of myofibre
loss and replacement fibrosis, focal haemorrhage and haemosiderin deposition
within the centres of the LV papillary muscles, and a mild degree of LV
endocardial fibrosis. There was no myocarditis. Liver histology revealed marked
zonal macrovesicular steatosis. Respiratory chain enzyme activities in the liver
were normal (complex I, 0.207; reference range, 0.054-0.221).

» 6 further individual patients (Patients 7-12) from non-consanguineous families
were included in the analysis as they all showed isolated complex | deficiency in
muscle and clinical features of mitochondrial disease.

= 1 positive control (complex | deficient Patient already genetically diagnosed with
ACAD9 mutations) and 3 negative controls (without mitochondrial disease) were
used to compare the results.

All samples were taken after informed patient/parental consent had been obtained,
and the study was approved by the local ethics committee.
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3.2Cell culture methods

Fibroblasts from patients’ skin biopsies were cultured in DMEM (containing 110
mg/l sodium pyruvate and 4.5 g/l glucose, Gibco), complemented with 10% heath
inactivated Fetal Bovine Serum (FBS, Sigma), 100 pg/ml penicillin/streptomycin
(10 U/ul penicillin G sodium, 10 ug/ul streptomycin sulphate in 0.85% saline,
Gibco), and 1 pg/ml of fungizone (amphotericin B solution sterile-filtered in
deionized water, Sigma). Also, as the patients in these study had a respiratory
chain defect and it is well known that these defects can inhibit the production of the
uridine necessary for nucleic acid synthesis [133], exogenous uridine (Sigma) was
added to a final concentration of 50 mg/I. Cells were grown in 175 cm? flasks with
20ml of medium and incubated at 37°C with CO, levels set at 5%. At least 1
confluent flask per assay was used, and trypsinization was the standard method
used to detach the cells, after 1 wash in 10ml of PBS (Dulbecco’s Phosphate
Buffered Saline, Sigma). All subsequent steps were carried out on ice wherever
possible.

3.3Biochemical studies

3.3.1 Complex I/Complex IV microplate and dipstick assays

The patients’ biochemical defects were confirmed in cultured skin fibroblasts by
using either the complex I/complex IV activity dipstick assay or the complex l/IV
activity microplate assay (both by MitoSciences). Activities of complexes | and IV
were determined in whole cell lysates of patient and control fibroblasts performed
according to the manufacturer’s instructions (Mitosciences). Cells were lysed by
adding the detergent provided in the kit and leaving them on ice for 30 minutes,
then the samples were centrifuged at 12,000 g for 20 minutes to collect the
membrane debrides at the bottom of the tube and separate the supernatant
containing proteins. Protein concentration was determined via the Bradford method
[134] on the spectrophotometer. The Bradford assay is a colorimetric protein assay
based on an absorbance shift of the dye Coomassie Brilliant Blue G-250 in which
under acidic conditions the red form of the dye is converted into its bluer form to
bind to the protein being assayed. The binding of the protein stabilizes the blue
form of the Coomassie dye; thus the amount of the complex present in solution is a
measure for the protein concentration, and can be estimated by use of an
absorbance reading at 595 nm.

The microplate kit is based on the principle of the immunocapture of the complex |
or IV at the bottom of the well by a monoclonal antibody pre-bound to the wells;
then the appropriate substrate is added and the colorimetric reaction is read by the
spectrophotometer as a change in the absorbance.

100 pg of proteins for the complex | assay and 20 ug for the complex IV assay, as
suggested by the manufacturer’s instructions, and 200 pl of these samples were
loaded onto the wells of the microplate. After 3 hours of incubation at room
temperature, the microplate was emptied and the wells were rinsed 3 times with
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300 ul of washing buffer. Then 200 pl of assay solution was added to each well
and the absorbance was read every minute for 30 minutes (at room temperature),
at 450 nm for complex |, and every minute for 120 minute (at 30°C), at 550 nm for
complex IV. During this time the complex | activity is determined by following the
oxidation of NADH to NAD" and the simultaneous reduction of a dye which leads to
increase absorbance at 450 nm; whereas the complex IV activity is colorimetrically
determined by following the oxidation of reduced cytochrome ¢ as an absorbance
decrease at 550 nm. A similar principle applies to the dipsticks kit as well. First
complex | is immunocaptured (i.e. immuno-precipitated in active form) on the
dipstick, then the dipstick is immersed in complex | activity buffer solution
containing NADH as a substrate and nitrotetrazolium blue (NBT) as the electron
acceptor. Immunocaptured complex | oxidizes NADH and the resulting H" reduces
NBT to form a blue-purple precipitate at the complex | antibody line on the dipstick.
The signal intensity of this precipitate corresponds to the level of complex | enzyme
activity in the sample and may be analysed by a standard imaging system. 30 ug
and 100 ug of protein extract diluted at 1mg/ml from whole cell lysate for complex |
and IV assay respectively, were allowed to be absorbed by the dipstick for 45
minutes, then 30 pl of washing buffer was added to the dipstick and subsequently
300 L of activity buffer solution per dipstick was added, the developing time was
60 minutes. The reads were taken in an optical scanner and the densitometry
measurements were carried out using Alpha Ease FC software (Alpha
Innotech/Cell Biosciences, Santa Clara, CA, USA). All measurements for both
microplate and dipstick assay were done in triplicate and the results expressed as
the complex I/complex IV activity ratio for each sample and compared with the
fibroblast control range.

3.3.2 Preparation of crude mitochondrial pellets with digitonin
(mitoplasts)

At least 1 million of cells were harvested by trypsinization, cells pellets were
washed in 5ml PBS supplemented with protease inhibitors (1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 pg/ml of leupeptin and 1 pg/ml of
pepstatin A, all Sigma). From this point onwards all procedures (including
centrifugations) were carried out on ice at 4°C. The cells were resuspended in 1ml
ice-cold homogenisation buffer (10mM Tris-HCI pH 7.4, 1 mM sodium EDTA
(Ethylenediaminetetraacetic acid), 250 mM sucrose, 1 mM PMSF, 1 upg/ml of
pepstatine A, 1 pg/ml of leupeptine; protease inhibitors were added to the ice-cold
buffer shortly before use). Cells were pelleted by centrifugation at 3000 g for 5min
and then resuspended in 200 pl of digitonin per million of cells. After 15 min on ice,
cells were centrifuged at 13,000 rpm for 1 min; supernatant was discarded and
cells washed once in 500 pl of PBS with inhibitors, then recollected at the bottom of
the tube by centrifugation and resuspended in 200 pl of PBS with inhibitors. The
Bradford method [134] on the spectrophotometer was used to determine protein
concentration.
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3.3.3 Blue Native studies

Blue native polyacrylamide gel electrophoresis (BN-PAGE) separations were run in
non-denaturing conditions by using the Coomassie Brilliant Blue dye to provide the
necessary charges to the protein complexes for the electrophoretic separation
[135]. Detergents are used only to the extent that they are necessary to lyse lipid
membranes in the cell. BN-PAGE is generally used to visualise intact protein
complexes, which remain, for the most part, associated and folded as they would
be in the cell.

Assembled respiratory chain complexes were detected using BN-PAGE, using a
method adapted from Shagger [136]. 12% and 4% separating gel mixes and a 3%
stacking gel mix were made up using acrylamide-bis (48% acrylamide, 1.5% bis),
3x gel buffer (1.5 M 6-aminocaproic acid, 150 mM bistris), APS and TEMED. 7 ml
of the high and low percentage separating gel mixes were pipetted into the wells of
the gradient gel pouring equipment. When the gels had set, the 3% stacking gel
was added on top of the high percentage gel and combs placed into position. The
gels where sealed with clingfilm and left overnight, or for up to a week at 4°C. All
mitochondrial protein preparations (mitoplasts) were diluted to the same
concentration (~10 pg in 200 pl final volume) using PBS and protease inhibitors in
10% loading buffer (1M 6aminocaproic acid, 5% Serva blue G), and 15-20 ul of the
sample was loaded onto the gels to be used for immunoblotting. Blue native gels
were run at 100 V for 20 minutes, then at 4 mA constant current per gel using
anode buffer (50 mM bistris, pH 7.0) and cathode buffer A (50 mM tricine, 15 mM
bistris, 0.02% Serva blue G, pH 7.0). After the run, the gels were electrotransferred
to Hybond-P membrane (GE Healthcare) after this had been wetted in methanol,
then equilibrated in Towbin’s buffer (TB, 25 mM tris-base, 192 mM glycine, 20%
methanol). Electrotransfer was carried out at 100 V for 75 minutes, then the
membranes were left overnight to air dry. The next day 2 washes in methanol
helped to remove the excess of Serva blue G; the membranes were then
equilibrated in PBS until they sank, before being blocked for 1 hour in 10% (w:v)
milk powder dissolved in PBS. The blots were placed into 50ml falcon tubes with
the protein side facing in and washed 3 times for 3 minutes in 3 ml PBS-T (PBS +
0.3% Tween-20) on roller mixer. Primary antibodies were added (see Table 3 for
concentration used) and blots were incubated on the roller mixer for 2 hours. Blots
were washed 3 times in PBS-T as before. 3ml of secondary antibody (1/4,000
PBS-T dilution of either goat anti-mouse or goat anti-rabbit conjugated to
horseradish peroxidise, Dako) was added. Incubation was for 1 hour. Blots were
washed 3 times in PBS-T as before and then developed by using the Western
Lighting Chemilunescence Reagent Plus (Perkin Elmer), with chemilunescence
photographic film for detection of signal. Exposure times of 15s — 15min were
used.

During the development, the horseradish peroxidase enzyme (HRP) that is
tethered to the antibody of interest catalyses the conversion of the enhanced
chemiluminescent substrate into a sensitized reagent in the vicinity of the molecule
of interest, which on further oxidation by hydrogen peroxide emits light. 143B206 p°
cells lacking mitochondrially-encoded proteins were obtained as described in King
MP&Attardi G [137]. Equal loading was confirmed by reprobing blots with anti-
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SDHA, anti-ATP5A1, anti-UQCR2 and anti-MTCO1 antibodies (MitoSciences) (see
Table 3 for antibodies dilutions).

3.3.4 Western blot studies

Western blot analysis was performed as described in Williams SL et al. [138].
Whole cell lysates were extracted from at ~1 million of cultured fibroblasts and
samples were prepared by combining equal amounts of mitochondrial protein
preparations with a similar volume of 2x dissociation Buffer (2x DB: 100 mM Tris-
HCI pH 6.5, 24% (v/v) glycerol, 8% (w/v) SDS (Sodium Dodecyl Sulfate), 4% (v/v)
B-mercaptoethanol, 0.02% (w/v) bromophenol blue). 15-20 ul was loaded and run
into a 12/15% SDS-polyacrylamide gels, 3% stacking gel, and gels were run at 100
V for 15 minutes and then 200 V for 1h. Gels were then electrotransferred to
Hybond-P membrane (GE healthcare) as described above, and probed with anti-
FOXRED1 antibody (Abnova), anti-VDAC, anti-cytochrome ¢ (MitoSciences), and
antibodies directed against other complex | subunits and assembly factors listed in
Table 3. The secondary antibody was goat anti-mouse or goat anti-rabbit
conjugated to horseradish peroxidise (Invitrogen). Developed was carried out by
using the Western Lighting Chemilunescence Reagent Plus (Perkin Elmer), with
chemilunescence photographic film for detection of signal. Exposure times of 15s-
15min were used. Densitometry measurements were carried out using Alpha Ease
FC software (Alpha Innotech, Cell Biosciences) (see Table 3 for antibodies
dilutions).

3.3.5 Submitochondrial fractionation

Mitochondria from 20 confluent 10-cm plates of cultured HeLa S3 cells (a subclone
of the HeLa cell line which have been reported to contain human papilloma virus
18 (HPV-18) sequences, as described by Puck and Fisher [139]) were harvested
by trypsinisation and isolated by differential centrifugation as reported previously
[140]. In particular, cells were washed, pelleted and then resuspended in 5 ml ice-
cold homogenisation buffer (10 mM Hepes-NaOH (pH 7.4), 1 mM sodium EDTA,
250 mM sucrose plus protease inhibitors: 1 mM PMSF, 1 pg/ml of pepstatin A, 1
pg/ml of leupeptin). Samples were centrifuged at 1,500 g for 10 min to pellet nuclei,
and the supernatant was transferred to a clear centrifuge tube; a second
centrifugation at 11,500 g for 12 min separated the mitochondria (pellet), which
was then resuspended in 100ul of homogenisation buffer to be stored. To
subfractionate mitochondria, the swell-shrink procedure was used as described
[141], except that the inter-membrane space (IMS) was further purified by
extraction in 10 mM Hepes-NaOH (pH 7.4), 0.5 mM EDTA, 125 mM sucrose and
0.5% (v/v) Triton X-100 on ice for 30 min, followed by centrifugation at 160,000g,
4°C for 1 h. This procedure uses the action of osmotic and mechanical methods to
disrupt mitochondria in order to separate the mitochondrial inner and outer
membrane and benefits from the action of substances, such as KH,PO, (pH 7.4)
and sucrose plus glycerol, which induce both a pronounced shrinkage of the matrix
and a loss of contact between the inner and outer membrane. Mitochondrial pellet

38



MATERIALS and METHODS

was resuspended in 1 ml of cold 10 mM KH,PO, (pH 7.4) supplemented with
protease inhibitors, to which was added cold 32% sucrose (w/v), 30% glycerol
(v/v), 10 mM MgCl,, 10 mM KH,PO, (pH 7.4) and the samples were left on ice for
30 min. Samples were then centrifuged at 12,000 g, 4°C for 10 min to collect the
mitoplasts at the bottom of the tube and the supernatant. Mitoplasts were
resuspended in 2 ml of cold 10 mM KH2PO4 (pH7.4) and protease inhibitors, left
on ice for 30 min, and subjected to ultracentrifugation at 160,000 g, 4°C for 30 min.
After this, the supernatant was stored as mitochondrial matrix fraction and the
pellet as inner membrane fraction. The supernatant of the previous step was
subjected to ultracentrifugation on a Sorvall Discovery™ 100 SE Centrifuge at
160,000 g, 4°C for 30 min to separate the supernatant (mitochondrial
intermembrane space fraction) from the pellet (outer membrane fraction). Fractions
were resuspended in a small volume of homogenisation buffer and then stored at -
80°C prior to the electrophoretic run. To distinguish soluble and peripheral
membrane proteins from integral membrane proteins, mitochondria were extracted
with the alkaline carbonate method [142]. The alkaline carbonate method allows
the release of soluble proteins that would normally stay associated to the
membranes by using other extraction methods. Mitochondrial pellets were
resuspended in 2 ml 100 mM Na,CO; (pH 11.5) plus protease inhibitors and
incubated on ice for 30 min. After ultracentrifugation at 160,000 g, 4°C for 30 min,
the supernatant (soluble and peripheral membrane proteins) and pellet (integral
membrane proteins) were collected. Fractions were resuspended in a small volume
of homogenisation buffer and the stored at -80°C prior to the electrophoretic run.
Purity of the subfractionated mitochondrial compartments was tested by probing
with antibodies to detect a specific marker for each submitochondrial fraction:
VDAC was used as an outher membrane (OM) marker, cytochrome c for the inter-
membrane space (IMS) and MTCO1 for the inner membrane (IM) (see Table 3 for
the dilutions used).

Antigen Reactivit MW in kDa :r:{mi:jy Secondary Compan
9 y 1ubody Antibody Host pany
Dilution
MTND1 human 39 1:1,000 mouse kind gift from DrA
Lombeés
MTCO1 human ~56 1:500 mouse MitoSciences
NDUFA9 human, mouse, rat, 39 1:500 mouse MitoSciences
bovine
NDUFB6 human, mouse, rat, ~17 1:1,500 mouse MitoSciences
bovine
NDUFAF1 human, mouse, rat ~36 1:1,000 rabbit NovusBiologicals
FOXRED1 human ~53 1:1,000 mouse Abnova
ATP5A1 human, bovme,_ 33 1:1,500 mouse MitoSciences
mouse, rat, zebrafish
UQCR?2 human, bovine, rat, ~48 1:1,000 mouse MitoSciences
mouse
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SDHA human, bovine, rat, ~70 1:1,000 mouse MitoSciences
mouse, C. elegans
GAPDH human, mouse ~35 1:1,000 goat Abcam
human, mouse, rat,
VDAC bovine, horse, rhesus ~30 1:60,000 rabbit Calbiochem
macaque,
chimpanzee, pig
Cytochome- human, mouse, rat ~12 1:500 mouse BD Pharmingen
MTCO2 human 26 1:1,000 mouse MitoSciences
mtHSP70 human, dog, mouse ~75 1:500 mouse Enzo (Alexis)
COX5A human, bovine, 17 1:1,500 mouse MitoSciences
mouse, rat, zebrafish

TABLE 3: list of all the antibodies used for the Western blot and Blue Native
studies.

3.4Genetic studies

3.4.1 DNA and RNA extraction

Total DNA was extracted from one 175cm? flask of fibroblasts from each patient by
using the DNeasy blood and tissue kit (Qiagen) by following the manufacturer’s
instructions. Likewise, total RNA was extracted from cultured skin fibroblasts from
the patients using the RNeasy Tissue Kit (Qiagen). The Dneasy/RNeasy
membranes combine the binding properties of a silica-based membrane with
simple microspin technology. DNA adsorbed to the DNeasy membrane in the
presence of high concentrations of chaotropic salt, which removed water from
hydrated molecules in solution. Samples were first lysed using proteinase K.
Buffering conditions were adjusted to provide optimal DNA binding conditions and
the lysate was loaded onto the DNeasy Mini spin column. During centrifugation,
DNA was selectively bound to the Dneasy membrane as contaminants passed
through. Remaining contaminants and enzyme inhibitors were efficiently removed
in two wash steps and DNA was then eluted in TE buffer (Tris-EDTA).

With the RNeasy procedure, all RNA molecules longer than 200 nucleotides were
purified. The procedure provided an enrichment for mRNA since most RNAs are
shorter than 200 nucleotides (such as 5.8S rRNA, 5S rRNA, and tRNAs, which
together comprise 15-20% of total RNA) were selectively excluded. A specialized
high-salt buffer system allowed up to 100 pg of RNA longer than 200 bases to bind
to the RNeasy silica membrane. Samples were first lysed and homogenized in the
presence of a highly denaturing guanidine-thiocyanate—containing buffer, which
immediately inactivated RNases to ensure purification of intact RNA. Ethanol was
added to provide appropriate binding conditions, and the sample was then applied
to an RNeasy Mini spin column, where the total RNA bound to the membrane and
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contaminants were efficiently washed away. High-quality RNA was then eluted in
30-100 pl water.

DNA and RNA quantificaton was carried out on NanoDrop® ND-1000
spectrophotometer (NanoDrop) which measures any purified molecules absorbing
at a specific wavelength. A 2ul sample was loaded on to the instrument and the
absorbance was read in between a 1mm path. Nucleotides, RNA, ssDNA, and
dsDNA all absorb at 260 nm and contribute to the total absorbance. That’'s why the
ratio of absorbance at 260 nm and 280 nm is used to assess the purity of DNA and
RNA. A ratio of ~1.8 is generally accepted as “pure” for DNA; a ratio of ~2.0 is
generally accepted as “pure” for RNA. All the samples were in the acceptable
range of purity.

3.4.2 Homozygosity Mapping and Bioinformatics analysis

The technique known as homozygosity mapping assumes that affected offspring
co-inherit two copies of a disease-related chromosomal segment from a common
ancestor. Autozygosity mapping, first suggest by Lander and Botstein [143], is the
method of choice for the discovery of autosomal recessive gene loci by seeking for
homozygous regions in consanguineous families.

In order to find the shared genomic region, the DNA of patients was digested with
Xbal (NEB) and special Xbal adaptors were ligated to the ends of the resulting
fragments. These Xba adaptors enabled genome amplification using a single
universal primer, after the whole genome amplification the DNA fragments were
purified and then fragmented by using DNase | to be then hybridised on the array.
The array was then scanned using the GCOS software and the GeneChip DNA
analysis software (GDAS) from Affymetrix was used to analyse the data. By
looking for stretches of homozygous SNPs shared between the affected individuals
it was possible to identify a group of candidate genes responsible for the disease.

Whole genome-wide SNP genotyping was done by the UCL Genomics facility at
the Institute of Child Health (ICH, London) and performed in the 4 patients of
Families 1-3 and in Family 4, using the GeneChip Human Mapping 10K Xba Array
(Affymetrix). This SNP-chip detected SNPs spread throughout the genome (with
the exception of the Y chromosome) and was analysed following a single
hybridization reaction with one individual’s genomic DNA. The results were
produced as a simple spreadsheet of the SNP allele calls. Whilst each SNP alone
is not very informative, it is both their number (10,913 SNPs on the 10K Xba
Affymetrix array) and their ability to detect a heterozygous region, and hence
exclude linkage, that suggested their potential use in autozygosity mapping.

SNP data was exported into a Microsoft Excel spreadsheet, where it was sorted by
chromosome and then by chromosome position. An autosomal recessive model
was assumed, and the output data was analysed assuming more than 30
consecutive homozygous SNPs as being significant. The freely downloadable
“ExcludeAR” spreadsheets described by Woods et al. [144], is a method for
seeking autosomal recessive loci by analysing only the affected individuals from a
multi-affected pedigree. The primary results from each individual's SNP-chip
hybridisation were produced as a simple Excel spreadsheet. For each individual
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the results were then sorted by chromosome and genetic distance using a simple
“data sort” Excel command. There are four versions of ExcludeAR (AR1-4) for the
interpretation of data from one affected individual (AR1), two individuals (AR2),
three (AR3), and four (AR4) individuals. The sorted primary SNP allele data was
copied and pasted into the ExcludeAR spreadsheet. ExcludeAR first detected runs
of consecutive homozygous SNP allele calls identical in all of the affected
individuals analysed. It then determined if each run was of statistical significance
by calculating the probability that a number of consecutive SNPs would be
concordant and homozygous by chance to be of 1 in 1000. This was chosen
because it is in common use as the LOD score (logarithm (base 10) of odds) of 3,
which is regarded as significant when seeking conventional linkage analysis.
ExcludeAR listed the 10 largest homozygous SNP runs by genetic size. For each
result the following were given: genetic size, chromosome, genetic location on
chromosome, number of homozygous SNPs in run, number of “No Calls” in the
run and whether the result reached statistical significance. The autosomal
recessive disease gene sought could be located within any of the statistically
significant homozygous segments detected.

Dr Alistair Pagnamenta (a previous PhD student in the Mitochondrial Research
Group at the UCL Institute of Child Health, London) analysed Family 4 by using
ExcludeAR. The genes within the candidate regions were prioritized by
bioinformatic analyses, including integration with the Maestro and MitoCarta
catalogues [145,4]. Maestro [145] is a tool that integrates data sets that provide
complementary clues about mitochondrial localization to assign a specific score for
each human gene product, using each of the following eight genome-scale data
sets: the targeting signal score [whether an N-terminal mitochondrial targeting
sequence that directs protein import into the mitochondrion is present, identified by
a computational tool called TargetP5]; the protein domain score [which records
the presence of protein domains found to be exclusively mitochondrial, exclusively
non-mitochondrial or shared, based on the SwissProt annotation of all eukaryotic
sequences]; the cis-motif score [which indicates whether  evolutionarily
conserved transcriptional regulatory elements (usually enriched upstream of
mitochondrial genes) are present]; the yeast homology score [which indicates
whether an S. cerevisiae ortholog is present, with experimental evidence of
mitochondrial localization (Saccharomyces Genome Database annotation)]; the
ancestry score [measures the sequence similarity to proteins from Rickettsia
prowazekii, the closest living bacterial relative of human mitochondria]; the
coexpression score [measures transcriptional coexpression with known
mitochondrial genes, using genome-scale atlases of RNA expression across
diverse tissues]; the MS/MS score [indicates the number of tissues in which the
protein was detected in a previous proteomic survey of mitochondria isolated from
four mouse tissues]; the induction score [measures the upregulation of mRNA
transcripts in a cellular model of mitochondrial biogenesis].

Each of the 8 scores listed above can be used individually as a weak genome-wide
predictor of mitochondrial localization. However, Calvo et al., in order to improve
prediction accuracy, integrated the 8 approaches using a naive Bayes classifier
[146] implemented with a computer program called Maestro. Maestro was trained
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on the gold standard positive and negative data sets and applied to the Ensembl
set of 33,860 human proteins. Then a score threshold was selected (using a
conservative threshold of 5.65, corresponding to a false discovery rate of 10% and
specificity of 99.4%), dependent on the application, and all the proteins scoring
above the threshold were classified as mitochondrial. Although the Maestro
integration method does not seem to be biased with respect to protein function,
molecular weight, charge or abundance, it seems to have lower sensitivity for
proteins localizing to the outer mitochondrial membrane, which may represent
evolutionarily recent mitochondrial acquisitions, given the lower number of
homologs in fungi and nematodes. Maestro contains an expanded collection of
1,451 human mitochondrial proteins (1,080 genes), which represents the most
complete set to date and is useful for identifying genes underlying human diseases
characterized by mitochondrial pathology. However, the authors believe that there
are still another ~500 genes yet to be identified.

On the other hand, MitoCarta [4] is a protein compendium of the mitochondrion
constructed by integrating in-depth protein mass spectrometry, microscopy, and
machine learning. Pagliarini et al. integrated these mass spectrometry data with six
other genome-scale datasets of mitochondrial localization using a Bayesian
framework and additionally performed a GFP tagging study focused on mammalian
mitochondria. The resulting compendium consists of 1098 genes and their protein
expression across 14 mouse tissues. To systematically discover proteins essential
for complex | function, Pagliarini et al. applied the technique of phylogenetic
profiling which uses shared evolutionary history to highlight functionally related
proteins [90]. The result was a list of 26 proteins (reported in Table 2) which are
possibly involved with complex | biogenesis.

By consulting Maestro and MitoCarta we obtained a list of genes encoding known
or predicted mitochondrial proteins that were then selected for sequence analysis.

3.4.3 Sequencing of candidate genes

The exons and intronic boundaries of the selected genes were PCR amplified by
using specific primers (listed in Table 4) and performing an initial denaturation at
95°C for 3 min, followed by 35 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for
40 s, and a final extension at 72°C for 5 min (BioTaq Polymerase plus 10% DMSO
and 1M betaine). The addition of 1M betaine (an organic compound also known as
trimethylglycine) helped to prevent secondary structures forming in DNA molecules
by equalizing the contribution of GC and AT base pairing to the stability of the DNA
duplex. Direct sequencing was performed after PCR purification by using the
MicroClean PCR clean-up kit (Microzone Ltd). The BigDye® Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems) was used and data were analysed using
Sequencer™ version 4.8 (Gene Codes) and the sequences were compared to the
reference sequences taken from the Ensembl database
(http://www.ensembl.org/Homo_sapiens/Info/Index). Healthy control subjects were
screened for the identified mutations via sequence analysis. In order to confirm the
expression of the pathogenic mutation complementary DNA was synthesised from
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length transcript was amplified and sequenced as described above.

Primer Name

Primer Sequence 5'->3'

FOXRED1
FOXR1 F1 TCGTCTGAATGGCGTTT
FOXR1 R1 GTGTGGGCCATGGTTTC
FOXR1 F2 TAGCTCACCTTTTCCTGTGC
FOXR1 R2 TCCCTTGTCGCTAGAGTCC
FOXR1 F3-4 TAGCTCGAAGCTTTCATTGC
FOXR1 R3-4 CAACTCCACTTTCTCGCTTC
FOXR1 F5 ATGACTGAGCTGGACTCCC
FOXR1 R5 GGAGTACCGAGACTCCCAAC
FOXR1 F6 TTACAAGCCCTAGAGAGGGG
FOXR1 R6 CCTTGCTTAGCTTGTGAGTG
FOXR1 F7-8 ATCCTTCCAGCTTTCTTTCC
FOXR1 R7-8 ACACACACACACGCTATCC
FOXR1 F9 GACATCGAAGTTGGATAGCG
FOXR1R9 ACAGGCATGAGCTACTGTGC
FOXR1 F10 CCTACCTGCACAGGGATTG
FOXR1 R10 ACTACGGCAGTCACGGG
FOXR1 F11 CTCAGCAGCAGGTAGAGGG
FOXR1 R11 GTACTGGGGAAGATGGAAGC

ACAD9

ACAD9_5'UTRf CTCTCCATCCCCTGCTGCG
ACAD9_1R ACATTTCCAGACCAGACCAGC
ACAD9_1Fseq GCACCAGCCSGCCTGTACG
ACAD9_2F TTTAACTGATATTTCCGTGATGGG
ACAD9_2R AATAGCCCTTACAATGGAAATCG
ACAD9_3F TATGATTAATATATAAACACTGTCC
ACAD9_3R AATACAGAGTGCTTTCTTAAGAGC
ACAD9_4F GGAGGAATCTAGGGCTGGGC
ACAD9_4R AGAAGACCTACAGAGAGCACC
ACAD9_5F CTCTCCTTTCTCCCCACAGC
ACAD9_5R GAATCTTGGGCAACATCACAGC
ACAD9_6F CTCAAAAGCATTCATATTTATTCCC
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ACAD9_6R TGAAGGTTGTGACTGAGACCC
ACAD9_TF TAAACACAAAGCCGTAATACCCT
ACAD9_7R TAGCTGTGTGCCTGTACTCCC
ACAD9_8F ACATAGGGGTTTGGTTTTCTCC
ACAD9_8R CCTTACACACACACACGCGC
ACAD9_9F GATGGATGGATGAATTGCCTGC
ACAD9_9R TGCACTCATGACACTACCTGG
ACAD9_10F GCCTCCTCCCTCTGCCTCC
ACAD9_10R GGGGCAGCAGGGGGTGGG
ACAD9_11F ATGTTTGAACCACAGAAATATTCC
ACAD9_11R GAGACATCAAAAGAACACACCG
ACAD9_12F TTCTGACTTAATTACTTTCTCTCC
ACAD9_12R CCTCCCTCCAGCGCCAGC
ACAD9_13F CACCCAGCTCCCTGCAGCG
ACAD9_13R GCAGGGTGGGGGTGGAGC
ACAD9_14F CCAGCACACGTGGCACTACC
ACAD9_14R TTTGGATTACTGTGCCCCTAGG
ACAD9_14Fseq CTTGACCTGGAGTGGGGGC
ACAD9_15F ACGTTGCTGGACAGTGAGCGC
ACAD9_15R GCAGGAGGGCATTGAAATAGG
ACAD9_16aF AGGGCACTGTAGGGATGAGG
ACAD9_16aR TCTCTTTGAGCTCTAGATTCAGG
ACAD9_16bF CCTAGAATCGGGAGGGCAGC
ACAD9_16bR TAAAGTGCAGCAGGACAGATGG
ACAD9_17F CCAGTTTGGCTGATAGGCTGG
ACAD9_17R ATCAATAGGGGCCTAGAAGTGG
ACAD9_18F CCATGTTTGTCTTATCACGGTGC
ACAD9_18R CAGTTTCCACTATGGTGTCTCC

ACAD9_3'UTRf

CTTTTGTTCCCCGTCTGCACC

ACAD9_3'UTRr

CCTGCTGTCACCCATTAAAGG

NDUFAF1
NDUFAF1_5'UTR_F.a TCCTTGCTGTCCTTCCTGG
NDUFAF1_5'UTR_R.a ACGTTCCAAGGCTAATTTACC
NDUFAF1_5'UTR_F.b GGGAGGTATACGCCAAGGC

NDUFAF1_5'UTR_R.b

ACTATTAACTGGACAATACCGC

NDUFAF1_ex1_Fa

TGAATTTGAAATTGTGATGCATTC
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NDUFAF1_ex1_Ra TGATCTCCTTGCAAATCCCC
NDUFAF1_ex1_Fb TTCTCAGAAAATTCTCTAAGCC
NDUFAF1_ex1_Rb ACTTATCCAAATCTTCTTTCCC

NDUFAF1_ex1_Fc

TGAAGCAATATACCATTTTAGGC

NDUFAF1_ex1_Rc

CAGAGTTCCATATAGCAGTGC

NDUFAF1_ex2_F

TTGCTAATAATGGAGAATGAGG

NDUFAF1_ex2_R CTCACCCAGCCAAGACCTC
NDUFAF1_ex3_F CATTTTATCGTTACAATTACATGC
NDUFAF1_ex3_R GGTATAAGAGCAGTGGCCC

NDUFAF1_ex4_Fa

ATTTTAAACTCCTGGAATAATCTC

NDUFAF1_ex4_Ra

GTAAAACAAAACTACCATATGATC

NDUFAF1_ex4_Fb TCCAGAGCTTAACCCAAGGC
NDUFAF1_ex4_Rb CAGAAGGCGAAGGTTACGG
NDUFAF1_cDNA_5’UTR_F | CTGAAGCTTCTTGGTGGCCC
NDUFAF1_cDNA_1F GACTGAAGGGGATTTGCAAGG
NDUFAF1_cDNA_1R GCAGAGGGTGGCCTTCCGG
NDUFAF1_cDNA_2F TGCACTGCTATATGGAACTCTG
NDUFAF1_cDNA_2R TCCAAGGCCGACCATCCCC
NDUFAF1_cDNA_3F CTGGCAGGAGGTCAAGATTCC

NDUFAF1_cDNA_3'UTR_R

AGTAAAACAAAACTACCATATGATC

NDUFS4

NDUFS4_1F AAATAAAATCCCAAAGAATTTCGC
NDUFS4_1R CGAGAAAAGGGTCAACAGAGG
NDUFS4_2F TAAGACAGATATTGTTAAAGTAGC
NDUFS4_2R ACAAATATTTCTTCTTAAAATTTAGG
NDUFS4_3F TGAATAGAGTTGCATGAATATAGG
NDUFS4_3R CGTCAAAAAGTACTGTCATAAGC
NDUFS4_4F TACTTATTTGATTTTATAGTAGCTG
NDUFS4_4R CTCAAATTCTGTATACTTAATTGG
NDUFS4_5F GAACATTAAGTTAAGTTATAAAAGC
NDUFS4_5R CTCAAATCTTCTCTCTATATAGG

NDUFS4 5intFseq

CTTATGGTGCAAACTTTTCTTGG

NDUFS4_cDNA_5UTR_F

CCATCCATCCTGGCGTTTGC

NDUFS4_cDNA_ex3_F

TAGAAAAGTCAGGATCTTTGTTCC

NDUFS4_cDNA_ex3/4_R

ATAAGGGATCAGCCGTTGATGC

NDUFS4_cDNA_3'UTR_R

AGAGATATAGTCAGTGCCAACC
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NDUFAF2
NDUFAF2_1F GTCTCCCATTGGTCAGTCGG
NDUFAF2_1R ATGCGTTAGTTGACTAGGGGC
NDUFAF2_2F TTTAACCTAGAGAAAATTATGATGG
NDUFAF2_2R ATTCTGTACAAGGTTCAAAGTGC
NDUFAF2_3F TCAAAGATTAATTGTAGAACTACTG
NDUFAF2_3R AACTATATATGCTCTTATTGAATTTG
NDUFAF2_4F TGTTTGTTCATGCCCTTTCCCC
NDUFAF2_4R TCTATTCAATAAATGGTGCTGGG
NDUFAF2_5F CTCCAGTACCTAAAATAATATGG
NDUFAF2_5R TGAAGCTTCGTATATCCTTGGG
NDUFAF2_6F TATATAATGTATTTTATTTTTATTGGC
NDUFAF2_6R AATGAACTCAAGATTAATAGAATAGG

NDUFV2

NDUFV2_5'UTRf

GAAGTCTCCGCCCACAGGGCCCC

NDUFV2_5'UTRr

GGCCGCAGTGTCCTTGCCGCCGCC

NDUFV2_1F ACAGAAAAGAGGGGCTGCTTGG
NDUFV2_1R TATGAGGAAAAAGTAATACCAGCC
NDUFV2_2F GTTAGAGAGATGAATAGGG
NDUFV2_2R CTTTCACTGACTCCTGACGGCC
NDUFV2_3F GGATGGTCTCGATCTCTTGACC
NDUFV2_3R GTATGTAAATTCTCACGATGACC
NDUFV2_4F TATATCATGTTGGAATTAAAATGG
NDUFV2_4R ACATACAAATGGCTAAAGGGCTCC
NDUFV2_5F TGAAGAACTTTTCTGTTTTTACC
NDUFV2_5R ATCCAATAAGATGGCAGAAGTTGG
NDUFV2_6F GGCGTGAGCCACCGCGCCTGGCC
NDUFV2_6R TAAAACCTGGATATTTATGGTAACC
NDUFV2_7F TAGGAGTTACTTAATTGTTGATGCC
NDUFV2_7R GAGATTCATATAGATAATACTATCC
NDUFV2_8F AACTGGGCTCTTGTGAGGTAACC
NDUFV2_8R ATTATATAATGATGTCTTCACAGCC
NDUFS2
NDUFS2_5'UTRf CCAAACCCCACAATCAGCCC
NDUFS2_5'UTRr TACCTCTTTTATTTGTTCTTCCC
NDUFS2_1F GAGCAGGACTAAAGCATGAGG
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NDUFS2_1R AGCCTTGGAGAAAGTGTGTCG
NDUFS2_2F TGTTCAGGCCCTTTGTCTAGG
NDUFS2_2R CCTGTATCTCAGCACTTTCGG
NDUFS2_3F CCAAGGGAATAACCATGTGGC
NDUFS2_3R CCCCAGATCCCGCCAAAAG
NDUFS2_4-5-6F TGAGCCTGTTAGATGTGACCC
NDUFS2_5Fseq ACCACTTCCCCGTTGAACCC
NDUFS2_5Rseq TGATATAGTTTCTACAAATATAACCC
NDUFS2_4-5-6R GGCCTGGGCTGGACATTTGG
NDUFS2_7aF GGTGCTGAGAGGGCTCTCC
NDUFS2_7aR CTCCTTCTTCCTTAGCCTCCC
NDUFS2_7bF GTGAGGAAGAGTATTAACACACC
NDUFS2_7bR AGGCAGGGGAAACTAGCTGG
NDUFS2_8-9F CATCCTTCCTAGCCCCATACC
NDUFS2_8-9R AAAAAATTAGCTGGGCGTAGTGG

NDUFS2_10-11F

GCCTTAGTCTCCCGAGTAGC

NDUFS2_10-11R

CTACTCTACATATGGTCTTTTCC

NDUFS2_12F

GAGAAAAATACTCTTCATGTTAATAC

NDUFS2_12R

ACTTATCTTCCTGTTGTGAGGC

NDUFS2_3'UTRf

CTATTGTGTAGTAGAGGTATCC

NDUFS2_3'UTRr

GAACATTCTTAGGTTTACAGTCC

TABLE 4: Candidate gene primer names and sequences.

3.5Functional studies

3.5.1 Preparation of lentiviral vectors

Dr Andrew Duncan (a previous post-doctoral research associate in the
Mitochondrial Research Group) designed a synthetic codon-optimized FOXRED1
gene which included a Kozak sequence (to increase translational initiation) and two
STOP codons (to ensure efficient termination) and that was generated by
assembly of synthetic oligonucleotides (Genart, Regensburg). The gene was then
subcloned into a lentiviral vector [147] and expression linked to eGFP through an
internal ribosomal entry sequence. This vector utilizes a strong retroviral promoter
element derived from the spleen focus-forming virus and a mutated woodchuck
posttranslational regulatory element. Vector stocks were pseudotyped with the
vesicular stomatitis virus envelope as described previously [148]. About 12 million
293T cells were seeded the day before the transfection and grown in Optimem
(Invitrogen). When they reached 70-80% confluence, 10ml of a polyethylenimine
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(PEI, Sigma) plus DNA complexes mixture was added to the medium. The cells
were incubated at 37°C, 5% CO, for 4 hours. The medium was then replaced with
complete DMEM. The viral particles were harvested the following day and the day
after. The medium from the cells was filtered through a 0.22um filter and the virus
was ultra-centrifuged at 4 C, for 2-3 hours at ~50,000g. The supernatant was
carefully decanted off and 150pl of serum free media was added to resuspend the
virus, which was then transferred to a cryovial and stored at —-80°C. Vector stocks
of pGIPZ, a commercially available lentiviral vector system expressing
puromycin/eGFP markers and shRNAi against FOXRED1 or scrambled shRNAI
controls (Open Biosystems), were prepared in a similar manner for knock-down
experiments. Vector stocks were titred by fluorescence-activated cell sorting
(FACS) following dilutional transduction of a fixed number of cells, and stored at -
80°C until required.

3.5.2 Complementation and RNA interference studies

Patient fibroblasts were transduced with the lentiviral vector expressing eGFP
alone or in combination with FOXRED1. Silencing the FOXRED1 gene in control
fibroblasts was achieved by transducing the cells with the pGIPZ shRNAmir vector.
In both cases the transduction was carried out as follows. Patient and control
fibroblasts were seeded in a 12 multi well plate (about 100,000 cells per well). The
following day 40 pl and 100 pl (in double) of virus were added to the plate, in a
minimum amount of complemented media. Two days after infection the media was
changed and more serum (20 %) was added. Cells were kept growing for about
one week. Transduced cells were enriched for eGFP expression by FACS
(Fluorescence-Activated Cell Sorting) and expanded for functional studies. Cells
were maintained in culture in presence of 1 mg/ml puromycin (Gibco-Invitrogen) to
select the transduced cells; and experiments were carried out between 15 and 20
days after cell transduction to allow for an efficient selection and expansion.
FOXRED1-silenced fibroblasts died within 20 days of culture following viral
transduction.
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4 RESULTS

4.1 Biochemistry

The patient cohort investigated in this study is genetically heterogeneous,
originating from several different geographical areas: England, France, the Middle
East, Israel, India and Pakistan. The clinical investigations and the biochemical
studies on patients’ muscles revealed a mitochondrial involvement which has been
then further studied by using different biochemical and genetic approaches.

4.1.1 Complex | activity

Prior to this study, complex | deficiency had been demonstrated in skeletal muscle
in 11 of the patients, and in fibroblasts in the 12" case (in whom no muscle was
available for biochemical analysis). During this study complex | activity was
determined in fibroblasts from all 12 patients (see Fig. 6) using an immune-capture
method. Activity measurements of mitochondrial complex | normalised to complex
IV in patient fibroblasts showed a variable degree of impairment. The 4 patients of
Families 1-3 all had a deficiency ranging from ~55% to 70% residual activity
compared to the control mean, possibly suggesting a common genetic defect.
Three additional patients had residual complex | activities in the range of ~50%-
60%, whereas 3 patients showed a mild complex | defect, with residual activity of
~72%-80%. Only Patient 7 and Patient 9 had almost normal complex | activity in
fibroblasts (~89% and 98%). All the results are shown in Fig. 6, measurements
were done in triplicate and compared to 3 normal controls and 1 positive control.
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FIGURE 6: Complex I (Cl) activity normalized to complex IV (CIV) activity in all

patients (P1-12) compared to 3 healthy controls and 1 positive control (ACAD9

mutated). The assay was carried out with the microplate kit (MitoSciences), all
measurements were done in triplicate and results are given as percentages.

4.1.2 Blue Native studies

BN-PAGE followed by Western blot analysis was used to interrogate complex |
assembly in fibroblasts for all the patients in this study. Results were compared to
two healthy controls and p0 cells; antibodies against subunits of other OXPHOS
complexes [ATP5A1 (complex V), UQCR2 (complex Ill) and MTCO1 (complex V)]
were used to determine equal loading of all samples (see Fig. 7).

Complex | holoenzyme mis-assemblies were noted in Patient 1 of Family 1, Patient
6 from Family 5 and Patient 7. Slightly reduced complex | holoenzyme was seen in
Patient 3 and 4 of Families 2-3, in the proband from Family 4 and in Patient 8, 10
and 11; Patient 8 disclosed virtually undetectable complex | signal. Patient 9
showed almost normal levels of Cl holoenzyme. p° cells, as expected, showed only
a tiny Cl subassembly of ~55 kDa, non-containing any mitochondrial encoded
subunit.

In particular:

= Patient 1 showed no fully assembled complex | holoenzyme but a
subassembly at ~830 kDa when probing with the NDUFS4 antibody, a pattern
which has previously been observed in at least 4 patients with NDUFS4
mutations [149,150,49,34] (Fig. 7A Lane P1).

= Patient 2 presented a normal holo-complex | assembly and content when
probed with the NDUFS4 antibody, this may exclude defects in those subunits
or assembly factors whose mutations result in subassemblies, including:
NDUFS1-2-4-6 [151-153,79], NDUFA2 [81], NDUFAF1-2-4 [52,34,48] and
NDUFV2 (Fig. 7A Lane P2).

= Patients 3 and 4 had similar appearances on BN-PAGE analysis and they
show reduced levels of holo-enzyme complex | but no subassemblies when
probed with the NDUFS4 antibody, leading the mutation screening to
potentially any complex | subunit, except the ones associated with
subassembly intermediates (Fig. 7A Lanes P3 and P4).

= Patient 5 showed a reduced amount of fully assembled complex | compared to
two healthy controls when probed with the NDUFB6 antibody. Genetic
diagnosis was reached by a homozygosity mapping approach (Fig. 7B Lane
P5).

= Patient 6 presented reduced levels of fully assembled complex | and two
minor subassemblies at ~400 and ~460 kDa when probing against MTND1.
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Less holo-complex | was observed when probing against NDUFB6 and
NDUFA9, and no signal at all was detected when probing against NDUFAF1.
A similar pattern had previously been described by Dunning et al. [51] in a
patient bearing defects in NDUFAF1, suggesting this as a potential candidate
gene for Patient 6 (Fig. 7C Lane P6).

Patient 7 had extremely low levels of fully assembled holo-enzyme complex |
and two interesting subassemblies at ~600 and ~830 kDa when probing for
MTND1, NDUFB6 and NDUFA9. A smaller subassembly compared to controls
was also noticed when probing against NDUFAF1. This pattern was
compatible with an NDUFS4 mutation pattern or NDUFA2, NDUFS1 or
NDUFAF2 mutations, or other as yet unknown defects (Fig. 7C Lane P7).

Patient 8 had virtually no or very little complex | with no abnormal
subassemblies, when probed with the anti- MTND1, NDUFB6 and NDUFA9
antibodies. Only a physiological subassembly at ~400kDa comparable to the
one seen in the controls was visible when probed against NDUFAF1, however
the slightly bigger subassemblies above 400kDa which were seen in the
controls were absent in Patient 8. This is suggestive of a severe mutation in
potentially any subunit of the complex, except for the ones known to be
associated with the accumulation of abnormal subassemblies, as already
mentioned above (Fig. 7C Lane P8).

Patient 9 displayed virtually normal levels of holo-complex | and no evidence
of subassemblies when probed with the anti- MTND1, NDUFB6, NDUFAF1
and NDUFA9 antibodies. This may suggest a mild defect in any complex |
subunit or assembly factor (Fig. 7C Lane P9).

Patients 10 and 11 showed reduced levels of holo-enzyme complex | but no
subassemblies when probed against MTND1, NDUFB6, NDUFAF1 and
NDUFAQ9. This is suggestive of mild/severe mutations in any of the complex |
subunits (Fig. 7C Lanes P10 and P11).

Patient 12 displayed a mild reduction of the holo-complex |, but no indication
of subassemblies when probed against MTND1, NDUFB6, NDUFAF1 and
NDUFAOQ. As for Patients 3, 4, 5, 10 and 11, the defect has to be searched in
any of the subunits of complex I, since mutations in assembly factors usually
result in the stalling of the complex | assembly process and the accumulation
of subassembly intermediates (Fig. 7D Lane P12).

FIGURE 7: Blue Native studies on patient fibroblasts. The holo-complex | was
detected via different antibodies (listed in Table 3). Patients 1 to 12 have been
split in different panels: A to D. For full description of the migration patterns
per patient refer to the text above.
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4.2 Genetics studies

Previous genetic analysis in this patient cohort had excluded mtDNA mutations
using a combination of Sanger sequencing of 45 overlapping PCR products and or
MitoChip requence analysis (performed by the Neurogenetics diagnostic laboratory
at the National Hospital for Neurology, Queen Square, London, or by Dr Andrew
Duncan). Homozygosity mapping was performed in suitable pedigrees, either on
the hypothesis that the subjects were homozygous by descent, either because of
clear consanguinity in the family, or because they originate from a relatively small
geographical region.

4.2.1 Homozygosity Mapping and Bioinformatics Analysis
Homozygosity mapping was performed on:

= Families 1-3: the subjects originated from the same geographical region and
Patients 1 and 2 were cousins born to first cousin parents, who were born to
inbred grandparents themselves. The assumption was that Patients 1-4 would
all bear the same defect inherited by descent because of their common origin
and the consanguinity. The almost 11,000 SNPs from the whole genome of
the 4 probands, obtained by running on a 10K Affymetrix DNA chip, were
analysed by using the ExcludeAR program [144], and 10 most significant
homozygous regions shared by all 4 patients were selected:
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Chrom Start End Mb cM SNPs Ge”?‘s n

region
Largest 4 182,857,218 183,830,190 ~1 3.5 4 4
Second 9 35,099,949 38,288,204 ~32 29 6 78
Third 5 38,436,684 39,448,555 ~1 22 5 11
Fourth 18 43,988,463 45,928,259 ~19 22 4 20
Fifth 13 104,988,136 105,841,769 ~0.8 2.1 4 1
Sixth 1 84,532,511 86,433,862 ~1.9 1.8 4 25
Seventh 10 59,938,404 61,209,408 ~1.2 16 5 11
Eighth 12 86,723,846 89,952,101 ~32 1.0 4 20
Ninth 4 35,656,022 36,819,542 ~1.1 1.0 5 5
Tenth 15 34,347,151 35,200,430 ~0.7 09 4 24
The regions were submitted to the NCBI Map Viewer website

(http://www.ncbi.nlm.nih.gov/mapview/map search.cgi) and a list of candidate
genes was constructed. The genes in the regions were selected by
bioinformatics analysis and integration with the Maestro database [145], which
assigns a score per each gene according to the probability of its mitochondrial
localisation. Given the very small size of the shared homozygous regions and
the fact that there was no immediately obvious candidate gene that could
explain complex | deficiency in these patients, we assumed that the “identical
by descent” hypothesis was no longer plausible to explain their genetic defect.
Therefore we started looking at the biggest homozygous regions in the single
patients, and found a very large region in Patient 1 on chromosome 5. This
region spanned 135 homozygous SNPs and contained the NDUFS4 gene,
previously associated with complex | deficiency and reported to result in a
complex | ~830 kDa subassembly on Blue Native gels. Sequencing of the
NDUFS4 gene in Patient 1 revealed a novel 8bp frameshift deletion
(c.377_384del), leading to a premature stop codon and thus predicting a
truncated protein (Q126fsX2). The same mutation was found in heterozygous
state in Patient’s 1 cousin, Patient 2 (Fig. 8). However, this mutation alone
cannot account for Patient's 2 complex | deficiency and the search for this
patient’'s genetic defect is still on-going. Patients 3 and 4 were screened for
NDUFS4, NDUFAF1 and Patient 3 also for NDUFV2, according to their
homozygosity pattern (i.e. the genes screened were in the patients’
homozygous regions), but no mutations were identified.
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FIGURE 8: Family 1 pedigree and

electropherograms. The NDUFS4
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Family 4: the family was studied by Dr Alistair Pagnamenta, who identified a
total of 5 candidate regions of homozygosity in the proband (Patient 5) of this
Israeli family, which were not shared with his five healthy siblings. These
regions spanned a total of 50 Mb and contained 338 genes. The longest
region of homozygosity (18.3 Mb) was observed on chromosome 6, but did
not contain any candidate genes implicated in complex | function. The third
largest region of homozygosity (9.2 Mb on chromosome 18) contained the
only known structural subunit of Cl located within these homozygous intervals:
NDUFV2. This gene was sequenced but no pathogenic mutations were
identified.

The remaining genes were prioritised by bioinformatics analysis with the
integration of the Maestro and MitoCarta databases [145,4]. The top 10 genes
encoding known or predicted mitochondrial proteins were selected for
sequence analysis out of 337 enclosed in the candidate regions (the
sequence analysis was performed by Dr Andrew Duncan, postdoctoral
research fellow).

The only potentially pathogenic mutation was found in the FOXRED1 gene, a
homozygous ¢.1054C>T leading to a missense R352W (Fig. 8A). Restriction
Fragment Length Polymorphism (RFLP) analysis was used to confirm the
mutation segregation within the pedigree: Msp/ (NewEngland Biolabs) cut the
245 bp wild-type amplicon into two fragments of 121 and 124 bp. The
mutation ¢.1054C>T abolished the restriction site, leaving the 245 bp
amplicon uncut (Fig. 8B). Patient 5 was homozygous for the mutation, his
parents were heterozygous and unaffected siblings either heterozygous or
homozygous for the wild-type sequence.268 pan-ethnic control alleles were
screened and resulted negative for carrying the ¢.1054C>T mutation in
FOXRED1.

Amino acid alignment studies showed that the FOXRED1 protein has a well
evolutionary-conserved module in its structure. Within a part of this module,
the R352 residue is highly conserved across species, suggesting that the
amino acid change R352W is likely to have a significant functional impact (Fig.
9).

A B
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I Phe | Trp | Glu I

ITIICGCIGGGHHG
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FIGURE 8: FOXRED1 exon 9 electropherogram showing sequencing
results for the FOXRED1 gene: the ¢.1054C>T mutation is homozygous in
Patient 5 (top panel) while the control sequence is wild-type homozygous
(lower panel) (A). FOXRED1 mutation RFLP analysis showing the
segregation of the mutation with disease: none of the family members is
homozygous for the ¢.1054C>T mutation except for the proband (P5). The
parents are heterozygous and unaffected siblings either heterozygous or
homozygous for the wild-type sequence (B).
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FIGURE 9: FOXRED1 protein evolutionary conservation. The FOXRED1 protein
has a well-conserved module in its structure across species. Within a part of this
module, we found that the R352 residue is highly conserved across species,
suggesting that the amino acid change R352W is likely to have a significant
functional impact.

4.2.2 Candidate Gene Approach

Patients 6 to 12 were considered single cases and therefore no assumption about
the inheritance of the defect was made prior to the study.

Table number 5 summarises the patients’ clinical phenotype, biochemical results
and genes sequenced. The candidate genes were chosen according to the
patient’s specific phenotype; however, the selection of suitable candidate genes is
always biased by the broad spectrum of presentations of mitochondrial disease,
and therefore the gene hunting even in a subset of patients with isolated complex |
deficiency may be difficult.

The genes screened were: NDUFS2, NDUFS4, NDUFV2, NDUFAF1, NDUFAF2,
FOXRED1 and ACAD9. Because of the particular Blue native subassemblies
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observed in Patient 6 and her phenotype of mitochondrial cardiomyopathy, the
genetic screening was directed towards NDUFAF1, which has already been
described by Dunning et al. [51] in a patient with similar BN-PAGE appearances
(Patient’s 6 pedigree shown in Fig. 10).

The genetic defect identified in Patient 6 was two compound heterozygous
mutations in NDUFAF1: c.631C>T; R211C and c¢.733G>A; G245R, which were
also confirmed in cDNA. Each parent was heterozygous for one of these mutations
(Fig. 11A-B-C), confirming that they were on separate alleles (ie, in trans) in the
patient. These changes were absent in 240 ethnically matched control alleles and
also in 1094 control individuals genotyped in the 1000 Genomes cohort
(http://www.1000genomes.org). The screening is still on-going for the other
patients, in whom no defects where identified in the screened genes.

FIGURE 10: Patient 6 (P6)

(F I family pedigree. P6 died at
6.5 months of cardiac failure.

Her parents subsequently
had an healthy boy born after

donor egg in vitro fertilization
(IVF). Futrther reproductive
D ?;:S‘;”,Z options, such as pre-natal
o PND or diagnosis (PND) or
P& Heatty brother PG? preimplantation genetic
conceived by diagnosis (PGD) are
donor egg IVE available now that the

genetic defect is known.
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FIGURE 11: Sequencing of exon 2 of the NDUFAF1 gene revealed two compound
heterozygous mutations, ¢.631C>T; Arg211Cys and ¢.733G>A; Gly245Arg, in
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Patient 6 (A). Her father is heterozygous for the ¢.631C>T; Arg211Cys mutation
and homozygous wild type for the second variant (B), while her mother is
heterozygous for the ¢.733G>A; Gly245Arg mutation and homozygous wild type for
the first mutation (C).

Cl activity %*

Cl holoenzyme

Genes

Patients| Phenotype d Defect
muscle | fibroblasts quantity sub- assembly | Screene
NDUFS4
P1 LS 27.9 55.2 almost none yes NDUFS4 Chgg‘f?g‘f d“:I,
Q126fsX2
NDUFS4
. NDUFS4, heterozygous
P2 Congenital LA 44.6 69.5 normal no NDUFAF1 ¢.377_384del;
Q126fsX2
NDUFS4,
P3 LS 41.9 65.0 near normal no NDUFAF1
NDUFS4,
P4 HCM+LA 30.6 62.0 near normal no NDUFAF1,
NDUFV2
. FOXRED1
P5 Infantile 7.0 70.2 less no NDUFV2, homozygous
encephalopathy FOXRED1 ¢.1054C>T: R352W
NDUFAF1
compound
P6 HCM+LA 14.0 56.9 less yes /(/VDD([jJ/,::,f; heterozygous
€.631C>T; R211C +
c.733G>A; G245R
NDUFS4,
NDUFAF1,
P7 LS 36.0 89.1 almost none yes NDUFAF2.
NDUFV2
NDUFS4,
NDUFAF1,
P8 LS 40.9 50.8 almost none no NDUFAF2.
NDUFS2
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P9

LS

46.2

98.5

near normal

no

NDUFS4,

NDUFAFT1,
NDUFAF2,

NDUFS2,
ACAD9

P10

Global DD

41.9

72.6

less

no

NDUFS4,

NDUFAFT1,

NDUFS2

P11

Alpers

45.1

82.6

less

no

NDUFS4,
NDUFS2

P12

HCM+LA

9.1

60.0

less

no

NDUFS4,
NDUFAF1

CTR+

HCM+LA

26.0

53.1

ACAD9

ACAD9 compound
heterozygous
€.976G>C; A326P +
€.1594C>T R532W

TABLE 5: CI= complex I; HCM = hypertrophic cardiomyopathy; LA = lactic acidosis; LS = Leigh syndorme; DD =

developmental delay.* % of the control mean

4.3 Functional studies

4.3.1 Family 1, Patients 1 and 2: NDUFS4 ¢.377_384del; Q126fsX2

The genetic defect discovered in NDUFS4 in Patient 1 and 2 was a novel 8bp
frameshift deletion (c.377_384del; Q126fsX2), which is predicted to cause highly
deleterious effects. Furthermore mutations in the NDUFS4 gene have already been
linked to complex | deficiency in a number of cases; therefore this particular case
was not investigated further, as the case for pathogenicity of this mutation was
compelling for Patient 1. The mutation is unlikely to be disease-causing in Patient
2, however, since this patient had only one heterogeneous change in NDUFS4.
The search for the disease gene in this patient is continuing, by focusing on her
regions of homozygosity.

4.3.2 Family 4, Patient 5: FOXRED1 c¢.1054C>T; R352W

4.3.2.1 Lentiviral-mediated complementation and silencing studies

In order to try and complement the biochemical defect, a synthetic FOXRED1 gene
was expressed in patient fibroblasts, using a lentiviral vector. This transgene
rescued the complex | activity to ~90% of control levels (Fig. 12), providing
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evidence that the R352W missense mutation in FOXRED1 was the cause of the
observed complex | deficiency in the patient. However, transfection with an empty
vector also increased complex | activity in patient fibroblasts slightly (Fig. 12). The
mild deficiency of complex | in patient fibroblasts (~70% of control mean) probably
explains why only a 10-20% increase in complex | activity was observed after
lentiviral transfection with wild-type FOXRED1 cDNA compared with transfection
with an empty vector.

Complex | / 1V Related to Control in Fibroblasts
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{R$) +FR1 + empty Fbs Fbs
vector
Samples

FIGURE 12: Mitochondrial complex I/IV dipstick assay. Dipstick assay shows
~70% residual complex | activity in patient fibroblasts (Fbs) which is recovered to
~90% after complementation with synthetic wild-type FOXRED1 cDNA. A slight
recovery is also seen after transfecting patient Fbs with an empty vector.
FOXRED1-silenced fibroblasts show an ~40% decrease in complex | activity
compared with scrambled fibroblasts. Key: Fbs, fibroblasts; RS, reference sample;
FR1, FOXRED1.

4.3.2.2 Western blot analysis

Western blot analysis showed a reduced steady-state level of FOXRED1 in patient
fibroblasts, which increased after lentiviral transduction with wild-type FOXRED1
cDNA (Fig. 13). Western blot analysis also demonstrated a slight improvement in
complex | amount (assessed with anti-NDUFA9 antibody) in patient fibroblasts
after transduction with wild-type FOXRED1 cDNA, compared with human control
fibroblasts and patient fibroblasts transduced with an empty vector (Fig. 13). These
observations were confirmed by densitometric analysis of the western blots (also
shown in Fig. 13).

Stable knockdown of FOXRED1 expression via lentiviral mediated shRNAi reduced
complex | expression, assayed with anti-NDUFA9 antibody in an immunoblot (Fig.
13). Dipstick assay showed ~40% residual complex | activity in FOXRED1-silenced
fibroblasts compared with human control fibroblasts and fibroblasts transfected
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with a scrambled shRNA vector (Fig. 13), confirming that lack of FOXRED1 can
cause complex | deficiency.
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FIGURE 13: Western blot analysis. Western blot analysis shows a gain in
FOXRED1 and NDUFAQ9 protein content in patient fibroblasts when complemented
with FOXRED1 wild-type cDNA, compared with patient fibroblasts transduced with

an empty vector. FOXRED1-silenced fibroblasts show a reduction in FOXRED1
and NDUFAQ protein content compared with control and scrambled fibroblasts.
Probing for MTCO2 (anti-complex IV) demonstrated equal loading. Densitometry
measurements were carried out using Alpha Ease FC software (Alpha
Innotech/Cell Biosciences, Santa Clara, CA, USA) and confirmed the observations
above.

4.3.2.3 Subcellular and submitochondrial localization

In order to identify the subcellular localisation of FOXRED1, Hela cells were used
as controls in Western blot studies. The Western blot results show that the anti-
FOXRED1 antibody recognized a protein of the expected size (~53 kDa) in whole
mitochondria, confirming mitochondrial localization of FOXRED1 (Fig. 14). A
similar band of ~53 kDa is clearly visible in the mitochondrial inner membrane (IM)
fraction and in the mitochondrial soluble fraction (“Sol”, i.e. mitochondrial inner
membrane space (IMS) + matrix (M)). A similar slightly bigger polypeptide is
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detected in the IMS as well as in the matrix, indicating that FOXRED1 may enter
the mitochondrial matrix as a precursor containing its mitochondrial import
sequence, which is then cleaved to release the mature functional protein. Probing
the same western blot with control antibodies anti-voltage-dependent anion
channel (VDAC), anti-cytochrome ¢ and anti-MTCO2 (cytochrome c¢ oxidase
subunit Il) revealed the expected submitochondrial localizations for these proteins
(outer membrane (OM), IMS and IM, respectively).

Mt OM IMS IM M Sol Int (kDa)

150

anti-FOXRED1 100

: 75

| — — T — - 50

- 37

4 25
anti-VDAC | =% == -

anti-cytochrome ¢ | ' - -

anti-MTCO2 Nammr - a1

FIGURE 14: Submitochondrial fractionation. The ~63 kDa FOXRED1 protein
(indicated by the arrow) shows a clear mitochondrial localization; more specifically,
it is contained within the soluble fraction and associated with the IM. The slightly
larger band detected in the IMS and the M may represent an immature polypeptide
containing a mitochondrial targeting sequence, which is then cleaved to release the
mature protein. The smaller mature protein then associates with the IM to achieve
its fully functional state. Antibodies against mitochondrial proteins were used to test
the purity of the fractions: anti-VDAC for the OM (and IM), anti-cytochrome c for the
IMS (also visible as associated with the IM) and anti-MTCO?2 for the IM. Key: MT,
whole mitochondria; OM, outer membrane; IMS, intermembrane space; M, matrix;
SOL, soluble fraction; INT, integral proteins fraction.

4.3.3 Patient 6: NDUFAF1 ¢.631C>T; R211C and ¢.733G>A; G245R

The compound heterozygous mutations detected in patients 6 had never been
described before, however the NDUFAF1 gene had been previously associated
with one case of isolated complex | deficiency and a multisystem disease
presentation including hypertrophic cardiomyopathy [51]. Dunning et al.
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demonstrated the role of NDUFAF1 in complex | assembly, after Janssen et al.
[154] observed that the deletion of the Neurospora crassa CIA30 gene (homologue
of human NDUFAF1) resulted in severe disruption of the assembly process,
Human CIA30 could therefore be considered as a candidate gene for complex |
deficiency in humans. The functional studies we have carried out aimed to
determine the pathogenicity of these two new mutations, considering the role of the
NDUFAF1 protein already consolidated for the human complex | biogenesis
process. Phylogenetic analysis demonstrated that Arg211 and Gly245 are highly
conserved amino acids (Fig. 15).

c.631C>T c.733 G>A
Arg211Cys Gly245Arg
Homo sapiens ] REDEGRISWMWVE TS EDTDE‘FQRTI'"Q!
Hs mutated protein PR K EDT DE F QR T 0 QI .
Pan troglodytes PR K EDTDEF QR TWQW '-"IFTRGGPQE‘JEI
Mus musculus | g HP AN MEODTEE IQRER Q! 19ME T RGG P4l
Rattus norvegicus O ARKODTEFE T QRERQ! --IETRGGPET
Bos taurus EDTDIIQKKEQ: 1AM BT RGG Py O
Canis familiaris EDTDIVQRKRQ! "IE'TRGGP%'JD
Gallus gallus I r VG RENTMWE I e el=ve SHQKED i
Danio rerio AP NS AETYF SHQR|ED! 1LY T RGG By Ol
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Drosophila melanogaster g (=) =S Ve N IRH T E GY F DLMWED
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FIGURE 15: The amino acid residues affected by the missense mutations in exon
2 are 33 amino acids apart within the NDUFAF1 protein and are highly conserved
from humans to the nematode Caenorhabditis elegans and fungi.

4.3.3.1 Western blot

Western blot analysis demonstrated a severe reduction in NDUFAF1 protein levels
in patient’'s mitoplasts compared to three control mitoplasts isolated from
fibroblasts; normal staining of SDHA confirmed equal loading of all samples. Levels
of ND1 (a core subunit assembled early into the nascent complex | enzyme) were
normal, whereas levels of NDUFA9 (a membrane arm subunit that was
incorporated later) were reduced in patients. As expected, p0 cells lacked
mitochondrially encoded ND1 but had normal levels of all nuclear-encoded proteins
analysed (Fig. 16).
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FIGURE 16: Western blot analysis demonstrated a severe reduction in
NDUFAF1 protein levels in Pateint 6 (P6) mitoplasts compared to 3 control (C1-3)
mitoplasts isolated from fibroblasts; normal staining of SDHA confirmed equal
loading of all samples. Levels of ND1 (a core subunit assembled early into the
nascent complex | enzyme) were normal, whereas levels of NDUFA9 (a membrane
arm subunit that is incorporated later) were reduced in Patient 6. As expected, po
cells lacked mitochondrially encoded ND1 but had normal levels of all nuclear-
encoded proteins analysed.
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5 DISCUSSION

The clinical presentation of the patients was heterogeneous, classic mitochondrial
disease features overlapping with minor signs: Leigh syndrome, congenital lactic
acidosis, hypertrophic cardiomyopathy, encephalopathy, developmental delay,
Alpers’ disease.

Mitochondrial complex | activity was reduced in all patients’ fibroblasts. This assay
confirmed the presence of the defect in another tissue other than muscle, which is
usually assayed in diagnostic biochemical investigations. A discrepancy between
the defect seen in muscle and in fibroblasts is often noticed, this is probably due to
the different mitochondrial content and energy requirement of the two tissues of the
same patient, not to mention the tissue specific gene expression, therefore the
complex | activity impairment is usually more pronounced in muscle.

5.1 NDUFS4

Families 1 to 3: Patients 1, 2, 3 and 4 had a complex | activity reduction in the
range of 50% to 70% residual activity of the control mean. Patient number 1 had
the most severe defect (55%) compared to patients 2, 3 and 4. Whereas for
Patients 3 and 4 the Blue native pattern showed less fully assembled complex |
and normal levels in Patient 2, a ~830 kDa subassembly of complex | in Patient 1
was displayed when probed with the NDUFS4 antibody. The presence of that
particular subassembly in Patient 1 suggested a defect in the NDUFS4 gene;
however a homozygosity mapping approach was undertaken on the assumption
that all the 4 patients shared the same defect inherited as an ancestral allele.

Since only 10 very small sized homozygous regions were found to be shared
between the patients, and there was no obvious candidate gene, the “identical by
descent” hypothesis was no longer suitable to explain their genetic defect. The
biggest homozygous region in Patient 1 was on chromosome 5 and included
NDUFS4; sequencing of this gene revealed a novel homozygous 8 bp frameshift
deletion (g.98539_98546del) located in exon 4 leading to a premature stop codon
and thus predicting a truncated protein (¢.377_384del; Q126fsX2).

The NDUFS4 gene encodes the 18 kDa subunit of complex | and consists of five
exons interspersed by long introns. The protein is located in the iron-sulphur
protein fraction of complex I, and all the NDUFS4 gene homologues (including
birds, Drosophila and Anopheles) have a highly conserved C-terminus containing a
canonical RVSTK phosphorylation site (positions 129-131) in the last residues,
with the highest phosphorylation score for the cAMP-dependent protein kinase A
(PKA). Investigation of murine [155-157] and human cell cultures [158] showed that
activation of the cAMP cascade or direct addition of dibutyryl cAMP promotes in
vivo serine phosphorylation of an 18 kDa subunit of complex I, this being
associated with stimulation of the NADH-ubiquinone oxidoreductase activity of the
complex. More recently it has been found that cAMP-dependent phosphorylation of
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the RVSTK site of the NDUFS4 protein promotes import/maturation in mitochondria
of this nuclear encoded protein [159]. In human and mammalian complex | the
NDUFS4 subunit is present in both the C-terminal serine phosphorylated and non-
phosphorylated form, and the NDUFS4 protein is phosphorylated by PKA at the
serine of the C-terminal RVSTK consensus site.

In vivo the activity of the complex can depend on the exchange of pre-existing,
possibly functionally impaired, NDUFS4 subunits in the complex with the newly
synthesized protein [29].

Most of the reported NDUFS4 mutations, including this novel mutation (see Table
1), result in the loss of the conserved phosphorylation site, so that the NDUFS4
subunit is unable to activate the complex. Furthermore, in line with the data shown
by other groups, the mutation found in Patient 1 prevents normal assembly of a
functional complex in the inner mitochondrial membrane, thus leading to an
impaired function of respiratory chain complex I.

Because Patient 2 has a different clinical phenotype and is heterozygous for the
Q126fsX2 mutation without a second pathogenic mutation, we suspect that her
mitochondrial disorder has a different genetic basis than Patient 1. The occurrence
of two separate recessive disorders is not unusual in highly inbred pedigrees. The
NDUFS4 sequence was wild type in Patients 3 and 4, who both had isolated
complex | deficiency, suggesting there are at least 2 causes of isolated complex |
deficiency in this relatively small community. In conclusion, a homozygosity
mapping approach may not be able to unravel the genetic defect even in highly
inbred families. Secondly, the NDUFS4 gene should be considered a hotspot of
mutations for complex | deficient Leigh syndrome, which is one of the most
common presentations of mitochondrial disease in childhood. The presence of the
~830 kDa subassembly of complex | is highly suspicious of an underlying NDUFS4
mutation.

5.2 FOXRED1

Family 4, Patient 5 is the sixth child of a consanguineous Iranian-Jewish family
affected by early-onset complex | deficient encephalomyopathy; he presented with
7% residual complex | activity in muscle and 70% in fibroblasts. BN-PAGE analysis
provided evidence of reduced amounts of complex | holoenzyme but no
subassemblies were identified. An integrative genomics approach, combining
homozygosity mapping and bioinformatic analyses, was used to investigate the
defect.

Five candidate regions of homozygosity, unique to the proband and not shared
with unaffected siblings, were identified by whole genome-wide SNP analysis. No
mutations were identified in NDUFV?2, the only known structural subunit of complex
| located within the homozygous intervals. 337 other genes located within the
candidate regions were prioritized by bioinformatics analysis, and 11 genes
encoding known or predicted mitochondrial proteins were sequenced. The only
pathogenic mutation identified in these 11 genes was a homozygous missense
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mutation ¢.1054C>T in FOXRED1. This mutation segregated with disease in the
family; both parents and two siblings were heterozygous for the mutation, while the
other three siblings were homozygous for the wild-type sequence. The mutation
was not found in 268 pan-ethnic healthy control alleles. Western blot analysis
showed a reduced steady-state level of FOXRED1 in patient fibroblasts.

Restoration of complex | activity after lentiviral transduction of patient fibroblasts
with wild-type FOXRED1 cDNA confirmed that the FOXRED1 mutation is the
cause of Patient's 5 complex | deficiency. FOXRED1 is a 486 amino acid protein,
with an approximate mass of 53 kDa. It contains an FAD-dependent
oxidoreductase domain, which may be involved in electron transfer. The mutation
is predicted to cause the substitution of a highly conserved arginine residue by
tryptophan (Arg352Trp). An in silico analysis using MitoProt II-v1.101 [160]
confirmed the presence of a putative N-terminal mitochondrial localization
sequence, spanning amino acids 1-23 (MIRRVLPHGMGRGLLTRRPGTRR). This
sequence has a positive net charge of +1 and a predicted cleavage site at position
24; the probability of import into mitochondria was also very high at 0.9546.
Western blot data confirmed mitochondrial localization of FOXRED1, with an
expected band of ~53 kDa in the whole mitochondrial fraction. In addition, a band
slightly larger than ~53 kDa was observed in the IMS and the matrix. Based on this
observation, we postulate that a FOXRED1 precursor containing its mitochondrial
import sequence may be imported into mitochondria via a classical importation
mechanism (such as the TOM/TIM machinery), and that the import sequence is
subsequently cleaved within the matrix to release the mature protein [161]. We
also speculate that this mature protein then associates with the mitochondrial IM,
near the respiratory chain supercomplexes and probably adjacent to the complex |
holoenzyme, in order to exert its chaperone function. FOXRED1 is not one of the
known 45 subunits of complex |, as established by proteomics studies [162].
However, the association of a homozygous FOXRED1 mutation with isolated
complex | deficiency in our patient suggests that FOXRED1 must be a chaperone
or other factor necessary for assembly, stability and/or correct functioning of
complex I.

The tissue specificity of complex | residual activity (7% in muscle and 70% in
fibroblasts) observed in this patient, is probably due to a difference in tissue
specific expression of FOXRED1. Only one other case has been reported with
FOXRED1 mutations [39] (compound heterozygous ¢.694C>T; Q232X and
¢.1289A>G; N430S); a boy who presented with Leigh syndrome, he is alive at 22.
His complex | defect (9% in fibroblasts, no value for muscle but reported isolated
complex | deficiency) was more pronounced than in Patient 5; that's also in line
with the type of mutations found: the Patient described by Calvo et al. [39] bore a
nonsense mutation, causing a loss of expression of the allele, and a missense
mutation with mild effects; whereas Patient 5 carried a homozygous missense
mutation causing a rather severe amino acid change (arginine to tryptophan) but
both alleles were still expressed.

A role for FOXRED1 in complex | activity is also supported by the absence of
FOXRED1 orthologues in the yeast Saccharomyces cerevisiae, which has a
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functional respiratory chain but lacks the entire complex | holoenzyme, but the
presence of FOXRED1 orthologues in higher order fungi such as Neurospora
crassa, which do contain complex I. Further evidence indicating that FOXRED1 is
needed for complex | function comes from a large-scale bioinformatic survey,
which identified FOXRED1 as one of 19 putative complex | assembly factors [4].
Finally, steady-state mRNA transcripts for FOXRED1 have been detected in 12
human tissues, implying that the protein is widely expressed, in common with all
previously identified complex | assembly factors.

The localization of FOXRED1 within mitochondria, decrease in complex | activity
upon silencing of its expression in wild-type fibroblasts and the complex I
deficiency in patient muscle and fibroblasts, corrected by expression of wild-type
FOXRED1 in patient fibroblasts, together with reduction of complex | holoenzyme
assembly arising from a mutation in the coding sequence of FOXRED1, strongly
support a bona fide role in complex | function, assembly and/or stability.

Taken together, these results demonstrate that the Arg352Trp mutation in
FOXRED1 causes an isolated complex | defect associated with infantile-onset
encephalomyopathy, and that the FOXRED1 product is needed for fully efficient
complex | activity in human cells.

5.3 NDUFAF1

Family 5, Patient 6 had 57% residual complex | activity in fibroblasts and 14% in
muscle. She presented with respiratory-syncytial-virus-positive bronchiolitis and
later developed hypertrophic cardiomyopathy. A combined biochemical and genetic
approach was employed, using BN-PAGE to identify abnormal complex | assembly
intermediates in the patient’s cultured skin fibroblasts, followed by candidate gene
sequencing of known complex | assembly factors previously associated with
cardiomyopathy, was used to search for the underlying genetic defect in this
patient. This approach revealed two compound heterozygous missense mutations
in NDUFAF1 (c.631C>T; R211C and c¢.733G>A; G245R) as a novel cause of fatal
infantile HCM.

The pathogenicity of the NDUFAF1 mutations is supported by several lines of
evidence. The healthy parents were each heterozygous for one of the missense
mutations observed in their daughter, and these mutations were not present in 120
control subjects and 1094 individuals genotyped for the 1000 Genomes Project.
The affected amino acid residues are highly phylogenetically conserved, from fungi
(Neurospora crassa and Yarrowia lipolytica) to humans in the case of Arg211Cys,
and from nematodes to humans in the case of Gly245Arg. Finally, functional
studies demonstrated a severe reduction in the steady-state levels of NDUFAF1
protein in Western blots of patient fibroblasts, with accumulation of abnormal
complex | assembly intermediates on BN-PAGE analysis similar to those seen in
the only other patient previously reported to have complex | deficiency caused by
NDUFAF1 mutations [51]. A relatively high expression of NDUFAF1 in cardiac
tissues supports a specific role for this assembly factor in heart mitochondria [154].
In addition, mitochondria play critical roles in intracellular calcium homeostasis,
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generation of reactive oxygen species (especially at complex |) and control of
apoptosis; disruption of these functions is likely to contribute to HCM pathogenesis.
It is interesting to note that both our case and the previously reported case with
NDUFAF1 mutations had cardiomyopathy apparently triggered by viral ilinesses, at
6 months in our case and at 15 months in the previous case [51]. NDUFAF1 has
recently been implicated in immune pathways, including T cell activation [163,164],
and we speculate that this may explain why viral infection triggered
decompensation and development of HCM in both patients with NDUFAF1
mutations.

These results confirm NDUFAF1 as a bona fide assembly factor of complex I,
mutations of which cause isolated complex | deficiency.

5.4 Other Patients in the cohort

Patients 7 to 12 displayed a variable degree of impairment of the complex | activity,
ranging from 51% to 89% of the control mean in fibroblasts, furthermore combining
this information with the Blue native pattern for complex | was not sufficient to
narrow the subset of candidate genes that could be responsible for the defect in
these patients. Only Patient 7 showed subassemblies at ~600 and ~830 kDa,
compatible with an NDUFS4 mutation pattern or NDUFA2, NDUFS1 or NDUFAF2
mutations, however no defects in these genes were detected. Patient 8 displayed a
severe defect in complex | holoenzyme levels, but no subassemblies were
detected; this is suggestive of a severe mutation in potentially any subunit of the
complex or assembly factor. The genes screened were NDUFS2, NDUFS4,
NDUFAF1, and NDUFAF2 but no mutations were identified. Patients 9 to 12
showed a variable degree of complex | assembly impairment but no subassemblies
and the search for the genetic defect in the selected genes did not identify the
responsible mutation (see Table 5). For these patients future studies will consider a
next generation sequencing approach followed by bioinformatics analysis to select
the subset of candidate genes which may be responsible for the disease.

5.5 Complex | assembly

Only little is understood about the assembly process of complex I. Recent x-ray
crystallographic studies have demonstrated the complex | holoenzyme to be an L-
shaped macromolecule composed of four functional modules: the dehydrogenase
N module is responsible for NADH oxidation, the hydrogenase Q module is
responsible for ubiquinone reduction, and the proton translocase proximal PP and
distal PD modules are responsible for proton translocation across the IMM [19,18].
The matrix arm contains the N and Q modules, while the P module is located in the
membrane arm. Assembly of complex | has been extensively studied in the fungus
N crassa and in human cells [30,34,33,37]; these studies, together with the
phylogenetic profiling work of Pagliarini et al. [4], have led to the identification of 26
known and putative complex | assembly factors (see Table 2). Sixteen of these
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have already been associated with human disease, including nine complex |
deficiency syndromes and one mitochondrial disorder with multiple respiratory
chain deficiencies [38-40,65]. Interestingly, mutations in seven of these putative
complex | assembly factors have been linked to non-mitochondrial diseases such
as peroxisomal disorders, organic acidaemias and a ketone body utilisation defect
(see Table 2). It is not clear whether reduced complex | activity may be involved in
the pathogenesis of any of these disorders. While the precise mechanism of
complex | assembly is still debated, a consensus view of a dynamic multidirectional
process that includes the possibility of direct subunit exchange into pre-existing
mature complex | has recently been proposed [30].

Various models have been suggested for complex | assembly, but the current
consensus model proposes that the ND1 core subunit anchors an early Q
subassembly to the IMM, then further subunits and/or subassemblies are added to
both the Q and P modules and finally the N module is added to form the complex |
holoenzyme [3]. However, the precise order of subunit incorporation into the
nascent enzyme is not known, nor the nature and number of additional factors
required for integrity of the assembly process.

Studies of assembly intermediates in fibroblasts from patients carrying mutations in
the complex | assembly factor genes have suggested that NDUFAF1 and
C200RF7 are involved early in complex | assembly, while NDUFAF2 appears to
function at a later stage [4-6]. C200RF7 appears to be necessary to form an early
assembly intermediate of ~400 kDa, which contains the ND1 subunit, while
NDUFAF2 associates with a larger subassembly of ~830 kDa. FOXRED1 is an
additional putative assembly factor exerting its role in a later stage during complex
| assembly and it’s recently been linked to human disease [38,39].

The function of FOXRED1 is not clear, it contains an FAD-dependent
oxidoreductase domain, which may be involved in electron transfer; furthermore, its
four human homologs (DMGDH, SARDH, PIPOX and PDPR) perform redox
reactions in amino acid catabolism, suggesting a potential link between amino acid
metabolism and electron transfer to complex I.

NDUFAF1 was initially identified as the human homologue of CIA30, one of the
first two complex | assembly factors identified in N. crassa [33], and was
demonstrated to be a ubiquitously expressed, mitochondrially targeted protein
[154,165]. NDUFAF1 is a protein of 327 amino acids and ~37.7 kDa and contains
no predicted transmembrane domains. Ryan et al. [166] described its N-terminally
processed mitochondrial targeting signal, and Dunning et al. [51] showed that
NDUFAF1 peripherally associates with the matrix face of the mitochondrial inner
membrane. A role for NDUFAF1 in complex | assembly is also supported by RNA
interference experiments, which showed disrupted complex | assembly in Hela
cells [165], and by recent studies of the testicular nuclear receptor (TR4)/ knockout
mouse model [53]. TR4 is a member of the nuclear receptor superfamily of
transcription factors and appears to regulate complex | activity by binding to
hormone response elements in the NDUFAF1 promoter sequence. TR4" mice had
a ragged-red fibre myopathy associated with complex | deficiency and reduced
NDUFAF1 gene expression. Furthermore, lentiviral overexpression of NDUFAF1
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was able to restore complex | activity and ATP generation to control levels in
primary fibroblasts from TR4™ mice. The precise function of NDUFAF1 remains
obscure; this is also true for all currently known complex | assembly factors.
NDUFAF1 appears to be involved at an intermediate stage of complex | assembly,
in contrast to C200rf7, NDUFAF3 and NDUFAF4, which are needed early in the
assembly process, and to NDUFAF2, which has a role in the late stages [30].
Tandem affinity purification experiments demonstrated that NDUFAF1 copurifies
with two other putative complex | assembly factors, ECSIT and ACAD9 [37,40].
Interestingly, ACAD9 mutations have recently been reported to cause complex-I-
deficient HCM, including a fatal infantile phenotype similar to that of our patient
with NDUFAF1 mutations [59,40].

There are also a number of putative assembly factors that have not yet been
shown to cause human disease, including ECSIT, PHB, PTCD1 and 17 further
factors identified by Pagliarini et al. [2]. It is likely that many more assembly factors
of complex | will be identified, bearing in mind that the much smaller complex 1V,
which has only 13 subunits, requires more than 15 assembly factors for its
assembly [7]. Possible functions of the various putative complex | assembly
factors/chaperones include iron-sulphur cluster synthesis (eg, NUBPL),
translational coactivation of complex | subunits (as has been suggested for
C200rf7 for ND1) and direction of nuclear-encoded complex | subunits to the
correct intramitochondrial compartment (ie, to the matrix side of the enzyme or to
the intermembrane space) [30].

The NDUFS4 subunit is a small protein of 18 kDa [21], which is thought to be
important in complex | assembly and function. Mutational analyses of complex |
deficient patients have revealed several loss-of-function mutations in the NDUFS4
gene [109,150,167,149]. Complex | assembly studies of patient fibroblasts showed
that the NDUFS4 subunit is inserted in the complex at late stage of assembly
process [29,27,49] and that the absence of NDUFS4 leads to the formation of a
partially assembled ~830 kDa subcomplex and lack of fully assembled complex |
[150,49,34]. Despite this absence of fully assembled complex | in Blue native gels
in NDUFS4 patient samples, some complex | activity could still be measured by
spectrophotometric analysis [168]. So far, no explanation could be given for this
discrepancy between the BN-PAGE findings and the spectrophotometric assay.
Studies on NDUFS4 patient fibroblasts revealed that this ~830 kDa subassembly
was unable to incorporate radioactive labelled subunits: NDUFS6, NDUFS4 and
NDUFV1-V3 [29]. Moreover, this ~830 kDa subassembly is also observed in
patient fibroblasts with mutations in subunits NDUFS6 and NDUFV1 [34,79]. These
data suggest that the ~830 kDa complex | subassembly lacks the tip of complex |
representing the NADH dehydrogenase module. The spectrophotometric assay is
based on measuring the rotenone-sensitive 2,6-dichloroindophenol reduction by
electrons accepted from decylubiquinone. Because the electrons for the oxidation
of decylubiquinone come from NADH in this assay, this would not be possible for
the ~830 kDa subassembly which lacks the NADH dehydrogenase module. In
addition, a separate NADH dehydrogenase module would not be able to donate its
electrons to decylubiquinone, since it lacks the ubiquinone-binding site. This
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suggests that binding of the NADH dehydrogenase module to the ~830 kDa
subassembly is necessary for spectrophotometric activity. Evidence of loose
binding of the NADH dehydrogenase module to the ~830 KDa subassembly comes
from the investigation of supercomplexes in muscle tissue. Complex | forms,
together with complexes Il and IV, supramolecular structures called
supercomplexes. The supercomplexes might serve to reduce the diffusion distance
of the substrates, to improve electron transfer, to decrease the reactive oxygen
species formation and to stabilize the individual complexes [169,170]. In a
NDUFS4 KO mouse model, mild extraction conditions allowed detection of active
fully assembled complex | from muscle [171], but only in association with complex
[ll. This finding provides evidence that complex Il helps to stabilise complex I. It is
noteworthy that the ~830 kDa-complex lll, supercomplex was also observed in wild
type and heterozygous muscle samples. This suggests that the association of the
NADH dehydrogenase module to the ~830kDa subassembly might occur after the
formation of an ~830kDa-Clll, supercomplex or that the NADH dehydrogenase
module was lost after supercomplex formation. The presence of the assembly
factor NDUFAF2 in the ~830kDa-Clll, supercomplex indicates that this
supercomplex is likely a physiological entity and not an artefact of the procedure.
Interestingly, the presence of a tiny amount of NDUFAF2 in complex | + complex
Ill, supercomplexes might indicate that this assembly factor is released after the
addition of the NADH dehydrogenase module. The disconnection of the electron
input module from the NADH dehydrogenase module might represent a general
mechanism of unplugging a possibly crippled complex from its electron influx.

Establishing a genetic diagnosis in mitochondrial disease is challenging and
achieved in only a minority of cases because of complex genetics, including
bigenomic inheritance. Diagnosis is guided by biochemical findings in biopsied
tissue, which may show an isolated deficiency of one respiratory chain enzyme
complex (most commonly complex | or complex IV) or a combined defect affecting
multiple enzymes. Complex | deficiency is genetically heterogeneous and may
arise from mutations in the 45 structural subunits of the enzyme (including 7
mtDNA-encoded subunits and 38 nuclear-encoded subunits) or in any of the
known and putative assembly factors [4,38,39,59]. As a first level of investigation,
the entire mtDNA was screened in the patients by the diagnostic lab and
subsequently, as for research purposes, a systematic analysis of candidate nuclear
genes was performed.

There does not appear to be any particular genotype—phenotype correlation for the
complex | assembly disorders, in common with many mitochondrial disorders (see
Table).

Most patients presented with a progressive encephalopathy, frequently fulfilling the
criteria for Leigh syndrome [8].

Hypertrophic cardiomyopathy was observed in the patient with NDUFAF1
mutations, as well as our patient with FOXRED1 mutations. All patients had lactic
acidaemia, except for those with NDUFAF2 mutations, in whom only CSF lactate
levels were elevated. Severe isolated complex | deficiency was observed in
skeletal muscle of all cases (residual activity 0-40% of controls), with normal
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activities of other respiratory chain enzyme complexes. There was a suggestion
that NDUFAF2-related disease has a characteristic neuroradiological appearance,
with a predilection for the mamillothalamic tracts, substantia nigra/medial
lemniscus, medial longitudinal fasciculus and spinothalamic tracts, but this has not
been found in all cases reported to date [176].

In the absence of clear genotype—phenotype correlations, the approach to a
genetic diagnosis for patients with complex | deficiency remains empirical. The
first-line genetic investigation (after screening for mtDNA rearrangements and
common point mutations m.3243A>G and m.8344A>G) should be complete
mitochondrial genome sequence analysis. Subsequent investigations will be
directed at nuclear-encoded structural subunits and known assembly factors of
complex | and/or homozygosity mapping in suitable families. However, this
approach may not be successful in all cases, since an unknown number of
complex | assembly factors remain to be identified, and since complex | deficiency
may occasionally be secondary to another disease process, such as 3-
hydroxyisobutyryl-CoA hydrolase deficiency [172].

Taking into account the costs of sequencing the mitochondrial genome, 38 nuclear-
encoded structural subunits and at least nine assembly factors, and the possibility
of an underlying defect in a hitherto unrecognized gene, whole-exome sequence
analysis using next-generation sequencing technologies may be a faster and
cheaper route to find the genetic defect in many patients with isolated complex |
deficiency in the future [173].

However, further studies are needed to incorporate known and unidentified
complex | assembly factors into a more complete complex | assembly model.
Identification of additional assembly factors remains a challenge, but should
increase our understanding not only of complex | biogenesis but also of
mitochondrial involvement in other common pathways or diseases, including
neurodegeneration and cancer.
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6 CONCLUSIONS

The denomination of “mitochondrial disease” can be applied to the clinical
syndromes associated to anomalies in the final oxidative metabolism pathway
[174]. Mitochondria are the organelles in charge for the accomplishment of this
pathway; their biogenesis is the result of a complex interaction between the nuclear
and the mitochondrial genome. Mitochondrial diseases may be caused by
mutations in either genome; their molecular aetiology is often unresolved in a
broad group of patients, in particular those in the neonatal, infantile and childhood
age [175]. The direct consequence of this is that many patients never receive a
genetic diagnosis.

In this study we have unravelled the genetic defect in 3 patients of the 12 studied in
the present cohort of complex | deficient patients. Our combined biochemical and
genetic approach allowed us the identification of a novel defect in a gene already
associated with complex | deficiency: NDUFS4. This gene encodes for a subunit of
the complex | which is involved in the activation of the complex via the
phosphorylation of the C-terminal part of the protein mediated by PKA. Most of the
mutations reported so far in the NDUFS4 gene (including the one described in this
study) prevent the phosphorylation of the subunit by altering the C-terminal part of
it, either by frameshift or nonsense mutations.

Furthermore, we have discovered a new complex | assembly factor: FOXRED1,
which had never previously been identified to be involved in the process or
associated with human disease. The function of FOXRED1 is not clear, it contains
an FAD-dependent oxidoreductase domain, which may be involved in electron
transfer. Its four human homologs (DMGDH, SARDH, PIPOX and PDPR) perform
redox reactions in amino acid catabolism, suggesting a potential link between
amino acid metabolism and electron transfer to complex I. Also, given the fact that
the complex | Blue Native pattern in patient fibroblasts reflects only a reduction in
the content of the fully assembled holoenzyme but no complex | subassemblies
were detected, it is conceivable to postulate that FOXRED1 takes part in the final
stages of the complex | assembly process, when the holoenzyme is nearly mature.
Future studies will focus on the attribution of a role in the complex |
assembly/function of FOXRED1.

Two novel compound heterozygous mutations in NDUFAF1 were also identified in
this study. NDUFAF1 appears to be involved at an intermediate stage of complex |
assembly, in contrast to C20orf7, NDUFAF3 and NDUFAF4, which are needed
early in the assembly process, and to NDUFAF2, which has a role in the late
stages [30]. Tandem affinity purification experiments demonstrated that NDUFAF1
copurifies with two other putative complex | assembly factors, ECSIT and ACAD9
[37,40]. Interestingly, ACAD9 mutations have recently been reported to cause
complex-I-deficient HCM, including a fatal infantile phenotype similar to that of our
patient with NDUFAF1 mutations [59,40]. Also, NDUFAF1 has recently been
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implicated in immune pathways, including T cell activation [141,142], and we
speculate that this may explain why viral infection triggered decompensation and
development of HCM in both patients with NDUFAF1 mutations.

Even though it is not possible to delineate a clear phenotypic:genotypic correlation,
especially in the field of mitochondrial disease, there are some common
characteristics shared between patients carrying mutations in the same gene. For
example hypertrophic cardiomyopathy is usually observed in mutations in
NDUFAF1, as well as in FOXRED1 and ACADS9. A very common characteristic in
mitochondrial patients is lactic acidaemia, except for those with NDUFAF2
mutations, in whom only CSF lactate levels are generally elevated.

Unravelling the genetic cause of mitochondrial disease is very important in order to
give better prognostics and to provide parents with prenatal diagnosis and further
reproductive options. Understanding the molecular mechanisms of the disease will
also allow the experimentation of old and new therapeutic compounds that may be
able to improve the clinical phenotype. New genetic techniques such as the Next
Generation Sequencing Approach will help in the high throughput sequencing of
the whole genome in search for the defect underlying mitochondrial disease.
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Complex | is the first and largest enzyme in the respiratory chain and is located in the inner mitochondrial
membrane. Complex | deficiency is the most commonly reported mitochondrial disorder presenting in child-
hood, but the molecular basis of most cases remains elusive. We describe a patient with complex | deficiency
caused by mutation of the molecular chaperone FOXRED1. A combined homozygosity mapping and bioinfor-
matics approach in a consanguineous Iranian-Jewish pedigree led to the identification of a homozygous
mutation in FOXRED1 in a child who presented with infantile-onset encephalomyopathy. Silencing of
FOXRED1 in human fibroblasts resulted in reduced complex | steady-state levels and activity, while lenti-
viral-mediated FOXRED1 transgene expression rescued complex | deficiency in the patient fibroblasts.
This FAD-dependent oxidoreductase, which has never previously been associated with human disease, is
now shown to be a complex I-specific molecular chaperone. The discovery of the ¢.1054C>T; p.R352W
mutation in the FOXRED1 gene is a further contribution towards resolving the complex puzzle of the genetic
basis of human mitochondrial disease.

INTRODUCTION

Complex I (NADH : ubiquinone oxidoreductase, EC 1.6.5.3) is
the largest enzyme in the inner mitochondrial membrane
(IMM) and provides the entry point into the respiratory
chain for electrons derived from fuel oxidation. However,
despite its fundamental role in mitochondrial energy gener-
ation, complex I remains the least well understood of the

respiratory chain complexes. Although the crystal structure
has been elucidated (1), little is known about the function of
many of the 45 subunits, and the factors necessary for and
mechanisms of assembly of this macromolecular complex
remain largely unknown.

Mitochondrial diseases are characterized by extreme clini-
cal, biochemical and genetic heterogeneity (2). Isolated
deficiency of complex I is the most commonly identified
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biochemical defect in childhood-onset mitochondrial disease
(3). Only seven of the 45 different subunits of complex I are
encoded by mitochondrial DNA (mtDNA), and mutations in
these mitochondrial subunits account for ~25% of complex
I deficiency (4). Mutations in 12 of the 38 nuclear-encoded
subunits (NDUFS1, MIM 157655; NDUFS2, MIM 602985;
NDUEFS3, MIM 603846; NDUFS4, MIM 602694; NDUFS6,
MIM 603848; NDUFS7, MIM 601825; NDUFSS, MIM
602141; NDUFV1, MIM 161015; NDUFV2, MIM 600532;
NDUFAIL, MIM 300078, NDUFA2, MIM 602137; and
NDUFAL11, MIM 612638) have been implicated in a further
20% of complex I deficiency, most commonly presenting in
childhood as fatal infantile lactic acidosis, Leigh syndrome,
leukodystrophy or hypertrophic cardiomyopathy (5,6).

More than half of complex I deficiency is believed to be
caused by mutations in ancillary factors necessary for proper
complex I assembly and functioning, but to date relatively
few patients have been reported to have mitochondrial
disease secondary to a mutation in a complex I assembly
factor [NDUFAF1 (7), MIM 606934; NDUFAF2 (8), MIM
609653; NDUFAF3 (9), MIM 612911; NDUFAF4 (10),
MIM 611776; C8ORF38 (11), MIM 612392; and C200RF7
(12), MIM 612360]. Both mutations in structural complex I
subunits and assembly factors reduce the amount of the fully
assembled functional complex by affecting the rate of
complex I assembly and/or its stability (5). Currently, treat-
ment strategies for isolated complex I deficiency are lacking
because of limited insights into its pathophysiology.

We now report a novel disorder affecting complex I activity
and stability, caused by a homozygous mutation in the putative
molecular chaperone FOXREDI, which we identified by a
combined homozygosity mapping and bioinformatics approach.

RESULTS
Biochemistry

Spectrophotometric analysis of respiratory chain enzyme
activities revealed severe isolated deficiency of complex I in
skeletal muscle from the proband (7% residual activity com-
pared with the mean control, normalized for citrate synthase),
with normal activities of other respiratory chain complexes
(data not shown). There was a milder deficiency of complex
I in patient fibroblasts, with 70% residual activity (data not
shown). Immunoblot analysis of one-dimensional Blue-Native
polyacrylamide gel electrophoresis (BN-PAGE) gels showed
marked reduction of complex I holoenzyme in patient fibro-
blast mitochondria (Fig. 1).

Homozygosity mapping and bioinformatics analysis

Previous genetic analysis in this patient had excluded mtDNA
mutations and mutations in seven structural subunits of
complex I (NDUFS2, NDUFS3, NDUFS4, NDUFS6,
NDUFS7, NDUFS8 and NDUFVI1) as the cause of his
complex 1 deficiency. We then used a homozygosity
mapping approach to identify the responsible gene. Whole
genome-wide SNP analysis revealed five candidate regions
of homozygosity in the proband which were not shared with
his five healthy siblings. These regions were further confirmed

by microsatellite analysis, which allowed refinement of these
five candidate intervals to a total of 50 Mb (Supplementary
Material, Table S1). These regions contained 338 genes. The
longest region of homozygosity (18.3 Mb) was observed on
chromosome 6, but did not contain any candidate genes
implicated in complex I function. The third largest region of
homozygosity (9.2 Mb on chromosome 18) contained the
only known structural subunit of complex I located within
these homozygous intervals: NDUFV2 (MIM 600532;
NM_021074).

The remaining 337 genes within the candidate regions were
prioritized by bioinformatic analyses, including integration
with the MitoCarta catalogue (11) and 11 genes encoding
known or predicted mitochondrial proteins were selected for
sequence analysis (Supplementary Material, Table S2).

DNA sequence analysis

No mutations were identified in NDUFV2. Only one possibly
pathogenic mutation was identified in the other 11 genes
sequenced: a homozygous ¢.1054C>T (p.R352W) mutation
present in both predicted transcripts of FOXREDI
(NM_017547) on chromosome 11q24.2 (Fig. 2). Both parents
of the proband were heterozygous for the mutation, as were
two of his siblings. Three siblings were homozygous for the
wild-type sequence (Fig. 3). The mutation was not found in
268 pan-ethnic healthy control alleles. Sequence analysis of
24 further patients with isolated complex I deficiency without
a genetic diagnosis did not reveal any mutations in
FOXREDI. The arginine at position 352 of the FOXREDI
protein is highly conserved through evolution (Fig. 4).

Lentiviral-mediated complementation and silencing studies

Mitochondrial complex 1 activity in patient fibroblasts was
shown to be ~70% of controls, relative to residual complex
IV activity, using the mitochondrial dipstick assay Kkits
(Fig. 5A), which was in agreement with the spectrophoto-
metric assays. Expression of a synthetic FOXRED! gene in
patient fibroblasts, using a lentiviral vector, rescued the
complex I activity to ~90% of control levels (Fig. 5A), pro-
viding evidence that the R352W missense mutation in
FOXRED1 was the cause of the observed complex I
deficiency in the patient. However, transfection with an
empty vector also increased complex I activity in patient fibro-
blasts slightly (Fig. 5A). The mild deficiency of complex I in
patient fibroblasts probably explains why only a 10—20%
increase in complex I activity was observed after lentiviral
transfection with wild-type FOXREDI ¢cDNA compared with
transfection with an empty vector.

Western blot analysis showed a reduced steady-state level
of FOXREDI in patient fibroblasts, which increased after
lentiviral transduction with wild-type FOXREDI cDNA
(Fig. 5B). Western blot analysis also demonstrated a slight
improvement in complex I amount (assessed with anti-
NDUFA9 antibody) in patient fibroblasts after transduction
with wild-type FOXREDI c¢cDNA, compared with human
control fibroblasts and patient fibroblasts transduced with an
empty vector (Fig. 5B). These observations were confirmed
by densitometric analysis of the western blots (Fig. 5B).
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Figure 1. BN-PAGE of complex I holoenzyme. BN-PAGE shows that the
complex I holoenzyme steady-state level is reduced in patient (P) fibroblasts
compared with two healthy controls (C1 and C2), probed with the anti-
NDUFB6 antibody. Probing for UQCR2 (anti-complex III) and SDHA
(anti-complex IT) demonstrated equal loading.

Stable knockdown of FOXREDI expression via lentiviral-
mediated shRNAi-reduced complex I expression, assayed
with anti-NDUFA9 antibody (Fig. 5B). Dipstick assay
showed ~40% residual complex I activity in FOXREDI-
silenced fibroblasts compared with human control fibroblasts
and scrambled fibroblasts (Fig. 5A), confirming that lack of
FOXREDI can cause complex I deficiency.

Subcellular and submitochondrial localization

Transfection of mammalian cells with a C-terminally labelled
FOXREDI-YFP fusion plasmid demonstrated typical
punctuate mitochondrial fluorescent staining, supporting mito-
chondrial localization of the protein (Fig. 6B). The western
blot in Figure 7 shows that the anti-FOXREDI antibody
recognized a protein of the expected size (~53 kDa) in
whole mitochondria, confirming mitochondrial localization
of FOXREDI. A similar band of ~53 kDa is clearly visible
in the mitochondrial inner membrane (IM) fraction and in
the mitochondrial soluble fraction (i.e. mitochondrial inner
membrane space (IMS) + matrix (M), indicated in Fig. 7 as
‘Sol’). A similar slightly bigger polypeptide is detected in
the IMS as well as in the matrix, indicating that FOXREDI1
may enter the mitochondrial matrix as a precursor containing
its mitochondrial import sequence, which is then cleaved to
release the mature functional protein. Probing the same
western blot with control antibodies anti-voltage-dependent
anion channel (VDAC), anti-cytochrome ¢ and anti-MTCO2
(cytochrome ¢ oxidase subunit II) revealed the expected
submitochondrial localizations for these proteins (outer
membrane (OM), IMS and IM, respectively).

Human Molecular Genetics, 2010, Vol. 19, No. 24 4839

FOXRED1 exon 9 homozygous ¢.1054C>T mutation (patient)
T T T T CG C GGG A A G
| Phe || Arg || Trp || Gu |

FOXRED1 exon 9 homozygous wild-type (control)
T 1T 17 C G C G_G G _A A
[Phe [ Arg | [ Ag | [ Gu |

Figure 2. FOXREDI exon 9 electropherogram. Electropherogram showing
sequencing results for the FOXRED] gene: the ¢.1054C>T mutation is homo-
zygous in the patient (top panel) while the control sequence is wild-type
homozygous (lower panel).

FOXREDI protein modelling

The FOXREDI (Uniprot AC: Q96CU9; ID: FXRDI1_HU-
MAN) sequence was used to search the PDB using a profile
generated versus the Swiss-Prot database (13) with four iter-
ations of PSI-BLAST (14). PSI-BLAST was run with a
profile inclusion score of 0.001 and default parameters other-
wise. Several potential templates were identified; these were
consistently related to the sarcosine oxidases. The top hit
reported by the PSIBLAST run was 2gb0, a monomeric sarco-
sine oxidase from Bacillus spp. (15). The alignment was edited
manually to ensure that the secondary structure of the
observed template agreed with the prediction made by
PSIPRED (16). The residue of interest, R352 in FOXREDI,
aligns to F256 in the template, which is at the end of a short
strand in the central sheet of the second domain in 2gb0 (Sup-
plementary Material, Fig. S1). Protein modelling using the
Bacillus monomeric sarcosine oxidase structure as a template
suggested that mutation of arginine to tryptophan at position
352 could impinge on the FAD-binding site (Fig. 8).

mRNA coexpression analysis

Bioinformatics analysis using the mouse GNF1M tissue atlas
showed a strong positive correlation between expression of
FOXREDI and expression of known complex I subunits
(Supplementary Material, Fig. S2), implying a functional
association. This correlation was stronger than for all pre-
viously identified assembly factors for complex 1.

DISCUSSION

We used an integrative genomics approach, combining homo-
zygosity mapping and bioinformatic analyses, to investigate a
consanguineous Iranian-Jewish family in which the sixth child
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Figure 3. FOXREDI mutation RFLP analysis. RFLP analysis shows segre-
gation of the mutation with disease: none of the family members is homozy-
gous for the ¢.1054C>T mutation except for the proband. The parents are
heterozygous and unaffected siblings either heterozygous or homozygous for
the wild-type sequence.

was affected by early-onset complex I deficient encephalo-
myopathy. Five candidate regions of homozygosity, unique
to the proband and not shared with unaffected siblings, were
identified by whole genome-wide SNP analysis. No mutations
were identified in NDUFV2, the only known structural subunit
of complex I located within the homozygous intervals. Three
hundred and thirty seven other genes located within the candi-
date regions were prioritized by bioinformatic analyses, and
11 genes encoding known or predicted mitochondrial proteins
were sequenced.

The only pathogenic mutation identified in these 11 genes
was a homozygous missense mutation ¢.1054C>T in
FOXREDI. This mutation segregated with disease in the
family; both parents and two siblings were heterozygous for
the mutation, while the other three siblings were homozygous
for the wild-type sequence. The mutation was not found in 268
pan-ethnic healthy control alleles. Western blot analysis
showed a reduced steady-state level of FOXREDI in patient
fibroblasts and BN-PAGE analysis provided evidence of
reduced amounts of complex I holoenzyme. Restoration of
complex I activity after lentiviral transduction of patient fibro-
blasts with wild-type FOXREDI cDNA confirmed that the
FOXREDI mutation is the cause of this patient’s complex I
deficiency.

FOXREDI is a 486 amino acid protein, with an approxi-
mate mass of 53 kDa. It contains an FAD-dependent oxido-
reductase domain, which may be involved in electron
transfer. The mutation is predicted to cause the substitution
of a highly conserved arginine residue by tryptophan
(R352W). Our in silico modelling studies suggested that
the mutation is likely to affect FOXREDI protein structure.
Mutation from arginine to the much larger tryptophan is
likely to result in close proximity of the tryptophan
sidechain to the FAD-binding site, thus interfering with
FAD binding.

Mehrle et al. (17) have previously investigated subcellular
localization of a large number of human proteins. Transfection
of mammalian cells with a C-terminally labelled FOXREDI—

YFP fusion plasmid demonstrated typical punctuate mitochon-
drial fluorescent staining, supporting mitochondrial localiz-
ation of the protein (Fig. 6B). Furthermore, an N-terminal
CFP—FOXREDI fusion protein failed to localize with mito-
chondria (Fig. 6A), suggesting that FOXREDI1 has an N-
terminal mitochondrial targeting sequence which was
masked by the N-terminal fusion process (17). We performed
in silico analysis using MitoProt II-v1.101 (18), which con-
firmed the presence of a putative N-terminal mitochondrial
localization sequence, spanning amino acids 1-23
(MIRRVLPHGMGRGLLTRRPGTRR). This sequence has a
positive net charge of +1 and a predicted cleavage site at pos-
ition 24; the probability of import into mitochondria was also
very high at 0.9546.

Our western blot data confirm mitochondrial localization of
FOXREDI, with an expected band of ~53 kDa in the whole
mitochondrial fraction (Fig. 7). In addition, a band slightly
larger than ~53 kDa was observed in the IMS and the
matrix. Based on this observation, we postulate that a
FOXREDI1 precursor containing its mitochondrial import
sequence may be imported into mitochondria via a classical
importation mechanism (such as the TOM/TIM machinery),
and that the import sequence is subsequently cleaved within
the matrix to release the mature protein (19). We also specu-
late that this mature protein then associates with the mitochon-
drial IM, near the respiratory chain supercomplexes and
probably adjacent to the complex I holoenzyme, in order to
exert its chaperone function.

FOXREDI is not one of the known 45 subunits of complex
I, as established by proteomics studies (20). However, the
association of a homozygous FOXREDI mutation with iso-
lated complex 1 deficiency in our patient suggests that
FOXREDI must be a chaperone or other factor necessary
for assembly, stability and/or correct functioning of complex
1. Bioinformatics analysis using the mouse GNFIM tissue
atlas showed coexpression of FOXREDI with other complex
I subunits, implying a functional association. A role for
FOXREDI1 in complex I activity is also supported by the
absence of FOXRED] orthologues in the yeast Saccharomyces
cerevisiae, which has a functional respiratory chain but lacks
the entire complex I holoenzyme, but the presence of
FOXREDI orthologues in higher order fungi such as Neuro-
spora crassa, which do contain complex I. Further evidence
indicating that FOXRED] is needed for complex I function
comes from a large-scale bioinformatic survey, which ident-
ified FOXREDI as one of 19 putative complex I assembly
factors (11). Finally, steady-state mRNA transcripts for
FOXREDI have been detected in 12 human tissues, implying
that the protein is widely expressed, in common with all pre-
viously identified complex I assembly factors (Supplementary
Material, Fig. S3).

Comparatively little is understood about the assembly
process of complex I. The enzyme is L-shaped, containing
membrane and matrix arms, and has three functional
modules: the dehydrogenase N module (responsible for
accepting electrons from NADH), the hydrogenase Q
module (transfers electrons to coenzyme Q10) and the
proton translocase P module (transfers protons across the
IMM). The matrix arm contains the N and Q modules, while
the P module is located in the membrane arm. Various
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Figure 4. FOXRED] protein evolutionary conservation. The FOXRED protein has a well-conserved module in its structure across species. Within a part of this
module, we found that the R352 residue is highly conserved across species, suggesting that the amino acid change R352W is likely to have a significant func-

tional impact.

models have been suggested for complex I assembly, but the
current consensus model proposes that the NDI core subunit
anchors an early Q subassembly to the IMM, then further sub-
units and/or subassemblies are added to both the Q and P
modules and finally the N module is added to form the
complex I holoenzyme (5). However, the precise order of
subunit incorporation into the nascent enzyme is not known,
nor the nature and number of additional factors required for
integrity of the assembly process.

Human complex I deficiency has previously been linked to
mutations in six complex I assembly factor genes (see above).
Studies of assembly intermediates in fibroblasts from patients
carrying mutations in these six genes have suggested that
NDUFAF1 and C200RF7 are involved early in complex I
assembly, while NDUFAF2 appears to function at a later
stage (7,8,12). C200RF7 appears to be necessary to form an
early assembly intermediate of ~400kDa, which contains
the ND1 subunit, while NDUFAF2 associates with a larger
subassembly of ~830 kDa. FOXREDI constitutes a seventh
putative assembly factor linked to human disease. There are
also a number of putative assembly factors that have not yet
been shown to cause human disease, including ECSIT (MIM
608388), PHB (MIM 176705), PTCD1 (NM_015545) and 17
further factors identified by Pagliarini ef al. (11). It is likely
that many more assembly factors of complex I will be ident-
ified, bearing in mind that the much smaller complex IV,
which has only 13 subunits, requires more than 15 assembly
factors for its assembly (21).

There does not appear to be any particular genotype—
phenotype correlation for the complex I assembly disorders,
in common with many mitochondrial disorders (Table 1).
Most patients presented with a progressive encephalopathy,
frequently fulfilling the criteria for Leigh syndrome (22).
Hypertrophic cardiomyopathy was observed in the patient
with NDUFAFI mutations, as well as our patient with
FOXREDI mutations. All patients had lactic acidaemia,
except for those with NDUFAF2 mutations, in whom only
CSF lactate levels were elevated. Severe isolated complex I
deficiency was observed in skeletal muscle of all cases
(residual activity 0—40% of controls), with normal activities
of other respiratory chain enzyme complexes. There was a
suggestion that NDUFAF2-related disease has a characteristic

neuroradiological appearance, with a predilection for the
mamillothalamic tracts, substantia nigra/medial lemniscus,
medial longitudinal fasciculus and spinothalamic tracts, but
this has not been found in all cases reported to date.

In the absence of clear genotype—phenotype correlations,
the approach to a genetic diagnosis for patients with
complex 1 deficiency remains empirical. The first-line
genetic investigation (after screening for mtDNA rearrange-
ments and common point mutations m.3243A>G and
m.8344A>G) should be complete mitochondrial genome
sequence analysis. Subsequent investigations will be directed
at nuclear-encoded structural subunits and known assembly
factors of complex I and/or homozygosity mapping in suitable
families. However, this approach may not be successful in all
cases, since an unknown number of complex I assembly
factors remain to be identified, and since complex I deficiency
may occasionally be secondary to another disease process,
such as 3-hydroxyisobutyryl-CoA hydrolase deficiency (23).
Taking into account the costs of sequencing the mitochondrial
genome, 38 nuclear-encoded structural subunits and at least
seven assembly factors, and the possibility of an underlying
defect in a hitherto unrecognized gene, whole-exome sequence
analysis using next-generation sequencing technologies may
be a faster and cheaper route to diagnosis for many patients
with isolated complex I deficiency in the future (24).

The localization of FOXREDI1 within mitochondria,
decrease in complex I activity upon silencing of its expression
in wild-type fibroblasts and the complex I deficiency in patient
muscle and fibroblasts, corrected by expression of wild-type
FOXREDI in patient fibroblasts, together with reduction of
complex I holoenzyme assembly arising from a mutation in
the coding sequence of FOXREDI, strongly support a bona
fide role in complex I function, assembly and/or stability.
Taken together, our results demonstrate that the R352W
mutation in FOXRED]I causes an isolated complex I defect
associated with infantile-onset encephalomyopathy, and that
the FOXREDI1 product is needed for fully efficient complex
I activity in human cells.

Further studies are needed to incorporate known and uni-
dentified complex I assembly factors into a more complete
complex I assembly model. Identification of additional
assembly factors remains a challenge, but should increase
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Figure 5. (A) Mitochondrial complex I/IV dipstick assay. Dipstick assay
shows ~70% residual complex I activity in patient fibroblasts (Fbs) which
is recovered to ~90% after complementation with synthetic wild-type
FOXREDI cDNA. A slight recovery is also seen after transfecting patient
Fbs with an empty vector. FOXREDI-silenced fibroblasts show an ~40%
decrease in complex I activity compared with scrambled fibroblasts. Key:
Fbs, fibroblasts; RS, reference sample; FR1, FOXREDI. (B) Western blot
analysis. Western blot analysis shows a gain in FOXREDI and NDUFA9
protein content in patient fibroblasts when complemented with FOXREDI
wild-type c¢cDNA, compared with patient fibroblasts transduced with an
empty vector. FOXREDI-silenced fibroblasts show a reduction in
FOXREDI and NDUFA9 protein content compared with control and
scrambled fibroblasts. Probing for MTCO2 (anti-complex 1V) demonstrated
equal loading. Densitometry measurements were carried out using Alpha
Ease FC software (Alpha Innotech/Cell Biosciences, Santa Clara, CA, USA)
and confirmed the observations above.

our understanding not only of complex I biogenesis but also of
mitochondrial involvement in other common pathways or dis-
eases, including neurodegeneration and cancer.

MATERIALS AND METHODS
Patient

The patient is the sixth child of healthy Iranian-Jewish first
cousin parents. Two sisters and three brothers are unaffected.
Pregnancy was uneventful, but soon after birth severe truncal

CFP-FOXRED1

FOXREDI-YFP

Figure 6. FOXREDI mitochondrial localization. Figures taken from the
LIFEdb database, clone ID: DKFZp586B1920. (A) Low-intensity non-specific
cytoplasmic and nuclear staining of the N-terminally tagged FOXREDI
protein. (B) High-intensity fluorescent staining of the C-terminally tagged
FOXREDI protein, with a characteristic punctate signal typical of a mito-
chondrially targeted protein. These images suggest that N-terminal tagging
of the FOXREDI protein interferes with the recognition of the mitochondrial
targeting sequence. Bar, 10 pm.

hypotonia was noted. There have never been any voluntary
movements. During the first year, he was extremely irritable
with prolonged periods of inconsolable crying. Muscle
biopsy was performed at 4 months of age because of persistent
elevation of lactate in plasma (6.8 mm, normal <2.1) and CSF
(4.3 mm, normal <1.8). Muscle histology was normal, but
biochemical analysis revealed isolated deficiency of complex
I in muscle mitochondria (7% of the control mean, normalized
for citrate synthase activity), with normal activity of other res-
piratory chain enzyme complexes.

He developed progressive microcephaly, and brain MRI at 8
months revealed delayed myelination, ventricular dilatation
and abnormal signal in the thalami and basal ganglia. Myoclo-
nic jerks were present from 1 year but at 5 years responded to
lamotrigine and clonazepam therapy. Eye movements have
always been roving, with no evidence of visual function, and
visual evoked potentials demonstrated absent cortical
responses at 6 months of age. Bilateral optic atrophy was
noted at 2 years. Hearing appears to be normal. Echocardio-
graphy revealed mild non-obstructive left ventricular hypertro-
phy. Poor feeding was present from birth, and from 5 years he
has been fed by gastrostomy tube. He has had persistent hepa-
tomegaly with normal liver transaminases and no signs of liver
failure or cholestasis. He has had severe scoliosis from 5 years,
treated with a corset. He was treated with riboflavin, uridine,
creatine, lipoic acid, dichloroacetate and thiamine, without
any obvious clinical response. He is currently 10 years old.

All samples were taken after informed patient/parental
consent, and the study was approved by the local Ethics Com-
mittee.

BN-PAGE analysis

Assembled respiratory chain complexes were detected using
BN-PAGE, performed as described previously (25). Samples
were obtained from 1-2 x 10° cultured fibroblasts and
mitochondrial-enriched pellets were produced by subcellular
fractionation using differential centrifugation. The protease
inhibitors pepstatin, leupeptin and phenylmethylsulphonyl
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Figure 7. Submitochondrial fractionation. The ~53 kDa FOXREDI protein
(indicated by the arrow) shows a clear mitochondrial localization; more
specifically, it is contained within the soluble fraction and associated with
the IM. The slightly larger band detected in the IMS and the M may represent
an immature polypeptide containing a mitochondrial targeting sequence,
which is then cleaved to release the mature protein. The smaller mature
protein then associates with the IM to achieve its fully functional state. Anti-
bodies against mitochondrial proteins were used to test the purity of the frac-
tions: anti-VDAC for the OM (and IM), anti-cytochrome ¢ for the IMS (also
visible as associated with the IM) and anti-MTCO?2 for the IM. Key: MT,
whole mitochondria; OM, outer membrane; IMS, intermembrane space; M,
matrix; SOL, soluble fraction; INT, integral proteins fraction.

fluoride were added to all homogenization, centrifugation and
storage buffers. Mitochondrial protein fractions were solubil-
ized with n-dodecyl-beta-p-maltoside, and 15-20 wl of the
sample was loaded and run into 4—12% polyacrylamide
gels, electrotransferred to Hybond-P membrane (GE health-
care) and probed with antibodies to subunit NDUFB6 (Mitos-
ciences, OR, USA). The secondary antibody was goat
anti-mouse conjugated to horseradish peroxidise (Dako).
Equal loading was confirmed by reprobing blots with anti-
SDHA and anti-MTCO2 antibodies (Mitosciences).

Genetic studies

Whole genome-wide SNP genotyping was performed in the
Iranian-Jewish proband and his unaffected siblings using the
GeneChip Human Mapping 10K Xba Array (Affymetrix).
We assumed an autosomal recessive model, and the output
data were analysed assuming more than 30 consecutive homo-
zygous SNPs as being significant. Five regions of significant
homozygosity were observed in the patient but not his unaf-
fected siblings, and these were further confirmed by microsa-
tellite analysis. Microsatellites were selected using the
Ensembl Human Genome Browser and PCR reactions were
carried out using 5" fluorescently labelled forward primers
(primer sequences available upon request). After PCR ampli-
fication, the labelled DNA fragments were diluted 1/10—1/
18 and then run together with the ET550-R size standard
(final concentration 1/20, Amersham Biosciences) at
10 000 V for 75 min on an ABI MegaBACE™ cycle sequen-
cer (Applied Biosystems), according to the manufacturer’s
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Figure 8. FOXREDI protein modelling. Model of the FOXREDI protein
based on the Bacillus monomeric sarcosine oxidase structure (PDB code:
2gb0). (A) The model with residue R352 and the FAD moiety shown in space-
filling representation. Inset is a close-up of the relation between R352 and the
FAD. (B) The model of the R352W mutant. The observed mutation to trypto-
phan [R352W hypothetically visualized in (B)] could potentially place the
mutant amino acid sidechain within contact distance of the FAD and interfere
with binding.

instructions. Samples were denaturated at 95°C for 2 min
and placed on ice before loading. Sample injection was at
3000 V for 45 s. The data were analyzed using Genetic Profiler
software v2.2 (Amersham Biosciences). The genes within the
candidate regions were prioritized by bioinformatic analyses,
including integration with the MitoCarta catalogue (11).

DNA sequence analysis

Eleven genes were sequenced by cycle sequencing (Big Dye
v3.1 Terminator System) and analysis on MegaBACE™ (Sup-
plementary Material, Table S2). Primer sequences for
FOXREDI are given in Supplementary Material, Table S3;
primer sequences for the other 10 genes are available upon
request. FOXREDI exon 9 was amplified and sequenced
using primers: forward: 5-CCATGCTGTTTCTGCAGTT
C-3'; reverse: 5'-GCCAAAAGCCTGATTGTTTC-3'. RFLP
analysis was used to confirm the mutation: Mspl (NewEngland
Biolabs) cut the 245 bp wild-type amplicon into two fragments
of 121 and 124 bp. The mutation ¢.1054C>T abolished the
restriction site, leaving the 245 bp amplicon uncut. Two
hundred and sixty eight pan-ethnic control alleles were
screened for the ¢.1054C>T mutation in FOXREDI. The
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FOXREDI gene was also sequenced in 24 other patients
with isolated complex I deficiency who did not have a
genetic diagnosis.

Western blot analysis

Western blot analysis was performed as described elsewhere
(25) on whole cell lysates (pre- and post-transduction),
probing with anti-FOXRED1 antibody (Abnova, Taipei,
Taiwan), and anti-NDUFA9 and anti-MTCO2 antibodies
(Mitosciences). The secondary antibody was goat anti-mouse
conjugated to horseradish peroxidise (Invitrogen). The analy-
sis was performed at baseline and between days 15 and 20
after cell viral transduction. Densitometry measurements
were carried out using Alpha Ease FC software (Alpha Inno-
tech/Cell Biosciences, Santa Clara, CA, USA).

Mitochondrial complex I and complex IV dipstick assay

Activities of complexes I and IV were determined in whole
cell lysates of patient and control fibroblasts with the Mito-
chondrial Dipstick Assay kit, performed according to the man-
ufacturer’s instructions (Mitosciences). Thirty micrograms of
proteins were allowed to wick up laterally through the dipstick
membrane, the dipsticks were transferred into the appropriate
(complex I or complex IV) enzyme substrate buffer and
enzyme activities were calculated by measuring the optical
density of precipitating, colorimetric enzyme reaction pro-
ducts using the Image]™ program. Standard curves were con-
structed from multiple determinations of complex activities in
cultured human fibroblast extracts; complex I R* 0.94—0.98
(n=3) and complex IV R? 0.91-0.92 (n = 3). All measure-
ments were done in triplicate and the results expressed as
the complex I/complex IV activity ratio for each sample and
compared with the fibroblast control range. All measurements
were performed at baseline and between days 15 and 20 after
cell viral transduction.

Preparation of lentiviral vectors

A synthetic codon-optimized FOXRED! gene was designed to
include a Kozak sequence (to increase translational initiation)
and two STOP codons (to ensure efficient termination) and
was generated by assembly of synthetic oligonucleotides
(Genart, Regensburg). The gene was then subcloned into a len-
tiviral vector (26) and expression linked to eGFP through an
internal ribosomal entry sequence. This vector utilizes a
strong retroviral promoter element derived from the spleen
focus-forming virus and a mutated woodchuck post-
translational regulatory element. Vector stocks were pseudo-
typed with the vesicular stomatitis virus envelope as described
previously (27). Vector stocks of pGIPZ, a commercially
available lentiviral vector system expressing puromycin/
eGFP markers and shRNAi against FOXREDI or scrambled
shRNAi controls (Open Biosystems), were prepared in a
similar manner for knock-down experiments. Vector stocks
were titred by fluorescence-activated cell sorting (FACS)
following dilutional transduction of a fixed number of 293T
cells, and stored at —80°C until required.
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Complementation studies

Patient fibroblasts were cultured in DMEM and transduced with
the lentiviral vector expressing eGFP alone or in combination
with FOXREDI. Transduced cells were enriched for eGFP
expression by FACS and expanded for functional studies.

RNA interference studies

Silencing the FOXREDI gene in control fibroblasts was
achieved by transducing the cells with the pGIPZ shRNAmir
vector. Stably transduced clones were selected in 1 pwg/ml pur-
omycin (Gibco-Invitrogen). FOXREDI-silenced fibroblasts
died within 20 days of culture following viral transduction.

Submitochondrial fractionation

Mitochondria from cultured HeLa S3 cells were isolated by
differential centrifugation as reported previously (28). To sub-
fractionate mitochondria, the swell—shrink procedure was
used as described (29), except that the IMS was further puri-
fied by extraction in 10 mm Hepes-NaOH (pH 7.4), 0.5 mm
EDTA, 125 mm sucrose and 0.5% (v/v) Triton X-100 on ice
for 30 min, followed by centrifugation at 160 000g, 4°C for
1 h. To distinguish soluble and peripheral membrane proteins
from integral membrane proteins, mitochondria were extracted
with the alkaline carbonate method (30).

Purity of the subfractionated mitochondrial compartments
was tested by probing with antibodies to detect a specific
marker for each submitochondrial fraction: VDAC
(~30 kDa; Calbiochem, 86—173/016, clone 31HL) was used
as an OM marker, cytochrome ¢ (~12 kDa; BD Pharmingen,
556433) for the IMS and MTCO2 (26 kDa; Mitosciences,
MS405, clone 12C4-F12) for the IM.

Protein modelling

PSI-BLAST (14) searches against the PDB resulted in several
sarcosine oxidase hits. The model was generated using the
Bacillus structure 2gb0 (15). Manual alignment editing was
used to improve agreement with the secondary structure pre-
diction generated by PSIPRED (16). The model was generated
using MODELLER (31) with intermediate refinement (library
schedule 1, 300 refinement cycles, three repeats, maximum
PDF value le — 06); all non-protein atoms were inherited.
Sidechain packing was re-optimized using SCWRL3 (32).
All images were generated using PyMOL (33).

mRNA coexpression analysis

mRNA expression across 61 mouse tissues was performed
using the GNFIM tissue atlas (34). The mouse tissue atlas
contained probes corresponding to 909 distinct MitoCarta
genes, including Foxredl. The mouse tissue atlas was used
since probes targeting FOXREDI were not present on the
human GNF tissue atlas. Expression values were normalized
across tissues based on the Z-score. The Pearson pairwise
correlation was calculated for each gene pair, and this corre-
lation matrix was clustered hierarchically using the R hclust
function.
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Mutations in the mitochondrial complex | assembly
factor NDUFAF1 cause fatal infantile
hypertrophic cardiomyopathy

Elisa Fassone, Jan-Willem Taanman,® lain P Hargreaves,4 Neil J Sebire,”
Maureen A Cleary,® Michael Burch,” Shamima Rahman'®%

ABSTRACT

Background Hypertrophic cardiomyopathy (HCM) is
frequently fatal in infancy. Mitochondrial disease causing
infantile HCM is characterised by extreme biochemical
and genetic heterogeneity, but deficiency of respiratory
chain complex | is observed relatively frequently.
Identification of the precise genetic basis has prognostic
implications for the likelihood of neurological
involvement.

Objective The authors’ objective is to report two
heterozygous missense mutations in the NOUFAFT gene
as a cause of fatal infantile HCM in a patient with
isolated complex | deficiency.

Methods The authors investigated a cohort of 30
paediatric patients with complex | deficiency using
biochemical and genetic approaches. The patients were
clinically heterogeneous; phenotypes included HCM,
Leigh syndrome, other encephalomyopathies and
multisystem disease. Complex | assembly was evaluated
using Blue Native polyacrylamide gel electrophoresis.
Results Sequence analysis of NDUFAF1 revealed
compound heterozygous missense mutations
(c.631C>T;p.Arg211Cys and ¢.733G>A;p.Gly245Arg) in
one patient with fatal infantile HCM. These changes
were absent in 240 ethnically matched control alleles.
No NDUFAFT mutations were observed in the remaining
patients. Functional studies demonstrated a severe
reduction in NDUFAF1 protein in Western blots of patient
fibroblasts and accumulation of abnormal complex |
assembly intermediates on Blue Native polyacrylamide
gel electrophoresis.

Conclusions The authors report a case of fatal infantile
HCM caused by missense mutations in NDUFAF1
associated with complex | misassembly. Establishing

a genetic diagnosis in mitochondrial cardiomyopathy is
challenging and achieved in only a minority of cases
because of complex genetics. A precise genetic
diagnosis is important to provide accurate prognostic and
genetic counselling advice regarding recurrence risks and
to guide future reproductive options.

INTRODUCTION

Cardiomyopathy is a rare but potentially devas-
tating disorder of the heart muscle with an inci-
dence of 1.13 cases per 100000 children per year in
the USA.! Hypertrophic cardiomyopathy (HCM)
accounts for ~6% of cases listed for paediatric
heart transplantation.” More than two-thirds of
children do not have a known diagnosis at the time

J Med Genet 2011;48:691—697. doi:10.1136/jmedgenet-2011-100340

of clinical presentation with cardiomyopathy. The
differential diagnosis includes viral illness, genetic
defects of sarcomeric proteins® and inherited
metabolic diseases.* Approximately 9% of paedi-
atric HCM cases are caused by an inborn error of
metabolism,” including lysosomal storage disorders,
fat oxidation defects and mitochondrial respiratory
chain enzyme deficiencies (the largest subgroup,
representing over half of metabolic HCM cases).*
Diagnosis rests on clinical characterisation, family
history, echocardiographic appearances and labora-
tory investigations, including tissue biopsy.
Identification of the precise genetic basis of HCM
yields essential prognostic information. The likelihood
of progressive neurological disease is critically impor-
tant, since many centres would consider this
a contraindication to cardiac transplantation. Disor-
ders of the mitochondrion are characterised by
extreme genetic heterogeneity, with multiple possible
modes of inheritance related to the bigenomic (mito-
chondrial and nuclear) inheritance of this dynamic
subcellular organelle® Mitochondrial ~disease can
theoretically arise from the mutation of any of the
>1500 components of the mitochondrial proteome,”
although, so far, only ~80 nuclear genes have been
proven to cause mitochondrial dysfunction? in addi-
tion to the 37 mitochondrally encoded genes.
Mitochondrial complex I (NADH:ubiquinone
oxidoreductase; EC 1.6.5.3) is the largest enzyme in
the respiratory chain, with essential functions in
electron transfer and proton pumping. Complex I
generates ~40% of the proton motive force that is
eventually harnessed by ATP synthase (complex V)
to synthesise ATP from ADP and inorganic phos-
phate.” ' Human complex I consists of 38 different
nuclear-encoded structural proteins, 7 mitochondrial
DNA (mtDNA)-encoded structural proteins, 1 flavin
mononucleotide moiety and 8 iron—sulphur clusters,
all of which are assembled together in an intricate
process that remains incompletely understood.'!
Complex I deficiency is the most commonly observed
biochemical defect in childhood-onset mitochondrial
disease and is genetically heterogeneous. Fewer than
half of cases appear to be caused by mutations in
structural subunits of the enzyme, and mutations in
assembly factors are thought to account for the
majority of cases.” Mutations in nine different
assembly  factors (NDUFAF1,'” NDUFAF2,**
NDUFAF3,'> NDUFAF4,'5 C8orf38” C200rf7,"”
FOXRED1,'? NUBPL® and ACAD9') have been
associated with human complex I deficiency to date.
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Here, we used a combined biochemical and genetic approach
to identify compound heterozygous missense mutations in
NDUFAF1 as a novel cause of complex-I-deficient fatal infantile
HCM. NDUFAF1 encodes a protein previously known as CIA30
that is essential for the correct assembly of complex I, although
its precise function remains unclear.!! 0 2!

PATIENTS AND METHODS

Clinical data

The patient, the first child of healthy unrelated French parents,
was born at 37 weeks of gestation weighing 3.17 kg. The neonatal
period was unremarkable, and early developmental milestones
were normal. She was first presented to medical attention at
6 months with an episode of respiratory-syncytial-virus-positive
bronchiolitis, which was managed conservatively with nasogas-
tric tube feeding. Following discharge, she became more unwell,
with pallor, poor feeding, sweating and weight loss of 380 g. At
6.5 months, she presented to the emergency department in
cardiogenic shock (O saturation of 90%, heart rate of 180 beats/
min and hepatomegaly palpable at 5 cm below the inferior costal
margin). Initial blood gas values revealed metabolic acidosis (pH
6.86; base deficit, 22 mmol/l). Before retrieval to the regional
cardiac intensive care unit, she was intubated and ventilated;
given intraosseous volume replacement, antibiotics and bicar-
bonate; and started on dopamine infusion.

Echocardiogram (figure 1A,B) demonstrated pericardial effu-
sion, biventricular hypertrophy and mild to moderate left
ventricular (LV) dysfunction (fractional shortening, 25%). Both
atria were enlarged, and there was evidence of diastolic impair-
ment. Apical views showed trabeculation suggestive of non-
compaction of the left ventricle (NCLV). Coronary artery
anatomy was normal. Despite positive pressure ventilation and
inotropic support with dopamine and adrenaline, she remained
hypotensive and acidotic (pH 7.2; base deficit, 19 mmol/l), with
an elevated blood lactate level (9 mmol/l; reference, <2 mmol/l).
The acidosis did not improve, and cardiac function continued to
deteriorate. Veno-arterial extracorporeal membrane oxygenation

Figure 1 Short-axis echocardiography
showing ventricular hypertrophy with
trabeculations (indicated by the arrows)
suggestive of NCLV and posterior
pericardial effusion (A). Long-axis
echocardiography showing ventricular
hypertrophy, thickened LV papillary
muscles (indicated by the asterisk),
unusual speckled appearance of the
myocardium and bright
subendocardium, particularly in the
septum of the left ventricle (septum
indicated by the double arrow) (B).
Ultrastructural examination of muscle
demonstrates accumulation of enlarged
and abnormal mitochondria, which
show electron-dense cristae forming
concentric arrays (C). LV myocardium
showing myocardial hypertrophy
without evidence of disarray but with
cytoplasmic clearing and occasional
small round eosinophilic inclusions,
which represent giant mitochondria (D,
E). Photomicrographs demonstrating

a liver with marked zonal perivenular
macrovesicular steatosis (F,G). NCLV,
non-compaction of the left ventricle; LV,
left ventricular.
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(ECMO) was commenced on day 2 of her critical illness.
Subsequently, balloon atrial septostomy was performed to
decompress the left atrium, and pericardiocentesis was under-
taken. Lactic acidosis persisted on full ECMO support (flow,
165%), despite the patient being warm and well perfused.
Haemofiltration was therefore commenced via the ECMO
circuit on the following day, with a reduction in blood lactate
levels to 2—7 mmol/l. ECMO support was successfully weaned
and stopped after 9 days. Continuous veno-venous haemofil-
tration was continued further for 6 days.

The combination of echocardiographic appearances and
persistent lactic acidosis on full ECMO support led to the suspi-
cion of an inborn error of metabolism. Urine organic acid analysis
demonstrated marked excretion of lactate, pyruvate, ketones and
Krebs cycle intermediates (fumarate, malate and 2-oxoglutarate),
as well as moderately increased levels of glutarate and 3-hydrox-
yglutarate. This profile was consistent with, although not diag-
nostic of, a mitochondrial respiratory chain disorder. Plasma
acylcarnitine analysis revealed moderately elevated hydrox-
ybutyrylcarnitine but no other abnormalities. Cranial ultrasound
results were normal, and electroencephalographic findings were
consistent with a sedated critically unwell infant.

Muscle biopsy showed no ragged-red or cytochrome-c-oxidase-
negative fibres, but there was increased lipid deposition. Electron
microscopy demonstrated accumulation of enlarged and
abnormal mitochondria (figure 1C). Spectrophotometric analysis
of respiratory chain enzyme activities revealed severe isolated
deficiency of complex I in skeletal muscle, with 25% residual
activity compared to the lowest control (patient complex I
activity, 0.026; reference range, 0.104—0.268 (ratio to citrate
synthase activity)). The activities of complexes II+IIl and IV
were normal. Forty-eight hours after continuous veno-venous
haemofiltration was stopped, blood lactate levels rose to
17—18 mmol/l despite maximal medical treatment for low
cardiac output, including inotropes, cooling, sedation and
muscle relaxation. Cardiac reserve was minimal. On day 24 of
her critical illness, she had cardiorespiratory arrest requiring two

J Med Genet 2011;48:691—697. doi:10.1136/jmedgenet-2011-100340
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doses of epinephrine. Output was briefly re-established, but she
died later that night.

Postmortem examination revealed an enlarged globular heart
(weight, 93 g; weight expected for age, 34 g). Sections from the
myocardium showed myocardial hypertrophy without evidence
of disarray, but with foci of myofibre loss and replacement
fibrosis, focal haemorrhage and haemosiderin deposition within
the centres of the LV papillary muscles, and a mild degree of LV
endocardial fibrosis (figure 1D,E). There was no myocarditis.
Liver histology revealed marked zonal macrovesicular steatosis
(figure 1EG). Respiratory chain enzyme activities in the liver
were normal (complex I, 0.207; reference range, 0.054—0.221).

Patient cohort

We investigated a cohort of 30 paediatric patients with complex
I deficiency using biochemical and genetic approaches. These
patients were clinically heterogeneous: phenotypes included
Leigh syndrome, other encephalomyopathies, HCM, isolated
myopathy and multisystem disease. mtDNA analysis revealed
pathogenic mutations in 10 cases (33%). Complex I assembly in
the remaining cases was investigated using Blue Native poly-
acrylamide gel electrophoresis (BN-PAGE). A candidate gene
approach was used to search for assembly factor mutations in
patients accumulating abnormal complex I subassemblies on
BN-PAGE analysis. NDUFS4 was also screened since mutations
in this subunit are known to disrupt complex I assembly.

Genetic analyses

All samples were taken after informed patient/parental consent
had been obtained, and the study was approved by the local
ethics committee. Total DNA was extracted from the muscle of
the patient and from the blood of the parents and control
subjects. The entire mtDNA, exons and flanking intronic regions
of the nuclear genes NDUFS4, FOXRED1 and NDUFAF1
(GenBank accession numbers NM_ 002495, NM 017547 and
NM_016013.2, respectively) were amplified using specific
primers (sequences available on request). Direct sequencing was
performed using the BigDye® Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems). Total RNA was extracted from
cultured skin fibroblasts from the patient using the RNeasy
Tissue Kit (Qiagen). Complementary DNA was synthesised, and
the full-length transcript was amplified and sequenced.

In vitro studies of mutant NDUFAF1
Complex I activity of fibroblasts was measured with a micro-
plate assay kit according to the manufacturer’s instructions, and

Figure 2 Sequencing of exon 2 of the
NDUFAF1 gene revealed two compound

A Patnent c. 631C>;heterozygous Ar9211Cys

the results were normalised to complex IV activity assayed using
the same microplate method (MitoSciences, Eugene, Oregon,
USA). All measurements were performed in triplicate.

Expression of NDUFAF1 was assessed in mitoplasts derived
from patient and control fibroblasts and 1438206 p° cells lacking
mitochondrially encoded proteins® with Western blot analysis,
as previously described,® using a monoclonal anti-NDUFAF1
antibody (Novus Biologicals, Cambridge, UK). A monoclonal
anti-SDHA antibody (MitoSciences) was used as a loading
control. Levels of mtDNA and nuclear-encoded subunits of
complex I were investigated using antibodies to ND1 (a kind gift
from Dr A Lombes) and NDUFA9 (MitoSciences), respectively.

The effect of the NDUFAF1 mutations on complex I holoen-
zyme assembly was investigated in patient and control mito-
plasts isolated from fibroblasts, performed as previously
described, using BN-PAGE.'? #* Complex I assembly was assessed
using antibodies to the ND1, NDUEB6 and NDUFA9 subunits;
the other mitochondrial enzyme complexes were probed with
antibodies to SDHA (complex II), UQCR2 (complex III) and
ATP5A1 (complex V) (MitoSciences). No cardiac or skeletal
muscle samples remained for use in functional studies.

RESULTS

Identification of mutations in NDUFAF1

Sequence analysis of NDUFAF1 revealed two heterozygous
missense mutations in exon 2 in the patient: c.631C>T;p.
Arg211Cys and ¢.733G>A;p.Gly245Arg (figure 2A), which were
also confirmed in complementary DNA. Each parent was
heterozygous for one of these mutations (figure 2B,C),
confirming that they were on separate alleles (ie, in trans) in the
patient. Phylogenetic analysis demonstrated that Arg211 and
Gly245 are highly conserved amino acids (figure 3). These
changes were absent in 240 ethnically matched control alleles
and also in 1094 control individuals genotyped in the 1000
Genomes cohort (http://www.1000genomes.org). No NDUFAF1
mutations were observed in the remainder of the patient cohort.
In the patient, no mutations in the mtDNA or in NDUFS4 or
FOXRED1 (two nuclear genes previously associated with
complex-I-deficient cardiomyopathy) were observed.

Functional characterisation of the NDUFAF1 mutations

Patient fibroblasts showed ~57% residual complex I activity
compared to three age-matched normal controls (figure 4).
NDUEFAF1 protein levels were severely reduced in patient
mitoplasts compared to three controls and p° cells on Western

Patient: ¢.733G>A helerozygous Gly245Arg
A C

Tyr

AN \_/ !\\ A[\\

heterozygous mutations, ¢.631C>T;
Arg211Cys and ¢.733G>A;Gly245Arg,
in the patient (A). Her father is

Leu Arg>Cys Val

C C G CHEG
Thr

Arg Arg GIy>Arg Giy Pro

AVAA! ’\/\f’\f\A/\fﬂ\ ANAAAAAANNAYN

heterozygous for the ¢.631C>T;
Arg211Cys mutation and homozygous
wild type for the second variant (B),

B Father: c.631C>T heterozygous Arg211Cys
| Y

Father homozygous wﬂd type
C G G R PR

while her mother is heterozygous for
the ¢.733G>A;Gly245Arg mutation and
homozygous wild type for the first
mutation (C).

Tyr Leu

\f\/

Arq>Cys Val

T

Arg r Arg Giy Gly Pro

(18 Mother: homozygous wild-type
T A T ¢ A

Mother: c. 733G >A heterozygous Gly245Arg
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J Med Genet 2011;48:691—697. doi:10.1136/jmedgenet-2011-100340



Downloaded from jmg.bmj.com on October 26, 2011 - Published by group.bmj.com

Mitochondrial disease

Figure 3 The amino acid residues
affected by the missense mutations in
exon 2 are 33 amino acids apart within
the NDUFAF1 protein and are highly
conserved from humans to the

Homo sapiens
Hs mutated protein

nematode Caenorhabditis elegans and i frgiodyioe
fungi. Rattus norvegicus
Bos taurus

Canis familiaris

Gallus gallus

Danio rerio

Anopheles gambiae
Drosophila melanogaster
Caenorhabditis elegans
Yarrowia lipolytica
Neurospora crassa

blot analysis (figure 5A). Levels of the mitochondrially encoded
complex I core subunit ND1 were normal in the patient,
whereas levels of the nuclear-encoded membrane arm subunit
NDUEFA9 were reduced.

BN-PAGE analysis demonstrated a severe reduction in the
~980kDa complex I holoenzyme in the patient, with all
complex I subunit antibodies used (figure 5B). In contrast, the
levels of complex II, complex III and complex V holoenzymes
appeared to be normal. Distinctive complex I subassemblies,
corresponding to ~400 and ~460 kDa, were observed in the
patient when probing against ND1 (figure 5B). These were not
seen in any of the control samples. In contrast, a physiological
subassembly of ~600 kDa was only present in control samples
(figure 5B). No signal was detected in the patient sample when
probing against NDUFAF1, suggesting that the very low level of
residual NDUFAF1 protein in the patient is not able to effi-
ciently bind the nascent complex I, leaving it stalled at an early
assembly stage.!! *® Further physiological subassemblies were
observed in the controls when probing against NDUFAF1:
a doublet at ~460 kDa, corresponding to the NDUFAF1 entry
point in the complex I assembly process,'! and two other larger
subassemblies of >600 kDa. Interestingly, p? cells did not
contain any fully assembled complex I holoenzyme, as expected;
however, when probing against NDUFAF1, we saw a very small
subassembly of ~80 kDa, together with a less visible band at
~205 kDa, indicating that the complex I assembly process in
these cells lacking mitochondrially encoded subunits, presum-
ably containing only a few nuclear-encoded subunits, is
disrupted at an extremely early stage.

Cl activity normalised to CIV activity
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Figure 4 Complex | activity was measured in patient and CTR
fibroblasts using the microplate assay kit. All measurements were
performed in triplicate and expressed as ratio to complex IV activity
assayed with the same method. The residual complex | activity in the
patient was ~57% of the CTR mean in cultured skin fibroblasts
(compared to 25% of the lowest CTR in skeletal muscle, as measured by
spectrophotometric assay; data not shown). CTR, control.
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DISCUSSION

We employed a combined biochemical and genetic approach,
using BN-PAGE to identify patients accumulating abnormal
complex I assembly intermediates in cultured skin fibroblasts,
followed by candidate gene sequencing of known complex I
assembly factors to identify compound heterozygous missense
mutations in NDUFAF1 as a novel cause of fatal infantile HCM.
We observed NDUFAF1 mutations in one of our cohort of 30
paediatric patients with isolated complex I deficiency associated
with heterogeneous clinical phenotypes. The affected patient
was a 7-month-old infant who was previously well and devel-
oping normally prior to the onset of her cardiac symptoms. The
pathogenicity of the NDUFAF1 mutations is supported by several
lines of evidence. The healthy parents were each heterozygous for
one of the missense mutations observed in their daughter, and
these mutations were not present in 120 control subjects and
1094 individuals genotyped for the 1000 Genomes Project. The
affected amino acid residues are highly phylogenetically
conserved, from fungi (Neurospora crassa and Yarrowia lipolytica)
to humans in the case of Arg211Cys, and from nematodes to
humans in the case of Gly245Arg (figure 3). Finally, functional
studies demonstrated a severe reduction in the steady-state levels
of NDUFAF1 protein in Western blots of patient fibroblasts, with
accumulation of abnormal complex I assembly intermediates on
BN-PAGE analysis similar to those seen in the only other patient
previously reported to have complex I deficiency caused by
NDUFAF1 mutations.'® Our report confirms NDUFAF1 as a bona
fide assembly factor of complex I, mutations of which cause
isolated complex I deficiency.

Recent x-ray crystallographic studies have demonstrated the
complex I holoenzyme to be an L-shaped macromolecule
composed of four functional modules: the N module is respon-
sible for NADH oxidation, the Q module is responsible for
ubiquinone reduction, and the proximal Py and distal P,
modules are responsible for proton translocation.” '* Assembly
of complex I has been extensively studied in the fungus N crassa
and in human cells'! ** % 26 these studies, together with the
phylogenetic profiling work of Pagliarini e a/,” have led to the
identification of 24 putative complex I assembly factors
(supplementary table 1 online). Sixteen of these have already
been associated with human disease, including nine complex I
deficiency syndromes and one mitochondrial disorder with
multiple respiratory chain deficiencies.'? 2 % ?° Interestingly,
mutations in seven of these putative complex I assembly factors
have been linked to non-mitochondrial diseases such as peroxi-
somal disorders, organic acidaemias and a ketone body utilisa-
tion defect (supplementary table 1 online). It is not clear
whether reduced complex I activity may be involved in the
pathogenesis of any of these disorders. While the precise

J Med Genet 2011;48:691—697. doi:10.1136/jmedgenet-2011-100340
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mechanism of complex I assembly is still debated, a consensus
view of a dynamic multidirectional process that includes the
possibility of direct subunit exchange into pre-existing mature
complex I has recently been proposed.'!

NDUFAF1 was initially identified as the human homologue of
CIA30, one of the first two complex I assembly factors identified
in N crassa,?® and was demonstrated to be a ubiquitously
expressed, mitochondrially targeted protein.”® ' NDUFAF1 is
a protein of 327 amino acids and ~37.7 kDa and contains no
predicted transmembrane domains. Ryan e a/* described its N-
terminally processed mitochondrial targeting signal, and
Dunning ef al™® showed that NDUFAF1 peripherally associates
with the matrix face of the mitochondrial inner membrane. A
role for NDUFAF1 in complex I assembly is also supported by
RNA interference experiments, which showed disrupted
complex I assembly in HeLa cells,?! and by recent studies of the
testicular nuclear receptor (TR4)—/— knockout mouse model.®®
TR4 is a member of the nuclear receptor superfamily of tran-
scription factors and appears to regulate complex I activity by
binding to hormone response elements in the NDUFAF1

J Med Genet 2011;48:691—697. doi:10.1136/jmedgenet-2011-100340

promoter sequence. TR4—/— mice had a ragged-red fibre
myopathy associated with complex I deficiency and reduced
NDUFAF1 gene expression. Furthermore, lentiviral over-
expression of NDUFAF1 was able to restore complex I activity
and ATP generation to control levels in primary fibroblasts from
TR4—/— mice.

The precise function of NDUFAF1 remains obscure; this is
also true for all currently known complex I assembly factors.
NDUEFAF1 appears to be involved at an intermediate stage of
complex I assembly, in contrast to C20orf7, NDUFAE3 and
NDUEFAF4, which are needed early in the assembly process, and
to NDUFAF2, which has a role in the late stages.'’ Tandem
affinity purification experiments demonstrated that NDUFAF1
copurifies with two other putative complex I assembly factors,
ECSIT and ACAD9.2% ?” Interestingly, ACAD9 mutations have
recently been reported to cause complex-I-deficient HCM,
including a fatal infantile phenotype similar to that of our
patient with NDUFAF1 mutations." 2’ Possible functions of the
various putative complex I assembly factors/chaperones include
iron—sulphur cluster synthesis (eg, NUBPL), translational
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coactivation of complex I subunits (as has been suggested for
C200rf7 for ND1) and direction of nuclear-encoded complex I
subunits to the correct intramitochondrial compartment (ie, to
the matrix side of the enzyme or to the intermembrane space).'!

Clinical recognition of mitochondrial heart disease can be
difficult in the absence of multisystem features or a clear family
history. The presence of lactic acidosis in a patient with heart
failure usually reflects inadequate tissue oxygenation and
perfusion rather than primary mitochondrial dysfunction, but
persistence of lactic acidosis despite adequate ventilatory and
circulatory support, as in the present case, should arouse suspi-
cion of an underlying mitochondrial disorder. Echocardiographic
features may also be helpful. Metabolic investigations in this
infant were pursued because of the ventricular hypertrophy
associated with poor systolic function, quite unlike the briskly
contracting ventricles in HCM associated with sarcomeric
protein abnormalities. There was also increased trabeculation
suggestive of, but not definitive for, NCLV. The latter is a rare
genetic cardiomyopathy that is characterised by hyper-
trabeculation of the left ventricle and appears to be an arrest of
normal myocardial development.®® NCLV is frequently caused
by mitochondrial disease, including mtDNA mutations and
Barth syndrome.”

Mitochondrial cardiomyopathy is clinically and biochemically
heterogeneous. Establishing a genetic diagnosis is challenging
and achieved in only a minority of cases because of complex
genetics, including bigenomic inheritance, and is guided by
biochemical findings in biopsied tissue, which may show an
isolated deficiency of one respiratory chain enzyme complex
(most commonly complex I or complex IV) or a combined defect
affecting multiple enzymes. In the case of cardiomyopathy,
inaccessibility of the affected tissue poses further difficulties:
endomyocardial biopsy has associated risks and does not provide
sufficient tissue for conventional assays of mitochondrial respi-
ratory chain function. For this reason, we and others use skeletal
muscle for diagnostic purposes, accepting that this potentially
lowers the diagnostic success rate since the mitochondrial
biochemical defect may be limited to cardiac muscle.* Demon-
stration of isolated complex I deficiency in the skeletal muscle
from our patient led to screening of candidate genes. Complex I
deficiency is genetically heterogeneous and may arise from
mutations in the 45 structural subunits of the enzyme
(including 7 mtDNA-encoded subunits and 38 nuclear-encoded
subunits) or in any of the known and putative assembly
factors.” '2 18 19 We first screened the entire mtDNA in our
patient and subsequently performed systematic analysis of
candidate nuclear genes previously reported to be associated
with mitochondrial cardiomyopathy, eventually leading to the
identification of compound heterozygous missense mutations in
NDUFAF1.

The reported modes of inheritance of mitochondrial heart
disease include autosomal recessive (representing the majority),
X linked (eg, NDUFA1 and TAZ mutations), maternal (mtDNA
point mutations) and sporadic (large-scale mtDNA rearrange-
ments). A precise genetic diagnosis is important to provide
parents with accurate prognostic and genetic counselling advice
regarding recurrence risks and to guide future reproductive
options. In this case, the parents had a successful pregnancy
with donor egg in vitro fertilisation, resulting in a healthy child.
Although subsequent demonstration of normal mtDNA
sequence in the patient’s skeletal muscle indicated that maternal
inheritance was extremely unlikely, the parents opted for further
donor egg in vitro fertilisation procedures, unfortunately
without success. Identification of the underlying nuclear gene
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mutations allows these parents the option of prenatal or
preimplantation genetic diagnosis for future pregnancies.

Cardiac muscle has a high energy requirement. Energy defi-
ciency appears to be a common pathogenic mechanism in HCM:
by directly affecting mitochondrial energy production (respira-
tory chain defects), by altering energy sensing (deficiency of
AMP-activated kinase) or by increasing sarcomeric energy
utilisation (sarcomeric protein mutations).” However, cardio-
myopathy is not an invariant feature of mitochondrial respira-
tory chain deficiency. For mtDNA-related disease, where
mutations are present in multiple copies, this conundrum may
be explained by tissue segregation and threshold effects, with
a critical mutation load being required for biochemical expres-
sion. Other explanations are required for the phenotypic varia-
tion in nuclear gene defects causing mitochondrial disease™—for
example, cardiomyopathy is not an invariant feature of mito-
chondrial disease caused by complex I assembly factor defects,'?
suggesting differential importance of the various complex I
assembly factors within the heart and possibly additional tissue-
specific roles for these molecular chaperones. A relatively high
expression of NDUFAF1 in cardiac tissues supports a specific role
for this assembly factor in heart mitochondria.?® In addition,
mitochondria play critical roles in intracellular calcium homeo-
stasis, generation of reactive oxygen species (especially at
complex I) and control of apoptosis; disruption of these func-
tions is likely to contribute to HCM pathogenesis.

It is interesting to note that our case and the previously reported
case with NDUFAF1 mutations had cardiomyopathy apparently
triggered by viral illnesses, at 6 months in our case and at
15 months in the previous case."* NDUFAF1 has recently been
implicated in immune pathways, including T cell activation,”
and we speculate that this may explain why viral infection trig-
gered decompensation and development of HCM in both patients
with NDUFAF1 mutations. In marked contrast to our patient, the
previously reported case showed normalised cardiac function, other
than recurrent episodes of supraventricular tachycardia related to
Wolff—Parkinson—White syndrome.”® His subsequent clinical
course was characterized by multisystem problems, including
developmental delay, mild cognitive impairment, cortical visual
dysfunction, pigmentary retinopathy, kyphoscoliosis, osteoporosis
and pubertal delay, with survival until the age of at least 21 years
(age at time of report). Phenotypic heterogeneity is a phenomenon
that is increasingly being recognised in nuclear-encoded mito-
chondrial disorders.* * Environmental factors, including age at
exposure to first metabolic stress, severity of first metabolic stress
(ie, viral infection) and autoimmune pl'nanomena,88 may have
contributed to the differential severity of the phenotypes in the
two NDUFAF1-deficient cases. The reasons for the apparent
reversal of cardiomyopathy in the case reported by Dunning et al
are unclear. Improvement of mitochondrial disease symptoms has
been reported with mutations in mitochondrial and nuclear genes,
although the molecular mechanisms underlying this are not
understood at present.” “ The rapidly expanding knowledge of
the molecular basis of mitochondrial disease will hopefully lead to
a greater understanding of these issues in the future.
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